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Abstract

Histone post-translational modifications (PTMs) comprise one of the most intricate nuclear
signaling networks that govern gene expression in a long-term and dynamic fashion. These PTMs
are considered to be ‘epigenetic’ or heritable from one cell generation to the next and help
establish genomic expression patterns. While much of the analyses of histones have historically
been performed using site-specific antibodies, these methods are replete with technical obstacles
(i.e., cross-reactivity and epitope occlusion). Mass spectrometry-based proteomics has begun to
play a significant role in the interrogation of histone PTMs, revealing many new aspects of these
modifications that cannot be easily determined with standard biological approaches. Here, we
review the accomplishments of mass spectrometry in the histone field, and outline the future
roadblocks that must be overcome for mass spectrometry-based proteomics to become the method
of choice for chromatin biologists.
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The study of chromatin biology has evolved to reveal another layer of control over the
cellular processes of transcription, cellular division, differentiation and cellular repair. Once
deemed a solely structural element of chromatin, the nucleosome has emerged as a crucial
controller of cellular fate. In eukaryotes, this basic repeating unit of chromatin is comprised
of approximately 147 bp of DNA wrapped around an octamer of the highly conserved core
histone proteins (H2A, H2B, H3 and H4) [1]. The amino-terminal domains of these proteins
project outward from the core particle and are accessible to proteases. Interestingly, these
tail domains act as the sites of a myriad of covalent post-translational modifications (PTMs),
many of which have been linked directly to the transcriptional output of the genome. Thus
far, these PTMS include modifications on lysine residues such as: acetylation, ubiquitination
and mono-, di- and tri-methylation; mono- and asymmetric or symmetric di-methylation on
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arginine residues; and phosphorylation on serine and threonine residues. Specific modified
residues, such H3 lysine 9 acetylation (H3K9ac), H3 serine 10 phosphorylation (H3S10ph)
and H3 lysine 27 methylation (H3K27me), serve as target epitopes for chromatin
remodeling machinery, as well as gene repression and/or activation complexes [1].
However, these marks are usually found in series or in combinations. Out of these
observations was born the ‘histone code hypothesis’, which states that “distinct histone
modifications, on one or more N-terminal tails, act sequentially or in combination to form a
‘histone code’ that is read by other proteins (containing specialized binding domains) to
bring about distinct downstream events” [2,3]. Histone PTMs, along with DNA methylation
and small noncoding RNA, collectively make up mechanisms referred to as “epigenetic’
controls, which are believed to affect gene expression patterns and phenotype in a heritable
manner.

In recent decades, epigenetics has come to the forefront of clinical investigation as
researchers are faced with the obstacle of identifying nongenetic components that display
the same phenotypical disease state as several previously characterized genetic conditions.
Technological advances in the field of genetics and medicine have unveiled new genetic
bases for hundreds of human diseases. For a number of these disorders, such as Prader—Willi
and Angelman sister syndromes, Beckwith-Wiedemann Syndrome and Rett Syndrome, the
phenotypic variability from patient to patient is drastic even though the underlying genetic
mutations are well defined [4-12]. Deregulation of controlled cellular pathways is a
hallmark of tumorigenesis and epigenetic signatures, such as altered distribution of 5-
methylcytosine DNA modifications and hypermethylated gene promoters, have become
distinct markers of cancer. Changes in histone modification patterns have also gained
attention for possible roles in various types of cancer. For example, misdirected targeting of
histone acetyltransferases and histone deacetylases have been found in several types of
leukemias [13,14]. Loss of histone H4K20me3 and H4K16ac have been determined to be
hallmarks of all common cancers (both in cancer cell lines and primary tumors) [15], and
these modification losses were found to appear early, accumulating during tumorigenesis.
Changes in global levels of individual histone H4 and H3 acetylation and methylation have
also been associated with prostate cancer and these changes were indicative of clinical
results [16]. In addition, increased histone kinase activity has been shown to be associated
with colorectal cancer, and the list of malignancies correlated with significant changes in
histone PTM patterns during specific disease states continues to grow, as recently shown in
leukemogenesis [17]. Last, small molecule inhibitors of histone deacetylases are currently in
various phases of clinical trials for treating several forms of cancer [18]. The continued
comprehensive hybridization of epigenetic and genetic approaches to understanding cancer
formation and development could lead to personalized treatment regimens for
chemoresistant cancer patients as opposed to blanket treatments.

Nevertheless, while data continue to accumulate regarding disruption of histone
modification patterns and links to human disease, the precise epigenetic mechanisms
possibly underlying these diseases are not yet fully understood. These observations have
made a strong case for the initiation of an international Human Epigenome Project on the
scale of the Human Genome Project, and organization of this possible effort by the Alliance
for the Human Epigenome and Disease and the Epigenome Network of Excellence has
begun [19]. The Alliance for the Human Epigenome and Disease, backed by the American
Association for Cancer Research, has very recently published a rough formal plan to begin
indexing specific histone PTMs in a defined subset of selected ‘reference epigenomes’ that
could provide a reference standard to which disease states could be compared [19]. The NIH
has also committed over US$100 million over the next several years to fund and accelerate
epigenetics/epigenomics research. Understanding the epigenetic changes in normal human
development and disease has far-reaching implications, which would make immediate
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impacts in many fields ranging from stem cell biology to neuro science, and could serve as a
novel means of disease-targeted therapeutic intervention. Therefore, as can be imagined,
robust methods to identify and measure the abundance levels of epigenetic marks such as
histone PTMs are of tremendous importance.

Why mass spectrometry-based proteomics for histone PTMs?

Mass spectrometry (MS) has played an increasingly important role for the analysis of a
myriad of protein PTMs, including those from chromatin-associated proteins. The increased
need for sensitivity and accurate identification of epigenetic determinants of disease is one
of the many driving forces behind MS-based proteomics for understanding the role of
histone PTMs. Traditionally, histone samples are tested for specific PTMs sites by
immunoblotting assays for specific modifications. This approach serves a valuable role in
chromatin analysis, especially when combined with targeted or large-scale gene expression
analysis, such as chromatin immunoprecipitation (ChIP) coupled to PCR, DNA microarray
(CHIP) or deep sequencing (Seq). However, there are several disadvantages associated with
antibody-based methods. Most notable is the concern of antibodies cross-reacting with
similar modifications on the same histone protein or on a different histone protein (i.e.,
H3K27me3 antibody binding H3K27me2 or H4K20me3), as well as antibodies recognizing
unmodified histones and/or non-histone proteins with similar modifications and sequences.
In one study profiling antibodies for histone PTMs in Drosophila melanogaster, 20-35% of
the commercially available antibodies were deemed unsatisfactory, and other studies have
shown similar results [20,21]. In addition, epitope occlusion, as well as cost and difficulty in
manufacturing/validating antibodies, remain significant obstacles. Epitope occlusion, the
ability of certain nonintended PTMs to block the intended recognition of a PTM by a site-
specific antibody is particularly a major issue, especially on highly modified histones.
Comparatively, MS provides a detailed, more unbiased method for discovering, screening
and quantifying histone and non-histone proteins, as described in previous reviews [22,23].
Coupled with standard biological techniques, MS offers the unique capacity to compare
protein and modification expression in the context of ‘normal’ cells versus altered cellular
states, such as with infected or cancerous cells [24,25]. A myriad of cellular and tissue-
specific conditions, such as mitotic regulation, tissue development and stem cell
differentiation, can also be explored in detail. Although still a specialized approach, MS
instrumentation and techniques are becoming more and more accessible to non-MS-trained
scientists. In contrast to antibody-based investigations, MS also offers the ability to examine
the combinatorial nature of PTMs in a high-throughput fashion. Therefore, MS-based
methods are arguably stronger approaches than immunoassays, and serve as complementary
experiments to genomic studies.

Discovery of novel histone PTMs by MS

Mass spectrometry has faithfully uncovered numerous novel PTMs that have been correlated
with a rich transcriptional output. In earlier studies, MS was used to discover many new
histone PTMs. For example, the arginine methylation of histone H4 (R3mel), a now well-
studied modification that has been linked to transcriptional repression mediated by the
protein arginine methyltransferase PRMT1, was first exposed via MS interrogation [26].
New lysine methylation sites found by proteomic investigations on other histones such as
H2B and H1 have also recently been described [27,28]. Novel H2B modifications are
particularly interesting finds, as this histone has been traditionally thought to contain a
limited variety of PTMs and at a low abundance. These modifications found in yeast may be
evolutionarily conserved, although the exact biological function remains to be determined.
Previously unreported acetylation sites on histone H3 have also been catalyzed by MS
detection. These include H3K56ac and H3K36ac, the former of which drives progression
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through the cell cycle in yeast, but in humans has been linked to the pluripotent
transcriptional network in embryonic stem cells [29]. Histone H3K36ac is generated by the
GCN5 acetyltransferase complex and has been found to occupy promoters of RNA
polymerase ll-transcribed genes, although the full effect of this modification remains
unknown [30]. MS interrogation has also revealed the presence of new phosphorylation sites
such as H3T45 phosphorylation. This mark has been shown to be involved in DNA
replication in yeast [31] and associated with apoptosis in mammals [32]. Immobilized metal
affinity chromatography in combination with MS was also more recently employed to
demonstrate the existence of H3T6phos, a modification that influences binding of ING2 to
its target H3K4me3 site [33]. This phenomenon of methylation binding by effector proteins
being affected by nearby phosphorylation has been seen before when H3S10phos was
shown to block heterochromatin protein 1 (HP1) from binding its target H3K9me3 site
during mitosis [34,35].

More exciting, is the emergence of rarer and more exotic PTMs from histone screens by MS
[36—39]. Recently and for the first time, histones have been described by both in vivo
biological and mass spectrometric approaches to be modified by O-GlcNAcylation on H2A,
H2B and H4, providing evidence of the existence of O-GIcNAc as part of the histone code
[36]. MS analysis of histones from various eukaryatic sources has identified the in vivo
existence of other atypical PTMs in addition to the O-GICNAC PTM [36], such as
propionylation, butyrylation, formylation and ADP-ribosylation [37-39]. Histone
propionylation and butyrylation are very intriguing modifications, as they have been so far
only detected on residues that are also known to be acetylated (i.e., H4K12), suggesting that
a potential switch between modified forms on the same residue may exist and modulate
biological function. This would be analogous to the opposing changes induced by histone
H3K9 me3 or ac, the former mark being associated with HP1-binding and silenced genes,
while the latter is known to reside on actively transcribed loci [40]. In addition, histone
propionylation and butyrylation can be catalyzed by known histone acetyltransferases such
as CREB-binding protein and p300, hinting at the role of these enzymes and PTMs in
energy metabolism mediated through chromatin remodeling [39]. Subsequently, many non-
histone proteins, such as p53, have also been detected to be propionylated; therefore, this
modification may actually affect a much larger number of cellular pathways [41]. However,
to date, the downstream transcriptional effects of these modifications are yet to be fully
uncovered. MS has also been used to probe the uniqueness of histone PTMs and their
abundances in specific organisms, cell and tissue types, although validation of these marks
by orthogonal means, confirmation of specificity to biological material and deeper studies in
potential function have not been fully attempted [42-45]. However, it is easy to see that in
combination with classical molecular and biochemical techniques, proteomic approaches
can provide the initial data to begin unraveling these new cellular mysteries.

Quantification of histone PTM abundance: comparative MS analyses

Precise identification of histone modifications is usually the first goal of any proteomic
experiment. However, since the great majority of histones PTMs are not exclusive to any
cellular condition or cell type, quantification of the abundance levels of the PTMs becomes
an absolute necessity to find changes in histone PTMs from multiple physiological states.
Histone PTMs can be quantified within diverse biological backgrounds based on their
abundances relative to each other by a number of proteomic methods (i.e., isotopically
labeled or label free). The biggest obstacle to gaining a robust quantification of histone
PTMs is being able to generate a digestion of histones that will reproducibly contain the
same peptides. Histones are highly basic proteins (rich in Arg and Lys residues) that when
digested with common proteases used in proteomics research such as trypsin, will be
cleaved into many short peptides. In addition, many of these peptides will be overlapping,
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containing the same residues, and thus quantification of specific modification sites becomes
problematic. Therefore, strategies to minimize heterogeneity of peptides have been used by
researchers in this area for a long time. A common approach is to employ the use of
enzymes that cleave at only one amino acid, such as ArgC, or other proteases that target
acidic residues, such as GIluC. This was nicely demonstrated by McKittrick et al., while
quantifying the amount of histone PTMs from the Drosophila histone H3.3 and H3.2
variants [46]. These experiments first pointed to H3.3 containing more PTMs linked to
active genes than H3.2. More recent approaches have also included combining these
targeted protease digestions with quantification using ‘multiple reaction monitoring’ on a
triple quadrupole instrument, as well as other label-free methods [47]. While this has been a
feasible tactic, often one finds that the proteases are not as specific as labeled and this can
result in much longer, even more highly charged peptides that must be addressed by newer
fragmentation approaches other than collisionally activated dissociation (CAD) (see the next
section). In addition, we have observed that enzymes such as ArgC and and GIuC can also
cleave at other residues, such as at Lys (nonselective) and GIn (following deamidation)
residues, and some sort of optimization of digestion conditions must be attained for
quantitative and selective digestion. Therefore, chemical derivatization of samples followed
by digestion with robust enzymes such as trypsin seem to be good alternative approaches.

Using chemical derivatization as a means to modify cleavable residues has also been widely
employed. Prior to proteolysis, the highly charged histones may be chemically derivatized
using acetic or propionic anhydride [48,49]. Acetic anhydride derivatization is best utilized
if a deuterated version is used, as shown previously to quantify the acetylation isomers on
histone H4 and developmental changes of core histones from Drosophila melanogaster [50].
Propionylation of histones is also an attractive approach for preparing histones for MS
analysis as a propionyl group is covalently added to unmodified lysines, thus blocking these
sites from cleavage and resulting in slightly longer tryptic-like peptides ending in Arg
residues that facilitate subsequent ionization, detection and fragmentation by MS. In a label-
free approach, PTM abundances are determined by integrating the area under the curve for
each charge state of the corresponding peptide. Intriguingly, methods have been refined to
include the use of isotopically labeled propionic anhydride to compare PTM abundances
between multiple sample types [51]. For example, histone samples from one cellular state
can be labeled with deuterated propionic anhydride (D5) and mixed in 1:1 ratio with non-
isotopically labeled (propionic anhydride; D0) histones from a different cellular state to
quantify the histone PTMs. The propionylation methodology has been utilized by a large
number of groups [52-55], which include quantification of histones from a variety of
diverse cellular sources such as from the Trypanosoma brucei, the parasite responsible for
African sleeping sickness [56], human and mouse melanoma cancer samples [57], and those
displaying antimicrobial properties from shrimp hemocyte lysates [58], to just name a few.
Last, this method ology has been shown to be effective for identifying changes in histone
PTMs upon knockdown of specific histone-modifying enzymes [59]. As shown in Figure 1,
knockdown of the methyltransferases G9a and G9a-like protein showed a large decrease in
both H3K9mel and H3K9me2, consistent with previous reports, but also demonstrated that
the depletion of this methyltransferase complex also had a secondary effect, altering the
levels of other nondirect sites such as H3K14ac and H3K79 methylation. In Figure 1A, the
[M+2H]2* ion peptides corresponding to the 9—17 fragment (prkKme2STGGKprAPR) from a
propionylated histone fragment possessing K9me2 can be seen to be decreased following
siRNA knockdown of the methyltransferase G9a. The peptides are separated by 2.5
mass:charge ratio (m/z), which corresponds to a 5 Da overall mass shift, as one sample has
been derivatized with DO propionic anhydride and the other using D5 propionic anhydride.
By contrast, the peptides corresponding to the 9-17 fragment (prkKme3STGGKprAPR)
containing K9me3 are not affected by depletion of G9a (Figure 1B), indicating that G9a is a
specific H3K9me2 methyltransferase and does not affect the H3K9me3 chromatin pathway.
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Nevertheless, it should be noted that if detection of endogenous propionylation is the target
of the studies, then these reagents should obviously be avoided.

In vivo isotopic labeling of histones and their PTMs has also emerged as a key factor for
quantifying abundance level changes. Stable isotopic labeling by amino acids in cell culture
(SILAC) has become quite instrumental in capturing a glimpse of the cellular environment,
especially when combined with specific induced or isolated biological conditions and MS
readout [60,61]. In cell culture, isotopically ‘heavy’ amino acids are used to label one set of
proteins with comparison to an unlabeled population. Examples of this methodology
executed to find differentially expressed histone PTMs are becoming more prevalent.
Bonenfant et al. used SILAC to monitor histone PTM dynamics during the cell cycle and
determined that some marks were vastly changing during mitosis (histone H3 and H4
phosphorylation increased and H3K27/K36 methylation decreased) [62]. In similar studies,
Mizzen and colleagues found by unlabeled and SILAC labeling that H4K20 methylation
progression was tightly linked to cell cycle progression as well [63]. Another study used
SILAC labeling and MS to point out the importance of the polycomb repressive complex
Suz-12 in promoting the establishment of H3K27me2/me3 in mouse embryonic stem cells,
and hinted at a switch between H3K27me3 and H3K27ac in this system [64]. Cuomo et al.
also used SILAC approaches to determine potential breast cancer histone PTM signatures
[65]. Here, the authors were able to confirm histone PTMs previously linked to cancer, such
as a decrease of H4K20me3, but also found other novel histone PTM markers of breast
cancer, such as decreased levels of H3K9me3. A slightly different version of SILAC has
also been combined with MS experimentation to probe the turnover of histone PTMs and
variants [66—68]. Zee et al. used this type of SILAC labeling to estimate the turnover of
histone variants and modified forms from HeLa cells grown in standard media conditions
and then transferred to ‘heavy’ lysine-containing media with time points collected every day
post transfer. .-lysine-13C6 15N2 substituted in lysine-depleted media led to its incorporation
in newly synthesized proteins. Here it was shown that certain histone variants such as
H2A.Z do indeed have faster turnover rates than other canonical H2A variants [66]. In
addition, large differences in half-lives were detected among PTM-madified peptides, with
acetyl-containing peptides turning over much faster than methylated histone peptides.

If 13CD3-methionine is added to methionine-depleted media, methyl-containing histone and
non-histone peptides can be labeled. The cell is forced to use the ‘heavy’ labeled methionine
to synthesize S-adenosyl methionine, which is utilized by methyltransferases as the sole
donor of methyl groups onto proteins. In this way, all methylation products are isotopically
labeled and can be robustly and reproducibly quantified and traced by MS. This
methodology was first demonstrated and termed ‘heavy-methyl” SILAC and shown to be
broadly applicable to any protein methylation (Lys or Arg) by the research group of
Matthias Mann, and then first applied to histones by Jenuwein and co-workers to label “old’
versus ‘new’ histone H3K9me3 [69,70]. More recently, this type of heavy-methyl SILAC
approach has been used with MS to determine the turnover of methylated histone peptides
under steady-state and from synchronized cell populations [71]. This approach is
demonstrated in Figure 2, where the full mass spectra of the doubly charged peptide ion
spanning residues 27-40 of histone H3 possessing a monomethylation at K36 are shown.
Here, at time 0 (Figure 2A), only the nonlabeled “old’ H3K36mel peptide is detected, but
following placement of cells in heavy methionine for 8 h we observe the presence of the
‘newly’ generated H3K36mel species (Figure 2B) and a degradation of the H3K36mel
peptide, indicating turnover of the ‘old’ methyl form. This heavy-methyl SILAC labeling
was used to determine that the dynamic turnover of histone lysine methylation depended on
the degrees of methylation, with turnover rates in general following the trend mel >me2
>me3, and the rates were slower if an acetylation PTM was also present on the peptide. In
addition, methylation sites associated with active genes such as H3K36 turnover at more
rapid rates than those associated with silenced genes such as H3K27 or H4K20.
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Combination of both SILAC approaches (protein and methyl labeling) from synchronized
cells were used to monitor the progression of H3K79 methylation throughout the cell cycle,
and led to the surprising conclusion that new and old histones were mono- and di-
methylated at essentially equal rates, with little change among the three histone H3 variants
[72].

Combinatorial PTM histone codes?

Being a very sensitive approach, bottom-up MS has led to the discovery and quantification
of many novel histone PTMs; however, there are some limitations. Since in most bottom-up
MS experiments short tryptic-like peptides are analyzed, the detection of simultaneously
occurring long-distance PTMs cannot be achieved. Much effort has gone into research to
determine how single histone modification sites are specifically linked to gene activation or
silencing, but what type of effect unique combinations of simultaneously present
modifications (histone codes) have on gene transcription remains unsolved (Figure 3). This
challenge is first mainly due to the underdevelopment of tools to detect these combinatorial
histone PTMs occurring on the same molecule. To address this problem, middle- and top-
down approaches have been developed to examine combinatorial modifications on large
polypeptides or intact proteins, respectively [73]. Electron capture dissociation (ECD)-based
top-down MS analysis was first used to fragment intact whole histones, giving the first
glimpses of the combinatorial PTM complexity of some of these proteins [74,75]. One of the
more recent advances in the middle- and top-down approaches was the use of electron
transfer dissociation (ETD), which is similar to ECD, but as opposed to CAD, allows more
even fragmentation along the length of the peptide regardless of its modification state [76].
Although CAD works as a very effective fragmentation method for smaller peptides in a
bottom-up MS workflow and has been used in middle-down experiments, it is somewhat
more limited in its efficacy for fragmenting longer peptides, while ECD and ETD seemingly
work better for larger peptides with higher charge states [77]. In addition, ETD has
advantages over ECD of being able to be routinely performed outside of a Fourier transform
ion cyclotron resonance mass spectrometer (FT-ICR-MS), and is extremely compatible with
on-line liquid chromatography time-scales. An example of the advantage of using ETD
fragmentation of a histone H4 modified form is shown in Figure 4. Here, a near complete
fragment map of the 1-23 polypeptide of H4 containing combinatorial marks of N-terminal
acetylation, K16ac and K20me2, was generated on an LTQ-Orbitrap instrument equipped
with ETD fragmentation. These techniques (ECD and ETD) have allowed for the more
precise capture of the combination of PTMs on a particular histone, especially when
combined with some type of prefractionation of histone modified forms. For example, the
use of ECD-based top-down MS with weak-cation exchange hydrophilic interaction liquid
chromatography (WCX-HILIC) separation has shown that in HeLa cells there are 42 distinct
types of histone H4 that are differentially methylated and acetylated only on five residues,
K5, K8, K12, K16 and K20 [78], and these forms have been monitored through the cell
cycle and found to be progressively increased, especially for H4K20 dimethylation. ETD
fragmentation performed on an LTQ-Orbitrap instrument has also shown that there are 74
different forms of histone H4 in human embryonic stem cells, each containing a unique
combinatorial code, with several changing abundance upon differentiation with 12-O-
tetradecanoylphorbol-13-acetate [79]. Other reports have also detailed the combinatorial
histone PTMs on histone H4 from other organisms and different physiological conditions.
Histone H4 is arguably the easiest histone to work with, possessing the best ionization,
separation and fragmentation properties of any histone at both the polypeptide and intact
protein level. In addition, there is only one known sequence variant and H4 has a modest
and simpler PTM profile than other histones. Hence, it is not surprising that the vast
majority of middle- and top-down analyses of histones either focuses on or solely uses
histone H4 as proof of principle [80].
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A greater challenge on PTM complexity lies on the landscape of histone H3, which has been
reported to be decorated with a much larger number and variety of modifications than any of
the other histones combined [73]. Continued refinement of liquid chromatography
separation and fragmentation methods is heartening to the field of proteomics, as they
provide more accurately and extensively the PTMs that are simultaneously present on a
single protein. For instance, it has been shown that WCX-HILIC coupled to high-resolution
MS can be used to determine the combinations of modifications present on single H3 forms
[81]. WCX-HILIC separates modified histone forms by first separating out by charge state
(or histone acetylation status) and then by hydrophilic content (or histone methylation
degree). A middle-down MS platform using HILIC and ECD on an FT-ICR-MS found over
150 distinctly modified histone H3.2 forms [81]. More importantly, these data revealed an
interplay between histone H3 acetylation and K4 methylation, with K4 methylation levels
increasing robustly on highly acetylated forms. Similar information concerning PTM
crosstalk has been indirectly extracted from some bottom-up experiments for histones H3
and H4 [82,83], although the direct measurement of the combinatorial PTM patterns is
obtainable through middle-down studies. An online higher-throughput and MS-friendly
version of this HILIC chromatography to create a hanoflow LC-MS/MS platform was
coupled to an Orbitrap to reveal more than 200 forms of H3.2 and 70 forms of H4 from
HeLa S3-derived histones [84]. This method also decreased the amount of starting material
needed from over 100 pg to less than 0.5 pg, and sample analysis time from dozens of
experiments and over 100 h of MS run time to one single 3-h run, thus potentially allowing
for new biological applications of limited sample capacity. The beauty of WCX-HILIC is
that it provides very high resolution to differences between modifications that have the same
mass shift by MS, such as a trimethyl versus an acetyl group. Other ion exchange methods
have been used previously, and allowed for the detection of over 40 modified species from
Tetraheymena H3, and also resolved histone H1 phosphorylated isoforms [85,86]. HILIC
chromatography alone has been applied to nearly all histones previously, so the potential for
this type of separation to uncover new combinatorial PTM motifs and hier archies on these
or related proteins remains high. It should be noted that advancements in bioinformatic
capabilities have allowed for this complex combinatorial PTM data to be more readily
analyzed (both identification and quantification) [87—89]. Continued improvements in
computational approaches should allow for even more detailed data mining to be achieved,
which will result in the identification of interdependent relationships between unique
modified forms. We anticipate that in the near future, computational studies of the
epigenetic landscape will become increasingly routine through development of these
computational programs. In the advent of genome-wide studies, combinatorial PTMs are
emerging as key signatures for cellular transcriptional outputs and should play major roles in
defining a true histone code.

Distinguishing histone variants by MS

H1, H2A, H2B, H3 and H4 represent the canonical histones within the nucleoprotein
structure of eukaryotic chromatin. However, within this family of proteins, each member has
several variants, with the notable exception of histone H4 [90]. Differences within each
subset of variants can vary from single amino acid changes to vast divergence among amino
acid sequences. Intriguingly, mass shifts of multiples of 14 Da between variants are common
and can be erroneously assigned as methylation PTMs, so care has to be made during
assignment of variant-specific peptides. An array of mass spectrometric methods is currently
available for isolating and separating these variants. Bottom-up MS, which can identify
peptides unique to a particular protein, relies heavily on characterization of sequence
differences among variants for efficient quantification. The lack of sequence variation
among some histone variants, such as H2A.X and canonical H2As, however, make bottom-
up analysis difficult. Nonetheless, there have been comprehensive and detailed peptide-
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centric workflows that have been shown to be effective for identification of histone variants
from many organisms. Notably, a couple of bottom-up MS reports have detailed the H2B
variants present in Arabidopsis thaliana, and also found a larger number of PTMs on these
variants than expected, especially acetylated residues [91]. Other mass spectrometric
bottom-up MS experiments have discovered novel histone variants, including two histone
H3 variants (H3.Y and H3.X) in addition to the known H3 variants H3.1, H3.2 and H3.3 that
may be primate specific [92]. H3.Y depletion affects cellular proliferation and modulates
genes involved in cell cycle progression. In addition, bottom-up MS has been used to
annotate the PTMs and variants of mammalian H2B, H2A (i.e., macroH2A) or linker histone
H1 variants from divergent species and physiological states [93-95].

Nevertheless, top-down and middle-down MS capture the m/z of whole intact proteins and
substantially larger polypeptides, respectively, and hold huge promise for histone variant
analysis. Before MS detection, the proteins/polypeptides are usually first separated by some
type of liquid chromatography. Offline reverse-phase HPLC has been widely used to
separate out bulk histone variants, particularly in the cases of H2As, H3s and H1s, which
often can resolve into separate peaks. Commonly, these separations have been coupled on-
line to MS analysis, making intact protein profiling of histones a rapid and facile experiment
[96]. Thorough characterization of histone variants by top-down MS has been performed on
all histones to date. At the forefront of these studies is the Kelleher research group, which
has published a series of manuscripts, that examine histone variants using ECD and CAD
fragmentation in top-down MS mode [97-99]. These reports showed that H2A and H2B
families contains a large number of gene products expressed in human cells, the majority of
which are not modified and do not vary in abundance through the cell cycle. H3 variants
from human, rat and yeast have also been the subject of focus by top and middle-down MS
techniques and found to have interestingly minor differences in overall PTM profiles in the
mammalian cells [45,98,100]. Specifically, it was found that H3.3 seems to be slightly
enriched in PTMs associated with active genes (previously seen by bottom-up MS), and that
the major sites of modification were at KOme2, K14ac and K23ac [98]. Histones isolated
from Saccharomyces cerevisiae deletion mutants targeting the major histone acetylation
complexes such as the SAGA complex revealed that H2B and H3 seemed to be the most-
affected histones with much reduced acetylation levels, especially in a GCN5 deletion strain
[100]. No information on individual forms could be made by these analyses, as the H3
isoforms were fragmented ‘en masse’; however, these results have been useful to infer some
general ‘bulk’ relationships and patterns among the modified residues.

Towards gene-specific histone signatures

To date, nearly all of the MS analyses of histones have been performed from bulk isolated
histones (i.e., global histones). However, the value of isolating out a specific gene or
genomic region with its associated chromatin protein components would allow for
investigations of the local chromatin environment (including histones) from the specific
genomic location. This has incredible implications in many fields, most excitingly the
specific chromatin analysis of disease-associated genes, and could provide glimpses into the
epigenetic components of the disease state. In recent years, both chromatin biologists and
proteomic groups have shown in a few independent studies that proteins can be purified with
specific genomic loci. Regions of differential transcriptional activity are demarcated by
unique chromatin boundaries whose integrity is maintained by binding of chromatin-
associated remodeling proteins. Tackett et al. showed that these chromatin boundary
complexes could be isolated by targeted affinity purification of the boundary-associated
proteins [101]. In particular, the proteins Pol2 and Dpb4 were tagged with protein A and
chromatin sub-complexes isolated both with and without their cognate DNA and histones
attached. Results showed that disruption of these boundary complexes tested using deletion
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strains does indeed affect gene expression levels of target genes. Interestingly, these
experiments also showed for the first time that minute amounts of histones (here specifically
H4 acetylation) isolated from sub-genome-wide populations could be quantified by MS-
based proteomics. The addition of SILAC labeling to other isolation approaches have also
been useful for identifying gene-specific protein interactions (DNA-protein interactions).
Muittler et al. described the use of a DNA affinity probe to determine the specificity of
transcription factor binding to various functional DNA sequence elements, and adaptations
of this technique could prove useful for isolation of loci-specific histones [102]. Most
recently, a technique called ‘proteomics of isolated chromatin segments’ has been
demonstrated to be a useful tool for isolation of distinct genomic loci [103]. This method
utilizes sequence-specific nucleic acid probes to affinity isolate genomic DNA with its
associated chromatin proteins, and was successfully used to map the protein networks of
telomeric DNA regions. Methods like these and others ultimately seek to differentiate
between distinct genomic sequences that are specific to varying cellular conditions, such as
disease states, tumorigenesis and developmental regulation. Techniques for analyzing gene-
specific signatures are becoming increasingly sensitive and, if coupled to MS analysis, could
be a powerful approach for understanding the molecular mechanism behind specific DNA
templated events at both the histone and non-histone level. In addition, ChlP approaches that
have been coupled to microarray (ChlIP-CHIP) or deep sequencing (ChlIP-Seq) are also
providing a means of enriching for a more concentrated specific genomic population for
downstream MS (ChIP-MS) assessment [21].

Identification of histone-binding proteins

One of the most significant discoveries connecting histone-binding proteins to transcription
came when Allis and colleagues identified a Tetrahymena histone acetyltransferase as
homologous to the well-known yeast GCN5 transcriptional regulator [104]. Since that time,
researchers have used elegant experiments to identify other proteins that modify or bind to
very specific histone PTMs [1-3]. As mentioned earlier, the histone code hypothesis
postulates that the histone PTMs act as a recruitment platform for proteins that contain
specialized domains that bind these modification sites. In support, several proteins that bind
specific histone methylation and acetylation sites have been discovered [105]. For instance,
HP1 possesses a chromodomain that binds H3K9me3 and this interaction has been shown to
be important for maintaining heterochromatic regions by further recruitment of the
methyltransferase SuVar39-h1 and other factors [106]. In addition, the double
bromodomain-containing proteins are known to bind acetylated histones, and couple histone
acetylation to transcription by promoting RNA polymerase 1 transcription through
nucleosomes [107]. However, until recently, these discoveries had been performed by
relatively low-throughput through biological experiments. In recent years, MS has been used
to identify potential histone PTM binding proteins following affinity purification of the
binding protein using synthetically modified histone peptides as baits [108]. However, the
large-scale and quantitative nature of proteomics experiments have allowed for rapid
screening of potential binding proteins in an unbiased manner. For example, Vermeulen et
al. employed SILAC labeling and MS to show that the plant homeodomain finger of Taf3, a
component of the TFIID transcription factor, binds H3K4me3 [109]. Disruption of this
interaction resulted in loss of transcription and binding of the TFIID complex at a subset of
promoters. This work was the first to describe the molecular mechanisms coupling the
promoter-specific H3K4me3 mark with the transcription initiation machinery. This
methodology has also been repeated by the same group to identify potential binding proteins
to several other histone PTMs associated with gene activation or repression, such as
H3K36me3 and H4K20me3 [110]. The sensitivity and robustness of LC-MS/MS combined
with immunoaffinity have continued to provide a means to identify PTM-specific binding
proteins [111]. In addition, histone peptide array proteomic approaches have also emerged
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as a different means to identify histone PTM binding proteins[112]. We expect that
continued optimization of these methods and advances in bioinformatics will progress to
large-scale discovery methods, capable of determining the role of multiple histone PTMs
and their binding complexes in a systematic fashion.

Expert commentary

Currently, histone PTMs encompass an area of chromatin biology that has far-reaching
functional implications in transcription, DNA damage and other nuclear events. In more
recent years, MS has become the method of choice for analysis of protein PTMs, and has
already made key contributions to the histone field. The advent of combinatorial histone
PTM MS has offered the promise of access to gene-specific epigenetic signatures that
combine histone PTMs, recruited proteins and chromatin-associated enzymes. In recent
years, with the increasing prevalence of ‘method-blending’, ChlP-Seq and ChIP-MS
continue to provide critical insight into the chromatin environment. Technical advancements
and steadily decreasing costs of these techniques have provided critical access to the
molecular interactions between histone PTMs and specific gene targets. These advances
allow us to refine our techniques to capture the most transient epigenetic responses to
cellular perturbations. However, with the constant enhancement and optimization of mass
spectrometric functions, it is clear that we have only now uncovered the proverbial “tip of
the iceberg’.

Five-year view

Histone PTMs are part of the epigenetic mechanisms that are now being linked to several
human disorders and diseases. These PTMs may drive altered gene-expression patterns that
in turn affect progression of disease. Therefore, as can be imagined, it will become of
increasing importance to quantify histone PTM levels occurring on disease-related genes.
Nevertheless, the ability to detect small amounts of sub-genome-wide histone PTMs has so
far proven to be a technical challenge. While a few proof-of-principle examples have been
highlighted in this article, this type of selective MS analysis of histones remains far from
routine. Advances in several areas will be needed to address this challenge, including
continued improvements in dynamic range and sensitivity of MS instruments to continue to
lower the limit of detection of substoichiometric histone PTMs present in a sample.
Concurrent with increased sensitivity for proteomic analyses, the development of
oligonucleotide-specific probes that can remove the targeted genomic region with its intact
chromatin profile will likely be integral to studying gene-specific histone modifications.
Another area of rapid growth in the proteomic community has been adaptation of middle-
and top-down MS, and this methodology has made its way to the histone PTM realm in full
force. The ability to detect combinatorial histone PTMs is now much easier than it has been
before, but the most difficult issue with these analyses still remains: deconvolution of the
data. In particular, despite the chromatographic and mass/charge separation of modified
histone peptides and proteins provided in the mass spectrum, one still encounters many co-
eluting and isobaric analytes that lead to highly complex tandem mass spectrum with
multiple-fragment ion series shared and unique to the multiple forms. The parsing of those
unique fragment ions is an enormous computational problem that must be solved for deep
sequencing of highly modified histone peptides and proteins. The bioinformatics being
developed in the post-genome era is transforming our ability to analyze the extremely large
data sets that can be a limiting factor in the frequent use of middle-down and top-down MS,
which give us the best estimations of gene-specific global histone PTMs and their
downstream transcriptional effects. In order for complex relationships and crosstalk between
histone PTMs to be deciphered, methods to cluster and mine these data must be created.
These methods have been used heavily in the genomics fields, so crossover into the histone
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roteomics should be accomplished. Histone modifications continue to emerge as a
ignificant epigenetic mechanism potentially affecting both human physiology and disease
nd, as such, proteomics-based investigations are ideally suited for quantitative exploration
f the combinatorial histone PTM space, which may prove vital for precisely determining

the existence and rules governing an in vivo histone code.
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Key issues

Histone post-translational modifications (PTMSs) affect many nuclear processes,
including gene activation and silencing, by recruitment of protein factors that
recognize the PTMs with specialized domains.

Site-specific antibodies are the main tool used for analysis of histone PTMs, but
suffer from many limitations, including cross-reactivity and epitope occlusion
and are not quantitative.

Mass spectrometry has become the most powerful method for the large-scale
discovery and quantification of histone PTMs, and has already produced a rich
catalog of novel modifications, many of which are the focus of current
biological research.

Top- and middle-down mass spectrometry methods are essentially the only tools
available to characterize combinatorial histone PTMs simultaneously occurring
on the same molecule (the histone code).

Future proteomics research is heading towards interrogation of histones from
defined genomic loci. This will require continued improvements in mass
spectrometry instrumentation paired with continued development of genomic
methods to accurately affinity purify such material and analyze sparse amounts
of protein.
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Figure 1. Quantification of histone post-translational modifications by mass spectrometry

(A) Quantitative stable isotope labeled analysis of the [M+2H]?* 9-17 H3 peptide ion
(prKme2STGGKprAPR) from control (scrambled siRNA) 521.307 m/z and G9a-depleted
523.822 m/z (siRNA directed toward the methyltransferase G9a). (B) The same analysis, this
time of the [M+2H]2* 9-17 H3 peptide ion (prKme3STGGKprAPR) from control
(scrambled siRNA) 528.314 m/z and G9a-depleted 530.829 m/z (SiIRNA directed toward the
methyltransferase G9a). The reduction of the methyltransferase G9a only shows an effect on
the abundance levels of H3K9me2, but not H3K9me3.
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Figure 2. Histone methylation turnover monitored by ‘heavy-methyl’ stable isotopic labeling by

amino acids in cell culture and mass spectrometry

(A) Full mass spectrum of the [M+2H]2+ 27-40 H3 peptide ion
(prKprSAPATGGVKpr,melKprPHR) monomethylated on K36 from cells growing at
various time points in media supplemented with heavy methionine (:3CD3). At time 0, only
the unlabeled (white hexagon) isotopes are observed. (B) At 8 h, one can quantify other
isotopes (gray hexagon) corresponding to the same peptide sequence containing a heavy
methyl group (4 Da shift seen as 2 m/z increase), indicating turnover of this peptide.
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Figure 3. Diagram showing the genetic code and potential histone codes

In the genetic code (far left), genes (DNA sequence) are transcribed into mMRNA. mMRNA
then uses a codon of three nucleotides and is translated on the ribosome into proteins. The
histone code can be viewed from both a single PTM and combinatorial PTM point of view.
Single PTMs, such as histone H3 Lys14ac, have been linked to active genes, while Lys9me3
on the same protein is found to be enriched in silenced genomic regions (middle).
Nevertheless, the transcriptional outcome when both active and silencing PTMs are
simultaneously present on the same histone molecule is not understood (combinatorial

histone code, right).
PTM: Post-translational modification.
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Figure 4. Middle-down electron transfer dissociation mass spectrum of the [M+6H]6+ 1-23 H4
peptide ion (SGRGKGGKGLGKGGAKRHRKVLR) containing N-terminal acetylation,
acetylation on K16 and dimethylation on K20

Lines between amino acid residues denote ¢ and z electron transfer dissociation fragment
ions successfully annotated from the spectrum, which were collected in a linear ion trap.
Expected and observed precursor ion masses for the +6 charged peptide were collected in
the higher resolution Orbitrap.
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