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Summary
Posttranslational histone modifications participate in
modulating the structure and function of chromatin.
Promoters of transcribed genes are enriched with K4
trimethylation and hyperacetylation on the N-terminal
tail of histone H3. Recently, PHD finger proteins, like
Yng1 in the NuA3 HAT complex, were shown to interact with H3K4me3, indicating a biochemical link between K4 methylation and hyperacetylation. By using
a combination of mass spectrometry, biochemistry,
and NMR, we detail the Yng1 PHD-H3K4me3 interaction and the importance of NuA3-dependent acetylation at K14. Furthermore, genome-wide ChIP-Chip
analysis demonstrates colocalization of Yng1 and
H3K4me3 in vivo. Disrupting the K4me3 binding of
Yng1 altered K14ac and transcription at certain genes,
thereby demonstrating direct in vivo evidence of sequential trimethyl binding, acetyltransferase activity,
and gene regulation by NuA3. Our data support a general mechanism of transcriptional control through
which histone acetylation upstream of gene activation
is promoted partially through availability of H3K4me3,
‘‘read’’ by binding modules in select subunits.
Introduction
In eukaryotes, DNA is complexed with histone proteins
to form the nucleosomal subunits of chromatin, the context in which nuclear factors differentially interpret the
genome. A wealth of histone posttranslational modifications (PTMs), including methylation, acetylation, phosphorylation, and ubiquitination, have been identified
whose functional effects are under active investigation.
Specific histone PTMs may contribute to a ‘‘histone/
epigenetic code’’ that dictates distinct biological outputs such as transcription, silencing, and DNA repair
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(Jenuwein and Allis, 2001; Strahl and Allis, 2000; Turner,
2000). For example, methylation of K9 and K27 on histone H3 is often associated with heterochromatin,
whereas K4 methylation is largely associated with
euchromatin.
Many protein motifs characteristically associated with
chromatin have recently been shown to have affinity for
modified histone tails, acting as ‘‘effectors’’ for histone
PTMs, notably lysine methylation. Chromodomains, for
example, are often found in subunits of silencing complexes, providing a mechanism to bind to H3 methylated
at K9 and/or K27. In keeping, modules such as chromodomains transduce specific PTM signals into changes in
local chromatin structure, thereby limiting the accessibility to the underlying DNA (Khorasanizadeh, 2004;
Seet et al., 2006). This chromodomain recruitment
served to establish a useful paradigm wherein modules
bind PTMs on histones, allowing distinct chromatinassociated enzymatic machineries to properly engage
the chromatin fiber at discrete regions.
In contrast to the silencing paradigm with K9 and
K27 methylation, chromatin immunoprecipitation (ChIP)
experiments have consistently localized histone H3K4
trimethylation (hereafter H3K4me3) and H3/H4 hyperacetylation to promoter and 50 regions of transcriptionally active genes (Ng et al., 2003; Santos-Rosa et al.,
2002; Schneider et al., 2004). Furthermore, ‘‘ChIPChip’’ approaches that combine immunoprecipitation
of chromatin-associated proteins with DNA microarray
analysis have permitted generation of histone PTM
‘‘maps’’ along vast stretches of the S. cerevisiae genome that reinforce the correlation between K4 methylation, H3 hyperacetylation, and transcription as a global
phenomenon (Pokholok et al. [2005] and references
within). The spatial and temporal confinement of
H3K4me3 and hyperacetylation along the genome
strongly suggests that these PTMs participate in pathways involved in recruitment of general transcription
factors or other elongation machinery (Ng et al., 2003).
No direct role for H3K4 targeting an H3-specific histone
acetyltransferase (HAT) complex has been established.
Such a mechanism has, however, been suggested for
SAGA and SLIK via interaction of the tandem chromodomains of yeast Chd1 with H3K4me2 (Pray-Grant et al.,
2005), and the crystal structure of the human CHD1
bound to H3K4me3 (Flanagan et al., 2005), although
human CHD1 has not been directly linked to H3 HAT
activity and the preference for K4me2 and K4me3 has
not been rigorously established (Sims et al., 2005). It remains unclear if there are other mechanisms contributing to the codistribution of H3K4me3 and histone H3 hyperacetylation, especially given recent identification of
several H3K4me3 effectors (reviewed in Mellor [2006]).
The yeast orthologs of the PHD finger (plant homeodomain)-containing ING tumor suppressor family,
Yng1, Yng2, and Pho23 (Loewith et al., 2000; Bienz
2006), have been shown to bind K4-trimethylated peptides with low mM affinity (Pena et al., 2006; Shi et al.,
2006; Martin et al., 2006a). Interestingly, Yng1 is a member of the NuA3 complex, one of four known multiprotein
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H3 HAT complexes (NuA3, ADA, SAGA, and SLIK/
SALSA) that have been isolated from yeast (Eberharter
et al., 1998; Grant et al., 1997; Sterner et al., 2002;
Howe et al., 2002). Although NuA3 has been implicated
in transcriptional elongation through the interaction of
Sas3, the MYST family member of NuA3 that serves as
the HAT activity, with the FACT component Spt16
(John et al., 2000), the genome-wide binding pattern of
NuA3 along chromatin has not been reported.
Removal of Yng1 from NuA3 reduces NuA3 H3 HAT
activity on chromatin (Howe et al., 2002), and a recent report details a genetic link to Yng1 PHD function using
toxicity of Yng1 overexpression (Martin et al., 2006a).
However, the Yng1 PHD finger has not been directly
linked to HAT activity in in vitro or in vivo assays
(Howe et al., 2002; Loewith et al., 2000). Thus, the functional contribution of the Yng1 PHD finger to H3K4me3
remains uncharacterized. Furthermore, since prior
NuA3 functional assays were performed without regard
for the methylation status of H3K4, any connections between K4 methylation, NuA3-dependent H3 acetylation,
and the events surrounding transcription remain ambiguous. To better understand if H3K4me3 and hyperacetylation at the promoter (and 50 regions) are coupled by
NuA3 HAT targeting through the Yng1 PHD finger, we
undertook studies aimed at characterizing the Yng1
PHD-H3K4me3 interaction and describing the functional
significance and genomic localization of the associated
NuA3 HAT complex. Here, we provide genetic, biochemical, and biophysical evidence (including ChIP-Chip
analysis) that Yng1 mediates NuA3-dependent H3K14
acetylation through a specific interaction between the
Yng1 PHD finger and H3K4me3. Our studies are consistent with the general view that a hierarchical sequence
of posttranslational histone modifications occurs at a
promoter during the events that lead to transcriptional
activation.

Results
Isolation and Characterization of the
Yng1-Containing NuA3 HAT Complex
To verify that Sas3 and Taf30 are present in the purified
NuA3 HAT complex and to identify additional stable
components, we employed the recently described isotopic differentiation of interactions as random or targeted (I-DIRT) technology (Tackett et al., 2005a). Yng1
was affinity tagged to specifically isolate NuA3, keeping
in mind that Sas3, its catalytic HAT subunit, has recently
been associated with complexes found at boundary
elements (Tackett et al., 2005b), and Taf30, another
NuA3 component, has been shown to interact with
TFIID, TFIIF, INO80, and RSC (Kabani et al., 2005). We
isolated genomically TAP-tagged Yng1 under conditions that preserve in vivo protein interactions (Tackett
et al., 2005a, 2005b); in all cases, only the protein A
(PrA) component of the TAP tag was utilized for purification. We believe that our extraction conditions maintained the integrity of the Yng1-containing complex
because gel filtration analysis revealed a protein complex of similar size as previously reported for NuA3
(see Figure S1 in the Supplemental Data available with
this article online) (John et al., 2000).

Briefly, tagged YNG1 cells, grown in isotopically light
media, and wild-type (untagged) cells, grown in heavy
isotopic (d4-lysine) media, were mixed in a 1:1 ratio by
cell weight and colysed under cryogenic conditions.
Proteins purifying with tagged Yng1 were resolved by
SDS-PAGE, visualized by Coomassie staining, and subjected to mass spectrometric protein identification
(Figure 1A). This analysis allowed identification of proteins that were either stably associated (peptides yielding an exclusively light labeled signature) or nonstably
associated (1:1 ratio of light to heavy labeled peptides)
with tagged Yng1. No significant enrichment of yeast
proteins was identified in a mock purification from
a yeast strain without an affinity tag (Figure 1A).
We inferred from the I-DIRT analysis that the stable
NuA3 complex contains five proteins: Sas3 (98 kDa),
Nto1 (86 kDa), Taf30 (27 kDa), Yng1 (25 kDa), and Eaf6
(13 kDa) (Figure 1B); a schematic cartoon of these
subunits and their known domains is represented in
Figure 1C. Nto1 and Eaf6 have not been previously published as members of the yeast NuA3 complex, and Eaf6
is also a stable member of the H2A/H4 NuA4 HAT complex (Doyon et al., 2004). The mammalian homologs of
Nto1 (Jade1/2/3 and BRPF 1/2/3) and Eaf6 (hEaf6)
were recently shown to be in two HAT complexes containing ING 4/5 (H4-specific HBO1 HAT) and ING5
(H3-specific MOZ/MORF HAT) (Doyon et al., 2006). Interestingly, Nto1 has two PHD fingers surrounded by an
interrupted Epc-N domain that is predicted to fold into
a bromodomain-like a-helical structure with potential
acetyllysine binding properties (Doyon et al., 2006;
Perry, 2006). For reasons that remain unclear, we did
not detect Spt16, a mammalian FACT (facilitates chromatin transcription) complex member, shown previously to interact with the carboxyl terminus of Sas3,
nor did we detect any of the other ribonuclear polypeptides isolated in the initial NuA3 characterization (John
et al., 2000). We also purified NuA3 from a genomically
tagged Yng1 point mutant (W180E), predicted by our
alignment between the Yng1 PHD and the second PHD
finger in BPTF to ablate interaction with H3K4me3 (Li
et al., 2006; Wysocka et al., 2006). Importantly for the
interpretation of studies presented below, this point
mutant yielded an intact NuA3 complex, with a highly
similar, if not identical, subunit composition to wildtype Yng1 (Figure 1A).
Intact PHD Finger of Yng1 Is Required for NuA3
Association with H3 K4me3
Multisubunit complexes in which HATs typically exist
in vivo serve to enhance the specificity of the HATs for
their histone or chromatin substrates (Eberharter et al.,
1998; Grant et al., 1997; Sendra et al., 2000). To address
whether the NuA3 complex can specifically bind methylated K4, we tested the ability of H3 histone peptides with
different methyl states to pull down genomically tagged
NuA3 members from cellular extracts. Members of the
NuA3 complex were TAP tagged and extracted as
above. These extracts were then incubated with biotinylated H3 peptides bearing unmodified, mono-, di-,
or trimethylated K4. Associated proteins were pulled
down with streptavidin resin, resolved by SDS-PAGE,
and visualized with antibodies against the PrA epitope.
We observed that the NuA3 members Yng1, Sas3,
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Figure 1. Isolation of an Yng1-Containing NuA3 Protein Complex
(A) Isolation and identification of an Yng1-TAP-containing NuA3 protein complex. IgG-coated Dynabeads were incubated with S. cerevisiae
lysate from either a strain containing no affinity tag or a strain containing TAP-tagged Yng1. The Yng1-TAP lysate contained an equal amount
of d4-lysine-labeled cell lysate (untagged) for I-DIRT analysis. Yng1-TAP and associating proteins were resolved by 4%–12% denaturing gel
electrophoresis, visualized by Coomassie staining, and excised for mass spectrometric protein identification. Proteins associated with an
in-genome mutated version of Yng1 (W180E) were also identified (see text for details).
(B) I-DIRT analysis of the Yng1-TAP-associated proteins identified in (A). Proteins identified as containing near 100% h4-lysine (isotopically light)
are true protein complex components, while protein identifications containing 50% h4-lysine (and therefore 50% d4-lysine) are contaminants.
Error bars show the standard deviation for lysine-containing peptides.
(C) Schematic representation of proteins identified in (B) as stable components of the Yng1-TAP-containing protein complex.

Nto1, and Eaf6 were enriched in the trimethylated K4
peptide pull-down, as compared to unmodified, monomethyl, and dimethyl K4 peptides (Figures 2Aa–2Ac
and 2Ae), suggesting that NuA3 displays a preference
for H3K4me3. Swd3, a homolog of WDR5, was tested
in this assay as a potential H3K4me2 effector (Flanagan
et al., 2005; Wysocka et al., 2005) but did not detectably
interact with H3 peptides (Figure 2Af). To determine if
endogenous H3 was pulled down with NuA3 complex
members, membranes were probed with antibodies recognizing the various states of K4 methylation (Figure S2).
Since little to no H3 was detected in the immunopurification lanes, it is likely that the Yng1/NuA3 complex is
interacting directly with the histone peptides.
To confirm that the interaction detected in Figure 2A
was specific for H3K4me3, we performed pull-downs
with additional trimethylated histone peptides. Since
we were unable to detect significant enrichment with trimethylated peptides other than H3K4me3 (Figure 2Ba),
we conclude that NuA3 interaction with H3K4me3
also required the K4 proximal sequence. In contrast,
Yng1 W180E protein was not pulled down with any
trimethylated histone peptide (Figure 2Bb), including
H3K4me3, suggesting that the interaction of Yng1 with
H3K4me3 is solely directed through the PHD finger.
Given that NuA3 contains several proteins besides
Yng1 with potential chromatin-interacting modules, the
association of NuA3 with trimethylated K4 peptide could
be partially mediated by another complex member (i.e.,
Nto1 contains two PHD fingers in tandem). Therefore,
we performed pull-downs in Yng1-tagged strains deleted for various complex members. As expected, a positive control, consisting of tagged Yng1 reintroduced

into an YNG1 knockout, was enriched in the trimethyl
K4 pull-down (Figure 2Ca). Furthermore the W180E mutant was not enriched in any pull-down (Figure 2Cb),
suggesting the complete ablation of H3K4me3 binding
in this mutant. A pull-down with a strain expressing a genomic copy of PrA alone served as a negative control
(Figure 2Cf). As shown in (Figures 2Cc and 2Cd), the interaction between Yng1 and H3K4me3 remains robust in
preparations from strains missing the Nto1 and Sas3
NuA3 components, suggesting that Yng1 binding to
H3K4me3 is direct. Moreover, the binding of Yng1 to
H3K4me3 in extracts from strains deleted for Swd3
(Figure 2Ce) also remained intact, suggesting that this
protein linked to H3K4me2 is not contributing to the
NuA3-H3K4me3 interaction. These data suggest that
the NuA3 complex binds to H3K4 directly through an
interaction between Yng1 and H3K4me3 and that this
specificity is likely dictated through the Yng1 PHD
finger.
Yng1 PHD Binding to H3 K4me3 Is Direct and Specific
While the data above strongly implicate the Yng1 PHD
finger as the mechanistic link between NuA3 and
H3K4me3, they do not exclude the formal possibility
that the Yng1 PHD finger binds other histones or other
histone modifications. To explore this possibility, a recombinant GST-Yng1 PHD finger fusion was incubated
with acid-extracted histones from wild-type yeast and
glutathione beads used to pull down Yng1-bound
histones followed by western analyses with histonespecific antibodies. Importantly, histone-modificationindependent antibodies detected an enrichment of H3
compared to the other histones in pull-downs from the
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Figure 2. NuA3 Is Targeted to H3 K4me3 by Yng1
(A) Peptide pull-down assays were performed by using yeast lysates from tagged strains and biotinylated H3 peptides (either unmodified,
monomethylated, dimethylated, or trimethylated at K4) bound to streptavidin-linked Dynabeads. In all cases, pull-downs were analyzed with
antibodies recognizing the PrA epitope in the TAP tag.
(B) NuA3 binding to H3K4me3 is context specific. Lysates from wild-type or Yng1 W180E strains were processed as in (A), and peptide pulldowns were performed with the H3K4me3peptides indicated.
(C) The binding of NuA3 to H3K4me3 peptide is directed solely through the PHD finger of Yng1. Lysates from knockout strains indicated were
processed and pull-downs were performed as in (A). The asterisk on (Cc) represents a breakdown product of the tagged Yng1.

wild-type GST-Yng1 PHD fusion (Figure 3Ac). This H3
contained a relatively high percentage of K4me3 (Figure 3Aa) and, to a lesser extent, K4me2 (Figure 3Ab),
suggesting that the PHD finger of Yng1 preferentially interacts with H3K4me3 (H3K9me and K27me were not
tested, as these PTMs have not been shown to exist in
S. cerevisiae). Conversely, we did not detect enrichment
of H2B, H2A, or H4 (Figures 3Ad, 3Ae, and 3Af, respectively).The absence of significant enrichment of any histone, or histone modification, in GST-W180E mutant
pull-downs reinforced our earlier observations that the
aromatic cage tryptophan in the Yng1-PHD finger is required for the interaction with H3K4me3 (see below).

Characterization of Yng1 PHD Interaction
with H3 Trimethylated at K4
Using tryptophan fluorescence, the PHD finger of Yng1
was recently reported to have a low mM affinity for
H3K4me3 (Pena et al., 2006); however, the preference
between different K4 modification states was not determined. Although our peptide pull-down experiments
with recombinant protein demonstrated a preference
of the Yng1 PHD finger for H3K4me3 (data not shown),
we sought to biophysically define the parameters of

this interaction with solution-based binding assays. As
shown in Figure 3B in a series of NMR titrations based
on binding-dependent chemical shift changes of W180
(attributed to the K4me3 peptide binding in ING2 and
BPTF) (Li et al., 2006; Pena et al., 2006), the 15N-labeled
YNG1 PHD finger binds preferentially to H31–9K4me3
peptide, less so to H31–9K4me2, and significantly less
to the K4me1 and unmethylated H31–9 peptides. Binding
assays that used fluorescence anisotropy (Figure 3C)
were consistent with NMR titration assays. We found
that the Yng1 PHD-H3K4me3 interaction has a KD of
9.1 6 1.6 mM, with monotonic 2-fold decreases in binding affinity from K4me3 to K4me2 to K4me1 and with
binding to unmodified H3 reduced to a KD of >400 mM
(Figure 3D). Mutation of the W180E aromatic cage residue dramatically reduces binding affinity to levels similar to unmodified H3 peptides (Figure 3D), reinforcing
the importance of this residue in the interaction with
H3K4me3.

Structural Basis for the Interaction between
Yng1 PHD and Histone H3 K4me3
The structure of YNG1 PHD finger (152–212) was determined by high-resolution NMR in two states: (1) free and
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Figure 3. Yng1 Binds Directly to H3 K4me3 through Its Single PHD Finger
(A) Peptide pull-down assays were performed using cryogenically processed yeast, and the pull-down lane was compared to the input lane to
gauge enrichment. As expected, anti-GST antibodies show that GST fusions were enriched in glutathione pull-downs (see Ag).
(B) A titration plot based on the chemical shift changes of the W180 side chain imino resonance from PHD domain of YNG1 protein. Chemical shift
changes were measured by 1H15N-HSQC spectra upon addition of monomethylated, dimethylated, trimethylated, and unmodified lysine 4 from
histone H3 peptide as a function of the molar ratio. The concentrated peptide (20 mM) was added at the molar ratio of 0.5, 1.0, 1.5, 2.2, 3.0, and 5.0
peptide to protein. Dd was calculated based on the method described in Supplemental Experimental Procedures.
(C) Fluorescence anisotropy was used to determine the dissociation constants for the interaction between the Yng1 PHD finger and different
methylation states of H3K4. Error bars are the standard deviation from triplicate analyses.
(D) Tabulated values for the dissociation constants measured in Figure 3C.

(2) in the complex with H31–9K4me3 peptide. The overall
fold of PHD finger in the complex is very similar to its apo
state and undergoes only minor adjustments to accommodate the peptide binding (rms 0.61). The structure
consists of three loops stabilized by two zinc clusters,
a distinct feature of the PHD finger (Cys4-His-Cys3
zinc fingers), and a double-stranded antiparallel b sheet
(Figures 4A and 4C). As shown in Figure 4C, the
H31–9K4me3 peptide interacts extensively with the surface opposite the zinc clusters forming a third antiparallel b strand, while its side chains sit snugly in two
connected grooves (Figures 4E and 4F). The first pocket
formed by Y157, S164, M168, and W180 is occupied by
the methylated side chain of K4, which forms a cation-p
interaction with the aromatic moieties of Y157 and W180
(Figures 4B and 4D). The second groove, formed by
D172, E179, and W180, is occupied by the H3R2 side

chain, which establishes hydrogen bonds with the carboxylate bearing side chains of D172 and E179. The
grooves are separated by the indole moiety of W180,
which is sandwiched between H3R2 and H3K4me3.
This recognition motif has also been observed in two additional PHD fingers from BPTF and ING2 (Li et al., 2006;
Pena et al., 2006). In all three cases, tryptophan plays
a central role in the recognition of the modified H3 tail.
Our structural and mutational studies demonstrate
that H3R2 and K4me3, as well as the W180 from the
PHD finger that interdigitates these residues, are important for binding of the Yng1 PHD finger to the
H31–9K4me3 peptide. Unlike PHD fingers that bind the
H3 ‘‘activation mark’’ AR2TK4me3, chromodomains
recognize the ‘‘silencing marks’’ of H3K9 and K27 in
the context of AR8/26K9/27me. Since H3T3 is directly opposite W180 of the Yng1 PHD finger (Figures 4E and 4F),
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Figure 4. NMR Structure of the Yng1 PHD Interaction with Trimethylated H3 K4
NMR-derived structure of the PHD finger (152–212) in the free form. For clarity, residues 152–154 and 208–212 in the unstructured regions were
omitted.
(A) Backbone superposition of 20 energy-minimized structures of the PHD finger.
(B) Aromatically rich surface that shows extensive chemical shift changes upon peptide binding (Y157 and W180).
(C) Backbone superposition of 20 energy-minimized structures of the PHD finger in complex with H31–9K4me3 peptide.
(D) Aromatically rich surface that shows extensive interactions with trimethylated lysine K4 (Y157 and W180).
(E) Surface representation of the YNG1 PHD complex with H31–9K4me3 peptide. Surface residues that undergo the largest chemical shift upon
binding are highlighted in pink.
(F) An ensemble of 20 structures with side chains involved in complex formation colored in purple (D172 and E179 for H3 R2, Y157 and W180 for
H3K4).

we wanted to determine if the presence or absence of
H3T3 could alter specificity of the PHD finger for the N
terminus of H3 trimethylated at K4. Interestingly, elimination of T3 from H3K4me3 peptide reduces the binding
of wild-type YNG1 PHD finger to levels resembling those
of unmethylated H3 peptide (Figure 3D and data not

shown). This suggests a requirement for H3T3 as a
molecular spacer, maintaining appropriate distance between H3R2 and K4me3 as dictated by W180 of the
Yng1 PHD finger. Together, these data detail the molecular recognition of the Yng1 PHD finger for H3K4me3
and indicate that the methylation state of K4 is a
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substantial determinant of binding affinity, whereas the
location of the lysine methylation relative to a proximal
arginine determines specificity.
The Interaction of the Yng1 PHD Finger with K4me3
Enhances NuA3 HAT Activity on Histone H3
Substrates
Our demonstration that the Yng1 PHD finger preferentially binds K4me3, along with our structural basis for
this binding preference, raised the intriguing possibility
that NuA3 HAT activity may be increased on K4me3 peptides substrates. If correct, this finding would serve to
provide a molecular explanation for why both hyperacetylation and K4me3 have been linked on the same
H3 tail (Zhang et al., 2004). The HAT activity of purified
NuA3 was therefore assayed using H3 histone peptides
methylated to different degrees at K4. As shown in Figure 5A, K4me3 peptide was consistently a better substrate for acetylation by NuA3 relative to di-, mono-,
and unmethylated peptides. Since we demonstrated
that the W180E point mutant abrogates Yng1 binding
to K4me3, we reasoned that the NuA3 purified from
W180E strains would no longer show higher activity in
trimethylated peptides. Indeed, the activity of the
W180E NuA3 was significantly reduced in K4 trimethylated peptides versus the unmodified controls.
To further test the substrate preference of our NuA3
preparation, H3 peptides preacetylated either on K14
alone or dually on K9/K14 (Figure 5A) were used in
NuA3 acetylation assays. Consistent with previous characterizations for NuA3 enriched fractions (Eberharter
et al., 1998), NuA3 could not appreciably acetylate peptides already preacetylated on K14. These data suggested that K14 was the preferred site of NuA3 activity
on the N-terminal tail of histone H3, an observation reinforced by a previous study in which H3K14 was identified as a major site of acetylation on a nucleosomal substrate (Howe et al., 2001). In order to further determine
the amount and position of acetylation detected in
Figure 5A for the trimethylated K4 peptide, Yng1-TAPcontaining NuA3 protein complex was incubated with
trimethylated K4 peptide and acetyl coenzyme A, and
reaction products were analyzed by mass spectrometry
(Tackett et al., 2005b). The mass spectrum of this reaction showed that only a single acetylation was detectable for the H3K4me3 N-terminal peptide (Figure 5B).
Tandem mass spectrometric analysis of this sample revealed that this single acetylation is primarily on K14,
with acetylations at K9 and K18 detected at levels barely
above background (Figure 5C). The demonstration that
our tagged Yng1 containing NuA3 complex catalyzes
preferential acetylation of K14 when K4 is trimethylated
supports our HAT assays performed with preacetylated
H3K14ac peptide in Figure 5A. Therefore, our data are
most consistent with the idea that K4me3 increases
H3K14 acetylation activity of NuA3, likely through increased affinity of the HAT complex via the PHD finger
on Yng1.

(A) NuA3 exhibits enhanced HAT activity upon trimethylation of
H3K4. Peptide-eluted Yng1-TAP-containing protein complex was
incubated with differentially modified versions of histone H31–20
peptide and with radiolabeled acetyl CoA. Data were normalized
to the amount of acetylation observed for the unmodified peptide.
(B) Yng1-TAP-containing NuA3 protein complex incorporated one
acetyl group per peptide. Peptide-eluted Yng1-TAP containing
NuA3 protein complex was incubated with H3K4me3 peptide and
acetyl CoA. Following the HAT reaction, unacetylated lysines were
chemically acetylated with d6-acetic anhydride. The mass spectrum
from this reaction showed that only one acetylation was detectable
on any given peptide. The shaded area shows the theoretical isotopic distribution from the singly acetylated H3 peptide. Peak area
excluded from the shaded area is due to the unacetylated version
of the H3 peptide.
(C) The peptide-eluted Yng1-TAP-containing NuA3 protein complex
preferentially acetylated the input H3K4me3 peptide on K14. Shown
is a plot of the fraction of acetylation at each modifiable lysine on the
peptide. The fraction acetylated was determined by mass spectrometric fragmentation of the singly acetylated peptide from (B). Error
bars are the standard deviation from triplicate analyses.

Yng1 Genomic Localization Overlaps Significantly
with K4me3 by High-Resolution ChIP-Chip
After determining that the PHD finger of Yng1 binds to
H3K4me3 in vitro (Figures 2, 3B–3D, and 4), we sought
to determine if Yng1 was targeted to chromosome

regions enriched with the H3K4me3 mark in vivo. To perform these analyses, we utilized a ChIP-Chip technique
with readout on high resolution, tiled microarrays
(NimbleGen Systems Inc.) that covered the entire

Figure 5. HAT Activity of the Yng1-TAP-Containing Protein Complex
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Figure 6. Genome-Wide Localization of Yng1-Myc, Its Transcriptional Impact, and Its Epigenetic Effect
(A) YNG1 was genomically MYC tagged and subjected to ChIP-Chip analysis on high-resolution microarrays that covered the entire S. cerevisiae
genome. Yng1-Myc binding sites are plotted in accordance to their relative position within or surrounding an ORF.
(B) The top 50 ORFs bound by Yng1-Myc (identified from [A]) were compared to the H3K4me3 data reported by (Pokholok et al., 2005), and 92%
of the Yng1-Myc-associated ORFs contained H3K4me3 enriched in the 50 half of the ORF. Of these ORFs containing bound Yng1-Myc and 50
enriched H3K4 trimethylation, Yng1-Myc was enriched at the 50 half of the ORF in 35% of the cases. The distribution percentiles are plotted
in accordance to the point of enrichment in the 50 half of the ORF, and the standard deviation of this point of enrichment is shown.
(C) Quantitative rtPCR was used to determine differences in transcription levels of Yng1-targeted ORFs. These overall cDNA levels were normalized to the expression levels of actin in wild-type and W180E mutant strains. The transcription level was normalized to wild-type as 100%. Error
bars show the standard deviation of triplicate analyses. Figure S5 shows all tested ORFs.
(D) ChIP with real-time PCR readout was used to determine the relative levels of H3K4me3 and H3K14ac at the Yng1-bound ORFs from (C) (total
H3 signal serves as a nucleosome occupancy control). Levels of H3K4me3, H3K14ac, and total H3 are reported as the ratio of signal from the
strain lacking the PHD finger of Yng1 versus that from a wild-type strain. Each ratio was normalized to the ratio observed at ACT1. Error bars
show the standard deviation from triplicate analyses.

S. cerevisiae genome (Ren et al., 2000). Use of this
technique, Pokholok et al. (2005) showed enrichment
of H3K4me3 at the 50 end of transcriptionally active
ORFs, while H3K4me2 was enriched at the median and
H3K4me1 was enriched at the 30 end. Although HAT
complexes are not well characterized by genome-wide
high-resolution ChIP-Chip studies, we hypothesized
that Yng1 would be enriched in the 50 half of targeted
ORFs due to the preferential association with H3K4me3
that we detected in our in vitro assays (Figures 2 and 3).
We show a composite profile of the Yng1-associated
DNA occupancy (relative occupancy) plotted as a function of relative coordinates on an average gene flanked
with intergenic regions in a manner similar to Pokholok
et al. (2005) (Figure 6A). Relative occupancy is a value
that represents the binding intensity for a protein (i.e.,
Yng1) on a hypothetical gene. From the graph, one can
ascertain that Yng1 is enriched at coding sequences
(relative to intergenic regions) and, with an obvious
peak enrichment within the 50 half of the ORF, consistent

with our above mentioned hypothesis. The lower level of
Yng1 association throughout the non-50 region of the
ORF could be due to (1) the trailing levels of H3K4me3
extending throughout ORFs on average (Pokholok
et al., 2005) and/or (2) a weaker interaction of NuA3
with an as yet-uncharacterized chromatin component.
Indeed, it was recently reported that Sas3 retention on
chromatin is partially mediated by the activity of Set2,
an H3K36 HMT, as well as Set1 (Martin et al., 2006b).
Of the top 50 highest affinity sites bound by Yng1,
92% of the ORFs had an enrichment of H3K4me3 in
the 50 half of the gene (Figure 6B). As would be expected
from the overall distribution of Yng1 observed in Figure 6A, the highest-affinity sites were also enriched for
Yng1 binding at the 50 end of the ORF (Figure 6B), although minor amounts of Yng1 were distributed elsewhere within the ORF. Overall, the 50 localization of
Yng1 in our ChIP-Chip data is consistent with the notion
that H3K4me3 may serve to recruit or retain Yng1 and
the attendant NuA3 complex to 50 regions of ORFs in
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order to effect acetylation of H3K14 that, in turn, would
be anticipated to stimulate transcription.
Mutation of the Yng1 PHD Results in Decreased
Transcription and Loss of K14ac at a Subset
of NuA3-Targeted Genes
While H3K4me3 has been linked with transcription and
silencing (Shi et al., 2006; Santos-Rosa et al., 2002), H3
acetylation is well known to positively impact transcriptional competency (Agalioti et al., 2002; Pokholok et al.,
2005). Since the NuA3 H3 HAT member Yng1 binds
H3K4me3, and the genomic localization of Yng1 overlaps to a high degree with K4me3 at transcriptionally
active ORFs (Figure 6), we reasoned that NuA3 may contribute to positive regulation of transcription at targeted
loci. The Yng1 ChIP-Chip data permit us to examine
genes potentially regulated by NuA3 and to address
the in vivo significance of the Yng1 PHD fingerH3K4me3 interaction.
Quantitative real-time RT-PCR analysis was performed for genes identified as genomic targets for
Yng1 that also highly correlated with genomic localization of H3K4me3 as determined in previous work
(Pokholok et al., 2005). Transcription levels from many
of the highest scoring genes in Yng1 and H3K4me3 colocalization were examined in either wild-type or Yng1
W180E strains; in all cases, gene expression was normalized to expression level in wild-type cells. Actin,
which was not detected as a genomic target for Yng1,
did not differ in expression between strains, as expected. Interestingly, the transcript levels of two Yng1/
NuA3 target genes (YGR157W and YML062C) were significantly downregulated by approximately 70%, while
YPL117C was decreased approximately 50% (Figure 6C). Other transcripts remained either at wild-type
levels or with <20% reduction in expression (Figure 6C
and Figure S5). This analysis implies that transcription
of a subset of genes targeted by NuA3 is dependent
on the interaction between the Yng1 PHD finger and
H3K4me3.
Our binding data suggest that NuA3 HAT activity preferentially targeted H3K4me3 peptides (Figure 5). We
sought then to determine if mutation of the Yng1 PHD
would also result in loss of H3K14 acetylation at targeted
genes in vivo. To examine changes in acetylation levels,
ChIP experiments were performed at targeted genes in
either wild-type or strains deleted for the Yng1 PHD.
H3K4me3 levels remained virtually unchanged between
wild-type and mutant strains across all tested loci, as
did a-H3, serving as a control for nucleosome occupancy (Figure 6D). However, those genes most significantly affected in transcription levels, YGR157W,
YML062C, and YPL117C, were found to be deficient
for K14ac as well in strains lacking the Yng1 PHD (Figure 6D). This trend strongly implies an in vivo role for
K4me3 in targeting K14Ac by NuA3 to promote transcription as modeled in Figure 7.
Discussion
An increasing body of literature indicates that histone
H3 methylation participates in an epigenetic marking
system, distinguishing regions of the genome as either
transcriptionally activating or repressive through the

Figure 7. Model for H3K4me3-Directed Activity of NuA3
(A) Set1, the H3K4 HMT, is recruited to promoter-proximal nucleosomes at the ORF to be activated, resulting in H3K4me3.
(B) NuA3 is targeted to and/or retained at sites of H3K4me3 through
interactions with the PHD finger of Yng1, promoting H3K14ac via the
Sas3 HAT, positively regulating downstream transcription events.

binding of histone effector modules. In euchromatin,
for example, H3K4me3 and H3 hyperacetylation are
commonly localized to the promoter and 50 regions of
actively transcribing genes. While bromodomains and
PHD fingers have been identified as effectors for acetylated and methylated histone lysines, respectively, it has
remained unclear how these modules function together
to promote transcriptional activation of target genes.
We propose that a coordinated sequence of histone
modifications occurs in a subset of target genes—
namely, that Set1 complex-mediated H3K4me3
(Figure 7A) functions to target NuA3 binding and/or
retention at distinct genomic regions through the PHD
finger of Yng1. This localization of NuA3 HAT activity at
promoter proximal nucleosomes culminates in the positive transcriptional regulation of these genes
(Figure 7B).
Yng1 PHD Finger: A Yeast H3K4me3 Binding Module
Our structural and biophysical studies characterizing
the Yng1-H3K4me3 interaction are consistent with recent reports identifying ING2 and BPTF PHD fingers as
H3K4me3 binding modules (Li et al., 2006; Pena et al.,
2006). Indeed, these data support a model implicating
the tryptophan W180 of the Yng1 PHD finger that interleaves the H3R2 and K4 histone tail residues, as a major
component of binding. Furthermore, the loss of binding
observed with the T3-deleted trimethyl H3K4 peptide
supports the structural interpretation that T3 is required
as a molecular spacer to appropriately direct the R2 and
K4 of histone H3 into their respective binding grooves.
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In this way, T3 in the context of the extreme H3 N terminus (ART3K) participates in the ability of the PHD finger
of Yng1 and its associated machinery to distinguish nucleosomes trimethylated on H3K4 from regions of chromatin enriched in other lysine methylation, like methylated H3K9 or K27, for example.
An intriguing possibility is the prospect of PTM of residues in either the Yng1 PHD or the histone tail contributing to a molecular ‘‘switch,’’ abrogating binding of the
Yng1 PHD finger, as has been proposed with other histone binding modules such as HP1 (Fischle et al., 2003;
2005). While H3T3 phosphorylation is known to occur
during mitosis in metazoans (Dai et al., 2005), this modification has yet to be documented in yeast. Methylation
of R2 (if co-occurring with H3K4me3) may also impact
binding to the PHD finger as well.
The Role of Yng1 in Transcription
Trimethylation of H3K4 and increased acetylation on H3
are strongly associated with promoter and 50 regions of
actively transcribing genes (Pokholok et al. [2005] and
references within). For example, a strong correlation
has been observed between H3K4me and H3 hyperacetylation at MLL target genes (Milne et al., 2005) and at
c-fos and c-jun (Hazzalin and Mahadevan, 2005). Here,
we have demonstrated that an intact Yng1 PHD finger
enhances K14-specific NuA3 HAT activity on H3K4me3
peptides. Furthermore, our ChIP-Chip experiments
tracked Yng1 to the 50 end of actively transcribing genes,
with significant overlap in regions enriched in H3K4me3
and H3K14ac, suggesting that Set1-dependent K4me3
precedes NuA3-dependent K14ac on promoter-proximal nucleosomes (see model in Figure 7).
Despite the fact that only a subset of the Yng1-targeted genes tested showed decreased transcription
levels in H3K4me3 binding-defective Yng1 point mutants, we found no evidence of increased transcription
at any tested loci in the mutant strain (Figure 6). While
these results suggest a function for NuA3 in promoting
transcription, they contrast with a reported role of
NuA3 in gene silencing (Nourani et al., 2003). Since
Sas3, the catalytic subunit of NuA3, is also found in
the Dpb4-chromatin remodeling complex and the Yta7
boundary chromatin complex and impacts epigenetic
regulation of the HMR locus (Tackett et al., 2005b), mutational analyses of Sas3 may lack a clear functional
interpretation.
H3K4me3 as a General Complex Targeting Signal
In our genome-wide array, the majority of Yng1 is localized to sites enriched in H3K4me3. Yet, the genomic
localization of Yng1 only represents a subpopulation of
the total sites occupied by H3K4me3 in a previous publication (Pokholok et al., 2005). These results are also
consistent with previous reports that ablation of NuA3
function does not result in a detectable decrease of
bulk acetylation levels (Martin et al., 2006b). However,
even in genes in which Yng1 is enriched, decreased
transcription rates and decreased H3K14ac were not
ubiquitous; further studies will be required to determine
site occupancy of NuA3 complex members other than
Yng1. Interestingly, Taf30 was equally enriched in
K4me2 and K4me3 pull-downs (Figure 2Ad), possibly
representing K4me2 binding character contributed by

a module in a different Taf30-containing complex (Kabani et al., 2005).
Since our observations suggest that NuA3 participates in a specialized transcriptional control mechanism
over a distinct subset of genes in part through the
H3K4me3/Yng1 PHD interaction, the recent identification of many H3K4me3 binding modules raises the intriguing question of how diverse sets of complexes
with H3K4me3 binding modules can be preferentially
targeted to one particular K4me3 region over another.
While H3K4me3 could target NuA3 to distinct regions
of the genome through interactions with the Yng1 PHD
finger, it seems likely that additional modules in a complex or histone PTMs serve to ‘‘fine tune’’ this localization. For example, Nto1 contains a PZPM (PHD/Zn2+knuckle/PHD motif) surrounded by an Epc-N domain
(Figure 1C) that together may bind unknown combinations of histone PTMs (Perry, 2006). In this way, chromatin-templated activities may integrate PTMs on histone
tails, adjusting the molecular readout of chromatin,
based on the modularity of the complexes that evolved
to read them in a combinatorial fashion (Mellor, 2006).
Collectively, these observations strengthen an emerging
paradigm wherein effectors for H3K4me3 function to
facilitate chromatin-associated activities at distinct
regions along the genome with clear developmental
ramifications (Bernstein et al., 2006).
Experimental Procedures
S. cerevisiae Strains
All strains are listed in Table S1.
Mass Spectrometric Protein Identification
m/z values were determined on a MALDI-prOTOF (PerkinElmer
Sciex) mass spectrometer. Tandem MS analysis of detectable peptides was performed with a MALDI-LTQ MS (Thermo). Proteins were
identified with the program XProteo.
Yng1-TAP Immunopurifications with I-DIRT Analysis
Yng1-TAP protein complex purification and I-DIRT were performed
essentially as described (Tackett et al., 2005a, 2005b). For enzymatic
assays, the Yng1-TAP and interacting proteins were released from
IgG-coated Dynabeads under nondenaturing conditions with a PrA
elution peptide (Tackett et al., 2005b).
In Vivo Binding Assay
Extracts were made as described for the Yng1-TAP IP with changes
noted in the Supplemental Experimental Procedures. Total represented 0.5% of input. Unmodified, K14ac, K9/14ac, and K4me1
and K4me3 H3 peptides were from Upstate Biotech (UBI). K4me2,
K9me3, K27me3, and K79me3 H3 peptides and trimethylated
K20me3 H4 peptide were synthesized at the Proteomics Resource
Center of The Rockefeller University.
Protein Preparation of Yng1 PHD Finger
The Yng1 PHD finger constructs were made with an N-terminal glutathione S-transferase (GST) tag. The expression and purification
conditions are detailed in Supplemental Experimental Procedures.
The W180E mutant was made using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene).
Yng1 PHD Binding Assays
Binding assays were performed by mixing 1 mg YNG1-GST or YNG1W180E-GST PHD fingers (141–219 of full-length Yng1) with acid
extracts from wild-type yeast (5.5 3 108 cell equivalents) that were
resuspended in 500 mL of binding buffer (150 mM NaCl, 20 mM
HEPES [pH 7.9], 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM
PMSF, 0.2% Triton X-100) for 1 hr at room temperature. Glutathione
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Sepharose 4B beads (Amersham Pharmacia) (25 mL) were added to
the binding reaction and nutated for 1 hr at room temperature. Beads
were washed three times in 300 mM KCl wash buffer (300 mM KCl,
20 mM HEPES [pH 7.9], 0.2% Triton X-100) one time in final wash buffer
(4 mM HEPES [pH 7.5] and 10 mM NaCl). Antibodies used to probe
membranes included the following: general H3 (ab1791, Abcam);
H3K4(Me)2 (ab7766, Abcam); H3K4(Me)3 (ab8580, Abcam); general
H2B (07-371, UBI), general H2A (07-146, UBI), and H4 (ab10158,
Abcam); and GST (RPN1236, Amersham).
NMR Binding Study
The binding of the peptides H31–9K4me3, H31–9K4me2, H31–9K4me1,
and H31–9K4 to the YNG1 PHD domain was monitored by recording
1 15
H N HSQC spectra at the peptide to protein molar ratios of 0.5, 1.0,
1.5, 3.0, and 5.0.
Fluorescence Anisotropy
Fluorescence polarization assays were performed essentially as described in Taverna et al. (2002) in buffer containing 20 mM HEPES
(pH 7.5), 150 mM NaCl, 0.1% Tween-20. Reactions (60 ml) were incubated with 100 nM C-terminally fluorescein-labeled peptide for 1 hr
at room temperature; fluorescence polarization was then measured
in a Hidex Chameleon plate reader, also at room temperature.
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