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Abstract The physiological state of eukaryotic DNA is

chromatin. Nucleosomes, which consist of DNA in com-

plex with histones, are the fundamental unit of chromatin.

The post-translational modifications (PTMs) of histones

play a critical role in the control of gene transcription,

epigenetics and other DNA-templated processes. It has

been known for several years that these PTMs function in

concert to allow for the storage and transduction of highly

specific signals through combinations of modifications.

This code, the combinatorial histone code, functions much

like a bar code or combination lock providing the potential

for massive information content. The capacity to directly

measure these combinatorial histone codes has mostly been

laborious and challenging, thus limiting efforts often to one

or two samples. Recently, progress has been made in

determining such information quickly, quantitatively and

sensitively. Here we review both the historical and recent

progress toward routine and rapid combinatorial histone

code analysis.
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Introduction

Eukaryotic nuclear DNA is nominally compacted into

chromatin fibers. Nucleosomes, consisting of an approxi-

mately 150-base pair section of DNA wrapped around an

octameric protein complex, are the common building block

of these chromatin fibers [1]. The core protein complex is

made up of highly conserved histone proteins, and ulti-

mately these proteins play an important role in controlling

access to the underlying DNA. This forms a system of gene

regulation, the development of which was likely a major

evolutionary advancement resulting in much of the

biodiversity observable today [2]. There are no truly mul-

ticellular life forms without a chromatin-based system. The

fundamental features of this system, especially the histone

amino acid sequences, are nearly identical from lower

eukaryotes, such as yeast, to humans, suggesting little

evolution since its inception. Thus, chromatin and the core

histones are a critical and near universal aspect of higher

organisms that are deserving of intensive study. At the

same time, histones are some of the most challenging

biomolecules to characterize and have been a focus of

analytical sciences, including separation sciences and more

recently mass spectrometry.

There are four families of core histone proteins: H2A,

H2B, H3 and H4. Each histone consists of a structured

domain at the center of the nucleosome and an outward-

facing structurally dynamic N-terminal tail. The N-termi-

nal regions of histone proteins are exceptionally basic and

prone to a variety of post-translational modifications

(PTMs) at a set of unusually close sites, frequently in

complex combinations. Certain histones also have

unstructured C-terminal tails that are similarly prone to

PTM. The core regions of histones can also be modified,

although these PTMs occur less densely and frequently.
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The commonly observed histone PTMs include lysine

acetylation, lysine (mono-, di- and tri-) methylation, argi-

nine (mono- and di-) methylation, and serine and threonine

phosphorylation. Other less abundant modifications include

ADP ribosylation, proline isomerization, arginine deimin-

ation, ubiquitylation/ubiquitination and sumoylation (see

Figs. 1, 2, 3, 4, 5 for a summary of the histone modifica-

tions reported in the literature to date). Clearly when these

modifications are considered in combination, not only is

the potential complexity great, but the potential informa-

tion content is astounding.

Each histone can be reversibly modified at multiple sites

by specific histone-modifying enzymes, and many have

multiple sequence variants. Permutations of all the indi-

vidual sites and types of modifications previously observed

on a site-by-site basis result in millions of distinct multiply-

modified histone forms. These modifications and the com-

binations thereof constitute an epigenetic code, the histone

code, which acts as an information-rich signal readable by

effector molecules involved in a variety of DNA processes

ultimately controlling gene transcription levels and cellular

phenotypes [3–6]. Epigenetics is the primary means by

which multicellular organisms differentiate specialized

Fig. 1 The post-translational modifications of histone H1 reported in

the literature (ac acetylation, me1 monomethylation, P phosphoryla-

tion, ribo ADP ribosylation, ub ubiquitination/ubiquitylation). Unlike

other histones, the numbering of H1 has generally included the

N-terminal methionine; thus, we start sequence numbering at two.

The sequence and numbering scheme for human histone H1.2 is

shown, and PTMs of other variants are adjusted to their homologous

H1.2 site. Sequence-specific PTMs of other variants not consistent

with the H1.2 sequence are shown by including the alternate amino

acid above the sequence. The variants for which this alternate amino

acid occur at a homologous point are shown in the subscript on the

alternate amino acid. Not all modifications are well validated, and

there are substantial gaps in our knowledge of which PTMs occur on

which variants. Some have only been observed on one or two

variants, but are assumed to occur on other variants due to homology.

The acetylation at S2 is N-terminal. The ribosylation at K213 is

C-terminal

Fig. 2 The post-translational modifications of histone H2A reported

in the literature (ac acetylation, me1 monomethylation, P phosphor-

ylation, ribo ADP ribosylation, ub ubiquitination/ubiquitylation, bio
biotinylation). The core sequence and numbering scheme for human

histone H2a.1 is shown, and PTMs of other variants are adjusted to

their homologous H2a.1 site. Divergent sequences of other variants at

the termini are shown as such. Sequence-specific PTMs of other

variants not consistent with the H2a.1 sequence are shown by

including the alternate amino acid above the sequence. The variants

for which this alternate amino acid occurs at a homologous point are

shown in the subscript on the alternate amino acid. Not all

modifications are well validated, and there are substantial gaps in

our knowledge of which PTMs occur on which variants. Some have

only been observed on one or two variants, but are assumed to occur

on other variants due to homology
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cells despite each cell containing essentially identical

genetic material [7]. Conversely, the deliberate manipula-

tion of epigenetics is the key to the production of stem cells

from adult tissue and tissue engineering [7]. Epigenetic

regulation also plays other roles, such as adaptation to

environment, while epigenetic dysregulation of cells

impacts diseases such as cancer [7]. Thus, the complete

characterization of biologically encoded epigenetic infor-

mation with the goal of understanding the underlying

epigenetic code and the eventual sequencing of epigenomes

is a goal of modern biology.

As will be shown, the analytical challenges of charac-

terizing histone PTMs, particularly when considered in

combination (i.e., modifications that co-exist on the same

molecule), are great and have created a new challenge for

chromatin researchers. Yet, all indications are that histone

modifications are central to many aspects of eukaryotic

biology, and understanding this enigmatic code could

potentially yield great returns scientifically and even bio-

medically. The ability to determine which PTMs co-exist on

a given histone molecule has only recently been developed,

and the capacity to do so rapidly and accurately is presently

emergent. In this review article we will cover the funda-

mentals that enable high-throughput-combinatorial histone

code analysis (HT-CHCA) methods (such as physical sep-

arations and peptide sequencing). We will review work that

has contributed to the evolution of HT-CHCA and recent

Fig. 3 The post-translational modifications of histone H2B reported

in the literature (ac acetylation, me1 monomethylation, me2 dime-

thylation, mex unspecified methylation degree, P phosphorylation,

ribo ADP ribosylation, ub ubiquitination/ubiquitylation). The

sequence and numbering scheme for human histone H2b.1 is shown,

and PTMs of other variants are adjusted to their homologous H2b.1

site. Sequence-specific PTMs of other variants not consistent with the

H2b.1 sequence are shown by including the alternate amino acid

above the sequence. The variants for which this alternate amino acid

occurs at a homologous point are shown in the subscript on the

alternate amino acid. Not all modifications are well validated, and

there are substantial gaps in our knowledge of which PTMs occur on

which variants. Some have only been observed on one or two

variants, but are assumed to occur on other variants due to homology

Fig. 4 The post-translational modifications of histone H3 reported in

the literature [ac acetylation, me1 monomethylation, me1–2 mono-

and dimethylation, me1–3 mono-, di- and trimethylation, me1,3
mono- and trimethylation (di- likely but unreported), mex unspecified

methylation degree, P phosphorylation, bio biotinylation, iso proline

isomerization, prop proprionylation, cit citrulination, but butylation).

The sequence and numbering scheme for human histone H3.1 is

shown, and PTMs of other variants are adjusted to their homologous

H3.1 site. The one sequence-specific PTM of H3.3S31ph is shown by

including the alternate amino acid above the sequence. Not all

modifications are well validated, and there are substantial gaps in our

knowledge of which PTMs occur on which variants. Some have only

been observed on one or two variants, but are assumed to occur on

other variants due to homology

Fig. 5 The post-translational modifications of histone H4 reported in

the literature (ac acetylation, me2 dimethylation, me1–2 mono- and

dimethylation, me1–3 mono-, mex unspecified methylation degree,

P phosphorylation, bio biotinylation, cit citrulination, but butylation,

ub ubiquitination/ubiquitylation, su sumoylation). Unlike the other

histones, there is only a single variant of histone H4. Not all

modifications listed are well validated
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HT-CHCA methods. We will also review computational

approaches to cope with the inherent complexity of HT-

CHCA proteomic data.

Do combinations of histone post-translational

modifications matter?

The analysis of histone modifications and their role in

biology has been an area of active and intense research for

more than 40 years. Many biological roles have been

attributed to individual modifications at specific sites on a

given histone using a variety of means. It is beyond the

scope of this review to comprehensively cover all of the

evidence linking biological functions to individual histone

modifications, and there are recent reviews that cover

aspects of this in great detail [5, 8–10]. The distributions of

where individual histone modifications reside within gen-

omes have also been intensively studied recently using

ChIP-chip and ChIP-seq technologies (Chromatin Immu-

nopreciptiation-DNA microarrray chip and Chromatin

Immunopreciptiation-DNA sequencing, respectively) [11].

It has been hypothesized for many years that these modi-

fications may function in concert rather than simply as

independent signals [4]. There have been an increasing

number of reports demonstrating specific combinatorial

functions of sets of modifications. Also, the analysis of data

sets that consider all observed modifications globally,

despite being measured independently and en masse,

appear to distinguish between specific biological states,

such as cancer progression [12–15].

Nucleosomal/genomic evidence for combinatorial

histone codes

Chromatin immunoprecipitation (ChIP) is a powerful

means of enriching chromatin for targeted epitopes using

antibodies toward either specific histone modifications or

other chromatin-associated proteins. This has been used in

conjunction with either DNA micro-array technology

(ChIP-chip) or ‘‘next generation sequencing,’’ such as

Illumina’s Solexa or 454 Life Science’s sequencing tech-

nology, (ChIP-seq), to read the DNA sequences associated

with the precipitated chromatin. This provides information

on the genomic localization of histone modifications and

other targeted proteins as well as the placement of the

nucleosome within the genome with a resolution greater

than the number of base pairs occupied by a nucleosome.

This approach has been revolutionary to understanding

chromatin and epigenetics. It has also provided significant,

although somewhat circumstantial, evidence for the com-

binatorial nature of histone codes. By analyzing for

multiple histone modifications on a given sample, the

genomic localizations of modifications can be correlated.

Within this data is strong evidence of the importance of

combinatorial effects in the histone code. Dion et al.

investigated the combinatorial nature of acetylations on the

histone H4 tail in budding yeast by mutation of the amino

acid sequence to mimic either a fixed acetylated residue or

fixed unmodified residue in many possible combinations.

The effect on gene expression was measured by DNA

microarray. Lysine 16 appeared to have a specific effect on

a small set of genes largely independent of the other

acetylation states, whereas the other sites (K5, K8 and

K12) appeared to have a broader and cumulative effect

[16]. The occurrence of combinations involving 12 histone

modifications on thousands of nucleosomes in actively

growing Saccharomyces cerevisiae was investigated by Liu

et al. using high-resolution ChIP-chip. These data showed a

sharply defined domain of two hypo-acetylated nucleo-

somes, adjacent to the transcriptional start site, which

appeared unrelated to transcription levels. Within the

coding region of the gene, modifications occurred in gra-

dients in a pattern that was associated with transcription.

They concluded that nucleosomes from different parts of

the gene are distinct in their modification patterns. They

did not find evidence of distinct deterministic codes, but

rather a more continuous scale where somewhat redundant

modifications are additive in their effect [17]. Kurdistani

et al. analyzed 11 lysines in the four core histones of

S. cerevisiae with ChIP-chip and found patterns of acety-

lation that define groups of biologically related genes. They

also demonstrated how certain acetylation patterns serve as

a means of recruiting specific proteins such as transcription

factors, a process that may coordinate gene expression

patterns among related genes. Interestingly, transcription

factor Bdf1 appeared to have an affinity for deacetylated

H4K16, making the point that combinatorial patterns are

also encoded by the absence of variable modifications as

well [18]. Another study analyzed 39 histone modifications

in human CD4? T cells and found patterns of histone

modifications associated with promoters and enhancers.

They identified a module of 17 modifications that tend to

co-localize in the genome at promoters and correlate with

each other at an individual nucleosome. The expression

levels of genes with this module, as determined by

microarray, were generally high and could be further

enhanced by additional modifications. Although this type

of data does not provide any direct evidence of coexistence

on a single nucleosome per se, it is concluded based on the

preponderance of correlative evidence that modifications

have a cooperative effect, acting not as independent

signals, but rather in a combinatorial manner [19].

However convincing the evidence for combinatorial

effects based on these genomic lines of evidence, the nat-

ure of all of these experiments are often correlative and
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typically represent an average of multiple cells. Such

measurements do not localize two modifications on a single

histone molecule, and usually neighboring reads are not

necessarily on the same strand of DNA. A few studies,

however, have reasonably localized modifications to indi-

vidual nucleosomes by use of sequential ChIPs (aka ChIP-

reChIP) [20, 21]. The future of such approaches is prom-

ising and actually provides complementary information to

molecular level combinatorial PTM information. Overall,

clearly these experiments have elucidated vast information

on how histone modifications likely function in concert.

Linking combinatorial histones codes

to biological function

In the past few years there have been multiple studies

designed to link patterns of multiple histone modifications

measured in parallel to biological function. Cancer histo-

logical studies have been very successful in correlating the

overall observed histone modification state to clinical

outcome, but mostly without revealing the underlying

reason such patterns are observed in these pathologies. On

the other hand, a number of recent studies have determined

specific roles of combinatorial histone modifications in

certain biological processes, sometimes with great detail.

Many very compelling studies done with the goals of

improving cancer diagnostics and treatment plans have

shown the importance of combinatorial histone codes in

disease processes. One study was able to find global his-

tone modification patterns with clinical diagnostic and

predictive capacity in prostrate cancer patients. They

identified two disease subtypes that exhibited different

tumor recurrence rates. The identified histone modification

patterns used to distinguish subtypes were predictive of

outcome independently of other commonly used measures

of recurrence risk [15]. Barlesi et al. used immunohisto-

chemistry on non-small-cell lung cancer samples to again

measure global histone modification patterns using modi-

fication-specific antibodies and recursive partitioning

analysis on the whole panel of modifications. They repor-

ted excellent predictive value, particularly in the combined

H3K4me2 and H3K9ac data (both generally considered

transcriptionally active marks) [12]. Another immunohis-

tochemistry study evaluated the patterns of acetylation and

trimethylation on both histone H3 and histone H4 in gastric

adenocarcinomas. They found strong evidence of the

diagnostic potential of H3K9 trimethylation alone and the

overall modification patterns collectively [22]. Human

breast carcinomas were studied by similar histological

methods along with clustering analysis of the samples with

respect to the panel of histone modifications studied [13].

This analysis revealed three groups showing distinct his-

tone modification patterns, and these correlated well with

other prognostic indicators and clinical outcome. Overall,

the potential of such histone PTM biomarkers has drawn

significant attention particularly because these results are

interrelated to promising pharmaceutical treatment

approaches that target histone modifying enzymes such as

histone deacetylase inhibitors [9].

Despite the challenges of studying processes involving

multiple modifications functioning in concert, a rapidly

increasing number of studies have demonstrated very

specific roles for certain combinations of histone modifi-

cations. Many of these studies use mass spectrometry-

based combinatorial histone code analysis. Jiang et al. [23]

showed through top-down mass spectrometry (sequencing

of intact proteins by mass spectrometry) and gene knock-

down that histone H3K4 trimethylation appears linked to

acetylation of H3 at K14, K18 and K23 on the same H3

tail, thus suggesting that these known transcriptionally

active marks function in concert to promote gene expres-

sion. It has recently been shown that the combination of

H3T3ph, H3K4me3 and H3R8me2 serves a special purpose

in mitotic cells and may signal rapid clearance of this

region of chromatin through the metaphase–anaphase

checkpoint [24]. Using synthetic combinatorially modified

histone H3 tails, a unique interplay has been revealed

between methylated lysines 9 and 27, and acetylated lysine

14 on histone H3 in the binding of the silent chromatin

associated protein heterochromatin protein 1 (HP1) [25].

Most interestingly, lysine 14 acetylation could dramatically

enhance HP1 binding in concert with lysine 9 methylation,

but showed no affinity for HP1 when present alone.

Kirmizis et al. [26] showed that H3R2 dimethylation

occludes Spp1, a Set1 methyltransferase subunit necessary

for trimethylation of H3K4. A relationship between histone

code-reading proteins and histone-writing enzymes was

elucidated by Taverna et al. [27] by showing that the

binding of Yng1 to H3K4me3 via its PHD (plant homeo-

domain) domain promotes HAT activity at H3K14 and

selective transcription of certain genes. Another study

focused on cellular transformation discovered a similar

process involving ING4, again through a PHD domain

interacting with H3K4me3, mediating crosstalk between

H3K4me3 and general H3 acetylation [28]. It has also been

shown that H3S10 phosphorylation plays an important role

in ejecting HP1 from binding K9 trimethylated histones

during M phase, acting as a binary switch [29]. A similar

binary switch was found on histone H1 at K26me and

S27ph by Daujat et al [30]. A library of combinatorially

modified H4 tails has been used to probe the binding of

JMJD2A to these tails, and it was found that K20 meth-

ylation was the primary determinant for binding, but that

phosphorylation and acetylation of neighboring sites

attenuated the interaction [31]. Although much of the

above work clearly demonstrates the biological relevance
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of combinatorial histone codes, the direct physical mech-

anisms by which the combinatorial nature of these codes

are incorporated into a biological pathway are not well

characterized.

Do combinatorial histone code-reading proteins/

complexes exist?

The most convincing case for the combinatorial nature of

histone codes would be evidence of the direct physical

interaction of a protein or protein complex with multiple

PTMs, which serves an essential role in a biological pro-

cess. A simple analysis of the amino acid sequences of

chromatin-related proteins reveals that many contain mul-

tiple regions homologous to known PTM-recognizing

domains, suggesting at least the possibility of such direct

combinatorial interactions. For example, BRD4 contains

two bromodomains (a protein domain that recognized

acetylated lysines), and CHD5 contains two chromodo-

mains (a protein domain that recognizes methylated

lysines) as well as two PHD domains. Furthermore, when

known binding partners are considered, the potential for

combinatorial PTM reading is even greater as many com-

plexes contain multiple proteins with PTM-recognizing

domains. Although such evidence appears to point to a

system specifically designed to be combinatorial, demon-

strating combinatorial function is very challenging;

however, in the past 3 years several such lines of evidence

have been demonstrated. Li et al. [32] showed that the

Rpd3S complex, which serves an essential role in tran-

scription and contains both a chromodomain (in its Eaf3

subunit) and a PHD finger (in its Rco1 subunit), recognizes

H3K36 methylation by combination of these two domains.

These protein subunits do not recognize this PTM alone, or

as members of other complexes, and in fact recognize other

PTMs. Thus, the reading specificity of such complexes is

itself combinatorial in nature. It has been demonstrated that

targeting of the HBO1 HAT complexes to the coding

region of genes occurs through multiple PHD finger

interactions in a complex combinatorial manner involving

both specificity to different degrees of H3K4 methylation

and to H3K36 methylation [33]. Saksouk et al. conclude

that this serves as a means of regulating the acetylation

activity in a subtle way across the coding region of genes

based on the existing methylation gradients. Interestingly,

combinatorial readout does not require multiple PTM-

binding domains in a given protein or complex. How a

single bromodomain can read a combinatorial histone code

was demonstrated by Moriniere et al. [34]. They showed

that two acetylations on the histone H4 tail cooperate to

specifically bind the bromodomain of Brdt. A study of

malignant-brain-tumor (MBT) protein L3MBTL1 found

that it recognizes mono- or dimethylation of H4K20 and

H1K26. The recognition of these two sites involves binding

at least two nucleosomes simultaneously. Through this

combinatorial PTM recognition and the resulting complex

formation, repression of transcription is induced for a

specific subset of genes [35]. Ruthenburg et al. [36] make

an excellent presentation of evidence in their review article

on how different subunits that recognize distinct chromatin

modifications link together to create multivalent interac-

tions, which they argue is more the rule than the exception

in chromatin biology.

Trans-histone code crosstalk

There are also a growing number of examples of trans-

histone codes or combinatorial histone codes that span

more than one of the core histones. These types of com-

binatorial codes are harder to analyze since they are not

covalently linked. For example, Sims et al. [37] found a

H4K20me1H3K9me1 trans-histone code in silent chro-

matin. Another instance of trans crosstalk between histone

proteins on neighboring nucleosomes has also been

observed in experiments analyzing the salt-dependent

folding of chromatin. In particular, studies have provided

strong evidence for the existence of internucleosomal

contacts between unacetylated N-terminal H4 and the

carboxyl-terminal alpha-helices of H2A on adjacent

nucleosomes to mediate salt-dependent chromatin com-

paction, where the acetylation of H4K16 was demonstrated

to inhibit this process [38]. It has also been shown that

ubiquitination of H2B is necessary for the methylation of

H3K79, and this interplay is important for gene silencing

mechanisms [39]. Work presented by Lee et al. [40], where

they elucidate some details of the molecular interactions

that underlay this relationship, essentially revealed that

H2BK123ub is involved in recruiting the machinery to

methylate H3K79. Additionally, this study showed

H2BK123ub has an effect on H3K4 methylation status as

well. In an apparent trans-histone combinatorial code

spanning three different histone modifications on three

different histones, H4K20me2 and H3K79 methylations

both appear to be involved in the relocation of 53BP1 to

sites of DNA DSBs, and H2AX phosphorylation has been

implicated in its retention [8, 41, 42].

The challenges of combinatorial histone PTM analysis

Combinatorial PTM analysis refers to the simultaneous

analysis of multiple histone modifications while maintain-

ing the molecular connectivity relationships between these

modifications. That is, rather than quantitating each mod-

ification separately, each combination of modifications

is detected and quantitated. As shown in Fig. 6, the
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relationship between these two types of data is not simple.

There is a one-to-one relationship from the combinatorial

data to non-combinatorial data, but not in the opposite

direction. Any given combinatorial data set can be mapped

to one and only one non-combinatorial result. However, a

given non-combinatorial data set can result from an infinite

set of combinatorial realities. Thus, the combinatorial data

are more specific. As shown above, this combinatorial

information does matter in biology. It is also fundamentally

capable of encoding substantially more information. Non-

combinatorial data, such as Western blots, are traditionally

thought about as a degree of modification at each site (e.g.,

in Fig. 6, two sites are considered: H3K4 and H3K9). The

combinatorial data, however, consist of four data points

(including the doubly unmodified peptide). A system of 10

binary modifications will result in 10 non-combinatorial

data points and 1,024 combinatorial data points. In the case

of the plethora of modifications on histone H3, this inflates

to over a trillion data points when considering all reported

modifications. Essentially, combinatorial data allow us to

understand how combinations of modifications on a single

protein might function to transduce a different meaning

than the same two modifications occurring on separate

protein molecules. As detailed in previous sections, there is

no reason to assume that biology does not work in this way.

The complexity of combinatorial data is great and thus the

separation, identification and quantitation of all of these

combinatorial species is challenging. These combinatorial

data are, however, much more representative of the actual

modification state of a given protein.

Antibodies by nature measure modifications indepen-

dently and are not capable of obtaining combinatorial data.

These individual measurements may be considered, ex post

facto, as a single concatenated data set, and some combi-

natorial correlations may be drawn from such an approach,

but it is not truly combinatorial. Antibodies also suffer

from cross-reactivity. For example, an antibody designed

to recognize a particular PTM on a given residue may also

recognize, at least to some degree, the same PTM on a

different residue. Although many high-quality anti-histone

modification antibodies are now available, they are not

completely devoid of such problems. Combinatorial

Fig. 6 The relationship between combinatorial data sets, such as

those generated by HT-CHCA, and traditional non-combinatorial

approaches, such as bottom-up mass spectrometry and Western blot

analysis. For each combinatorial data set, there is exactly one

corresponding non-combinatorial result. The reverse relationship is

not one-to-one, and there are infinite and widely varying possible

combinatorial explanations for the non-combinatorial data. The

example used is of histone H3 K4 and K9 methylation. These are

signals known to be of opposite meaning (gene activating and

silencing, respectively), and the dimethylated form will thus have a

meaning distinct from either of the monomethylated forms. Even if

they act in superposition and cancel each other, this would mean that

the top left example would have all gene-activating signals obliter-

ated, while the lower left example would have a full 20% of H3

activated
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modifications also present a source of potential error in

antibody-based methods. Neighboring modifications may

occlude the epitope that the antibody recognizes despite the

presence of the modification it is designed to measure. Also

the signal derived from most antibodies is dependent on the

affinity of the antibody for the epitope it recognizes, and

thus the signal between each independent channel is not

comparable on an absolute scale. Similarly, traditional

bottom-up mass spectrometry, which sequences small

peptides from enzymatic (most often tryptic) digests, loses

most combinatorial information since the molecular con-

nectivity is physically cleaved early in the process.

Any biological sample of histones consists of a complex

mixture of remarkably physically similar combinatorially

modified histone forms (combinatorial histone codes).

Adding incredible challenge to an already difficult analysis

is that many of these combinatorial histone codes are

positional isomers of each other. There is great analytical

difficulty in interrogating such a mixture. Positional isomers

have identical masses and are nearly identical in all other

regards, including chromatographic behavior. Some of the

more common modifications on histones are methylations

and acetylations, and three methyl groups have the same

nominal mass as an acetyl (Dm = 0.036 Da). These mod-

ifications are difficult but not impossible to distinguish by

mass alone. Perhaps the greatest difficulty of such analyses

is the interrelated issues of dynamic range and sample

complexity. As more sites and types of modifications are

present in combination, the concentration of any given

combinatorial histone code on average decreases, and the

proportion of the mixture that any one makes up also

decreases. The concentration and relative abundance of any

analyte molecule are inversely related to the challenge of

accurately and sensitively detecting it and quantitating its

abundance. Combinatorial samples present us with a very

complex mixture of large biomolecules that are extremely

closely related and do not separate well by mass or by

physical characteristics. This has until recently limited

investigations into the function of histone modifications to a

site-by-site basis, abrogating all direct information about

the total modified state of histones.

There have been three major challenges to overcome for

efficacious and efficient combinatorial histone code analy-

sis: (1) good physical separation of forms, (2) maintenance of

the connectivity information on the molecular level, and (3)

sufficient throughput to perform the many requisite experi-

ments for a biologically meaningful result. For these reasons,

the analysis of histone modifications in combination on each

individual molecule, referred to as combinatorial histone

code analysis, has been an aspiration in the field for many

years. Recently technologies have emerged and methods

have been developed that make such analysis possible and

even relatively high throughput. Thus, HT-CHCA is a

currently emerging, yet still developing, means of probing

the role of histone PTMs acting in concert in eukaryotic

biology. Similar to how the current high-throughput DNA

sequencers can rapidly analyze genomes, it is hoped that

high-throughput combinatorial histone code analysis can

eventually rapidly analyze epigenomes, or at the least con-

tribute a significant component to such a possibility.

The separation and analysis of combinatorial histone

codes

Separation of intact histones, histone variants

and modified isomers

Combinatorial histone code analysis is sufficiently difficult

that HT-CHCA methods benefit greatly from separation of

the histones and their variants before the HT-CHCA

begins. This is also beneficial as a clean-up step from other

non-histone proteins that are co-purified in the acid

extraction. In some cases, such as with top-down analyses,

these separations are used as the primary means of chro-

matographic separation.

Gel electrophoresis methods have been used to separate

histones for over 50 years [43]. Significant improvements

and truly impressive results have been achieved, especially

with AU-PAGE (acetic acid-urea-PAGE) [44], the related

TAU-PAGE (AU-PAGE with added triton detergent for

enhanced resolution) [45]. These related electrophoretic

techniques can also be used in a 2D gel separation for even

greater resolution [46]. Although the above approaches are

the first to truly provide good resolution of these particu-

larly challenging analytes, such gel-based methods are

difficult to incorporate into high throughput methods as

they are both labor intensive and not very compatible with

other critical analytical tools in HT-CHCA, particularly

mass spectrometry.

Capillary electrophoresis (HPCE) is a powerful separa-

tion technique with many distinct advantages, and

significant work has been done on HPCE histone separa-

tions throughout the 1990s and early 2000s. One of the

major challenges of analyzing histones by such methods is

that the basic histone tails interact strongly with the surface

of the fused silica tubing used in HPCE. Thus, much work

has been done in minimizing this effect often by coating the

capillary surface primarily with hydrophobic modifiers [47–

51]. Most relevant to HT-CHCA is the work of Aguilar et al.

[52], in which they used hydropropylmethylcellulose

(HPMC)-coated capillaries and an MS-compatible solvent

system to perform capillary electrophoresis-electrospray

ionization-mass spectrometry (CE-ESI-MS) on calf thymus

histones. Such an approach definitely continues to have

potential in HT-CHCA; however, little work has followed
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up on this possibility. Some of the other HPCE-based his-

tone separations that bear relevance in their methodology to

later HT-CHCA work include the studies of Wiktorowicz

and Colburn as well as Mizzen and McLachlan.

Wiktorowicz [53] used a charge reversal strategy to repel

histones from the capillary surface to achieve separation of

differentially acetylated forms of H4 for the first time by

HPCE. The work of Mizzen [54] introduces some degree of

cation exchange behavior to the capillary surface. Related

concepts arise later in liquid chromatography separations.

Overall, HPCE provides excellent histone separations and

has the capacity to be used on-line with mass spectrometry,

making it potentially high-throughput; however, recent

work in HT-CHCA has primarily focused on liquid chro-

matography approaches.

Reversed phase high-performance liquid chromatogra-

phy (RP-HPLC) is commonly used for the initial separation

of intact histone family members and some histone variants

in most of the CHCA methods in the literature today [55–

58]. The reversed phase separations of histones and histone

variants were extensively studied in the 1980s, first by

Certa and von Ehrenstein [59] but primarily by Gurley [60–

63] and Lindner [64–68]. During this time and into the

1990s, the separations thereof were extensively refined.

The general trend was that stationary phases with large

pores, shorter chain hydrocarbons (such as C4, C8 or even

C3 and CN) with better end capping of the residual silica as

well as the addition of chaotropic and ion pairing mobile

phase additives generally resulted in better separations and

sample recovery. This is primarily attributed to the extreme

basicity of the histone tails and their strong tendency to

interact with residual silanols. Some histone variants sep-

arate well by reversed phased methods (notably to current

HT-CHCA methods the H3 variants), and methods can, to

some degree, be designed toward the separation of specific

variants. Overall, RP-HPLC of histones is a simple and

useful first-step in histone analyses, but the capacity of

RP-HPLC to separate histones is limited. For example,

such approaches never separate modification states, at least

on the whole protein level. RP-HPLC has many advanta-

ges, but fundamentally it is not well suited for highly basic

analytes such as histone tails, and it is at these basic resi-

dues where most of the PTM activity takes place.

The approaches that might come to the mind of the

experienced chromatographer to separate highly basic

compounds are cation exchange chromatography or some

sort of normal phase chromatography. Cation exchange

chromatography has indeed been used as early as 1959 for

such purposes [69]. Normal phase chromatography suf-

fered from poor resolution and reproducibility until the

relatively recent introduction of bonded normal phases.

These bonded normal phases have been termed hydrophilic

interaction liquid chromatography (HILIC). This

chromatography pioneered by Andrew Alpert [70] at

PolyLC has also been used very successfully to separate

intact histone variants with some resolution by the degree

of modification [71, 72]. As will be detailed below, HILIC

separations, often at the peptide level, in conjunction with

mass spectrometry approaches have been essential to many

methods that thoroughly and effectively characterize

combinatorial histone codes [56, 73–77]. Some of these,

notably the PolyCatA-based methods, have some ion

exchange character in a mixed mode with hydrophilic

mechanisms. All of the above-mentioned HILIC methods,

however, rely on a non-volatile mobile phase additive, such

as a chaotropic agent to improve resolution, and/or salt

gradients for elution of the histone forms. This makes the

most effective separation not directly compatible with mass

spectrometry, which is the most effective means to

sequence and quantitate the separated combinatorial his-

tone codes. Recently, we have resolved this long-standing

problem in histone analysis by creating a mass spectrom-

etry-compatible weak cation exchange-HILIC method

(WCX-HILIC) [78]. We removed all non-volatile compo-

nents from the mobile phase and used a pH gradient to

neutralize the cation exchange character of the stationary

phase. This was done in conjunction with a decreasing

organic solvent gradient for elution based on purely HILIC

mechanisms. In this way, we achieved very effective

WCX-HILIC-based separation, which is also directly

compatible with mass spectrometry.

Mass spectrometry-based readout of histone

modifications

Mass spectrometry plays an essential role in any CHCA

method. Particularly, electron capture dissociation (ECD)

[79] and electron transfer dissociation (ETD) [80] provide

gas phase fragmentation that can both preserve and detect

PTMs and provide sequencing of long peptides. Although

the mechanisms are not completely understood, ECD and

ETD both work by transferring an unpaired low energy

electron to the peptide being analyzed. This induces frag-

mentation along the peptide backbone with little bias as to

amino acid content or modifications. Fragmentation at the

N-terminal side of proline, however, is expected due to its

ring structure. For comparison, the more common colli-

sion-induced dissociation imparts vibrational energy into

the peptide. This tends to result in more bias to the site of

fragmentation and is less effective at fragmenting longer

and more highly charged peptides. Histones are very basic

proteins that are highly charged when ionized and the

PTMs being analyzed exist over relatively long sequences,

making ETD/ECD fragmentation preferential for histone

analysis.
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It should be noted that one complication in mass spec-

trometry analysis of histone PTMs is that the commonly

observed modifications of trimethylation and acetylation

have the same nominal mass. Mass spectrometry methods

can distinguish between these in two different ways.

Today, the resolution and mass accuracy of some mass

spectrometers are sufficient such that these modifications

can be distinguished by mass alone [81, 82]. This, how-

ever, is not always the most convenient way to achieve this,

particularly when considering throughput, as such high

resolution experiments often come at the cost of time or

sensitivity. An alternative means of distinguishing between

trimethylation and acetylation is through physical separa-

tion before detection. This novel approach is fundamental

to the current procedure used in our laboratory (see below)

[78]. Given a relatively pure single histone variant with

many modified forms, there are fundamentally three

approaches to read the information therein: bottom-up,

middle-down and top-down mass spectrometry. Bottom-up

mass spectrometry typically involves the use of trypsin

endoprotease to digest the protein of interest to a size

suitable for collision-induced dissociation. With arginine-

and lysine-rich histones, these peptides are very small,

difficult to analyze by any means and do not produce

substantial combinatorial information. A variant on this

used to generate bottom-up-like information on histones

utilizes propionylation to block lysines from digestion,

producing a semi-bottom-up ArgC-like digest. Top-down

analysis introduces the whole protein into the gas phase,

whereas middle-down analysis involves some limited

enzymatic digestion of the histone into a more manageable

size (see Fig. 7). Note in Fig. 7, with respect to the histone

H3 example, the vast majority of combinatorial informa-

tion is preserved in middle-down analysis. The semi-

bottom-up approach, while effective for individual PTMs,

cannot be considered a truly combinatorial method, despite

showing some limited combinatorial connectivity. Thus,

we will primarily focus on top-down and middle-down

methods. There are advantages, disadvantages and prac-

tical considerations to both approaches as will be

discussed.

Bottom-up mass spectrometry

First, however, it should also be noted that bottom-up mass

spectrometry, which involves a more extensive digestion of

the histone, in some cases can provide very limited com-

binatorial information. Some important early examples of

the combinatorial nature of the histone code were in fact

shown by such methods. For example, Fischle et al. blocked

lysine residues of histone H3 by propionylation and trypsin

digested to achieve reproducible ArgC-like peptides. The

LC-MS/MS thereof identified that the release of hetero-

chromatin protein 1 (HP1)-alpha, -beta and -gamma from

chromatin during mitosis is regulated by the simultaneously

occurring combinatorial modifications H3K9me3 and

H3S10ph. They showed that HP1, which normally binds the

silencing mark H3K9me3, is released from chromatin

Fig. 7 The various approaches to analyzing histone H3. The semi-

bottom-up approach involves an ArgC-like digest using trypsin but

blocking digestion at lysines with a proprionylation reaction. The

middle-down approach typically uses GluC digestion to obtain a large

50-amino acid N-terminal peptide, which contains the vast majority of

known modification sites. The top-down approach analyzes the

undigested protein, maintaining all connectivity, but at the cost of

sensitivity, time and, most importantly, confident connectivity

information. The semi-bottom-up analysis usually uses reversed

phase and collision-induced dissociation mass spectrometry (RP-LC–

MS). Both middle-down and top-down analyses use electron transfer

dissociation (ETD) or electron capture dissociation (ECD). These

samples are usually fractionated by off-line HPLC, but recently on-

line methods have been used (WCX-HILIC–LC–MS), dramatically

improving throughput and sensitivity
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during mitosis by phosphorylation of the adjacent S10

residue [29]. Also an analysis of phosphorylations on his-

tone H1 from Tetrahymena thermophila using ion metal

affinity chromatography (IMAC) found as many as three

phosphorylations on a single small peptide [83]. For our

purposes here, we will focus on top down and middle down

since the loss of combinatorial information is too great by

bottom-up methods.

Top-down mass spectrometry

In theory, top-down methods preserve the maximum com-

binatorial information, but currently much of this

information is lost for several reasons, and generally these

approaches are not currently amenable to high-throughput

analysis. By preserving the maximum combinatorial PTM

possibilities, the number of combinatorial histone codes

quickly approaches staggering numbers. This dilutes signal

essentially exponentially with the number of included

modifications and also generally results in extensively

mixed spectra, which in turn results in both ionization

suppression and the obfuscation of which forms are actually

present and in what amount. Once the problem becomes

complex enough and there are enough ions to support

multiple combinatorial histone codes, more than one set of

possible codes usually can be used to explain the data.

There have been many efforts, as detailed below, using a

pure top-down approach for CHCA, usually employing

some of the whole protein separations mentioned above.

Top-down mass spectrometry coupled with two-dimen-

sional liquid chromatography was used by Pesavento et al.

[84] to quantitatively analyze combinatorial modifications

on histone H4 leading to the quantitative characterization

of 42 uniquely modified forms containing methylations and

acetylations, some of which were determined to be cell

cycle-specific combinations. A top-down analysis of intact

yeast histones H2A, H2B, H4 and H3 characterized over 50

distinct total histone forms [23]. Subsequent experiments

using methyltransferase knockout strains revealed the co-

interdependence of histone H3 acetylation with H3K4

methylation as well. ECD mass spectra for intact Tetra-

hymena histone H2B found 13 versions of this protein

(including protein variants and their modifications) [85].

Top-down characterization of the human version of the

same protein rendered evidence for the presence of seven

unmodified H2B variants in addition to one monomethy-

lated isoform [86]. A similar analysis on H2A found at

least 14 forms of this protein expressed in human cells.

These experiments also detected the presence of an H2A-

ubiquitin-conjugated protein [87]. Multiple approaches,

including a top-down analysis, were used in one study to

reveal the modifications of histone H4 [88]. Lastly, top-

down characterization of human histone H3 allowed for the

description of histone H3.1, H3.2 and H3.3 modification

site occupancy. Histone H3 was found to be mostly and

pervasively post-translationally modified as less than 3% of

the unmodified protein was found for all three H3 variants

[89]. Again, none of these methods can be considered high

throughput, as they involve both extensive off-line pre-

fractionation and the subsequent analysis of many

fractions. Progress has been made towards top-down

analysis on a chromatographic time scale, including some

characterization of histone H4 combinatorial forms in the

process [90]. Such an approach is very appealing, but there

remain technical challenges to overcome before on-line

top-down LC-MS will be the most effective approach.

Although not truly a top-down approach, recently Kelleher

and coworkers [91] have taken an LC-FTMS profiling

approach to studying histone modifications. This is rapid

and effective, but significant combinatorial information is

lost.

Middle-down mass spectrometry

Middle-down CHCA methods generally use an up-front

whole protein separation as detailed above, followed by a

targeted enzymatic digestion. In the case of H3, GluC

endoprotease is generally used to obtain the first 50 amino

acids of the N-terminal tail. For histone H4, typically AspN

endoprotease is used to obtain the first 23 amino acids.

These peptides contain the majority of modification sites

and the sites that are thought, due to their close proximity

and other factors, to be the most likely to operate in a

combinatorial manner. The shorter but still highly charged

peptides are ideal for thorough analysis by ETD or ECD

sequencing analysis. However, the physical separation of

these smaller, but still substantial, peptides is a signifi-

cantly more tractable problem. In essence, the middle-

down approach to CHCA is what currently is feasible as a

thorough and reasonably high-throughput method. The

challenges associated, however, are still very large.

Until very recently, middle-down methods have, similar

to top-down methods, utilized primarily off-line separa-

tions followed by analysis of fractions. This was largely

motivated by developments in the capacity of mass spec-

trometers to efficiently and rapidly fragment ions by ETD

and ECD. Again, the maintenance of molecular connec-

tivity over even these shorter peptides has only been

possible for the last few years, but has until recently

required large amounts of sample and minutes to hours for

the analysis of a single polypeptide. With such off-line

separations, the analysis of all fractions of a single sample

representing one biological state could take more than

100 h of analysis time. Yet these still relatively new

approaches have led the way toward more high-throughput

approaches.
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Pesavento et al. [92] performed middle-down analyses

on histones without up-front separation and were able to

achieve reasonable results on the relatively simple H4

system. Fundamentally, such an approach is prone to

ambiguity particularly for certain modification states and

ratios (e.g., several modified forms that contain two acet-

ylated lysines), and they soon improved on this by

fractionating with HILIC chromatography [76]. Reversed

phase and PolyCAT A-based HILIC separations have been

used to fractionate out the H3-(1–50) peptide from Tetra-

hymena into distinct acetylation states before ETD analysis

on a modified Orbitrap [77]. This identified over 40 mod-

ified forms of histone H3 from this lower eukaryote. Garcia

et al. identified over 150 unique modified forms of the

histone H3.2-(1–50) peptide in asynchronously grown and

butyrate-treated HeLa cells using off-line weak cation

HILIC. The separation occurs first by separating isoforms

by acetylation status (weak cation exchange) and then by

a second mode of separation based on the methylation

(HILIC). HILIC fractions were statically infused into an

FTICR mass spectrometer, and fragmentation was induced

using ECD [56].

The last requirement of HT-CHCA in combination with

good on-line separation and ETD capable of operating

efficiently on the chromatographic time scale has only

recently been achieved. Unclear what is the last require-

ment? A step in this direction was taken in 2008 where

Phanstiel et al. approached the problem by using reverse-

phase LC-MS/MS using a custom-built ETD-capable

quadrupole ion trap mass spectrometer. They deciphered

74 discrete combinatorial codes on the tail of histone H4

from human embryonic stem (ES) cells [93]. Most of the

combinatorial forms, however, co-eluted with others and

had to be deconvoluted by mathematical analysis, making

quantitation impossible for some forms because of the

limitations of such mathematical analysis. (See below for

issues surrounding data analysis.) Similarly, Nicklay et al.

analyzed both H3 and H4 from Xenopus laevis, but only the

H4 was analyzed by middle-down methods. They also used

on-line reversed phase LC-MS methods in conjunction

with ETD on the H4 1–23aa tail [94]. Thus, the mass

spectrometry but not the chromatographic limitations was

largely solved.

We (Young et al.) recently developed a HT-CHCA

method utilizing a pH gradient to elute histone codes from

a weak cation exchange hydrophilic interaction nanoflow

liquid chromatography column directly into a mass spec-

trometer using electron transfer dissociation to identify and

quantitate combinatorial histone codes (see Fig. 8). This

was demonstrated on the histone H3 and histone H4

N-terminal peptide (first 50 and 23 amino acids, respectively).

With this approach, we demonstrated remarkably effective,

but not necessarily complete, chromatographic separation

of the structural isomers. This method was used to char-

acterize over 200 modified forms of histone H3.2 in one

LC-MS/MS experiment and over 70 modified forms from

histone H4 [78]. As can be seen in Fig. 8a, acetylation is

the major determinant of the chromatographic separation.

Of importance is that the trimethylated species that share

the same nominal mass with an acetylation are well sepa-

rated from the corresponding acetyl forms and thus

distinguishable by retention time. This was a dramatic

improvement over previous approaches that required weeks

worth of work to produce similar data. There remains room

for improvement in this current state of HT-CHCA, yet it is

truly a high-throughput method, and the quality and con-

fidence in the data are greater than previous lower

throughput methods.

Cation exchange HILIC chromatography had been used

previously, but with non-volatile buffers, and was based on

an ionic strength gradient [56]. This in turn was based on

previous work that showed good separation with HILIC

[71, 72]. The critical step to convert this chromatography

into a high-throughput on-line LC-MS method was the use

of a pH gradient to take advantage of the weak cation

exchange properties of the PolyCAT A stationary phase. In

this manner, the cation exchange retention mechanism

could be disrupted while being compatible with directly

introducing the eluent into the mass spectrometer. The

mass spectrometry-based sequencing, which allows the

identification and quantitation of the CHCs, is commer-

cially available and moderately priced.

Bioinformatics for reading the histone code

Although the data from HT-CHCA methods have been

recently much improved, the interpretation of this data still

remains a unique challenge. The tandem mass spectra that

sequence, indentify and allow quantitation of CHCs are

still partially mixed, at least for the more complex histones

such as H3. Furthermore, the commercially available mass

spectrometry analysis software is generally not well suited

to deal with mixed spectra or combinatorially modified

peptides.

The emergence of bottom-up mass spectrometry as a

high-throughput proteomics platform around 15 years ago

served as an impetus for the development of a battery of

bioinformatics algorithms. These algorithms were designed

to address specific problems encountered in bottom-up MS,

such as (1) peptide identification using MS and/or CID

tandem MS, (2) subsequent protein identification using the

identified peptides and (3) peptide/protein quantification, as

derived from either label-free or metabolically/chemically

labeled samples. The majority of these computational

methods deal with the difficult task of identifying the

primary sequence of the peptide using tandem mass
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spectrometry data, also known as the ‘‘peptide identifica-

tion problem.’’ These methods can range from purely de

novo (i.e., methods that only use the experimental tandem

mass spectrum to derive sequence information) to database

approaches (i.e., methods that utilize existing databases of

known protein sequences) and combinations thereof (also

known as hybrid approaches).

The vast majority of these bottom-up peptide identifi-

cation algorithms are inherently unable to handle a large

number of PTMs due to the combinatorial explosion of the

resulting search space, though several effective attempts

have been made in an effort to reduce to this computational

burden [95–100]. It is also important to note that simply

allowing for several modifiable residues in a database

search substantially increases the number of potential false-

positive identifications, and users should be careful when

interpreting and reporting such results. For instance, efforts

to estimate this false-positive rate using reverse database

searches should enforce that the same set of variable

modifications is allowed to exist on the reversed protein

sequences. If and when existing peptide identification

approaches do become able to rigorously handle the exis-

tence of several modifications on a single peptide sequence,

they must still be modified to address other imperative

issues that arise in high-throughput combinatorial histone

code analysis.

As previously mentioned, one critical technical issue

associated with the analysis of any highly modified protein

system, including the combinatorial histone code, is the

existence of mixed tandem mass spectra. Even when

employing the best chromatographic approaches available

for on-line separation, it is still commonly observed that a
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Fig. 8 An example of a high

throughput combinatorial

histone code analysis. On-line

pH gradient-based weak cation

exchange-hydrophilic

interaction liquid

chromatography (WCX-HILIC)

is used for chromatographic

separation, and electron transfer

dissociation (ETD) is used to

sequence eluting combinatorial

histone codes. a An LC-MS

heatmap is shown. How PTMs

effect separation are indicated.

Increasing acetylation

significantly decreases retention

time, while methylation

modulates retention time more

subtly. b An example of an

eluting combinatorial histone

code being identified on the

millisecond time scale. c The

ion map corresponding to (b).

Quantitation may be achieved

on all of the combinatorial

histone codes identified using

both the precursor ion intensity

and the fraction of the spectrum

that each combinatorial histone

code represents determined

computationally for mixed

spectra. In this manner, the

entire complement of

combinatorial histone codes

may be identified and quantified

relative to each other for a

sample in a matter of hours
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limited number of isobaric modified forms (i.e., modified

peptides having the same nominal mass but differing in the

isomeric position of the modification sites) co-elute and

thus fragment in the same tandem mass spectrum. It is a

nontrivial task to not only identify which forms are present

in the mixed spectrum, but to also deconvolute which

peaks belong to these forms for quantitating their relative

abundances. It should be noted here that all existing bot-

tom-up peptide identification algorithms cannot currently

address mixed spectra and are only able to identify the

most abundant form. Furthermore, since isobaric modified

forms share a significant percentage of the same theoretical

ion peaks, these approaches can fail to localize a particular

site of modification in the absence of supporting experi-

mental fragment ion peaks.

Recent attempts have utilized linear regression to de-

convolute the contributions of the modified forms present

in mixed spectra corresponding to histone proteins [93,

101]. While linear regression is without question an

excellent tool for determining the best fit (in terms of

minimum error) of a model to noisy experimental data, it

assumes the experimentally observed data values randomly

follow a Gaussian distribution around the actual values.

This inherent assumption may not be accurate for the ETD

fragmentation of highly modified proteins, as the low

m/z regions typically have a better S/N ratio, the middle

range of the spectrum is often subject to ion peak interfer-

ences, and the intensity of the ion peaks is observed to

follow an inverse parabolic distribution (e.g., the intensity

of the ion peaks is greatest in the low and high m/z regions

of the spectrum). However, if given an appropriate distri-

bution that accurately reflects the deviation of the observed

from the actual values, regression techniques could poten-

tially address the problem of interpreting mixed spectra.

Another important (but often overlooked) task is to

integrate the chromatographic information available from

an on-line analysis into the peptide/protein identifications.

With the exception of a few studies, most peptide identifi-

cation methods do not incorporate the chromatography as

another source of information or confidence into their pre-

dictions. Some approaches will provide higher confidence

identifications for peptides assigned to multiple spectra in

the same dataset, but ignore the temporal characteristics

associated with a physically meaningful elution of the

peptides. For instance, higher confidence identifications

should be provided for a peptide that was assigned to five

tandem MSs within a narrow time range (and preferentially

following an approximate Gaussian distribution in precur-

sor abundance) in contrast to another peptide that was

assigned to five tandem MSs that were randomly distributed

over the time interval of the experiment.

Within the context of high-throughput combinatorial

histone code analysis, chromatographic information has

been shown to be invaluable in correlating the modified

forms as a function of their m/z and relative retention time

values. For instance, it was recently shown that the m/z and

retention time values for modified histone H3 proteins can

be correlated with the number and position of acetylation

modifications [102]. This information not only resulted in

significantly higher confidence PTM identifications, but

also facilitated the identification of partially interpreted

tandem mass spectra due to incomplete fragmentation by

inferring the modification sites in the absence of other

evidence. Of equal importance is the ability to correctly

average neighboring tandem MS scans in order to increase

the signal-to-noise ratio and enhance the signal for low

intensity ion peaks. This is particularly important for

detecting lower level forms that are chromatographically

buried by abundant species.

Although progress has been made towards the develop-

ment of bioinformatics algorithms for the high-throughput

analysis of highly modified proteins, the continued devel-

opment and refinement of these approaches will be

absolutely critical in the expedition of progress in this field.

Thus, appropriate data analysis and informatics approaches

are not just necessary for the correct and confident inter-

pretation of HT-CHCA data, but it also serves an essential

role in leveraging all of the information and inherent

advantages gained by such methods.

Conclusion and future outlook

Clearly, the biological importance of combinatorial histone

codes and recent advances in mass spectrometry-based

high-throughput combinatorial histone code analysis

should result in both a forthcoming understanding of the

biology of this complex system and continued improve-

ment in methods to achieve such data. Although still

limited to laboratories with a high level of expertise, the

equipment to achieve this data is now moderately priced

compared to the very high-end mass spectrometer required

just a couple years ago. The computational methods

required still require development and are not commer-

cially available. Indubitably, these methods will become

more accessible in the next few years and open new

approaches to understanding eukaryotic biology.

One of the future developments essential to under-

standing the biology of combinatorial histone codes is to

connect them back to specific genomic locations in a

manner similar to how ChIP-seq technologies are able to

with single modifications. One approach to this is to try to

correlate CHCA data to ChIP-seq data or even to physi-

cally spilt the sample after the ChIP and apply both DNA

sequencing and HT-CHCA to the same sample. The use of

ChIP in conjunction with MS was used by Loyola et al., but
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the ChIP was against the H3 variants rather than histone

modifications, and the modification data were non-combi-

natorial and not extensively analyzed [103]. A more

extensive use of such an approach in conjunction with

HT-CHCA would clearly be very compelling. Also the use

of specific DNA sequences to pull out defined sections of

DNA would be very useful in understanding many aspects

of how chromatin and epigenetics of individual genes

function. Such technologies have been developed and used

to observe the proteins associated with particular sections

of chromatin. Particularly notable in this regard is the work

of Dejardin et al. [104]; however, this was against telo-

meres, which have the distinct advantage of being long and

repetitive sequences.
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