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Abstract

We have a limited understanding of the site specificity of multisubunit lysine acetyltransferase
(KAT) complexes for histone-based substrates, especially in regards to the different complexes
formed during nucleosome assembly. Histone complexes could be a major factor in determining
the acetylation specificity of KATS. In the present study, we utilized a label-free quantitative mass
spectrometry-based method to determine the site specificity of acetylation catalyzed by Piccolo
NuA4 on (H3/H4), tetramer, tetramer bound DNA (tetrasome), and nucleosome core particle
(NCP). Our results show that Piccolo NuA4 can acetylate multiple lysine residues on these three
histone complexes, of which NCP is the most favorable, (H3/H4), tetramer is the second, and
tetrasome is the least favorable substrate for Piccolo NuA4 acetylation. Although Piccolo NuA4
preferentially acetylates histone H4 (H4K12), the site specificity of the enzyme is altered with
different histone complex substrates. Our results show that before nucleosome assembly is
complete, H3K14 specificity is almost equal to that of H4K12 and DNA-histone interactions
suppress the acetylation ability of Piccolo NuA4. These data suggest that the H2A/H2B dimer
could play a critical role in the increase of acetylation specificity of Piccolo NuA4 for NCP. This
demonstrates that histone complex formation can alter the acetylation preference of Piccolo NuA4.
Such findings provide valuable insight into regulating Piccolo NuA4 specificity by modulating
chromatin dynamics, and in turn manipulating gene expression.
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INTRODUCTION

Covalent modifications on histones are believed to be one of the major mechanisms for the
regulation of compaction of chromatin in eukaryotic cells [1]. For example, it has been
observed that hyperacetylation of histone tail domains in euchromatin is linked to gene
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activation, whereas hypoacetylation is mostly found in heterochromatin and related to gene
repression [173]. Histone acetylation has been shown to mitigate the DNA-histone
interactions by charge neutralization and is associated with gene transcriptional activation,
DNA replication, and DNA damage repair [478]. To maintain homeostasis, histones can be
acetylated and deacetylated by two groups of enzymes: lysine acetyltransferases (KATS) and
lysine deacetylases (KDACS), respectively. KATs can acetylate multiple lysine residues on
histones [9711], and different acetylated sites can result in different downstream biological
results. For example, H3K56 acetylation is linked to DNA damage repair [8], while H3K14
acetylation has been associated with gene transcriptional activation [12].

Several known KATSs belonging to the MYST family are not only involved in gene
regulations but also related to major human disease progression. For example, Tip60 (Tat-
interactive protein, 60 kDa; the first discovered human MYST protein) promotes HIV
replication [13], and is also linked to metastasis and malignancy of many cancers [14716]. In
addition to Tip60, MOZ (monocytic leukemia zinc finger protein), MORF (MOZ-related
factor), and HBO1 (histone acetyltransferase bound to ORC1) have been identified as human
KATs in the MYST family, and importantly, these KATs play important roles in oncogenesis
[17:18]. Although these KATS are grouped together due to their high sequence similarities, a
wide range of regulatory functions of individual KATs has been reported, while the roles of
others still remain to be determined [11:18]. One of the possible explanations for this
difference in regulatory activity could be that individual KATSs possess unique acetylation
specificity, which could result in diverse regulatory effects.

In the present study, we focused on the acetylation specificity of Piccolo NuA4, because: 1)
The catalytic subunit, Esal (one MYST protein), and the NuA4 complex are both essential
for cell viability of Saccharomyces cerevisiae [519]. Esal is highly similar to human Tip60
and is linked to the function of DNA damage repair and cell cycle progression [19722]. Both
the catalytic subunit and HAT complex are structurally and functionally conserved from
yeast to humans [23:24]. 2) Piccolo NuA4 demonstrates the ability for H4 acetylation in /n
vitroand in vivo assays [22:25], while the NuA4 complex, composed of multiple
polypeptide subunits, is also able to catalyze histone H2A and H4 N-terminal acetylation
[22]. Piccolo NuA4, an Esal-Epll-Yng2 trimeric complex, can be purified and separated
from the larger NuA4 complex from yeast extracts [22]. The Epl1 subunit is a homolog of
the Drosophila Enhancer of Polycomb, which is a suppressor of position-effect variegation
and an enhancer of Polycomb mutations [26:27], while Yng2 is a homolog of the ING1
tumor suppressor, involved in DNA damage response, cell proliferation, and apoptosis [28™
31]. However, the functions of the subunits of the full NuA4 complex are not fully
understood.

Previous studies have shown that Esal itself can only acetylate histones associated with no
DNA, while the Piccolo NuA4 complex prefers to catalyze nucleosome [20:22]. Similarly,
different substrate preference and different acetylation specificity for the lysine residues has
been addressed in the studies between Gen5 (a catalytic subunit) and ADA or SAGA
complex (a multisubunit complex incorporating Gen5) [32735]. It has been shown that other
subunits in the KAT complex can directly and/or indirectly facilitate the recognition of
nucleosomes as a substrate, increase the efficiency of acetylation, and alter the specificity of
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a KAT [36]. Moreover, it has been reported that NuA4 may work along with other protein
complexes [23:37739]. Thus, we chose Piccolo NuA4 as a KAT to perform a comprehensive
study of its site-specific acetylation patterns. Importantly, Piccolo NuA4 has a strong
substrate preference to chromatin over free histones and is able to catalyze nontargeted
acetylation on both histone H2A and H4 [22].

Not only can the protein-protein interactions within an enzyme complex significantly change
its acetylation patterns, but also the composition of the substrate can influence acetylation
rates, resulting in different site-specific specificity and selectivity. In our previous studies,
we observed that p300, CBP, as well as the Rtt109-Vps75 complex have altered lysine
acetylation specificity for histone H3 alone compared to tetramer (H3/H4), [40:41].
Although most KATSs have broad acetylation spectra on histones, acetylation on
nonnucleosomal histones versus nucleosomes could represent different biological effects.
For example, acetylation on nascent histones is most related to histone deposition [32],
whereas nucleosomal acetylation can be linked to transcriptional activation [9]. We
hypothesized that a KAT (such as Piccolo NuA4) should demonstrate a preference for a
specific histone complex. At present we lack a comparison of site-specific kinetics for
modification of histones in the presence and absence of DNA, such as (H3/H4), tetramer,
tetrasome, and nucleosome core particle (NCP). We also lack quantitative analysis of
modification of individual histone residues. To address these deficiencies, we have
performed a series of kinetic assays, analyzed by a mass spectrometry (MS)-based method,
to determine the specificity of Piccolo NuA4 for individual lysine residues. After examining
the activity of this enzyme on tetramer, tetrasome, and nucleosome, we find that the altered
site specificity of Piccolo NuA4 is due to the additional protein-protein and/or protein-DNA
interactions. The results of this study on Piccolo NuA4 provides valuable, detailed insight
into the factors regulating KAT specificity in chromatin dynamics.

EXPERIMENTAL PROCEDURES

Reagents

All Chemicals and solvents were purchased from Sigma-Aldrich or Fisher meeting the
highest commercial grade or LC/MS grade. Ultrapure water was generated from a Millipore
Direct-Q 5 ultrapure water system.

Piccolo NuA4 preparation

Recombinant Piccolo NuA4 was coexpressed in £. coli and purified as described previously
[42:43]. Briefly, hexahistidine tagged Epl1(51-380), Yng2(1-218) and Esal(1-445) were
coexpressed using the pST44 polycistronic expression vector [44]. To validate that the
truncated Epl1 used in this study has no effects on histone acetylation, we carried out the
MS-based analysis to measure individual lysine acetylation levels from whole cell histone
extracts of wild-type, ep/1(1-380), and ep/1(1-485) yeast strains [22]. We found that when
compared to wild type, the truncated Epl1 has no significant impact on H4 tail acetylation /n
vivo (Supplemental Figure 1). The Piccolo NuA4 complex was purified from the soluble £.
colf extract using Talon metal affinity chromatography, followed by SourceQ anion-
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exchange, SourceS cation-exchange and SourcelSO hydrophobic interaction
chromatography.

DNA, (H3/H4), tetramer, tetrasome, and nucleosome preparation

Recombinant Xenopus histones H3 and H4 were purified by the Protein Purification Core at
Colorado State University. The preparation of 207 bp Widom 601 DNA and histone (H3/
H4), tetramer refolding were done using previously reported methods [45747], and the
concentrations of DNA and histone were determined by UV absorbance and calculated from
the extinction coefficients [48:49]. The assembly of tetrasome was carried out following the
published methods [50:51]. Nucleosome core particles (NCP) reconstituted from
recombinant Xenopus core histones and 147 bp Widom 601 DNA positioning sequence were
prepared as described previously [46], including anion-exchange purification.

KAT kinetic assays of Piccolo NuA4

A time course study was carried out to characterize the site-specific details of Piccolo NuA4
acetylation on two different histone complexes ((H3/H4), and NCP) beyond steady state.
The experimental conditions were 5 uM (H3/H4), or NCP, 300 uM acetyl-CoA, and 75 nM
Piccolo NuA4 in 100 mM ammonium bicarbonate and 50 mM HEPES buffer (pH 7.2) at
37°C. Steady-state (enzyme concentrations much less than substrate concentrations) assays
for (H3/H4), tetramer, tetrasome, and NCP were performed under identical buffer conditions
(100 mM ammonium bicarbonate and 50 mM HEPES buffer (pH 7.2)) at 37°C. The assays
contained 0.02 to 0.8 uM Piccolo NuA4 (varied with substrate concentration) and 0.15 — 20
UM of (H3/H4),, 0.15 — 15 pM of tetrasome, or 0.15 — 15 pM of NCP with saturating acetyl-
CoA (300 puM). Sample preparation, including reaction quench, post-reaction
propionylation, and tryptic digestion, were performed as in our previous published
procedures [52:53].

DNA titration

To investigate if the amount of DNA is critical for affecting histone acetylation, we
measured the apparent catalytic constant (Kcat(app)) Of Piccolo NuA4 by titrating different
concentrations of DNA and maintaining saturated (H3/H4), and acetyl-CoA (15 and 300
UM, respectively) under steady-state conditions (0.8 UM Piccolo NuA4). Before the assay
starts, the mixtures of (H3/H4), and different concentrations of DNA were pre-incubated in
the aformentioned experimental buffer at 37°C for 30 min. All other sample preparations
were the same as the above descriptions.

Sample analysis via UPLC-MS/MS

A Waters Acquity H-class UPLC coupled with a Thermo TSQ Quantum Access triple
quadrupole mass spectrometer was used to quantify the acetylated lysines on H3 and H4
peptides. The UPLC and MS/MS settings, solvent gradient, and detailed mass transitions
were reported in our previously published work [40:52:53] and Table 1. Retention time and
specific mass transitions were both used to identify individual acetylated and/or
propionylated peptides. The areas under individual resolved peaks were integrated using
Xcalibur software (version 2.1, Thermo). Relative quantitative analysis was used to
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determine the amount of acetylation on individual lysines [52:53], and the time course
kinetics of Piccolo NuA4-mediated acetylation for individual lysines can be plotted. We also
noted that the ionization efficiency of H4 tail peptide (K5-R17) is about 10-fold less than
that of H3 K9-R17 peptide. Thus, the samples of low concentration titrations (< 3 uM) have
to be concentrated for the detection of histone acetylation.

Data analysis

All the steady-state data were fit with Prism (version 5.0d). The initial rates of acetylation on
individual lysines were linearly regressed from the increase of acetylation as a function of
time prior to a total 10% acetylation. For individual lysines, the apparent steady-state
parameters Keat(app) and Km(app) Were determined by fitting the Michaelis-Menten equation,
where the substrate concentration is the concentration of individual histones (H3 or H4), and
the enzyme concentration is the concentration of Piccolo NuA4. Note that the concentrations
of histones (x-axis of Michaelis-Menten curves) are represented as the monomer
concentrations of individual histones; for example, the titrated histone H4 concentration is
two-fold the titrated concentration of (H3/H4), or NCP. To analyze the case of multiple,
competitive sites with comparable acetylation rates, a one-site model is suitable to determine
the specificity of each site, because the value of apparent specificity constant (Keat(app)/
Km(app)) is conserved for individual sites [52]. Selectivity is typically measured by the ratio
of Kcat(app)/Km(app) for two residues of interest; the ratio of Keat(app) is also a viable
alternative (eg. 1). This is due to the fact that the ratio of Kca(app)s for residues is equal to the
ratio of Keat(app)/Km(app)s for the residues (eq. 2). Ineq. 1, ky and Ky are the Kea and Kpy,
respectively, for a specific site out of the four sites; and K1, Ko, K3, and K4 are the K, for
site 1-4, respectively. In the system with the competitive sites, the ratio of Keat(app)(S) can be
used to determine the site preference of an enzyme (eq. 2). A two-tailed t test was applied to
analyze if the steady-state kinetic parameters from two groups were significantly different.

. kg 5 Ki1K2K3Ky
topp) TR (K KoK +K KoK+ K KK HKoKsKy)  eq 1

cat(app)

(kcat(app)for site 1) ki /Ky
ap

k for site 2 . ko /Ko eq. 2

RESULTS
Residues acetylated by Piccolo NuA4 on (H3/H4), and NCP beyond steady state

Before we could measure the specificity of Piccolo NuA4, we needed to determine which
residues can be acetylated, including those residues acetylated beyond the conditions of
steady-state. We expanded the coverage to include sites of histone H2A and H2B, because
Piccolo NuA4 is known to display modest acetylation activity on H2A [24:25:54:55]. The
detailed mass transitions for tryptic digestion of H2A and H2B are summarized in Table 1.
For this initial investigation, we incubated 75 nM Piccolo NuA4 with 5 uM (H3/H4), or

Biochem J. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kuo et al.

Page 6

NCP for 25 min with 5 different time point sampling. As previously described [52:53], these
samples were then propionylated and digested with trypsin prior to MS analysis.

Our multiplexed MS analysis is used to analyze peptides and quantitate the fraction of
acetylation on individual lysine residues. Using this MS-based technique we can quantitate
the individual lysine acetylation on core histones. Thus, these data allow us to quantitate
each of the multiple lysines, on multiple histones, acetylated by Piccolo NuA4 at different
time points (Fig. 1). Although we can measure acetylation at 29 different lysine residues, we
found only 6 lysine residues on NCP to be acetylated by Piccolo NuA4 under the time frame
of our assays.

Even under identical conditions, it is clear that (H3/H4), tetramer and NCP have different
acetylation profiles. The highest acetylation levels on individual lysines of (H3/H4), are
only about 40% (i.e., H4K8 and H4K12) after a 25-min incubation, but H4K5, H4KS8,
H4K12, and H4K16 on NCP reach almost 100% acetylation at 25 min. This implies that
different histone complexes can influence Piccolo NuA4 acetylation, and NCP is a favored
substrate compared to tetramer. Similar to past studies, we found that the H4 tail (i.e., H4KS5,
H4K8, H4K12, and H4K16) was preferentially acetylated by Piccolo NuA4, while H2AK5
and H3K14 were modestly acetylated.

Determining the specificity of Piccolo NuA4 for (H3/H4), tetramer

Studying the specificity of different KATs traditionally has been hindered by the difficulty in
quantifying acetylation on multiple histone residues simultaneously [11:56]. Although most
KATs are able to acetylate multiple lysine residues on histone proteins, this does not mean
that they lack specificity. We used multiplexed MS analysis to simultaneously quantitate the
acetylation of multiple lysines on histones. This type of multiplexed analysis provides a
major advantage over conventional labeling and/or biochemical methods (e.g., Western
blotting). For example, while the use of remote radioactive labeling or fluorescence labeling
can be utilized in high throughput techniques, the lack of site-specific quantification is a
significant drawback. On the other hand, site-specific antibody methods might show high
sensitivity on detection of lysine-specific acetylation, but also due to high specificity and
high selectivity of antibodies, the sample processing is arduous, especially for multiple
sample/site analyses from KAT kinetic studies. In addition, antibody quality and epitope
occlusion are the main concerns for antibody quantitative methods. The MS-based technique
has the advantages of being able to quantitate multiple site-specific acetylation events from
one sample injection. Moreover, the label-free and high throughput nature of this technique
can efficiently analyze our numerous samples from KAT Kinetic assays and may potentially
provide the seamless transitions from /n vitro 0 jn vivo sample analysis. Thus, utilizing this
MS-based method, our laboratory has demonstrated that Gen5, p300 and CBP have their
own site preference on histone H3 and H4, and that the acetylation specificity can be altered
by different complexes of histones [40:52]. Enzymes such as p300 and CBP, once thought to
be completely promiscuous, have been shown to act with a high level of specificity [40].
Aside from these studies, there is limited information in regards to the effect of different
histone complexes on the catalytic reactivity of particular KATS, and even fewer studies
provide quantitative information on the specificity of acetylation at individual lysines. In the
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present study, we performed steady-state kinetics using our multiplexed MS analysis to
determine the specificity of Piccolo NuA4 for its primary acetylation sites. The merits of
coupling enzyme kinetic assay and MS analysis are that we can quantify the specificity of
individual sites and easily compare the selectivity between sites as well as histone
complexes.

While our goal was to understand the impact of larger complexes, such as the nucleosome or
tetrasome, on Piccolo NuA4 acetylation, we first needed to characterize the acetylation of
(H3/H4), tetramer alone. Thus, we conducted a steady-state assay using (H3/H4), tetramer
as a substrate, under conditions of saturating acetyl-CoA. We found that under steady-state
conditions, Piccolo NuA4 acetylated 4 lysine residues (H3K14, H4K5, H4K8, and H4K12)
(Fig. 2A), while other sites were not significantly acetylated prior to a total of 10%
acetylation occurring (the upper limit for the steady-state assumption to hold true). We next
looked at the difference in specificity for each residue acetylated by Piccolo NuA4: the order
of specificity for (H3/H4), was H3K14 ~ H4K12 > H4K5 > H4K8 (Table 2; Fig. 2B).
Specificity is defined by kqqt/Km, and the difference in kea/Kp, between two residues is
referred to as selectivity, but there is another way to calculate selectivity in this assay.
Because all of the competing residues are contained on a single substrate (or substrate
complex), the Keat(app) Parameter becomes a viable alternative for calculating selectivity (eq.
2). In addition, using Kcat(app) increases the accuracy and sensitivity for the comparisons
between individual sites, as we have previously discussed [41]. We found that the site
selectivity estimated by the ratio of Kcat(app) Matched the results based on the specificity
constants of individual sites. While we were able to detect acetylation of H4K16 at long time
points using Piccolo NuA4 (Fig. 1), lack of H4K16 acetylation under steady-state conditions
(Fig. 2) indicates that H4K16 was the least favorable site of acetylation on the H4 tail, and
H4K16 acetylation may occur after either H4K5 or H4K12 acetylation. In addition, the
acetylation specificity between H3K14 and H4K12 was not significantly different, and
H3K14 and H4K12 on (H3/H4), were the most favorable sites of Piccolo NuA4 acetylation.
The specificity for H4K5 and H4K8 was ~2-fold and ~3-fold, respectively, less than the
specificity for H3K14.

Alterations of the specificity of Piccolo NuA4 for NCP

Next we wanted to examine if the NCP substrate (2 H2A/H2B, 2 H3/H4, and 147 bp Widom
601 DNA) alters the site specificity of Piccolo NuA4. Thus, we performed the same steady-
state assay as described above, but instead used NCP as the substrate. Under steady-state
conditions, we found the primary acetylation sites of Piccolo NuA4 were reduced from four
to two (for tetramer vs. nucleosome substrates). On the nucleosome, only H4K5 and H4K12
were found to be significantly acetylated prior to reaching a total of 10% acetylation (Fig.
3A), while H4K8 and H3K 14 were not significantly acetylated. In addition, based on the
kinetic parameters fit from Fig. 3A, the specificity of H4K12 was about 2-fold higher than
that of H4K5 (Table 2; Fig. 3B), and the preference of Piccolo NuA4 acetylation between
these two primary sites remained the same (H4K12 > H4K?5) as on the tetramer. Although
fewer primary sites were detected, the larger Keat(app) and the smaller K gpp) Of the residues
on NCP suggested that, compared to the secondary sites, the primary acetylation sites on
NCP are more predominant than on tetramer. However, fewer acetylated sites detected from

Biochem J. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kuo et al.

Page 8

these steady-state assays of NCP did not imply that acetylation of Piccolo NuA4 for NCP
was only limited to these two residues: beyond the initial 10% acetylation, we have
demonstrated that Piccolo NuA4 can acetylate H4K5, H4K8, H4K12, H4K16, H3K14, and
H2AKS5 on NCP (Fig. 1). Those Kinetic parameters, accompanied with the results of Fig. 1,
indicate that NCP is a preferred substrate for Piccolo NuA4 acetylation. While our
observation that acetylation is stimulated on NCP is consistent with the published reports
[22:25:42], our findings build on these results by providing a detailed, site-specific analysis
of lysine acetylation.

DNA in the absence of NCP suppresses H3/H4 acetylation by Piccolo NuA4

After demonstrating the preference of Piccolo NuA4 for NCP, we examined whether the
presence of the DNA is key to increasing in the specificity of Piccolo NuA4 for NCP. During
in vitro nucleosome assembly, the tetrasome is one of the intermediate states between the
(H3/H4), tetramer and the nucleosome. To our knowledge, there has been no acetylation
kinetic studies conducted regarding this intermediate, and therefore no acetylation
specificity has been reported on tetrasome. In the nucleus, there should be few randomly
bound histones, due to chaperone-mediated assembly and energy demands for importing free
histones. /n vitro, tetrasomes can be formed via a salt gradient similar to nucleosomes, but
mixing H3/H4 and DNA does not result in classical tetrasomes [50:51]. The two main
possibilities are that DNA could either stimulate or inhibit Piccolo NuA4 acetylation. It is
also possible that DNA-H3/H4 complex and tetrasome formation could have different effects
on Piccolo NuA4.

For these experiments, various quantities of DNA were added to (H3/H4), stock solutions
(mixed at low salt assay buffer), and the individual titrations were pre-incubated at 37°C for
30 min. Then we measured Keay(app) Under conditions of saturating (H3/H4), and acetyl-CoA
(15 and 300 uM, respectively) with variable concentrations of DNA (207 bp Widom 601
DNA) ranging from 4.5-30 uM. Intriguingly, we found that when at least 4.5 uM of DNA
was present in the solution, the acetylation rate of Piccolo NuA4 was significantly
suppressed. Additionally, as the amount of DNA was increased, the acetylation rate and the
specificity for individual sites remains approximately the same (Fig. 4). These results
indicated that DNA may not change the site preference of Piccolo NuA4 acetylation, but the
interactions between DNA and (H3/H4), could ablate acetylation catalyzed by Piccolo
NuA4. There is no significant change in acetylation detected when increasing DNA-to-
(H3/H4), ratios from 0.3 to 2, suggesting that more than one (H3/H4), can interact with
DNA when mixed at low salt. We also examined the effect of free DNA on NCP by adding
free DNA to (5 pM) NCP (1:1 DNA:NCP), and found that the primary sites catalyzed by
Piccolo NuA4 remained the same (H4K5 and H4K12). In addition, the acetylation rates for
5 uM NCP were 0.215 + 0.024 s~ of H4K5 and 0.337 + 0.049 s~1 of H4K12, which are not
significantly different from the NCP assays without free DNA (0.238 + 0.013 s1 of H4K5
and 0.350 + 0.010 s71 of H4K12 (from Fig. 3A)). These data suggest that DNA is acting to
suppress the acetylation of H3/H4 in the absence of the NCP. To determine if the DNA
dependent inhibition of H3/H4 acetylation was due to incorrect complex formation, we used
salt gradients to form tetrasomes (2:1 H3/H4 to DNA). We observed no difference between
the random histone DNA interaction and preformed tetrasome.
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To compare our specificity results, we next used tetrasome as a substrate and carried out a
steady-state assay to determine the residue specificity for Piccolo NuA4 on tetrasome.
Similar to the results of (H3/H4), tetramer, Piccolo NuA4 targeted the same four acetylated
lysine residues (H3K14, H4K5, H4K8, and H4K12) under steady-state conditions (Fig. 5A).
We found the individual site specificity of Piccolo NuA4 for tetrasome to be H3K14 =~
H4K12 > H4K5 > H4KS8, and even the differences (ratios) between those four sites were
similar to (H3/H4), tetramer (Table 2; Fig. 5B). However, compared with the kinetic
parameters from tetramer, there was a much smaller Keag(app) and comparable Kppapp) for
tetrasome, indicating that the specificity of Piccolo NuA4 is lowest on tetrasome (Fig. 6). By
directly comparing specificity constants, it is clear that NCP was the most preferential
substrate for acetylation mediated by Piccolo NuA4, with H4K12 being the most favorable
residue for acetylation on this substrate. (H3/H4), tetramer was the second most preferred
substrate, and tetrasome was the least. On both tetramer and tetrasome, H3K14 and H4K12
were the most preferred sites of Piccolo NuA4-mediated acetylation.

Truncated Piccolo NuA4 complex shares the histone acetylation specificity of the wild

type in vivo

To confirm that the truncated version of Piccolo NuA4 complex used in this study was not
influencing the specificity of acetylation, we looked at truncations of the same complex /in
vivo. These two truncated Piccolo NuA4 complexes (ep/1(1-380) and ep/1(1-485)) have
previously been shown to have activities that are comparable to wild-type [22:42]. However,
little work had been done to quantitatively measure that there was no change in histone
acetylation across multiple sites. We therefore utilized our quantitative MS-based assay to
determine whether the mutant Piccolo NuA4 had any influence on histone acetylation in
vivo. We observed no change in H4 tail acetylation between wild-type and mutants
(Supplemental Figure 1). Our data together with previously published results [22:42:57:58]
suggest that when the enhancer of polycomb A (EPcA) domain remains intact (i.e.,
Epl1(51-380)), the Piccolo NuA4 complexes possess the same histone acetylation
specificity.

DISCUSSION

We have detected that on NCP, Piccolo NuA4 can predominately acetylate four H4 lysine
residues (Lys5, Lys8, Lys12 and Lys16), and moderately acetylate H2A on one lysine
residue (Lys5) and one lysine residue on H3 (Lys14). No other acetylated residues were
detected on H4 even after these 4 lysine residues of H4 were >90% acetylated (i.e., after a
10 min incubation in the NCP assay, Fig. 1). Although it has been demonstrated that Piccolo
NuA4 can acetylate H2A, H3, and H4 on NCP, and that the acetylation stoichiometry at
reaction completion is 4:1:1 [25], the order of acetylation was thought to be random on
nucleosomal H4 [55]. Our data suggests that order may not be random: we found that while
H4K16 is acetylated by Piccolo NuA4, this appears to be a secondary site of acetylation, or
occurs only after acetylation of other sites. This suggests that the acetylation on H4K5
and/or H4K 12 is required for H4K16 acetylation; a similar result is also observed from the
acetylation of H4K8 on NCP (Fig. 1). These data indicate that Piccolo NuA4 specifically
acetylates the H4 tail domain (Lys5, Lys8, Lys12, and Lys16) on NCP. In addition to H2A,
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H3, and H4, we expanded our assay to include sites of H2B. While our assay currently only
detects one site of H2B, H2BK85, (due to the length of peptides created by tryptic digestion)
we found no significant acetylation at this site, consistent with other reports [25:55].

In order to understand the contribution of NCP on Piccolo NuA4 specificity we needed to
look at the acetylation of other histone complexes. We looked at the specificity for either
histone H3 or H4 on tetramer and tetrasome. On these two histone complexes, H4 had ~2-
fold higher specificity than H3 (Table 2). However, the specificity for individual H4 sites
was either similar to or even lower than the specificity for H3K14, which is the only site on
H3 that is significantly acetylated during the time course assay of Piccolo NuA4 (Fig. 1, 2B,
and 5B). H4 on NCP is the only primary target for Piccolo NuA4 acetylation, because no
other lysines on histone H2A, H2B, and H3 of NCP demonstrated significant acetylation
prior to a total 10% acetylation occuring. When only the individual histones are considered,
H4 is always the primary histone acetylated by Piccolo NuA4, regardless of the histone
complex. We note that when nucleosome assembly is complete, the prevalence of H3K14
acetylation by Piccolo NuA4 is suppressed. These results highlight that, without this type of
site-specific analysis, we could have a biased interpretation of histone preference while also
losing the detailed examination of individual lysines.

Comparing site-specific MS-based data to radioactive filter-binding assays or coupled assays
(e.g., pyruvate dehydrogenase convention of NAD to NADH) [25:59] is not possible, as they
only interpret the kinetics regarding the total acetylation amount. However, either radioactive
filter-binding assays or coupled assays do provide some perspectives on the specificity of the
Piccolo NuA4 complex. For example, Berndsen et al. have reported that Piccolo NuA4 has
3-35 fold higher specificity for free histone H4 compared to the other free histones (H2A,
H2B, and H3), and the specificity for NCP is almost 20-fold higher than for free histone H4
[25]. In the present study, we investigate not only the Piccolo NuA4 selectivity between sites
or individual histones within three specific histone complexes, but also the Piccolo NuA4
specificity for histones during the stages of nucleosome assembly. In order to model the
specificity alterations for lysine acetylation during the nucleosome assembly in the nucleus,
we chose the starting material of (H3/H4), tetramer instead of free histones. In addition, we
considered NCP and the intermediate substrate, tetrasome or (H3/H4), bound DNA, which
lies between free (H3/H4), tetramer and NCP. Then, we conducted site-specific kinetic
analysis of Piccolo NuA4 for primary acetylation sites and demonstrated that, regardless of
the histone complex, H4K12 is the preferential site of Piccolo NuA4. We do, however, note
that on both tetramer and tetrasome, H3K14 and H4K12 had high specificities, and ratio
differences (selectivity) between the four-lysine residues (H3K14, H4K5, H4K8, and
H4K12) remained about the same from the tetramer to tetrasome state (Fig. 2B and 5B).
Thus, it suggests that from the stage of tetramer to tetrasome, DNA wrapping causes the
suppression of acetylation but has no significant alteration on selectivity between primary
sites.

In NCP, specificity for H4K12 remained higher than any other site. H4K5ac specificity was
about half of H4K12, no matter what the histone complex is. However, the preference of
H3K14 and H4K8 acetylation by Piccolo NuA4 seems to be lost due to the completion of
nucleosome assembly (from tetrasome to NCP). By comparing the highest specificity
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constants of individual sites measured from these three histone complexes, we demonstrate
the order of preference: NCP > (H3/H4), tetramer > tetrasome (Table 2 and Fig. 6).
Furthermore, the value of specificity for NCP increases ~6-fold from the tetrameric
complex, and tetramer is ~6-fold higher than tetrasome. Therefore, the composition of the
histone complex is a key factor in altering Piccolo NuA4 acetylation specificity. Although
contacts on histone-fold domain of H4 are crucial to more efficient histone acetylation by
Piccolo NuA4 on NCP [25], it has also been observed that the Epl1 EPcA domain can cross-
link to the N-terminal tail of histone H2A [36:58]. Remarkably, we did not observe
progressively increasing acetylation specificity with the progress of nucleosome assembly.
Because tetrasome shows a decrease in specificity from tetramer, and DNA interactions in
the absence of NCP result in suppression of H3/H4 acetylation, this suggests: 1) that
H2A/H2B plays an important role in facilitating Piccolo NuA4 recognition of H4 on NCP,
and 2) DNA-histone interactions are not a factor contributing to more NCP recognition by
Piccolo NuA4.

The increase in Piccolo NuA4 specificity for the NCP as compared to free H3/H4 is different
than other KATSs that have been studied [33+60]. The study of the former observation claims
that histone-histone complex and/or DNA-histone complex causes more structural
complexity and thus should be more sterically hindering to interactions with KATSs; for
example, Rtt109 [60]. Conversely, Piccolo NuA4 can more efficiently acetylate histones in
the nucleosome complex, because, in fact, Esal on Piccolo NuA4 can recognize the histones
folded in the nucleosome and overcome the steric hindrance [25], and Epl1 and Yng2 also
play critical roles in assisting nucleosome acetylation [42]. Similarly, the human counterpart
of the KAT complex, the Tip60 complex, can acetylate either free or nucleosomeal histones,
while Tip60, its catalytic subunit, is only able to acetylate free histones [11:24]. Thus, steric
hindrance of histone-histone complexes or DNA-histone complexes cannot be universally
applied to explain how a histone complex alters the KAT residue specificity. And histone
assembly could be key to understanding changes in KAT specificity (e.g., the role of
H2A/H2B dimer in Piccolo NuA4 acetylation for NCP). Additionally, lysine residues
(H4K5, H4K8, H4K12, H4K16, H3K14, and H2AKS5) acetylated by Piccolo NuA4 are all
involved in gene transcriptional activation [12:54:61765]. Together, these suggest that
Piccolo NuA4, acting as a KAT in the nuclei, is well link to transcriptional activation instead
of nascent histone deposition (i.e., Rtt109 in cytoplasm). Thus, we propose that due to
various functions of KATs, each KAT and/or its subunit is able to select its targeted substrate
via its preference for specific histone complexes.

In summary, based on the steady-state assays, we can create a detailed picture of site-
specific Piccolo NuA4-mediated acetylation on histones. These data provide viable
information on site-specific acetylation, and the specificity for primary acetylation sites.
These data also provide detailed information regarding how nucleosome assembly plays a
role in Piccolo NuA4-mediated acetylation. Such knowledge could be valuable for
modulating Piccolo NuA4 activity during changes in chromatin dynamics, and as a tool for
further regulating gene expression.
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Figure 1.
Site-specific time course Kinetics of Piccolo NuA4 acetylation for (A) tetramer (H3/H4),

and (B) NCP. 75 nM Piccolo NuA4, 300 uM acetyl-CoA, and either 5 uM tetramer (H3/H4),
or 5 UM NCP were supplied in 100 mM ammonium bicarbonate and 50 mM HEPES buffer
at 37°C and pH 7.2. The error bar indicates the standard error of three sets of assays.
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Figure 2.
Specificity comparison between lysine residues in (H3/H4),. (A) Determination of steady-

state parameters for individual lysines (H3K14, H4K5, H4K8, and H4K12) of (H3/H4),
acetylation catalyzed by Piccolo NuA4 in the presence of saturating acetyl-CoA. The error
bar represents the standard error of v/E. The apparent Kinetic parameters are summarized in

Table 2. (B) The fold difference in specificity is determined by the ratio of Kcat(app), and each

site is normalized to the highest Kcat(app) of H3K14. ** p< 0.01 when compared to H3K14.
The specificity for H3K14 and H4K12 are not significantly different. The error bar
represents the standard error of specificity measurements.
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Figure 3.
Specificity comparison between lysine residues in NCP. (A) Determination of steady-state

parameters for individual lysines (H4K5 and H4K12) of NCP acetylation catalyzed by
Piccolo NuA4 in the presence of saturating acetyl-CoA. The error bar represents the
standard error of v/E. The apparent kinetic parameters are summarized in Table 2. (B) The
fold difference in specificity is determined by the ratio of Keat(app), and each site is
normalized to the highest Keat(app) 0Of H4K12. ** p < 0.01 when compared to H4K12. The
error bar represents the standard error of specificity measurements.
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Figure 4.
Reduction of histone acetylation by Piccolo NuA4 by adding DNA in the presence of

saturating acetyl-CoA and (H3/H4),. The error bar represents the standard error of Keat(app)-
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Figure 5.
Specificity comparison between lysine residues in tetrasome. (A) Determination of steady-

state parameters for individual lysines (H3K14, H4K5, H4K8, and H4K12) of tetrasome
acetylation catalyzed by Piccolo NuA4 in the presence of saturating acetyl-CoA. The error
bar represents the standard error of v/E. The apparent Kinetic parameters are summarized in
Table 2. (B) The fold difference in specificity is determined by the ratio of Kcat(app), and each
site is normalized to the highest Kcat(app) 0f H4K12. * p< 0.05, and ** p< 0.01 when
compared to H4K12. The specificity for H3K14 and H4K12 has no significant differences in
tetrasome. The error bar represents the standard error of specificity measurements.
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Figure 6.
Comparison of specificity of Piccolo NuA4 among different histone complexes. By

comparing the highest specificity constant from the individual site of different histone
complexes, NCP is the most preferential substrate and tetrasome is the least. * p < 0.05, and

** p<0.01. The error bar represents the standard error of specificity constant.
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MS detection parameters of tryptic peptides from histone H2A and H2B.

Table 1

Modification  Peptide sequence  Precursor ion  Productions Collision energy
on lysines? (m/z) (m/z) (eV)
H2A Kbac- 4GK,QGGK, TR  458.254 503.294, 17
K9ac 560.315,
688.374
H2A Kbac- 4GK,QGGK,TR!!  465.262 517.309, 17
K9un 574.331,
702.389
H2A K5un- 4GK,QGGK,TR!  465.264 503.294, 17
K9ac 560.315,
688.374
H2A K5un- 4GK,QGGK, TRl  472.270 517.309, 17
K9un 574.331,
702.389
H2A K13ac-  12AK,AK,TRY 379.730 446.272, 15
K15ac 517.309
H2A K13ac-  12ZAK,AK,TRY 386.737 460.288, 15
K15un 531.325
H2A K13un-  22AK,AK,TRY 386.739 446.272, 15
K15ac 517.309
H2A K13un-  2AK AK,TRY 393.745 460.288, 15
K15un 531.325
H2A K36ac 36K ,GNYAER*? 440.220 538.262, 16
652.305,
709.326
H2A K36un ¥K,GNYAER* 447.227 538.262, 16
652.305,
709.326
H2A K74ac-  72DNKK,TR"’ 423.227 446.272, 16
K75ac 616.378,
730.421
H2A K74ac-  "2DNK,K,TR"? 430.235 460.288, 16
K75un 630.393,
744.436
H2A K74un-  72DNKK,TR"? 430.237 446.272, 16
K75ac 630.393,
744.436
H2A K74un-  2DNK K, TR 437.243 460.288, 16
K75un 644.409,
758.452
H2B K85ac 80 AHYNK,R86 472.259 322.187, 17
622.331,
759.390
H2B K85un SOLAHYNK R 479.267 322.187, 17
636.346,
773.405

a ’ . . - .
Acetylation and no acetylation on lysine are indicated as ac and un, respectively.
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Table 2

Kinetic parameters from titration of different histone complexes (mean + standard error).

Substrate Residue Keat(app) Kin(app) Keat/ Km
Titrated  Acetylated  (x 1072571 (UM) (x 102uM-1s7Y)
H3/H4 H3K14 179+14 3612 49+16
H3/H4 H4K5 101+10 46+18 22+0.9
H3/H4 H4K8 54+09 51+31 11+07
H3/H4 H4K12 127+11 32+12 39+15
NCP H4K5 29.1+23 14+06 20.3+7.8
NCP H4K12 496+41 1807 27.0+103

Tetrasome H3K14 093+0.04 11+0.3 0.85+0.21
Tetrasome H4K5 056+0.06 16+0.9 0.35+0.21
Tetrasome H4K8 0.34+0.03 1307 0.27 £0.15
Tetrasome H4K12 1.06+0.11 15+08 0.72+0.42
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