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Abstract

Ten types of post-translational modifications (PTMs) known to be critical to diverse cellular
functions have been described in core histone proteins. However, it remains unclear whether
additional PTMs exist in histones, and if so, what roles these undiscovered signals play in
epigenetic phenomena. Here, we report a systematic analysis of yeast histone PTMs by mass
spectrometry in combination with protein sequence alignment using PTMap, a computer program
we recently developed. We have identified, for the first time, multiple sites of lysine
propionylation and butyrylation in yeast histones H2B, H3, and H4. We confirmed these
modifications by Western blotting using modification-specific antibodies, MS/MS of synthetic
peptides, and coelution of synthetic and in vivo-derived peptides from an HPLC column. The
presence of multiple modification sites in several yeast histones suggests that these two PTMs are
histone marks that are evolutionarily conserved among eukaryotes. In addition, we identified 14
novel mass shifts that do not match any known PTM, suggesting the presence of previously
undescribed histone modifications. The chemical natures of these modifications remain to be
determined. Our studies therefore expand current knowledge of the “histone code”.
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Introduction

In eukaryotic cells, chromosomal DNA is packaged into a compact structure, chromatin,
with the help of four core histones (H2A, H2B, H3, and H4). The fundamental repeating unit
of chromatin is the nucleosome, which contains an octamer of core histones, around which
~147 base pairs of DNA are wrapped. Nucleosomes are in turn arranged into progressively
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higher-order structures. Dynamic chromatin remodeling plays a critical role in regulating
diverse DNA-based biological processes, such as transcription of RNA, DNA replication,
and DNA repair, as well as chromosome condensation and segregation.1-3 Dysregulation of

these processes has been intimately linked with the development of diseases such as cancer.
4,5

The core histone proteins are small and highly basic.8 They are predominantly globular
except for their N-terminal “tails”, which are unstructured and protrude from the surface of
the chromatin. Amino acid sequence analysis shows that histones are highly conserved in
eukaryotes from yeast to human, implying that most amino acid residues, if not all, are
likely to be important for structure or function. Accordingly, because post-translational
modifications (PTMs) alter the properties of the substrate amino acid residue, PTMs affect
histone structure and therefore function.

PTMs in histones are generally considered to be a major group of epigenetic marks. Ten
types of histone PTMs have been described in the past 4 decades, including phosphorylation,
acetylation, methylation, ADP-ribosylation, ubiquitinylation, sumoylation, proline
isomerization, citrullination, and butyrylation and propionylation of lysine side chains (the
last two being abbreviated KBUY and KPP, respectively).1:2:7 Most of these modifications
have been carefully analyzed by mass spectrometry,8-15 with KPP and KBUY having been
recently identified and verified by our group.” Many histone PTMs contribute to the
“histone code”, part of an epigenetic program that dictates diverse DNA-templated
biological outputs such as gene expression, DNA replication, and DNA repair.1:2:16:17
While much is known about the currently identified histone PTMs and their functions, 216
it remains unclear whether additional histone PTMs exist in cells, and if so, what roles these
undiscovered signals play in epigenetic phenomena. This knowledge gap must be filled to
construct a complete atlas of the epigenome, to improve our understanding of chromatin
structure and function, and to elucidate the mechanisms by which epigenetic programs in
biological processes are regulated.

To test whether lysine propionylation and lysine butyrylation exist in yeast core histones and
to identify any novel PTMs present, we performed a systematic analysis of PTMs in yeast
histones by mass spectrometry in combination with protein sequence alignment using the
software PTMap. The PTMap algorithm can identify all PTMs, whether or not they have
been previously described. Our results suggest that the “histone code” is highly complex.

Materials and Methods

Materials

Water and acetonitrile were from Fisher Scientific (Pittsburgh, PA). Trifluoroacetic acid
(TFA) was from Sigma-Aldrich (St. Louis, MO). Colloidal Blue Staining Kit was from
Invitrogen (Carlsbad, CA). Sequencing-grade trypsin was from Promega (Madison, W1).
C18 ZipTips were from Millipore (Bedford, MA).

Preparation of Core Histones

Saccharomyces cerevisiae BY4741 strain was grown to midlog phase in YPDA media, and
then was incubated in the presence or absence of inhibitors of histone deacetylases (HDACS)
(3 uM trichostatin A (TSA) and 60 mM sodium butyrate (NaB)). After 6 h of continued
growth, the cells were harvested by centrifugation at 50009 for 5 min and washed once with
distilled water. The cells were washed once with S buffer (1.1 M sorbitol, 50 mM potassium
phosphate, pH 6.5, 0.02% f-mercaptoethanol) and resuspended in S buffer. Lyticase
(Sigma-Aldrich, St. Louis, MO) at a final concentration of 300 units/mL in S buffer was
then added to the cells. Spheroplasting was carried out at 30 °C with gentle shaking. The
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spheroplasts were harvested by centrifugation at 5000g for 5 min. The pellet was
resuspended at a ratio of 3 mL/g of cells in a solution of 18% Ficoll (Sigma-Aldrich, St
Louis, MO), 20 mM potassium phosphate, pH 6.8, 1 mM MgCl,, and 0.5 mM EDTA,
containing protease inhibitors and HDAC inhibitors. The cells were homogenized with a
loose fitting Teflon homogenizer (Kontes Glass Co., Vineland, NJ). Release of nuclei was
monitored with a microscope. Cells were removed by centrifugation for 15 min at 2000g.
Centrifugation for 30 min at 50 000g pelleted the nuclei, which were then washed with
buffer A (10 mM Tris-HCI, pH 8.0, 0.5% NP-40, and 75 mM NacCl) and buffer B (10 mM
Tris-HCI, pH 8.0, and 0.4 M NacCl), both of which contained protease inhibitors and HDAC
inhibitors. The core histones were extracted with 0.4 N H,SO, on ice overnight. The extract
was centrifuged at 4 °C for 10 min at 16 000g. Histone proteins were precipitated by
conventional trichloroacetic acid precipitation. Samples were then washed twice with
acetone containing 0.1% HCI (v/v) and twice with pure acetone. The pellet was allowed to
dry in the air and resolubilized in water. For immunoblotting, histones were separated on a
15% SDS-PAGE gel, transferred to a 0.2-uM PVDF membrane, and probed with an anti-
KPTop or -KBUY antibody.

Protein In-Gel Digestion

The core histones were resolved in a 15% SDS-PAGE gel and visualized by colloidal
Coomassie staining. Gel bands of interest were excised and subjected to in-gel digestion as
described previously.’ Briefly, the gel band was sliced into small pieces (~1 mm) and
destained with 25 mM ammonium bicarbonate in ethanol/water (50:50, v/v). The destained
gel pieces were washed in an acidic buffer (acetic acid/ethanol/water, 10:50:40, v/v/v) three
times for 1 h each time, and in water two times for 20 min each time. The gel pieces were
dehydrated in acetonitrile and dried in a SpeedVac (ThermoFisher, Waltham, MA). Two
hundred nanograms of porcine modified trypsin (Promega, Madison, WI) in 50 mM
ammonium bicarbonate was added to the dried gels and incubated overnight at 37 °C.
Tryptic peptides were sequentially extracted from the gel pieces with 50% acetonitrile
(acetonitrile/water/TFA, 50:45:5, v/v/v) and 75% acetonitrile (acetonitrile/water/TFA,
75:24:1, viviv). The peptide extracts were pooled, dried in a SpeedVac, and desalted using a
1-C18 Ziptip before HPLC/MS/MS analysis.

HPLC/MS/MS Analysis

HPLC/MS/MS analysis was carried out by nano-HPLC/LTQ mass spectrometry as
described previously.” Briefly, each tryptic digest was dissolved in 10 uL of HPLC buffer A
(0.1% (v/v) formic acid in water), and 2 uL was injected into an Agilent HPLC system
(Agilent, Palo Alto, CA). Peptides were separated on a homemade capillary HPLC column
(50-mm length x 75-um inner diameter) containing Jupiter C12 resin (4-um particle size, 90-
A pore diameter, Phenomenex, St. Torrance, CA) and electrosprayed directly into the mass
spectrometer using a nanospray source. The LTQ mass spectrometer was operated in a data-
dependent mode, cycling between acquiring one MS spectrum followed by MS/MS spectra
of the 10 strongest ions in that MS spectrum.

Protein Sequence Database Search and Manual Verification

All MS/MS spectra were searched against the NCBI-nr protein sequence database using the
PTMap software. A PTMap score of 1.0 and Synmatched Scores of 4.0:10.0 (high/low mass
ranges) were used to filter false positives.18 Parameters for the PTMap database search
included a mass error of 4.0 Da for parent ions, a mass error of £0.6 Da for fragment ions,
and six allowed missed proteolytic cleavages. All modified peptides identified with PTMap
score >1 were manually examined using the rules described previously.1?
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MS/MS of Synthetic Peptides

Results

Peptides bearing PTMs of interest were synthesized by GL Biochem (Shanghai, P.R. China).
MS/MS of synthetic peptides was carried out using the same LTQ settings as those used for
the analysis of in vivo peptides.

Detection of Propionyllysine and Butyryllysine in Yeast Histones H3 and H4 by Western

Blotting

Lysine-propionylated and -butyrylated peptides were initially identified in histone H4 from
HeLa cells.” However, it remained unknown whether these two modifications exist in yeast
cells and whether they represent evolutionarily conserved histone histone marks. Toward
this goal, we performed a systematic analysis of yeast histone PTMs, including
propionylation, butyrylation and other novel modifications.

To test whether lysine propionylation and butyrylation exist in yeast, we generated pan
propionyllysine- and butyryllysine-specific polyclonal antibodies and used them for Western
blotting analysis. These antibodies are specific to propionyllysine and butyryllysine.20
Propionyllysine and butyryllysine were detected in both histone H3 and histone H4 (Figure
1).

Given that histone acetyltransferases can catalyze acetylation, propionylation, and
butyrylation of lysine in vitro,” we hypothesized that HDACs, which remove lysine
acetylation, also remove lysine propionylation and lysine butyrylation. To test the effect of
HDAC:Ss on propionylation and butyrylation in yeast, yeast cells were cultured in buffer with
or without 3 um TSA and 60 mM sodium butyrate, which are inhibitors of HDACs. The
core histone proteins were extracted and then analyzed by Western blotting and LC/MS/MS.
Both propionylation and butyrylation were significantly enhanced in histones H3 and H4 in
the presence of HDAC inhibitors (Figure 1). As we described previously, the two antibodes
were specific to the respective modifications (Please see the Supplemental Data in ref 20).
Our results therefore confirmed the existence of lysine propionylation and butyrylation in
yeast, and that HDAC activity contributes to the regulation of propionyllysine and
butyryllysine status in histones.

Identification of Propionyllysine and Butyryllysine Sites in Yeast Histones by Mass
Spectrometry and PTMap

To determine the sites of lysine propionylation and butyrylation in yeast histones, we
prepared yeast core histones using a procedure previously described.?! To enhance lysine
propionylation and lysine butyrylation, the yeast cells were treated with HDAC inhibitors
before core histones were prepared. The resulting core histones were resolved by SDS-
PAGE and excised from the gel for in-gel digestion and nano-HPLC/MS/MS analysis.

We carried out unrestricted sequence alignment using the PTMap algorithm to analyze MS/
MS data sets from the yeast histones.18 PTMap, recently developed in our laboratory, is the
first sequence alignment algorithm that emphasizes unmatched peaks for identifying false
positives. It incorporates several unique features to improve sensitivity and accuracy of
peptide identification, including a unique procedure for peak selection, automatic mass-shift
adjustment, and precise PTM localization. The algorithm is able to carry out blind sequence
alignment.18

Sequence alignment and subsequent manual inspection using a procedure described
previously1? led to identification of 44 sites modified with 26 types of PTM in three histone
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proteins, after exclusion of frequent in vitro chemical modifications (e.g., oxidation and
acrolein addition) (Tables 1 and 2). Among the 26 types of PTM, 14 could not be annotated
to known PTMs (http://www.unimod.org) (Table 2), therefore, likely representing novel
PTMs. All MS/MS spectra for the modified peptides can be found in Supporting
Information S3, S4, and S5.

PTMs Identified in Yeast Histones

We identified 30 sites in yeast histones bearing known PTMs, including lysine acetylation,
lysine methylation (mono- and dimethylation), lysine propionylation, lysine butyrylation,
and arginine methylation (Table 1). Lysine propionylation and lysine butyrylation are PTMs
recently discovered by our laboratory in HeLa cells.” Our initial work confirmed these two
PTMs by observing identical MS/MS peak patterns with in vivo-derived and synthetic
peptides, and by identifying enzymes that catalyzed the modification reaction in vitro.
Interestingly, we found 2 lysine propionylation sites and 2 lysine butyrylation sites in
histone H3, 1 lysine butyrylation site in histone H4, and 1 lysine butyrylation site in histone
H2B (Figure 2). These results demonstrate the existence of these PTMs in a simple
eukaryotic organism and suggest that the PTMs are evolutionarily conserved among
eukaryotes.

We also identified a series of mass shifts that may represent previously documented PTMs
(http://lwww.unimod.org), including glutamine and asparagine deamidation (+1 Da), serine
thiophosphorylation (+96 Da), serine piperidination (+68 Da), serine dehydrogenation (—2
Da), and addition of 28 Da to glutamic acid (Table 2, Figure 2). These results suggest the
existence of a variety of novel PTMs in yeast histones.

In addition to the known PTMs, we identified 14 residues bearing 12 different mass shifts
that could not be matched to the shifts of known PTMs. Since we identified both the
modified and unmodified versions of these peptides, the mass shifts are unlikely to be
caused by mutations in the gene, and therefore are probably novel PTMs.

Verification of Lysine Propionylation and Lysine Butyrylation Sites in Yeast Histones

To further confirm the lysine propionylation and lysine butyrylation sites in histones, we
compared MS/MS spectra of the in vivo-derived peptides bearing lysine modifications and
their synthetic counterparts. The MS/MS spectrum of a histone H3 peptide bearing a
propionylation at residue K56 (FQKP™PSTELLIR) almost completely overlapped with that
of its synthetic peptide counterpart (Figure 3A,B). In addition, the MS/MS spectrum derived
from a mixture of the histone H3 tryptic digest and synthetic FQKPTPSTELLIR (Figure 3C)
was almost same as the spectra from either the in vivo-derived peptide or the synthetic
peptide. That the lysine propionylated peptide has been correctly identified is further
evidenced by coelution from an HPLC column of the in vivo-derived peptide, the synthetic
peptide, and a mixture of the two (Figure 3D-F). In addition, we also compared the MS/MS
spectrum and HPLC retention time of the lysine propionylated peptide with the
corresponding unmodified and acetylated peptide (Supporting Information S2). The
identified lysine propionylated peptide could be paired with MS/MS spectra of their
corresponding unmodified and acetylated peptides. In addition, the HPLC-retention times
were determined to be 39.18, 48.59 and 50.37 min for the unmodified, lysine acetylated, and
lysine propionylated, respectively, in a 100-min HPLC MS/MS run. The propionylation on
the side chain of lysine cause the increase of the retention time significantly, due to an
increase of hydrophobicity.

Likewise, we confirmed the lysine butyrylation at histone H3K14 (STGGKBUWAPR) by
performing MS/MS of its corresponding synthetic peptide, observing coelution in HPLC/
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MS/MS analysis (Figure 4). We also observed the differential HPLC-retention times of its
corresponding lysine acetylation peptide (Supporting Information S2).

Novel PTMs in Yeast Histones

PTMap identified a series of novel mass shifts in yeast histones that have not been described
previously (http://www.unimod.org), at lysine, arginine, asparagine, aspartic acid, glutamic
acid, and serine (Tables 1 and 2, Figure 2). We manually inspected the MS/MS spectra of
each putatively modified peptide and its unmodified counterpart to ensure the quality of
analysis. The MS/MS spectra of all the modified peptides are provided in Supporting
Information S2, S3, S4, and S5. To learn more about these novel mass shifts in yeast
histones, we compared the spectral counts and retention times for each pair of modified and
unmodified peptides (Supporting Information S1). The unmodified peptides were usually
much more abundant than their corresponding modified counterparts, suggesting that the
novel mass shifts are caused by protein modification instead of gene mutations. In addition,
each PTM causes an apparent shift in HPLC retention time, which excludes the possibility
that the precursor ions of the modified peptide came from in-source fragmentation of the
corresponding unmodified peptide.

Discussion

Our systematic studies of yeast core histones demonstrated that lysine propionylation and
lysine butyrylation are present in yeast proteins, suggesting the evolutionary conservation of
these modifications in eukaryotic cells. These two modifications in yeast histones were
further confirmed by Western blotting using pan anti-KP™P and anti-KBUYY antibodies, MS/
MS of synthetic peptides, and coelution in HPLC/MS/MS analysis. Induction of lysine
propionylation and lysine butyrylation in yeast core histones, demonstrated by Western blot
analysis, suggest that some enzymes that remove lysine propionylation and lysine
butyrylation are likely to be shared with lysine deacetylation enzymes. This study, in
combination with our initial report on propionylation and butyrylation,” conclusively
establishes that KPP and KBUY are present in eukaryotic cells.

In addition to KPP and KBUY, we identified 14 novel mass shifts which, because they do
not match any known PTMs, are likely to represent novel protein modifications. The limited
mass accuracy of our low-resolution mass spectrometer makes it impossible to determine
elemental compositions for the modifications. Future studies using high-resolution mass
spectrometers will aid structural elucidation of these novel PTMs in histones.

KProp and KBUY have lower stoichometry that KAC, For example, MS signal intensities of
H3K56 AC is 85 times higher than H3K56P™P. It is unclear at this time if this difference is
caused by differential enzymatic activities of transferases or demodification enzymes, or the
concentration differences among the cofactors (acetyl CoA, propionyl CoA, or butyryl
CoA). In Western blotting analysis, weak signals were detected for both H2A and H2B from
S. cerevisiae. However, neither KPP or KBUY was identified in H2A. We believe that this is
largely caused by lower stoichometry of the two modifications in H2A as Western blot is
usually more sensitive than mass spectrometric analysis. It is also unclear what are the
functional differences among lysine acetylation, lysine propionylation, and lysine
butyrylaiton. Each one of these three modified lysines may create a docking site for different
bromo-domain proteins. Alternatively, status of lysine propionylation and lysine
butyrylation might be regulated by the concentration of substrate CoA compounds, which
can be modulated by physiological conditions and nutrition sources (e.g., glucose vs lipids).
Demonstration of KP™P and KBUY in S, cerevisiae will allow future use of this model
organism for genetics and biochemistry studies of these two PTM pathways.
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Figure 1.

Western blotting analysis of lysine propionylation and butyrylation in yeast histones using
anti-KProP and anti-KBUYY antibodies. Histones were extracted from yeast cells either treated
with HDAC inhibitors or left untreated. The preparations were subjected to SDS-PAGE
followed by Western blotting using antibodies as indicated. Both propionylation and
butyrylation in histones were significantly enhanced in histone H3 (left panel) and histone
H4 (right panel) with HDAC inhibitors trichostatin A (TSA) and sodium butyrate (NaB).
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Figure 2.

Identified modification sites within histones H3, H4 and H2B from yeast. The known
modifications include Ac, acetyl; Mel, methyl; Me2, dimethyl; Buty, butyryl; Prop,
propionyl. Unknown modifications are indicated by the sizes of the mass shifts, in daltons.
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Figure 3.

Identification and verification of a lysine-propionylated histone H3 peptide. (A) MS/MS of a
tryptic peptide ion (FQKPTPSTELLIR) from histone H3 isolated from yeast. (B) MS/MS of
a synthetic peptide corresponding to the sequence identified in (A), showing a similar
fragmentation pattern. (C) MS/MS of a mixture of the in vivo-derived histone H3 peptide
identified in (A) and its synthetic counterpart as indicated in (B). (D) Selected reaction
monitoring (SRM) chromatogram of the in vivo-derived histone H3 peptide. (E) SRM
chromatogram of the synthetic peptide corresponding to the sequence identified in (A),
showing a similar retention time. (F) SRM chromatogram of a mixture of the peptide from
the in vivo-derived histone H3 digest and its synthetic counterpart, showing coelution of the
two peptides from an HPLC column.
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Identification and verification of lysine-butyrylated histone H3 peptides. (A) MS/MS of a
lysine butyrylated peptide (STGGKBUYAPR) from histone H3 isolated from yeast. (B) MS/
MS of a synthetic peptide corresponding to the sequence identified in (A), showing a similar
fragmentation pattern. (C) MS/MS of a mixture of the in vivo-derived histone H3 peptide
identified in (A) and its synthetic counterpart as indicated in (B). (D) SRM chromatogram of
the in vivo-derived histone H3 peptide. (E) SRM chromatogram of the synthetic peptide
corresponding to the sequence identified in (A), showing a similar retention time. (F) SRM
chromatogram of a mixture of the peptide from the in vivo-derived histone H3 tryptic digest
and synthetic counterpart, demonstrating coelution of the two peptides from an HPLC

column.
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Table 2

Known and Previously Undescribed Mass Shifts Identified in Yeast Core Histones

residue histone H3 histone H4 histone H2B
Known Mass Shifts
Lys +14,+28,+42,  +14,+42,+70  +14,+28, +42, +70
56, +70
Arg +14
Undescribed Mass Shifts
Lys +98, —19 -19 -19
Arg +53, +74
Asn -2 +18
Ser +83, +062 +12, +26, +688,  +174,+198
+81, —22
Glu +288, +42 +282, +74 +282
Asp +42
Gln 1@ +1a

&I'his mass shift may represent a previously documented PTM (http://www.unimod.org).
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