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Histones are highly posttranslationally modified proteins
that regulate gene expression by modulating chromatin
structure and function. Acetylation and methylation are
the most abundant histone modifications, with methyl-
ation occurring on lysine (mono-, di-, and trimethylation)
and arginine (mono- and dimethylation) predominately on
histones H3 and H4. In addition, arginine dimethylation can
occur either symmetrically (SDMA) or asymmetrically
(ADMA) conferring different biological functions. Despite
the importance of histone methylation on gene regulation,
characterization and quantitation of this modification have
proven to be quite challenging. Great advances have been
made in the analysis of histone modification using both
bottom-up and top-down mass spectrometry (MS). How-
ever, MS-based analysis of histone posttranslational
modifications (PTMs) is still problematic, due both to the
basic nature of the histone N-terminal tails and to the
combinatorial complexity of the histone PTMs. In this
report, we describe a simplified MS-based platform for
histone methylation analysis. The strategy uses chemical
acetylation with dy-acetic anhydride to collapse all the
differently acetylated histone forms into one form, greatly
reducing the complexity of the peptide mixture and
improving sensitivity for the detection of methylation via
summation of all the differently acetylated forms. We have
used this strategy for the robust identification and relative
quantitation of H4R3 methylation, for which stoichiometry
and symmetry status were determined, providing an
antibody-independent evidence that H4R3 is a substrate
for both Type | and Type Il PRMTs. Additionally, this
approach permitted the robust detection of H4K5 mono-
methylation, a very low stoichiometry methylation event
(0.02% methylation). In an independent example, we
developed an in vitro assay to profile H3K27 methylation
and applied it to an EZH2 mutant xenograft model
following small-molecule inhibition of the EZH2 methyl-
transferase. These specific examples highlight the utility
of this simplified MS-based approach to quantify histone
methylation profiles.

In eukaryotic cells, DNA is wound tightly around a core of
histone proteins, H2A, H2B, H3, and H4, to form nucleo-
somes, the basic subunit of a dynamic polymer called chro-
matin. Chromatin undergoes various structural changes
during the life cycle of a cell, and these changes play an
important role in transcription, DNA replication, and DNA
repair. More than being just spools on which the DNA is
wound, the histone proteins themselves are integral to the
various structures of the chromatin. The N-termini of the four
core histones are highly disordered and projecting out from
chromatin-like tails on the nucleosomes. The influence of
histones on chromatin structure is mediated largely by the
extensive range of posttranslational modifications (PTM)
found on these tails (1). Acetylation, methylation, phosphory-
lation, and ubiquitination, among others, are found in various
combinations on multiple residues primarily located along the
N-terminal tails regulating interactions with DNA and providing
binding sites for transcriptional machinery (2, 3). While it is
undeniable that histone modifications contribute to the regu-
lation of gene expression, a complete understanding of how
this occurs is still under development (4, 5).

Among the various modifications occurring on histones,
acetylation and methylation are the most common (6). Unlike
acetylation, which only exists in one form, methylation can
take the form of mono-, di-, or trimethylation depending on the
residue and specific site. Arginine dimethylation can occur
either symmetrically (SDMA) or asymmetrically (ADMA)
conferring distinct biological effects (7). In the human genome,
there are 24 lysine methyltransferases (KMT) and seven pro-
tein arginine methyltransferases (PRMTs) that have been
demonstrated to methylate histones on at least 11 lysine and
arginine residues, including H3R2, K4, R8, K9, R17, R26, K27,
K36 and K79, and H4R3 and K20, as well as others (8-10).
Because lysine residues can be acetylated or methylated, and
because they occur quite frequently in the sequences of the
histone tails, the combinatorial mixture of these two
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Chemical Acetylation for Histone Methylation

modifications alone generates enormous complexity in the
number of possible isoforms that can exist for any given his-
tone. Complicating this further is that lysine can be mono-, di-,
or trimethylated and that the stoichiometry for any of these
lysine modifications can vary widely. For example, total lysine
acetylation at any given site on histone H4 has been reported
to vary from 28 to 64%, while total lysine acetylation on his-
tone H3 ranges from less than 1% to greater than 75% (11). In
most biological contexts, total lysine methylation at H3K27 or
H4K20 is greater than 90% while total lysine methylation at
H3K4 is only approximately 7% (11). Arginine residues in the
histone tail occur less frequently and can be both mono- and
dimethylated. Methylation stoichiometry on canonical histone
arginine is very low. Total methylation on H4R3 has been re-
ported to be less than half a percent (11) and in spite of
extensive profiling efforts by several groups (11-14), identifi-
cation of arginine methylation at any site on histone H3 or on
histone H4 R17and R19 has only been accomplished using
site-specific antibodies.

Mass spectrometry (MS) has become an indispensable tool
for the study of protein PTMs (15). However, histones by the
very nature of their amino acid sequences are problematic for
most of the commonly used approaches to study PTMs by
mass spectrometry. Trypsin, which enzymatically cleaves pro-
teins after lysine (K) and arginine (R) residues, is most often
used in peptide-based bottom-up MS. However, histones are
highly enriched in these two basic residues and therefore
trypsin digestion generates peptides that might be either too
small for detection in the mass spectrometer or too hydrophilic
to be recovered from RP HPLC. In addition, because the ma-
jority of PTMs are clustered along the histone tails, the
complexity of the PTM landscape is concentrated over a limited
number of peptides. Chemical modification has been widely
used to facilitate bottom-up MS analysis of histones and to
overcome some of the difficulties intrinsic to the complexity of
histone PTMs. Derivatization of lysine residues restricts trypsin
to cleaving only at arginine residues, generating longer pep-
tides compatible with liquid chromatography-mass spectrom-
etry (LC-MS). Most commonly, histones have been derivatized
using propionic anhydride (16-20), which results in propiony-
lation of all unmodified and monomethylated lysine residues as
well as the protein N-terminus. Propionylation also increases
the hydrophobicity of the peptides from the histone N-terminal
tail, improving recovery from RP-HPLC. Acetylation using
deuterated acetic anhydride has also been used for the
bottom-up MS analysis of histone PTMs (21-24). Major draw-
back of these strategies is that the combinatorial complexity of
the histone PTM mixture remains unchanged after derivatiza-
tion. This complexity makes data interpretation extremely
challenging and prone to false identification of PTMs. In addi-
tion, detection of less abundant modifications, such as arginine
methylation, is made more difficult by the distribution of the
signal across the complexity of the accompanying lysine
methylation and acetylation profile.

Here we present a strategy for the identification and quan-
titation of histone methylation that utilizes nondeuterated acetic
anhydride to fully acetylate all free lysine residues prior to
digestion with trypsin and analysis by LC-MS/MS. The result of
this chemical derivatization is that in vivo acetylation is indis-
tinguishable from in vitro acetylation, thus reducing a major
source of complexity in the histone population while at the
same time facilitating the use of trypsin to produce peptides
compatible with LC-MS analysis. We demonstrate the utility of
this strategy by identifying lysine and arginine methylation in a
pool of cancer cell lines and by developing robust, quantitative
profiling assays for methylation at H4R3, H4K5, and H3K27.

EXPERIMENTAL PROCEDURES
Experimental Design

The overall experimental design comprised a set of method devel-
opment experiments to evaluate conditions necessary for efficient
derivatization of nuclear cell extracts, an initial screen step building a
database of accessible histone methyl marks, and finally a screen for
specific methyl marks in various cancer cell lines and the development
of two Tier 3 assays to evaluate the methyl state of specific histone
marks in response to inhibition of protein methyl transferase enzymes.
Details on biological and technical replicates for each of the Tier 3
assays are indicated in their respective sections or figures.

Cell Lines and Culture Conditions

The KARPAS-422 cell line was obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ; Germany).
Pfeiffer, Z-138, MDA-MB-468, and Toledo lines were obtained from
the American Type Culture Collection (ATCC). KARPAS-422 and
Pfeiffer cell lines were grown in RPMI-1640 medium (Gibco) with
HEPES supplemented with 20% Fetal Bovine Serum (FBS; Sigma
Aldrich), 1% Glutamax (Life Technologies), and 1% Sodium Pyruvate
(Life Technologies) at 37 °C with 5% CO,. Toledo and MDA-MB-468
cells were cultured with RPMI-1640 medium supplemented with 10%
FBS. Z-138 cells were cultured with IMDM medium (Gibco) supple-
mented with 10% horse serum (Gibco). Every 3-4 days, when the cell
cultures reached approximately 70-90% confluence, cells were split
by dilution with fresh media. Cell culture density was determined using
a Vi-Cell Analyzer (Beckman Coulter). For experimental assays, cells
were plated to maintain subconfluence for the duration of the assay
and maintained at 37 °C with 5% CO, for a minimum of 16 h prior to
compound dosing.

Overexpression of PRMT5 and MEP50 by BacMam Infection in
MDA-MB-468 Cells

BacMam viruses were engineered to transiently express either
PRMT5 or MEP50 and were stored at 4 °C protected from light. The
BacMam constructs expressed untagged, full-length human PRMT5
(NCBI reference NP_006100) or MEP50 (NCBI reference NP_077007)
cDNA in mammalian cells using the pHTBV1mcs3 vector. A mixture of
25% by volume PRMT5 BacMam, 25% by volume MEP50 BacMam,
and 50% by volume RPMI-1640 plus 10% FBS culture media was
added to adherent MDA-MB-468 cells that had achieved approxi-
mately 60% confluence (seeded 24-72 h before infection depending
on initial seeding density). After 7-24 h of infection, the viral suspen-
sion was aspirated, and cells were washed once with DPBS. Fresh
culture media containing dimethyl sulfoxide (DMSO), 100 nM
GSK3203591 (PRMTS5 inhibitor), 2 pM GSK3368712 (type | PRMT
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inhibitor), or a combination of the inhibitors at these concentrations
was added and cells were returned to a 37 °C with 5% CO, for 2 days.
Duplicate pellets for each condition were harvested by scraping fol-
lowed by centrifugation, and pellets were frozen at —-80 °C until pro-
cessing. One pellet from each pair was used for western blot analysis
to confirm expected overexpression of PRMT5 (Santa Cruz, sc-59650)
and MEP50 (Cell Signaling Technologies, 2823S) as well as target
engagement resulting from compound treatment if applicable (data
not shown). Target engagement for PRMT5 inhibition was evaluated
by western blot to confirm SDMA reduction in GSK3203591-treated
samples compared with DMSO-treated samples (SDMA antibody:
Cell Signaling Technologies, 13138BF, clone #D2C3D6). Target
engagement for Type | PRMT inhibition was evaluated by western blot
to confirm ADMA reduction in GSK3368712-treated samples
compared with DMSO-treated samples (ADMA antibody: Cell
Signaling Technologies, 13522S). The remaining pellet was used for
nuclear extraction and methylation profiling, as described below.

Compound Dosing

EZH2 inhibitor Tazemetostat was synthesized in-house and verified
for purity and identity by HPLC, LC-MS, and NMR. Liquid stocks were
prepared from powder. Liquid stocks were prepared from powder in
carboxymethylcellulose for mouse studies. PRMT5 inhibitor
GSK3203591 and Type | PRMT inhibitor GSK3368712 were also
synthesized in-house and were prepared from powder at 20 mM or
40 mM in 100% DMSO (Sigma) and were maintained at —20°C without
light restriction. Compound dosing was carried out at the specified
concentration for 48-72 h, after which cells were harvested by
centrifugation, washed with DPBS, and cell pellets were frozen at —-80
°C.

In vivo Tumor Inoculation and Treatments

All studies were conducted in accordance with the GSK Policy on
the Care, Welfare and Treatment of Laboratory Animals and were
reviewed by the Institutional Animal Care and Use Committee at GSK
(protocol AUP0690). Female beige SCID mice (CB17,B6-
Prkdc<scid>Lyst<bg>/Crl) obtained from Charles River Labs (Wil-
mington, MA) and housed in pathogen-free conditions were injected
subcutaneously in the left rear flank with 5.0 x 10° Pfeiffer cells sus-
pended in 100% Matrigel. Compound dosing was administered orally
at 10 ml/kg by individual body weight with vehicle or Tazemetostat at
30 and 80 mg/kg as indicated for 11 days. Tumors were excised, snap
frozen in liquid nitrogen, and stored at —80 °C until histone extraction.

Nuclear Extraction for H3K27 and H4R3 Methylation Profiling

Frozen pellets were thawed on wet ice, and nuclear enrichment was
performed using the CelLytic NuCLEAR Extraction Kit (Sigma,
NXTRACT) using the hypotonic lysis buffer with added detergent as
per kit instructions. The resulting nuclear pellet was resuspended in
1 ml 0.2 M sulfuric acid (H.SO,4) and sonicated two times for 5 s using
a Branson Sonifier 150 at 5 W. Histones were extracted overnight at 4
°C under rotation. The extracted proteins were centrifuged at 16,100g
at 4 °C for 10 min, and the supernatant precipitated with 10% tri-
chloroacetic acid for 30 min on wet ice and pelleted by centrifugation
at 13,2009 for 10 min at 4 °C. The pellets were washed twice with ice-
cold acetone and allowed to air dry for up to 2 h before resuspending
in molecular-grade H,O and freezing overnight at -80 °C. The samples
were thawed on wet ice and sonicated two times for 10 s using a
Branson Sonifier 150 at 5W to ensure full resuspension. Protein
concentrations were determined by BCA protein assay before further
analysis.

Sample Preparation for H3K27 Methylation Profiling of In vivo
Tumor Samples

Histone proteins were extracted from tumor samples using the
Epigentek Total Histone Extraction Kit per the manufacturers in-
structions. Frozen tumor was homogenized in prelysis buffer con-
taining protease and phosphatase inhibitors, centrifuged, and
resuspended in lysis buffer. After incubation, samples were centri-
fuged, supernatant was transferred to a new tube where balance
buffer and DTT were added, and samples were stored at -80 °C. To
remove any buffer prior to the acetylation step, samples were thawed
on wet ice, precipitated with 10% TCA, and processed as in the above
section.

Lysine Acetylation of Nuclear Acid Extracts

Cellular nuclear acid extracts (8 pg) in water (same for propionyla-
tion), were diluted to 40 pl with 50 mM NH4HCO; pH 8.0 and treated
with 40 pl of freshly prepared 25% acetic anhydride in acetonitrile at
room temperature for 15 min. Samples were flash frozen and dried
under reduced pressure (Speedvac). To remove potential serine,
threonine, and tyrosine acetylation, dried samples were treated with
50 pl of 50% hydroxylamine and adjusted to pH 12.0 by the addition of
15 pl 30% NH4OH and incubated at room temperature for 20 min (it
should be noted that hydroxylamine will remove ADP ribosylation on
D/E residues). Samples were then flash frozen and dried.

Lysine Propionylation of Nuclear Acid Extracts

Lysine propionylation was carried out following the protocol
described in Sidoli, Bhanu (25). Briefly, 8 pg of cellular nuclear acid
extract was diluted to 40 pl with 50 mM NH4HCO;3 pH 8.0 and treated
with 10 pl of freshly prepared 25% propionic anhydride in acetonitrile.
To re-establish pH 8.0, 8 ul of 30% NH,OH was added. Samples were
vortexed and incubated at room temperature for 15 min. Following
incubation, samples were flash frozen and dried. Dried samples were
reconstituted in 40 pl 50 mM NH4HCO; pH 8.0, and a second pro-
pionylation reaction was performed as described above. Following the
second propionylation reaction, samples were flash frozen and dried.

Trypsin Digestion of Nuclear Extracts

Dried acetylated or propionylated nuclear extracts were recon-
stituted in 8 pl in 50 mM NH4HCO3 pH 8.0 (1 pg/pl). Trypsin (Promega)
was reconstituted in 50 mM NH4HCO; pH 8.0 at 0.1 pg/pl and 800 ng
added to each sample for a 1:10 E:S ratio (w/w). The digestion was
incubated for 3 h at 37 °C and stopped by the addition of 1.6 pl 1%
formic acid, 0.5% TFA.

Sep-Pak C,g Desalting

Digested samples were desalted using a Sep-Pak tCqg pElution
Plate (Waters) following the manufacturer's instructions. After elution
in 60% acetonitrile, 0.1% TFA, samples were dried down and
reconstituted in 50 pl 0.1% formic acid, 0.05% TFA. Samples were
briefly sonicated, vortexed, centrifuged, and transferred to autosam-
pler vials for LC-MS/MS analysis.

Mass Spectrometry

Tryptic peptides from acetylated or propionylated nuclear prepa-
rations (1/20 of each sample corresponding to 0.4 ug) were injected on
an Easy-nLC 1000 UHPLC system (Thermo Scientific). The nanoLC
was interfaced to a Q-Exactive Hybrid Quadrupole-Orbitrap Mass
Spectrometer (Thermo Scientific). Tryptic peptides were loaded on a
2 cm x 75 pm Acclaim PepMap 100 C18 trapping column (Thermo
Scientific) and separated on a 25 cm x 75 pm, PepMap C18, 2 pm
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particle column (Thermo Scientific) using a 60 min gradient of 2-30%
acetonitrile, 0.2% formic acid and a flow of 300 nl/min. LC-MS/MS-
based peptide sequencing was performed by data-dependent anal-
ysis (DDA) (Full MS 400-2000 Da at 70,000 resolution, MS AGC target
1e6, MS Maximum IT 200 ms, followed by MS/MS top ten HCD
fragmentation, normalized CE 30, Isolation window 1.2 m/z, fixed first
mass 145 m/z, 17,500 resolution, MS/MS AGC target 5e4, and MS/
MS Maximum IT 200 ms). Alternatively, samples were analyzed using
Parallel Reaction Monitoring (PRM) methods targeting potentially
methylated histone peptides (MS/MS stepped normalized CE 28, 31,
and 34, Isolation window 1.2 m/z, fixed first mass 145 m/z, 17,500
resolution, AGC target 2e5, and Maximum IT 200 ms).

Data Analysis

Peak lists were generated from uninterpreted tandem MS spectra
using either Mascot Distiller (2.7.1.0) or Mascot Daemon (2.6.0) and
searched for peptide matches using Mascot (2.6.0) (26) against a
database of histone sequences extracted from the UniProt_Hu-
man_2014_.03 database with a 5 ppm mass tolerance for peptide
precursors and 20 mDa mass tolerance for fragment ions. For acet-
ylated samples, the following modifications were selected: acetylation
on Lys and on the protein N-terminus as fixed modifications;
methylation on Arg, dimethylation on Lys and Arg, and trimethylation
on Lys as variable modifications. Methylation on Lys was taken into
account by selecting methyl+acetyl=propionylation (indicating acety-
lation on a monomethylated Lys) as a variable modification. For pro-
pionylated samples, the following modifications were selected as
variable: acetylation on Lys and on the protein N-termini; propiony-
lation on Lys and on the protein N-termini; methylation on Arg,
dimethylation on Lys and Arg, and trimethylation on Lys. Mono-
methylation on Lys was taken into account by selecting butyrylation
(indicating propionylation on a monomethylated Lys) as variable
modification.

Histone methylated peptides preliminarily identified by data-
dependent LC-MS/MS analysis were targeted by PRM analysis to
confirm the site of methylation and to identify all isoforms corre-
sponding to a specific modified peptide. PRM data were searched
using the settings described above. To minimize erroneous isoform
identifications, Mascot results were validated using the following rules:
only identification with Mascot identification score >30 and identifi-
cation with more than two PSM were considered. In cases where two
charge states for the same peptide were targeted, only results relative
to the charge state that resulted in the highest Mascot ID score were
considered. All possible isobaric modifications or localization isoforms
within a Mascot Delta score >8 (27) were manually validated.

Relative quantification of histone modifications was determined, as
commonly reported, by measuring the peak area of the precursor
corresponding to a specific modified peptide versus the sum of the
peak areas corresponding to all other observed modified and un-
modified forms of the peptide (25, 28).

Preparation of Histone H4 Synthetic Peptides and Measurement
of MS Response Factors

In total, 1.4 nmol each of the synthetic histone H4 peptides
(supplemental Fig. S1) (AnaSpec) was diluted to 70 pM in 100 mM
NH4HCO; pH 8.0 and treated with 20 pl of freshly prepared 25%
acetic anhydride in acetonitrile. Samples were vortexed and incubated
at 37 °C for 15 min, after which they were flash frozen and dried.
Acetylated peptides were digested using 20 pl trypsin in 50 mM
NH4HCO;3 pH 8.0 at 0.1 pg/pl for 3 h at 37 °C. Digested synthetic
peptides were desalted by ZipTip Cqg and eluted in 15 pl 60%
acetonitrile, 0.1% TFA. Samples were flash frozen, dried, recon-
stituted in 40 pl 0.1% formic acid, 0.05% TFA, and transferred to
autosampler vials for LC-MS/MS analysis.

To determine the response factors for the various methylated forms,
a 1:1:0.5:0.5 mixture of the synthetic H4 peptides was generated by
combining 10 nmol each of the unmethylated and monomethylated
with 5 nmol each of both the asymmetrically and symmetrically
dimethylated peptide standards. The mixture was acetylated and
digested with trypsin as described above. A ten-point fivefold serial
dilution was generated from 10 pmol/pl to 5.12 amol/ul in a 50 ng/pl
HelLa digest background. Samples were injected on an Easy-nLC
1000 UHPLC system (Thermo Scientific). The nanoLC was inter-
faced to a Q-Exactive Hybrid Quadrupole-Orbitrap Mass Spectrom-
eter (Thermo Scientific). Tryptic peptides were loaded on a 2 cm x
75 pm Acclaim PepMap 100 C18 trapping column (Thermo Scientific)
and separated on a 25 cm x 75 pm, PepMap C18, 2 pm particle
column (Thermo Scientific) using a 60 min gradient of 2-30% aceto-
nitrile, 0.2% formic acid, and a flow of 300 nl/min. Full-scan MS data
400-1800 Da at 35,000 resolution, MS AGC target 3e6, MS Maximum
IT 200 ms were acquired and XICs for peptides H4R3 (4-17) 0 MA (m/z
719.9099), (1-17) MMA (m/z 599.0023 [3+], and 897.9989 [2+]) and
(1-17) DMA (m/z 603.6736 [3+] and 905.0070 [2+]) were used to
calculated the relative MS response.

Optimization of Diagnostic Fragment lon Production for Histone
H4R3 ADMA and SDMA

Acetylated synthetic histone H4R3ADMA (1-17) and H4R3SDMA
(1-17) (10 pM in 0.1% formic acid, 0.05% TFA) were brought to 16%
CH3;CN and infused at 300 nl/min into a Q-Exactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific). loniza-
tion was achieved using a Nanospray Flex ion source (Thermo Sci-
entific) fitted with a stainless steel nano-bore emitter (Thermo
Scientific) with a positive Spray Voltage of 2400V. MS-based peptide
sequencing data were acquired using a PRM method targeting the
triply charged H4R3DMA (1-17) precursor ion at 603.6746 and
ramping the normalized collision energy (NCE) from 20 to 60 using
steps of two every 6 s.

RESULTS AND DISCUSSION

Chemical Acetylation as a Derivatization Strategy for the
Analysis of Histone Methylation

We explored the use of chemical acetylation with unlabeled
acetic anhydride to mitigate the analytical challenges associ-
ated with the MS analysis of histone methylation. We
reasoned that while conserving all the benefits of the propionyl
chemical modifications (e.g., creating more hydrophobic, LC-
MS compatible tryptic peptides), chemical acetylation with
unlabeled reagent would collapse all the many in vivo acety-
lated forms of a given histone methyl mark into a single
chemical species, simplifying data analysis and increasing the
chances of detecting less abundant methyl marks via sum-
mation of the intensities of all the in vivo and in vitro fully
acetylated forms.

The benefits of this strategy can be illustrated by consid-
ering arginine methylation on histone H4. The N-terminal tail of
histone H4 (residues 1-20) has been reported to contain a
large number of modifications (29), with acetyl and methyl
being the most common. Acetylation has been reported at the
N-terminus and at K5, K8, K12, K16, and K20. Methylation has
been reported on R3, K5, K8, K12, K16, and K20 (6) (Fig. 1A).
Data from a published top-down analysis of histone H4
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identified 68 isoforms of H4 containing various combinations
of these methyl and acetyl marks (14). The N-terminal tail
(residues 1-20) was detected with 0-5 acetyl groups and up to
four methyl groups distributed across R3 and K20 to yield a
total of 54 unique methylated forms (supplemental Table S1).
While this study might not be comprehensive for all the
possible isoforms of H4 (known methyl marks K5me1, K8mef1,
K12me1, and K16me1 were not detected), it clearly highlights
the level of complexity associated with a single histone pro-
tein. Using chemical acetylation, however, where all the un-
modified and monomethylated lysine residues and the
unmodified protein N-terminus are acetylated, all the differ-
ently in vivo acetylated forms of each methyl state would
collapse into a single species (supplemental Table S1). For
example, in the analysis described by Phanstiel et al. (14),
monomethyl R3 (R3me1) is always detected in the presence of
dimethyl K20 (K20me2) in 12 different forms that bear 0-5
acetylation groups (Fig. 1B). To measure changes in R83me, we
would need to profile 12 differently modified peptides.
Chemical acetylation collapses these 12 peptides into one
species (Fig. 1B). Likewise, each different K20 methyl mark
can be monitored using a single fully acetylated sequence
(Fig. 1C). To quantitate any given H4 methyl mark identified by
top-down analysis, all of the unmodified and differently
modified forms of each methyl state need to be taken in
consideration (25, 28). However, by using chemical acetyla-
tion, we have reduced the number of modified forms to
monitor from 68 to 6 (Fig. 1C).

Identification of Histone Methylation in Human Cancer Cell
Lines

To put our strategy into practice, we developed a simplified
protocol for chemical acetylation of cellular nuclear extracts
using unlabeled acetic anhydride (Fig. 2). Due to the higher
reactivity of acetic anhydride relative to propionic anhydride,
our protocol uses a single addition of reagent and does not
require pH adjustment following addition of the reagent. Under
these conditions, the reaction proceeds to near completion.
We monitored the completeness of the reaction by measuring
the percent acetylation on four histone peptides from the
nuclear extract and found that the conversion was >99.5%
(Table 1). We compared the extent of acetylation to the extent
of propionylation using a commonly employed propionylation
protocol for histones (double reagent addition and incubation
after pH adjustment) (25) and found that for these four pep-
tides the extent of the acetylation reaction is equivalent to or
better than the propionylation reaction.

After deacetylation of serine, threonine, and tyrosine resi-
dues using hydroxylamine, samples are digested with trypsin
and analyzed by data-dependent LC-MS/MS analysis. We
found that, predictably, the acetylated peptides generally
eluted in front of their propionylated counterparts, but that
otherwise there was no apparent difference in the chroma-
tography of histone tryptic peptides regardless of whether

acetylation or propionylation was chosen (supplemental
Fig. S1).

Raw spectra are searched against a Human Histone data-
base using Mascot. Because of the demonstrated completion
of the acetylation reaction (Table 1), acetylation on lysine
residues can be set as fixed modification. To account for all
possible methylation events, we searched for mono-, di-, and
trimethyl lysine and mono- and dimethyl arginine. Because
monomethylated lysine residues are chemically acetylated,
this mark was searched as a [methyl + acetyl] modification.
Other than acetylation, we reasoned that any other modifica-
tions would be of such low stoichiometry as to make a
negligible contribution to the quantitation of the methyl marks
and could, therefore, be disregarded.

To validate our proposed strategy, we applied it to a pool of
nuclear extracts prepared from equimolar aliquots of four
cancer cell lines (Z-138, Toledo, HelLa, and MDA-MB-468).
After chemical acetylation, the nuclear extract pool was
digested with trypsin and analysed by DDA LC-MS/MS.
Mascot searches using the parameters described led to the
identification of 34 potentially methylated peptides from either
histones H3 or H4. For the sake of simplicity, here we have not
considered results from histones H1 and H2. We confirmed
the methylation status of these peptides by targeted MS/MS
using PRM methods. The PRM data were searched using
Mascot with the results being filtered using stringent param-
eters (see experimental section) to minimize erroneous methyl
mark identification or localization. For select peptides
described below, spectra were manually validated to confirm
specific site(s) of modification. We used the data from the
PRM LC-MS/MS analysis of the fully acetylated nuclear
extract pool to build the list of confirmed methylated peptides
and methyl marks (Table 2). These data provided us with a
catalog of methyl marks that were readily detectable using our
protocol, the peptide sequence(s) in which they were likely to
be found, and other methyl marks that occurred on the same
sequence.

We used these data as a foundation for the development of
assays to profile specific methyl marks as described below.
Relative quantitation of specific methyl marks is commonly
determined by measuring the intensity of the precursor for a
modified peptide relative to the sum of the intensities for all
observed modified and unmodified forms of the peptide (25,
28). Quantitation of relevant methyl marks becomes increas-
ingly challenging as more modified forms of the peptide are
detected and need to be taken into consideration for quanti-
tation. As shown in the examples below, collapsing all in vivo
acetylated forms into one fully acetylated form greatly facili-
tates the detection and quantitation of histone methylation.

Chemical Acetylation Facilitates Quantitative Profiling of
H4R3 Methylation

PRMTs catalyze the addition of methyl groups to the side
chain of arginine. Arginine residues can be either mono- (MMA)
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Fic. 1. Chemical acetylation facilitates the analysis of histone methylation. A, histone H4 amino acid sequence. Commonly detected
modifications are indicated. B, H4 (1-20) peptides containing methylation (me1 and me2) at R3 as reported by top-down MS analysis (14).
Chemical acetylation collapses all the differently acetylated form into one. C, chemical acetylation collapses the 68 differently modified forms of
H4 (1-20) detected in Phanstiel et al. (14) into six fully acetylated species.

or dimethylated (DMA). Histone H4R3 has been reported to be
a substrate for PRMT-dependent dimethylation and functions
in transcriptional regulation. Due to the apparent low stoichi-
ometry of MMA and DMA on H4R3 (<1%) (12, 14) and the
overall complexity of PTMs on H4, the detection and quanti-
tation of H4R3 MMA and DMA levels have been extremely
challenging. Most of the published data on the state of H4R3
methylation has been generated using site-specific antibodies
(80-33), which can suffer from cross-reactivity and epitope
occlusion (34). Our data from the pooled nuclear extract
showed that H4R3 could be readily detected as both MMA and
DMA. To profile changes in the levels of these marks, we
performed bottom-up MS analysis on nuclear extracts from Z-
138 cells after chemical acetylation and digestion with trypsin.
We identified two fully acetylated H4 peptides containing amino
acids 1-17 (SGRGKGGKGLGKGGAKR) with either MMA or
DMA on R3 (Table 3). We found no evidence of methylation at
any other site on this peptide. When R3 is unmodified, trypsin
will cleave at this residue generating the peptide 4-17
(GKGGKGLGKGGAKR). Here we found three 4-17 peptides,
which contained 0, 1, and 2 methyl groups (Table 3). When
calculating the relative abundance of H4R3 methyl forms, the
4-17 peptides must be accounted for since they represent the
zero-methyl state of R3.

To further validate our proposed strategy for the analysis of
H4R3 methylation, we conducted a parallel experiment using
propionylation of the Z-138 nuclear extract and compared the
output of the two derivatization experiments. While propio-
nylation successfully increases the hydrophobicity of the his-
tone peptides and limits trypsin activity to cleave only at
arginine residues, the extraordinary complexity of the peptide
mixture persists. Due to the many in vivo acetylated forms, the
propionylated sample yielded a total of 15 unique methyl and
acetyl combinations of the 1-17 and 4-17 peptides (Table 3).
Using PRM methods, we targeted the 15 different propiony-
lated precursors and found that many of these unique com-
binations are, in fact, a combination of several isoforms. In
total up to 21 isoforms were identified using a predefined set
of stringent Mascot parameters (see Experimental section).
Three of these contained monomethylation at R3
(supplemental Table S2). H4R3 DMA was not identified in the
propionylated sample. To accurately quantify changes at R3,
all 21 propionylated isoforms, regardless of the type of
modification, would need to be validated, assayed, and their
intensities summed.

After chemical acetylation, only two forms each of meth-
ylated peptides 1-17 and 4-17 were detected (Table 3).
Whereas the PRM data showed that methylation on the 1-17
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Fic. 2. Schematic workflow for the analysis of histone methylation using chemical acetylation.

peptides was confined to R3 as MMA and DMA, the mon-
omethylation on peptide 4-17 was found to be a combina-
tion of several isoforms where the single methyl group is
potentially distributed over all four different lysine residues.
This additional complexity, however, accounts for only ca.
0.1% of the total amount of peptide 4-17, as most of the
peptide is in the unmethylated state (further characterization
of the 4-17 methyl isoforms as relating to the detection of
H4KS5 is described below). Because the singly and doubly
methylated isoforms account for so little of the total 4-17
sequence, we ignored these when determining the percent
of R3 in the unmethylated state. On the contrary, the in vivo
acetylated forms of the unmethylated state have been re-
ported with stoichiometries ranging 1-30% (14, 35) and so in
the case of a propionylated sample, they could not be dis-
regarded for the purpose of determining an accurate methyl
stoichiometry.

After complete chemical acetylation, the percent of MMA
and DMA at R3 was calculated for several cancer cell lines
using the unmethylated 4-17 peptide to represent total
unmethylated R3. Cell extracts from Z-138, MDA-MB-468,
and Toledo cells were prepared in triplicate and analyzed in
duplicate by MS. Apparent stoichiometries were corrected for
ionization efficiency differences derived from fully acetylated
synthetic peptides. We determined the stoichiometry in these
cells to be between 0.3 and 0.6% for MMA and 0.02 and
0.06% for DMA (Fig. 3). H4R3 DMA has been difficult to
quantify in MS-based experiments and often goes undetected
due to the low abundance of the mark and the large number of
modified forms spanning the H4 1-17 sequence. Using our
strategy, we easily identified and quantified H4R3 DMA levels
down to 0.02% of the total R3. The facile analysis of the H4R3
methylation profile clearly illustrates the advantages of the
chemical acetylation protocol for the identification and quan-
titation of low abundance methyl marks.

Quantitative Profiling of Histone H4R3 DMA Symmetry

Arginine dimethylation can occur either symmetrically
(SDMA) where the two methyl groups are on the two different
guanidino nitrogen of arginine or asymmetrically (ADMA)
where both methyl groups are added to the same guanidino
nitrogen (Fig. 4A). Different PRMTs catalyze the formation of
the two different symmetries. Type | PRMTs such as PRMT1
catalyze ADMA, whereas type Il PRMTs such as PRMT5
catalyze MMA and SDMA. These marks confer different bio-
logical effects in cells (7). For example, histone H4R3 ADMA
has been described as a transcriptional activator, whereas
H4R3 SDMA is classified as a transcriptional repressor (7).
PRMT1 catalyzes asymmetric dimethylation of R3, and this
has been correlated with a number of diseases, particularly
various cancers (36). H4R3 has also been reported to be a
substrate for PRMT5, which is overexpressed in a wide variety
of cancers where it suppresses the expression of tumor
suppressor genes and contributes to increased proliferation
(37). Because of the improved sensitivity for the detection of
H4R3 DMA gained through full chemical acetylation, we were
able to determine the symmetry of DMA at H4R3 in different
cell lines and to observe the effect of PRMT inhibitors on the
nature of that symmetry.

Under suitable conditions, fragmentation of SDMA and
ADMA in the mass spectrometer produces unique neutral loss
fragment ions, which can be monitored to distinguish between
the two species (38, 39). Using an appropriate collision en-
ergy, ADMA fragments to produce ions resulting from the
neutral loss of dimethylamine (A 45.0578) from either the
precursor or a sequence-specific fragment ion. On the other
hand, fragmentation through the same bond on SDMA pro-
duces ions that result from the neutral loss of methylamine (A
31.0422) (Fig. 4A). In order to quantify levels of ADMA and
SDMA in cancer cells, we used synthetic peptides to optimize
MS conditions for the maximal production and detection of

TaBLE 1
Completeness of chemical acetylation and propionylation of histones in nuclear extracts determined by percent derivatization of various histone
H3 and H4 tryptic peptides

Peptide Sequence Max number of acetyl Lys % Acetylation % Propionylation
H4 (25-36) DNIQGITKPAIR 1 99.8 98.4
H4 (80-93) KTVTAMDVVYALKR 2 99.5 99.9
H4 (69-79) DAVTYTEHAKR 1 99.9 98.8
H3 (74-84) EIAQDFKTDLR 1 99.7 96.9
SASBMB Mol Cell Proteomics (2021) 20 100067 7
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TABLE 2
Confirmed H3 and H4 methylated peptides and methyl marks detected by bottom-up analysis of a chemically acetylated pool of nuclear extracts
from Z-138, Toledo, Hela, and MDA-MB-468 cancer cell lines

Histone  Peptide m/z Charge Peptide sequence Methyl  Methylated residue(s) Mascot score
H3 1-17 656.7093 2+ ARTKQTARKSTGGKAPR 2 K4me2 41
9-17 500.2812 2+ KSTGGKAPR 1 K9me1 52
486.2839 2+ KSTGGKAPR 2 K9me2 40
493.2941 2+ KSTGGKAPR 3 K9me3 62
500.2812 2+ KSTGGKAPR 1 K14me1 45
507.2901 2+ KSTGGKAPR 2 K9me1K14met 43
18-26 542.8272 2+ KQLATKAAR 1 K18me1 41
542.8272 2+ KQLATKAAR 1 K23me1 48
73-83 696.3587 2+ EIAQDFKTDLR 1 K79me1 88
682.3641 2+ EIAQDFKTDLR 2 K79me2 57
H3.1 27-40 787.4420 2+ KSAPATGGVKKPHR 1 K27me1 106
787.4420 2+ KSAPATGGVKKPHR 1 K36me1 100
773.4452 2+ KSAPATGGVKKPHR 2 K27me2 104
773.4452 2+ KSAPATGGVKKPHR 2 K36me2 82
780.4518 2+ KSAPATGGVKKPHR 3 K27me3 102
794.4489 2+ KSAPATGGVKKPHR 2 K27me1K36me1 106
780.4518 2+ KSAPATGGVKKPHR 3 K27me1K36me2 88
780.4518 2+ KSAPATGGVKKPHR 3 K27me2K36me1 89
766.4553 2+ KSAPATGGVKKPHR 4 K27me2K36me2 74
787.4616 2+ KSAPATGGVKKPHR 4 K27me3K36me1 99
773.4645 2+ KSAPATGGVKKPHR 5 K27me3K36me2 62
H 3.3 27-40 795.4405 2+ KSAPSTGGVKKPHR 1 K27me1 109
795.4405 2+ KSAPSTGGVKKPHR 1 K36me1 109
781.4429 2+ KSAPSTGGVKKPHR 2 K27me2 44
781.4429 2+ KSAPSTGGVKKPHR 2 K36me2 76
788.4500 2+ KSAPSTGGVKKPHR 3 K27me3 102
802.4475 2+ KSAPSTGGVKKPHR 2 K27me1K36me1 109
788.4500 2+ KSAPSTGGVKKPHR 3 K27me2K36me1 54
788.4500 2+ KSAPSTGGVKKPHR 3 K27me1K36me2 77
774.4533 2+ KSAPSTGGVKKPHR 4 K27me2K36me2 57
795.4579 2+ KSAPSTGGVKKPHR 4 K27me3K36me 89
781.4630 2+ KSAPSTGGVKKPHR 5 K27me3K36me2 52
H4 1-17 897.9998 2+ SGRGKGGKGLGKGGAKR 1 R3me1 81
905.0074 2+ SGRGKGGKGLGKGGAKR 2 R3me2 41
4-17 726.9166 2+ GKGGKGLGKGGAKR 1 K5me1 67
726.9166 2+ GKGGKGLGKGGAKR 1 K8me1 46
726.9166 2+ GKGGKGLGKGGAKR 1 K12me1 69
726.9166 2+ GKGGKGLGKGGAKR 1 K16me1 51
20-35 640.7178 3+ KVLRDNIQGITKPAIR 1 K20me1 51
631.3854 3+ KVLRDNIQGITKPAIR 2 K20me2 73
68-92 998.1979 3+ DAVTYTEHAKRKTVTAMDVVYALKR 3 K77me3 61

the two types of neutral losses. Commercially available H4 N-
terminal peptides unmodified, monomethylated, and dime-
thylated either symmetrically or asymmetrically on R3 were
fully acetylated and digested with trypsin to produce un-
modified H4 4-17 peptide and peptide 1-17 containing R3
MMA, ADMA, or SDMA (supplemental Fig. S2). We prepared
equimolar mixtures of the fully acetylated unmodified, mono,
and both dimethylated H4R3 peptides and analyzed them by
LC-MS to determine the relative ionization efficiency of the
four components (supplemental Fig. S2). Based upon the in-
tegrated peak areas for each peptide, normalization factors
were determined relative to the unmodified peptide (3.0 for
MMA and 0.9 for DMA) and used to correct the H4R3 data

reported throughout. Linearity of the MS response for these
peptides was observed over the range of intensities expected
for the unmodified, mono, and both dimethylated H4R3 pep-
tides in MDA-MB-468 cells (supplemental Fig. S2). We first
attempted to maximize the production of the two neutral loss
species from the precursor ion. However, under no conditions
tested were we able to efficiently produce these ions. We did
observe a weak neutral loss from several ions of the b series.
Scanning the NCE on the Orbitrap from 20 to 60 while
monitoring the production of neutral losses from the ions b4—
b6 of the synthetic peptides, we determined that an NCE of 38
gave the highest yield of the three fragments. It should be
noted that this NCE is significantly higher than the value
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TaBLE 3
N-terminal H4 peptides from Z-138 cell nuclear extract identified by
data-dependent LC-MS/MS following derivatization with either acetic
or propionic anhydride

Peptide Sequence Acetyl Methyl

In vitro acetylation
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
GKGGKGLGKGGAKR
GKGGKGLGKGGAKR

In vitro propionylation
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
SGRGKGGKGLGKGGAKR
GKGGKGLGKGGAKR
GKGGKGLGKGGAKR
GKGGKGLGKGGAKR
GKGGKGLGKGGAKR
GKGGKGLGKGGAKR
GKGGKGLGKGGAKR

1-17
1-17
4-17
4-17
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Precursors were sequenced by targeted PRM to determine the sites
of modification reported in supplemental Table S2.

(NCE = 30) used in a typical data-dependent experiment.
Using the higher NCE, we were able to increase the signal of
the neutral loss fragment ions approximately threefold
(supplemental Fig. S3). While the need for a higher collision
energy might be specific for this peptide, optimization of the
collision energy is necessary for best neutral loss production.
The need for higher collision energy for better production for
the ADMA/SDMA diagnostic ions has recently been reported
as a more general rule (40). Monitoring the neutral loss frag-
ments from ions b4-b6, we could clearly discriminate between
H4R3 ADMA and SDMA (supplemental Fig. S4). We analyzed
a 1:1 mixture of the acetylated ADMA and SDMA synthetic
peptides by PRM using the optimized NCE of 38 and found
that the two species produced the neutral loss ions with a
comparable efficiency. Interestingly, we also observed a
subtle retention time shift between the two peptides (Fig. 4B).

Combining our chemical acetylation strategy with the opti-
mized collision energy parameters, we analyzed nuclear ex-
tracts from MDA-MB-468"" cells to determine the baseline
methyl state of H4R3. We found that MMA and DMA repre-
sented ca. 0.2% and 0.015%, respectively, of the total H4R3
population (Fig. 5A and supplemental Fig. S4). Histone H4R3
has been reported to be a substrate of both Type | and Type Il
PRMTs (41-43). However, using PRM data acquisition and
monitoring selected neutral loss ions for ADMA and SDMA, we
found that H4R3 DMA was only present in these cells in the
asymmetric form (Fig. 5B and supplemental Fig. S5). Only

after overexpression of exogenous PRMT5 and the cofactor
MEP50 in MDA-MB-468 cells (MDA-MB-468"MT%) was H4R3
SDMA detected (Fig. 5B and supplemental Fig. S5). These
cells showed a threefold increase in H4R3 MMA and fourfold
increase in total H4R3 DMA (0.7% for MMA and 0.06% for
DMA, respectively) (Fig. 5A). These data are in good agree-
ment with reports that PRMT5 catalyzes the addition of both
MMA and DMA (44, 45). Finally, neutral loss ions from H4R3
DMA clearly show the presence of both ADMA and SDMA. To
our knowledge, this is the first antibody-independent evidence
that H4R3 is a substrate for both Type | and Type || PRMTs
(Fig. 5B).

Selective or combination inhibition of Type | or Type Il
PRMTs has been linked to anticancer activity and considered
as a potential therapeutic for oncology (46-48). We used the
strategy described herein to monitor the effect of PRMT in-
hibitors on H4R3 in PRMT5-overexpressing MDA-MB-468
cells treated with DMSO, a Type | PRMT inhibitor, or a
PRMT5 inhibitor alone or in combination. Analysis of H4R3
MMA and DMA levels showed that while PRMT5i inhibited
both MMA and DMA, Type | PRMTi only inhibited H4R3 DMA
(Fig. 5C). These findings agree with reports showing that MMA
is mainly a product of Type Il PRMT activity. As expected, the
combination of the inhibitors affected the levels of both MMA
and DMA. In addition, we determined the H4R3 ADMA/SDMA
ratio before and after compound treatment to confirm inhibitor
specificity and prove target engagement. While the DMSO-
treated sample contains an equimolar amount of ADMA and
SDMA (Fig. 5D), treatment with PRMT5i completely inhibits
the formation of H4R3 SDMA, and treatment with Type |
PRMTi fully inhibits formation of ADMA. In this experiment,
combination treatment decreased DMA to levels that did not
allow discrimination between ADMA and SDMA. Due to the
very limited stoichiometry of H4R3 DMA (<0.02%), we believe
this in-depth analysis would likely not have been possible
without the improved sensitivity gained by collapsing the
various acetylated forms of the H4 peptide 1-17.

Methylation Profile for Histone H4K5, K12, and K16

Across the same histone H4 sequence (1-17), the four ly-
sines at K5, K8, K12, and K16 are well known to be acetylated
(49), and there are reports that these residues are methylated
as well (Figure 1A) (6). Histone H4K5 has been reported to be
methylated in response to SMYDS3 activity (35). H4K12 was
shown to be monomethylated in vitro on nucleosomes by
KMT9. Depletion of KMT9 in prostate cancer cells results in
decreased endogenous H4K12me1 levels (50). In our experi-
ments with Z-138 cells, we found methylation at one of these
four sites only when there was no modification on R3, and
trypsin produced the peptide 4-17. This shorter peptide was
found in only two forms, unmethylated and monomethylated.
In our propionylation experiment, analysis by PRM of the 4-17
plus methyl precursor showed this peptide to be a combina-
tion of 15 acetyl and methyl isoforms (see supplemental
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Table S2). The various acetylated forms of this peptide
frequently coelute, making quantitation of any one isoform and
the less abundant methyl forms difficult (51). Using chemical
acetylation, we collapsed the various acetylated forms into
one, so that the only variable in the heterogeneity is in the site
of lysine methylation. In Z-138 cells, we determined that the
monomethylated forms of H4 4-17 account for ca. 0.1% of the
total. Using PRM we analyzed the m/z 726.9181 precursor for
the monomethylated 4-17 peptide and with manual validation
of the MS/MS spectra, identified monomethylation at K5, K12,
and K16. Fragment ions unique to Kbme1 and K16me1, along
with a significant chromatographic separation of the K12me1
species, allowed us to unambiguously characterize these
three sites (supplemental Fig. S6). There has been only a
single report of H4K5 methylation, (35), but here we were able
to clearly confirm K5me1 and differentiate it from the other
sites (Fig. 6). Whereas H4K12 accounts for ca. 65% of the
total monomethylation, methylation on K5 accounts for only
ca. 20% of the total monomethylated forms, corresponding to
ca. 0.02% of total peptide 4-17. In these cells, we were unable
to unambiguously identify methylation on K8 in the mono-
methylated 4-17 peptide; however, in a single peptide con-
taining two methyl units, we found evidence for K8me in

CHg CH; CH,4
+ | + l
H,N_\ N N\ NH
2 \CH3 X
NH -45.0578 NH -31.0422
ADMA NL SDMA NL
An An
H H
ADMA SDMA

conjunction with Kbme (data not shown). While this analysis is
specific to Z-138 cells, it is likely that the composition and
stoichiometry of methylation at these sites may differ in other
cells.

Quantitation of H3K27me3 as a Biomarker of EZH2 Activity

Trimethylation of histone H3 at K27 (H3K27me3) is strongly
associated with transcriptional repression, but is generally
considered to be readily reversible (52). As such, it has an
important role in the expression of genes involved in lineage
commitment and differentiation, where genes expression is
dynamically regulated. The role of H3K27me3 in differentiation
is also linked to the genesis and maintenance of tumor cells.
EZH2, as part of the Polycomb Repressive Complex 2 (PRC2),
catalyzes mono-, di-, and trimethylation of H3K27. EZH2 is
overexpressed in multiple cancers (53) and gain-of-function
mutations in EZH2 lead to an accumulation of H3K27me3
due to the enzyme's increased catalytic efficiency with
dimethylated substrates. Because of its central role in
modulating H3K27me3 levels, EZH2 is an important target for
drug discovery. To efficiently profile the methylation status of
H3K27 as part of a campaign to discover selective inhibitors of
EZH2, we developed an MS-based assay as an orthogonal
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Fic. 4. Determination of H4R3 DMA symmetry by MS. A, diagnostic neutral loss fragment ions used to discriminate between ADMA and
SDMA. B, equimolar mixture of fully acetylated synthetic H4R3 peptides 1-17 ADMA and SDMA. ADMA and SDMA are discriminated by

monitoring the neutral loss fragments on ions b4-b6 (combined).
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Fic. 5. H4R3 ADMA and SDMA profiling in MDA-MB-468"" and MDA-MB-468""MTcells. A, quantitation of relative stoichiometry of H4R3
MMA and DMA. Overexpression of PRMT5 in MDA-MB-468 cells led to a threefold and a fourfold increase in H4R3 MMA and DMA, respectively.
Error bars represent the standard error of two biological replicates. Note different scales for H4R3 MMA and DMA relative stoichiometries. B,

monitoring of H4R3 ADMA/SDMA diagnostic ions. Only H4R3 ADMA

was detected in MDA-MB-468"". After overexpressing PRMT5 and

MEP50, both H4R3 ADMA and SDMA were detected. C, effect of type | PRMT and PRMT5 inhibitors on H4R3 MMA and DMA. Error bars
represent the standard error of two biological replicates. Note different scales for the MMA and DMA relative stoichiometries. D, effect of type |
PRMT and PRMTS5 inhibitors on H4R3 ADMA and SDMA as determined by monitoring of the diagnostic neutral loss on b4-b6 ions.

approach to existing antibody-based methods. Following
chemical derivatization of all the unmodified and mono-
methylated lysine residues, H3K27 is found in the H3 peptide
27-40 (KSAPATGGVKKPHR). Lysine residues at K27, K36,
and K37 have been reported to be acetylated and mono, di,
and trimethylated in various combinations (29). Using pro-
pionylation, we identified peptide 27-40 in KARPAS-422 cells
with 0-2 acetyl groups and up to six methyl groups distributed
over K27, K36 and K37 for a total of 44 potentially different
acetylated and methylated forms (data not shown). After
extensive manual validation, we determined the actual number
of modified forms of this peptide in these cells to be 21
(supplemental Table S3).

Collapsing the acetylated forms of H3 27-40 via chemical
acetylation yielded a single acetyl form carrying 0-5 methyl
units in 14 different isoforms with methylation on K27 and
K36 only (Fig. 7 and supplemental Fig. S7). We identified two
isoforms K36me3 and K27meK36me3 that were not found in
our nuclear catalog (Table 3), likely because the pool of

nuclear extracts used to build the catalog did not contain
KARPAS-422 cells. H3K27me3 was found in combination
with unmodified, mono- and dimethylated K36 but never
K36me3. Summing the intensity of all 14 differently methyl-
ated forms of the peptide, we obtained an accurate relative
quantitation of H3K27me3 levels in response to various
inhibitors.

EZH2 undergoes recurrent somatic mutation in a subset of
diffuse large B-cell ymphomas leading to a gain-of-function
phenotype due to a change in the enzyme substrate prefer-
ence. While wild-type EZH2 is enzymatically most active with
unmethylated and monomethylated H3K27-containing pep-
tides, EZH2 Y641 and A677 mutants prefer a dimethylated
H3K27 substrate leading to an accumulation of H3K27me3 at
the expense of H3K27me2. This finding has been demon-
strated biochemically and in cells using both antibody and
MS-based methods (54-56).

Additionally, H3K27 methylation levels can be modulated
biochemically, in vitro or in vivo, using small-molecule inhibitors
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Fic. 6. Monomethylation profile for histone H4 K5, K12, and K1

6 from Z-138 cancer cells. Extracted ion chromatograms from PRM

analysis of m/z 726.9178, the [M+2H]?* precursor ion for the tryptic peptide H4 (4-17) + me1. These ions confirm methylation on different lysine
residues within the 4-17 peptide. The stoichiometry for KSme1 was calculated using the intensity of the unmethylated y44 ion (m/z 1154.6698),
which is unique for Kbme1. The stoichiometry for K16me1 was calculated using the intensity of the methylated y5 ion (m/z 544.3232), which is
unique for K16me1. The remaining methylation was assigned to K12me1, which is identified by a combination of the unmethylated y5 ion (m/z
530.3056) and the methylated y6 ion (m/z 714.4268). No unequivocal evidence was found for methylation on K8. Labeled spectra are shown in

supplemental Fig. S6.

of EZH2 (57, 58). The methodology described herein was uti-
lized to characterize the H3K27 methylation profile in Pfeiffer
EZH2 mutant xenografts treated in vivo for 11 days with vehicle
or the EZH2 inhibitor, tazemetostat (57) (Fig. 7C). H3K27 was
predominantly trimethylated in tumor from vehicle-treated ani-
mals consistent with previously published findings using site-
specific western blot assays in EZH2 wild-type and mutant
cell lines (58) and provides further validation of this MS method.
Following EZH2 inhibition, H3K27me3 levels decrease from ca.
46% to 14% at the highest dose tested, with a concomitant
increase in H2K27me0/1/2. Overall, these data support the use
of this simplified MS strategy to assess changes in histone
methylation in a variety of experimental settings.

CONCLUSIONS

There is a well-established link between histone lysine
methylation and the development and progression of a wide
range of cancers (10). More recently it has become clear that
histone arginine methylation plays a key role in the patho-
genesis of multiple cancers by hijacking processes that facil-
itate cancer cell survival (9). As such, the enzymes that
catalyze the addition and removal of these modifications have
become high-priority targets for drug discovery efforts (9, 59).
Highly selective and sensitive assays that can measure
changes in the site occupancy of these modification are crit-
ical enablers of these efforts. Whereas more than a thousand
site-specific antibodies are available for many of the most
relevant histone modifications (60), it has now become clear
that many of these reagents suffer from a lack of selectivity
including off-target recognition, neighboring PTM effects, and
the inability to distinguish the various methyl forms (60-63).
For this reason, MS has become the gold standard to measure

and validate changes in histone marks (11, 64, 65), particularly
methylation (66, 67). In this report we described a simple
strategy that uses chemical acetylation with dg-acetic anhy-
dride to not only improve the size and chromatographic
properties of histone tryptic peptides, but also most impor-
tantly reduce the combinatorial complexity of acetylation on a
given sequence, thereby facilitating the identification and
quantitative analysis of histone methyl marks. This was
particularly notable in the case of Histone H4R3 dimethylation,
where our strategy provided the selectivity and sensitivity to
quantify changes in symmetric and asymmetric dimethylation
where the levels of dimethyl arginine were as low as 0.02% of
the overall H4R3 occupancy. In the same region of the H4
sequence, we were further able to deconvolute mono-
methylation on four closely spaced lysine residues, where the
overall level of the modification was approximately 0.1%.

A caveat of our proposed strategy, beyond the limitations
imposed by any bottom-up strategy, such as the inability to
distinguish some sequence variants, is that an understanding
of PTM cross talk between acetylation and methylation is lost.
For instance, it is reported that whereas H4K5 acetylation
promotes ADMA at H4Ra3, it inhibits SDMA at the same site,
and that acetylation at H3K9 and H3K14 inhibits methylation
at H3R8 (68). If the goal of the experiment is to understand this
cross-coordination, then certainly a different strategy should
be employed. On the other hand, our approach does not limit
the ability to understand cross talk between different methyl
sites or between methylation and any other PTM not obscured
by chemical acetylation of lysine residues.

Our goal in this work was to establish a mechanism for
rapidly developing highly sensitive assays for selective anal-
ysis of specific histone methyl marks. Using a pool of cancer
cell extracts, we were able to build a library of identifiable

12 Mol Cell Proteomics (2021) 20 100067

SASBMB



Chemical Acetylation for Histone Methylation

100
K27me3 me K27 K36
me J— 1
— gmg 0 0 0 @ | Vehicle
— 2me I
—ime 11 0 O 30mg/kg
75 — 4 me 1 0 1 = u
2 T ome 2 1 1 S @ 80mg/kg
8 2 2 o0 5
c =]
3 2 0 2 T
c
50 - z
é 3 1 2 %
° K27me0K36me0 3 2 1 £
2 3 3 0 ~ 1
© K27me2 3 0 3 g
& 25 - K27me2K36mel K27mel P~
K27me3K36mel 4 2 2 T -
K36me2 4 3 1 =
K36mel
K36me3
K27me2(36me2 K27me 1K36me2 E;ég:i 4 1 3
me3K36me K27me1K36me3
0 ——— T T T “T ? \ T /IJ\ T > 2 2 o
16 18 20 2 24 26 28 30 32

Time (min)

Fic. 7. H3K27 methylation profile in KARPAS-422 cells and Pfeiffer EZH2 mutant xenografts. Extracted ion chromatogram (A) of 14 different
methylated forms (B) of the H3 27-40 peptide from KARPAS-422 cells (2+ and 3+ precursors, supplemental Table S4). Identification of each
respective isoform is based on inspection of individual tandem mass spectra (supplemental Fig. S7), allowing us to differentiate the various
methylated forms of H3K27 and H3K36. C, monitoring these different extracted ion chromatograms allows accurate relative quantitation of the
methyl status on H3K27 from Pfeiffer EZH2 mutant xenografts before and after treatment with the EZH2 inhibitor tazemetostat (57). Error bars
represent the standard error of two (vehicle) or three (drug treatment) biological replicates.

methyl marks and the sequences in which they could be
readily identified. There is work yet to be done. Arginine
methylation remains particularly difficult to identify. While we
were able to efficiently identify all forms of H4R3, other sites
on H4 (R17, R19) and H3 (R2, R8, R17, R26) remain refractory.
As was the case with H3K36me3, which we only found in Z-
138 cells, it's likely that certain arginine marks may be specific
to certain cell lines or limited to certain regions of the chro-
matin. In this case a more focused effort will be necessary to
interrogate these marks.
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