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ABSTRACT: Esa1, an essential MYST histone acetyltransferase found in the yeast piccolo NuA4 complex
(picNuA4), is responsible for genome-wide histone H4 and histone H2A acetylation. picNuA4 uniquely
catalyzes the rapid tetra-acetylation of nucleosomal H4, though the molecular determinants driving picNuA4
efficiency and specificity have not been defined. Here, we show through rapid substrate trapping experiments
that picNuA4 utilizes a nonprocessive mechanism in which picNuA4 dissociates from the substrate after each
acetylation event. Quantitative mass spectral analyses indicate that picNuA4 randomly acetylates free and
nucleosomal H4, with a small preference for lysines 5, 8, and 12 over lysine 16. Using a series of 24 histone
mutants of H4 and H2A, we investigated the parameters affecting catalytic efficiency. Most strikingly,
removal of lysine residues did not substantially affect the ability of picNuA4 to acetylate remaining sites, and
insertion of an additional lysine into the H4 tail led to rapid quintuple acetylation. Conversion of the native
H2A tail to an H4-like sequence resulted in enhanced multisite acetylation. Collectively, the results suggest
picNuA4’s site selectivity is dictated by accessibility on the nucleosome surface, the relative proximity from
the histone fold domain, and a preference for intervening glycine residues with a minimal (n þ 2) spacing
between lysines. Functionally distinct from otherHAT families, the proposedmodel for picNuA4 represents a
unique mechanism of substrate recognition and multisite acetylation.

Eukaryotic DNA is packaged in the nucleoprotein structure
chromatin, the smallest component of which is the nucleosome
core particle (NCP).1 Each core particle consists of 147 bp of
DNAwrapped 1.7 times around an octamer of the four canonical
histone proteins, H4, H3, H2A, and H2B (1, 2). Histones can be
post-translationally modified on their N-terminal tail domains as
well as their globular core domains. Numerous histone modifica-
tions have been identified, including methylation, phosphoryla-
tion, ubiquitination, sumoylation, and acetylation (3). These
modifications not only affect structural and intramolecular inter-
actions (i.e., octamer destabilization and tail-DNA association)
but also serve asmolecular signals whereby other proteins dynam-
ically associate with chromatin. Mounting evidence suggests that
this network of modifications coordinates gene expression via an

epigenetic code, in which demarcations are read by enzyme com-
plexes, resulting in altered phenotypes through differential gene
activation or repression (4).

Histone acetyltransferases (HATs) make up a class of enzymes
that catalyze the transfer of the acetyl group from acetyl-co-
enzyme A (AcCoA) to the ε-amino group of lysines in histones.
HAT-containing complexes are categorized into five distinct
families according to the sequence homology of their catalytic
domains and their shared substrate specificity. To date, theGcn5-
related N-acetyltransferase (GNAT) and MYST (MOZ, Ybf2/
Sas3, Sas2, and Tip60) families have been the most well-
characterized. Esa1 (KAT5), aMYST Tip60 homologue, remains
the only essential acetyltransferase found in Saccharomyces
cerevisiae, where it is required for cell viability (5, 6), ribosomal
gene transcription (7), DNA double-strand break repair (8), and
cell cycle progression (9). Esa1 can be copurified in two evolution-
arily conserved complexes, (1) a 1.3 MDa nucleosome acetyl-
transferase of the histone H4 (NuA4) complex that contains
13 total subunits and (2) a small heterotrimeric complex dubbed
piccolo NuA4 (picNuA4) that contains Esa1, Epl1, and
Yng2 (8, 10). Recent studies have implicated NuA4 in
locus-specific recruitment and transcriptional activation, result-
ing in targeted H4 and H2A acetylation both in vitro and in
vivo (7, 11), while picNuA4 catalyzes nontargeted global H4
acetylation in yeast (12, 13).

The molecular determinants dictating substrate specificity for
HAT enzyme complexes are still poorly understood.Much of the
current information about substrate specificity and recognition
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originates from crystallographic studies describing Gcn5 cataly-
tic domains boundwithH3 tail peptide substrates (14-17). These
findings suggested that the tail peptide sequence alone is sufficient
for efficient recognition and catalysis by GNAT HAT active
sites (18, 19), a supposition supported by the crystal structure of
theMYSTEsa1 catalytic domain (20). Consistent with thismodel,
Utley et al. (21) have shown thatH4 peptides containing S1 phos-
phorylation can oblate efficient peptide acetylation byNuA4, but
recently, Berndsen et al. (22) showed that histone tail peptides
alone are surprisingly poor substrates for the MYST picNuA4
complex and that the histone fold domain of H4 is required for
efficient nucleosomal recognition. Thus, picNuA4 appears to bind
substrates in a bipartite manner in which both the histone tails and
the histone fold domain are required for efficient acetylation.

Unlike Gcn5 acetyltransferases, which preferentially acetylate
H3K14 10-100 times more efficiently than other candidate ly-
sines (23), the picNuA4 complex rapidly tetra-acetylates the four
sites on the H4 tail at comparable levels of efficiency (22). Here,
we have investigated themolecularmechanisms that allow for the
efficient tetra-acetylation ofH4 by picNuA4. Our results indicate
that picNuA4 utilizes a nonprocessive mechanism of acetylation
for nucleosomal substrates, in which picNuA4 dissociates from
the substrate after each acetylation event. Rapid tetra-acetylation
does not require a sequential order of acetylation, as picNuA4
randomly acetylates H4 tail lysines (K5, K8, K12, and K16)
within the nucleosome. Kinetic analyses of histone mutants
suggest a specificity model by which site preference is dictated by
accessibility on the surface of the nucleosome, the relative pro-
ximity from the histone fold domain, and a preference for glycine
residues with a minimal (n þ 2) spacing between lysines.

EXPERIMENTAL PROCEDURES

Materials. Acetyl-coenzyme A (AcCoA), dithiothreitol
(DTT), Tris-HCl, benzamidine, P81 cellulose disks, and other
reagents were purchased from either Sigma-Aldrich or Fisher
unless otherwise noted. SYPRORuby protein stainwas purchased
from Invitrogen. [3H]Acetyl-CoA was obtained from Morevek.
QuikChange site-directed mutagenesis kits were purchased from
Stratagene.
Enzyme Expression and Purification. The enzyme expres-

sion and purification conditions for both yeast and human pic-
NuA4 complexes closely mimic those published (13). Briefly, a
truncated yeast picNuA4 complex [containing Esa1, Yng2
(residues 1-218), and His-tagged Epl1 (residues 51-380)] or the
human picNuA4 complex [containing Tip60b, Ing3 (residues
1-300), and His-tagged Epc1 (residues 1-400)] was expressed
using a polycistronic expression system developed in the labora-
tory of S. Tan (24). The complex was expressed in BL21(DE3)
PlysS cells, grown in 2�YT medium until the OD600 reached
0.4-0.8, and induced at 37 �C for 4 h with 0.4mM isopropyl β-D-
thiogalactopyranoside (IPTG). Harvested cells were resuspended
in 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM benzamidine,
1 mM β-mercaptoethanol, and 10% (v/v) glycerol, sonicated on
ice, and centrifuged for 20 min at 60000g. The cell supernatant
was loaded on a nickel-saturated 5 mL HiTrap HP chelating
column (GE Healthsciences) and washed free of contaminants.
picNuA4 was eluted using a linear gradient from 0 to 200 mM
imidazole. Fractions containing the complex, as determined by
SDS-PAGE, were pooled and dialyzed overnight against lysis
buffer to remove imidazole. Concentrated fractions were further
purified by size-exclusion chromatography on a XK-26 column

packed with Sephacryl 200 (EMD Biosciences). Fractions were
analyzed by SDS-PAGE to verify the integrity of the picNuA4
complex, concentrated, and stored in aliquots at-20 �C.Enzyme
concentrationswere determined byBradford and verifiedwith an
activity assay. The yeast picNuA4 complex was used in all reac-
tions unless otherwise noted.
Purification ofHistones andNCPs.RecombinantXenopus

laevis core histones (H4, H3, H2A, and H2B) were purified as
described in ref 22. All point mutant and insertion/deletion his-
tone constructs were made with QuikChange mutagenesis kits
according to themanufacturer’s instructions andwere verified by
sequencing. Protein concentrations were derived using published
extinction coefficients (25). Purified core histones and mutants
were reconstituted into nucleosome core particles (NCPs) using
similar methods as described previously (25).
Triton-Acidic Acid-Urea (TAU) Gel Electrophoresis.

Gel matrices consisting of 7 M urea, 1% (v/v) Triton X-100, and
5% (v/v) acetic acid were made as outlined previously (26). All
TAU gels were loaded with 1.3 μg of substrate per lane, run at
10 mA for 22-70 h, and stained with Invitrogen SYPRO Ruby
stain. Unless indicated otherwise, time course experiments were
conducted using catalytic amounts of picNuA4 (0.15-1 μM),
saturating amounts of substrate (NCP, histone, or mutant) and
AcCoA, 50 mM Tris (pH 7.5), and 1 mM DTT, and reactions
were quenched using 2� TAU sample buffer. Limiting AcCoA
experiments included 1 μM picNuA4, 10 μM substrate (or 2 μM
NCP), and increasing amounts of AcCoA in 50mMTris (pH7.5)
and 1 mM DTT. Reactions were quenched with liquid nitrogen
after 5 min, and mixtures were dried in a speedvac and resus-
pended in TAU sample buffer.
TAU Densitometry. A processing efficiency equation (eq 1)

was utilized to determine the efficiency of histone and nucleoso-
mal substrates. SYPRORuby-stained TAUgels were normalized
across all lanes and quantified by densitometry

t1=2 ¼ ½SAc�=½S0� ð1Þ
where t1/2 describes the time (in seconds) required for half of the
initial substrate (S0) to be converted to the fully acetylated state
(SAc) by picNuA4. Gels were imaged on an Epi Chemi II Dark-
room platform and analyzed using Lab Works (UVP).
Radioactive Filter Binding Assay. Reactions were con-

ducted as outlined by Berndsen et al. (27). All reactions were
conducted in 50mMTris (pH 7.5) and 1mMDTT at 25 �C, with
catalytic amounts of picNuA4 (0.1-1.0 μM), saturating amounts
of AcCoA (50-200 μM), and saturating amounts of substrate
(2-200 μM, depending on the substrate). Saturation and time
course experimental data were fit to the Michaelis-Menten
(eq 2) or integrated Michaelis-Menten (eq 3) equations using
Kaleidagraph (Synergy Software). Kinetic parameters kcat, Km,
and kcat/Km were determined as outlined in ref 28.

v ¼ ðkcat½E�t½S�Þ=ðKm þ ½S�Þ ð2Þ

t ¼ p=ðkcat½E�tÞ- ½Km=ðkcat½E�tÞ� ln½p¥=ðp¥- pÞ� ð3Þ

Rapid Quench Flow Experiments. A Hi-Tech RQF-63
apparatus was used to conduct substrate trapping experiments.
To prepare for substrate trapping experiments, pre-steady state
time points were quenched with 2% (v/v) TFA, dried on phos-
phocellulose disks, and quantified by liquid scintillation (29). The
product formed and rates were analyzed using Kaleidagraph, to
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determine the flux value used for subsequent trapping experi-
ments (Figure S1 of the Supporting Information). Substrate
trapping reaction mixtures contained 1 μM picNuA4, 4 μM
nucleosome substrate or 8 μM H4, and saturating amounts of
AcCoA (40 μM), and the reactions were conducted in 50 mM
Tris (pH 7.5) at 25 �C for 350 ms, a value slightly lower than the
flux value (385 ms). This ensured monoacetylation took place
prior to the exposure to the trapping agent (Figure S1 of the
Supporting Information). The quench reservoir was filled with
either 50 mM Tris (pH 7.5) (mock quench), 2% (v/v) TFA
(chemical quench), or 200 μM globular domain of H4 (gH4,
residues 20-102) competitive inhibitor (Trap) in 50mMTris (pH
7.5). Reactions were manually stopped after 3 s using 100 μL of
2% (v/v) TFA and concentrated with a speedvac. Reactions were
run on a 15% SDS-PAGE gel, to separate H4 from other
reaction constituents, after which H4 was excised from the gel
and analyzed by liquid chromatography coupled to tandem MS
(LC-MS/MS) using an Eksigent nanoLC system coupled to a
Thermo LTQ linear ion trap mass spectrometer.
Mass Spectrometry. MS/MS-based sequencing was used to

determine both the site and relative ratio of picNuA4 enzymatic
acetylation, essentially as described previously (30, 31). Briefly,
picNuA4 acetylation reactions were quenched, chemically acety-
lated to generate fully acetylated peptides, and analyzed by
LC-MS/MS. Acetylation sites were identified and quantified
using peptide fragmentationwithin theMS/MS spectra (Figure S2
of the Supporting Information). Note that chemical acetylation
added deuterated acetyl groups (þ45 Da) that are easily distin-
guished from the enzymatic acetylation [þ42Da (Figure S2 of the
Supporting Information)].

picNuA4 acetylation reactions were conducted in 50 mM Tris
(pH 7.5) and 1 mM DTT, with the indicated enzyme and
substrate concentrations, quenched using 2% (v/v) TFA, and run
on 15% SDS-PAGE gels. Gels were stained with Coomassie
blue or SYPRO Ruby before histone bands were extracted from
the gel. Gel bands were then chemically acetylated using deuter-
ated acetic anhydride (Acros, 99.5%atompurity) and deuterated
acetic acid (Acros, 98.5% atom purity) for 6 h at 25 �C (31)
followed by in-gel trypsin digestion at 37 �C for 18 h (30).
Extracted peptides were purified using OMIX C18 tips (Varian),
dried in a speedvac, and resuspended in 0.1% (v/v) formic acid
for analysis by LC-MS/MS. LC-MS/MS conditions were like
those previously outlined (30), and acetylation sites were identi-
fied and quantified as described previously (31).

LC-MS/MS data were processed using Thermo Bioworks
software. First, the histone peptides (Figure S2A of the Support-
ing Information) were identified using Thermo Bioworks soft-
ware via comparison of the experimental MS/MS spectra with
the theoretical human protein database (NCBI, nonredundant,
downloaded February 2007), with enzymatic and chemical ace-
tylation (þ42 and þ45 Da, respectively), methionine oxidation
(þ16 Da), and cysteine carboxyamidomethylation (þ57 Da) as
variable modifications. Search parameters contained a mass
accuracy tolerance of e2.0 amu for peptides and e1.0 amu for
fragment ions. Next, the amount of picNuA4-mediated acetyla-
tion at each lysine residue was quantified by averaging the
MS/MS spectra for each acetylation state and integrating the
fragment ion peak areas corresponding to enzymatic or chemical
acetylation species (Figure S2C of the Supporting Information).
Whenever possible, multiple independent peaks were integrated
for each lysine. The percent picNuA4-mediated acetylation was
obtained by dividing the intensity of the enzymatic acetylation

by the total acetylated species for each lysine residue (31). All
values, unless otherwise noted, indicate the average level of
enzymatic, picNuA4-mediated acetylationon each site. Figure S2D
of the Supporting Information shows that site acetylation trends
for independent experimental replicates correlate very well, with
standard deviations ranging from 4 to 8% for each site. Similar
errors were observed for all MS experiments in this study, with
representative data sets shown.

RESULTS

Nucleosomal Structure Restricts picNuA4 Acetylation
of Histones. Previous work has shown that the NuA4 complex
preferentially acetylates histones H4 and H2A on oligonucleo-
somes (10), while chromatin immunoprecipitation studies have
linked Esa1 activity to the acetylation state ofH4,H2A, andH2B
in vivo (32). Recombinant Esa1 alone is able to efficiently ace-
tylate individual free H4, H3, and H2A histones in vitro (5, 9). It
remains unclear, however, how the structure of the nucleosome
substrate dictates site selectivity.

To investigate the impact of substrate structure on site selec-
tion by picNuA4, we characterized the kinetics of individual
histone and nucleosome core particle acetylation using Triton-
acetic acid-urea (TAU) gel electrophoresis, a method that
separates proteins on the basis of mass and charge. Thus, the
picNuA4-catalyzed acetylation of each histone can be resolved as
a function of time, allowing the relative efficiency of each ace-
tylation event to be measured. Substrate processing was quanti-
fied by TAU densitometry, in which we utilized an efficiency
constant, t1/2, to quantify the time required for half of the
substrate to be converted to the fully acetylated product. To
determine the identity of each modified histone band, intermedi-
ate acetyl species were excised and analyzed by MS.

Figure 1A depicts time course reactions for both free histone
and reconstituted nucleosomal substrates under saturating sub-
strate conditions. Our analyses indicate that free H4 is tetra-
acetylated in a highly efficientmanner, and that intermediate acetyl
species (mono-, di-, and triacetylated) are formed prior to the
generation of tetra-acetylated forms (Figure 1A). TAU densito-
metry and LC-MS/MS confirmed that all four sites on free H4
(K5, K8, K12, and K16) are completely acetylated by 600 s,
exhibiting a processing efficiency (t1/2) of 72.8( 12.2 s (Figure 1A
and data not shown). picNuA4 can also tetra-acetylate free H2A
(K5, K9, K13, and K15), though the pattern of acetylation
indicates that only two sites are processed efficiently (Figure 1A
and data not shown). Thus, free H2A exhibits a significantly
higher t1/2 (>600 s) and is tetra-acetylated at least 8-fold slower
than free H4. In contrast to H4 and H2A, the picNuA4 complex
can diacetylate only free H3 (K9 and K14) and H2B (K16)
(Figure 1A and data not shown). TAU acetylation patterns are
consistent with only one preferred acetylation site for freeH3 and
H2B substrates, and neither substrate underwent complete
mono- or diacetylation under these conditions (Figure 1A).
Collectively, free H3 andH2B exhibit very inefficient processing,
with a lower limit for t1/2 of >1500 s for both substrates.

The TAU analyses described above were validated on a more
physiological substrate, the nucleosome core particle.Using a salt
(NaCl) dialysis method, mononucleosomes were reconstituted
from the four core histones and palindromic 146 bp fragment
from the human R-satellite DNA (25). Because free histones are
purified from the recombinant bacterial expression system, recon-
stituted mononucleosomes are ideal homogeneous substrates that
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lack post-translation modifications. Nucleosomal H4 exhibits
acetylation kinetics similar to those of free H4 (Figure 1A), as
both substrates are rapidly tetra-acetylated and displaymono, di,
and tri intermediate states that exist at near-equivalent levels at
early time points. These results indicate that each acetylation
event occurs with a similar level of efficiency and are in good
agreement with previous kinetic findings that show that the
efficiency of the initial acetylation (kcat/Km) and the total average
efficiency (kcat/Kavg) are comparable for both H4 and nucleo-
some substrates (22). TAU densitometry indicates that nucleo-
somal H4 (t1/2=17.2 ( 2.7) is tetra-acetylated much more effi-
ciently than free H4 [4.2(1.0-fold faster (Figure 1A)], consistent
with previously published kcat/kavg values forH4 and nucleosome
substrates (22). Our MS analyses confirm that picNuA4 site
selectivity for nucleosomal H4 is identical to that for free H4 in
solution [K5, K8,K12, andK16 (data not shown)]. In contrast to
H4, nucleosomal H2A is restricted to monoacetylation at K5
within the nucleosome (Figure 1A, data not shown) and displays
slower processing efficiency (t1/2 >90 s). Densitometry analyses
indicate that nucleosomal H4 is multiply acetylated prior to
significant acetylation of H2A (Figure 1). Surprisingly, we find
that neither H3 nor H2B is acetylated in the nucleosome.
Collectively, these findings are consistent with a model in which
the structure of the core particle restricts access of picNuA4 to
H3, H2B, and all sites on H2A, except for K5.
picNuA4 Utilizes a Dissociative Mechanism of Acetyla-

tion. TAU gel analyses indicate that tetra-acetylation of nucleo-
somal H4 proceeds in a highly efficient manner (Figure 1A), in
which the acetylated states (mono, di, tri, and tetra) appear at
near-equivalent rates of formation (Figure 1). To explain the
efficiency of H4 tetra-acetylation by picNuA4, a processive-like
and/or cooperative mechanism of acetylation has been pro-
posed (21, 22, 33). With a processive model, the enzyme remains
bound to the histone substrate for multiple rounds of acetylation
prior to dissociation. In contrast, a dissociative mechanism invol-
ves independent binding events in which the enzyme dissociates
from the substrate after each round of catalysis.

To determine the mechanism of H4 acetylation by picNuA4,
we utilized substrate trapping methodology, an effective ap-
proach used to study DNA polymerase processing (34). Reac-
tions are conducted in the presence of substrate mimics, which
“trap” free enzyme and prevent reassociation of the enzyme to

substrate (34-36). Here, we have adapted this method to mea-
sure the total number of acetylation cycles that take place after a
single binding event, by preventing dissociated picNuA4 from
binding new or previously acetylated substrate. A rapid quench
flow apparatus was used to rapidly introduce pre-equilibrated
picNuA4 and AcCoA with H4 or nucleosome substrates
(Figure 2A). Reactions were conducted for 350 ms, a time point
experimentally determined to allow the formation of not more
than one acetylation event (Figure S1 of the Supporting Informa-
tion), after which a trapping agent was introduced (Figure 2A).
We have utilized a tailless H4 construct for substrate trapping
(H4 residues 20-102, hereafter gH4), which has been shown
previously to competitively inhibit picNuA4 with an inhibition
constant of 1.5 ( 0.6 μM (22). After addition of the trapping
agent, reactions were allowed to continue for 3 s and were then
manually quenched with 2% (v/v) TFA.

To confirm that picNuA4 is able to tetra-acetylate free or
nucleosomal H4, we omitted the gH4 trap and manually quen-
ched reactions after 3 s.A quantitativeMSmethodwas employed
(discussed below) to confirm that picNuA4 tetra-acetylates both
H4 and nucleosomal H4 in the absence of gH4 and under the
conditions of the experiment (mock quench, Figure 2B). To
determine the number of acetylations formed when a chemical
denaturant was used, gH4 was replaced with 2% (v/v) TFA.
These reactions yielded predominantly unacetylated and mono-
acetylated H4, as expected (chemical quench, Figure 2B). Sub-
strate trapping reactions conducted in the presence of gH4 re-
sulted in monoacetylated species similar to that observed in the
chemical quench reactions for both H4 and nucleosomal H4
(trap, Figure 2B). These findings suggest that picNuA4 dis-
sociates from both H4 and nucleosomal H4 after the forma-
tion of the monoacetylated product. To ensure substrate
acetylation states were a product of picNuA4 activity, we
conducted reactions in which enzyme or AcCoA had been
omitted (Figure S3 of the Supporting Information). As expected,
neither control reaction contained acetylated species. Taken
together, these results are consistent with a nonprocessive
mechanism for picNuA4 acetylation of free or nucleosomal
H4. The rapid quenching results are in good agreement with
TAU observations (Figure 1A), as the clear formation of mono-,
di-, and triacetyl species is consistent with a dissociative mecha-
nism of acetylation.

FIGURE 1: Structure of the nucleosome core particle restricts picNuA4 histone acetylation. (A) Free histone and nucleosome core particle (NCP)
acetylation by picNuA4 was resolved on SYPRORuby-stained TAU gels, in which increasing levels of acetylation (zero to four acetylations) are
formed as a function of time. (B) Graph depicting densitometry analysis of each acetylated species from the nucleosome TAU gel (Figure 1A)
plotted as the total percent of acetylated species per lane. Reaction conditions: 200 nM picNuA4, 200 μMAcCoA, and 20 μMhistone; or 30 nM
picNuA4, 200μMAcCoA, and 2μMnucleosome [both in 50mMTris (pH7.5) and 1mMDTT].TAUgel time course results are representative of
at least three independent experiments.
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picNuA4 Randomly Acetylates Free and Nucleosomal
H4.NuA4 complexes can acetylateK5,K8,K12, andK16 ofH4
both in vivo and in vitro (10, 21, 32, 33, 37, 38); however, the
order of acetylation and the effect of the nucleosome structure on
site specificity for picNuA4 have not been elucidated. The TAU
progress curves presented in Figure 1 suggest that picNuA4 is
able to rapidly tetra-acetylate all four sites on free H4 and
nucleosomal H4 with an efficiency similar to that of the first
acetylation event (Figure 1A; see also ref 22). It is possible that
the rapid tetra-acetylation of H4 requires a sequential order of
acetylation that might implicate a cooperative model.

To investigate the order of acetylation by picNuA4 on free H4
and nucleosomes, we have adapted a previously published MS
methodology that allows for the direct quantification of lysine
acetylation on histone tails (31). Aliquots from acetylation reac-
tions were quenched, chemically acetylated using deuterated
acetic anhydride, and in-gel digested. MS/MS fragmentation of
isotopically labeled peptides yields unique fragment ions that
reveal both the identity and the quantification of acetylation
at each lysine position. Here, to capture various acetylation
states, different limiting amounts of AcCoA were added to
acetylation reaction mixtures, resolved by TAU electrophoresis,

FIGURE 2: Substrate trapping indicates picNuA4 dissociates after each acetylation event. (A) Rapid quench flow was used to rapidly mix
pre-equilibrated picNuA4 and AcCoA with H4 or nucleosomal substrate. Reactions were conducted for 350 ms and quenched with buffer
[50 mM Tris (pH 7.5)], 2% (v/v) TFA, or a competitive inhibitor trap (200 μM gH4, ∼100-fold excess vs Ki). Reaction conditions: 1 μM
picNuA4, 40 μMAcCoA, 8 μMH4 (or 4 μMNCP), 50 mMTris (pH 7.5), and 1 mMDTT. (B) Graphs depicting the percent of total peptide
per acetylation state as determined from MS analyses of rapid quench flow samples. MS results were analyzed with Thermo Bioworks and
filteredwith a peptide probability of<0.01, charge vsXcorrþ1g 2.0,þ2g 2.7, andþ3g 3.5, andΔCng 0.2. Data sets are representative of
n=2 for both H4 and NCP experiments. Substrate trapping MS experimental replicates differed no more than 5% (H4) and 7% (NCP) per
acetylation state.
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and analyzed by LC-MS/MS (Figure 3A). Our results indicate
that picNuA4 can individually acetylate all four sites on free H4
under limiting AcCoA conditions, consistent with random first-
site acetylation [see the monoacetylated states (Figure 3B)]. The
four sites on free H4 are not kinetically equivalent, however,
as K5, K8, and K12 were preferred over K16 by at least 3-fold
(Figure 3B and Figure S2D of the Supporting Information).
Similarly, we find that the first site of acetylation for nucleosomal
H4 was also random (Figure 3C) and displayed a similar site
preference compared to free H4. Interestingly, we note that the
site preference for K5, K8, and K12 over K16 is also reflected in
the di- and triacetylated species of the nucleosome (Figure 3C).

To investigate whether free H4 tetra-acetylation proceeds
through a fully random mechanism, reactions were performed
using saturating amounts of AcCoA and the levels of acetylation
at each site were determined during the time course for complete
acetylation. Among the di- and triacetylated species, all four sites
(K5, K8, K12, and K16) were represented in the MS analyses,
though acetylation levels at K16 were∼2.5-fold lower than those
of other sites (Figure S4 of the Supporting Information). The
combined results (Figure 3B,C and Figure S4 of the Supporting
Information) are consistent with fully random tetra-acetylation
of both free and nucleosomal H4 with a slight bias against K16.
Multiple Lysine Residues Are Dispensable for Efficient

Acetylation. Having established that picNuA4 randomly acet-
ylates all four sites on the H4 tail (Figure 3 and Figure S4 of the
Supporting Information), we sought to investigate the importance
of individual lysines with respect to recognition and catalysis. A
series of arginine and alanine substitutions were generated at all
four lysines on the H4 tail and analyzed for acetylation efficiency
by measuring the steady state kcat/Km values. A comparison of the
kcat/Km values indicates that acetylation efficiency at the first site is
not substantially affected by the loss of other lysines, as the most
severe substitution (K5R) yielded a modest 3.5-fold decrease
compared to that of nativeH4 (Figure 4). The severity of individual
tail substitutions correlates well with MS trends (Figure 3B and
Figure S4 of the Supporting Information), as the more N-terminal
K5, K8, and K12 tail mutants exhibit slightly lower kcat/Km

values compared to that of K16. All mutants exhibited a decrease
in both kcat/Km and kcat values, with no significant effect on Km

values. Collectively, these findings indicate that the charge of the
histone tail does not contribute substantially to recognition, as
KfRmutants are consistently within 2-fold of KfAmutants
(Figure 4). MS analyses demonstrated that site preference is not
significantly impacted by lysine mutation, as positions K5, K8,
and K12 were consistently preferred over position K16 (Table S1
of the Supporting Information). To test if multiple lysine muta-
tions would result in lowered affinity, we characterized several
double arginine and alanine tail mutants, all of which exhibit
modest 4-fold decreases in kcat/Km values (Figure S5 of the Sup-
porting Information). These data suggest that neutralization of
charge on the H4 tail does not substantially affect the ability of
picNuA4 to catalyze rapid multiple acetylations of the H4 tail
and are consistent with the primary H4 binding interaction re-
siding proximal to the histone tail domain (22).
picNuA4 Prefers a Minimal Lysine Spacing of nþ 2.

Previously, we have shown that the deletion of the H4 histone
fold domain results in a 1000-fold decrease in acetylation efficiency
on the remaining tails (22). The mutational studies described
above are consistent with the H4 histone fold domain being the
high-affinity binding site for picNuA4, as substitution of lysine
residues within the tail resulted in a no more than 4-fold loss of
acetylation efficiency at the remaining lysine residues (Figure 4
and Figure S5 of the Supporting Information). Next, the effects
of tail length, spacing between lysines, and primary sequence on
acetylation efficiency were determined. We hypothesized that the
conserved (n þ 2 or 3) register between lysine residues in the H4
tail sequence was an important molecular determinant. A small
library of H4 and H2A mutants in which intervening residues
were altered was constructed, and these mutants were character-
ized by TAU gel electrophoresis (Figure 5A and Figure S6A of
the Supporting Information). Histone mutants that displayed
significantly altered acetylation kinetics (t1/2 values) compared to
those of the wild type were reconstituted in nucleosomes for
validation (Figure 5).

TAU analyses revealed that picNuA4 efficiently acetylates
lysine residues that fulfill a minimal (n þ 2) spacing requirement
within the tail (Figure 5). To examine the shortest spacing register

FIGURE 3: picNuA4 randomly acetylates free and nucleosomal H4.
(A) picNuA4 acetylation reactions, in which limiting amounts of
AcCoA were added to mixtures and visualized by SYPRO Ruby-
stained TAU gel electrophoresis. Acetylation bands were excised,
deuterated with acetic anhydride, and analyzed by LC-MS/MS.
Graphs depict the percent of picNuA4-acetylated peptide in free
H4 (B) and H4 within the NCPs (C), plotted by lysine position and
acetylation state. Reaction conditions: 1 μMpicNuA4, 10 μMH4 or
2 μM NCP, in 50 mM Tris (pH 7.5) and 1 mM DTT. Data sets are
representative of three experiments for H4 and one experiment for
NCP. MS experimental replicates differed no more than 6% per
acetylation site for H4 (see Figure S2D of the Supporting In-
formation).

FIGURE 4: Individual tail lysines of histone H4 are dispensable for
efficient acetylation. Independent saturation curves were conducted
using filter binding assayswith tail lysinemutants.Datawere fit to the
Michaelis-Menten equation in Kaleidagraph to determine the spe-
cificity constant, kcat/Km. All reaction mixtures contained 50 nM
picNuA4, 20μMhistone substrate, 100 μMAcCoA, 50mMTris (pH
7.5), and 1 mMDTT. Each data point represents an average of three
or more assays with error bars representing one standard deviation.
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required for efficient acetylation, we deleted two glycine residues
from the H4 tail (H4Δ13-14), altering the lysine spacing to n þ 1.
Thismutant exhibited significant processing defects both free and
in the nucleosome, with t1/2 values ∼2-fold slower than that of
free H4 and ∼4.8-fold slower than that of nucleosomal H4
(Figure S6B of the Supporting Information). TAU acetylation
patterns indicate that a significant amount of the mutant remains
stalled at the triacetylated state under these conditions (Figure 5A).
Time courses of freeH4Δ13-14 acetylation confirmonly three sites
are acetylated efficiently (Figure 5B), and MS analyses indicate
that 94% of the histone contained only K5, K8, and K12 ace-
tylation (data not shown). To test the effect of inserting an ad-
ditional spacer residue, we prepared two mutants in which a
glycine or glutamine was inserted at position 13 of the native tail
sequence (H4G13ins and H4Q13ins). Densitometry confirmed that
mutant t1/2 values were within error of that of free wild-type H4,
indicating that an n þ 4 register does not impair processing
significantly (Figure S6B of the Supporting Information). Taken
collectively, our findings suggest that picNuA4 prefers tail lysines
with a minimal (nþ2) spacing, though longer registers are ac-
commodated by picNuA4.

TheH4 tail contains numerous evolutionarily conserved glycine
residues that exist between lysines. To investigate the importance
of glycine spacers between substrate lysines, wemutated glycine 13

to an alanine, glutamine, or arginine andmeasured the t1/2 values
of tetra-acetylation (Figure S6 of the Supporting Information).
H4G13A exhibited a modest decrease in efficiency (t1/2=152.7 (
14.9 s) compared to that of wild-type H4 (t1/2=110.6 ( 9.5 s),
while H4G13Q and H4G13R were tetra-acetylated at similar rates
(t1/2 = 192 ( 11.3 and 180 ( 12.4 s, respectively) and were
1.6-1.7-fold slower thanwild-typeH4.Next, we substituted both
intervening glycine residues (G13 and G14) to alanine and de-
termined the t1/2 of tetra-acetylation. The resulting H4G13,14A

mutant exhibited an ∼4-fold decrease in processing efficiency
(t1/2=468.3( 53.1 s) with substantial stalling at the triacetylation
state. Collectively, these results demonstrate a preference for
intervening glycine residues proximal to tail lysines and suggest
that glycine’s small size and conformational flexibility contribute
to efficient multisite acetylation of the H4 tail.

Our findings suggest that picNuA4 could accommodate altered
tail lengths as long as a minimal (nþ2) register is maintained. To
test this, we created a deletion mutant from which residues 6-8
had been deleted (H4Δ6-8), and the mutant thus contained only
three acetylatable sites with nþ 3 spacing. TAU analysis con-
firmed that this mutant was efficiently acetylated on three sites
and exhibits very efficient processing (t1/2 = 43.3 ( 3.8 s)
compared to wild-type H4 (Figure S6 of the Supporting In-
formation). To investigate whether picNuA4 can accommodate

FIGURE 5: picNuA4 prefers tail lysines with a minimal (nþ 2) spacing. (A) TAU gels of free histone and nucleosomal substrates of H4 andH2A.
Reaction conditions: 150 nMpicNuA4, 200μMAcCoA, and 20μMhistone or 30nMpicNuA4, 200μMAcCoA, and 2μMnucleosome in 50mM
Tris (pH 7.5) and 1 mM DTT. Data are representative of at least three independent histone experiments and two independent experiments
for nucleosomal substrates. (B) picNuA4 time course studies utilized filter binding assays to investigate the amount of product formed vs time
for free wild-type H4 (b), H4Δ13-14 (0), and H4GGAKins (]). (C) Time courses for free wild-type H2A (b) and H2AGGins (]). A representative
graph is shown from one of three independent experiments for all time course reactions. Data points were fit to the integrated form of the
Michaelis-Menten equation. Reaction mixtures contained 100 nM picNuA4, 20 μM histone substrate, 200 μMAcCoA, 50 mM Tris (pH 7.5),
and 1 mMDTT.
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longer tails, we constructed aH4 tail mutant in which theGGAK
sequencewas inserted at position 13 ofH4, lengthening the tail by
four amino acids (H4GGAKins). This mutant contained an addi-
tional lysine residue and maintained an n þ 3 register with small
aliphatic spacers. TAUanalysis clearly showed that theH4GGAKins

mutant undergoes robust acetylation both free and in the
nucleosome, in which five lysines are acetylated with similar
t1/2 values compared to that of wild-type H4 (Figure 5A and
Figure S6B of the Supporting Information). Consistent with this,
reaction time courses confirmed five sites are efficiently acety-
lated for the free H4GGAKins mutant (Figure 5B).

To validate these molecular requirements on a non-H4 sub-
strate, we constructed an H2A mutant in which two glycine
residues were inserted at position 14 of the native tail sequence,
providing an n þ 3 register between K13 and K15 (Figure 5A).
TAU analysis demonstrated that the free H2AGGins mutant
displays robust product formation compared to free wild-type
H2A (Figure 5A) and exhibits a similar t1/2 (83.3 ( 14.7 s)
compared to that of wild-type H4 [t1/2 = 100.9 ( 7.8 s (Figure
S6B of the Supporting Information)]. This gain of function was
confirmed by time course analyses, which revealed that four sites
are acetylated on H2AGGins compared to only two in wild-type
H2A (Figure 5C). Interestingly, when reconstituted into the
nucleosome, this gain of function is not recapitulated, as the
H2AGGins mutant displays acetylation kinetics similar to those of
the wild type (Figure 5A), and MS analyses confirmed only K5
acetylation was observed.

DISCUSSION

Knowledge ofHAT substrate specificity has largely come from
crystal structures of catalytic domains in complex with small
peptide substrates (14-20). These studies have provided evidence
that active site residues participate in multiple interactions with
peptide substrates, leading some to postulate that primary se-
quence plays the major role in substrate recognition (14-16).
Such conclusions may have limited interpretive value and may
require validation with more complex chromatin substrates.
Indeed, other evidence suggests that HAT complexes show stark
differences in substrate specificity compared to recombinant HAT
catalytic domains. For example, Gcn5p is able to polyacetylate
free H3 but only monoacetylates H3 within the nucleosome (39).
When in the context of the SAGA complex, however, Gcn5 shows
enhanced H2B nucleosomal acetylation (40, 41). Thus, altered
specificity appears to be dictated in part by subunit-substrate
interactions, as well as the structure of the nucleosome.

Here, we investigated the mechanism of rapid H4 tetra-
acetylation and the molecular determinants of site selectivity by
the MYST family HAT complex picNuA4. The specificity of
picNuA4 is controlled in part by the inherent nucleosome struc-
ture, as a variety of free histones are multiply acetylated, but site
accessibility is restricted to H4 tetra-acetylation and H2A mono-
acetylation within the nucleosome (Figure 1A). The unique
specificity of picNuA4 for nucleosomal H4 requires the solvent-
accessible histone fold domain of H4 (22), which likely serves as
the primary binding interaction on the nucleosome. Our findings
further support this model (Figure 4 and Table S1 and Figure S5
of the Supporting Information), and the TAU results suggest that
H4 undergoes multiple rounds of acetylation prior to H2A,
though H2A monoacetylation is processed much less efficiently
(Figure 1A). These findings suggest that picNuA4 might bind at
the H4 histone fold domain and acetylate K5 of H2A. In this

model, most sites on H2A are sterically occluded by the nucleo-
some structure, and only themostN-terminal site can be accessed
by the picNuA4 active site. Consistent with this, the nucleosomal
H2AGGins mutant did not demonstrate enhanced acetylation
kinetics compared to those of wild-type H2A (Figure 5A).
Collectively, these findings indicate that interaction with the
globular region of the NCP restricts access of the substrate
to those lysines proximally located on the same face of the
nucleosome.

The efficient tetra-acetylation of nucleosomal substrates has
been proposed to involve a processive or cooperative mechanism
of acetylation (21, 22, 33). Here, we present detailed kinetic
analyses that strongly suggest picNuA4 does not utilize a pro-
cessive mechanism of acetylation but rather dissociates from
nucleosomes after each acetylation event (Figure 6). The ability
of the substrate trap (gH4) to essentially stop the acetylation of
nucleosomes (Figure 2B) as well as the evidence of intermediate
acetyl species formed during acetylation reactions (Figures 1-3
and 5A) supports a dissociative mechanism of multiple acetyla-
tions (Figure 6).

Utley et al. showed that NuA4 is able to acetylate H4 tail
peptide sequences regardless of the number of preacetylated
lysines (21), leading the authors to suggest that acetylation may
have a cooperative effect on subsequent reactions. Our findings
do not support an obvious cooperative component to multisite
acetylation. The H4 K f A mutants, which mimic the loss of
charge similarly to acetylated lysine, show no increase in Km

values compared to that of wild-type H4 (Figure 4 and Figure S5
of the Supporting Information). Additionally, analysis of several
H4 Kf Qmutants did not reveal increased Km values (data not
shown). Most importantly, the fact that picNuA4 displays the
ability to randomly acetylate all four lysines onH4 (Figure 3 and
Figures S2 and S7 of the Supporting Information) argues against
a cooperative model in which a sequential order of acetylation
would be predicted. We propose that the efficiency with which
picNuA4 tetra-acetylates nucleosomal H4 is caused by its high
affinity for nucleosomes (Km< 190 nM) (22) and by the primary
binding site (H4 histone fold domain) lying proximal to the sites
of acetylation.

Using TAU and quantitative MS/MS analyses (Figure 3 and
Figures S4 and S7 of the Supporting Information), we demon-
strated that picNuA4 does not exhibit a preferred order of
acetylation and can monoacetylate K5, K8, K12, and K16 on
free and nucleosomal H4. Random first-site acetylation may
provide an important physiological function, as it would allow
the enzyme to catalyze multiple cycles regardless of preexisting
tail modifications. The H4 tail is the site of numerous modi-
fications (3, 42-45), some of which could act antagonistically to
rapid sequential tetra-acetylation. Indeed, H4 S1 phosphoryla-
tion has been shown to decrease the efficiency of peptide acety-
lation by NuA4 (21). Our findings suggest that alterations in
lysine modification status have a minimal effect on subsequent
acetylation events, allowing for rapid acetylation to occur during
stimulated chromatin remodeling (Figure 4 and Figure S5 of the
Supporting Information). Bird et al. (8, 46, 47) have shown that
NuA4 activity is essential for DNA double-strand break repair,
whileDowns et al. (47) reported thatNuA4 localization at sites of
DNA repair results in rapid H4 acetylation leading to critical
changes in chromatin structure. Interestingly, the Tip60-containing
human picNuA4 complex is also able to individually acetylate
all four sites on free H4 (Figure S7 of the Supporting
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Information), suggesting a conserved function for this essential
HAT family.

Though picNuA4 randomly acetylates all four sites on H4, it
exhibits a significant preference forK5,K8, andK12 overK16 on
free and nucleosomal substrates (Figure 3B and Figure S2D of
the Supporting Information). Our findings are in good agreement
with those of previously published in vitro studies using recom-
binant Esa1, where the free enzyme showed a marked preference
for K5, K8, and K12 over K16 on free H4 (5, 9). This specificity
appears to be a hallmark of many MYST HATs, as HBO1
prefers K5, K8, and K12 over K16 in vitro (48), as does the
human picNuA4 complex containing Tip60 (Figure S7 of the
Supporting Information). Within the nucleosome, picNuA4
shows a subtle preference for K12 acetylation (Figure 3C), con-
sistent with a recent study linking Esa1 activity to K12 acetyla-
tion in vivo (49). Moreover, Vogelauer et al. have shown that
esa1ts (temperature sensitive) cells display decreased levels of
K5ac, K8ac, and K12ac acetylation at nonpermissive tempera-
tures, while K16ac is largely unaffected (38). Collectively, these
studies underscore the connection between Esa1 activity and
global K5, K8, and K12 acetylation in vivo. The fact that K16 is
the poorest site is not functionally surprising, as Esa1 is not
responsible for bulk K16 acetylation in S. cerevisiae, where it is
regulated by the opposing activities of Sas2 and the HDAC
Sir2 (50-52). The crystal structure of the nucleosome shows that
residues 16-25 on H4 can interact with the H2A-H2B dimer
interface (2), possibly interfering with access to K16.

Our findings strongly support a bipartite model of substrate
recognition for picNuA4, as all point mutations analyzed here
exhibited a no more than 4-fold loss of acetylation efficiency
(Figures 4 and 5 and Figures S5 and S6 of the Supporting Infor-
mation). Because the primary site of picNuA4-histone interac-
tion occurs within the histone fold domain, alterations to the
primary sequence that slightly increase or decrease the conforma-
tional entropy of the tail do not dramatically affect the overall
binding and acetylation efficiency. Analyses of 24 different his-
tone variants suggest picNuA4 prefers glycine residues between
acetylation sites (Figure 5 and Figure S6 of the Supporting
Information). This conclusion is supported by the X-ray struc-
ture of the Esa1 catalytic domain (20), which suggests that bulky

intervening amino acids are poorly accommodated in the active
site. Together, the results suggest that glycine’s small size and
conformational flexibility contribute to efficient multisite acet-
ylation of the H4 tail. Our results indicate that the more N-
terminal sites on theH4 tail are preferred (Figure 4) and suggest a
minimal distance from the histone fold domain might be im-
portant for acetylation efficiency. Consistent with this, MS/MS
analyses of the nucleosomal H4GGAKins mutant show that the
most N-terminal sites are acetylated 4-fold faster than the K16
site (data not shown). Because the primary site of picNuA4-
histone interaction occurs within the histone fold domain, it is
unclear whether the parameters that influence chromatin acet-
ylation efficiency can be extrapolated to substrate specificity for
non-histone substrates (53).

Although our findings suggest that many preexisting modifi-
cations on the H4 tail would not significantly impact acetylation
efficiency, it is not known how modifications to other histones
might affect the kinetics of nucleosome acetylation by picNuA4.
The picNuA4 and NuA4 complexes harbor a PHD finger on
Yng2 that binds H3K4me3 (53, 54). Such modifications clearly
affect HAT complex targeting and localization in vivo (55-57).
Indeed, Li et al. (58) reported that swapping the PHD finger of
native Yng2 (H3K4me3) with Rco1 (H3K36me) resulted in an
increased affinity for nucleosomal substrates and altered target-
ing of the NuA4 complex to H3K36me-enriched regions. Addi-
tional workwill be necessary to investigate howmotif recognition
by chromatin binding modules may alter the mechanisms of
acetylation for HAT complexes.
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FIGURE 6: Proposed dissociative model of nucleosome acetylation by picNuA4. The diagram describes several kinetic steps required for
recognition and processing of nucleosomal substrates by picNuA4.After bindingAcCoA, picNuA4 binds theH4 histone fold domain, while
the active site effectively scans the histone tail for lysine residues surrounded by glycine residues. Preferred sites of acetylation maintain a
minimal (n þ 2) register between lysines. Upon catalysis, picNuA4 releases both the acetylated product and CoA before the next cycle of
catalysis.
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SUPPORTING INFORMATION AVAILABLE

Additional experimental details and supplemental figures.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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