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The mammalian ING1 gene encodes a tumor suppressor required for the function of p53. In this study we
report a novel function for YNG1, a yeast homolog of ING1. Yng1p is a stable component of the NuA3 histone
acetyltransferase complex, which contains Sas3p, the yeast homolog of the mammalian MOZ proto-oncogene
product, as its catalytic subunit. Yng1p is required for NuA3 function in vivo but surprisingly is not required
for the integrity of the complex. Instead, we find that Yng1p mediates the interaction of Sas3p with nucleosomes
and is thus required for the ability of NuA3 to modify histone tails. These data, and the observations that other
ING1 homologs are found in additional yeast complexes that posttranslationally modify histones, suggest that
members of the ING1 class of proteins may have broad roles in enhancing or modifying the activities of
chromatin-modifying complexes, thereby regulating their activities in transcription control.

Eukaryotic DNA is packaged into a nucleoprotein structure
known as chromatin, consisting of DNA, histones, and nonhis-
tone proteins. This structure is able to modulate access of the
cellular machinery to DNA, thus regulating processes like tran-
scription, replication, repair, and recombination. Numerous
multiprotein complexes capable of modifying chromatin exist
within a cell. The most studied of these complexes include the
ATP-dependent chromatin remodeling complexes, which use
the energy of ATP hydrolysis to alter the association of DNA
with histones, and the histone modifying complexes, which
posttranslationally modify histones.

The best-characterized class of histone-modifying complexes
is the histone acetyltransferases (HATs), which use acetyl-
coenzyme A as a substrate to acetylate lysine residues within
the amino-terminal tails of histones. In the yeast Saccharomy-
ces cerevisiae these include the GCN5-dependent SAGA,
ADA, and HAT-A2 complexes, the SAS3-dependent NuA3
complex, the ESA1-dependent NuA4 complex, the ELP3-de-
pendent Elongator complex, and the Nut1p-containing Medi-
ator complex (28). These complexes differ substantially with
regard to their components, substrate specificity, and sus-
pected functions in the cell.

Interestingly, the substrate specificity of many HAT com-
plexes is dictated not by the catalytic subunit but rather by the
additional protein components within the complex. For exam-
ple, recombinant Esa1p, Gcn5p, and Sas3p can acetylate both
histones H3 and H4 when assayed on free histones, but they
lack the ability to acetylate nucleosomal histones (10, 16, 26,
29). When incorporated into complexes, these proteins gain
the ability to acetylate nucleosomes and become limited to

primarily acetylating histone H3 in the case of Gcn5p and
Sas3p or H4 for Esa1p (2, 10, 15). How the noncatalytic pro-
teins within HAT complexes serve to alter the substrate spec-
ificity of the catalytic subunit is the focus of much research.

The SAS3-dependent NuA3 complex is approximately 450
kDa and consists of at least five subunits (15). In addition to
Sas3p, the only known subunit of the complex is TAF30. Loss
of TAF30 has no effect on the complex in terms of structure or
substrate specificity, and thus the function of this protein
within the complex is not known (15). We wished to identify
novel subunits within the NuA3 complex, and therefore we
purified the native NuA3 complex from yeast and subjected it
to mass spectrometry analysis. By using this approach we iden-
tified Yng1p as a novel component of this complex. YNG1 is a
homolog of the mammalian ING1 (inhibitor of growth 1) gene.
Other yeast homologs of ING1 include Yng2p and Pho23p,
which are components of the NuA4 HAT complex, and an
Rpd3p histone deacetylase complex, respectively (18–20).
ING1 encodes a tumor suppressor that physically interacts with
p53 and is necessary for p53-dependent transcription activa-
tion in vivo (9). We were unable to detect a similar role for
NuA3 in this regard, but instead showed that Yng1p is specif-
ically required for the ability of the NuA3 complex to bind to
and acetylate histones. These results may shed light on the
function of ING1 and other homologs in mediating transcrip-
tional activation by p53.

MATERIALS AND METHODS

Yeast strains, plasmids, and genetic methods. Strains used in this study are
listed in Table 1 and were either published previously or were created for this
study by using standard yeast manipulations (3). Mating assays were performed
as described by others (27). Plasmids pJW217, pJW218, and pJW219 contain the
ANC1, GCN5, and YNG1 open reading frames (ORFs), respectively, and also
contain �1,000 bp of upstream sequences, cloned into the URA3 centromeric
vector, YCplac33, fused to a FLAG-CYC cassette (15). Plasmids pJW220,
pJW221, and pJW222 contain the SAS3, YNG1, and YNG1�PHD ORFs, respec-
tively, and also contain �1,000 bp of upstream sequences, cloned into the
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CEN/ARS TRP1 vector pRS314 fused to a triple hemagglutinin (HA)-CYC
cassette (8). Plasmids pJW223 and pJW224 are CEN/ARS TRP1 plasmids bear-
ing amino-terminal HA-tagged, full-length, and carboxyl terminally truncated
SAS3 under the control of a GAL promoter (15). The plasmids pSas3FLG,
pJW214, and pJW215 have been described previously (13, 15).

Purification of the NuA3 HAT complex. The NuA3 HAT complex was purified
from yeast strains YJW545 and YJW546 by Ni2�-nitrilotriacetic acid (NTA)
agarose (Qiagen, Valencia, Calif.) and MonoQ ion-exchange chromatography as
previously described (7). Fractions containing the NuA3 complex were pooled
and incubated with �FLAG M2 resin (100 �l of resin for 12 liters of starting
culture; Sigma, St. Louis, Mo.) overnight at 4°C with rotation. The beads were
washed three times with 10 bed volumes of a solution containing 50 mM Tris (pH
8.0), 350 mM NaCl, 10% glycerol, 0.1% Tween 20, 1 mM phenylmethylsulfonyl
(PMSF), 2 �g of leupeptin/ml, and 2 �g of pepstatin/ml. The complex was eluted
from the beads by washing with 1 bed volume of a solution containing 50 mM
Tris (pH 8.0), 350 mM NaCl, 10% glycerol, 0.1% Tween 20, and 0.1 mg of FLAG
peptide/ml (Sigma). The complex was trichloroacetic acid precipitated, and the
proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subjected to mass spectrometry as described previ-
ously (11).

Preparation of yeast whole-cell extracts, immunoprecipitations, and glutathi-
one S-transferase (GST) pull-down assays. For immunoprecipitations of FLAG
epitopes, yeast whole-cell extracts were prepared in a solution containing 50 mM
Tris (pH 8.0), 350 mM NaCl, 10% glycerol, 0.1% Tween 20, 1 mM PMSF, 2 �g
of leupeptin/ml, and 2 �g of pepstatin/ml. Approximately 5 mg of extract was
rotated at 4°C overnight with 10 �l of washed, packed �FLAG M2 resin (Sigma).
The beads were washed three times with a solution containing 50 mM Tris (pH
8.0), 350 mM NaCl, 10% glycerol, 0.1% Tween 20, 1 mM PMSF, 2 �g of
leupeptin/ml, and 2 �g of pepstatin/ml. The proteins were either eluted from the
beads by boiling in SDS-PAGE loading buffer or were assayed for HAT activity
as described previously (7). Immunoprecipitation of Spt16p was performed as
described previously (15).

For GST pull-down assays, yeast whole-cell extracts and GST fusion proteins
were prepared as described previously (23, 30). Approximately 2 mg of extract
was rotated at 4°C for 2 h with 10 �l of washed, packed beads. The beads were
washed three times with 50 volumes of a solution containing 50 mM HEPES (pH
7.4), 150 mM NaCl, 16 mM magnesium acetate, 1 mM EGTA, 0.1% Nonidet
P-40, 0.5 mM dithiothreitol, 10% glycerol, 1 mM PMSF, 2 �g of leupeptin/ml,
and 2 �g of pepstatin/ml prior to boiling in SDS sample buffer.

Size exclusion chromatography. Yeast whole-cell extracts were prepared in a
solution containing 50 mM Tris (pH 8.0), 500 mM NaCl, 10% glycerol, 0.1%
Tween 20, 1 mM PMSF, 2 �g of leupeptin/ml, and 2 �g of pepstatin/ml. Five
milligrams of extract was resolved on a Superose 6 HR 10/30 column (Pharmacia,
Piscataway, N.J.) equilibrated with the same buffer.

Immobilized template pull-down assay. Immobilized oligonucleosome tem-
plates were prepared from the G5E4-5S fragment as previously described (12).
Approximately 200 ng of array was incubated in 100 �l of a solution containing
10 mM HEPES (pH 7.8), 150 ml NaCl, 5 mM dithiothreitol, 0.5 mM PMSF, 5%
glycerol, and 0.25 mg of bovine serum albumin/ml, with 40 �l of NuA3 purified
by Ni2�-NTA agarose (Qiagen) and MonoQ ion-exchange chromatography. The
samples were rotated at 37°C for 1 h, and the beads were washed two times with
200 �l of a solution containing 10 mM HEPES (pH 7.8), 150 ml NaCl, 5 mM
dithiothreitol, 0.5 mM PMSF, 5% glycerol, and 0.25 mg of bovine serum albu-
min/ml. The beads were boiled in SDS-PAGE sample buffer, and the bound
proteins were analyzed by Western blotting.

RESULTS

Yng1p is a component of the NuA3 complex. To understand
the function of the SAS3-dependent S. cerevisiae NuA3 HAT
complex, we attempted to identify novel protein subunits
within this complex. To this end, we purified NuA3 from a
FLAG epitope-tagged Sas3p strain (15) by using the scheme
shown in Fig. 1A and subjected the resulting proteins to mass
spectrophotometer analysis (Fig. 1B). The band corresponding
to TAF30 was used as a positive control, but surprisingly this
sample generated a peptide encoded by the YNG1/YOR064C
ORF (Fig. 1C). Immunoprecipitation of Yng1p from whole-
cell extracts has been previously shown to precipitate histone
H3-specific HAT activity (18), thus making this protein a likely
candidate for a subunit of NuA3. To confirm this, the YNG1
ORF and its endogenous promoter were fused to a carboxyl-
terminal FLAG epitope tag and were cloned into an ARS/CEN
plasmid. The resulting plasmid was introduced into a wild-type
yeast strain, and whole-cell extracts from the resulting strain
were subjected to immunoprecipitation with an �FLAG anti-
body. As shown previously, histone H3-specific HAT activity
was coimmunoprecipitated from a tagged Yng1p strain but not
from an untagged strain (Fig. 2A, compare lanes 1 and 2).
However, when the same experiment was performed with a
sas3� strain, Yng1p failed to coimmunoprecipitate HAT ac-
tivity, suggesting that the acetyltransferase activity associated

TABLE 1. Strains used in this study

Strain Genotype

JRY2069 ...............................................................MAT� HMRa-e** ade2-101 his3 lys2 tyr1 ura3-52
JRY2726 ...............................................................MATa his4
YJW120 ................................................................MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 can1-100 sas3::URA3 pJW224
YJW134 ................................................................MATa his3�200 leu2�r1 ura3-52 trp1�63 gcn5::HIS3 sas3::HIS3MX6 pJW214
YJW207 ................................................................MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 can1-100 ESA1-3HA::HISMX6
YJW534 ................................................................MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 can1-100 YCplac33
YJW535 ................................................................MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 can1-100 pJW219
YJW536 ................................................................MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 can1-100 sas3::HISMX6 pJW219
YJW537 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 pJW220
YJW538 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 pJW219 pJW220
YJW539 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 yng1::HISMX6 pJW221
YJW540 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 pJW217 pJW220
YJW541 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 yng1::HISMX6 pJW217 pJW220
YJW542 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 gcn5::HIS3 yng1::HISMX6 pJW218
YJW543 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 yng1::HISMX6 pJW217 pJW221
YJW544 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 yng1::HISMX6 pJW217 pJW221
YJW545 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 pSas3FLG
YJW546 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 yng1::HISMX6 pSas3FLG
YJW547 ................................................................MAT� HMRa-e** ade2-101 his3 lys2 tyr1 ura3-52 sas3::HISMX6
YJW548 ................................................................MAT� HMRa-e** ade2-101 his3 lys2 tyr1 ura3-52 yng1::HISMX6
YJW549 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 pJW223
YJW550 ................................................................MATa his3�200 leu2�r1 lys2-128� ura3-52 trp1�63 sas3::HISMX6 yng1::HISMX6 pJW223
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with Yng1p is that of the NuA3 complex (Fig. 2A, compare
lanes 2 and 3).

To provide further support for an interaction between
Yng1p and Sas3p, the Yng1-FLAG tag construct was intro-

duced into cells expressing triple HA-tagged Sas3p. Figure 2B
shows that an �FLAG antibody coimmunoprecipitated Sas3p
from a FLAG-tagged Yng1p strain but not from an untagged
strain. We also show that, when fused with a triple HA tag,
Yng1p copurified with NuA3 HAT activity by our standard
purification technique, demonstrating that Yng1p is a stable
component of the NuA3 complex (Fig. 2C).

Loss of YNG1 is not disruptive to the NuA3 HAT complex.
To understand the function of Yng1p within the NuA3 com-
plex, we first asked whether loss of this protein results in
disruption of the NuA3 complex. Currently the known subunits
of NuA3 are Sas3p and TAF30. To determine whether these
two proteins still exist in a complex in yng1� cells, we intro-
duced FLAG-tagged TAF30 and triple HA-tagged Sas3p ex-
pressing plasmids into wild-type and yng1� strains. Whole-cell
extracts were prepared from these strains and were subjected
to immunoprecipitation for the FLAG epitope. As shown pre-
viously, immunoprecipitation of TAF30 coprecipitated Sas3p
(Fig. 3A, compare lanes 4 and 5) (15), but loss of YNG1 did not
affect this interaction (Fig. 3A, compare lanes 5 and 6). In a
reciprocal experiment, deletion of SAS3 resulted in a failure to
coimmunoprecipitate Yng1HA3 with TAF30FLAG (Fig. 3B,
compare lanes 3 and 4), demonstrating that, unlike Sas3p,
Yng1p is not required for the integrity of the NuA3 complex.
To provide further support that NuA3 is still intact in yng1�
cells, whole-cell extracts from Sas3HA3-expressing wild-type
and yng1� cells were subjected to Superose 6 size exclusion
chromatography. NuA3 purified from wild-type cells elutes in
the 400- to 500-kDa size range from this column (Fig. 3C) (15).
Loss of YNG1 does not alter this elution to a significant extent,
suggesting that although Yng1p is an integral component of
NuA3, a stable NuA3 complex still exists in cells lacking
Yng1p. As a final confirmation, we purified NuA3 from both
wild-type and yng1� cells by using the scheme depicted in Fig.
1A. The proteins of the resulting complexes were separated by
SDS-PAGE and were visualized by silver staining. As is shown
in Fig. 3D, all protein bands originating from wild-type NuA3
are also present in NuA3 isolated from the yng1� strain, fur-
ther demonstrating that a stable NuA3 complex can exist in the
absence of Yng1p.

Loss of YNG1 disrupts NuA3 function. The loss of SAS3
results in only very minor phenotypes (22), suggesting that the
NuA3 complex is not essential for normal cell growth. How-
ever, simultaneous loss of SAS3 and GCN5, the catalytic sub-
units of numerous HAT complexes, is synthetically lethal, sug-
gesting that NuA3 has overlapping functions with other HAT
complexes that are essential for viability (13). To determine
whether YNG1 is required for the function of the NuA3 com-
plex, we asked whether gcn5� yng1� strains are viable. To this
end, a diploid strain with single deletions of GCN5 and YNG1
was transformed with a URA3-based plasmid carrying wild-
type GCN5. The transformed strain was sporulated and dis-
sected, and haploid spore products with disruptions of both
GCN5 and YNG1 but carrying the GCN5 plasmid were iden-
tified. These double mutant strains grew extremely poorly
when subjected to negative selection for the URA3-based plas-
mid on medium containing 5-fluoroorotic acid (5-FOA) (Fig.
4A). However, if simultaneously transformed with non-URA3-
based plasmids carrying wild-type copies of GCN5 or YNG1,
the double mutants grew well on 5-FOA. These results dem-

FIG. 1. Yng1p is associated with purified NuA3 HAT complex.
(A) Scheme used to generate purified NuA3. (B) Silver stained, SDS-
PAGE (4 to 15% gradient) of the purified NuA3 complex. Bands
corresponding to the verified subunits, Sas3p and TAF30, are indi-
cated. An asterisk indicates a contaminating band. (C) Complete
amino acid sequence for Yng1p. The peptide sequence obtained by
mass spectrometry from purified NuA3 is shown boxed. IP, immuno-
precipitation.

FIG. 2. Yng1p is a stable component of the NuA3 HAT complex.
(A and B) Whole-cell extracts from the indicated strains were immu-
noprecipitated (IP) with �FLAG resin and either were assayed for
HAT activity on free HeLa histones (panel A; the fluorogram and
Coomassie brilliant blue stain of an SDS-PAGE of these histones are
shown) or were Western blotted and probed for Sas3HA3 (B).
(C) Whole-cell extracts from a strain expressing HA-tagged Yng1p was
purified by Ni2�-NTA agarose and MonoQ ion-exchange chromatog-
raphy. The MonoQ fractions were assayed for HAT activity on free
histones by SDS-PAGE and fluorography and for the presence of
Yng1HA3 by Western blotting.
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onstrate that although gcn5� yng1� strains are viable, they are
severely compromised for growth.

An interesting characteristic of the gcn5� sas� synthetic
lethality is that it is not due to loss of the Gcn5p-dependent
HAT complexes, since loss of SAS3 is compatible with dele-
tions of ADA2 or ADA3, mutations which disrupt all known
Gcn5p-dependent HAT complexes (10, 13, 24). We find a

similar pattern in yng1� strains; although gcn5� yng1� strains
are extremely sick, the ada2� yng1� strains are not (data not
shown). In addition, we find that deletion of YNG1 results in
other sas3�-specific phenotypes, including the rescue of silenc-
ing defects of an HMR locus with mutations in the Rap1p and
Abf1p binding sites (Fig. 4B). The fact that deletion of YNG1
recapitulates loss of SAS3 suggests that Yng1p is required for
the function of the NuA3 complex.

Members of the ING1 family, including the yeast proteins
Yng1p, Yng2p, and Pho23p, all contain a PHD finger domain
within their C-terminal region (18). This zinc finger-like motif
occurs in various proteins thought to be involved in chromatin-
mediated gene regulation (1). Despite the intriguing possibility
that this motif mediates the interaction of NuA3 with chroma-
tin, we find that Yng1p lacking the PHD domain is still able to
rescue the gcn5� yng1� growth defect (Fig. 4C), suggesting
that this region of the protein is not required for the function
of the NuA3 complex. This is consistent with work by others
showing that Yng2p lacking the PHD finger is still able to
rescue growth defects of yng2� strains as well as NuA4 HAT
activity (20).

Yng1p is required for NuA3 HAT activity. YNG1 is required
for the function, but not the integrity, of the NuA3 complex,
suggesting that this protein is necessary for either the proper
targeting or the catalytic activity of this complex. It has been
previously shown that the NuA3 complex can interact with
Spt16p both in vivo and in vitro (15). Spt16p can also interact
directly with histones, which may provide a mechanism for
targeting this HAT complex to its substrate (21). However, we
find that we are still able to coimmunoprecipitate Sas3p with
Spt16p in the absence of Yng1p, suggesting that Yng1p does
not play a role in this interaction (Fig. 5A, compare lanes 4 and
6). A strain expressing HA3Sas3�657, which lacks the region of
Sas3p required for interaction of Sas3p with Spt16p (15), was
included as a negative control.

A mammalian homolog of Yng1p, the candidate tumor sup-
pressor ING1, can coimmunoprecipitate with p53 and modu-
lates p53-dependent transcriptional activation (9). Moreover,
the yeast NuA4 HAT complex, which contains the ING1 ho-
molog Yng2p, has also been shown to interact with p53 and is
required for p53-dependent transcription activation in yeast
(20). Although NuA4 lacking Yng2p is still able to interact
with p53, the strength of the interaction is diminished com-
pared to that of NuA4 from wild-type strains. These data
suggest that conserved motifs within the ING1 and YNG2 gene
products may serve as important interaction partners for p53.
To test this hypothesis, we asked whether the Yng1p-contain-
ing NuA3 complex was also capable of interacting with p53.
Yeast whole-cell extracts from cells expressing triple HA-
tagged Sas3p were incubated with full-length p53 immobilized
on Sepharose beads. We used triple HA-tagged Esa1p, the
catalytic subunit of the NuA4 complex, as a positive control.
Although we were able to reproduce the interaction between
the NuA4 complex and p53 (Fig. 5B), we found that the NuA3
complex was unable to interact with p53, suggesting that the
presence of an ING1 homolog alone is not sufficient to mediate
interaction with p53. This result, however, must be interpreted
with some caution, since it is possible that the recombinant p53
is lacking some modification required for the interaction be-
tween p53 and the ING1 family proteins.

FIG. 3. Loss of YNG1 does not disrupt the NuA3 HAT complex.
(A and B) Whole-cell extracts from the indicated strains were immu-
noprecipitated with �FLAG resin. The input whole-cell extracts and
immunoprecipitates (IP) were Western blotted and probed for HA.
(C) Whole-cell extracts from the indicated strains were resolved on a
Superose 6 HR 10/30 column, and the fractions were assayed for the
presence of Sas3HA3 by Western blotting. (D) Silver stained, SDS-
PAGE (4% to 15% gradient) of NuA3 complexes purified from wild-
type (YJW545) and yng1� (YJW546) strains. Bands corresponding to
the verified subunits Sas3p and TAF30 are indicated. Contaminating
bands are indicated by asterisks. IgG, immunoglobulin G.
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We next asked whether Yng1p is required for the catalytic
activity of the NuA3 complex. NuA3 affinity purified by using
FLAG-tagged TAF30 from both wild-type and yng1� strains
was subjected to HAT assays with free histones as a substrate.
The reactions were normalized for levels of Sas3p. Figure 6A
shows that loss of Yng1p severely compromises Sas3p HAT
activity. When the assays were normalized for levels of HAT
activity on free histones, we found that lack of Yng1p has an
even greater effect on nucleosomal HAT activity, since in the
absence of Yng1p NuA3 is no longer capable of acetylating
nucleosomes (Fig. 6B).

One possible explanation for the loss of NuA3 HAT activity
in yng1� strains is that Yng1p mediates the interaction of
Sas3p with histones. To test this hypothesis, we reconstituted
an array of nucleosomes bound to paramagnetic beads. The
immobilized array was incubated with partially purified NuA3
isolated from either wild-type or yng1� strains. The beads were
washed and the proteins that remained bound to the arrays
were eluted in SDS-PAGE sample buffer. Western blot anal-
ysis revealed that in the absence of Yng1p, the ability of Sas3p
to interact with nucleosomes is severely decreased (Fig. 6C).
These results clearly demonstrate that a biological role of
Yng1p is to facilitate interaction between the NuA3 complex
and chromatin.

DISCUSSION

A valuable technique for deciphering the function of multi-
protein complexes in yeast is to identify the protein subunits of

FIG. 4. Loss of YNG1 disrupts NuA3 function. (A) gcn5� yng1� strains are synthetically sick. Yeast strain YJW542 (MATa his3�200 leu2�1
ura3-52 trp1�63 gcn5::HIS3 yng1::HISMX6 pJW218) was transformed with a CEN/ARS TRP1 plasmid alone (pRS314) or with CEN/ARS TRP
plasmids encoding Gcn5p or Yng1p (pJW215 and pJW221, respectively), and the resulting transformants were plated on either synthetic complete
medium (control) or synthetic complete medium with 5-FOA. Strain YJW134 (MATa his3�200 leu2�1 ura3-52 trp1�63 gcn5::HIS3 sas3::HISMX6
pJW214) was used as a control. (B) Deletion of YNG1 restores silencing to strains with mutations in HMR-E. Wild-type (JRY2069; MAT�
HMRa-e�� ade2-101 his3 lys2 tyr1 ura3-52) and yng1� (YJW548; MAT� HMRa-e�� ade2-101 his3 lys2 tyr1 ura3-52 yng1::HISMX6) strains were
assayed for mating efficiency, with JRY2726 (MATa his4) as a tester strain. Strain YJW547 (MAT� HMRa-e�� ade2-101 his3 lys2 tyr1 ura3-52
sas3::HISMX6) was used as a positive control. (C) Yeast strains YJW542 (MATa his3�200 leu2�1 ura3-52 trp1�63 gcn5::HIS3 yng1::HISMX6
pJW218) was transformed with a CEN/ARS TRP1 plasmid alone (pRS314) or with CEN/ARS TRP1 plasmids encoding Yng1p or Yng1�PHD
(pJW221 and pJW222, respectively), and the resulting transformants were plated on either synthetic complete medium (control) or synthetic
complete medium with 5-FOA.

FIG. 5. Yng1p does not mediate interactions of Spt16p or p53 with
NuA3. (A) Spt16p was immunoprecipitated (IP) from yeast whole-cell
extracts from YNG1 (YJW549) and yng1� (YJW550) strains express-
ing an amino-terminal-tagged Sas3p. A YNG1 strain expressing a car-
boxyl-terminal-truncated version of HA3Sas3p (YJW120) was used as
a negative control. The input whole-cell extracts and the bead fractions
were assayed for the presence of HA3Sas3p by Western blotting.
(B) Yeast whole-cells extracts from strains expressing HA-tagged
Sas3p (YJW537) or Esa1p (YJW207) were incubated with either GST
or GST-p53 fusion proteins bound to glutathione Sepharose beads.
The input whole-cell extracts and the bead fractions were assayed for
the presence of Esa1HA3 and Sas3HA3 by Western blotting.
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these complexes and the phenotypes associated with their loss.
In this study we have demonstrated that Yng1p, a homolog of
the human candidate tumor suppressor ING1, is a stable com-
ponent of the NuA3 HAT complex and is required for the
interaction and acetylation of histones by NuA3.

The requirement of Yng1p for Sas3p HAT activity is remi-
niscent of the relationship between Ada2p and Ada3p with
Gcn5p. Bacterially expressed Gcn5p can acetylate histones

well, but it exhibits poor nucleosomal HAT activity (10, 17).
However, when incorporated into a complex with Ada2p and
Ada3p, Gcn5p acetylates nucleosomes well (4, 24). Thus, one
of the functions of the additional proteins within the ADA and
SAGA complexes is to allow Gcn5p to access nucleosomal
histones. Our results suggest that Yng1p might serve a similar
function in NuA3 by enhancing the access of Sas3p to histone
tails in both free and nucleosomal histones. The ability of an
ING1 homolog to facilitate the use of histones as substrates
may not be limited to the NuA3 HAT complex. Two other
yeast homologs of ING1, Yng2p and Pho23p, have also been
found to be associated with HAT activity (18, 20). Moreover,
Pho23p and the ING1 gene product, p33ING1b, are found func-
tionally associated with histone deacetylase complexes (19, 25).
Thus, these proteins may serve general roles in permitting
various enzymatic activities to modify histone tails.

A homolog of Yng1p, ING1/p33, has been shown to interact
with the tumor suppressor p53 by coimmunoprecipitation (9).
ING1 is also important for p53 function in vivo (9). In contrast,
despite a high degree of conservation with ING1, Yng1p is not
able to interact with p53 in the context of NuA3. These data
may suggest that although ING1 and YNG1 share common
ancestors, their functions have diverged. An alternative hy-
pothesis is that other proteins mediate the interaction of ING1
with p53 and that ING1 has an important role in transcrip-
tional activation by p53, which is distinct from directly inter-
acting with this protein.

A clue to the answer to this question comes from work with
the Yng2p-containing histone H4-specific HAT complex,
NuA4. This complex has also been shown to interact with p53
and to mediate p53-dependent transcription in vivo (20). How-
ever, this interaction is not strictly dependent on Yng2p, as
NuA4 isolated from yng2� cells is still capable of some inter-
action with p53. Furthermore, NuA4 contains the protein
Tra1p, which has been shown to interact with multiple acidic
trans-activation domains and thus is a likely candidate for me-
diating the interaction of NuA4 with p53 (5). In light of this
data, it is conceivable that the interaction of ING1 with p53 in
mammalian cells is mediated by its incorporation into a com-
plex homologous to NuA4, such as the Tip60 complex (14). If
ING1 is not directly required for recruitment of the Tip60
complex by p53, then it must be required for some other
function of this complex. Considering the data presented in
this manuscript, one possibility is to potentiate the HAT ac-
tivity of the recruited complex. This hypothesis is also sup-
ported by experiments with NuA4, as it was found that Yng2p
is required for both the abundance and the HAT activity of the
NuA4 complex in yeast (6, 20). Thus, although ING1/Yng2p
has important functions in mediating p53-dependent transcrip-
tion, this may only be in the context of the complex associated
with these proteins. Taken together, the ING1/Yng2p/Yng1p
proteins may have a broader role in enhancing or modulating
the activity of their respective HAT complexes.
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