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Three Saccharomyces cerevisiae proteins (Yng1/YOR064c, Yng2/YHR090c, and Pho23) and two Schizosaccha-
romyces pombe proteins (Png1/CAA15917 and Png2/CAA21250) share significant sequence identity with the
human candidate tumor suppressor p33ING1 in their C-terminal regions. The homologous regions contain PHD
finger domains which have been implicated in chromatin-mediated transcriptional regulation. We show that
GFP-Yng2, like human Ing1, is localized in the nucleus. Deletion of YNG2 results in several phenotypes,
including an abnormal multibudded morphology, an inability to utilize nonfermentable carbon sources, heat
shock sensitivity, slow growth, temperature sensitivity, and sensitivity to caffeine. These phenotypes are
suppressed by expression of either human Ing1 or S. pombe Png1, suggesting that the yeast and human proteins
are functionally conserved. Yng1- and Pho23-deficient cells also share some of these phenotypes. We demon-
strated by yeast two-hybrid and coimmunoprecipitation tests that Yng2 interacts with Tra1, a component of
histone acetyltransferase (HAT) complexes. We further demonstrated by coimmunoprecipitation that HA-
Yng1, HA-Yng2, HA-Pho23, and HA-Ing1 are associated with HAT activities in yeast. Genetic and biochemical
evidence indicate that the Yng2-associated HAT is Esa1, suggesting that Yng2 is a component of the NuA4 HAT
complex. These studies suggest that the yeast Ing1-related proteins are involved in chromatin remodeling. They
further suggest that these functions may be conserved in mammals and provide a possible mechanism for the
human Ing1 candidate tumor suppressor.

Several observations suggest that mammalian p33ING1 is in-
volved in the regulation of cell proliferation and apoptosis (18,
21, 28). NIH 3T3 cells transformed by infection with a retro-
virus containing a region of the Ing1 cDNA in the antisense
orientation exhibit anchorage-independent growth in soft agar,
and they form tumors in nude mice. Furthermore, microinjec-
tion of constructs that express Ing1 in the sense orientation
results in inhibition of DNA synthesis and cell cycle progres-
sion in human diploid fibroblasts. Ing1 levels are also increased
upon the induction of apoptosis in P19 cells by serum depri-
vation, and overexpression of Ing1 in P19 and rodent fibro-
blasts enhances Myc-dependent apoptosis (28). Evidence indi-
cates that expression of Ing1 is repressed in a majority of breast
and lymphoid cancer cell lines and glioblastomas and is mu-
tated in some neuroblastoma cell lines, breast cancers, and
brain tumors (21, 52, 74). Together, these observations suggest
that Ing1 acts as a tumor suppressor and that it is involved in
regulating apoptosis. This is further supported by reports that
Ing1 and the p53 tumor suppressor form a complex and func-
tionally cooperate to control cell growth (20, 83).

The carboxyl-terminal 70 amino acid residues of Ing1 con-
tain the Cys4-His-Cys3 sequence of a PHD finger domain. This
evolutionarily conserved domain is predicted to chelate two
Zn21 ions and is similar to, but distinct from, other zinc bind-
ing motifs such as the RING finger (Cys3-His-Cys4) and LIM
domain (Cys2-His-Cys5). PHD finger domains have been found
in many different proteins, including transcription factors and

other proteins implicated in chromatin-mediated transcrip-
tional regulation (1). In particular, PHD fingers are found in
the Drosophilia melanogaster polycomb (Pc-G) and trithorax
(trx-G) group proteins, which are thought to reside in large
multiprotein complexes. Pc-G and trx-G are required for the
expression of homeotic genes, and evidence suggests that they
exert their effects through chromatin modification or interac-
tion. Thus, it has been proposed that PHD finger domains may
be involved in complex formation or recognition of nuclear
targets related to chromatin structure and chromatin regula-
tion (1).

In eukaryotes, DNA metabolism is strongly influenced by
the packaging of DNA into higher-order chromatin. In gen-
eral, chromatin structure is repressive to transcription (53, 54),
and gene activation or silencing often requires remodeling of
nucleosomes in promoter regions (38, 56). Covalent modifica-
tions, including acetylation, of core histones have been known
for some time to be correlated with the activity of genetic loci
(9, 75). Lysines in the amino-terminal extensions of histones
are the targets of histone acetyltransferases (HATs) and his-
tone deacetylases (HDACs). It has been hypothesized that
neutralization of the positively charged histone N-terminal
tails by acetylation lower their affinity for DNA, alter chroma-
tin structure, and/or increase the interaction of histones with
transcription factors (8, 31, 41, 44, 79).

Several previously identified transcriptional coactivators or
corepressors have been shown to possess the ability to acety-
late or deacetylate histones (38, 56, 72). In Saccharomyces
cerevisiae, proteins that possess HAT activity include Hat1
(36), Gcn5 (11), and Esa1 (68). Hat1 is localized in both the
cytosol and nucleus and acetylates primarily newly synthesized
histone H4 prior to its assembly into nucleosomes (36, 55, 60,
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78). Gcn5 is a nuclear HAT that preferentially acetylates H3,
and to a lesser extent it acetylates H2B and H4 (25). Gcn5 is
not essential, but it is required for transcriptional regulation of
some genes (22), and mutations that impair Gcn5 HAT activity
correlate with decreased transcriptional activity (39, 81). Esa1
is an essential gene that was recently shown to possess HAT
activity with a preference for H2A and H4 (13). Several mam-
malian transcription regulators have also been shown to pos-
sess HAT activity, including Gcn5 and Esa1 homologs (8),
p300 and CREB-binding protein (5, 51), pCAF (82), ACTR
(12), Src-1 (69), and TAFII250 (48).

HATs function as components of large, evolutionarily con-
served macromolecular assemblies, five of which have been
identified in S. cerevisiae (16, 24, 25, 63). These include the
1.8-MDa SAGA (Spt-Ada-Gcn5-acetyltransferase), 0.8-MDa
ADA, NuA3, 1.3-MDa NuA4 (nucleosomal H2A.H4), and the
novel SLIK (SAGA-like) complexes. Esa1 was recently shown
to be the HAT subunit of NuA4 (3), whereas Gcn5 is the
catalytic HAT in the SAGA and ADA complexes (25). The
HAT of the NuA3 complex has not been characterized aside
from its substrate preference for histone H3 (25).

Purified SAGA promotes acetyl coenzyme A (acetyl-CoA)-
dependent transcription from nucleosomal promoter tem-
plates, but not free DNA, in vitro (70). This observation is
consistent with the requirement for Gcn5 HAT activity for
both promoter-directed histone acetylation and Gcn5-medi-
ated transcriptional activation in vivo (39, 81). Furthermore,
acidic activators such as Gcn4 and the VP16 activation domain
can physically interact with purified native SAGA complex,
and GAL4-VP16 targets acetylation and transcriptional stim-
ulation by SAGA (76). Like SAGA, NuA4 is recruited to
promoters by acidic activator proteins to promote histone acet-
ylation and transcriptional stimulation (3, 13, 76). Unlike
SAGA, which preferentially acetylates the N termini of his-
tones H3 and H2B, NuA4 targets mainly the N termini of
histone H4 and to a lesser extent H2A (3, 13).

The SAGA complex contains at least four protein modules,
including the Ada and Spt subgroups of transcription regula-
tors, the histone-fold subgroup of TATA-binding protein-as-
sociated factors, and the essential 433-kDa Tra1 protein (24,
25). Tra1 has also been shown to be a component of the SLIK
and NuA4 HAT complexes, and it also coelutes in a high-
molecular-weight region distinct from the nucleosomal HAT
complexes, indicating that it is present in uncharacterized pro-
tein complexes (24). Tra1 has been highly conserved among
eukaryotes (47), and the mammalian homolog, TRRAP, is
associated with the PCAF HAT complex (77). TRRAP was
identified as a cofactor that interacts with c-Myc and E2F-1
and is required for transformation by c-Myc and E1A (47). The
identification of TRRAP as an essential cofactor for these
oncogenic transcription factors suggests that it regulates gene
expression.

Tra1 and TRRAP belong to the phosphatidyl inositol-3
(PI3) kinase family of serine/threonine protein kinases that
includes mammalian DNA-PK, ATM, FRAP, Schizosaccharo-
myces pombe Rad3, and S. cerevisiae Vps34, Pik1, Stt4, Tor1,
Tor2, Tel1, and Mec1 (63; reviewed in reference 8). These
proteins appear to be involved in processes including cell cycle
control, DNA repair, and transcription (35, 42). Although Tra1
and TRRAP are closely related to the PI3 kinases, they do not
contain the DXXXXN and DFG motifs conserved in the cat-
alytic site of PI3 kinases (47). The association of Tra1 and
TRRAP with HAT complexes suggests that they regulate tran-
scriptional activation through the recruitment of HAT activity
to activator-bound promoters (24, 76). Although a scaffolding

role of Tra1 has been suggested (8, 24), the molecular function
of Tra1 and TRRAP are not known.

Three proteins, Yng1, Yng2, and Pho23, in the budding
yeast S. cerevisiae share significant sequence identity in their
PHD finger domains with mammalian Ing1. We show that
Yng2 is associated with Tra1, and we further demonstrate that
Yng1, Yng2, and Pho23 are associated with HAT activities. We
also provide strong evidence that the Yng2-associated HAT is
Esa1, suggesting that Yng2 is a component of the NuA4 com-
plex. Our results suggest that Yng1, Yng2, and Pho23 are
involved in chromatin remodeling and possibly transcriptional
regulation. We also report genetic and biochemical evidence
suggesting that human and yeast Ing1 homologs have been
functionally conserved.

MATERIALS AND METHODS

Yeast strains and genetic analysis. The S. cerevisiae strain L40 (MATa his3 trp1
leu2 ade2 LYS2::lexA-HIS3 URA3::lexA-lacZ) has been previously described (30,
80). The genotypes of other yeast strains used in this study are listed in Table 1.
S. cerevisiae culture, transformation, mating, tetrad analysis, and other genetic
manipulations were performed as previously described (2, 17).

DNA manipulation and analysis. Procedures used for DNA manipulation and
analysis (purification, cloning, electrophoresis, transformation, etc.) have been
previously described (64). PCR was performed as described (46).

Plasmids. The yeast two-hybrid vector pBTM116 contains the DNA-binding
LexA coding sequence under the control of the ADH1 promoter, the 2mm origin
of replication, and the TRP1 gene (6). pLexA-Lamin has been described previ-
ously (6). pLexA-Yng2 was generated by inserting the coding sequence of YNG2
into the polylinker of pBTM116 located 39 to the LexA coding sequence. pLexA-
DPHD and pLEXA-PHD were generated by inserting codons 1 to 222 and 222
to 282, respectively, of YNG2 into pBTM116. pADHA-Yng2, pADHA-Png1, and
pADHA-Ing1 were generated by cloning the PCR-derived open reading frame
(ORF) of YNG2, S. pombe PNG1, or human p33ING1 respectively, into pAD4.H,
which contains the 2mm origin of replication and ADH1 promoter (32). YEp-
PDE2 contains S. cerevisiae PDE2 in YEp13, as previously described (65).
pADGFPHA was derived by cloning the sequence of the enhanced green fluo-
rescent protein (eGFP; Clonetech) into the HindIII site of pAD4.H (32) using
the primers 59GTCAGCAAGCTTATGGTGAGCAAGGGCGAG and 39GAT
CTCAAGCTTCTTGTACAGCTCGTCCAT. pADGFPHA-Yng2, -Gcn5, and
-Esa1 were made by cloning the PCR-derived ORF of YNG2, GCN5, or ESA1,
respectively, into pADGFPHA. Codons 1 to 222 of the YNG2 ORF were PCR
amplified and cloned into pADGFPHA to make pADGFPHA-Yng2DPHD.
Codons 222 to 282 of the YNG2 ORF were PCR amplified and cloned into
pADGFPHA to make pADGFPHA-Yng2PHD. pADGFPHA-Yng2/1 was con-
structed as follows. A primer, 59TTCTCGAGAGAATTCAAAAACAGTAGA
AATGGTAAAGGCCAAAACGGTTCCCCTGAAAACGAGGAAGAGGAC
AAAACGGAGGTTTATTGTTTCTGTAGGAAT, was used to amplify the
C-terminal 64 codons of the YNG1 ORF. This PCR product was cloned into
pADGFPHA-Yng2 as an EcoRI/SacI fragment to replace the C-terminal PHD
finger of Yng2 with that of Yng1. pADmyc-Yng2 was generated by cloning the
PCR-derived ORF of YNG2 in pUAD6 (32). pADmyc-Tra1 was derived by
shuttling the TRA1 ORF as a NotI(filled-in)/SacI fragment from p1259 (a kind
gift from C. Brandl) into the SmaI/SacI sites of a modified pUAD6 (SalI di-
gested, filled in, and religated). pPho23 was generated by inserting a PCR-
amplified PHO23 sequence (2480 to 1490 with respect to the ORF) into the
XhoI/BamHI sites of pBluescript II SK. pPho23target was generated by replacing
the 0.75-kb EcoRI/EcoRV fragment of pPho23 with the 0.85-kb TRP1 gene.
pYng1 was generated by inserting a PCR-amplified YNG1 sequence (2340 to
1350 with respect to the ORF) into the EcoRV site of pBluescript II SK.
pYng1Ltarget was generated by replacing the 0.5-kb EcoRV/StuI fragment with
the 2.2-kb LEU2 gene. pYng1Htarget was generated by replacing the 0.5-kb
EcoRV/StuI fragment with the 1.7-kb HIS3 gene. pYng2 was generated by
inserting a PCR-amplified YNG2 sequence (SalI to BglII) into the SalI and
BamHI sites of pBluescript II SK. pYng2target was generated by replacing the
0.6-kb BamHI/EcoRI fragment of pYng2 with the 1.2-kb URA3 gene.

Yeast two-hybrid screen. An S. cerevisiae two-hybrid genomic library (kindly
provided by I. Sadowski) was transformed into the S. cerevisiae strain L40 con-
taining pLexA-Yng2 using a high-efficiency transformation method (29, 66, 80).
These transformants were grown in synthetic medium (YC-Trp-Ura-Leu-Lys)
for 16 h at 30°C to obtain efficient expression of the HIS3 reporter gene. The
transformants were then plated on synthetic plates (YC-Trp-His-Ura-Leu-Lys)
to select for cells that express His3. Approximately 2 3 103 His1 transformants
were obtained from 2 3 106 primary transformants. A subset of these His1

transformants were further analyzed, yielding 15 library clones that transacti-
vated His3 and LacZ expression in pLex-Yng2 harboring strains but not strains
containing pLexA-lamin.

Gene disruptions. PHO23 (YNL097c), YNG1 (YOR064c), and YNG2
(YHR090c) were disrupted in both 1788 diploid and JC1 and JC2 haploid strains
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by the gene replacement method (59, 61). PHO23 was disrupted in JC1, JC2, and
1788 by transformation of a 1.7-kb BspDI/MluI fragment of pPho23target in
which the PHO23 coding sequence had been replaced with TRP1. YNG1 was
disrupted in JC1 and JC2 by transformation of a 2.5-kb fragment derived by PCR
from pYng1Htarget in which the YNG1 coding sequence had been replaced with
HIS3. YNG1 was disrupted in 1788 by transformation of a 3.0-kb fragment
derived by PCR from pYng1Ltarget in which the YNG1 coding sequence had
been replaced with LEU2. YNG2 was disrupted by transformation of a 2.2-kb
AatII/XbaI fragment from pYng2target in which the YNG2 coding sequence had
been replaced with URA3. Gene disruptions were confirmed by Southern blot
analysis. In almost all cases, asci derived from sporulated diploid heterozygotes
segregated the auxotrophic marker 2:2. Haploid strains of opposite mating
types were crossed, and the resulting diploids were sporulated using standard
methods (2) to derive double (yng1Dyng2D and pho23Dyng2D) and triple
(yng1Dyng2Dpho23D) deletion mutants.

Protein biochemistry. Proteins were isolated from yeast cultures grown in
synthetic medium to an optical density at 600 nm of approximately 1.0. For
temperature shift experiments, cells were grown to an optical density at 600 nm
of approximately 0.3; half of the culture was allowed to continue to grow at 30°C
for 4 h, while the other half was collected by centrifugation and resuspended in
prewarmed medium and grown for 4 h at 37°C. Briefly, cells from 250 ml of
culture were collected by centrifugation, washed once with lysis buffer (20 mM
Tris [pH 7.4], 150 mM NaCl, 2 mM EDTA, 0.2% Triton X-100) and resuspended
in 4 ml of lysis buffer with protease inhibitors (1 mg of pepstatin A per ml, 200
mM phenylmethylsulfonyl fluoride, 500 mM benzamidine HCl, 10 mg of aprotinin
per ml, 1 mg of leupeptin per ml). Cell suspensions were aliquoted into four 2-ml
tubes with 1.5 g of glass beads (diameter, 425 to 600 nm; Sigma) and shaken for
5 min in a Mini-BeadBeater (Biospec Products) at 4°C. Cell debris was removed
by a 2-min centrifugation at 450 3 g, and lysates were further clarified by
centrifugation for 5 min at 10,600 3 g. Protein concentrations (typically 10 to 15
mg/ml) were determined at this point using a Bio-Rad Protein assay. Ten milli-
grams of protein was used in 1- to 2-ml immunoprecipitation reactions (IPs) in
lysis buffer with protease inhibitors at 4°C with gentle rotation. IPs were pre-
cleared with 40 ml of protein A-Sepharose beads for 20 min. After removal of the
beads, 5 ml of 12CA5 (antihemagglutinin [anti-HA]) ascites fluid was added and
the reaction mixtures were incubated overnight. Immune complexes were col-
lected by addition of 50 ml of protein A-Sepharose followed by a 2-h incubation.
Beads were collected by a 1-min centrifugation at 2,200 rpm and washed five or
six times with lysis buffer. Half of the beads were removed at this point for HAT
assays. For coimmunoprecipitation analyses, 20 ml of protein sample buffer was
added and the beads were boiled and aliquoted prior to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis (half for the 12CA5
blot, half for the 9E10 [anti-myc] blot). Sixty micrograms of lysate was separated
by SDS-PAGE (8% acrylamide–0.075% bisacrylamide) to observe the expression
of myc-Tra1. Thirty micrograms of lysate was analyzed to observe expression of
myc-Yng2. After SDS-PAGE, proteins were electroblotted onto nitrocellulose
membranes (1.5 h; 100 V), blocked for 1 h or overnight in 5% milk in Tris-
buffered saline, and incubated 1 h with primary antibody (1:2,000 12CA5; 1:30
9E10) in Tris-buffered saline–0.05% Tween 20. After washing, tagged proteins
were detected with horseradish peroxidase-conjugated anti-mouse secondary
antibodies and enhanced chemiluminescence reagents (Amersham).

HAT assays. HAT assays were performed as previously described (49). Im-
munoprecipitates were incubated at 30°C for 30 min with 2 mg of calf thymus
total histones (type IIA; Sigma) and 0.3 mCi of [3H]-acetyl-CoA (ICN) in buffer
containing 50 mM Tris-HCl (pH 8.0), 30 mM KCl, 10% glycerol, 10 mM sodium
butyrate, 1 mM dithiothreitol, and 1.0 mM acetyl-CoA in a total volume of 30 ml.
Reactions were started by the addition of acetyl-CoA and stopped by the addi-
tion of 10 ml of 43 SDS sample buffer. Aliquots (20 ml) were fractionated on
18% acrylamide–0.48% bisacrylamide SDS gels, stained with Coomassie blue,
and destained by standard methodology. Destained gels were then subjected to
fluorography by treatment with En3Hance (Dupont-NEN) according to the man-
ufacturer’s instructions. Gels were dried, placed in cassettes with X-ray film
(Kodak XAR), and exposed at 280°C.

DAPI staining. Nuclear and mitochondrial DNA was visualized by DAPI
(49,69-diamidino-2-phenylindole; Sigma) staining following established protocols
(2) with slight modifications. Briefly, ;107 cells were pelleted and resuspended
in 70% ethanol, incubated for 30 s, and washed twice with water. After the final
wash, cells were resuspended in mounting medium (p-phenylenediamine [1 mg/
ml] in PBS [pH 9], 90% glycerol) containing DAPI (0.025 mg/ml) and viewed
with UV optics. GFP images were visualized with fluorescein isothiocyanate
optics.

RESULTS

Comparison of yeast proteins with human Ing1. We per-
formed a search of the public sequence databases for proteins
related to the human candidate tumor suppressor p33ING1.
This comparison revealed that three budding yeast proteins
(Yng1, Yng2, and Pho23) and two fission yeast proteins (Png1
and Png2) share significant sequence identity with Ing1 (Fig.
1). The budding and fission yeast genes encode small proteins
that are similar in length (219 to 330 residues) to human Ing1
(279 residues). The N-terminal regions of these proteins have
not been well conserved, but the C-terminal regions are very
similar (50 to 60% identity) (Fig. 1). These homologous re-
gions contain PHD finger domains, which have been found in
proteins implicated in chromatin-mediated transcriptional reg-
ulation (1). The strong similarity among the PHD finger do-
mains of these yeast proteins and human Ing1 suggests that
they were derived from the same common ancestral gene and
that their functions may have been conserved during evolution.

Deletion of YNG1, YNG2, and PHO23 results in pleotrophic
phenotypes. To investigate the function of these proteins we
have performed genetic analysis in yeasts. First, we constructed
S. cerevisiae strains that contain disruptions of each of the three
Ing1 homologous genes, individually and in all possible com-

TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Source

JC1 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 J. Colicelli
JC2 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 J. Colicelli
RL 3-17 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 pho23::TRP1 This study
RL 3-29 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 pho23::TRP1 This study
RL 3-32 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 yng1::HIS3 This study
RL 3-49 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 yng1::HIS3 This study
RL 3-53 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 yng2::URA3 This study
RL 3-56 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 yng2::URA3 This study
RL 4-70 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 yng1::HIS3 yng2::URA3 This study
RL 4-80 MATa ade8 his3 leu2 lys2 trp1 ura3 can1 yng2::URA3 pho23::TRP1 This study
RL 5-34 MAT?a ade8 his3 leu2 lys2 trp1 ura3 can1 yng1::HIS3 pho23::TRP1 This study
RL 5-36 MAT? ade8 his3 leu2 lys2 trp1 ura3 can1 yng1::HIS3 yng2::URA3 pho23::TRP1 This study
1788 MATa/MATa leu2/leu2 ura3/ura3 trp1/trp1 his4/his4 can1r/can1r I. Herskowitz
RL 1-37 MATa leu2 ura3 trp1 his4 can1r pho23::HIS3 This study
RL 2-28 MATa leu2 ura3 trp1 his4 can1r yng2::URA3 This study
RL 2-80 MAT? leu2 ura3 trp1 his4 can1r yng1::LEU2 This study
LPY3498 MATa his3D200 leu2-3,112 trp1D1 ura3-52 L. Pillus
LPY3500 MATa his3D200 leu2-3,112 trp1D1 ura3-52 esa1::HIS3 esa1-L254P::URA3 L. Pillus
LPY3291 MATa his3D200 leu2-3,112 trp1D1 ura3-52 esa1::HIS3 pLP863(esa1-414/TRP1) L. Pillus
FY105 MATa leu2 ura3 trp1 G. Thireos
gcn5D MATa leu2 ura3 trp1 gcn5D G. Thireos

a ?, mating type not determined.
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binations (described in Materials and Methods) (Table 1). In
almost all cases, asci derived from sporulated diploid heterozy-
gotes segregated the auxotrophic marker 2:2, demonstrating
that neither Yng1, Yng2, nor Pho23 is required for germina-
tion or cell growth. However, yng2D cells exhibited slow growth
compared with their parental cells (5.2- and 2.8-h doubling
times, respectively, in YPD at 30°C). Deletion of YNG1 or
PHO23 had little effect on growth or morphology, but yng2D
cells were swollen and ;50% of cells were multibudded, con-
taining three to eight large buds (Fig. 2A). Incubation at ele-
vated temperatures increased the severity of the abnormal
morphology. DAPI staining demonstrated that ;80% of mul-
tibudded clumps contained large buds that lacked nuclear
DNA (Fig. 2B). Disruption of all three genes in combination
was not lethal but resulted in more severe growth inhibition
(9.7-h doubling time) and a more exaggerated morphological,
multibudded phenotype than that of yng2D cells (Fig. 2A).
Both yng2D and yng1D cells were unable to utilize nonferment-
able carbon sources such as galactose, glycerol (Fig. 2C), and
acetate (not shown). yng2D, yng1D, and pho23D cells are all
hypersensitive to heat shock, albeit to varying degrees (Fig.
2D). Deletion of YNG2 alone resulted in several other pheno-
types, including a slight sensitivity to UV irradiation but not
gamma irradiation or treatment with alkylating agents (not
shown), temperature sensitivity, and sensitivity for growth on
media containing caffeine (Fig. 3B). Thus, there appear to be
both functional similarities and differences between these
three related yeast proteins.

Expression of human Ing1 or fission yeast Png1 comple-
ments deletion of YNG2. Since these three yeast proteins share
significant sequence identity with human Ing1, we investigated
whether the human and yeast genes are also functionally re-
lated. We chose to focus our complementation studies on the
yng2 null strain since it exhibited the most pleotrophic and
severe phenotypes. We found that expression of either human
Ing1 or S. pombe Png1 could complement the yng2 mutant
phenotypes, including the swollen, multibudded morphology
(Fig. 3A), the abnormal DNA distribution (data not shown),
carbon source sensitivity, caffeine sensitivity, temperature sen-
sitivity (Fig. 3B), and heat shock sensitivity (Fig. 3C). However,
there were some distinct differences in the abilities of these
proteins to complement; specifically, caffeine sensitivity was
only weakly rescued by Ing1, and temperature sensitivity was
very poorly rescued by Png1. Nevertheless, the complementa-
tion results suggest that human Ing1, S. pombe Png1, and S.
cerevisiae Yng2 share conserved functional properties.

Since some of the phenotypes exhibited by yng2D cells are
similar to those that result from elevated cyclic AMP (cAMP)
levels, we suspected that Yng2 modulates the Ras-cAMP sig-
naling pathway. This was further supported by our observation
that overexpression of the high-affinity cAMP phosphodiester-
ase, Pde2, could suppress the yng2D heat shock-sensitive phe-
notype (Fig. 3C). However, overexpression of Pde2 failed to

complement other phenotypes, including the inability to utilize
galactose (data not shown), suggesting that these phenotypes
are not simply a consequence of elevated cAMP levels.

Yng2 is localized to the nucleus. Ing1 has been previously
shown to localize in the nucleus (19). To examine the localiza-
tion of Yng2, we expressed GFP-tagged Yng2 in wild-type
yeast cells. Expression of the GFP-tagged Yng2 suppressed the
yng2D phenotypes, indicating that it was functional (data not
shown). Examination of cells expressing GFP-Yng2 by fluores-
cence microscopy revealed that it colocalized with DAPI stain-
ing, suggesting that it was predominately localized in the nu-
cleus, whereas GFP alone was distributed throughout the cell
(Fig. 4). This observation is consistent with conserved nuclear
functions for Yng2 and Ing1.

Yng2 is associated with Tra1 and HAT activity. To further
investigate the function of Yng2, we performed a yeast two-
hybrid screen for proteins that interact with Yng2 (Materials
and Methods). One class of proteins that we identified from
this screen encoded a short region (amino acid [aa] 1678 to
1740) of Tra1 (Fig. 5A). Tra1 is a 433-kDa protein that is
associated with HAT complexes involved in transcriptional
regulation (8, 24, 63). To verify the interaction between Yng2
and Tra1, we coexpressed HA-Yng2 and myc-Tra1 in yeast and
performed coimmunoprecipitation experiments. Our results
confirmed that these proteins interact in vivo (Fig. 5B). This
observation suggested that Yng2, and possibly Yng1 and
Pho23, are associated with HAT complexes, although neither
Yng1, Pho23, nor human Ing1 can interact with Tra1 (aa 1678
to 1740) as shown by two-hybrid analysis (data not shown). To
examine this possibility, we performed HAT assays on immu-
noprecipitated material from yeast expressing HA-Yng2, HA-
Yng1, or HA-Pho23. We found that anti-HA immunoprecipi-
tates from such cells had significant levels of HAT activity,
while similar immunoprecipitates from control cells expressing
GFP-HA did not have detectable HAT activity (Fig. 6A). In-
terestingly, the patterns of histone acetylation in vitro were
different for the samples containing the three yeast proteins,
suggesting that they are associated with different HAT com-
plexes. Yng2 is associated with HAT activity that preferentially
acetylated H2A and H4, Yng1-associated HAT activity pref-
erentially acetylated H3 and H4, and Pho23 was associated
with a relatively weak and nonspecific activity. We also found
that HA-Ing1 expressed in yeast is associated with HAT activ-
ity. This observation and our complementation data strongly
suggest that the functional properties of Yng2 and human Ing1
have been conserved.

The Yng2 PHD finger is not required for HAT association.
Since the PHD finger domains are the highly conserved regions
of these proteins, we examined whether the Yng2 PHD or
N-terminal domains were sufficient or necessary for interaction
with Tra1 and HAT activity. Interestingly, we found that the
N-terminal domain of Yng2 (aa 1 to 222) was capable of
interacting with both Tra1 (aa 1678 to 1740) (Fig. 5A) and

FIG. 1. Alignment of PHD finger domains. The C-terminal ends of human Ing1 (AAC00501), S. pombe Png1 (CAA15917) and Png2 (CAA21250), and S. cerevisiae
Yng1 (P50947), Yng2 (P38806), and Pho23 (S66947) were aligned to fit the PHD finger consensus sequence (1). The symbols $ and # indicate semiconserved and highly
conserved hydrophobic residues, respectively. Regions of protein sequence identity with Ing1 are shaded. Numbers at the right of each sequence indicate the length
of each protein.
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HAT activity (Fig. 6B), although the HAT activity was reduced
compared with that of full-length Yng2. In contrast, the PHD
finger domain (aa 222 to 282) was neither necessary nor suf-
ficient for these interactions. We also found that the N-termi-
nal domain of Yng2, either alone or fused to the PHD finger of
Yng1, coimmunoprecipitated HAT activity with a histone acet-
ylation pattern similar to Yng2-associated HAT activity (Fig.
6B). Thus, the PHD finger was not required to maintain HAT
specificity but appears to be required for efficient association
with, or activity of the HAT complex. However, we found that
expression of either the N-terminal domain of Yng2, the PHD
finger of Yng2, or a fusion of the N-terminal domain of Yng2
with the PHD finger of Yng1 failed to suppress the inability of
yng2D cells to utilize galactose (data not shown). Thus, each
domain is essential but not sufficient for the normal functions
of Yng2, and even though the PHD fingers of Yng1 and Yng2
share a high degree of identity, they are not functionally re-
dundant.

Esa1 is the Yng2-associated HAT. To explore the nature of
the HAT associated with Yng2 we investigated two possible
candidates: Esa1 and Gcn5. We expressed and immunoprecipi-
tated GFP-HA-tagged Esa1 and Gcn5 from yeast and per-
formed HAT assays. We found that HA-Yng2-associated HAT
exhibited a specificity for H2A and H4 that was remarkably
similar to that of GFP-HA-Esa1 (Fig. 6A) (3, 68). In contrast,
immunoprecipitated GFP-HA-Gcn5 preferentially acetylated
H3, consistent with previous observations (8, 25).

Next, we performed Western blot analysis to examine acet-
ylation of H3 and H4 in cells lacking Yng2, Yng1, Pho23, or
Gcn5, or in cells containing an esa1 temperature-sensitive (Ts)
allele at both the restrictive (37°C) and nonrestrictive (30°C)
temperatures. We found that yng2D cells exhibited a significant
decrease in the level of acetylation of H4 residues K5, K8, and
K12 compared to wild-type cells, whereas the levels of acety-
lated H3 remained unchanged (Fig. 7). However, yng1D or
pho23D cells did not exhibit significant differences in acetyla-
tion of either H3 or H4. esa1(Ts) cells exhibited a decrease in
H4-K5, H4-K8, H4-K12, and total H4 acetylation at the re-
strictive temperature similar to that exhibited by yng2D cells. In
contrast, gcn5D cells did not exhibit a noticeable decrease in
H4 acetylation, but there was a decrease in total H3 acetyla-
tion.

Next, we compared HA-Yng2-associated HAT activity in
wild-type, gcn5D, and esa1(Ts) cells (Fig. 8). We did not ob-
serve a detectable difference in Yng2-associated HAT activity
between wild-type and gcn5D cells. However, we found that
Yng2-associated HAT activity was undetectable in two differ-
ent esa1(Ts) strains at 37°C, whereas wild-type cells showed
similar activity at both 30 and 37°C. The two esa1(Ts) alleles
examined were esa1-L254P, which exhibits the most severe
phenotypes, and esa1-414, which exhibits more moderate de-
fects at 37°C, as previously described (13). Yng2-associated
HAT activity was undetectable in cells containing the more
severe esa1-L254P allele at 30°C, suggesting that this mutation
disrupts complex formation and/or severely reduces HAT ac-
tivity. In contrast, immunoprecipitated GFP-HA-Gcn5 exhib-
ited similar levels of activity in either wild-type or esa1(Ts) cells
at both temperatures, indicating that HAT activities were not
generally impaired in esa1(Ts) cells at elevated temperatures.

Finally, we examined whether Yng2 associates with Esa1.
We coexpressed myc-tagged Yng2 with GFP-HA-Esa1 in yeast
and performed coimmunoprecipitation experiments. We
found that a detectable level of myc-Yng2 coimmunoprecipi-
tated with GFP-HA-Esa1 but not with GFP-HA (Fig. 9). To-
gether, our observations provide strong evidence that Yng2 is
associated with a HAT complex containing Esa1.

FIG. 2. Deletion of YNG1, YNG2, and PHO23 result in various phenotypes.
(A) Normal wild-type (WT) (JC1), yng1D (RL3-32), yng2D (RL3-53), pho23D
(RL3-17), and triple mutant yng1Dyng2Dpho23D (RL5-36) cells were grown in
yeast extract-peptone-dextrose (YPD) at 30°C and examined by differential in-
terference contrast (DIC) microscopy. (B) Localization of DNA in normal WT
(JC1) and yng2D cells (RL3-53) cells grown in YPD was examined by DAPI
staining (Materials and Methods). DIC and fluorescent images were overlaid to
produce the images shown. (C) The carbon source requirements of normal WT
(JC1), yng1D (RL3-32), yng2D (RL3-53), and pho23D (RL3-17) cells were de-
termined by growth on either glucose (YPD), galactose (YPGal), or glycerol
(YPGlyc) as the sole carbon source at 30°C for 3 to 5 days. (D) Normal WT
(JC1), pho23D (RL3-17), yng2D (RL3-53), and yng1D (RL3-32) were tested for
heat shock sensitivity by replica plating onto prewarmed YPD plates and incu-
bated at 55°C for 0, 2, 4, or 8 min. Plates were then allowed to cool to room
temperature before incubation at 30°C for 3 days.
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DISCUSSION

Yeast Ing1 homologs are associated with HAT complexes.
We have investigated the functions of three yeast proteins that
share strong sequence identity in their C-terminal PHD finger

domains with the human candidate tumor suppressor Ing1.
Our results provide several clues to the functions of these
proteins and suggest that they have a role in chromatin remod-
eling and transcriptional regulation. Such a role is suggested by
our observations that Yng2 is nuclear and associates with Tra1
and that Yng1, Yng2, and Pho23 are complexed with HAT
activities. Furthermore, the pleotrophic phenotypes exhibited
by yng2 mutant strains are consistent with a role for Yng2 in
regulating the expression of a subset of genes. Also, a previous
report suggests that Pho23 is involved in the transcriptional
regulation of Pho5 (40).

HAT activities are often found in large, modular, multipro-
tein complexes containing known transcriptional regulators (8,
24, 63). At least five HAT complexes have been identified in S.
cerevisiae (25). Our results indicate that Yng1, Yng2, and
Pho23 associate with HAT activities with preferences for dif-
ferent histones, suggesting that they are associated with differ-
ent HAT complexes (58). Based on its association with Tra1,
Yng2 may be a component of one or all of the Tra1-associated
complexes: SAGA, SLIK, or NuA4. Gcn5 colocalizes with
Tra1 to the SAGA complex (25). Deletion of Gcn5 is not lethal
but results in various phenotypes, including slow growth, tem-
perature sensitivity, inability to grow on some nonfermentable
carbon sources, and sensitivity to amino acid starvation (22,
45). Many of these phenotypes are similar to those exhibited by
Yng2 deficient cells. However, in contrast to yng2D cells, Gcn5-
deficient cells are viable in media with galactose as the sole
carbon source. In addition, Yng2 seems to associate with
H2A-H4 HAT activity similar to NuA4, whereas Gcn5 pre-
dominately acts on H3 and H2B (reviewed in reference 8).

Our studies provide strong evidence that Yng2 is associated
with a complex containing Esa1. First, temperature-sensitive

FIG. 3. Expression of human Ing1 or S. pombe Png1 rescues yng2 null phenotypes. (A) Normal wild-type (WT) (JC1) or yng2D (RL3-53) cells harboring a control
vector, or yng2D cells expressing either Yng2, Png1, or Ing1 were grown at 30°C in SC-L synthetic medium and examined by differential interference contrast microscopy.
Plasmids used to express proteins were pAD4.H (1vector), pADHA-Yng2 (1Yng2), pADHA-Png1 (1Png1), and pADHA-Ing1 (1Ing1). (B) These strains were also
tested for growth under different conditions. Cells were grown on synthetic complete (SC) medium (Glucose) at 30°C, SC containing galactose (Galactose) instead of
glucose as the sole carbon source at 30°C, SC containing 3 mM caffeine (Caffeine) at 30°C, or SC at 37°C (37C). (C) These strains and yng2D (RL3-53) overexpressing
PDE2 (pYepPDE2) were also tested for hypersensitivity to heat shock at 53°C for 0 or 4 min (see Fig. 2 legend).

FIG. 4. Yng2 is localized in the nucleus. Normal JC1 cells expressing GFP
(left panels) or GFP-Yng2 (right panels) were grown in HC medium, harvested,
and briefly fixed before being mounted in medium containing DAPI (Materials
and Methods). Cells were visualized by differential interference contrast micros-
copy (DIC [top row]), DNA was visualized using UV optics (DAPI [middle
row]), and GFP localization was visualized using fluorescein isothiocyanate op-
tics (GFP [bottom row]). Images in each column are of the same field of cells.
Plasmids used to express proteins were pADGFPHA (GFP) and pADGFPHA-
Yng2 (GFP-Yng2).
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esa1 alleles exhibit morphological and cytokinesis defects
(swollen, multibudded cells often lacking nuclei) that are very
similar to the morphology of yng2D cells (13). Second, both
Yng2 and Esa1 associate with Tra1. Third, the HA-Yng2-
associated HAT activity has an identical substrate preference
compared to immunoprecipitated GFP-HA-Esa1. Fourth, in
vivo deficiencies in histone H4 acetylation in yng2D and
esa1(Ts) cells at the nonpermissive temperature are remark-
ably similar. Fifth, Yng2 fails to coimmunoprecipitate HAT
activity in esa1(Ts) strains at the restrictive temperature, or in
a severe esa1(Ts) strain at the nonrestrictive temperature.
Sixth, myc-Yng2 can be coimmunoprecipitated with GFP-HA-
Esa1. Esa1 is the HAT component of NuA4, and all cellular
Esa1 is predicted to be associated with the NuA4 complex (3).
Thus, it seems likely that Yng2 is a component of the NuA4
complex. Immunopurification of NuA4 demonstrated the tight
association of a 32-kDa protein (3), which is identical in size to
the predicted molecular mass of Yng2. However, it should be
noted that these observations do not exclude the possibility
that Yng2 functions in additional HAT complexes.

HA-Yng1 coimmunoprecipitates a HAT activity with a pref-
erence for H3 that appears to be very similar to that of immu-
noprecipitated GFP-HA-Gcn5, raising the possibility that
Yng1 is associated with Gcn5 functions. Interestingly, a silver-
stained gel of purified SAGA complex indicates the existence
of an ;25-kDa protein similar in size to Yng1. Further studies
may reveal if Yng1 is a component of SAGA, ADA, NuA3
(which also acetylates H3), and/or previously unidentified
HAT complexes.

HA-Pho23 coimmunoprecipitated a much weaker and non-
specific HAT activity than Yng1 or Yng2. A clue to the mac-
romolecular associations of Pho23 comes from a recent report
that Gcn5 regulates the remodeling of chromatin at the Pho5
promoter in vivo (26). Pho23 was originally characterized in a
genetic selection to isolate mutants that express Pho5 consti-
tutively (Phoc) (40). Null alleles of PHO23 result in a partial
Phoc phenotype; however, the mechanism by which loss of
Pho23 leads to a Phoc phenotype is not understood. As both
Pho23 and Gcn5 appear to be involved in regulation of Pho5
expression, perhaps they colocalize to the same HAT complex
(SAGA or ADA).

There are several possible roles of Yng2, Yng1, or Pho23 in
HAT complexes. They may be involved in regulation of acetyl-
transferase activity, complex formation, or complex stability, or
perhaps they serve as specificity factors to direct certain HAT
complexes to appropriate targets. Recently, the activities of
several HAT complex components other than acetyltransferase
have been reported. For example, Ada2 protein has been
shown to be required for the assembly of Gcn5 and the poten-
tiation of its HAT activity (73). Other published data also
suggests that HATs need to be part of a native complex to
work efficiently (3, 25). Interestingly, genetic and biochemical
studies suggest that SAGA possesses both HAT-dependent
and -independent activities important for transcription (15,
71). Thus, it is possible that yeast Ing1 homologs perform
additional functions in HAT complexes in a capacity not re-
lated to histone acetylation.

PHD fingers are implicated in transcriptional regulation
and cancer. The strong similarity between Ing1 and the yeast
homologs is primarily restricted to the PHD finger domains.

FIG. 5. Yng2 is associated with Tra1. (A) The Gal activation domain (GAD)
and a GAD fusion with Tra1 (residues 1678 to 1740) (p14-2) were tested for their
ability to interact with LexA fusions with lamin, Yng2, the N-terminal domain
(residues 1 to 222) of Yng2 (LexA-DPHD), or the C-terminal domain (residues
222 to 282) of Yng2 (LexA-PHD) by the yeast two-hybrid test (Materials and
Methods). Each patch represents an independent transformant of the yeast
two-hybrid tester strain L40 expressing the indicated proteins. Interaction be-
tween fusion proteins was assayed by their ability to induce expression of b-ga-
lactosidase by a filter assay (10). (B) Extracts from JC1 cells expressing HA-Yng2
(lane 1), myc-Tra1 (lane 2), or HA-Yng2 and myc-Tra1 (lane 3) were assayed for
expression of myc-tagged proteins by Western blot analysis using anti-myc
(monoclonal antibody 9E10) antibody (top panel). Ten milligrams of total pro-
tein from each extract was immunoprecipitated (I.P.) with anti-HA (monoclonal
antibody 12CA5) antibody; half of the immunoprecipitate was probed with
anti-HA antibody (middle panel), and half was probed with anti-myc antibody
(bottom panel). Plasmids used to express proteins were pADHA-Yng2 and
pUAD6 (lane 1), pAD4.H and pADmyc-Tra1 (lane 2), or pADHA-Yng2 and
pADmyc-Tra1 (lane 3).

FIG. 6. Yng1, Yng2, and Pho23 are associated with HAT activities. (A)
Extracts from JC1 cells expressing GFP-HA (GFP), HA-Yng2 (Yng2), HA-Ing1
(Ing1), HA-Pho23 (Pho23), HA-Yng1 (Yng1), GFP-HA-Esa1 (Esa1), or GFP-
HA-Gcn5 (Gcn5) were immunoprecipitated with anti-HA (12CA5) antibody.
Immunoprecipitates were split, and half of each sample was examined by West-
ern blot analysis using anti-HA antibody (top), and half was assayed for HAT
activity (bottom panels) (see Materials and Methods). The left lanes (GFP,
Yng2, Ing1, Pho23, and Yng1) and right lanes (Gcn5 and Esa1) of the HAT assay
were run on the same gel, but they were exposed to film for 15 and 3 days,
respectively. (B) Extracts from JC1 cells expressing GFP-HA (GFP), or GFP-HA
fusions with either Yng2 (Yng2), the N-terminal domain (residues 1 to 222) of
Yng2 (DPHD), the C-terminal domain (residues 222 to 282) of Yng2 (PHD), or
Yng2/1 (Yng2 residues 1 to 222 fused to Yng1 residues 155 to 219) were
immunoprecipitated with anti-HA antibody. Immunoprecipitates were examined
by a Western blot using anti-HA antibody (top), or HAT assays (bottom).
Plasmids used to express proteins were pADGFPHA (GFP), pADHA-Yng2
(Yng2), pADHA-Ing1 (Ing1), pADHA-Pho23 (Pho23), pADHA-Yng1 (Yng1),
pADGFPHA-Esa1 (Esa1), and pADGFPHA-Gcn5 (Gcn5) (in panel A) and
pADGFPHA (GFP), pADGFPHA-Yng2 (Yng2), pADGFPHA-Yng2DPHD
(DPHD), pADGFPHA-Yng2PHD (PHD), and pADGFPHA-Yng2/1 (Yng2/1)
(in panel B). Arrows denote migration of relevant proteins. HC denotes antibody
heavy chain. The panel on the lower right shows a Coomassie-stained lane from
the HAT gel and the migration of histones H3, H2B, H2A, and H4.
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This homology was the initial basis for suggesting that these
proteins are functionally related. Indeed, our evidence indi-
cates that all three yeast proteins are associated with HAT
complexes. Furthermore, Ing1 associates with HAT activity
when it is expressed in yeast. These observations support the
model that PHD finger domains are involved in multiprotein
complexes that modulate chromatin structure, as previously
suggested (1). However, we have shown that the PHD finger is
not required for the association of Yng2 with either Tra1 or
HAT activity. These results suggest that the unique N-terminal
domains are the regions that determine the interaction with
specific HAT complexes while the PHD fingers provide a more
general and conserved function. Exactly how the PHD fingers
of these proteins are involved in the formation or function of
HAT complexes remains to be determined. PHD fingers have

been identified in several genes associated with genetic syn-
dromes, including genes encoding WSTF in Williams syn-
drome, PHF2 in hereditary sensory neuropathy type 1, AIRE
in autoimmune polyglandular syndrome type 1, ATRX in X-
linked alpha-thalassemia mental retardation syndrome, and
MOZ in chromosomal translocations in acute myeloid leuke-
mias (23, 27, 33, 34, 43, 50, 57). Further characterization of
PHD finger function may potentially shed light on the molec-
ular mechanisms of these diseases.

Human, budding yeast, and fission yeast Ing1 homologs are
functionally conserved. The strong similarity among human,
budding yeast, and fission yeast Ing1 homologs suggest that
these proteins have been structurally conserved throughout
eukaryote evolution. Our genetic complementation and bio-
chemical results further suggest that these proteins perform
related and functionally conserved roles. Human Ing1 and
fission yeast Png1 functionally rescue yng2D phenotypes; how-
ever, Png1 rescues caffeine lethality more efficiently than Ing1,
and Png1 rescues temperature sensitivity very poorly. Thus,
Yng2 may perform more than a single discrete biochemical
function, and these functions may have been differentially con-
served throughout eukaryote evolution.

The structure and function of Ing1 and Yng2 seem to have
been particularly well conserved, suggesting that human Ing1
may be associated with HAT activity and TRRAP, the mam-
malian homolog of Tra1, in mammals. TRRAP has been
shown to interact with c-Myc and E2F-1, and inhibition of
TRRAP function blocks c-Myc and E1A-mediated oncogenic
transformation, suggesting that TRRAP is an essential cofac-
tor for c-Myc and E1A-E2F oncogenic transcription factor
pathways (14, 47, 62). Interestingly, Ing1 has been shown to
cooperate with c-Myc to induce apoptosis (28). Such cooper-
ation may be mediated by TRRAP and its associated HAT
activity.

Approximately one-third of the genes in S. cerevisiae have
significant similarity to human cDNAs reported in the ex-
pressed sequence tag database (7). However, among those
conserved genes are only a few known oncogenes or tumor
suppressors. Most notably absent in yeast are homologs of p53,
a tumor suppressor associated with over 50% of human can-
cers. Thus, identification of yeast homologs of the mammalian
Ing1 putative tumor suppressor is quite novel and suggests that
these proteins function in a conserved primeval mechanism. A
model in which Ing1 regulates HAT activity would be consis-

FIG. 7. yng2D and esa1(Ts) cells exhibit similar H4 acetylation deficiency.
Whole-cell extracts from wild-type strain FY105 (WT), gcn5D, wild-type strain
LPY3498 grown at 30°C (WT 30) or 37°C (WT 37), esa1(Ts) strain LPY3291
grown at 30°C (esa1 30) or 37°C (esa1 37), wild-type strain JC1, yng1D, yng2D,
and pho23D cells were separated on an SDS–18% polyacrylamide gel and ana-
lyzed by Western blotting using antibodies (Upstate Biochemical) that specifi-
cally recognize acetylated H3 (H3), acetylated lysine (H4; histone H4 region of
gel shown), and H4 acetylated at lysine residues 12 (H4K12), 8 (H4K8), and 5
(H4K5), or stained with Coomassie brilliant blue (total protein).

FIG. 8. Yng2-associated HAT activity is deficient in esa1(Ts) cells. Extracts from cells containing a control plasmid pAD4.H (vector), or expressing HA-Yng2
(Yng2) or GFP-HA-Gcn5 (Gcn5) were immunoprecipitated with anti-HA. Immunoprecipitates were split, and half of each sample was examined by Western blot
analysis using anti-HA antibody (top), and half was assayed for HAT activity (bottom). Strains used include FY105 (WT), gcn5D, LPY3498 grown at 30°C (WT 30)
or 37°C (WT 37), LPY3291 grown at 30°C (esa1-1 30) or 37°C (esa1-1 37), and LPY3500 grown at 30°C (esa1-2 30) or 37°C (esa1-2 37).
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tent with its putative tumor-suppressive role. Several recent
reports implicate HATs and HDACs in cell cycle regulation,
differentiation, and cancer development (4, 34, 37). Also, the
tumor suppressor BRCA2 has been shown to possess intrinsic
HAT activity (67).
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