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Initial characterization
of histone H3 serine 10 O-acetylation
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In eukaryotic organisms, histone posttranslational modifications (PTMs) are indispensable for their role in maintaining
cellular physiology, often through their mediation of chromatin-related processes such as transcription. Targeted
investigations of this ever expanding network of chemical moieties continue to reveal genetic, biochemical, and
cellular nuances of this complex landscape. In this study, we present our findings on a novel class of histone PTMs:
Serine, Threonine, and Tyrosine O-acetylation. We have combined highly sensitive nano-LC-MS/MS experiments and
immunodetection assays to identify and validate these unique marks found only on histone H3. Mass spectrometry
experiments have determined that several of these O-acetylation marks are conserved in many species, ranging from
yeast to human. Additionally, our investigations reveal that histone H3 serine 10 acetylation (H3S10ac) is potentially
linked to cell cycle progression and cellular pluripotency. Here, we provide a glimpse into the functional implications of
this H3-specific histone mark, which may be of high value for further studies of chromatin.

Introduction

Histone posttranslational modifications (PTMs) play an invalu-
able role in the maintenance of cellular integrity. Transcription,
cellular differentiation, DNA replication and repair, and even
tumorigenesis have been shown to be integrally co-dependent
on the “epigenetic” signatures at various cellular stages.! The
“histone code” hypothesis, as proposed by Allis and colleagues,
suggests that histone modifications act either sequentially or in
combination to affect downstream biological processes through
a complex network of “writer” and “eraser” enzymes and “reader”
interacting proteins.? Several unique studies have added credence
to this concept in eukaryotic model systems, but have simultane-
ously reiterated the necessity of understanding the contribution
of individual marks in the epigenetic landscape.*® For instance,
in a study in budding yeasts, H4 tail lysines (K5, K8, K12, and
K16) were each mutated to arginines to mimic all possible combi-
nations of H4 tail lysine acetylation. The gene expression profiles
of these strains suggested that for ~1200 genes, K5ac, K8ac, and
K12ac caused “non-specific, cumulative effects seen as increased

*Correspondence to: Benjamin A Garcia; Email: bgarci@mail.med.upenn.edu
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transcription,” but also showed that H4Kl16ac independently
acts as a regulator of the transcriptional profiles of select genes
in these cells.” In vitro investigations by Shogren-Knaak revealed
that H4K16ac single-handedly imposes architectural constraints
on chromatin structure, which in turn limits accessibility of tran-
scriptional activators to underlying genes.® In this vein, we have
focused our studies on evaluating the potential role of individual
H3S10ac in pluripotency and cell cycle regulation.

In the past decade, advancements in mass spectrometry-based
proteomic methods have led to the discovery of a myriad of new
and critical histone and non-histone PTMs.” Among others,
new sites of acetylation, methylation, O-GlcNAcylation, croto-
nylation, propionylation, arginine citrullination, butyrylation,
proline isomerization, malonylation, succinylation, formylation,
and ADP-ribosylation have been detected and studied in a wide
range of species and biological processes.'’'® Serine acetylation
was first reported as a chemical antagonist to phosphorylation-
mediated signaling pathways in eukaryotic cells, catalyzed by
the Yersinia bacterial virulence factor, Yop/.” Yop/ specifically
acetylates a serine residue that is otherwise an acceptor site for
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(Right) Structure of an acetylated serine residue.

Figure 1. Sequencing of H3S10ac peptide. (Left) MS/MS spectrum of the [M+2H]** ion at 556.309 m/z, which was generated from the CAD fragmenta-
tion of the p'KprS(OAc)TGGKprAPR precursor peptide. Expected mono-isotopic b- (top row) and y-type (bottom row) ion fragment masses are observed.
The observed accurate mass, [M+2H]**(exp), corresponded precisely to the calculated accurate mass, [M+2H]**(cal) of 556.309 m/z (0 ppm error). “OAc”
refers to the acetyl modification on the S10 residue and “pr” refers to the propionyl amide group from chemical derivatization of histone proteins.

a phosphoryl group by an upstream mitogen-activated protein
kinase (MAPK) in human embryonic kidney (HEK) 293 cells.
More recently, two proteomics-based studies have also detected
this type of O-acetylation modification on non-histone proteins
in higher eukaryotes.'"®" In our mass spectrometric analyses, we
reveal several new low-level O-acetylation modifications on his-
tone H3, including H3S10ac, none of which have been described
elsewhere in the literature. The H3S10 residue has previously
been the subject of intense investigation. In its phosphorylated
state (H3S10phos), it facilitates chromosomal condensation and
segregation during metaphase?®* and also sterically hinders het-
erochromatin protein 1 from binding the adjacent H3K9me3
during mitosis.”* Based on these findings, we hypothesize that
H3S10ac could function as a phospho-antagonist to H3S10phos
in similar fashion to the Yop] catalyzed serine O-acetyl blockage
of MAP kinase phospho-sites. Here, we describe our initial work
characterizing this highly conserved class of histone PTMs and
their potential biological roles within the epigenetic landscape of
chromatin.

Results

Initial identification of O-acetylation on histone H3. Using the
PILOT_PTM algorithm,” we mined existing HeLa and mouse
embryonic stem cell MS/MS data sets generated in our lab, and
manually validated any potentially interesting and novel hits.
Our screens revealed previously unidentified sites of known types
of PTMs such as lysine acetylation and crotonylation (data not
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shown) but, more significantly, novel categories of histone PTMs
such as serine and threonine O-acetylation on histone H3. We
initially identified an O-acetylated histone H3 peptide from
mouse embryonic stem cells. This peptide species corresponded
to the H3 9-17 propionylated tryptic fragment containing an
O-acetyl group on Serine 10 (H3S10ac). Shown in Figure 1 is
the MS/MS spectrum of the [M+2H]?** peptide ion at 556.309
m/z with the sequence PerrS (OAC)TGGKPIAPR, where “pr” on
the peptide represents the propionyl amide group from our chem-
ical derivatization procedure of histone proteins. We obtained
adequate sequence coverage for this H3 peptide with reproduc-
ible retention times through all our runs and consistent detec-
tion of the b, ion at 241.2 m/z and the b, ion at 370.4, which
complimented the y, and y, ions at 742.5 m/z and 871.4 m/z,
respectively, and are indicative of an acetyl group (+ 42 Da) on
the S10 residue.

Histone O-acetylation is conserved across many eukary-
otic species. H3S10ac was first discovered in mouse embry-
onic stem cell samples, and initially went undetected in several
human samples tested (HeLa, Human Embryonic Kidney [HEK
293] and Human Foreskin Fibroblast [HFF]) when analyzed
by the PILOT-PTM program. To account for the low levels of
O-acetylated peptides, we performed hypothesis-driven nano-
LC-MS/MS, rtargeting Serine O-acetylated precursor pep-
tides, based on theoretical m/z values calculated for the various
eukaryotic histone sequences, listed in Table 1. Serine acetyla-
tion requires the formation of an esteric bond from the hydroxyl
group on its side chain. We therefore also hypothesized that
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Table 1. Novel sites of histone O-acetylation

O-Acetyl Peptide Sequence [M+2H]2+ [M+2H]2+
Modificaton m/z m/z
(Calculated)

(Observed)
H3T3ac prTKprQT(Oac)AR 429.738 429.746
H3S10ac K, S(0a)TGGK APR 556.309 556.306
H3S22ac o KprQLAS(OAc)KprAAR 591.842 591.845
H3T22ac o KprQLAT(OAc)KprAAR 598.850 598.854
H3S28ac/ prKprSAPS(Oac) 858.474 858.475
S31ac TGGVKerprPHR
prKp,S(Oac)
APSTGGVK K PHR
H3Y54ac o Kp’YQKp'STDLLIR 787.943 787.943

Species Cell Type Relative PTM
Abundance
(%)
Mouse Mouse Embryonic <0.5
Stem Cells (mESCs)
Saccharomyces cerevisiae N/A 0.5
Mouse Mouse Embryonic 1
Stem Cells (mESCs),
Induced Pluripotent
Stem Cells (iPSCs)
Human «Hela 0.5
(Sodium butyrate- <0.5
treated)
« Human Embryonic
Kidney (293 cells)
Saccharomyces cerevisiae N/A <1
Drosophila melanogaster Schneider 2 (S2) cells 1
Saccharomyces cerevisiae N/A <1 total
(S28ac, 42%)
(S31ac, 58%)
Tetrahymena N/A <0.5

O-acetyl conservation across eukaryotic model organisms. Histones from several eukaryotic systems were isolated by standard acid extraction, trypsin-
ized, and analyzed by hypothesis-driven tandem MS to uncover novel acetylated residues. In these heterogeneous cell populations, O-acetyl modifica-

tions are typically <1%.

threonine and tyrosine residues, also with ~OH containing side
chains, held the potential for this novel O-acetylation. After
several rounds of targeted nano-LC-MS/MS experiments, we
identified a combined total of six serine, threonine, and tyrosine
O-acetylations on the N-terminal domain of histone H3, several
highly conserved across prominent model eukaryotic organisms
(Table 1; Fig. S1). Most significantly, in analyzing histone sam-
ples from Saccharomyces cerevisiae, we observed a distinct conser-
vation of O-acetylation at amino acid position 22. In yeast and
tetrahymena, the H3 amino acid sequence contains a serine (S)
at position 22, while a threonine (T) is found at position 22 in
human and Drosophila melanogaster. (Fig. 2; Table 1). Similar to
the 9-17 peptide, we invariably obtain >90% sequence coverage
for this 18-26 fragment, [M+2H]?* = 591.845 m/z and 598.854
m/z for yeast and Drosophila, respectively. The b, ions, 682.2 m/z
(yeast) and 696.7 m/z (Drosophila), and y, ions, 630.4 m/z (yeast)
and 644.3 m/z (Drosophila) denote acetyl marks on the S and
T at position 22, respectively. Yeast MS/MS data also revealed
a mixture of H3S28ac and H3S31ac, with the H3S31ac being
slightly more abundant than the H3528ac mark (Table 1), based
on the fragment jon relative ratio seen in the tandem mass spectra
(Fig. S2).

To further characterize this new class of modification, we
quantified their abundances relative to other commonly analyzed
histone PTMs. Most of these marks were of very low abundance
(1% or less) for any of the organisms interrogated (Table 1),
which are dwarfed percentages in relation to most other well-
known acetylation sites on histone H3 or H4 (Table 2). The
highest levels of histone H3 O-acetylation (H3S10, H3T22,

www.landesbioscience.com

and H3S828) are consistently found in mESCs and drosophila
S2 cells; both cell types of embryonic origin. In agreement with
this observation, higher levels of global H4 lysine acetylation and
some H3 acetyl sites are also typical in pluripotent cells that have
more “structurally open” genomes. During these quantification
analyses, we took extra care to avoid some common issues that
can emerge while analyzing any type of low level modification,
as previous work has shown in vitro artifacts to be problem-
atic when focusing on potential protein modifications.*** For
instance, Figure 3 (left panel) shows an MS layout of the peptide
peaks used for quantification of H3S10ac. Each peak represents
either the unmodified or differentially modified forms of the H3
9-17 peptide fragment (KSTGGKAPR), corresponding to their
[M+2H]* m/z values. As annotated, several residues on this pep-
tide, namely K9 and K14, are host to a myriad of modifications.
One peak, when sequenced was shown to be an H3S10ac “false
positive” peptide (closer to 46 min), which shared an identical
[M+2H]* value of 556.309 m/z and eluted within 45 s of the
actual H3S10ac peptide (near 45 min). Here, the more prominent
peak at 556.309 m/z corresponds to H3S10prK14ac, as high-
lighted by the MS/MS peptide sequence (Fig. 3, right panel). At
this point, we are not sure if this Serine O-propionylated peptide
is an endogenous modification or an in vitro artifact resulting
from the chemical derivatization procedure. To further validate
H3S10ac, we compared the MS/MS spectrum of a synthetic H3
O-acetyl peptide with that of the in vivo derived peptide from
Figure 1. Both H3 peptides, prKPIS(OAC)TGGK APR, had simi-
lar retention times (data not shown) and exhibited near identical
parent masses and CAD MS/MS spectra (Fig. 4).
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Figure 2. Yeast S22ac and Drosophila T22ac. The top panel shows the MS/MS spectrum of the [M+2H]**
precursor ion at 591.845 m/z, the 18-26 peptide (erp’QLAS[OAc]Kp'AAR) of histone H3 of S. cerevisiae.
Conversely, the bottom panel shows the MS/MS spectrum of the complementary 18-26 precursor
peptide, extracted from Drosophila S2 cell histone samples. Both spectra show that the residue at posi-
tion 22 is acetylated in a manner that is independent of the residue; serine in yeast and threonine in

were not recognized indicating that
the antibody specifically recognized
an O-acetyl bond. To ensure that the
antibody did not recognize any other
Serine O-linked bond, we tested

As H3S10ac levels were slightly different in the different cell
types, we sought to test the hypothesis that H3S10ac levels can
be modulated by the activity of histone deacetylases (HDAC:s).
For this, we treated cells with sodium butyrate, a pan-inhibitor
for class I and class Il HDACs. As mentioned earlier, in untreated
HeLa cells, the levels of H3S10ac were either outside the range of
our detection method, or absent. However, in the presence of 8
mM sodium butyrate, the levels of H3S10ac rose to a detectable
level around 0.5% (Table 1). As other histone H3 and H4 acety-
lation sites increase 5-10 fold in abundance following HDAC
inhibition (data not shown), we estimate that the global level of
H3S10ac in asynchronous somatic human cells to be extremely
low (<0.05%). Most other O-acetylation sites were also found at
very low abundances (1% or less), regardless of the site of modifi-
cation or organism from which it originated (Table 1). However,
it should again be noted that the cell types where H3S10ac was
most easily observable were in mouse embryonic stem cells, and
Drosophila S2 cells, which are derived from fly embryos. This
observation of enhanced H3S10ac in cells of embryonic origin

1104

Epigenetics

a-H3S10ac against an H3S10phos
peptide; the antibody did not bind.
Furthermore, the H3S10ac signal can be efficiently “competed
away” by pre-incubation of the antibody with a synthetic H3S10-
acetylated peptide, but not by unmodified peptides or peptides
acetylated at different residues (Fig. 5B and data not shown).
These immunoassay experiments demonstrate that our MS/MS
detection of H3S10ac is a genuinely new in vivo modification on
histone H3, and also now shows that we have generated a potent
immune-reagent that can be used in further genomic, imag-
ing or biological experiments. Toward that end, we performed
immunofluorescence microscopy experiments using the anti-
body on a few selected cell types (Fig. 6). Immunofluorescence
staining on pre-extracted U20S, HeLa, and ESCs shows that
the histone H3 serine 10 acetylation is in a diffuse and slightly
punctate pattern throughout the nucleus, which is defined by
DAPI staining. In agreement with our quantitative proteomics
data, we find that this mark is low level and difficult to detect
in non-pluripotent cell types such as U20S and HeLa (Fig. 6A
and B), while the highest levels of this modification are observed
in mESCs (Fig. 6C).
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Table 2. Global H3 and H4 lysine acetylation

Global histone acetylation

Relative abundances (%)

Drosophila Mouse Human
Lysine acetylation Peptide sequence S. cerevisiae — e J— P —— —

H3 (9-17)

H3K9ac and K14ac KSTGGKAPR 10 34 33 39 34 47 39

H3K18ac and K23ac KQLATKAAR 4 56 9 34 40 38 33
H4 (4-17)

H4ac1 25 19 31 31 27 37 29

H4ac2 GKGGKGLGKGGAKR 1 6 5 13 9 13 6

H4ac3 <1 3 1 4 2 3 2

H4ac4 <1 2 <1 1 <1 <1 <1

Global H3 and H4 lysine acetylation. The relative abundances of H3 and H4 acetylation levels at various lysine residues were calculated for samples in
which novel O-acetylation modifications were found. The abundance of each modified peptide was determined by manual chromatographic peak
integration of full MS scans using Qual Browser software (ThermoFisher Scientific, Inc.).

H3S10ac abundance levels linked to cellular pluripotency.
Significant increases in global histone acetylation in early
embryonic stem cells have been previously reported, and HDAC
inhibitors have also been shown to be effective in enhancing
the yield of induced pluripotent stem cells (iPSCs) generated
from somatic cell precursors.’® For these reasons, we measured
the abundance levels of H3S10ac during a time-course produc-
tion of iPSCs. Using of the Takahashi and Yamanaka model, we
reprogrammed mouse embryonic fibroblasts (MEFs) to iPSCs by
overexpressing the four “Yamanaka transcription factors,” Oct
4, Klf4, Sox2, and c-Myc over the course of 21 d. We extracted
histone samples at various time points and quantified the relative
abundance of H3S10ac from somatic MEF cells, and iPSCs, by
nano-LC-MS. Our data shows that H3S10ac was 10-fold higher
in fully reprogrammed iPSCs (21 d) compared with the starting
MEEF histones (Fig. 7, P < 0.00003). There is also an increase
in total K9ac and Kl14ac for the peptide but with smaller fold
changes (Fig. S2). The levels of H3S10ac are also increased in
the iPCSs within 12 d, but not to a significant level compared
with the MEFs; however, the trend in the rise of the mark is
apparent. These experiments show that H3S10ac also appears to
be enriched in pluripotent iPSCs, similar to our earlier findings
in mouse ESCs. This suggests that this mark may play a role in
the maintenance of the pluripotent state possibly before cellular
differentiation, although this idea remains to be tested in future
studies.

Potential cell cycle regulation of H3S10ac. Histone
H3S10phos plays a major role during mitosis, as it is highly
enriched in this particular cell cycle phase and is needed for
proper condensation and segregation of chromosomes. To test
the possibility that H3S10ac may be cell cycle regulated and
under-enriched in mitosis at the onset of H3S10phos, we per-
formed an analysis of H3S10ac from synchronized HeLa cells
using a thymidine-nocodazole block (blocks at M phase) and
release. In synchronized Hela S3 suspension cells, we observed
that during S phase, H3S10ac was >10-fold higher compared to
cells in G1, and at least 2-3-fold higher relative to G2/M and
M phase cells (Fig. 8). Comparatively, for the same samples,

www.landesbioscience.com

total levels of H3K9ac and H3K14ac do not change significantly
(Fig. $3).This initial result hints at a role for H3S10ac during
DNA replication, which is not entirely surprising as S phase con-
trasts M phase, mostly in regards to chromosome segregation
and drastic changes in the levels of H3S10phos. Alternatively,
H3S10ac might be implicated as a co-translational PTM, in sim-
ilar fashion to N-terminal acetylation of histone H4, which is
then regulated as histones progress through the cell cycle.

Discussion

Non-histone serine and threonine O-acetylation has been
reported to be present on a handful of yeast kinases that are
important in pathways controlling cell shape and division.”
Additionally, a very recent study has also reported the detection
of a few O-acetylation sites on histones from mouse brain tissues,
mostly on histone H1, H2A, and H2B.?” Our investigations into
the role of H3 O-acetylation began with a bioinformatics screen
of histone MS/MS data generated from HeLa cells and mouse
pluripotent cells. From our interrogations of histones extracted
from several model organisms, we found that the initial sites dis-
covered were only a fraction of the multiple O-acetylation sites
on H3, found in both lower eukaryotes such as yeasts and zez-
rahymena, and metazoans, such as mice and humans. The high
conservation of most of these O-acetyl marks across the different
organisms (Fig. S1) signifies a potential evolutionary selection
for this PTM. This also suggests that the enzymes that regulate
this mark, HATs or HDACs may also be conserved across diver-
gent organisms. In support, we found that treatment of Hela
cells with the class I and II HDAC inhibitor, sodium butyrate
increases the levels of H3S10ac. However, we cannot rule out that
this mark might be added to histones in a non-enzymatic process,
as has been shown through investigations of different marks on
proteins including histones.?®?° Interestingly, in yeast we found
a co-occurrence of H3S28ac and nearby H3S31ac. This S31 resi-
due is found only on the H3 variant H3.3 in mammalian cells
(which is the only sequence found in yeast), and could provide
an H3 variant specific PTM, which is quite rare. H3.3S31ac was
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the peak areas corresponding to all observed modified forms.

Figure 3. Extracted ion chromatogram for peptide quantification. The left panel shows extracted ion chromatograms for various modified peptides
([IM+2H1?** ions) spanning the H3 9-17 residues, KSTGGKAPR, after chemical derivatization by propionylation. Labels indicate the particular modified
form eluted in that peak, as determined after inspection of the corresponding MS/MS spectra. Occasionally, non-target peptide peaks with identi-
cal precursor masses will elute slightly after the S10ac peptide. For example, the right panel shows a detailed MS/MS analysis of a prominent peptide
peak (H3S10prK14ac) with an identical [M+2H]** value of 556.309 m/z, which eluted within 45 s of the targeted H3S10ac peptide. The S10pr and S10ac
peptide species contain the same modifications in different sequences (S10pr - pYKprSprTGGKacAPR, S10ac -
same m/z values and elute at almost identical times. For quantification, the relative abundance of each peak, expressed as percentages, is calculated
by measuring the area under the XIC peak corresponding to each specifically modified form and expressing that value as a fraction of the total sum of

K, SIOACITGGK, APR) and therefore the

not detected in any mammalian sample due to this variant being
found in much lower levels compared with the other H3 variants,
but this does not rule out that the mark could exist at levels below
our MS detection limit. The low abundance of serine, threonine,
and tyrosine acetylation (<1%) may indicate that these marks are
found on very discrete locations within the genome, similar to
other modifications such as H3K4me3, found only at promoter
regions,® or that they are tightly regulated to coincide with very
specific biological conditions or temporal events. Due to the low
level abundance, one hypothesis is that H3S10ac may serve as an
activating marker to a distinct population of genes; a possibility
that we are currently pursuing by first performing Chip-Seq to
identify candidate genes.

Previous studies have shown that similar PTM novelties,
such as Serine O-methylation are artifacts caused by a gas phase
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rearrangement reaction.’? Specially, Zhang et al. found that a gas
phase transfer of a methyl group from histone H3 K27 to $28 on
mostly singly charged ions created a false positive identification
of the Ser O-methylation. This methyl migration during the MS/
MS fragmentation of +1 charged methylated histone peptides had
also been previously noted to be a problematic issue for MALDI
+1 generated ions, as opposed to ESI multiply charged ion MS/
MS spectra.”” In general, we never perform fragmentation on
singly charged peptide ions, as they tend to not give sufficient
fragmentation for peptide sequence analysis and are therefore
confident that we have eliminated any potential false positives
from our designations. It has also been shown that lysine, argi-
nine, histidine, and glutamic acid residues can become artificially
methylated as a result of staining and/or fixing SDS-PAGE gels
with methanol.* Focusing on H3S10ac, we used two orthogonal
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Taking advantage of cell synchroni-
zation experiments in Hela suspen- Figure 4. Detection and validation of H3510ac. A comparison of the MS/MS spectra of the [M+2H]?* ion
sion cells, we found that H3S10ac at 556.309_, prKprS(OAc)TGGKp’APR for the in vivo-derived (top panel) and synthetic (bottom panel) H3
was enriched in S phase compared 9-17 peptides.

with other synchronized phases. One

hypothesis to explain the requirement for this particular acetyla-
tion would be that O-acetylation bars kinase activity from the
H3S10 residue, which is needed for proper chromosomal con-
densation and segregation.’ This “blocking” mechanism has
been previously reported for conserved serine and threonine
residues on MAP kinase, and TAKI proteins, by the catalytic
activity of Yersinia pestis Yop] virulence factor, which acts as a
serine/threonine acetyl-transferase'”* Several key studies have
similarly shown a distinct correlation between heterochromatin

4344 cells

silencing through histone PTMs and replication timing;
treated with Trichostatin A, a broad-spectrum histone deacety-
lase (HDAC) inhibitor, accelerates the timing of replication of
hypo-acetylated heterochromatin.” Additionally, deletion of the
S. cerevisiane HDAC, Rpd3 accelerates origin firing initiation at
early and late origins and molecular manipulations of the Gen5
histone acetyl-transferase (HAT) induces premature late origin
firing.“® Our observation that the H3S10ac levels are heightened
at S phase warrants studies into the role of this mark in DNA
synthesis, histone deposition, and/or origins of replication.
Many H3 and H4 acetylation sites do not increase during
reprogramming from somatic cells (MEFs) to pluripotent cells

www.landesbioscience.com
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(ESCs and iPSCs) as seen in Table 2, so there might be reason to
expect a functional link between H3S10ac and embryonic type
cells or in development, as opposed to an overall non-specific
change in acetylation. We are currently probing the relationship
between H3S10ac and the “bivalent domain”-associated marks
of H3K4me3 and H3K27me3.¢ It would be interesting to deter-
mine if H3S10ac could be found on the same histone tail as the
two bivalent domains, although this requires the use of advanced
Middle Down proteomics?’ following ChIP enrichment using
our H3S10ac antibody. Although our data presents most of the
O-acetyl marks independently of short-range interactions with
other modified lysine residues on the same peptide, it is possi-
ble for H3S10ac to be present on the same nucleosome as other
known PTMs, but not the same histone molecule, as demon-
strated in recent work that shows the existence of asymmetrically
modified histone PTMs on nucleosomes.*®

In conclusion, we have used mass spectrometry based pro-
teomics and antibody-based approaches to identify serine, threo-
nine, and tyrosine O-acetylations on histone H3 from different
cell types, and organisms. Our results suggest a role for this new
PTM during the cell cycle, possibly antagonisticto H3S10phos
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Figure 5. Imnmunoaffinity competition assay. (A) Validation of a-H3S10ac specificity: increasing concentrations (2-50p.g) of differently modified pep-
tides were blotted on to a nitrocellulose membrane and incubated with purified polyclonal a-H3S10ac. The antibody recognized only the synthetic
H3S10ac peptide. (B) Bulk iPSC histones were analyzed by western blot for detection of H3S10ac. The signal was competed away by pre-incubation of

during DNA replication. This mark is also upregulated in plu-
ripotent cells but whether it is needed for the maintenance of this
state, or plays a role in cellular differentiation remains to be dis-
covered. Future work will be directed at identifying the enzymes
that regulate this mark, and also determining the possible func-
tion of the modification through ChIP-Seq genomic experiments
to identify gene targets and their regulatory mechanisms.

Materials and Methods

Cell culture. Hela and HEK 293 cells. Hela S3 suspension
cultures were maintained at 37 °C in 0.2 LPM CO, in Joklik
modified Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 1% Glutamax (Invitrogen), 10% newborn calf
serum (Hyclone), and 1% penicillin/streptomycin at 2-6 x 10°
cells/ml. HEK293 cells were grown in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. To harvest HeLa
and HEK 293 samples, cells were pelleted at 600 rcf and washed
in phosphate-buffered saline (PBS). The pellets were flash frozen
in liquid nitrogen and stored at -80 °C.

HelLa cell cycle synchronization with thymidine-nocodozole.
Asynchronously growing HeLa S3 cells were synchronized with
thymidine and nocodazole by incubating in 2 mM thymidine for
18-24 h, followed by thymidine-free media for 3—4 h, 100 ng/
ml nocodazole for 12 h, and finally into standard nocodazole-free
Joklik medium. Following release from thymidine-nocodazole
blocks, aliquots were collected and ethanol fixed for flow cyto-
metric analysis of synchronization efficiencies. Separate aliquots
were flash-frozen in liquid nitrogen and stored at -80 °C for his-
tone acid extraction and mass spectrometric analysis.

Tetrahymena. T. thermophila was grown in super protease pep-
tone medium (1% proteose peptone, 0.1% yeast extract, 0.2%
glucose, 90 pM EDTA ferric sodium salt) at 30 °C, as previously
described.” Conjugation was initiated when log-phase cells of
different mating types were washed, starved (16-24 h at 30 °C),
and mixed in 10 mM Tris buffer (pH 7.5) or Dryl’s phosphate
buffer (1.5 mM CaCl2, 1 mM NaH2PO4, 1 mM Na2HPO4,
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2 mM sodium citrate). The cells were centrifuged at maximum
speed for 5 min, followed by purification of the somatic macro-
nucleus (MAC) and the germline micronucleus (MIC), as previ-
ously described.’**!

Drosophila S§2 cells. S2 cells were grown in CCM3 media
(ThermoFisher) to reach a density of 10° to 107 cells/ml. One
liter of cells was washed in PBS once, harvested by centrifugation
at 600 rcf, flash frozen, and stored at -80 °C.

Saccharomyces cerevisiae. A wild type yeast strain in the BY4741
background was cultured in YEPD media to yield ~10' cells, as
previously described.”? The cells were harvested by centrifuga-
tion at 3200 rcf, flash frozen, and stored at -80 °C. Nuclei were
extracted from spheroplasts, as previously described* and stored
at -80 °C.

MEFs, mESCs, iPSCs. iPSCs (female line 2D4- made with
Oct4, Sox2, c-Myc, and Klf4,* 12-d “partially reprogrammed”
pre-iPSCs (female line 1A2 and male line 12-1)°°-® male ES line
V6.5 and male and female Nanog-GFP*’ and Stemcca fibroblasts
(derived from d14.5 embryos) were grown in standard media.
Stemcca mouse lines contained a single tet-inducible cassette
with all 4 reprogramming factors, along with an Oct4-GFP
reporter in a R26 M2r¢TA/wt background, which were gener-
ated similar to Stadtfeld et al.*” Reprogramming experiments
were performed using retroviruses generated from a pMX back-
bone encoding Oct4, Sox2, c-Myc or Klf4 cDNAs as described
in Sridharan et al’® and conducted in media containing 15%
serum. Reprogramming was induced in stemcca MEFs, with
doxycycline at 1ug/ml. Oct4-GFP positive colonies were isolated
and used for further expansion to ensure that all cells used for
histone extraction were fully reprogrammed. Cells were har-
vested by centrifugation at 600 rcf, flash frozen, and stored at
-80 °Cat 0, 12, and 21 d over the course of reprogramming.

Histone extraction, digestion and chemical derivatization.
Cell pellets were thawed on ice before nuclei isolation and his-
tone extractions as previously described.®" Briefly, cells were
lysed using NP-40 in nuclei isolation buffer with 5 pwmol/l
microcystin, 0.3 mmol/l 4-(2-aminoethyl) benzenesulfonyl
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fluoride hydrochloride (AEBSF) and 10 mmol/l sodium butyr-
ate. Histones were isolated from nuclei by extraction with 0.4 N
H_,SO,, precipitated with trichloroacetic acid, washed in acetone,
dried overnight, and resuspended in water. Histone samples were
digested in-solution with trypsin following chemical propionyl-
ation as previously described.®? Briefly, histones were resuspended
in 20 pl in ammonium bicarbonate (pH 8). Ten microliters of
propionic anyhdyride reagent (3:1 isopropanol:propionic anhy-
dride) was added, and the sample vortexed and pulse-centrifuged
for several seconds. Ammonium hydroxide was added drop-
wise to ensure that the reaction maintained a pH 8 value. This
reaction was incubated at 37 °C for 15 min and dried down to
approximately 5 pl in a SpeedVac concentrator. This propionyl-
ation step was repeated and samples were digested with trypsin
in a 20:1 (wt/wt) protein:trypsin ratio and incubated at 37 °C
for 5 h. The digested peptides were subjected to two more rounds
of propionic anhydride derivatization. The reconstituted samples
were desalted using homemade STAGE tips, and prepared for
MS analysis, as previously described.*

Histone analysis by nano-LC-MS/MS. MS sequencing
analysis of sample histone peptides was performed as previously
described.®* Briefly, samples were loaded via an Eksigent autos-
ampler (Eksigent Technologies Inc.) onto a 75 wm C18 reverse
phase capillary column packed with Magic C18 reversed-phase
5wm particles and constructed with an integrated electrospray
ionization tip. Samples were resolved using an 110 min 1-100%
buffer B gradient (buffer A = 0.1 mol/L acetic acid, Buffer B =
70% acetonitrile in 0.1 mol/L acetic acid at 0.070 wl/min on
an Agilent HPLC system (Agilent). The peptides were directly
electrosprayed into and analyzed by an LTQ-Orbitrap XL
(ThermoFisher Scientific). Full scan MS spectra were acquired
from over an m/z range 200-1500 at 30000 resolution in the
Orbitrap after accumulation of approximately 500000 ions, fol-
lowed by 5 to 7 data-dependent MS/MS spectra collected in the
ion trap (CAD energy 40%) following accumulation of 10000
ions. The dynamic exclusion list was restricted to a maximum of
500 entries with a maximum retention period of 30 s and a rela-
tive mass window of <1 Da. MS/MS spectra were searched using
the algorithm, PILOT_PTM?**% identifies potential protein
modifications by permuting all known PTMs, chemical deriva-
tives, and artifacts found in the UniMod,* RESID,® and Delta
Mass®® databases (over 900 entries) for each residue of a peptide
and comparing it to the unmodified tandem MS data for a human
histone H3 template sequence (GI:1894787). Propionylation
(+56.026 Da) on the N-terminus of the peptides was set as a
fixed modification. For histone PTM searches, propionylation
(+56.026 Da), acetylation (+42.010 Da), mono- (+70.042 Da),
di- (+28.031 Da), and trimethylation (+42.046 Da) were selected
as variable modifications on tryptic peptides (up to 3 missed
cleavages). Parent mass tolerance was set to 0.1 Da and frag-
ment ion tolerance was set to 0.5 Da and results filtered to a 1%
FDR. All the identified novel modified peptides were manually
inspected according to the rules described previously.” We also
performed MS experiments where we targeted specific precur-
sor ions for MS/MS analysis of calculated O-acetylated peptides
(hypothesis driven MS) to check for the presence of very low level
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Figure 6. Confocal microscopy imaging of H3S10ac. Confocal images
of U20S (A and B), HeLa (C and D), and ESCs (E and F) stained with
«-H3S10A antibody and DAPI to denote the nucleus. Maximum projec-
tions are shown. Scale bar in panel F represents 5 pm.

O-acetylated peptides that could be missed in a standard data-
dependent MS/MS experiment.

MS and MS/MS analysis. A peptide which mimicked the H3
1-21 peptide with S10ac was synthesized in house (Princeton
University Mass Spectrometry Facility) using standard Fmoc
chemistry and was purified to >98% analytical purity using
RP-HPLC. For comparison to the endogenous H3S10ac peptide,
the synthetic lyophilized peptide was reconstituted in ammo-
nium bicarbonate, chemically derivatized with propionic anhy-
dride, digested with trypsin and analyzed by nano-LC-MS/MS
using the conditions listed above for sequencing comparison to
the in vivo peptide. For these experiments, all H3 9-17 modified
peaks were manually validated.

The abundance of each modified peptide was determined
by manual chromatographic peak integration of full MS scans
using Qual Browser software (ThermoFisher Scientific, Inc.). To
quantify the relative abundance of each O-acetylated peptide,
the area under the curve for each peak is expressed as a percent-
age of the total histone peptide (sum of all forms of a particular
peptide) for 3-5 biological replicates as previously described.®-¢
The statistical significance of the relative abundance of each
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Figure 7. Quantification of H3S10ac during reprogramming. Differentiated somatic MEFs were reprogrammed to iPSCs over the course of 21 d by
overexpressing the four (4) Yamanaka transcription factors, Oct4, c-Myc, Sox2, KIf4. The levels of H3S10ac were quantified during this time course by
nano-LC-MS analysis. Three independent experiments were performed and the error bars represent standard error.

histone modification as compared with the relative abundance of
other existing histone PTMs was calculated using a two-tailed,
unpaired Student t-test, and the associated P values were gener-
ated using Microsoft Excel.®

Immunoaffinity purification of anti-H3S10ac antibody.
The anti-H3S10ac IgG was generated by Proteintech Group
by immunizing 3 rabbits with 2 serine O-acetylated peptides
mimicking the H3 7-14 sequence, in tandem (ARKS[OACc]
TGGKARKS[OAc]TGGKC). The polyclonal serum was further
purified by column chromatography with Affi-Gel 10 beads (Bio-
Rad). The peptide H3S10ac peptide (ARTKQTARKS[OAc]
TGGKAPRKQLA) was conjugated to the agarose beads as
described.®” The H3S10ac-specific antibodies were separated
from other non-specific binders by column chromatography and
then eluted from the column under high pH. This column puri-
fication step was repeated with Affi-Gel 10 beads conjugated to
an unmodified histone H3 tail peptide and the flow-through was
collected, analyzed by Bradford® for protein concentration and
tested by Dot Blot analysis against a panel of variously modi-
fied and unmodified forms of the H3 9-17 peptide.”” An amount
of 5-7 pg of acid extracted bulk histone protein from iPSCs
were resolved in an 18% SDS-PAGE. The H3S10ac signal was
detected by western blot analysis with the a-H3S10ac antibody.
The signal specificity was tested by competition experiments in
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which the primary antibody was pre-incubated for 2 h at 4 °C
with both the aforementioned synthetic H3S10ac peptide and
the complementary unmodified peptide, independently.

Propidium iodide staining and flow cytometry. After etha-
nol fixation, cells were washed with phosphate buffered saline.
Cells were incubated with 0.08 mg/ml propidium iodide (Roche)
and 0.02 mg/ml RNAase in phosphate buffered saline for over
1 h with minimal light exposure at room temperature before flow
cytometric analysis, as performed by the Princeton University
Flow Cytometry Core Facility.

Immunofluorescence. Immunofluorescence labeling was
done on pre-extracted cells. Unless otherwise noted all steps
were done at room temperature. For pre-extraction, cells grown
overnight on 1.5 coverslips (Fisherbrand) were washed with
Ix PBS and incubated in CSK buffer (10 mM PIPES pH 7.0,
100 mM, 300 mM Sucrose, 3 mM MgCI2) + Triton X-100
(0.5% for U20S and HelLa cells, and 0.25% for ESCs) + pro-
tease inhibitors (ImM PMSF, 1 pug/mL Leupeptin, 1 pg/mL
Pepstatin, 1 wg/mL Aprotinin) on ice. The U20S and HeL a cells
were pre-extracted (3 min), rinsed 2x with 1x PBS, fixed in 3%
formaldehyde (15 min), and rinsed 2x with 1x PBS. The ESCs
were pre-extracted (5 min), rinsed 2x with 1X PBS, fixed in 3%
formaldehyde (15 min), washed 2x with 1X PBS, permeabilized
with IX PBS + 0.1% Triton X-100 (5 min), and rinsed in 1x PBS.
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Figure 8. H3S10ac through Hela cell cycle. HeLa suspension cells were synchronized at M phase of cell cycle through a thymidine-nocodazole
synchronization followed by release into nocodazole-free media. The levels of H3S10ac were quantified at 6, 8, 10, and 12-h time points after release
through nano-LC-MS analysis. Three independent experiments were performed and the error bars represent standard error.

All of the cell types were blocked in 1x PBS + 3% BSA (1 h),
incubated with a-H3S10ac antibody (1:50 in 1x PBS + 3% BSA)
in a damp chamber (1 h), washed 2x in 1x PBS, and incubated
with the secondary antibody (Donkey a-Rabbit AF594; 1:2000;
Invitrogen A21207), diluted in 1x PBS (1 h). Cells were washed
2x in 1x PBS, incubated with DAPI (1 pwm) diluted in 1x PBS
(4 min), and rinsed with 1x PBS. Coverslips were immediately
mounted on slides in antifade fluorescence mounting medium
(1 mg/ml p-phenylenediamine, 90% glycerol in PBS, pH 8.0—
9.0 adjusted with Sodium Carbonate / Bicarbonate Buffer, pH
9.2) and the edges were sealed with nail polish.

Imaging. Images were acquired using a Leica TCS SP5 II
confocal microscope with a HCX PL APO 63x/1.40-0.60 oil
CS lens using the 561 DPSS and 405 diode lasers, and 6x zoom
(Leica Microsystems). For U20S and HeLa cells, 6 images were
acquired at 0.5 pwm intervals, and for ESCs, 10 images were
acquired at 0.5 pm intervals. Maximum projections are pre-
sented in the Results above.
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