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ABSTRACT

The temporal and spatial regulation of histone post-translational modifications is essential for proper
chromatin structure and function. The Saccharomyces cerevisiae NuA3 histone acetyltransferase complex
modifies the amino-terminal tail of histone H3, but how NuA3 is targeted to specific regions of the
genome is not fully understood. Yngl, a subunit of NuA3 and a member of the Inhibitor of Growth (ING)
protein family, is required for the interaction of NuA3 with chromatin. This protein contains a C-terminal
plant homeodomain (PHD) finger that specifically interacts with lysine 4-trimethylated histone H3
(H3K4me3) in vitro. This initially suggested that NuA3 is targeted to regions bearing the H3K4me3 mark;
however, deletion of the Yng1 PHD finger does not disrupt the interaction of NuA3 with chromatin or result
in a phenotype consistent with loss of NuA3 function in vivo. In this study, we uncovered the molecular basis
for the discrepancies in these data. We present both genetic and biochemical evidence that full-length Yngl
has two independent histone-binding motifs: an amino-terminal motif that binds unmodified H3 tails and a
carboxyl-terminal PHD finger that specifically recognizes H3K4me3. Although these motifs can bind

histones independently, together they increase the apparent association of Yngl for the H3 tail.

HROMATIN is a nucleoprotein structure consist-
ing of DNA, histones, and nonhistone proteins.
It has been found to regulate numerous processes
including transcription, DNA replication, and repair.
Histones are subjected to numerous post-translational
modifications (PTMs), including acetylation and meth-
ylation, that are proposed to act as docking sites for
various chromatin-remodeling complexes (PETERSON
and LANIEL 2004). As such, histone post-translational
modification is one mechanism for modifying chroma-
tin structure.

One family of proteins that specifically bind histone
PTMs is the Inhibitor of Growth (ING) group of pro-
teins. These proteins share highly conserved carboxyl-
terminal plant homeodomain (PHD) fingers and less
conserved amino-terminal regions (HE et al. 2005). The
PHD fingers of ING proteins specifically interact with
the amino-terminal tail of histone H3 that has been
trimethylated on lysine 4 (H3K4me3) (MARTIN el al.
2006a; SHI et al. 2006). The first ING protein discovered
was ING1 (p33), which was later shown to act as a tumor
suppressor (GARKAVTSEV ef al. 1996). The ING family is
now thought to include five proteins in humans: hINGI,
hING2, hING3, hING4, and hING5 (HE et al. 2005).
ING1 and ING2 are found in related histone deacety-
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lase complexes, whereas ING3-5 are associated with
MYST family histone acetyltransferases (HATs) (Sko-
WYRA et al. 2001; KuzMICHEV ¢t al. 2002; DOYON et al.
2006). The ING proteins interact with p53, regulate
transcription, and promote cell senescence and death
when overexpressed (GARKAVTSEV et al. 1998; NOURANI
et al. 2003).

There are three ING proteins in the yeast Saccharomyces
cerevisiae, including Yngl, Yng2, and Pho23 (LoEwiTH
etal. 2000) . Each of these proteins is found associated with
adifferent multiprotein complex that post-translationally
modifies histones. Yngl and Yng2 are associated with
the NuA3 and NuA4 HAT complexes, respectively
(LoewrTH et al. 2000, 2001; CHOY et al. 2001; HOowE
et al. 2002). In contrast, Pho23 is found associated with the
Rpd3L HDAC complex (LOEWITH et al. 2001; CARROZZA
et al. 2005). Although the ING proteins are not required
for the structural integrity of their respective complexes,
both Yngl and Yng?2 are required for the ability of their
complexes to bind and acetylate nucleosome substrates
(LoEwrTH et al. 2000; CHOY et al. 2001; HOWE et al. 2002).
Additionally, loss of PHO23 causes a reduction in the
HDAC activity of the Rpd3L complex (LOEwWITH et al.
2001). These data suggest that members of the ING pro-
tein family serve general roles in permitting various enzy-
matic activities to interact with nucleosomes and modify
histone tails.

Similar to their mammalian counterparts, the yeast
ING proteins share a conserved PHD finger that pre-
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ferentially interacts with H3K4me3-modified histones
(MARTIN et al. 2006a; SHI et al. 2006, 2007; TAVERNA et al.
2006). However, while the ING proteins are important
for the function of their cognate complexes, the PHD
fingers are surprisingly dispensable (NOURANI et al
2001; Howe et al. 2002). As a result, whether these
highly conserved methyl-histone binding domains ac-
tually have a role in targeting complexes to specific
regions of the genome is in question. In this study we
have used both biochemical and genetic approaches to
show that Yngl sequences outside of the PHD finger can
directly interact with the histone H3 tail and this inter-
action is not dependent on the presence of H3K4me3.
These results demonstrate that Yngl possesses bivalent
histone-binding motifs that function together to in-
crease the apparent association of Yngl for the histone
H3 tail.

MATERIALS AND METHODS

Yeast strains, plasmids, and genetic methods: All strains
used in this study are isogenic to S288C. Yeast culture
and genetic manipulations were carried out using standard
protocols (AusUBEL 1987). Genomic deletions were verified
by PCR analysis and whole-cell extracts were generated as
previously described (AususktL 1987; KusuNIrRov 2000). The
plasmids pGALYNGI, pGALYNGIAPHD, pGALYNGIWISOA,
PpGALYNGIA2-28, pGALYNG2, and pGALPHO23 were gener-
ated by cloning sequences encoding YNGI, YNG2, and PHO23
into the BamHI sites of pGAL.415, pGAL.425, or pGAL.416
(MUMBERG et al. 1994). pGALYNGIHA3, pGALYNG2HA3, and
pGALPHO23HA3 were generated by replacing the CYCI ter-
minator of the above plasmids with an HA3-CYCI terminator
cassette (Howe et al. 2002). To construct the PHD finger swap
plasmids we introduced silent mutations into codons 145 and
146 of YNG1, introducing an Aafll restriction site. We then PCR
amplified codons 147-219 of Yngl, codons 214-282 of Yng2,
and codons 272-330 of Pho23 as Aafll/Noll fragments and
cloned them into the Aafll/Nofl-digested plasmid. To construct
pHDAI the HDAI open reading frame, along with 230 bp of
promoter and 651 bp of terminator sequences, was amplified
from genomic DNA and cloned into pRS415 using Xhol and
Sacl restriction sites.

Synthetic dosage resistance genomewide screen: The syn-
thetic genetic array (SGA) starting strain Y7092 (MATw
canlA::STE2pr-Sp-his5 lypA1 his3A1 leu2A0 met15A wra3A0)
was transformed with pGALYNGI. The resulting query strain
was mated to the MA7Ta deletion mutant array. SGA method-
ology, previously described for a plasmid-based synthetic
dosage resistance screen (MARTIN et al. 2006a), was used with
the following modifications: (i) medium lacking uracil was
used to maintain the plasmid, and (ii) hits were scored against
strains containing pGALYNGI grown on dextrose. The screen
was performed in triplicate and all hits were confirmed using
traditional transformation and dilution plating. Confirmed
hits were followed up with Western blots with anti-HA anti-
bodies (Santa Cruz, catalog no. sc-57529) to determine the
levels of YnglHA3 expression and anti-H3K4me3 (Active
Motif, catalog no. 39159) antibodies to check for changes in
H3K4 methylation.

Peptide pull-down assays: Biotinylated histone peptides
were synthesized by Anaspec. For pull-down assays, ~1 pg of
GST-tagged recombinant protein was incubated with 1 pg
of biotinylated histone peptides in binding buffer (50 mm

Tris-HCI, pH 7.5, 150 mMm NaCl, 0.05% NP-40) overnight at
4° with rotation. After a 1-hr incubation with streptavidin
sepharose beads (Amersham Biosciences) and extensive wash-
ing, bound proteins were analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and Western blotting with
anti-GST antibodies (Santa Cruz, catalog no. sc-459).

RESULTS

Sequences outside of the Yngl PHD finger are
required for growth inhibition by YNGI overexpres-
sion: We have previously reported that full-length YNGI
inhibits yeast growth when overexpressed and this effect
requires both the Yngl PHD finger and histone H3K4
methylation (MARTIN et al. 2006a). We hypothesized
that growth inhibition is due to excess levels of Yngl
sterically hindering the access of other factors to the H3
tail. If this is true, then other proteins that show similar
methyl-histone binding properties should be toxic
when expressed at similar levels. The PHD fingers of
the three yeast ING proteins, Yngl, Yng2, and Pho23,
share significant sequence similarity and H3K4me3
binding properties (Figure 1A) (SHI et al. 2006, 2007).
It is therefore expected that YNG2 and PHO23 would
inhibit growth when overexpressed as well. To address
this question we fused the YNG2 and PHOZ23 open
reading frames to the galactose inducible promoter of
the GALI gene on a URA3based centromeric plasmid
(pGALYNG2, pGALPHOZ23). The resulting plasmids were
transformed into wild-type cells and plated in 10-fold
dilution series on media lacking uracil and containing
dextrose or galactose as carbon sources (Figure 1B).
Vectors carrying only the GALI promoter alone (pGAL)
and the GALYNGI construct were used as negative and
positive controls for growth inhibition, respectively.
Consistent with previously published results, cells carry-
ing pGALYNGI grew on dextrose, but failed to grow on
galactose, confirming that overexpression of YNGI
inhibits cell growth. In contrast, yeast carrying empty
vector (pGAL), pGALYNG2, or pGALPHO23 grew well on
both dextrose and galactose, indicating that neither
overexpression of YNG2 nor that of PHO23is inhibitory
to cell growth (Figure 1B). To verify that YNG2 and
PHOZ23 are expressed at similar levels to YNGI, we in-
troduced sequences encoding HA tags into each of our
pGAL plasmids such that each ING protein would be
expressed with a C-terminal triple-HA tag. Fortuitously,
HA-tagged Yngl is not toxic when overexpressed, allow-
ing us to compare the levels of all of the ING protein in
cells grown on galactose. Figure 1C demonstrates that
YnglHA3, Yng2HA3, and Pho23HA3 expressed from a
GALI promoter are present in similar levels.

The fact that overexpression of YNGI inhibits growth,
while YNG2 and PHOZ23 do not, was surprising as we
have previously shown that the level of growth inhibi-
tion by YNGI correlates with the methyl-histone binding
ability of the Yngl PHD finger and that the PHD fingers
of all ING proteins share similar methyl-histone bind-
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FIGURE 1.—Overexpression of YNGI, but not
YNG2 or PHOZ23, inhibits yeast cell growth. (A)
CLUSTAL 2.0.12 multiple-sequence alignment
of the ING proteins in S. cerevisiae. “*” indicates

Yng?  ESSVVSNSSVKKRRAASSSGSVPPTLKKKKTSRTSKLONEIDVSSREKSVTPVSESTEKK 194  that the residues in that column are identical in

Pho23 DSKNDANYGGSRHESQDHTGNNTNSRKRANAANTNNADPETKKRKRRVATTAVSPS---T 237  all sequences in the alignment. “:” and “.” mean

: : : that conserved and semiconserved substitutions

are observed, respectively. Sequences corre-
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Yngl NPACPFEWFHYGCVGLKQAPKGKWYCSKDCKEIANQRSKSKRQKRRK 219

Yng2 GPNCKYEWFHYDCVNLKEPPKGTWYCPECKIEMEKNKLKRKRN---- 282

Pho23 GADCELEWFHLPCIGLETLPKGKWYCDDCKKKL-—============ 330
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ing specificities (MARTIN et al. 2006a; SH1 et al. 2006,
2007). There are two possible explanations as to why this
is the case. First, it is feasible that there is something
distinct about the Yngl PHD finger that makes it toxic
when overexpressed. Indeed, it has been previously
shown that the Yngl PHD finger binds methylated pep-
tides with a slightly higher affinity than the Yng2 or
Pho23 fingers (SHI et al. 2007). A second possibility is
that while the PHD finger is required for the growth-
inhibiting properties of Yngl, additional sequences
outside of the PHD finger may also be required. These
sequences are significantly divergent from those in Yng2
and Pho23 (Figure 1A). To test these possibilities we
replaced the PHD finger of Yng1 with the PHD finger of
Yng2 or Pho23 and tested whether these chimeric pro-
teins inhibit growth of yeast cells when overexpressed
from a GALI promoter. While Yngl lacking the PHD
finger does not inhibit growth when overexpressed,
addition of either the Yng2 or the Pho23 PHD finger

akk ek ko ak kk Kk

for unmodified tail binding are shaded. (B) Ten-
fold serial dilutions of a wild-type yeast strain
containing the indicated low-copy plasmids were
plated on synthetic leucine drop-out medium
with either dextrose or galactose as a carbon
source and incubated at 30° for 3 days. (C) Yeast
YNGI1, YNG2, and PHO23 are equivalently ex-
pressed in cells. Shown is an o«HA Western blot
analysis of whole-cell extracts from strains ex-
pressing HA-tagged versions of Yngl, Yng2, and
Pho23 from a GALI promoter during growth
in galactose.

restores the growth-inhibiting properties to Yngl (Fig-
ure 2). The fact that the Yng2 and Pho23 PHD fingers
do not inhibit growth when fused to their native amino
termini, but inhibit growth when fused to Yngl, strongly
suggests that the growth inhibition by YNGI overex-
pression is dependent on the amino terminus of Yngl,
in addition to the PHD finger.

Full-length Yngl binds unmodified chromatin: The
results of this and previously published work indicate
that the PHD finger of Yngl is necessary, but not suf-
ficient to confer growth inhibition when overexpressed.
Instead, residues within the amino-terminal region of
Yngl are equally important. This result is reminiscent of
other work from our lab demonstrating that while full-
length Yngl is important for NuA3 function in vivo, the
PHD finger is dispensable (Howe et al. 2002). Addition-
ally, we have shown that deletion of YNGI or the H3 tail
disrupts the interaction of NuA3 with chromatin, but we
have been unable to show a similar effect due to loss
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F1GURE 2.—The Yng2 and Pho23 PHD fingers confer inhi-
bition of growth when fused to the amino-terminal domain
of Yngl. Tenfold serial dilutions of a wild-type yeast strain trans-
formed with the indicated high-copy plasmids were plated on
synthetic uracil drop-out medium containing either dextrose
or galactose as a carbon source and incubated at 30° for 3 days.

of the Yngl PHD finger alone (MARTIN et al. 2006a,b).
Collectively, these data support the idea that Yngl may
contain bivalent chromatin-binding abilities: a PHD
finger that specifically interacts with H3K4me3 and an
amino-terminal motif that interacts with some other
part of the H3 tail. To test this hypothesis we bacterially
expressed and purified full-length Yngl and the Yngl
PHD finger with amino-terminal GST tags. The purified
proteins were incubated with biotinylated peptides cor-
responding to the H3 tail (residues 1-23) that were
either unmodified or trimethylated at K4. The peptides
were immobilized on streptavidin sepharose and the
bound proteins detected by Western blotting for GST.
Figure 3A shows that both full-length Yng1 and the Yngl
PHD finger alone are able to interact with trimethylated
peptides (lane 4). More importantly, however, full-
length Yngl, but not the PHD finger alone, is able to
interact with unmodified peptides (lane 3). The fact
that full-length Yngl can bind unmodified tails, while
the PHD finger cannot, suggests that residues within the
amino terminus of Yngl are important for recognition
of an unmodified H3 tail. These results confirm our
hypothesis that Yng1 has two histone-binding modules.
The fact that fulllength Yngl binds H3K4me3 tails
better than unmodified tails (Figure 3A, compare lanes
3 and 4) suggests that these modules work together to
increase the strength of interaction of Yngl for the
histone H3 tail.

As a final confirmation of the presence of an addi-
tional histone-binding activity in Yngl, we mutated a
residue within the Yngl PHD finger that is critical for
methyl-histone recognition and tested for binding to
both unmodified and methylated H3 tail peptides. Yngl
WI180 forms part of an aromatic cage that specifically
interacts with H3K4me3 and substitution of this amino
acid with an alanine disrupts H3K4me3 binding and
alleviates Yngl growth inhibition (MARTIN et al. 2006a).
We expressed fulllength Yngl with an alanine sub-
stitution of W180 and tested the binding of this protein
to both unmodified and methylated H3 tail peptides.
Figure 3B shows that the mutant form of Yngl can still
interact with unmodified H3 tails, but, as expected,
lacks the preferential binding to the peptide bearing
H3K4me3. Finally, we tested whether this form of Yngl
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Ficure 3.—Full-length Yngl binds unmodified histone H3
tails independently of the PHD finger. (A and B) Histone tail
peptide-binding assays were performed with the indicated im-
mobilized peptides and purified GST fusion proteins. Shown
are aGST Western blots of precipitated material. Input lanes
contain 10% of the proteins used for the pulldown. (C) A
genSA ynglA strain expressing GCNS from a URA3-based plas-
mid was transformed with the indicated plasmids, plated on
synthetic complete medium with and without 5-FOA, and in-
cubated at 30° for 3 days.

could rescue a phenotype associated with loss of Yngl.
Deletion of YNGI results in no significant phenotypes
in a wild-type strain, but when deleted in a gen5A strain
results in synthetic sickness. This phenotype is due to a
redundancy of histone H3 acetylation and acetylation of
Rsc4, a subunit of the RSC chromatin remodeling com-
plex, in maintaining cell viability. Introduction of wild-
type Yngl into gen5A yngIA restores growth, as does
YnglWI80A, reiterating the fact that the PHD finger is
not essential for NuA3 function in vivo (Figure 3C).
These data explain why loss of the PHD finger alone
does not disrupt NuA3 function since the interaction
of NuA3 with chromatin is presumably still maintained
by the interaction of the Yngl amino terminus with the
H3 tail.

We next attempted to map the region of the amino
terminus of Yngl that binds unmodified peptides. To
this end we generated deletions of both the amino and
the carboxyl regions. Unfortunately, deletion of the
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FIGURE 4.—The amino terminus of Yngl is required for
binding of unmodified histone H3 tails. (A) Histone tail pep-
tide binding assays were performed with the indicated immo-
bilized peptides and purified GST fusion proteins. Shown are
aGST Western blots of precipitated material. Input lanes con-
tain 10% of the proteins used for the pulldown. (B) Tenfold
serial dilutions of a wild-type yeast strain containing the indi-
cated low-copy plasmids were plated on synthetic uracil drop-
out medium containing either dextrose or galactose as a car-
bon source and incubated at 30° for 3 days.

PHD finger rendered the protein unstable and we were
unable to recover any protein following bacterial ex-
pression. In contrast, deletion of residues 2-28 in the
amino terminus in Yngl did not affect protein stability
and completely abolished binding to unmodified tails
(Figure 4A). Concomitant with this, YnglA2-28 is not
toxic when overexpressed (Figure 4B). These data
indicate that the first 28 residues of Yngl are important
for recognition of unmodified histone tails. Moreover,
we have been able to separate the unmodified-tail and
methylated-tail binding activities of Yngl and have
shown that each can bind histones independently of
the other (Figures 3B and 4A).

A synthetic dosage resistance screen identifies genes
that regulate the binding of Yngl to chromatin: Pre-
viously we identified the PHD finger of Yngl as a
methyl-histone binding domain, using a synthetic dos-
age resistance screen (MARTIN et al. 2006a). In this
screen, overexpression of YNGI in the yeast haploid
deletion collection identified a deletion in LGEI as
conferring resistance to YNGI overexpression. LGEI is
required for methylation of H3K4 (HwWANG et al. 2003);
however, the screen failed to identify numerous other
genes known to be required for H3K4me3. Subsequent
testing confirmed that all mutants with defects in
H3K4me3 are resistant to YNGI overexpression and
thus our initial synthetic dosage resistance screen had a
very high false negative rate (MARTIN et al. 2006a). With
the advent of new instrumentation for SGA analysis, we
repeated the screen in an attempt to uncover additional

TABLE 1

Genes required for growth inhibition due to
YNG1 overexpression

Required for Gene
Complex H3K4 trimethylation? identified
COMPASS complex Yes BRE2
SDC1
SPPI1
SWD1
SWD3
Rad6-Brel complex Yes BRE1
RAD6
PAF complex Yes RTFI
CDC73
LEOI
Ctkl protein kinase Yes* CTK2
complex CTK3
HDA histone deacetylase No HDA1
complex HDA2
HDA3

“The Ctkl protein kinase complex restricts the spread of
H3K4 trimethylation into the 3’ ends of genes.

information on the regulation of Yngl binding to un-
modified tails. A pGALYNGI vector expressing the URA3
marker was introduced to the query strain, which was
then crossed with the set of ~5000 nonessential gene
deletion mutants. The screen was performed in a 1536-
plate format to reduce the plate border effects. The
synthetic dosage phenotype was scored by comparing
the growth of cells carrying pGALYNGI on media lack-
ing uracil with either glucose or galactose as the car-
bon source. Using this approach we identified multiple
genes that conferred resistance to YNGI overexpression
(Table 1). Expectedly, we found a large group of genes
that encode components of the Setl/COMPASS histone
methyltransferase complex, including BRE2, SDCI,
SPPI, SWD1, and SWD3 (MILLER et al. 2001; KROGAN
et al. 2002). We also identified deletions of BREI and
RADG6, genes required for ubiquitination of H2B, and
RTFI, CDC73, and LEOI, which encode three of the five
components of the PAF complex (RoBzyx et al. 2000;
MILLER et al. 2001; KROGAN et al. 2002). Both H2B
ubiquitination and the PAF complex are required for
H3K4 methylation (DOVER et al. 2002; KROGAN et al.
2003; MORILLON et al. 2005) . Finally, we identified CTK2
and CTK3, which encode two of the three components
of the Ctkl protein kinase complex that phosphorylates
the C-terminal domain (CTD) of RNA Polymerase II
(STERNER et al. 1995). Loss of Ctkl results in spreading
of H3K4 trimethylation across the coding regions of
genes, presumably acting as a sink for binding of excess
Yngl (Woob et al. 2007; X140 et al. 2007). Given these
results we were confident that this synthetic dosage re-
sistance screen was useful for identifying genes required
for growth inhibition due to YNGI overexpression.
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Deletion of HDAI confers resistance to YNGI over-
expression: In addition to genes required for histone
H3K4 methylation, we also identified deletions of
HDA1, HDA2, and HDA3 as conferring resistance to
YNGI overexpression (Table 1). Hdal, Hda2, and Hda3
compose the tetrameric HDA histone deacetylase com-
plex, which is composed of Hdal as a catalytic subunit,
Hda3, and two molecules of Hda2 (CARMEN et al. 1996;
Wu et al. 2001). The HDA complex has been shown to
exhibit activity toward histones H2B, H3, and H4, and
deletion of HDAI results in increased acetylation of
these histones. To confirm that deletion of HDAI con-
fers resistance to YNGI overexpression, we reintroduced
HDA I with its native promoter on a LEU2-based plasmid
(pHDAI) into an hdalA mutant. Wild-type (HDAI) and
hdalA strains transformed with vector alone were used
as controls. The resulting strains were tested for resis-
tance to YNGI overexpression by transforming with
either pGAL or pGALYNGI and spotting in 10-fold
dilution series onto plates lacking leucine and uracil
and containing dextrose or galactose as the carbon
source. Yeast bearing a HDAI deletion and pGALYNGI
grew on both dextrose and galactose, indicating that
deletion of HDAI confers resistance to YNGI overex-
pression. When HDA 1 was provided on a plasmid, idalA
cells grew in the presence of pGAL on both dextrose
and galactose; however, they failed to grow when
carrying the pGALYNGI plasmid, indicating that a func-
tional HDA complex is required for YNGI-mediated
inhibition of growth (Figure 5A). The two obvious
modes of resistance to YNGI overexpression are a GALI-
transcriptional activation defect, which reduces the
levels of Yngl in the cell, or alternatively disruption of
the histone H3K4 methylation pathway. To test whether
hdalA strains have a GALI transcriptional defect, we
overexpressed the HA-tagged version of Yngl in wild-
type and hdalA cells. The hdalA cells showed no
decrease in the levels of YnglHA, when normalized to
levels of H3, indicating that a GALI transcription defect
is not a likely cause of resistance (data not shown). To
test the possibility that deletion of HDAI causes a
decrease in methylation we subjected yeast whole-
cell extracts to Western blotting with anti-H3K4me3
antibodies. We found that deletion of HDAI did not
have an effect on histone methylation levels in cells,
therefore eliminating it as a mechanism of resistance
(Figure 5B).

Histone H3 acetylation does not affect Yngl binding
to chromatin: Deletion of HDAI results in increased
acetylation of histone H3 (CARMEN et al. 1996; WU et al.
2001). This led us to ask whether Yngl binding to
chromatin might be negatively regulated by acetylation
of the histone H3 tail. To test this hypothesis we assayed
binding of full-length Yngl to peptides with and without
H3K4me3 and/or acetylation of lysines 9, 14, and 18. In
Figure 6A we show that full-length Yngl binds to both
unmodified and acetylated peptides (lanes 3 and 5).
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L vector
® N nGAL
hda1A
® & pGALYNGT |
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KN 66{\ ‘(\&o

f====) ;| oH3K4me3

--E oH3

F1GURE 5.—Deletion of HDAI confers resistance to inhibi-
tion of growth by YNGI overexpression. (A) Tenfold serial di-
lutions of HDAI and hdalA yeast strains containing the
indicated plasmids were plated on synthetic uracil/leucine
drop-out medium containing either dextrose or galactose
as a carbon source and incubated at 30° for 3 days. (B) West-
ern blot of the whole-cell extracts from wild type, setIA, and
hdalA strains. The blot was probed with aH3K4me3 and oH3
antibodies.

Although the apparent association of Yngl increases for
methylated peptides as compared to unmodified (com-
pare lanes 3 to 4), we did not observe any change in
binding to methylated vs. methylated acetylated pep-
tides (compare lanes 4-6).

To further confirm that the histone acetylation does
not block Yngl binding, we mutated four of the
acetylated lysines within the H3 tail to glutamine and
tested whether this conferred resistance to Yngl growth
inhibition. Figure 6B shows that cells expressing H3 K9,
14, 18, and 23Q showed similar growth to wild type when
Yngl is overexpressed. A strain expressing H3 with an
arginine substitution of lysine 4 does rescue growth,
consistent with growth inhibition being dependent on
methylation of this residue. Collectively these results
suggest that the HDA complex does not directly regu-
late the binding of Yngl to chromatin.

If histone H3 acetylation does not prevent Yngl
binding, then why does disruption of the HDA complex
result in resistance to Yngl overexpression? The fact
that Yngl contains two independent histone-binding
motifs suggests the intriguing possibility thatYng1 could
simultaneously bind two H3 tails, resulting in chromatin
compaction. If this is the case, then the hyperacetylation
associated with loss of the HDA complex could result in
decompaction of chromatin, alleviating the toxic effects
of Yngl overexpression. Consistent with this, mutation
of H3 K9, 14, 18, and 23 to arginine, which would be
expected to enhance chromatin compaction, renders
Yngl more toxic (Figure 6B).
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FIGURE 6.—Acetylation does not alter the association of
Yngl with the histone H3 tail. (A) Histone peptide-binding
assays were performed with the indicated biotinylated pepti-
des and purified GST-Yngl. Shown is an aGST Western blot
of precipitated material. Input lane contains 10% of the pro-
tein amount used for the pulldowns. (B) Tenfold serial dilu-
tions of yeast strains, expressing wild-type and mutant versions
of histone H3, containing the indicated plasmids, were plated
on synthetic uracil drop-out medium containing either dex-
trose or galactose as a carbon source and incubated at 30°

for 3 days.

DISCUSSION

NuA3 is a histone H3-specific HAT complex consist-
ing of Sas3, Ntol, Eaf6, Tafl4, and Yngl (JoHN et al
2000; Howe et al. 2001, 2002; TAVERNA et al. 2006).
Genomewide localization studies have shown that NuA3
is enriched throughout coding sequences, with a mod-
est increase within the 5" half of genes (TAVERNA et al.
2006). How this complex is targeted to these regions is
unclear. We have previously shown that Yngl is required
for NuA3 association with chromatin in vitro and were
interested in determining which part of this protein is
required for this function (Howk et al. 2002). To this
end, we developed two independent assays for Yngl
function in vivo: rescue of an yngIA phenotype and in-
hibition of growth due to overexpression of YNGI from
a GALI promoter. Surprisingly, conflicting results were
generated when using these two assays. Yngl lacking the
PHD finger rescues a yngIA phenotype, suggesting that
the PHD finger is dispensable for NuA3 function in vivo
(Howe et al. 2002). In contrast, the Yngl PHD finger is
essential for the growth-inhibiting properties of this
protein when overexpressed (MARTIN et al. 2006a). In
this study we have been able to reconcile these conflict-
ing observations and generate insight into how this
complex is localized to transcribed regions. We show
thatYngl contains two histone-binding motifs: an amino-
terminal motif that binds unmodified histone H3 tails
and a carboxyl-terminal PHD finger that specifically

recognizes H3K4me3. Moreover, our results suggest that
the presence of both regions enhances binding of Yngl,
and presumably NuA3, to the histone H3 tail.

One phenotype associated with yngIA is a synthetic
growth defect with loss of GCN5, which encodes an
alternate histone H3-specific HAT (Howe et al. 2002).
We know that this phenotype is due specifically to loss of
NuA3 acetytransferase activity because mutation of the
acetyl-CoA binding site of Sas3, the catalytic subunit of
NuA3, is lethal in a gen5A background (HOWE el al.
2001). Full-length Yng1, Yngl APHD, and Yng1 lacking
residues important for methyl-histone recognition fully
rescue growth of a gen5A yngIA mutant, indicating that
targeting of NuA3 to H3K4me3 is not essential for NuA3
HAT activity in vivo (HOWE et al. 2002). In this study we
demonstrated that amino acids in the amino-terminal
region of Yngl can bind unmodified histone tails and
thus Yngl may be simply required to dock NuA3 on its
substrate regardless of the methylation status. We can-
not, however, exclude the possibility that the Yngl PHD
finger-H3K4me3 interaction strengthens the binding
of the NuA3 complex to chromatin. Indeed the en-
hanced binding of full-length Yngl to H3K4me3 wvs.
unmodified peptide may explain the slight enrichment
of NuA3 at the 5" ends of genes (TAVERNA et al. 2006).

Overexpression of YNGI inhibits growth of both wild-
type and sas3A strains, indicating that this phenotype is
independent of NuA3 HAT activity (MARTIN ef al
2006a). This synthetic dosage lethality is dependent
on the presence of both the Yngl amino terminus and
the PHD finger. While we do not fully understand why
YNGI overexpression inhibits growth, we can conclu-
sively state that toxicity is due to the binding of excess
Yngl to the H3 tail. On the basis of the results of this
study, we hypothesize that while both the PHD finger
and the amino terminus of Yngl can bind the H3 tail
independently, loss of either region weakens the inter-
action to the extent that the protein is no longer toxic
when overexpressed. Whether the enhanced binding
activity of the two motifs in combination has a relevant
function when expressed at normal levels is unknown,
but, as mentioned above, it may explain the modest
accumulation of Yngl observed at the 5" end of genes
(TAVERNA et al. 2006).

This study raises a number of interesting questions.
First, if Yngl can bind to unmodified tails, why did
genome-localization studies show depletion of Yngl in
intergenic regions (TAVERNA et al. 2006)? We feel that
the most likely explanation is that the intergenic regions
are depleted for histones and thus have fewer sites for
NuA3 to bind (LEE et al. 2004, 2007; YUAN et al. 2005;
ALBERT el al. 2007; WHITEHOUSE et al. 2007). Second,
why does loss of the HDA complex confer resistance to
YNGI overexpression? We have eliminated the obvious
explanation that acetylation negatively regulates Yngl
binding to chromatin. Interestingly, mutation of the
acetylated lysines within the H3 tail to constitutively
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charged residues enhances growth inhibition by Yngl,
which is consistent with the idea that Yngl may be com-
pacting chromatin. The exact mechanism behind the
regulation of Yngl binding to chromatin, as well as the
targeting of NuA3, will be a subject of future studies.
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