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1.  ABSTRACT 
 
 Mass spectrometry based proteomics has 
revolutionized many aspects of modern biological research.  
One key area where mass spectrometry continues to 
significantly contribute is in the analysis of histone post-
translational modification (PTM) patterns.  Dynamic 
histone PTMs are known to be intricately associated with 
gene regulation (both activating and silencing), and also 
with epigenetic processes, therefore, accurate qualitative 
and quantitative mapping of modification sites on these 
proteins is of immense value.  Mass spectrometry has been 
utilized to confirm, discover, quantify and determine the 
simultaneous combination of histone PTMs from many 
organisms.  Here the recent mass spectrometry based 
studies of histone variants and the characterization of their 
modifications is reviewed.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The core histone proteins H2A, H2B, H3 and H4 
complex with about 146 bp of DNA to generate the basic 
repeating unit of chromatin called the nucleosome (1).  
Nucleosomes are then linked together by DNA and another 
histone called linker histone H1.  Histones have important 
roles as structural proteins forming the chromatin fibers, 
however, recent evidence suggests that they also have a 
much more dynamic role in the regulation of genes.  At the 
heart of gene modulation are post-translational 
modifications (PTMs) to histones that occur mostly on the 
N-terminal tails that protrude from the nucleosomal surface 
(2, 3).  PTMs to histones include modifications on lysine 
residues such as acetylation, ubiquitination and mono-, di- 
and trimethylation, mono- and asymmetric or symmetric 
dimethylation on arginine residues, and phosphorylation on  
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Figure 1.  Flowchart describing various mass spectrometry 
methods that can be used to analysis histone proteins.  CID 
(collision-induced dissociation), ECD (electron capture 
dissociation), ETD (electron transfer dissociation), LC 
(liquid chromatography), MS (mass spectrometry), MS/MS 
(tandem mass spectrometry), ESI (electrospray ionization), 
MALDI (matrix-assisted laser desorption ionization), 
HPLC (high performance liquid chromatography).   
 
serine and threonine residues (2, 3).  Within the past several 
years, reports have linked many of these modifications to 
many biologically important events.  For example, the 
trimethylation of histone H3 at lysine 9 (H3K9me3) is a 
modification that has been associated with heterochromatin 
and hence gene silencing (4), while H3K4me3 is typically 
correlated with gene activation (5).  Some histone PTMs 
have also been shown to be associated with other biological 
processes such as cell cycle or cellular differentiation (6-9). 
These modification sites act as recruitment platform for 
proteins that bind these specific modified residues leading 
to gene silencing or activation, or other nuclear events as 
postulated by the “Histone Code” hypothesis (10).  As 
histones can be densely clustered with modifications within 
certain sequences, the role of coexisting modifications and 
what effect they might exert becomes a significant question. 

 
 Histone modification analysis has been normally 
accomplished by the use of Edman degradation for protein 
sequence determination and the use of site-specific 
antibodies.  While Edman sequencing was primarily used 
in early histone PTM studies, it is a time-consuming 
procedure that requires high amounts of very pure starting 
material, thus making the method non-ideal.  With the 
advent of site-specific antibodies, the characterization of 
histone modifications, both structure and function have 
reached high levels.  Nevertheless, there are some serious 
problems associated with the sole use of antibodies for 
histone PTM analysis (11, 12).  For example, antibody 
analysis can suffer from having the epitope the antibody 
recognizes blocked by PTMs on adjacent and even nearby 
residues, a phenomenon known as epitope occlusion (11).  
Additionally, cross-reactivity of the antibody on the same 

or a different protein can often occur, further complicating 
data interpretation.  Mass spectrometry on the other hand is 
an unbiased approach that is capable of analyzing proteins 
containing many diverse modifications simultaneously, 
irregardless of the protein sequence.  Unlike antibody based 
methods, mass spectrometry can also be used in a very 
quantitative manner for comparative analysis of protein 
expression and differential expression analysis of protein 
modifications.  For these and other reasons, mass 
spectrometry has emerged as a prominent tool for histone 
PTM investigations, acting as a complementary technique 
when combined with biological methodology.  In this 
review, modern mass spectrometry as applied to histone 
protein analysis will be discussed.                
 
3.  BOTTOM UP MASS SPECTROMETRY (MS) FOR 
HISTONE ANALYSIS 

 
3.1.  Bottom Up MS identification of histone 
modification sites   
 Histone analysis by mass spectrometry can take 
many different forms.  For example Figure 1 shows several 
potential routes to histone characterization by either 
Bottom Up MS for analysis of small peptides, or Top 
Down MS for analysis of large polypeptides or intact 
protein mass spectrometry (13-15).  Some of the first 
reports of MS characterization of histone proteins involved 
the protein profiling of bulk histone modification patterns 
using on and off-line liquid chromatography coupled to 
electrospray mass spectrometry for intact protein 
modification studies (16-18).  Banks et al. examined the 
phosphorylation changes of histone H1 from mouse cells 
after treatment with the drug dexamethasone (17).  Results 
showed that certain H1 isoforms (H1.0, H1.1 and H1.2) 
were non-responsive to the treatments, while 
dephosphorylation of H1.3, H1.4 and H1.5 were observed 
with the treatment.  Nevertheless, exact sites of 
phosphorylation were not determined.  Ahn and co-workers 
demonstrated that LC-MS profiling of modification 
patterns could be deduced on all core histones following 
dose and time-dependent experiments using the 
phosphatase and histone deacetylase (HDAC) inhibitors 
okadiac acid and trichostatin A, respectively (18).  
Nevertheless, these methods also did not allow for site 
specific modifications to be mapped. 
 
 A joint effort by the Allis and Hunt labs first 
demonstrated that mass spectrometry could be a useful tool 
for discovering novel histone PTMs, as they found that 
histone H4 could be monomethylated in asynchronously 
grown 293T cells (19).  Subsequent biological experiments 
determined that PRMT1 was the arginine methyltransferase 
responsible for this modification and that this methylation 
site is conserved from yeast to humans.  Various mass 
spectrometry analyses were also vital to the identification 
of histone H3K79 methylation as a new PTM on the core 
domain (20, 21).  Burlingame and co-workers were the first 
to publish comprehensive mass spectrometric 
investigations of any core histone, in these cases histone H3 
and H4 (22, 23).  They confirmed that histones from 
chicken erythrocytes were abundant in methylation and 
acetylation modifications on histone H3 at the known 
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residues K4, K9, K14, K18, K23, K27, K36 and K79 after 
a series of MALDI-TOF and nanoLC-MS/MS experiments.  
Analysis of HeLa histone H4 using similar methodology 
resulted in the identification of a “zip” model of H4 
acetylation at K5, K8, K12 and K16, where acetylation 
progressed from K16 down to K5, and deacetylation 
followed in opposite fashion.  Another study using a 
peptide mass fingerprinting approach was used to map 
modification sites on all core histones from calf thymus 
(24).  The authors report the identification of several novel 
modifications, but could not verify the exact modification 
site on many peptides as no tandem mass spectrometry 
experiments could be performed.  Zhang et al. used cation-
exchange HPLC to separate differently acetylated H3 
species for further MS experiments (25).  Results 
demonstrated a progressive link between H3 acetylation 
and K4 and K79 methylation, as the highest levels and 
degrees of methylation on these residues were observed on 
the most highly acetylated H3 forms.  Zhang et al. and Kim 
et al. also determined that immomium ions produced from 
internal lysine residues on histone peptides could be used to 
differentiate between peptides containing either acetylated 
or methylated lysine residues (26, 27).  More recent mass 
spectrometry based studies have also identified or 
confirmed a variety of modifications such as novel 
methylation and acetylation sites (28-32), as well as new or 
unique modifications including biotinylation, 
propionylation, butyrylation and formylation on many 
histone proteins (33-36), however, the significance of many 
of these PTMs during nuclear processes still remain unclear.                       
 
3.2.  Chemical derivatization for improved MS analysis 

  Although the enzymatic digestion of histone 
proteins with several different enzymes has proved to be 
useful for sample preparation before MS analysis, several 
limitations still remain.  As histone proteins are very basic, 
containing a high number of Arg and Lys residues, the 
digestion of the proteins into peptides is far from ideal.  
Digestion of histones with enzymes that cleave at these 
basic residues such as trypsin or LysC result in the 
production of many small peptides that do not retain well 
on reverse phase HPLC columns.  Second, many different 
peptides containing the same modification site are 
produced, and generating reproducible peptides between 
samples is very difficult.  If other enzymes that cleave after 
acidic or aliphatic residues are used, then long high 
multiply charged peptides are created, and the MS/MS 
spectra produced from the fragmentation of these peptides 
in most standard MS instruments are incredibly challenging 
to interpret.  Therefore, several groups have used chemical 
derivatization of histones peptides to facilitate downstream 
MS experiments.  One of the first reports of chemically 
modifying histones used deuterated acetic anhydride 
followed by trypsin digestion to create reproducible 4-17 
peptide fragments from histone H4 extracted from yeast 
mutant cells that increased telomeric silencing (37, 38).  
The acetic anhydride reacted with unmodified lysine 
residues and thus blocked cleavage by trypsin.  Mass 
spectrometry proved that all mutants were deficient in 
H4K12ac, and it was suggested that the lack of this specific 
modification could act in repressing the state of the 
telomeric gene.  This same derivatization procedure was 

also carried out to determine histone H3 PTM changes 
from Drosophila embryos at different stages (39).  Changes 
in histone H3 modification patterns were noted, presumably 
from developmental changes of the embryos.  Specifically, 
loss of acetylation, an increase in K79 methylation and an 
inverse relationship between K27 and K36 methylation 
were uncovered.   

 
  Instead of using deuterated acetic anhydride, 

three research groups independently developed chemical 
derivatization strategies based on using propionic 
anhydride (39-42).  The propionylation reaction is similar 
to the acetylation reaction previously used (37-39), but the 
mass shift induced by the propionyl group (56 Da) is less 
likely to be confused with an endogenous modification of 
either trimethylation of acetylation (42 Da).  This approach 
was used by Jenuwein and co-workers to quantify levels of 
histone H3 methylation from wild-type and Suv39h and 
G9a deficient embryonic cells as mentioned above (40).  
They reacted synthetic and in vivo generated histones with 
propionic anhydride before trypsin digestion, resulting 
predicted nested sets of peptides that could be 
straightforwardly identified in the mass spectrometer.  In 
addition to using deuterated acetic anhydride to modify 
histones from developing Drosophila embryos, Bonaldi et 
al. also used the propionic anhydride reagent to better 
distinguish between naturally occurring acetylation or 
chemically induced modifications in Drosophila histone H3 
(39).  Hunt and co-workers also used the propionic 
anhydride methodology to yield histone peptides that could 
be easily analyzed by nanoLC-MS/MS (41).  Recent work 
has used this same technique to analyze histone PTM 
differences across many eukaryotic species, uncover new 
modifications and compare the histone PTMs changes 
(discussed in more detail below) under several cellular 
conditions (31, 43-45).  Some of the important discoveries 
from those studies included discovering that most lysine 
residues on histone H3 could be both acetylated and 
methylated.  This helped, identify a K9 methylation site 
adjacent to S10 phosphorylation leading to the “binary 
switch” hypothesis discussed below. Other studies showed 
that lower eukaryotic species utilize different modification 
sites and have distinct PTM patterns as opposed to higher 
eukaryotes such as human.  Lastly, the propionic anhydride 
method has been adapted to modify histones that have been 
previously separated by 1D-SDS-PAGE (46).  This in-gel 
propionic anhydride reaction was utilized to improve MS 
characterization of the modifications across shrimp core 
histones possessing antimicrobial properties.            
 
3.3.  Determination of histone variants species 
 Mass spectrometry is a good method for 
identification of histone variants.   Many histone family 
members have various isoforms or variants, differing in 
sequence by as little as one amino acid residue.  
Nevertheless, difficulties arise as the amino acid 
differences between the variants can occur in multiples of 
14 Da mass shifts, which can be mistaken for methylation 
modifications.  Recently, a  Top Down mass spectrometry 
approach was employed to identify major HeLa histone 
H2B and H2A isoforms and their modifications (see below 
for more details) (47, 48).  In contrast, a Bottom Up 
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approach was utilized to characterize histone H2A and H2B 
proteins from Jurkat cells (49).  The main H2A variants, 
H2AO, H2AL and H2AC were found be modified by 
acetylation at K5 and S1 phosphorylation.  H2BA was the 
main H2B variant and it was observed to be acetylated at 
K12, K15 and K20.  Other histone H2A variants, such as 
H2AZ, H2AX and macroH2A have been analyzed by mass 
spectrometry and found to be modestly decorated with 
acetylations, methylation, phosphorylation and 
ubiquitination (50-52).  A recent paper analyzing histones 
from the model plant system Arabidopsis thaliana showed 
that several H2B and H2A isoforms are expressed, many 
carrying similar modifications as seen in mammalian cell 
types (53).  Analyses of human histone H3 variants using 
tandem MS have resulted in identifying PTMs that are 
enriched on specific variants and to find differences 
between the modification profiles on the variants and also 
before chromatin incorporation (45, 54). 
 
3.4.  Phosphorylation of histone proteins 
 The reversible, dynamic phosphorylation of 
histones has been reported to be associated with 
chromosome condensation during mitosis, but has also 
been implicated in the activation of early response genes as 
well (55).  Several mass spectrometry studies have 
characterized the phosphorylated forms of histones H1, H3, 
H2A and H4.  The combination of immobilized metal 
affinity chromatography (IMAC) and tandem mass 
spectrometry allowed the detection of 19 sites of 
phosphorylation across 6 major human H1 isoforms, 
including histone H1.X (56).  These experiments also 
produced data on a peptide from H1.4 that was found to be 
both lysine methylated and adjacently phosphorylated on a 
serine residue, producing experimental evidence in support 
of the ‘binary switch’ hypothesis (57).  This hypothesis 
postulated by the Allis research group states that an effector 
protein that recognizes and binds a PTM site such as with 
the binding of H3K9me3 by heterochromatin protein 1 
(HP1) could be affected by the addition of another 
modification adjacent to the previous site.  These adjacent 
modifications could serve as a molecular switch regulating 
those interactions and potentially modifying any further 
downstream events.  A comprehensive survey of histone 
H3 variants from mitotically arrested HeLa cells further 
found other potential ‘switches’ on H3 including 
T3phK4me1, K9me1-3/S10ph and K27me1-3/S28ph and 
distinct modification patterns (58).  The ‘binary switch’ 
hypothesis was later supported by biological evidence 
using site-specific antibodies raised to single and dual 
modified peptides showing that the phosphorylation of 
H3S10 by the kinase Aurora B during mitosis induced the 
loss of binding of HP1 to H3K9me3 (59).  Therefore, the 
combination of mass spectrometry and follow-up validation 
by antibody methods proved successful in determining the 
role of H3 phosphorylation in modulating the binding of 
HP1.  The first histone H3 variant specific modification on 
H3.3 (S31 phosphorylation) was also detected by MS 
experiments (60).  Phosphorylation of H3.3 was observed 
to be mitotic specific, as other H3 phosphorylation 
modification sites, but H3.3S31ph differed in chromosomal 
localization and timing compared to the other known 
phosphorylation sites S10 and S28 as revealed by 

accompanying immunofluorescence experiments.  Many of 
these phosphorylation modifications on H1 and H3 have 
been subsequently confirmed by different MS methods (36, 
61).  Finally, a complete proteomic analysis of 
phosphorylation of histone H1 from Tetrahymena 
thermophila found a unique hierarchal pattern of 
phosphorylation and compared phosphorylation between 
starved and growing cell cultures (62).   
 
 
4.  COMPARATIVE MS ANALYSIS OF HISTONE 
POST-TRANSLATIONAL MODIFICATIONS (PTMs) 

 
4.1.  Label-free quantification of histone PTMs 

As mass spectrometry has shown to be a great 
tool for the confirmation and discovery of  histone PTM 
sites, studies have shifted towards the quantification of 
histone modifications under various biological conditions.  
A simple method for relative quantification of histone 
peptides is to use a label free approach where modification 
level changes can be assessed by integrating the area under 
the curve for each charge state of a specifically modified 
histone peptide and expressing it as a percentage of the 
total histone peptide.  Nevertheless, this technique requires 
the use of an enzyme that will produce reproducible 
peptides that can be easily detected in the mass 
spectrometer.  An example of this was published by 
Henikoff and co-workers in 2004 (63).  The authors used 
an in-gel digestion procedure with the protease ArgC to 
cleave histone H3 variants specifically after Arg residues 
producing uniform peptides from histone H3 extracted 
from Drosophila cell lines undergoing differentiation by β-
ecdysone treatment.  Drosophila contains two H3 variants 
(H3 and H3.3), and these studies determined that H3.3 was 
present in abundance enough to essentially package all 
transcribed genes, and mass spectrometry and antibody 
experiments showed H3.3 to be decorated with PTMs 
associated with gene activation such as hyperacetylation 
and K4 methylation, while H3 was enriched in 
modifications associated with silenced chromatins such as 
K9me2.     
 
 As mentioned earlier, Jenuwein and co-workers 
were able to use chemical derivatization to generate 
uniform peptides from histone H3 to compare PTMs from 
Suv39h and G9a deficient embryonic cells (40).  Fraga et al. 
combined high-performance capillary electrophoresis with 
LC-MS/MS analysis to interrogate histone H4 from a wide 
array of selected cancer cell lines (64).  Marked differences 
were revealed from the MS analysis of leukemia cell lines 
in comparison to normal lymphocytes and it was 
determined that loss of H4K16ac and H4K20me3 were 
common in all human cancers.  An in-depth analysis of all 
core histones from small cell lung cancer cells was 
performed by Jensen and co-workers (65).  A total of 32 
modifications were site-specifically mapped to the core 
histones, including many new modifications sites following 
separation of histones with SDS-PAGE, in-gel trypsin 
digestion and LC-MS/MS analysis.  Results showed that 
upon treatment with the HDAC inhibitor PXD101, the 
abundance level of many modified peptides changed.  As 
expected, the acetylation levels at many known 
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modifications sites on H3, H2B and H4 increased.  
However, unexpectedly the decrease of H2BK57me2 may 
indicate the role of this particular PTM in the PXD101 
induced apoptosis in the cancer cells.  Lastly, label free MS 
quantification methods have also been applied to measuring 
the level of demethylase activity that many enzymes 
impose on in vitro or in vivo histone peptide or protein 
substrates (66-68).     
 
4.2. Chemical stable isotope labeling of histones for 
differential expression experiments 

Chemically derivatizing proteins post-harvest for 
comparative analysis of PTMs between two different 
biological states has been achieved by incorporation of 
stable isotopes by a variety of methods (69).  These types 
of quantitative methods have also been applied to 
proteomic histone research.  Preliminary data from the first 
commercial linear ion trap Fourier transform mass 
spectrometer (LTQ-FTMS) described the use of ethanolic 
HCl to convert carboxylic acid functional groups on histone 
peptides to their corresponding ethyl esters (41).  
Asynchronous histone H3 peptides were converted to d0-
ethyl esters, and mitotic histone H3 peptides were 
converted to d5-ethyl esters and samples equally mixed 
before MS analysis.  This allowed for the quantification of 
the PTMs between the physiologically different cell types 
and phosphorylated peptides were found enriched on the 
mitotic samples.  Ethyl esterification reactions were 
performed for differential expression analysis of histones 
from wild-type and methyltransferase mutant Arabidopsis 
strains and also to quantify PTMs from a mouse model of 
lupus (43, 44).  The latter study suggested that aberrant 
modification patterns on histone H4 and H3 exist on lupus 
diseased mice that could be reset by the treatment of the 
mice with histone deacetylase inhibitors in vivo resulting in 
a beneficial effect in the autoimmune disease.  A similar 
methyl esterification derivatization procedure was used to 
quantify the levels of modifications between all histone H3 
variants (45).  Like H3.3 in Drosophila, human H3.3 was 
identified as being enriched in PTMs associated with active 
chromatin such as hyperacetylation, while H3.2 was 
detected to have modifications linked to repressive 
chromatin such as K27 methylation.  Interestingly, the 
histone H3.1 variant only found in mammals was found to 
be encoded with PTMs associated with both active and 
silenced chromatin, although the silencing modifications 
were different than those on H3.2.  A comparative 
phosphoproteomic analysis of linker histone H1 from 
Tetrahymena thermophila using methyl esterification 
labeling, IMAC and tandem MS showed that 
phosphorylation levels mainly at cyclin-dependent kinase 
sites were decreased on cultures undergoing prolonged 
starvation compared to normal growing cells (62).           
 
4.3.  Stable isotope labeling by amino acids in cell 

culture (SILAC)   
SILAC is a metabolic labeling approach that 

substitutes stable isotope enriched amino acids (C13, N15, 
etc.) for selected amino acids in the cell growth media to 
isotopically label proteins for further mass spectrometry 
quantification studies (70).  Primarily designed for 
quantitative proteomic experiments, Mann and co-workers 

have also utilized SILAC labeling for identification of 
protein methylation as well (71).  Cells metabolically 
convert methionine to the only methyl group donor, S-
adenosyl methionine (AdoMet), transferred onto proteins 
by the S-adenosyl methyltransferase enzyme.  Treating 
cells with (13CD3)-S-adenosyl methionine (termed heavy 
methyl SILAC) introduces a 4 Da mass shift per methyl 
group incorporation that can be monitored by MS.  These 
experiments showed that methylated peptides can be 
identified due to the presence of doublet peaks arising from 
chemically identical peptides harboring isotopic labels.  
Many proteins were demonstrated to be methylated at 
either arginine or lysines residues, and histone H3K27 and 
H4K20 methylated peptides were among those found.  

 
Freitas and co-workers have also used SILAC to 

quantify histone H4 PTMs in a number of studies (72-74).  
Histones are first fully labeled with D4-lysine, H4 modified 
forms separated using acetic acid-urea polyacrylamide gel 
electrophoresis (AU-PAGE) and then characterized using 
mass spectrometry.  This type of methodology has been 
applied to determine histone H4 acetylation alterations 
induced by histone deacetylase (HDAC) inhibitor treatment 
of compounds such as depsipeptide and trichostatin A.  The 
majority of the cell lines used were from various cancer 
types such as leukemia, and dose-dependent changes in 
histone PTMs have been recorded under a variety of 
biological conditions, although the H4 acetylation patterns 
from these cells usually were found to follow the before 
mentioned “zipper” model.  Mizzen and co-workers have 
also recently used a SILAC approach combined with Top 
Down mass spectrometry (see below) to monitor the 
progression of methylation on histone H4K20 throughout 
the cell cycle (75).  They found that newly synthesized H4 
is gradually methylated during G2, M and G1 stages of the 
cell cycle and that H4K20 methylation turnover cannot be 
detected by their methods.   Additionally, the authors reveal 
that H4 is methylated regardless of prior acetylation status 
and that acetylation continues to occur on H4 protein that is 
K20 methylated, which is in contradiction to a previous 
notion that H4K20 methylation antagonizes H4 acetylation.  
Recently, Bonefant et al. also used SILAC labeling and 
mass spectrometry to quantify histone PTM changes across 
the cell cycle (61).  Histone H4, H3, H2B and H2A 
acetylation were established to reach a maximum during 
G1/S, and some mitotically-associated modifications 
especially phosphorylations were detected.     
 
5.  TOP AND MIDDLE DOWN MS FOR 
INTERROGATION OF INTACT HISTONE CODES 
 
5.1.  Liquid chromatography MS profiling of modified 
histone species 
 Epigenetic changes in chromatin structure have 
been linked to several disease states, particularly several 
types of cancers.  However, in order to access variation in 
histone PTMs caused as a result of disease phenotype, 
reproducible high-throughput MS analysis of a potentially 
large number of clinical samples is required.  As stated 
previously, early MS efforts used LC-MS histone protein 
profiling to view changes in histone PTMs caused by 
external stimuli (16-18).  However, one of the first modern 
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LC-MS analyses of modified histone forms was 
accomplished by Zhang et al (76).  Chicken blood histones 
modified by acetylation and methylation were examined 
with an on-line flow-splitting scheme that allowed a small 
percentage of the LC eluent to pass into the mass 
spectrometer for intact form identification, while the 
majority of the eluent was fraction collected for Bottom Up 
localization of PTM sites.  This combined approach 
allowed for the mapping of PTM sites on histone H3 and 
H4, while also producing data on the relative number of 
modified protein forms.  Freitas and co-workers also used 
LC-MS profiling to detect global core histone modification 
pattern changes in acute myeloid leukemia cell lines treated 
with HDAC inhibitors and primary leukemia cells from 
patients undergoing a Phase I clinical trial of the HDAC 
inhibitor depsipeptide (77).  Although specific modified 
sites on the core histones could not be determined with this 
approach, the results showed a possible correlation between 
histone acetylation patterns and chronic lymphocytic 
leukemia, particularly in the case of histone H2A.  Lastly, 
LC-MS methodology was employed to survey the PTM 
profiles from histones taken from a human colon cancer 
cell line (78).  Reproducible RP-HPLC parameters were 
created to separate the histones and achieve optimum MS 
sensitivity, and drastic changes in the modification profiles 
of histone H2A, H4 and H3 were noted after HDAC 
inhibitor treatment.   
 
5.2 . Electron capture dissociation (ECD) of histones 

Bottom Up MS experiments have thrust mass 
spectrometry as an extremely valuable tool to complement 
biological studies of histones and have the capability of 
discovering new modifications and quantifying 
modifications from different cellular states.  Nevertheless, 
with the more recent concentration of efforts on the effect 
of histone PTM combinations on cellular function, a 
different kind of MS methodology is needed.  Bottom Up 
MS could not be utilized for these studies as histones must 
be enzymatically cleaved into small peptides ranging in 
length from 9-20 amino acids.  Therefore, if two 
modification sites are not present on the same peptide, then 
there is no way to distinguish which peptides were 
generated from the same individual histone protein.  As a 
result, the connectivity of histone PTMs or the 
identification of entire Histone Codes is lost in these 
analyses.  In order to detect the combinations of histones 
PTMs that may occur across the whole protein sequence, a 
Top Down mass spectrometry approach must be used.  Top 
Down MS using electron capture dissociation (ECD) varies 
from standard MS methods as polypeptides or intact 
proteins are ionized and trapped in the ion cyclotron 
resonance (ICR) cell of a Fourier transform instrument and 
reacted with low energy electrons (79).  This fragmentation 
method cleaves sequences between the amide nitrogen and 
the α-carbon to form z·- and c-type fragment ions.  
Additionally, as the dissociation of the molecule occurs 
differently than with standard MS methods, the weakest 
bonds normally broken in most Bottom Up experiments are 
not preferentially cleaved.  This results in labile PTMs such 
as phosphorylation to remain on the protein molecule.  
Additionally, this type of fragmentation also allows for the 
dissociation of large polypeptides and intact proteins (80). 

 
The Kelleher research group was one of the first 

to apply Top Down MS to histone PTM analysis.  A home-
built 8.5 Tesla quadrupole Fourier transform mass 
spectrometer was used to examine histone H4 extracted 
from asynchronously grown and sodium butyrate treated 
HeLa cells.  Several modified forms of histone H4 with 
multiple acetylations and mono-, di or trimethylation could 
be seen and these forms were dissociated using ECD.  The 
ECD data was then searched using the Prosight PTM 
software against a custom-built database containing 18,750 
theoretically modified forms of histone H4 and confirmed 
all the known modifications sites on this histone (81).  
Another study also utilized ECD to identify modifications 
on histone H4 (82).  These authors compared the Top down 
MS data to data generated from Bottom Up MS where 
histone H4 was digested with various enzymes including 
Glu-C, pepsin and trypsin.  Overall, the Top Down data 
was found to be in good agreement with Bottom Up 
produced data determining acetylation and methylation 
sites.  

 
A nice advantage of being able to characterize 

larger peptide or intact protein sequences is the ability to 
discern small amino acid changes commonly found 
between protein isoforms.  In that regard, Top Down MS 
has been also been recently used to identify histone protein 
isoforms and their PTMs.  Burlingame and co-workers 
demonstrated that both Top Down and Bottom Up MS 
could be applied to analyze the PTM status of Tetrahymena 
Thermophila H2B variants (83). Top Down MS was used 
to detect two major forms of histone H2B having mass 
shifts of +42 and +84 Da, while Bottom Up MS localized 
the modifications as acetylation on K4 and trimethylation 
on the N-terminus or K3.  As mentioned earlier, Hunt and 
co-workers also used a dual Bottom Up and Top Down 
proteomic tactic to comprehensively map phosphorylation 
sites on linker histone H1 from Tetrahymena Thermophila 
(62).  While Bottom Up MS was advantageous for mapping 
low level phosphorylation sites, Top Down Ms proved vital 
for the determining the sequential order of phosphorylation 
on H1. 

 
Consecutive papers reporting Top down MS of 

the other core human histones variants from H2B, H2A and 
H3 have also been published (47, 48, 84).  HeLa cell 
histones were HPLC purified into family members and 
analyzed by high-resolution FTMS.  Experiments showed 
that 14 distinct H2A species are present in HeLa cells, and 
the most abundant modification to these H2A variants was 
N-terminal acetylation (47).  Only a small amount of 
internal acetylation was detected on these forms even after 
HDAC inhibitor treatment.  Lastly, no major bulk 
modification profile differences were detected from H2A 
proteins extracted from various cell cycle phases, except 
that H2A was modified by ubiquitin only during the 
mitosis/G1 phase.  Similarly, Siuti et al. reported that 
several H2B variants were found in HeLa cells (48), with 
most isoforms bearing no major PTMs.   The same research 
group determined that histone H3 was highly modified 
compared to the H2A and H2B proteins (84).  Intact 
histone H3.1 and H3.3 were probed and ECD dissociation 
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of all modified forms en masse allowed for the relative 
PTM occupancy of the bulk H3 proteins to be calculated, 
even though the modification status of any individual H3 
molecule could not be determined.  The authors found that 
H3K4 was only 5% monomethylated, while approximately 
50% of H3.1 was dimethylated (H3K9me2).  Analysis of 
histones variants is enhanced by treatment of histones with 
mild performic acid to convert proteins with methionine or 
cysteine residues to their oxidized forms (85).  This allows 
for the determination of true methylated or variant forms 
(∆M = 14 Da) versus partially oxidized methionine or 
cysteine residues on histone proteins which have similar 
mass shifts (∆M = 16 Da).    

 
Recent reports have also characterized all core 

histones isolated from rat brain tissue and yeast (86, 87).  In 
the first study, the authors detect several H2A and H2B 
isoforms that are modestly modified.  Intact histone H3.2 
and H3.3 variants were also found to contain large number 
of PTMs, but tandem mass spectrometry ECD experiments 
could only be used to obtain a broad view of the 
modification complexity.  After digesting H3 with the 
GluC protease they obtained an increased signal in the 
mass spectrometer and higher sequence coverage which 
were used to quantify the H3 PTMs from distinct rat brain 
subsections, a procedure termed Middle Down MS.  A 
global view of yeast core histones was also provided via 
Top Down MS and revealed at least 50 unique modified 
forms (87).  A link between histone H3 acetylation and K4 
methylation was also established and the analysis of gene 
knockout yeast strains showed which histone H3 variants 
were quantitatively affected by certain histone 
acetyltransferases (i.e. H3 and H2B PTM profiles vastly 
changed in gnc5∆ cells).         

 
To date, nearly all of the Top Down MS analyses 

have been performed on bulk histones.  However, being 
able to generate data on the combinations of modifications 
on single modified histone forms would be very beneficial 
to the chromatin biologist.  In this regard, the development 
of  hydrophilic interaction chromatography (HILIC) 
method that fractionated the 1-50 polypeptide of histone 
H3.2 into over 30 fractions containing differently modified 
H3 forms  that could be analyzed by MS methods was 
created (88).  Results showed that over 150 unique 
modified forms of H3.2 were present from asynchronously 
and butyrate-treated HeLa cells, as well as uncovering 
certain patterns involving acetylation and K4 methylation.  
Lastly, one can use ion abundances from Top down 
fragmentation in association with the ion abundances from 
the parent ions for quantification of isomeric histone forms 
in the same mixture.  Recently, it has been demonstrated 
that the protein/peptide precursor ion relative ratios (PIRRs) 
combined with fragment ion relative ratios (FIRRs) could 
be employed to estimate isomeric histone H4 proteins and 
polypeptides from asynchronous, butyrate-treated and cell 
cycle time-points (89), and this methodology has also been 
initiated on histone H3 (86, 88). 

 
5.3.  Electron transfer dissociation (ETD) of histones 

Although ECD has been applied to many 
research projects, there are some apparent limitations of 

ECD.  For instance, in order to acquire an ECD MS/MS 
spectrum with good signal intensity, one must average 
several single spectra.  This is because the MS/MS products 
from the ECD fragmentation of the protein are typically of 
very low intensity.  Therefore, the average time to collect 
an ECD spectrum ranges from minutes to hours depending 
on the operating parameters.  As a result, ECD 
fragmentation therefore cannot easily be combined with on-
line liquid chromatography where typical elution times for 
peptides are seconds.  ECD experiments also require much 
larger sample amounts, as static electrospray infusion is 
normally utilized, instead of on-line nanoflow HPLC where 
samples are concentrated.   Finally, ECD can only be 
performed on an FTMS system, requiring the user to 
purchase one of the most expensive mass spectrometry 
instruments available.   In order to create an ion/ion 
analogue of ECD that could be available to a larger number 
researchers using bench top ion trap instruments, Hunt and 
co-workers created electron transfer dissociation (ETD) 
(90).  The ETD fragmentation event like ECD reacts 
electrons with the peptide cations.   However, the main 
difference is that the electrons used in ETD are generated 
from a radical anion such as fluoranthene that is generated 
by a chemical ionization source before introduction into the 
mass spectrometer.  The fluoranthene anion then transfers 
electrons to the peptide cations causing dissociation of the 
peptide generating z·- and c-type product fragments just 
like those in ECD reactions.  A main difference between 
ETD and ECD is that the ETD reaction is very rapid 
(millisecond timescale), allowing this procedure to be 
coupled with on-line liquid chromatography experiments, 
and as a result possesses sensitivity of a Bottom up mass 
spectrometry experiment (90, 91).  Additionally, like ECD, 
ETD can be used to fragment large polypeptides of intact 
proteins and labile modifications such as phosphorylation 
or sulfonation remain on the precursor ion as well (14).  For 
example, Figure 2 shows the single-scan on-line nanoLC 
acquired ETD spectrum of a mixture of histone H3.1 
species possessing 5 methyl groups, with the sequences 
H3K9me3K27me2 and H3K9me2K27me3.            

 
 Initial applications of ETD to histone analysis 
allowed for the on-line characterization of differentially 
modified histone H3 forms and H2A variants (91).  After 
isolating the 1-50 polypeptide fragment (Middle Down 
MS), Hunt and co-workers used ETD and a second charge 
reducing reaction to identify H3 species that contained 
simultaneous modifications at K4, K9, and K36.  As high 
sequence coverage can be obtained, a complete readout of 
modified residues on this H3 polypeptide can be achieved.  
In the same study, ETD experiments were also employed to 
discover a novel chicken histone H2A.Z protein that 
contained only four amino acid changes compared to the 
known H2A sequence.   A more comprehensive analysis of 
Tetrahymena Thermophila modified histone H3 forms has 
been most recently completed (92).  Histone H3 was first 
separated using cation-exchange chromatography and then 
digested with GluC protease to generate the 1-50 H3 
polypeptide followed by ETD mass spectrometry 
interrogation.  Over 40 differently modified forms were 
revealed in these studies and bivalent domain modifications 
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Figure 2.  On-line acquired nanoLC-MS/MS ETD mass spectrum of purified HeLa histone H3.1.  Two forms are present with 
the most abundant form having the sequence H3K9me2K27me3.   
 
including K4 methylation and K27 methylation were 
detected.   
 
6. CONCLUSIONS AND FUTURE PERSPECTIVES  
 

Analysis of histone modifications and 
modification patterns has become a central focus in many 
research labs worldwide.  While the use of antibody based 
methods are still a mainstay of most biological studies, the 
integration of mass spectrometry in chromatin biology has 
been on the rise.  Intrinsic properties that make mass 
spectrometry attractive for histone PTM analysis include 
that MS studies are not susceptible to epitope occlusion as 
are antibodies, the ability to relatively quantify 
modifications, and with recent advances in instrumentation, 
the ability to simultaneously detect combinations of 
modifications.  Constant advances in biochemical 
experimentation and mass spectrometry technology will 
seemingly drive the chromatin biology field to new levels.  
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