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Abstract
Histone modifications are highly linked to DNA methylation and together they exert epigenetic
control over many activities in the cell including gene transcription. Using a streamlined mass
spectrometric approach to determine changes in modification states in the first 50 residues of histone
H3, we found a decrease in the global methylation states of H3.1 at Lys 9, Lys 14 and Lys 27 after
inhibition of DNA methyltransferases by 5-aza-2′-deoxycytidine. Collisional ion dissociation
methods proved adequate to determine site-specific H3 PTMs because ample backbone bonds are
cleaved between each modification site and PTMs were stable to MS/MS using threshold
fragmentation in a linear ion trap (LTQ). Our assay allows for a quick profiling and site-specific
interrogation of modification states on the first 50 residues of H3 and is directly applicable to H3.1,
H3.2 or H3.3 using most OrbiTrap, FT ICR, or TOF mass spectrometers.
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Introduction
Histones are important nuclear proteins which form a structural unit known as the nucleosome
to facilitate genome packaging[1]. The function of histone proteins is highly regulated by
covalent modifications such as methylation, acetylation and phosphorylation mostly present
on their N-terminal tails[2]. Different PTM states may effect chromatin remodeling processes
and the accessibility of transcription factors to DNA[2;3], consequently influencing gene
transcription, cell development and even establishment of cancer[4]. Combinations of PTMs
present on a given locus encode specific information which triggers binding of protein
complexes with various recognition domains for different histone “codes” (i.e., distinct PTM
combinations). H3 is the most highly modified histone and in mammals it is expressed as three
main variants (H3.1, H3.2 and H3.3). Some of the best studied residues and modifications
involved in cancer, cell development and cell cycle include Lys 4[5], Lys 9[6] and Lys 27
which have been shown to be highly methylated[7]. In addition to methylation, multiple sites
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of acetylation and phsophorylation have also been reported on the histone H3 tail[8;9;10].
Further, expression of H3 variants is also important in different cellular activities[11;12]. Di-
and tri-methylation on Lys 9 have been shown to be PTM states that are recognized by the
protein HP1 which is highly important in establishing and maintaining heterochromatin[13;
14;15;16]. Additionally, Lys 9 and Lys 27 methylation states have been linked to recruitment
of enzymes responsible for DNA methylation[17].

Mass spectrometry (MS) using either “bottom up” or “top down” techniques have proven very
useful for characterization of histone PTMs[18]. MS methods which use excessive digestions
can lose information on combinations of PTMs which can be very important for protein
function. Top down MS allows detection of histone codes and changes in bulk histone profiles,
in addition to definitive identification of specific histone variants and their modifications that
might not have been appreciated by older MS methods or Western blotting. The net effect of
all these strategies is to provide site-specific information for PTMs and a “bird's eye” profile
of histone forms that arise from multiple modifications. In a second step, gas phase
fragmentation provides site-specific localization and quantitation of percent occupancy for
specific modifications[19].

In our hands, the “top down” philosophy uses Fourier-Transform MS with collisional- or
electron-based ion fragmentation approaches to interrogate all core histones at the intact protein
level. Individual forms of full length H3 (15 kDa) are rather difficult to interrogate by top down
MS/MS, whereas this is far easier on the N-terminal 50 residues liberated by treatment with
endoproteinase Glu-C [20]. We have applied this “middle down” approach followed by MS/
MS fragmentation to histone H3.1 from cells treated with DNA methylating inhibitor 5-aza-
dC, one of the most traditionally used inhibitors of DNA methyl transferases (DNMTs).

DNA methylation is a well studied mechanism by which cells are able to control gene activity
(usually suppressing it), and the enzymes responsible for this function belong to the DNMT
family[21;22]. These enzymes catalyze methylation of cytosine at position 5 with S-adenosyl-
methionine acting as the donor and they belong to four different classes: DNMT1, DNMT3a,
DNMT3b, DNMT3L. DNMT3a and DNMT3b are known as de novo methyltransferases[23]
which function during embryogenesis, while DNMT1 functions to maintain methylation states
during replication[17]. DNMT1 methylates hemi-methylated sites in the context of double
stranded DNA[24].

5-aza-dC, a well established inhibitor gets metabolically incorporated into DNA causing
DNMT enzymes to covalently bind once they encounter the substituent of regular cytosine.
Once this occurs the amount of DNMT available gets reduced dramatically resulting in
inhibition of DNA methylation. 5-aza-dC has been shown to have a preference towards forming
DNMT3-DNA adducts leading to apoptosis[25]. Studying the reciprocity between DNA
methylation and histone methylation states is of high importance in epigentics and is explored
further here with a protocol tailored for the H3 tail using methodology for high-resolution
tandem mass spectrometry.

Materials and Methods
Histone H3 Extraction and Separation

HeLa S3 cells (purchased from ATCC) were maintained at a density of 2–4 × 105 cells/mL in
spinner flasks in Joklik's modified MEM supplemented with 5-10% newborn calf serum. Cells
were collected by centrifugation, washed twice in cold tris-buffered saline (PBS) and then lysed
in nucleus isolation buffer (15 mM Tris-HCl pH 7.5, 60 mM KCl, 15 mM NaCl, 5 mM
MgCl2, 1 mM CaCl2, 250 mM sucrose, 1 mM dithiothreitol, 5 nM microcystin-LR, 500 μM
4-(2-aminoethyl)benzenesulphonyl fluoride, 10 mM sodium butyrate), supplemented with
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0.3% NP-40 followed by low-speed centrifugation to purify nuclei. Histones were extracted
by incubating isolated nuclei with 0.4 N H2SO4 on ice for 1 h with intermittent mixing. Acid
insoluble material was removed by centrifugation, trichloroacetic acid was added to the
supernatant (20% w/v final) and the precipitated core histones were recovered by centrifugation
after several hours of incubation on ice. The pellet was washed with acetone + 0.1% HCl,
followed by two washes with 100% acetone, dried, and resuspended in water. H3 was then
separated from other proteins by reverse phase HPLC (RPLC) on a Phenomenex C18 column
(4.6 × 250 mm). Approximately 200 μg of crude acid-extracted protein was separated using a
multi-step gradient from 100% A (5% acetonitrile, 0.1% TFA) to 100% B (90% acetonitrile,
0.094% TFA) at a constant flow rate of 0.8 mL/min. Protein elution was monitored at 214 nm,
and H3.1 (approximately 50 μg) eluted as a single peak. HeLa cells ∼ 2×105 cells/mL were
treated with 1 μM 5-aza-2′-deoxycytidine (Calbiochem) for three and five days after which the
cells were harvested and H3.1 was purified as described above.

H3 Glu-C digestion and HPLC separation
H3.1 was resuspended in 100 μL of 25 mM NH4HCO3 pH 4.0 and Glu-C (Roche) was added
at a final ratio of 10:1 (protein to enzyme). The reaction was allowed to proceed for ∼ 4 h at
room temperature and the mixture was loaded into a 4.6 mm × 250 mm C18 HPLC column.
H3.1 peptides were separated on a 0-56 % buffer B (90 % acetonitrile with 0.2 % TFA) gradient
over 56 min. while monitoring the absorbance at 214 nm. The 1-50 piece of H3 was collected
and evaporated to dryness.

Mass spectrometry and western blots
H3.1 MS data were collected on a 12 Tesla LTQ FT Ultra instrument. The 1-50 amino acid
peptide was resuspended in 30 μL of ESI solution and 10 μL was loaded to a Triversa nanospray
robot (Advion BioSciences, Ithaca, NY). After broadband analysis each peak of interest was
subjected to a tight window isolation of 2 m/z followed by MS/MS fragmentation by either
Electron Capture Dissociation (ECD) or Collision Induced Dissociation (CID). All data
validation was done using ProSight PC 2.0 software (Thermo Fisher Scientific, San Jose, CA)
in single protein mode. Relative ratios determined from this experiment should be treated as
semi- quantitative (so ∼5-20% errors in abundance ratios are possible)[19]. For western blot
analysis, HeLa cells were harvested and subjected to acid extraction as previously described.
Antibodies used against full length H3: rabbit polyclonal anti (di-me) H3 Lys 9 and rabbit
polyclonal anti acetyl Lys 9 were purchased from Upstate Cell Signaling Solutions.

Results
Histone H3 is expressed as three different variants in HeLa cells (H3.1, H3.2 and H3.3)[11],
however the amino acid differences are significant enough so each one of the forms separates
as an individual peak in the HPLC chromatogram. H3.1 and H3.2 are highly similar to each
other and histone H3.1was the only variant individually purified, Glu-C digested and analyzed
for changes after inhibition of DNA methylation. Individual forms of intact H3.1 are difficult
to analyze by top down mass spectrometry due to the large amount of PTMs present (up to 18
methyl equivalents)[20]. The Δm difference between a trimethylation and acetylation group is
only 36 mDa, complicating their differentiation for ions above 10 kDa and low S/N. To avoid
this complexity we digested the sample by using the protease Glu-C, which generates an N-
terminal piece of H3.1 including the first fifty amino acids[20]. The digestion facilitates quick
analysis (vide infra) and maintains the PTM information present in many key residues including
Lys 4, Lys 9, Lys 27 and Lys 36. The 1-50 digested peptide was further separated on the HPLC
from the rest of the Glu-C generated peptide mixture.
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The 1-50 peptide was introduced into the mass spectrometer and a broadband view of all the
forms present was obtained (Figure 1A and B). Individual H3.1 forms were selected in the next
step and subjected to MS/MS analysis by either CID or ECD (Figure 1C). The intact profile
of the 1-50 peptide from the asynchronous/untreated HeLa cells indicates the protein is heavily
modified with up to eleven methyl equivalents (i.e., increments of 14 Da). In addition, the N-
terminal 1-50 piece of H3 isolated from untreated cells was also found to be acetylated.
Phosphorylation or N-terminal acetylation were not observed on the 1-50 H3.1 peptide. As
shown in Figure 2A the most abundant forms expressed in untreated cells have 5 to 8 methyl
equivalents in addition to the forms that have dimethyl in addition to mono or diacetyl groups.

HeLa cells were then treated with the inhibitor 5-aza-dC for either three or five days. To avoid
toxicity and apoptosis the concentration of the drug was kept at low levels (1 μM). H3.1 profiles
from 5-aza-dC treatments indicate the protein has the same modification types as H3.1 from
asynchronous cells, however the abundance of the modified forms changes substantially
(Figure 2 A-C) upon treatment with the inhibitor. H3.1 from a three or five day treatment with
5-aza-dC shows a decrease in the amount of higher methylated/acetylated forms (6 to 12 methyl
equivalents).The H3.1 MS profile of the treated cells shows a big shift towards the less
methylated/acetylated forms of the protein, specifically the 5 methyl/acetyl, 4 methyl/acetyl
and 3 methyl/acetyl forms. At the “profiling” level, we can conclude that inhibition of DNA
methylation causes an increase in the relative abundance of H3.1 forms that are less methylated
compared to asynchronous H3.1. Also, a comparison of the treatments for three or five days
with the DNA methylating inhibitor 5-aza-dC indicates no significant changes between the
two different time points.

Comparing profiles is helpful in indicating drastic changes in modification patterns, however
the knowledge of site specific modification changes can only be obtained after MS/MS
fragmentation. ECD or CID of all the forms present from either an asynchronous or treated
sample reports on global changes including specific sites of modifications. Although all the
forms of H3.1 1-50 are included during this type of “multiplexed” fragmentation (easy to
implement), we are able to assess global PTM occupancies at specific sites for the differently
treated samples semi-quantitatively. A comparison of ECD of all the forms present for
untreated and treated samples indicates ratio changes for pairs of specific fragment ions.
Histone H3.1 is a protein rich in lysine and arginine residues which are potential sites for
methylation and acetylation. To get the precise localization of a modification it is necessary to
use a fragmentation method that cleaves backbone bonds between each site of interest. Some
of the MS/MS fragmentation methods involve ion activation via collisions into a neutral gas,
while some others use electrons. The electron-based methods have the advantage of cleaving
proteins and larger peptides at many more backbone positions than conventional MS/MS,
allowing for better localization of modifications to specific sites. Both ECD and Electron
Transfer Dissociation (ETD) retain any PTM that is stable during the original ionization process
[26], while CID has been shown to be more harsh especially towards phosphorylation and
glycosylation. Our data indicate that fragmentation efficiency for H3.1 was comparable for
both methods ECD and CID. In addition, site specific information for PTM localization could
be obtained by using either type of fragmentation. MS/MS fragmentation by ECD or CID was
obtained for all the H3.1 forms together and as shown in Figure 3 A-C, a comparable number
of fragment ions was generated, and each one of them informs on sites of modifications. The
efficiency of MS/MS fragmentation by ECD or CID (same number of scans were collected)
was not affected by the charge state that was selected (Supplementary Figure 1).

Acetylation and methylation were the two main modifications found in H3.1. It has been
suggested that inhibition of DNA methylation results in increased acetylation levels on
histones. As indicated in Figure 4A, H3.1 from untreated HeLa has both methylated and
trimethylated Lys 9 as indicated by fragment ion c22 after fragmentation with ECD. Also, the

Siuti and Kelleher Page 4

Anal Biochem. Author manuscript; available in PMC 2011 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



presence of c22 + 28 Da fragment ion indicates dimethylation on Lys 9. The fragment ion c22
+ 42 Da is a mixture of trimethylated and acetylated Lys 9 as indicated by the mixture of the
isotopic distributions. The amount of dimethylation (c22 + 28 Da) decreases slightly after
treatment with 5-aza-dC for three and five days while the amount of trimethylation (c22 + 42
Da) decreases more dramatically (Figure 4 B and C). Fragment ion c22 + 42 Da from the three
and five day treatments is mainly acetylated Lys 9. This finding is in agreement with previous
reports that histone acetylation increases after inhibition of DNA methylation.

Discussion
DNA methylation is an important event in the cell and it is controlled at many levels. Our MS
analysis indicates that methylation of histone H3.1 is significantly reduced after inhibition of
DNA methylation. Western blots against dimethylated or acetylated Lys 9 (Figure 5 A and B)
confirm our finding that inhibition of DNA methylation leads to an increase in the relative
acetylation levels. Dimethylation and trimethylation of Lys 9 on histone H3 is highly important
for recruitment of HP1 and establishment of heterochromatin. In response to treatment for five
days the amount of dimethylation seems to increase to similar levels as H3 from asynchronous
cells. Lys 9 acetylation on the other hand seems to be more abundant in untreated HeLa,
however the intensity of the modification decreases after a three day treatment with inhibitor
and increases again after a five day treatment to approximately similar levels as asynchronous
H3.1.

5-aza-dC is a widely used inhibitor of DNA methylation and it has been previously reported
that it can induce hyperacetylation of histones. Our data shows that inhibition of DNA
methylation does indeed cause an increase in acetylation but at the same time it can lead to a
decrease in methylation levels of histone H3. We have established a quick method using mass
spectrometry to look at perturbations that inhibition of DNA methylation may cause on histone
H3. Our approach allows a characterization of global methylation and acetylation patterns of
important H3 sites and readily reports on key sites of interest such as Lys 4, Lys 9 and Lys 27
which are involved in epigenetics and cell development. Different histone H3 variants and
PTMs have been shown to be involved in different cellular mechanisms. Our MS-based method
for H3 analysis gives a precise characterization of this protein and is easily extensible to
biological samples treated under different conditions. Analysis of histones by mass
spectrometry, especially histone H3 can be quite challenging, due to the fact that H3 is very
rich in lysine residues and it can be heavily methylated and acetylated. PTM site specific
localization information can be lost if the sample is exstensively digested, so we believe that
a more accurate view of the combinations of the modifications present can be achieved by our
method as compared to previously published work[18;27;28]. Unlike western blots using
antibodies and other mass spectrometry based methods, our technique provides a
comprehensive analysis of histone H3 1-50 aa resulting from the global characterization of all
the forms and PTMs present at a given time. Quantitative application of mass spectrometry
can be achieved for histones with relative standard deviations in the <5% range, however, we
forward our approach here as semi-quantitative. This “profiling mode” requires less number
of replicates and can pick up large changes in relative abundance of different histone H3 forms
that are >10-15%[19]. Another advantage of our method includes the relative ease of acquiring
multiplexed MS/MS which is directly implemented using other MS instruments which can
obtain isotopic resolution on fragment ions up to 5 kDa, such as Orbitraps and TOFs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
General work flow for H3.1 analysis. A) Broadband of H3.1 1-50 peptide after it is separated
and purified by HPLC from Glu-C digestion. B) Enhanced broadband spectrum of H3.1 1-50
peptide on a 12T LTQ-FT Ultra. C) MS/MS spectra using CID or ECD of individually isolated
H3.1 forms.
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Figure 2.
Changes on H3.1 upon treatment with 1 μM 5-aza-dC. A) Broadband spectrum of (1-50)
peptide of histone H3.1 from untreated HeLa cells. B) Broadband spectrum of H3.1 (1-50)
after a 3 day treatment with 1 μM 5-aza-dC and C) Broadband spectrum of H3.1 (1-50) after
a 5 day treatment with inhibitor 5-aza-dC (1 μM).
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Figure 3.
MS/MS fragmentation of all the forms present for H3.1 from untreated cells. A) ECD of all
the forms of H3.1 after enhancement of the +7 charge state. B) CID of all the forms present in
untreated H3.1 after enhancement of the +7 charge state. C) Comparison of fragmentation maps
for ECD and CID of H3.1.
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Figure 4.
MS/MS (ECD) fragmentation of H3.1 (1-50). A) MS/MS from untreated H3.1 showing
reporting fragment ions c10, c22 dimethyl and c22 trimethyl (acetyl). B) MS/MS of the same
form of H3.1 from a three day treatment with 5-aza-dC showing reporting ions c10 and c22.
C) MS/MS from a five day treatment with inhibitor 5-aza-dC.
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Figure 5.
Western blot of H3.1 Lys 9 di-methylation vs acetylation. A) Western blot of acid extracted
histones for acetylated Lys 9 H3.1 from asynchronous and 3 or 5 day 5-aza-dC treated HeLa
cells B) Western blot of acid extracted histones for (di-me) Lys 9 H3.1 from untreated and 3
or 5 day 5-aza-dC treated HeLa cells.
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