
Quantitative Proteomic Analysis of Histone Modifications

He Huang†, Shu Lin‡, Benjamin A. Garcia‡, and Yingming Zhao†,*

†Ben May Department of Cancer Research, The University of Chicago, Chicago, Illinois 60637, 
United States

‡Department of Biochemistry and Biophysics, University of Pennsylvania, Philadelphia, 
Pennsylvania 19104, United States

1. INTRODUCTION TO THE BIOLOGY OF HISTONE POST-TRANSLATIONAL 

MODIFICATIONS

1.1. Nucleosome and Chromatin

In eukaryotic cells, chromosomal DNA is packaged into a compact structure, chromatin, 

with the use of four core histones (H2A, H2B, H3, and H4). The fundamental repeating unit 

of chromatin is the nucleosome, which is composed of an octamer of the core histones, 

around which ~147 base pairs of DNA are wrapped. Nucleosomes are in turn folded into 

progressively higher-order structures. Dynamic chromatin remodeling plays a critical role in 

regulating diverse DNA-based biological processes, such as transcription of RNA, DNA 

replication, and DNA repair, as well as chromosome condensation and segregation.1

The core histone proteins (not histone octamer) are small (10–20 kDa) and highly basic. 

They are predominantly globular except for their N-terminal “tails”, which are unstructured 

and protrude from the surface of the chromatin polymer. Amino acid sequence analysis 

shows that histone proteins are highly conserved in eukaryotic cells from yeast to human, 

implying that most amino acid residues, if not all, are likely to be important for structure or 

function. Indeed, studies among histone variants as well as mutational evidence in cancers 

suggest that a change of a single amino acid residue can lead to very different biological 

output and even disease, such as cancer.2

Histone post-translational modification (PTM), or histone mark, in combination with DNA 

modifications, histone variants, and ATP-dependent protein complex formation, is used by 

cells to dynamically modulate chromatin structure and function. Because PTMs alter the 

properties of the substrate amino acid residue, typically more significant than a mutation, 

they are likely to affect histone structure and therefore function.3 Indeed, PTMs are 

abundant in histones, especially at their N-terminal tails, and have roles in modulating 

chromatin dynamics and diverse DNA-templated biological processes (Figure 1).1 

Dysregulation of these processes has been intimately associated with the development of 

diseases such as cancer.4
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1.2. Biological Mechanism of Histone PTMs

As of this writing, 20 types of histone PTMs had been reported: phosphorylation, 

acetylation, monomethylation, dimethylation, trimethylation, propionylation, butyrylation, 

crotonylation, 2-hydroxylisobutyrylation, malonylation, succinylation, glutarylation, 

formylation, hydroxylation, ubiquitination, SUMOylation, O-GlcNAcylation, ADP-

ribosylation, proline isomerization, and citrullination (Figure 1).5 In more recent times, 

known PTM sites on histones have been identified either by sequence-specific antibodies or 

by mass spectrometry (MS) methods in an unbiased manner.6 The function and dynamic 

regulation of these PTMs have been the subject of extensive investigations over the past 

decade.

Histone PTMs are thought to regulate chromatin structure and function by two 

mechanisms.1a,b First, histone PTMs can directly modulate the packaging of chromatin by 

either altering the charge state of histones or through inter nucleosomal interactions, thereby 

regulating chromatin higher-order structure and the access of DNA-binding proteins, such as 

transcription factors. Additionally, histone PTMs can modify chromatin structure and 

function either by recruiting PTM-specific binding proteins (also called “readers”) and their 

associated binding partners (“effector proteins”) or by inhibiting the binding of a protein to 

the chromatin. PTM-induced changes in protein interactions between chromatin and its 

binding proteins are in turn translated into biological outcomes.7 Proteins are recruited to 

histone PTMs through direct binding to specific domains. For example, chromo, Tudor, 

PHD, MBT, PWWP, WD, ADD, zf-CW, BAH, and CHD domains are all known to bind 

methyllysine,8 while the bromodomain binds acetyllysine.9 Proteins containing these PTM-

specific binding domains may recruit additional protein factors to execute their functions. 

Alternatively, they may carry enzymatic activities that can further modify chromatin 

structure and function.

Histone marks are known to be critical in regulation of diverse DNA-templated biological 

processes.1 Interestingly, some of these histone PTMs correlate with transcriptional 

activation or repression, depending on the types and the locations of the PTMs.1b,10 To 

execute DNA-templated processes, histone PTMs coordinate the unraveling of chromatin to 

carry out specific functions. For example, histone lysine acetylation (Kac) typically 

correlates with transcriptional activation, while lysine deacetylation correlates with 

transcriptional repression.1b,11 Lysine methylation (Kme) is implicated in both gene 

activation (H3K4, H3K36, and H3K79) and transcriptional repression (H3K9, H3K27, and 

H4K20).12 As examples, some monomethylation (e.g., H3K9me1 and H3K27me1) is 

involved in transcriptional activation, while trimethylation at the same sites (H3K9me3 and 

H3K27me3) is linked to repression.13 Likewise, some other histone PTMs also correlate 

with DNA repair (e.g., H2AS129 phosphorylation and H4S1 phosphorylation)14 and 

replication (e.g., acetylation).15 Dysregulation of each step of histone PTMs, including 

adding the histone marks by a “writer”, removing the histone mark by an “eraser”, and 

misinterpretation by a “reader” protein, has shown to be associated with disease, such as 

cancer.4a,e

These histone PTMs are proposed to contribute a “histone code” or “histone language” that 

dictates the functions of the proteins in gene expression and chromatin dynamics.1a,c,d 
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Addition and removal of histone PTMs are regulated by diverse groups of enzymes that 

were initially identified in the past decade, but still are being discovered in recent times. 

These enzymes are responsible for adding (“writing”) or removing (“erasing”) the histone 

PTM “code”. The resulting histone marks are in turn translated into biological outputs by 

different mechanisms.

Chromatin dynamics are mainly controlled by ATP-dependent chromatin remodeling 

enzymes/complexes and histone PTMs.16 The “histone code” can facilitate the recruitment 

of diverse chromatin remodeling enzymes to regulate chromatin dynamics. Conversely, 

chromatin remodeling enzymes can also influence the histone PTMs.17 For example, an 

ATP-dependent nucleosome remodeling complex, nucleosome remodelling and 

deacetylation complex (NuRD), can facilitate the deacetylation of the target histones.18

Some histone PTMs, if not all, are inheritable during cell division and correlate with gene 

expression. Therefore, histone PTMs are linked with epigenetic phenomena and are 

generally considered to be a major type of epigenetic marks.19

1.3. Histone PTMs in the Context of Epigenetics and Diseases

Epigenetics has been generally defined as the study of inheritable phenotype changes that do 

not involve changes in DNA sequence.20 Dynamic changes in the epigenome are crucial for 

novel development and differentiation to the various cell types in an organism, as well as for 

diverse cellular phenomena such as genomic imprinting, paramutation, polycomb silencing, 

and position effect variegation. Dysregulation of epigenetics programs is associated with 

diverse physiological conditions and diseases, including but not limited to aging, 

neurodegenerative disorders, autoimmune diseases, and cancers.4a,b,d,e

It is believed that three major types of changes underlie dynamic epigenetic phenomena: 

histone PTMs, DNA methylation, and noncoding RNAs.21 The three major epigenetic 

pathways have independent functions, but also influence each other. For example, MeCP2, a 

methyl-CpG binding protein, recruits the H3K9 methyltransferase SUV39H1 to target 

genes, leading to methylation of H3K9 and gene silencing.22 Likewise, it has been reported 

that under certain circumstances H3K9 methylation is a prerequisite for DNA methylation.23

Histone PTMs have been generally viewed as an important group of epigenetic marks, for 

several reasons.1c,19,21,24 First, histone PTMs correlate with global gene expression and are 

known to be associated with expression of cell-type specific proteins, such as embryonic 

stem (ES) master regulators (e.g., Oct4) during ES cell differentiation.19b,21,24a Second, 

some histone PTMs are highly stable and inheritable during cell division. For example, 

arginine methylation and lysine methylation, while reversible, have low turnover rates (at 

least in certain restricted regions of chromatin and in some cellular states). H3K27me and 

H4K20me1 are good examples of such epigenetic marks that, at least in some specific 

chromatin regions, are stably methylated over several generations of cell division.24a Third, 

epigenetic marks do not have to be completely stable. Diverse lines of evidence indicate that 

DNA methylation is reversible, while its epigenetic nature is unquestioned.25 Thus, not only 

histone methylation but also other less stable histone PTMs, such as lysine acetylation, may 

also contribute to epigenetic phenomena. For this reason, histone deacetylase inhibitors, 
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such as suberoylanilide hydroxamic acid (SAHA) that has been approved as a clinical 

antitumor drug, are considered as epigenome-modifying agents. Finally, it has been reported 

that DNA methylation is sometimes dependent on histone PTMs, including lysine 

methylation.23 Accordingly, histone PTMs may modulate the epigenetic program indirectly 

through regulation of DNA methylation.

1.4. The Focus of This Review: Proteomic Analysis of Epigenetic Marks and PTMs

Given the critical roles of histone marks in chromatin structure and functions, it is essential 

to precisely characterize this type of chemical events, and correlate the modifications with 

biological outcomes. To this end, we believe that proteomics can contribute to the studies of 

histone biology at least in five ways: (1) identification and validation of all of the known 

histone marks; (2) determination of quantitative changes of histone marks under diverse 

cellular physiology, and disease settings; (3) characterization of crosstalk among histone 

marks; (4) pinpointing histone marks that can be regulated by a specific “eraser” or “writer”; 

and (5) identifying binding proteins of histone marks.

In this Review, we try to offer an updated summary of MS-based proteomic approaches, 

including strategies, techniques, and applications, to address these issues. In addition, we 

will also review current literature, which uses MS-based proteomic methods for global 

analysis of nonhistone proteins and identifying substrates and PTM sites whose PTM 

statuses are controlled by a PTM-regulatory enzyme.

2. MASS SPECTROMETRY AND ITS APPLICATIONS TO IDENTIFY HISTONE 

PTMs

2.1. Introduction of Mass Spectrometry

Over the past two decades, significant increases in the mass accuracy and resolution of mass 

spectrometers have brought these instruments to the forefront of protein identification as 

means to analyze complex protein samples. MS is an analytical technique that measures the 

mass-to-charge (m/z) ratio of ions in the gas phase for molecules constituting a sample. A 

mass spectrometer is an instrument for MS analysis, usually composed of three parts: ion 

source, mass analyzer, and detector.26 Typically a sample is ionized into the gas phase in the 

ion source. The widely used ionization methods for proteins and peptides are electrospray 

ionization (ESI)27 and matrix-assisted laser desorption/ionization (MALDI).28 The sample 

molecules lose electrons, and gain or lose protons or adduct cations during the electrospray 

ionization. They are then introduced to a vacuum environment and guided through the mass 

analyzer, which are a series of electric or magnetic fields. During this process, ions with 

different m/z ratios can be separated or filtered as the beam of ions by the electric/magnetic 

fields. Five major types of mass analyzers are commonly used: time-of-flight (TOF),29 

quadrupole,30 ion traps,31 orbitraps,32 and Fourier transform (FT) ion cyclotron resonance.33 

Finally, the ions reach the detector (usually composed of electron multipliers), and then the 

detected signals are converted to digital output as a mass spectrum, a plot of different m/z 

ratios, and their intensities for sample ions. The generated m/z ratios can be used to calculate 

the molecular weights by using the determined number of charges and correcting for the 

number of attached protons (which is equivalent to z) for each m/z ratio.
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For complex biological studies, MS is very often coupled with high performance liquid 

chromatography (HPLC). Typically, the proteins in a complex sample are prepared. This can 

be a protein lysate form whole cells, or an organelle or a protein complex. The proteins are 

digested with a proteolytic enzyme, for example, trypsin. HPLC then separates proteolytic 

peptides in a sample before they are introduced to the ion source in a mass spectrometer. 

HPLC have two major functions, enhancing concentration of a peptide and reducing sample 

complexity, therefore offering advantages of higher sensitivity and selectivity. For example, 

in reverse-phase HPLC, peptide samples bound to C18 resin can be gradually released from 

the resin, by increased percentage of organic solvent in aqueous solvent. The more 

hydrophilic a peptide is, the earlier it is released. The eluted peptides are then ionized and 

introduced into a mass analyzer for MS analysis.

Tandem mass spectrometry (also called MS/MS (or MS2) or tandem MS) has been applied 

to protein identification and peptide sequencing for over decades.34 In tandem MS, the 

peptide ions are introduced into a mass analyzer, and the m/z ratio is first determined in MS. 

In its coupled second stage of MS, the ion specie of interest, called “precursor ion”, is 

isolated and fragmented by collision with an inert gas (such as nitrogen, argon, or helium 

atoms) to generate peptide fragment ions (also called “product ions” or “daughter ions”). 

The m/z ratios are subsequently determined. Thus, the mass spectrometer alternates between 

determining the masses of peptides and generating their fragmentation patterns by MS/MS 

analysis. The most frequently used fragmenting techniques in proteomics studies include 

collision-induced dissociation (CID),35 higher-energy collision dissociation (HCD),36 

electron capture dissociation (ECD),37 and electron transfer dissociation (ETD).38 Under 

CID condition, collision with a neutral gas typically leads to amide bond fragmentation 

along the peptide backbone, generating b- and y-type fragment ions or leading to neutral 

losses of water and/or ammonia. CID is more effective for small, low-charged peptides. 

HCD also generates b- and y-type fragment ions, and the b-type ions can be further 

fragmented to a-type ions or smaller species.39 As compared to the traditional ion trap CID, 

HCD does not suffer from low mass cutoff restriction and therefore is useful for observing 

reporter ions in isobaric tag-based quantification.40 While CID and HCD fragmentation 

produces predominantly b- and y-type ions (Figure 2B, C),41 ECD generates radical cations 

for a multiply protonated protein/peptide, and ETD transfers electron to a multiply 

protonated peptide/protein, leading to the cleavage of the N–Cα backbone bonds and to 

generation of c- and z-type fragment ions.38 Some PTMs, such as phosphorylation at serine 

and threonine residues, are labile under CID conditions because these PTM groups compete 

with the peptide backbone as the preferred site of cleavage. However, ECD/ETD can leave 

these labile PTMs intact, serving as useful methods to mapping these PTMs in large scale.42 

Additionally, they are effective for the fragmentation of longer peptides or even intact 

proteins, and thus can be used for top-down proteomics studies.38,42a,43 Depending on the 

fragmentation methods, covalent bonds in a peptide are broken, therefore generating a-x, b-

y, or c-z ions of the parent peptides (Figure 2).44 By comparing the series of daughter ion 

masses, we can deduce, in good cases, the primary sequence as well as any PTMs of the 

peptide.
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In most cases, however, it is difficult to directly read out a peptide sequence from the 

MS/MS spectrum as described above. Nevertheless, the molecular weights of the parent 

tryptic peptide and its fragment ions are specified by the peptide sequence. Each peptide 

generates a unique set of fragment ions, thus serving as a mass fingerprint for the peptide. 

Accordingly, experimental MS/MS data can be used to identify peptide sequence. The 

resulting spectra are processed by a sequence alignment algorithm for identifying peptides. 

The technology enables researchers to identify thousands of proteins in a single analysis.

During a sequence alignment, the mass fingerprints (MS/MS data) generated in the 

HPLC/MS/MS analysis are compared to the theoretical mass fingerprints database of all 

possible tryptic peptides derived from the protein sequence database, to find the best match 

(Figure 3). In the past two decades, MS has become the method of choice for identifying 

proteins and mapping their modification sites.44b,46 The principles and procedures of such 

analyses have already been carefully reviewed.44b,47

To quickly and accurately analyze large volumes of MS data, many database search engines 

have been developed. The most popular ones are based on protein sequence alignment of 

MS data against the known protein sequence databases.48 Some other software tools use de 

novo sequencing approaches,49 which are well-suited for proteomic data mining from 

organisms without a known genome. Some tools take advantages of known spectra and use 

spectral library databases.50 Many software packages are well-established for these 

purposes: examples include Sequest,51 Mascot,52 X!Tandem,53 pfind,54 Skyline,55 Sonar,56 

ProbID,57 Popitam,58 and Andromeda.59 For complete lists of software tools, please refer to 

the following recent reviews.48–50,60 Mascot and Sequest are the most widely used 

commercial search engines. Popular protein sequences database, for example, Uniprot, 

NCBInr, and International Protein Index (IPI), can be used to construct mass fingerprints 

database. Both Mascot and Sequest embedded in Proteome Discoverer (Thermofisher 

Scientific Inc.) have intuitive interfaces, and their latest versions (Mascot v2.2 or higher) 

now support the peptides identification at fixed false discovery rate (FDR) via decoy 

database search. As compared to Sequest, Mascot searches the database a little faster, but its 

HTML report regeneration is time-consuming. The two algorithms usually yield comparable 

results at the peptide/protein level, although the results from different mass spectrometers 

may be complementary.61 A comprehensively comparison between Sequest and Mascot by 

Kapp et al. demonstrated that Sequest is more sensitive, while Mascot is more specific in 

peptide identification.62 Because each individual search engine provides some unique 

correct matches, combining the results from multiple search engines can serve to improve 

peptides or proteins identification.60a

2.2. Mass Spectrometry for Identifying PTMs

The same procedure described above can be used for identifying PTM peptides and mapping 

PTM sites. Any time an amino acid residue is modified by a PTM, its chemical structure (or 

element composition) is changed, which in turn leads to an alteration of its molecular 

weight. We can consider a modified amino acid reside as a new amino acid residue. 

Accordingly, the original amino acid residue will have two possibilities, unmodified versus 
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modified. For example, Kac leads to a 42.0106-Da increase in the mass of the modified 

residue (Kac) relative to the unmodified residue (K).

The same procedure for identifying proteins using MS/MS data can be modified to map 

PTMs, each of which is associated with a specific mass shift (Δmass) (Figure 4). When there 

is a PTM, the structure of the substrate residue is changed that induces a mass shift, which is 

different from its unmodified residue. If it is suspected that a lysine residue has been 

acetylated, the software can be directed to consider the possibility of a 42.0106-Da accurate 

mass shift on lysine residues when generating theoretical mass fingerprints during the 

protein database search. The same set of algorithms previously mentioned for protein 

identification also has the capability for mapping PTM sites during protein sequence 

database searching. These algorithms play a key role in using MS data for protein 

identification and mapping PTM sites. A major weakness of the algorithms lies in the 

difficulty of searching simultaneously for multiple PTMs (e.g., >10). In addition, a database 

search with many PTMs will result in exponentially increased search time and a number of 

false positives.63

The most commonly detected PTMs include mono-, di-, and trimethylation on lysine 

residues (Kme1, Kme2, and Kme3), me1 and me2 on arginine residues (Rme1 and Rme2), 

acetylation on lysine residues (Kac), phosphorylation on serine, tyrosine, or threonine 

residues (Sph, Yph, and Tph), and protein ubiquitination on lysine (Kub). The Unimod 

database lists almost 1000 different protein modifications that have been detected in MS 

analyses.64 Examples of identifying protein PTM by MS are given in Figures 2 and 4. Two 

spectra from the peptide TKQTAR are shown in Figure 2B and C. One form of the peptide 

has an additional monomethylation on the lysine residue. The modification adds 14.016 Da 

of mass, which is detected both at the MS level (the charge +2 precursor ion gains 14.016/2 

= 7.008 m/z) and at the MS/MS level (y5 ion) (Figure 2B, C).

The efficient detection of PTMs by MS highly depends on two major factors: first, the 

chemical stability/property of the PTM; and second, the abundance of the PTM in the 

sample. Modifications such as lysine acetylation and methylation are quite stable and 

usually remain intact during sample preparation and MS experiments. As shown in Figure 

2C, the examples of Kme1 and lysine propionylation (Kpr) both stayed with the amino acid 

residue even after MS/MS fragmentation by HCD. In contrast, volatile modifications like 

phosphorylation are much less stable. In most CID and HCD fragmentations, the most 

abundant fragment ions are usually the precursor ion eliminating a phosphate group and a 

water molecule (97.9769 Da).65 Although this phenomenon impairs sequence information in 

MS/MS spectra, it helps for confirming phosphorylation on the precursor ions. Using certain 

phosphorylation enrichment methods (see below) and optimization of MS/MS 

instrumentation, many MS-based studies have successfully identified thousands of 

phosphorylated proteins.66 For very dynamic modifications such as phosphorylation, 

SUMOylation, and acetylation, inhibitors targeting eraser enzymes are routinely added into 

sample collection protocols to reduce PTM loss during sample preparation.67

Mass spectrometers can be operated in either positive ion mode or negative ion mode. 

Negative ion mode has not yet widely been used in peptide detection because it has lower 
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sensitivity and often promotes side-chain cleavages in addition to backbone dissociation.68 

However, this feature can be used to identify some specific type of peptides, such as the 

peptides with disulfide bonds.69 Cleavages of cysteine side chain in peptide anions lead to 

efficient disulfide bond dissociation, and thus provide characteristic signatures in the 

fragment ion mass spectra.

To accurately map PTMs’ localization, for example, determining phosphorylation sites in a 

peptide with multiple serine/threonine/tyrosine residues, different tools have been 

developed.70 For example, Ascore measures site localization probability on the basis of the 

presence and intensity of site-determining ions in MS/MS spectra.71 Ascore higher than 20 

indicates a site being localized with higher than 99% certainty. Using this method, high-

throughput protein phosphorylation localization was analyzed in a fully automated fashion. 

PTM Score embedded in Maxquant/Andromeda adopts a strategy similar to Ascore.59 

Localization score and probability are calculated after peptide identification. Usually, 

applying a localization probability cutoff of 0.75 leads to confident localization. Mascot 

Delta Score is another method for calculating PTM-localization probability by comparing 

the Mascot ion-score difference between peptide identifications with different site 

localizations.72 A Mascot Delta Score of 10 means probabilities of 91% and 9% for two 

PTM localization (same PTM but localized at different residues, derived from the same 

peptide), respectively. In addition to these tools, many other scoring modules or softwares 

are developed for this purpose in recent years, including PhosphoScore,73 Phosphorylation 

Localization Score (PLS) in Inspect,74 SLoMo,75 PhosphoRS,76 Phosphinator,77 SLIP score 

in Protein Prospector,78 and D-score.79

Currently, there are two complementary methods for MS analysis of proteins, bottom-up and 

top-down.80 In the bottom-up method,47,81 proteins of interest are first digested with a 

proteolytic enzyme, such as trypsin.37,57 The resulting proteolytic peptides are analyzed by 

HPLC/MS/MS in a data-dependent acquisition mode. An alternative strategy for protein 

characterization is the top-down approach, in which either an entire protein molecule or a 

large fragment of a protein is analyzed by MS (Figure 7).80b,82 When the analysis is carried 

out for a medium-size protein fragment that is larger than a typical proteolytic peptide (e.g., 

5–20 amino acid residues), it is called middle-down MS.83 Because top-down and middle-

down use similar mass spectrometers and MS fragmentation methods, we refer to both as 

top-down in the subsequent sections. The ability to efficiently fragment large protein ions is 

critical for top-down MS. Both ECD and ETD fragmentation methods have been widely 

used in top-down experiments.37,38,84

As compared to bottom-up proteomics, top-down proteomics is a relatively new method. 

While potentially powerful, this method currently suffers from several limitations. First, the 

very complex spectra generated by multiply charged proteins limit the approach to isolated 

proteins. Peptides are much smaller than proteins. Hence, peptides can be 

chromatographically separated with much higher resolution. Peptides can be enriched in 

HPLC for 100-fold or higher in terms of their concentration and have higher efficiency of 

fragmentation in MS/MS, both of which are critical to higher sensitivity. Accordingly, the 

bottom-up approach can be used to detect thousands of proteins in a single nano-

HPLC/MS/MS analysis in a few hours. Also, it has much higher sensitivity than the top-
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down approach. In contrast, top-down experiments are more challenging for analysis of a 

complex protein mixture. Second, the large size of a protein leads to dramatically increased 

fragmentation possibilities among the peptide bonds, reducing MS/MS sensitivity. Thus, the 

top-down approach has lower detection sensitivity than the bottom-up approach and 

typically requires a lengthy data acquisition time to generate a good MS/MS spectrum. This 

approach has traditionally been used to analyze a single protein or a moderately complex 

mixture containing a few proteins. Third, the fragmentation efficiency of favored 

dissociation techniques (ECT, ETD) is low, which limits the ability to couple top-down MS 

techniques with online separations.85 Finally, the exact mechanisms of protein dissociation 

behavior are not fully characterized as those for peptide fragmentation.38

Nevertheless, top-down approaches do offer some advantages over bottom-up MS. First, the 

top-down approach fragments the whole protein, therefore generating information, either 

PTMs or sequence, for the whole protein structure (e.g., arguably 100% sequence coverage). 

In contrast, in bottom-up MS, some peptides get lost during digestion and nano-

HPLC/MS/MS analysis, leading to lower protein sequence coverage (missing some peptides 

and their associated PTM sites). Second, the top-down approach can generate useful 

information about protein variants (or protein isoforms), which are highly similar to each 

other in the primary sequence. Third, for proteins bearing multiple PTMs on the same 

molecules, top-down can reveal potential combinatorial PTM crosstalk. For instance, 

trimethylation on histone K4 and K27 is known to be the bivalent domain in pluripotent 

chromatin.86 Genomic studies have revealed that these histone PTMs are both enriched on 

the developmental genes. Top-down MS was used to investigate if any histone PTMs occur 

on the same histone H3 tail.6c

2.3. Mass Spectrometry for Detecting Novel PTMs

Identifying proteins and mapping PTM sites using MS/MS data relies on powerful sequence 

alignment algorithms.87 Popular software like SEQUEST, MASCOT, and Andromeda can 

efficiently align experimental MS/MS spectra with theoretical peptide fragmentation 

patterns to find the best match.44b,87 By specifying a limited number of PTMs (typically less 

than 10) on certain amino acids, these programs can identify modified peptides and assign 

the PTM sites.

Nevertheless, identifying novel PTMs poses a challenge. When the software must take into 

account the possibility of a PTM at an unknown site, the number of possible tryptic peptides 

is dramatically increased, which in turn increases the database search time and the number 

of search errors.63 In addition, such algorithms cannot be used to carry out unrestricted 

sequence alignment to identify new PTMs that cause a novel Δmass. A novel PTM is most 

likely to induce an undescribed mass shift in an amino acid residue of interest. Thus, the key 

to discovering a new PTM is to detect a mass shift that is different from those of the existing 

PTMs.

Several algorithms have been described to identify peptides with unspecified mass shifts 

from MS/MS spectra for the discovery of protein modifications and polymorphisms.63,88 

Because the PTMs are not prespecified during the protein sequence database searching, this 

procedure is called “nonrestricted sequence alignment”.63,88a–c,89 These algorithms enable 
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searches for all of the mass shifts that are caused by either PTMs or mutations, mainly based 

on the assumption that the modification or mutation induced mass shifts can be identified 

from the changes in the precursor ion masses of the peptides and these mass differences can 

also be localized to certain residues through comprehensive MS/MS spectra alignment. In a 

typical workflow, the software first generates a list of candidate peptides based on the 

precursor mass of a target MS/MS spectrum through direct database searching or sequence 

tag analysis. Next, the software calculates the mass difference between peptide and the 

precursor ion, and performs complex sequence alignment to determine the matching quality 

between the target MS/MS spectrum and the peptide carrying the mass shift as modification. 

As such analysis exponentially increases the search space, they often suffer from ambiguous 

alignments and noisy background. Careful manual examination is required to eliminate the 

false positives.

2.4. Mass Spectrometry for Protein Quantification

Apart from accurate identifications of proteins and PTMs, MS can also yield highly precise 

quantification data. Below we will summarize a number of strategies commonly used in 

quantitative proteomics.

2.4.1. In Vivo Labeling with SILAC in Cultured Cells and Animals—A few 

methods have been described to isotopically label proteins in cultured cells and living 

animals. Isotopic labeling of cells can be achieved using 14N and 15N cell culture media (for 

yeast)90 or food (15N-labeled algal cells for rodents).91 Currently, stable isotope labeling by 

amino acids in cell culture (SILAC) is more widely used, which is a metabolic labeling 

approach to isotopically label proteins.92

In a typical SILAC experiment, cells of interest are grown under two different conditions, 

one supplemented with normal amino acids (“light”, 12C6,14N2-lysine and 12C6,14N4-

arginine), whereas the other with stable isotope-labeled amino acids (“heavy”, 13C6,15N2-

labeled lysine and 13C6,15N4-labeled arginine) (Figure 5). The two populations of cells are 

harvested under the same conditions. Usually equal numbers of cells or equal amounts of 

proteins are mixed, and the resulting proteins are digested and analyzed in an HPLC/MS 

system. The usage of stable-isotope labeled essential amino acids guarantees the nearly 

complete labeling (typically >97%) after at least six cell divisions in cell culture.92a If the 

same peptide is present in both samples, it can be detected as a pair of twin peaks with the 

same mass difference as that between “light” and “heavy” amino acid residues, if only one 

arginine or lysine residue is present in the peptide. The peptide levels in two pools of the 

samples can be quantified from the peak heights (or peak area under curve (AUC) of the 

twin peaks) from MS analysis, while the peptide identity can be determined from MS/MS 

analysis of the twin parent peaks. To analyze samples in more than two conditions, different 

combinations of stable isotopes in an amino acid such as lysine and arginine can be used 

(e.g., (12C6,14N2-lysine and 12C6,14N4-arginine) vs (2H4-labeled lysine and 13C6-labeled 

arginine) vs (13C6,15N2-labeled lysine and 13C6,15N4-labeled arginine)). Deuterium is not as 

commonly used as other isotopes in SILAC, because deuterium atoms can interact with C18 

stationary phase and therefore impact its retention during reversed-phase chromatography.93 

This effect can adversely influence quantitation accuracy when performing LC/MS 
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experiments. The SILAC technique minimizes any technical variations during sample 

processing and mass spectrometry. Similar to DNA microarray analysis, proteins or peptides 

that do not change between the conditions serve as internal controls. Since its invention, 

SILAC has been widely used by the proteomics community.

SILAC has also been expanded from cell culture into intact animals. Doherty et al. described 

nonsaturated labeling of intact chicken using an 2H8-valine-containing diet, measuring 

protein turnover rates in vivo.94 Yates and his colleagues developed a method to 

metabolically introduce 15N stable isotope into the proteins of animals, by feeding the 

animal either 15N enriched or unlabeled algal cells, to quantify proteins in animal 

tissues.91,95 Mann and colleagues have successfully developed a mouse SILAC diet 

with 13C6-lysine, which has been used to generate SILAC mouse with complete labeling in 

the F2 generation.96 By using a SILAC mouse model, in vivo analysis of the entire 

proteome and PTMs from different tissues became possible.

Similar to SILAC, an emerging method, called “NeuCode (neutron encoding) SILAC”, is 

able to metabolically label and quantify proteins via the subtle mass differences between 

different amino acid isotopologues.97 Although this method highly relies on spectrometers 

with high resolution and accuracy, it greatly expands the throughput of SILAC. 

Theoretically, up to 39 isotopologues with different combinations of 13C, 2H, 15N, and 18O 

can be embedded in one +8-Da lysine, which is suitable for highly multiplexed proteome 

analysis. Recently, this method, in combination with dimethyl labeling, was successfully 

used to relatively quantify yeast proteome over 18 different conditions.98

2.4.2. In Vitro Labeling Using TMT, ITRAQ, and DiLeu—Very often biological 

samples cannot easily be labeled using in vivo labeling techniques like SILAC (e.g., 

quiescent or senescent cells that do not divide). An alternative approach is to use chemical 

labeling reactions in vitro to add an isotopic mass tag, after protein samples are digested by a 

protease. Typically the labeling reagents consist of three regions: (1) amine reactive group 

that can react with amine groups on peptides’ N-terminal amine and unmodified lysine’s ε-

amine group; (2) a mass reporter region that releases characteristic reporter ions in MS/MS 

spectra; and (3) a mass normalization region (Figure 6). Two widely used in vitro labeling 

reagents for protein quantification are tandem mass tags (TMTs)99 and isobaric tags for 

relative and absolute quantification (ITRAQs)100 (Figure 6). They are now commercially 

available from ThermoFisher Scientific Pierce Inc. and AB SCIEX, respectively. These 

isotopic tags are valuable to those applications where in vivo metabolic labeling is not 

convenient. In addition, N,N-dimethyl leucine (DiLeu) 4-plex isobaric tandem mass tagging 

reagents were also developed and used for in vitro labeling and protein quantification.101 

The chemical structures of all of the tags, which are used in a quantification experiment, are 

identical, except that each contains isotopes substituted at various regions. The difference in 

the mass of the reporter ion is balanced with a mass normalization group. Each tag is 

balanced in such a way that the total molecular weights are identical and thus 

indistinguishable in HPLC separation and during ionization. Practically, samples are first 

labeled with ITRAQ, TMT, or DiLeu reagents, respectively, and then combined. The 

resulting samples are analyzed by HPLC/MS/MS. Relative quantification is achieved by 

measuring intensities of different reporter ions generated during MS/MS.
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Both in vivo labeling methods (e.g., SILAC) and the in vitro labeling methods have the 

multiplex capabilities, thus minimizing run-to-run instrumentation variation. The protein 

quantification from the multiplexing data is typically performed on the basis of the 

combination of data obtained from multiple peptides of the same protein.102

2.4.3. Label-Free Quantification—While the labeling techniques described above are 

valuable, they are not easily applicable to those studies with more than 10 samples.103 In 

addition, when very complex samples are analyzed in a multiplexing experiment, efficiency 

of identification, accuracy, and precision of quantification suffer from coeluted 

contaminating ions in the m/z range of isobaric ions in MS/MS spectra,104 and additional 

efforts are necessary to correct for this interference.105

In contrast, the label-free approach does not have these shortcomings. This approach enables 

determination of dynamic changes among dozens or even hundreds of samples. Such 

analysis is likely valuable to those that involve biomarker discovery based on the analysis of 

hundreds of clinical samples. Major label-free methods include multiple/selective reaction 

monitoring (MRM or SRM), data-dependent acquisition (DDA), and data-independent 

acquisition (DIA).

MRM assay is a highly selective and quantitative method.106 In this experiment, an MRM 

assay for a protein of interest is first established. To this end, a protein of interest is 

subjected to digestion using a proteolytic enzyme, such as trypsin, followed by 

HPLC/MS/MS analysis. Next, MS/MS spectra of the tryptic digest are screened to identify 

those peptides with strong signals for both parent peptide and at least three of its fragment 

ions. Besides, ideal quantitative peptide/transition pairs should have a linear response curve. 

These ion pairs are selected for MRM assay.

The MRM experiments are typically performed in a triple quadrupole mass spectrometer. In 

this instrument, the selected precursor ions are isolated in the first quadrupole (Q1) and 

fragmented in Q2. The resulting fragment ions from the isolated precursor are then selected 

and quantified in Q3. Monitoring more fragments in Q3 consumes more time. Thus, 3–5 

fragment ions are selected for each target peptide to reach a balance between the sensitivity 

and signal specificity.106b Using this approach, dozens or even hundreds of proteins can be 

quantified in a MRM experiment. The MRM assay is also used to carry out absolute 

quantification to determine the concentration of a given protein in a sample.106a,107 In this 

analysis, isotopically labeled, cognate synthetic peptides with known concentration are 

spiked into the sample as internal standards to determine absolute concentration for a sample 

of interest. A response curve is plotted on the basis of the signal of internal standards, and 

abundances of endogenous proteins are determined accordingly.

Another label-free quantification approach is based on the MS information from DDA, 

which has two methods that are based on either spectral count or peak AUC of precursor 

ions. Spectral counting was one of the most widely used label-free quantification methods 

especially when high-resolution instruments were not applied, which is based on the total 

number of spectra detected for a protein.108 In this method, the tryptic digest of a protein 

mixture is analyzed by HPLC/MS/MS in a DDA mode. Thus, there is no special 
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requirement of the mass spectrometer. In a typical duty cycle of DDA experiment, which 

can be completed in one or a few seconds depending on the experimental design, the most 

abundant precursor ions (e.g., top 10–20) are selected for MS/MS. Thus, a short 1 h 

experiment can generate tens of thousands MS/MS spectra. The resulting MS/MS data are 

first used for identifying proteins. Subsequent quantification can be achieved by measuring 

spectral counts for proteins. Another popular quantification method through DDA is 

measurement of peak area of a precursor ion’s MS intensity, in which target precursor ion 

chromatograms are extracted to provide quantitative information on the peptide of 

interest.109 To obtain quantitative result with high reliability, DDA-based label-free 

quantification typically requires some repetitive MS runs (e.g., 2–3 cycles) of the same 

sample.

Recently, label-free quantification methods based on DIA, for example, sequential window 

acquisition of all theoretical spectra (SWATH) MS, have been developed.110 In a SWATH 

MS experiment, across the m/z range of interest, all precursors are divided into multiple 

groups by a fixed isolation window (e.g., 25 m/z ratios). All precursor ions in each 

sequential isolation window then were fragmented together, followed by measurement of the 

resulting daughter ions. This method generates time-resolved MS/MS spectra for essentially 

all of the detectable analytes within the predefined mass range for precursor ions. A 

sophisticated method has been developed by the Aebersold group to identify and quantify 

proteins in complex SWATH-MS data sets, which enables people to explore a nearly 

complete picture of a sample.111

Like any other label-free quantification methods, this method is also associated with both 

advantages and disadvantages. As compared to SRM/MRM and DDA-based label-free 

quantification methods, SWATH-MS relies on more powerful mass spectrometers with high 

resolution, high mass accuracy, and high speed (e.g., AB SCIEX TripleTOF 6600 

system).112 The current data processing tool is computation consuming and less accurate in 

both identification and quantification. In addition, SWATH-MS is less sensitive than the 

SRM/MRM-based quantification method.110e Despite those limitations, SWATH-MS has 

many advantages.110a For example, (1) SWATH-MS can record nearly complete peptide 

fragmention signals for precursors generated from a sample, which allows revisiting the data 

to check any new targets without running new samples. (2) As compared to SRM/MRM 

methods, SWATH-MS can quantify a significantly larger number of peptides and allows 

measuring relative and absolute protein levels for hundreds of proteins in a single 

HPLC/MS/MS run.110e,112 Besides, it has a much higher proteome pool coverage. (3) As 

compared to DDA methods, SWATH-MS has higher sensitivity and much better 

reproducibility. In conclusion, these advantages make SWATH-MS a powerful tool for 

label-free quantification in the future, when its data processing pipeline is fully optimized.

2.4.4. Top-Down Quantification—The protein quantification can also be performed at 

intact protein level via the top-down approach. Typically, top-down quantification can be 

achieved by three methods, which are similar to bottom-up quantification in principle: (1) in 

vivo labeling with SILAC;113 (2) in vitro labeling using isobaric mass tags, isotopic 

formaldehyde, or metal-coded affinity tags;114 and (3) label-free quantification by 

calculating the statistically significant differences between two or more experimental 
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conditions.115 Nevertheless, due to the limited sensitivity of the top-down approach and 

possible low stoichiometry of PTMs, currently the top-down method has not yet been widely 

used for quantifying PTMs.

3. IDENTIFICATION OF NOVEL TYPES OF HISTONE PTMs

3.1. General Principle

Historically, histone modifications were detected by experimental accidents. A candidate 

PTM was afterward anticipated; the experimental strategy was designed to hunt for the 

histone marks. In early days, modern mass spectrometry technology was not available for 

analysis of peptides and proteins. Consequently, isotopic labeling and chemical methods 

were used to generate evidence for a protein modification. As an example, sodium 

acetate-14C2 was incubated with cells or isolated nuclei. Rapid incorporation of the 14C 

isotope into histones suggested that the 14C isotope was caused by acetylation modification 

at the lysine’s side chain or N-terminal acetylation (as N-terminal acetylation was already 

known). The failure of puromycin to inhibit the isotopic incorporation indicates that the 

process happened after the synthesis of protein.116 The Pronase digestion of the isotopic 

histones into amino acids followed by amino acid analysis indicated that the isotopic 

acetate-14C2 could be incorporated into isotopic acetyllysine.117

The complexity of this type of discovery has reduced dramatically with the advances in 

reagents and tools today (e.g., both chemical and biochemical approaches). MS is a powerful 

tool that can be used for detecting the modification based on the preassumed mass shift 

caused by the candidate modification. Alternatively, sequence-independent (or pan) and 

sequence-specific antibodies against histone PTM of interest can be developed and used to 

probe the histone marks by Western blotting analysis and immunostaining. As an example, 

O-GlcNAc modification was discovered decades ago.118 Recent demonstration of its high 

abundance in cytosolic and nuclear proteins suggests the existence of the modification in 

core histones, which was eventually established recently.119

An alternative approach to find novel histone PTMs is unbiased screening, without the 

preassumed mass shifts, using MS. Nevertheless, this is not an easy task, as by mass alone, 

we do not know the chemical structures of the modified residues bearing the unknown 

PTMs. Therefore, mass information from the unknown PTMs cannot be incorporated into 

automated data mining of MS/MS spectra. Additionally, novel PTMs may be present at very 

low stoichiometry (e.g., less than 0.01%) that would prevent their detection by routine 

HPLC/MS/MS analysis.

To solve this problem, an integrated stepwise strategy for identifying and verifying novel 

PTMs in histones has been described, involving four steps (Figure 8):6a (1) identifying a 

possible novel PTM candidate by noting a novel mass shift Δmass caused by a modification 

by HPLC/MS/MS and nonrestrictive sequence alignment algorithm; the novel Δmass is 

different from that of any known PTM; (2) calculation of the PTM’s element composition 

based on the accurately determined novel Δmass from high-resolution MS; (3) determining 

the possible structure isomers that fit the novel Δmass; and (4) pinpointing and verifying the 

novel PTM by chemical and biochemical methods.
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More attention should be paid to methyllysine-containing peptides if singly charged ions 

were selected in MS/MS, especially for the identification of novel types of histone PTMs. 

The methyl group can migrate from the side chain of methyllysine to the C-terminal arginine 

residue or adjacent serine residue.120

3.2. Core Histones Are an Excellent Source for Studying PTMs

Histones have been used as model proteins for studying chemistry and biochemistry of PTM 

pathways. They are abundant in eukaryotic cells and can be easily isolated from cells or 

tissues.121 Additionally, they are decorated with multiple types of PTMs, more than any 

other cellular proteins. Despite extensive studies and significant progress in our 

understanding of histone marks, it is unknown whether other types of histone marks remain 

to be discovered, and, if so, how many undiscovered types exist. These novel PTMs might 

contribute to epigenetic regulation.

Emerging evidence supports the hypothesis for undescribed histone PTMs. Novel PTMs in 

histones have been identified very recently. For example, the Zhao group recently described 

histone lysine propionylation,122 butyrylation,122 crotonylation,6b 2-

hydroxyisobutyrylation,6a succinylation,123 and malonylation.123b Additionally, histone O-

GlcNAc modification was recently identified and confirmed by the Hart group.119

3.3. Detection of a Novel Mass Shift That Is Caused by a New PTM

To detect novel mass shifts, the protein lysate of interest is first digested by a proteolytic 

enzyme and then analyzed by HPLC/MS/MS. Depending on the experimental goal, 

proteolytic digest, typically using trypsin, of either a protein cell lysate or a single protein 

can be used for MS analysis. Ideally, a high-resolution mass spectrometer is used so that the 

parent peptide’s mass and the mass shift caused by a modification can be accurately 

determined, with accuracy less than a few ppm. A major advantage of high-resolution mass 

spectrometric analysis is its high resolution and high mass accuracy.124 For example, the 

Orbitrap Fusion has a resolving power of up to 450 000 (fwhm) at m/z 200, and the accuracy 

is less than 1 ppm using internal calibration (http://planetorbitrap.com/orbitrapfusion).125

The acquired MS/MS spectra will be analyzed by a nonrestrictive protein sequence 

alignment algorithm to hunt for novel mass shifts. Several algorithms, including InsPecT,88a 

PTMap,63 and PILOT_PTM,89a are available to carry out nonrestricted sequence alignment 

for spotting new modifications. The Δmass of the modified residue will be obtained from the 

protein sequence alignment. With the high-resolution mass spectrometers, the detected mass 

shift will be high enough to calculate element composition responsible for the detected mass 

shift.

3.4. Deduction of Chemical Structure for a Novel PTM

3.4.1. Elucidation of the Molecular Formula for the PTM Chemical Moiety—
Detection of an unknown mass shift is the first step in the long journey to identify a novel 

PTM. To deduce the chemical structure responsible for a detected mass shift, the next step is 

to elucidate the molecular formula of the PTM chemical moiety. The accurate mass of the 

modified residue containing the novel PTM moiety will be used to deduce the molecular 
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formula (i.e., the elemental composition) of the modified residue and PTM moiety. The 

mass accuracy is dependent on the mass spectrometer and MS method used for MS analysis. 

Typically, the higher is the mass accuracy of the detected mass shift, the fewer possible 

elemental formula exist for the PTM candidate. More than one candidate formula usually fit 

each detected mass shift. General organic chemistry is then used to deduce which element 

composition is reasonable that follows the existing rules of organic chemistry.

Software to deduce the element composition from the mass is publically available (http://

www.chemspider.com/PropertiesSearch.aspx). In this method, the detected mass shift and 

mass accuracy are used as inputs. This method for defining elemental composition has 

become routine and has been widely used in the fields of natural product chemistry, organic 

chemistry, and metabolomics.126

3.4.2. Structure Candidates for the Deduced Molecular Formula—The elemental 

composition derived from high-resolution MS should conclusively determine whether a 

previously undescribed PTM has in fact been discovered. Nevertheless, knowledge of the 

elemental composition does not provide information about the arrangement of the atoms 

within the moiety. To address this issue, ideally, NMR spectroscopy can be used to 

determine the chemical structure of the novel PTM. Nevertheless, the standard two-

dimensional NMR experiments typically require at least 10 μg of a tryptic peptides (e.g., 5–

20 residues), even with a sensitive capillary microcoil NMR (CapNMR) probe.127 

Unfortunately, it is unlikely to obtain this amount of the modified peptide from an 

endogenous protein.

An alternative solution is to deduce all of the reasonable structure isomers based on the 

molecular formula. We can then synthesize each of structure isomers and use them to carry 

out pairwise comparison between the in vivo peptide and each of the synthetic isomers by 

the chemical and biochemical methods to pinpoint the chemical structure for the in vivo 

PTM.

3.5. Validation of Novel Types of Histone PTMs

3.5.1. Chemical Validation of a Novel PTM—In principle, all of the possible structure 

isomers should be deduced on the basis of the elemental composition, and each one of them 

should be synthesized prior to have pairwise comparison between a synthetic one and an in 

vivo one by MS and HPLC. However, it is generally accepted that, if two peptides have the 

same MS/MS fragmentation patterns and are indistinguishable in HPLC chromatographic 

profiles, then they have identical structures.

For example, we identified a modified H4 peptide, DAVTYTEHAKR, containing a mass 

shift of +86.0354 Da at its lysine residue (H4K77). The only reasonable elemental 

composition responsible for this mass shift was C4H7O2 (mass shift plus one proton) using 

±0.02 Da mass tolerance and a maximum of 2 nitrogen atoms. According to the formula, 

there are five possible structures for the lysine modification that induces a mass shift of 

86.0368 Da (theoretical mass shift): 2-hydroxyisobutyryl (Khib), 2-hydroxybutyryl (K2ohbu), 

3-hydroxybutyryl (K3ohbu), 3-hydroxyisobutyryl (K3ohibu), and 4-hydroxybutyryl (K4ohbu) 

groups. Using HPLC coelution experiment, we showed that only Khib would coelute with 
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the endogenous peptide (Figure 9A).6a Furthermore, Khib was confirmed by MS/MS 

experiments between the in vivo peptide and its corresponding synthetic peptide (Figure 

9B).

3.5.2. Immunochemical Validation of a Novel PTM—While chemical experiments 

using MS/MS and HPLC are critical to pinpoint a new PTM among multiple structure 

isomers, it is not sufficient to fully establish a new structure. Structural isomers with a small 

chemical difference could lead to almost identical MS/MS spectra and the same retention 

time in HPLC analysis. Accordingly, it is necessary to further verify a new PTM using an 

orthogonal method, such as immunochemistry. To address this issue, it is important to 

develop pan (or sequence-independent) antibodies against a PTM and sequence-specific 

anti-PTM antibodies to confirm the in vivo modification using Western blotting analysis 

and/or immunostaining. Because immunochemical signals can be caused by nonspecific 

binding to other proteins or other modifications, caution should be taken to ensure that the 

signals are from the PTM of interest instead of artifacts. To this end, it is important to 

include adequate controls, for example, competition experiment using a randomized peptide 

library containing a fixed PTM of interest or an antigen peptide bearing the PTM of interest. 

In addition, the quality of antibody reagents should be fully characterized using competition 

experiments and binding assays.

Three independent experiments using HPLC coelution, MS/MS experiments, and Western 

blotting analysis should firmly establish a novel PTM. The chemical and immunochemical 

methods are complementary and should be able to address the weakness of each method. We 

would suggest carrying out all three types of experiments as long as the synthesis of the 

modified peptides is feasible. Indeed, the three methods have been recently used for 

detection and validation of several histone PTMs.6a,b,123a,128

3.5.3. Additional Biochemical Validation for a Novel PTM—Besides the three major 

approaches discussed above, some other experiments can provide additional evidence for a 

new modification and are critical to the biology and biochemistry of a new type of histone 

marks, including the following: (1) The first is identification of additional peptides and 

proteins bearing a new PTM. This can be typically carried out by immunoprecipitation of 

peptides bearing a PTM of interest with an anti-PTM antibody, followed by HPLC/MS/MS 

analysis of the enriched peptides. Using such a method, thousands of acetylation and 

succinylation peptides were identified.129 (2) Next is identification of a possible precursor 

for the novel PTM. One example is the identification of the precursor for crotonylation. Two 

lines of evidence suggested that crotonyl-CoA is a precursor for lysine crotonylation. The 

first, lysine crotonylation, is enhanced when cells are treated by crotonylate. Second, 

crotonyl-CoA exists in cells that can be stimulated by crotonate.6b A candidate enzyme, 

AceCS1, has been suggested to catalyze the synthesis of short-chain fatty acid CoAs (such 

as crotonyl-CoA).130 However, it may take years to identify a nonconventional precursor for 

a PTM of interest. For example, acetyl phosphate was identified as a precursor for lysine 

acetylation in bacteria until recently,131 while the modification was discovered decades 

ago.116 (3) Third is mapping chromatin localization and the possible contributions of the 

novel PTMs to epigenetics regulations. This can be carried out by chromatin 
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immunoprecipitation (ChIP)-DNA sequencing (seq) and ChIP-qPCR experiments. Specific 

localizations of the new histone marks would suggest an intrinsic regulatory mechanism 

instead of random chemical reactions between the candidate CoA and the lysine’s ε-amine 

group. (4) Next is identification of regulatory enzymes for the PTM of interest. The well-

known examples are the enzymes for lysine acetylation and lysine methylation that add and 

remove these marks. They play critical roles in epigenetic regulation and in functional 

studies of two groups of histone marks. The two modifications were discovered in 1960s. 

Their biology started to take off in the 1990s, when their first regulatory enzymes were 

discovered.132 (5) The final is functional studies of PTM’s nonhistone substrates. As soon as 

regulatory enzymes are known, functional consequences of a PTM can be studied in a 

nonhistone substrate of interest using conventional methods.

4. DETECTION AND QUANTIFICATION OF HISTONE PTMs

As introduced above, MS is an unbiased approach of analyzing histone PTMs. Unlike 

antibody-based techniques, MS methods enable simultaneous detection and quantification of 

PTMs.

4.1. Detection of Histone PTMs with High Sequence Coverage and Sensitivity

Analysis of histone PTMs is typically carried out by a bottom-up approach. Two issues are 

critical for detecting as many as possible histone marks in a sample of interest: high 

sequence coverage and high detection sensitivity. In a typical experiment, the histone 

proteins are first digested with a proteolytic enzyme, followed by HPLC/MS/MS analysis. 

During this analysis, proteolytic peptides can be lost due to three reasons: (1) They are too 

sticky in an eppendorf tube or HPLC column. (2) They bind too strong (which is usually 

caused by long peptide length, e.g., longer than 25 amino acid resides) to a C18 HPLC 

column so that it is difficult to be eluted from the column. In bottom-up MS, it is difficult to 

detect those peptides longer than 25 amino acid residues when a C18 HPLC column is used. 

(3) Some peptides are too hydrophilic (typically for short peptides) to be retained in a C18 

HPLC column so that they are eluted in solvent front with no enrichment and with low 

detection sensitivity. Therefore, it is almost impossible to have 100% sequence coverage 

when a protein’s digest is analyzed by HPLC/MS/MS. The PTM information in those 

missed peptides cannot be recovered.

Histones are a special class of proteins as they are highly rich in lysine and arginine 

residues. Thus, tryptic digestion can lead to many short, hydrophilic peptides that cannot be 

retained in reverse-phase HPLC and thus detected. In addition, histones carry remarkable 

numbers of PTMs, and many of these PTMs are on lysine residues. These features make 

histones intolerant to the most efficient and widely used protease, trypsin, which cuts at the 

carboxyl side of lysine and arginine residues unless they are followed by a proline. 

However, two factors make the tryptic digested histone products more complicated. (1) 

Trypsin would digest histones into very small peptides with poor chromatographic retention 

because of the common adjacency of lysine and arginine residues in histones. (2) The 

frequent modifications on lysine residues reduce digestion efficiency or completely block 

trypsin digestion.
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Fortunately, two approaches can be used to overcome these two issues. First, multiple 

proteases can be used to digest histones. For instance, Arg-C protease, which digests at the 

carboxyl side of arginine residues, has been used for MS analyses of histones.133 Glu-C 

protease was used for digesting macroH2A,134 H2A and H2B variants,133a and H3.135 

Analysis of histone peptides derived from multiple proteolytic digestions enables improved 

sequence coverage.

The other major approach to improve sequence coverage is chemical derivatization by 

acylation reaction at amine groups. The derivatization usually reacts with the ε-amine group 

of lysine residues, blocking trypsin digestion at the lysines. The trypic products from 

derivatized histones are more hydrophobic and behave better in reverse-phase HPLC, 

enabling detection of the corresponding peptides. Deuterated acetic acid was one of the 

earliest reagents used to derivatize histones.136 The derivatization adds a deuterated acetyl 

group to originally unmodified lysine residues. Because the acetyl groups contain deuteron 

instead of hydrogen, which causes a 3-Da mass shift, they therefore can be distinguished 

from endogenous acetylated lysine residue. Another chemical derivatization reagent, 

propionic anhydride, is much more widely used. Developed by Garcia and Hunt et al.,137 

derivatization of tryptic peptides with propionic anhydride not only occurs at unmodified 

lysine residues, but also at monomethylated lysines and N-termini of tryptic peptides (Figure 

10).67a Propionyl groups impart additional hydrophobicity than acetyl groups. For histone 

peptides without lysine residues, the N-terminal propionylation can improve HPLC retention 

for short peptides. Propionylation on histones has been widely adapted and used by many 

different groups.123b,138 With propionylation, more than 80% of histones sequence coverage 

can be achieved.6b However, a limitation of this method is endogenous propionylation sites 

are masked. To resolve this problem, isotopic propionic anhydride can be used to distinguish 

endogenous propionylated lysine residues. It causes 3-Da (13C3-propionylation) or 5-Da 

(D5-propionylation) mass shifts in a fashion similar to the deuterated acetylation method 

mentioned above.139 Recently, modified protocols using N-hydroxysuccinimide ester 

propionate instead of propionic anhydride have also been developed.140 By analysis of 

histone peptides generated by multiple proteolytic enzymes and by chemical derivatization, 

more peptides can be detected, thus improving sequence coverage.

In addition to sequence coverage, the other key parameter is the sensitivity of the 

HPLC/MS/MS system. Many histone marks are present in low stoichiometry, for example, 

1% or less.141 As an example, H3K4me3 is a histone mark associated with active gene 

expression. While widely studied, this histone mark is not easily detected in many cell lines 

due to its low stoichiometry.142 Accordingly, the HPLC/MS/MS system should be 

optimized with a set of standard peptides so that the maximum detection sensitivity is 

achieved (please see section 7.4 on the optimization of the HPLC/MS/MS system). In an 

ideal situation, any histone mark with a stoichiometry of 0.01% or higher should be 

detected.

4.2. Detection of Multiple Histone PTMs

In HPLC/MS/MS analysis, the MS instrument acquires mass spectrometric data regardless 

of peptide sequence and PTMs, as long as they are present in the sample. Accordingly, 
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subsequent sequence alignment of MS/MS data is critical to extract PTM information. 

Popular software, such as Sequest,51,143 Mascot,52 and Andromeda,59 can specify a limited 

number of PTMs (typically less than 10) on certain amino acids. Because histones have 20 

known types of PTMs, it is difficult to use the algorithms to analyze MS/MS data in one 

experiment to scan all of the histone marks. Two approaches can be used to address this 

issue. First, we can divide the 20 types of histone marks into several sets, leading to several 

sequence alignment experiments. However, this approach may miss those peptides 

containing multiple PTMs, which are present in both sets of PTMs. An alternative solution 

is to use unrestricted sequence alignment such as InsPecT,88a PTMap,63 PILOT_PTM,89a 

MODa,89b and some specialized algorithms for top-down or middle-down tandem mass 

spectra.144 It is not necessary to prespecify PTM during protein sequence alignment. 

However, this approach can have more false positives than restricted sequence alignment. 

Accordingly, careful manual examination of the identified peptides is necessary to ensure 

high accuracy.

As an example, Tan and his colleagues identified 130 histone marks in HeLa cells using 

PTMap and Mascot, when tryptic digests were analyzed in HPLC/MS/MS, with or without 

lysine propionylation, including 28 lysine crotonylation marks.6b Surprisingly, the study 

also identified new histone sites of known types of histone marks, including 18 new lysine 

monomethylation sites and 8 new arginine monomethylation sites.

Multiple histone PTMs can be detected in one single nano-HPLC/MS/MS analysis. Taking 

histone H3 and H4 as examples, the N-terminal tails of H3 and H4 are very basic and can be 

highly modified. Some tryptic peptides from histone H3 and H4 proteins have less than 6 

residues, which are highly hydrophilic and relatively difficult to be detected in 

HPLC/MS/MS analysis. The bottom-up approach can typically give in-depth analyses of the 

peptides and PTMs (Table 1). For instance, for the histone H3 9–17 peptide, K9, S10, and 

K14 residues are frequently modified, providing a total of 20 different forms of this peptide 

from a sample. Eight of the most abundant forms of this peptide were extracted from a 

histone run (Figure 11). Reverse-phase HPLC efficiently separated these modified peptides 

including two isobaric pairs of PTMs that have the identical m/z after propionylation: 

unmodified and K9me1K14ac, and K9me3K14ac and K9me2.67a Therefore, the use of 

reverse-phase HPLC is very helpful to resolve peptide isoforms.

The aforementioned experimental procedure can efficiently detect multiple PTMs in 

histones, including detection of multiple PTMs in a peptide (Table 1). However, when two 

or more histone marks are present in different proteolytic peptides, this approach cannot tell 

if the marks are present in the same molecule. In this case, the top-down or middle-down 

strategy can be used to examine the coexistence of multiple PTMs in a protein of 

interest.82a,83,145 For example, middle-down MS/MS analysis of 1–50 N-terminal tail 

peptide from histone H3.1 identified H3K23ac and H3K27me2 (Figure 12).

The bottom-up and top-down approaches are complementary. The bottom-up approach 

requires less sophisticated analysis of MS/MS data and offers advantages of high sensitivity. 

On the other hand, the top-down approach has low sensitivity. Yet it has potential to 

generate all of the modifications in a protein of interest.
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Multiple PTMs can be present in a single amino acid residue, for example, methylation, 

acetylation, crotonylation, propionylation, and butyrylation at lysine residues. They are 

mutually exclusive in a single protein molecule. However, they can be present in the same 

protein with differential stoichiometry. In addition, different PTMs can recruit different 

binding proteins, and then exert diverse biological functions.147 The protein of interest can 

be analyzed by either bottom-up or top-down methods to identify multiple PTMs in a 

residue of interest.6b,148 Alternatively, for large-scale analysis, serial enrichment method 

followed by bottom-up approach allows the detection of multiple PTMs on a single 

localization. Using this method, Mertins et al. sequentially enriched phosphorylated, 

ubiquitylated, and acetylated peptides with metal-affinity or immunoaffinity techniques 

from tryptic proteins in bortezomib-treated human leukemia cells.149

4.3. Quantitative Proteomics for Determining Changes of Histone PTMs

As mentioned earlier, dynamic changes of histone marks are associated with many cellular 

processes such as transcription and DNA damage. Accordingly, it is becoming more 

frequently necessary to quantify changes of histone marks between two or more samples. 

Examples often include a comparison between a wild-type animal versus a mutant animal, 

undifferentiated stem cells versus differentiated stem cells, and among samples from 

different patients and cellular perturbations.

The methods for protein quantification (as described in section 2.4) can also be used for 

determining dynamic changes of histone marks. In these methods, a suitable labeling 

technique, either in vivo labeling with SILAC or in vitro labeling with TMT or ITRAQ, is 

needed for accurate quantification of histone marks. These methods have been used to 

quantify changes of histone marks in a number of studies.6a,123c,150

In addition to in vitro labeling with TMT or ITRAQ reagents, lysine acylation reaction with 

isotopic compounds has also been used for relative quantification of histone PTMs. For 

example, isotopic propionic anhydride (e.g., H10 vs D10 or 12C6 vs 13C6) can be used to 

label two pools of proteolytic peptides from core histones, respectively, by acylating amine 

groups, either at the N-termini or unmodified lysine side chain. For the H10/D10 pair, in each 

round of propionylation reaction, 5 hydrogen/deuteron atoms from propionic anhydride are 

added onto the peptides (Figure 10). Therefore, the resulting histone peptides are labeled by 

a hydrogen- or deuteron-propionyl group, respectively, having a mass difference of 5 Da. 

The relative quantifications of the peptide twin peaks, “light” and “heavy”, are typically 

achieved by measuring the signal areas of precursor ions from extracted ion chromatogram. 

Using this method, Sridharan et al. determined dynamic changes of several histone marks on 

H3 and H4 during reprogramming of somatic cells into induced pluripotent stem cells 

(iPSCs).151 Dai et al. quantified changes of histone Khib during spermatogenesis.6a

Label-free quantification is another powerful method to relatively quantify histone PTMs. 

As compared to the stable isotopic labeling methods, this method is cost-effective. 

Currently, most label-free quantification experiments are based on calculation of the peak 

areas of the modified-peptide parent ions.67a In this type of analysis, all different modified 

peptides and their corresponding unmodified counterparts are considered. Specifically, the 

peak areas of the unmodified and all differentially modified forms of a histone residue of 
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interest (e.g., H3K9 residue) are summed and designated as 100%, and an individual form of 

a histone peptide is calculated as a fraction of the summed peak areas (e.g., dividing the 

peak area of the individual form by those from all of the histone peptides bearing the amino 

acid residue of interest).67a This method allows comparison across multiple experimental 

conditions. Also, some unmodified histone peptides (e.g., HLQLAIR from H2A, 

YRPGTVALR from H3, VFLENVIR and ISGLIYEETR from H4) can be used as internal 

standards.138i,152 Using this method, Peters et al. relatively quantified all possible 

methylation states for H3K9 and H3K27, and demonstrated that H3K27me and H3K9me3 

are selectively enriched in pericentric heterochromatin.137a

For label-free quantification, an important issue is the varied MS detection efficiency caused 

by PTMs, for example, variant ionization efficiency of peptides with the same sequence but 

different PTMs. This difference can be normalized using synthetic peptides that carry 

PTMs.153 For example, Lin et al. systematically analyzed 93 histone peptides and found that 

the detection efficiency variation is a widespread problem. The authors then showed that the 

biases can be effectively corrected by applying correction factors generated by spiking in 

synthetic peptide standards (internal correction), or by using information derived by 

independent MS analyses of the standard synthetic peptide mixtures (external correction).153 

Because diverse PTMs combinations generate a huge number of multiply modified peptides, 

synthesis of all of these peptides is not feasible and not cost efficient. However, this method 

is still effective on a small scale.

4.4. Determining the Stoichiometry of Histone PTMs

Since the early 2000s, several MS-based strategies were developed to determine the 

stoichiometry of PTMs, and these strategies can be applied to studying both histone and 

nonhistone PTMs.

1. First is absolute quantification (AQUA) of modification states. The relative 

quantification determines dynamic changes of a protein or PTM by comparing peak 

areas of the targeted molecules in two or more conditions. However, this type of 

experiment cannot tell the absolute concentration of an analyte or the stoichiometry 

of a PTM event. In 2003, the Gygi group reported a method for absolute 

quantification of proteins by using an isotopic synthetic peptide as an internal 

standard.154 With a synthetic isotopic modified peptide, individual stoichiometry of 

a PTM site can also be calculated. This strategy was further refined by Steen and 

his colleagues. They reported an isotope-free quantification strategy to determine 

the protein phosphorylation stoichiometry, either in a single protein or in a protein 

mixture.155 This method is based on comparing the ion currents of both 

phosphopeptides and their corresponding unmodified counterpart. Recently, the 

AQUA method was also applied for determining absolute stoichiometry of lysine 

acetylation.156

2. Next is SILAC-based peptide/protein quantification. A SILAC-based method was 

developed for determining the stoichiometry of global PTMs.157 In this method, 

“heavy” and “light” ratios of the modified peptide, its unmodified counterpart, and 

modified protein are generated in HPLC/MS/MS analysis. The three parameters are 
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used to calculate absolute stoichiometry for a modification of interest. This method 

was used to quantitative analysis of phosphoproteomes, determining the 

stoichiometry of more than 5000 phosphorylation sites that include a bunch of 

histone phosphorylation sites.157

A recent study using a SILAC-based method determined the stoichiometry of 

lysine succinylation (Ksucc), histone Khib, and histone lysine crotonylation 

(Kcr).6a,123c From these studies, 32% and 56% of the identified Ksucc sites were 

found having stoichiometry higher than 10% in SIRT5 wild-type (WT) and 

knockout (KO) MEF cells, respectively. The stoichiometries of four Khib sites, 

H3K79, H2BK108, H4K91, and H1K62, in synchronized G2/M HeLa cells are 

1.45%, 1.54%, 5.33%, and 7.79%, respectively, which are comparable to or even 

higher than that of many histone Kac marks with known biological functions.

3. Third is isotope labeling in vitro. The PTM stoichiometry can also be determined 

by introducing an isotope into the modified residues. To determine the 

phosphorylation stoichiometry of protein phosphorylation on a large scale, the 

proteolytic protein lysate was divided into two identical aliquots. One aliquot was 

treated with a phosphatase to remove the phosphate group. Treated and untreated 

samples then were chemically labeled by reductive dimethylation with isotopic 

“heavy” and “light” formaldehyde, respectively, and then mixed. The resulting 

mixture was analyzed by HPLC/MS/MS analysis. The absolute stoichiometry of 

each phosphorylated site is encoded in the ratio of “heavy”/“ light” species ((1–1/

ratio) × 100%).158 The in vitro deuteroacetylation can label unmodified lysine in 

samples and is distinguished from endogenous acetylation, which has been used to 

quantify the stoichiometry of acetylation at proximal lysine residues or specific 

histone PTMs.159 Recently, this method was further developed by the Denu group 

to quantify the stoichiometry of site-specific acetylation in the entire proteome of 

E. coli.160 After tryptic digestion, “heavy” (in vitro isotopically labeled) and “light” 

(originally acetylated) acetyl-lysine pairs across the entire proteome were 

determined. The ratios of the isotopic pairs were used for calculating stoichiometry. 

To increase the sensitivity of the quantification experiment on lysine acetylation on 

histone H3, this method was combined with acid-urea gel separation by Cieniewicz 

et al.161 In this study, the acid-urea gels separated distinctly acetylated isoforms of 

histone H3 as a “ladder”, then each band was excised and all unmodified lysine 

residues were deuteroacetylated. The acetylation levels were calculated using the 

ratio of “light” (endogenous) and “heavy” (chemical) acetylation signals detected 

by MS.161 In addition, the Hsieh-Wilson group developed a method for 

quantification of individual O-GlcNAc modification stoichiometry.162 In this 

method, O-GlcNAc modified proteins are chemoenzymatically labeled, attached 

with a PEG tag, and visualized by SDS-PAGE and immunoblotting. In this assay, 

the proteins with different O-GlcNAc site occupancy have different molecular 

weights and appear in different bands, which can be used to determine the 

stoichiometry.

4. The final is label-free quantification. As mentioned in section 4.3, label-free 

method can be used for relative quantification of histone PTMs. In this method, all 
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forms of a peptide need to be identified, and the ionization efficiency needs to be 

normalized because it varies among differently modified peptides. This method can 

be used to produce a rough estimation of histone PTM stoichiometry. For example, 

LeRoy et al. used this approach to determine the stoichiometry of a variety of 

histone PTMs from a large panel of cancer cell lines.142 The stoichiometries of 

PTMs on four histone lysine residues are picked up and averaged (Figure 13). 

Among the four methylated or acetylated residues examined, the PTM 

stoichiometries varied within a wide range (e.g., H3K9me2 > 30% and H3K4me2 

≈ 1%).

In addition to the DDA-based methods, SRM/MRM-based label-free method was also used 

to determine stoichiometries of PTMs.163 As compared to the former, the latter is more 

sensitive, which enables the detection of histone PTMs with very low stoichiometries. For 

example, Drogaris et al. built a MRM-based label-free method to determine the 

stoichiometry of H3K56ac.164 In this study, a very low stoichiometry of H3K56ac (roughly 

0.04%) was determined by using the peak areas of both the modified and the unmodified 

peptides in a MRM analysis.

4.5. Dynamic Flux Analysis of Histone Proteins and Modifications

To study the dynamics of histone proteins or PTMs, a simple approach is to analyze samples 

at multiple time-points during a biological process, and to quantify histone proteins or PTMs 

in steady-state experiments. For such experiments, the methods mentioned in sections 2.4 

and 4.3, for example, in vivo labeling with SILAC, in vitro labeling with TMTs/ITRAQs/

DiLeu, or label-free quantification, can be used and then provide some temporal 

information.90a,165

Although these methods are powerful to quantify histone proteins or PTMs in steady-state 

experiments, these techniques cannot measure the cellular kinetics, or dynamics/flux, of 

histone proteins and PTMs, because the MS cannot distinguish histone PTM and protein 

turnover. For example, if H3K9me2 increased from a few cellular conditions, questions 

would be whether the increase of H3K9me2 was caused by changes of other histone marks. 

Obviously, the methods described above are not possible to determine the kinetic flux of 

histone proteins and PTMs to answer these questions.

Fortunately, some methods are able to resolve this issue. First, to measure the kinetic flux of 

histone proteins (e.g., protein turnover experiments), one strategy is incorporation of 

metabolic analogues, for example, the methionine surrogate azidohomoalanine (Aha), in 

nucleosome turnover experiments.166 Aha can be conjugated to alkynyl group containing 

reagents via click chemistry, which allows facile isolation of new synthesized 

histones.166,167 For example, N-terminally Flag-tagged histones H3.1 and H3.3 were 

expressed for a period of time under the control of a tetracycline-inducible promoter, which 

was regarded as “old” histones. To investigate the splitting of histone H3–H4 tetramers 

during genome duplication (e.g., epigenetic inheritance), 13C6,15N2-labeled lysine was used 

to metabolically label the newly synthesized proteins, including nontagged histones.168 

After affinity purification, the results indicated that significant H3.3–H4 tetramers could 

split, but this phenomenon was not observed in H3.1–H4 containing tetramers.
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Second, to measure the cellular kinetic flux of histone PTMs, as we discussed above, the 

steady-state analyses cannot distinguish histone PTM turnover at both protein and residue 

levels, for example, at the protein level when the histone proteins are synthesized and 

degraded, and at the residue level when the PTMs are added or removed. To overcome this 

limitation, metabolic labeling of histone PTMs with small molecule metabolite precursors 

was used. Historically, this approach has been heavily used as stated above, using radio 

isotope-labeled metabolites to study protein and PTM turnover. Currently, various stable-

isotope labeled metabolites can be used for this type of pulse-chase experiments to 

specifically label histone PTMs. For example, a stable isotope of methionine, 13CD3-

methionine, can be used to label histone methylation sites in vivo (“heavy” methyl SILAC, 

hmSI-LAC),169 as it can be converted to the sole biological methyl donor, 13CD3-S-

adenosyl-methionine, and then used by histone methyltransferases. Because there are only a 

few methionine residues on histones,170 the majority of histone peptides are not labeled by 

the “heavy” methionine except those peptides with methylated residues. This approach was 

used to determine the dynamics of several histone methylation sites.171 It was found that 

histone methylation turnover was generally slow (e.g., hours), but heavily depended on the 

modified residue. In addition, methyl marks associated with active gene such as H3K36 

turned over much faster than those associated with silenced genes (e.g., H3K9). Similarly, 

comprehensive steady-state methylation and demethylation rate constants were derived 

using hmSILAC and a targeting MRM approach providing the information for an integrated 

kinetic model that was shown to correctly predict observed abundances.138k

As canonical histones are primarily generated and incorporated into chromatin during the S 

phase of cell cycle,172 strategies combining metabolic labeling and synchronized cell 

populations can be used to pulse-chase label and therefore distinguish the newly synthesized 

histones. This type of experiment enables one to distinguish modifications between newly 

synthesized and old histones. Using this method in combination with top-down MS, it was 

found that newly synthesized histone H4 becomes progressively methylated at K20 during 

the G2, M, and G1 phases of the cell cycle, and the majority of K20 residues on new H4 are 

dimethylated within two to three cell cycles.173

For histone acetylation, dynamic incorporation of 13C-labeled acetyl groups onto specific 

histone lysines was quantified, with three acetyl-CoA generating sources, 13C6-

glucose, 13C5-glutamine, and 13C2-acetate, showing that 13C6-glucose contributed the most 

to histone acetylation in human cells.174 In addition, 13C6-glucose was also found to be 

incorporated to newly synthesized alanine residues through its metabolite, pyruvate, 

resulting in labeling of newly synthesized histones in the same experiment. The turnover 

rates of histone H3 and H4 acetylation sites indicated that most half-lives were in about an 

hour, and acetylation rates are much slower in quiescent fibroblasts than those in 

proliferating cells.174 In another study, 13C6-glucose was used to measure the steady-state 

turnover rates of 19 histone acetylation sites with quantitative target mass spectrometry via 

SRM. Seven long-lived histone acetylation sites with stability over 30 h were successfully 

identified.175 These examples show that dynamic flux of histone variants and PTMs can be 

analyzed by quantitative proteomics and pulse-chased experiments.
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4.6. Mass Spectrometry versus Western Blot for Detecting Histone PTMs

Two complementary methods, Western blotting (WB) analysis and MS, have been widely 

used for detection and quantification of histone marks. In the past few decades, WB has 

been the gold standard for measuring relative changes of protein abundance. WB offers 

advantages of simplicity, low cost, and convenience. It does not require expensive 

instruments and can be carried out in any biology lab. When a good antibody is available 

and an adequate experiment procedure is used, WB can be highly sensitive and specific for 

analysis of histone marks. Both pan-(sequence-independent) and sequence-specific anti-

PTM antibodies have been used for analysis of histone marks.

Despite its wide applications, WB suffers from six shortcomings for analysis of histones and 

histone marks. (1) WB can detect only one histone mark at a time. In contrast, a histone 

protein can have dozens of simultaneously occurring modifications. (2) An antibody against 

a histone mark of interest can be interfered by other modification at its neighboring residues, 

or epitope occlusion. A good example is H3K9me3 and the neighboring S10 

phosphorylation, present in the two adjacent histone residues.176 In principle, the two amino 

acid residues can have four possible modification statuses: H3K9/H3S10, H3K9me3/H3S10, 

H3K9/H3S10ph, and H3K9me3/H3S10ph. An anti-H3K9me3 antibody may be blocked by 

phosphorylation at H3S10. Thus, three sequence-specific antibodies would be necessary to 

detect and quantify levels of the last three modification statuses. (3) Some histone marks 

have very subtle structure differences that require extreme antibody specificity. For 

example, a lysine residue can be modified by mono-, di-, and trimethylations. Many 

commercially available antibodies have cross-reactivity and cannot fully distinguish the 

three modifications at the same residues. (4) Many segments of the core histone proteins 

sequences are exceptional homologous. Thus, a sequence-specific antibody against one 

modification may have cross-reactivity to others. For example, histone H3K9S10 and 

K27S28 have similar sequence motifs (…ARKS…), and the lysine residues can be modified 

by mono-, di-, or trimethylation, whereas the Ser residue can be phosphorylated. A 

commercially available antibody for these histone marks has been found to possess cross-

reactivity toward each other.150f (5) It is most challenging to raise antibodies against a 

specific histone variant. For instance, histone H3 has five variants in human cells. Only five 

amino acid residues are different among H3 variants H3.1, H3.2, and H3.3. At the highly 

modified N-terminal tail, there is only a one amino acid residue difference between H3.1/2 

versus H3.3, A31 versus S31.170 (6) WB can only recognize known PTMs. Thus, the ability 

to discover novel PTMs, as is often performed with MS, is not possible with WB. These 

caveats also exist when using antibodies in other immuno-based methods, such as in ChIP 

experiments.138i,177

Given the possible nonspecific binding caused by either antibody or experimental errors, 

cautions need to be taken to ensure that an antihistone PTM recognizing antibody has high 

specificity toward its intended target. To this end, a panel of adequate control experiments is 

necessary, including but not limited to (1) dot-spot assay with histone peptides, with or 

without the modification of interest, and with structurally similar modifications, (2) WB 

analysis, with or without competition of an antigen peptide bearing the modification of 

interest, and (3) WB analysis of a recombinant histone protein that is known to have no 
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histone modification. For example, for a sequence-specific anti-H3K4me3 antibody, its 

corresponding H3K4me2, H3K4me1, and H3K4ac peptides should be used as negative 

controls in the dot-spot assay to ensure high specificity of the antibody. Likewise, for an 

anti-H4K5bu (butyrylation) antibody, its corresponding H4K5ac, H4K5pr (propionylation), 

H4K5cr (crotonylation), and H4K5hib (2-hydroxyisobutyrylation) peptides should be used 

to test its specificity. Given the high number of histone marks and their structure similarity, 

this control experiment is not only important for WB analysis but also especially for ChIP-

Seq experiments. Alternatively, immunoprecipitation of histone peptides using an anti-PTM 

antibody of interest followed by MS characterization of the peptides will be able to identify 

nonspecifically binding peptides.138i

All of these caveats, however, can be addressed by using MS-based approaches. MS can not 

only detect and quantify relative changes of histone PTMs, but also determine absolute 

concentration (or stoichiometry), when MRM assays and internal synthetic peptides are 

used. MS can effectively identify multiple histone PTMs simultaneously, regardless if they 

are present in adjacent sequence or on the same peptides. Accurate mass information enables 

one to distinguish among histone marks with similar structures and masses, for example, 

trimethylation (with mass shift of 42.0470 Da) versus acetylation (with mass shift of 

42.0106 Da). Moreover, MS can be used to discover unknown PTMs as described in section 

3.6a,b Given its quantitative nature and high specificity, MS has been suggested as an 

alternative method for WB. It has also even been recommended by the proteomic 

community that there is no need to perform both WB and MS, to deliver solid quantitative 

information for a protein or a protein modification.178

Nevertheless, an MS approach has its own problems. MS analysis is typically carried out in 

a professional proteomics laboratory, using expensive and sophisticated instruments. 

Operation of such equipment requires technical staff with high levels of training. MS cannot 

be easily used to distinguish between two protein modifications with the same mass shift, for 

example, structure isomers without creative methods. Last, good MS data interpretation 

requires a high level of experience, much more than WB readout.

Taken together, WB and MS-based techniques are complementary techniques and are of 

great value for analysis of histone marks.

4.7. Dynamic Analysis of Histone Variants Using Proteomics

Histone variants, especially those of H2A and H3 (Table 2), have different amino acid 

sequences and unique PTMs patterns, providing additional mechanisms to modulate 

chromatin structure.2a,179 Some PTMs on histone variants play critical roles. For example, 

phosphorylation on H2A.X serine 139 is a marker for double-strand DNA breaks and is 

important for the repair response process (reviewed in ref 180). Conventional approaches, 

such as antibody-based assays, are not convenient to analyze histone variants and their 

PTMs due to their high sequence homology.181 MS-based technologies offer advantages to 

identify and quantify histone variants, as well as the PTMs on specific variants, as long as 

there is a difference of one residue or one PTM among homologous proteins.182
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In general, the methods for analyzing histone proteins and PTMs can also be used to analyze 

histone variants and their PTMs.182 In addition, quantification of the histone variant of 

interest can be achieved by using one or a few variant-specific peptides generated from an 

enzymatic digestion. Using the SILAC technique, global turnover rates of a number of 

histones in Hela cells were determined, including canonical histones and H1.4, H2A.Z, H2B 

variants, and H3.3.184 The analysis revealed that H1.4 and certain H2A variants, including 

H2A.Z, had a faster turnover rate than the canonical histones, which is in accord with the 

observation that histones turn over faster at open chromatin regions.185

Although bottom-up MS is powerful to analyze histone variants and their PTMs, it suffers 

from a couple of shortages. First, some histone variants differ by as little as one amino acid 

(H3.1 versus H3.2), and they cannot be distinguished if the peptide harboring this amino 

acid change between the variants is not detected. Second, if a PTM is on a peptide with 

shared sequence between the variants, it is impossible to distinguish the PTM from each 

individual variant. These issues can be overcome by using top-down MS, as it can 

distinguish all variants at the intact protein level, without the need to identify individual 

peptides. Many examples of top-down MS are reported and have been reviewed recently.186 

For example, Boyne et al. combined SILAC and top-down MS to confirm that most 

canonical H2A isoforms are replication-dependent.187 In another study, the modifications on 

H3 variants were profiled using top-down MS.186b In asynchronous Hela cells, 5% of K4 

was monomethylated and about 50% of K9 was dimethylated in H3.1. In addition, K14 and 

K23 were identified as the major acetylation sites.186b Nevertheless, a complex PTM pattern 

in histone variants may complicate this type of analysis.

5. COMPREHENSIVE LIST OF HISTONE PTMs

The dynamic changes of histone marks are closely associated with cellular physiology and 

diseases, such as cancers, neurodevelopmental disorders, and cardiovascular disease.188 

Thus, mass spectrometry approaches described above have been extensively used to detect 

and quantify histone marks. Here, we attempt to provide an up-to-date comprehensive list of 

reported histone marks (Tables 3–11). The primary literature associated with these studies is 

also listed. Sequences of mouse histone H3.1, H4, H2A type 1, H2B type 1-K, and H1.2 are 

used as templates to number the modified residues.

Analysis of histone marks described below was typically carried out in a model system of 

interest. Given the fact that the stoichiometry of histone marks is very different among cell 

types and cellular environments and that the earlier studies were carried out in mass 

spectrometers with much lower sensitivity, it is highly likely that many histone marks 

bearing the known types of PTMs are missing. Recently, identification of tyrosine 

phosphorylation at H4Y72 offers such an example.189 In addition, for newly discovered 

lysine acylation marks, only one or a few cellular systems have been analyzed. Accordingly, 

additional histone sites bearing these types of modification should exist in other cells.
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6. IDENTIFYING “READERS” FOR HISTONE PTMs

6.1. Introduction

Several mechanisms have been proposed for histone marks to exert their functions, 

including altering the physical properties of nucleosomes by neutralization of charge via 

acetylation, resulting in increasing nucleosome mobility and modulation of the higher order 

chromatin structure.24b In addition, histone marks often act through the recruitment of 

downstream molecules, referred to as “readers” or “effectors”, which specifically recognize 

a particular modification in the context of the histone molecule or nucleosomes.1c,291 Here, 

a few terms for the relevant proteins are defined. We would like to define a protein “reader” 

of a histone marks as a protein that directly interacts and recognizes a specific histone mark 

in a particular sequence context; a protein “binder” as a protein that either directly or 

indirectly associates with a histone, in a modification-dependent or -independent manner; 

and a “effector” as a protein that binds specifically to a post-translational modified histone 

substrate, and this binding event recruits other activities contained within the same 

polypeptide or complex. Thus, “effectors” translate histone marks into biological output. A 

“reader” is a direct “binder” of a histone mark.

Association of the downstream “effectors” then leads to changes in accessibility of the DNA 

template to the transcriptional machinery, recruitment of enzymatic activities, for example, 

ATP-dependent chromatin remodeling complexes, or changes in the higher order structure 

of chromatin, which, in turn, dictate specific regulatory outcomes. Recent studies 

demonstrated that specific histone PTM-”reader” molecule interactions play a role in the 

regulation of such diverse cellular processes as transcription, gene silencing, X-chromosome 

inactivation, DNA damage repair, V(D)J recombination, and maintenance of gene 

expression programs during development.4e,291,292 In addition, recently PTM “reader” 

proteins have been used as a new class of proteins targeted for cancer therapeutics.4e,293

“Readers” often contain a structural domain that recognizes a histone PTM. The identified 

protein domains for histone marks include bromodomain for acetyllysine;9a chromodomain, 

Tudor domain, MBT-repeats, WD40-repeats, PHD finger, PWWP domain, ADD domain, 

zinc finger CW domain, BAH domain, and CHD domain for methyllysine;8,291b and BRCT 

domain and 14-3-3 domain for phosphorylated serine.294 Adding to the complexity of 

epigenetic regulation, lysine residues can be mono-, di-, or trimethylated at the ε-amine in 

vivo. Underscoring the precision of translating epigenetic signals, recognition of histone 

PTMs by “reader” molecules is not only site specific, but can also be methyl-state specific. 

For example, PHD fingers of ING2 and BPTF can distinguish between different methyl 

states with high preference for binding to the H3K4me3.8a,c

Regulation of gene expression is intrinsically combinatorial, and recognition of histone 

PTMs can be seen as an additional variable in a combinatorial code that remains poorly 

understood. Recent epigenomic-level and mass spectrometry analyses strongly imply the 

coexistence of certain modifications such as H3K4me3 and H3K9/14/18/23ac at active 

genes, or H3K4me3 and H3K27me3 at the so-called “bivalent domains” associated with 

developmental genes in embryonic stem cells.83b,295 Interestingly, histone “effector” 

complexes often contain multiple known or potential histone modification recognition 
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modules either within the same polypeptide or in different protein in the same complex.7 For 

example, the human genome encodes 22 distinct proteins containing both PHD finger and a 

bromodomain, often adjacent to each other. On the basis of structural and biological 

evidence, we have recently proposed that such a dual PHD-Bromo module may function as 

combinatorial recognition motifs to nucleosomes containing both H3 methyl and H4 acetyl 

modifications.8a,296 The extent to which multiple binding modules bind cooperatively to 

multiple covalent marks either on a single histone tail or on distinct histone tails remains an 

open question.

Identification of histone PTM “binders” is a challenge for several reasons. First, the binding 

constants measured for chromatin “effectors” are rather weak, in the mid to high micromolar 

range and roughly commensurate to those observed with phospho-dependent interacting 

partners in signal transduction cascades.297 Second, histone peptides are typically very basic 

and as a result can bind cellular proteins containing an acidic domain, which increases the 

level of nonspecific binding. Third, multiple proteins bind histone tails specifically, albeit 

independently of the modification of interest, which additionally complicates the 

downstream analysis. Finally, histone PTM associated proteins (or protein complexes) may 

synergistically associate with multiple modifications. Thus, design of histone peptides 

bearing more than one PTM and recovery of intact protein complexes may prove critical for 

identifying such proteins.

6.2. General Strategy for Identifying “Readers” for Histone Marks

In the past several years, MS in combination with affinity purification has served as a 

powerful approach to characterize the interactions between histone marks and their 

“readers”. In principle, a peptide, a protein, or a reconstituted nucleosome containing one or 

a few histone marks of interest can be used as bait to pull down its direct “binder” protein as 

well as its associated proteins in a protein complex. The pull-down experiment will easily 

lead to dozens of proteins that can be isolated specifically with the modified histone peptide 

of interest. Accordingly, additional biochemical experiment is necessary to pinpoint the 

direct “binders”.

The current proteomic method for identifying direct “binders” and their associated proteins 

for histone marks typically involves five steps (Figure 16): (1) design and synthesis of 

biotinylated histone tail peptides bearing one or more PTMs of interest; (2) isolation of 

proteins associated with histone peptides in different cell types via optimized affinity 

purification method, followed by in-solution or in-gel tryptic digestion; (3) identification of 

associated proteins by nano-HPLC/MS/MS; (4) quantification of the identified proteins 

across the histone peptides, modified versus unmodified, to pinpoint the proteins specific to 

a histone mark of interest; and (5) identification of direct interactors via probing histone 

peptide(s) with recombinant candidate “binders”.

Histone PTMs “readers” can recognize not only histone PTMs, but some of them can also 

recognize nonhistone PTMs. For example, the bromodomain of CBP is able to recognize 

acetylated nonhistone protein p53.298 The principles of “reader” identification for both 

histone and nonhistone PTMs are the same. Therefore, the general strategy for identifying 

“readers” can also be applied to identify “readers” of nonhistone PTMs.
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6.3. Identification of Binding Proteins Using Biotinylated Peptides Containing Histone 
PTM(s)

In this experiment, a biotinylated histone peptide is first chemically synthesized containing 

one or a few modified histone residues. When incubated with a protein extract, such as 

protein whole-cell lysate or nuclear extract, the peptide is used as a bait to isolate its 

“binder(s)”. As a control, its corresponding unmodified peptide is used in a parallel 

experiment. The differentially binding proteins between the two parallel experiments 

suggest “binder” protein candidates.

The early studies spotted the differential proteins by visualizing the isolated proteins in 

SDS-PAGE. The protein(s) specific to the modified histone peptide were detected and 

further identified by MS. Using this approach, in 2006, Wysocka, Allis, and their colleagues 

identified a PHD finger BPTE protein as a direct “binder” protein to H3K4me3 and 

demonstrated that it is associated with chromatin remodeling.8a This study also revealed that 

PHD finger is a highly specialized methyl-lysine-binding domain. The same approach was 

used for a comprehensive, unbiased screen for proteins associated with H3K4me2, 

H3K9me2, and H3K9ac.299 After pull-down and SDS-PAGE experiments, all of the 

proteins in each lane were identified and semiquantified by spectral counting method.108a 

The proteins specifically bound to modified histone H3 peptides then were distinguished. 

This study identified 86 proteins that directly or indirectly bind to the amino terminus of 

histone H3 containing one of the three histone marks. Many of them are known modification 

specific “binders”, providing a good positive control. In addition, proteins containing the 

well-known PHD finger, WD40 repeats, and bromodomain were also identified as “binder” 

candidates.

SILAC and MS were also used in combination with pull-down experiments with histone 

peptides to identify “binders” for histone marks. This approach is getting more popular 

because it gives quantitative results that distinguish specific “binders” from nonspecific 

ones. In this experiment, the modified and unmodified histone peptides are used as baits and 

are incubated with “heavy” and “light” SILAC labeled protein extracts, respectively, to 

carry out the pull-down experiment. This is called “forward experiment”. The isolated 

proteins from the two pull-down experiments are combined and subjected to protein 

identification and quantification by MS. In a parallel experiment, these bait peptides are 

incubated with inversely labeled nuclear extracts, which is called the “reverse experiment”. 

Specific binding proteins to the modified histone peptides of interest are enriched in pull-

down samples with modified peptides (versus its unmodified counterpart).300 All of the 

identified proteins and their logarithmized abundance ratios from the two independent 

experiments are plotted by their SILAC ratios in the forward (x axis) and reverse (y axis) 

experiments. Background proteins are close to the grid origin, while the specific “binders” 

are far from the grid origin, showing significant ratios between “heavy” and “light” forms 

(Figure 16, right). By using this approach, TFIID was identified as a “reader” for 

H3K4me3.301 In addition, an unbiased interaction screen was carried out for five major 

lysine trimethylation sites on histone H3 and H4, including H3K4me3, H3K9me3, 

H3K27me3, H3K36me3, and H4K20me3.300 The results indicated that a double Tudor-

Huang et al. Page 31

Chem Rev. Author manuscript; available in PMC 2015 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



domain in the C-terminus of Sgf29 binds to H3K4me3, and PWWP domain is a putative 

H3K36me3 binding motif.

Although the SILAC in combination with the pull-down experiment is powerful to identify 

“binders”, this approach is difficult to be applied to identify “binder” proteins from animal 

tissues and used for a comparison across multiple pull-down experiments. To address this 

limitation, a label-free approach was used for quantifying protein abundance, across histone 

peptides containing different modification types or modification sites. In this experiment, the 

modified and unmodified histonetail peptides are incubated with protein extracts, 

respectively. The isolated proteins are digested and subjected to HPLC/MS/MS analysis; all 

of the identified proteins are quantified by a label-free quantification algorithm.302 Each 

group of pull-down experiment (with a specific histone peptide, modified or unmodified) is 

usually carried out in multiple replicates (3–5 replicates) to improve the reproducibility. 

Typical statistic analysis will involve three steps to identify “histone mark”-specific binding 

proteins.302 First, the input proteins are identified that can be detected among all of the 

replicates in at least one experimental group (either unmodified or modified group). Other 

proteins that do not meet the criteria will be removed. A fraction of the input proteins may 

not be detected among all of the groups. They will be given empty intensity values in those 

groups that do not detect the proteins. All of these empty intensity values will be imputed 

with random numbers at noise level. Second, all intensities will be logarithmized, and a t-

test will be performed with a low FDR cutoff, for example, 0.01 or lower. The significantly 

enriched proteins among different groups can be distinguished. Finally, for each 

significantly enriched protein, its intensities in each replicate of all groups will be 

normalized by subtracting their average derived from all of the replicates. A heatmap of 

these normalized intensities can indicate enrichment of the proteins among different groups. 

Following this procedure, specific binding proteins to histone marks of interest can be 

identified on the basis of the quantified proteins across multiple pull-down experiments 

(Figure 16A). This approach was used to screen tissue-specific chromatin “binders” specific 

for H3K4me3 and H3K9me3.302

In addition to the histone peptide baits containing one histone mark, the peptides bearing 

more than one histone marks were also used for identifying protein “binders”. This type of 

experiments has a chance to identify direct “binders” that have low binding affinity when 

associated with one histone mark, but have greatly enhanced interaction in the context of 

multiple histone marks. Indeed, three such histone tail peptides were used as baits to identify 

their direct “binders”: a bis-acetylated H4K5ac/H4K12ac peptide, a triple-acetylated 

H4K8ac/H4K12ac/H4K16ac peptide, and a tetra-acetylated H4K5ac/H4K8ac/H4K12ac/

H4K16ac peptide.303 As compared to the specific “binders” of the mono- and bis-acetylated 

baits, more specific “binders” were isolated on the triple- and tetra-acetylated bait peptides. 

It seems that the synergistic action of multiple acetylation of H4 may contribute to the 

association of some “binders”.

6.4. Identification of Binding Proteins to Nucleosome-Associated Histone PTMs

The biotinylated peptide bait offers advantages of easy synthesis and low cost. Typical 

histone tail bait contains ~20 N-terminal amino acids, which cannot mimic the whole 
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histone tail. In addition, the linear peptide structure is very different from that of the whole 

histone proteins and that when the proteins are associated with nucleosomes. Accordingly, 

the pull-down experiment using histone peptides will be difficult to uncover those binding 

proteins, whose interaction with histone marks not only requires the histone mark(s) (either 

in the same histone protein or in different histone proteins), but also conformation of a 

nucleosome structure. To address this, the reconstituted nucleosomes containing DNA and 

recombinant histones, with or without histone marks of interest, are prepared and used as 

baits for pull-down experiment.304 These modified nucleosomes are closer to true 

microenvironment than modified peptides, which enable one to reveal the “crosstalk” of 

histone marks and nucleosome-dependent binding proteins.

To identify both nucleosome- and histone mark-dependent “binders”, the two types of 

nucleosome baits, with or without histone modification(s), are incubated with protein extract 

from SILAC-labeled cells. The isolated proteins are quantified to pinpoint the modification 

specific “binders”. Using this approach, it was revealed that DNA and histone methylation 

cooperatively recruit the origin recognition complex (ORC), while DNA methylation 

disrupts the binding of Fbxl11/KDM2A to histone methylation.304

6.5. Validation of Interaction between a Direct “Binder” Protein and a Histone Mark

Recovery of protein complexes will provide important insights into the nature of histone 

modification recognition. However, this approach will not address which of the identified 

proteins directly interacts with modified histone tails. Accordingly, additional biochemical 

experiments are necessary to identify direct interaction (binding) proteins, or direct 

“binders”, for the histone marks of interest, using either peptide or nucleosome containing 

histone mark(s) of interest. To this end, binding assay will be carried out using 

recombinantly expressed candidate proteins and modified peptides. Their unmodified 

peptides will be used as a control. Further, the direct “binder” protein candidates can be 

further validated by a conventional pull-down experiment, with protein lysate in cells that 

expresses the protein of interest, either in E. coli or in mammalian cells.

Once a direct “binder” is conclusively established for a histone mark of interest, several 

subsequent experiments can be pursued to characterize the interaction in more detail. First, 

recombinant deletion mutants of the direct “binder” protein are produced and used to test 

their interaction with the histone PTM peptide of interest. This study can be used to define a 

protein domain that is responsible for the interaction. Once a binding domain is defined 

biochemically, biophysical experiments can be used to confirm the interaction, including 

florescence polarization-based binding assay, surface plasmon resonance, and isothermal 

titration calorimetry-based binding assay.305 To understand the molecular recognition 

between a histone mark and its binding domain (or protein), NMR and X-ray spectroscopy is 

used to reveal key insights into the mechanism by which the histone mark is recognized at 

the molecular level. Subsequent mutagenesis experiment can be used to confirm the 

molecular interactions. Additionally, ChIP in combination with DNA sequencing, with 

antibodies against both histone mark and its direct “binder”, can be used to verify in vivo 

binding of histone binding protein for specific histone PTMs.305a,306
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7. GLOBAL ANALYSIS OF NONHISTONE PTMs

7.1. Introduction to Experimental Strategy

It is highly likely that a PTM-regulatory enzyme, for example, the acetyltransferase p300/

CBP, exerts its functions not only on histones but also on other proteins.307 Thus, we can 

potentially expect known histone PTMs to be present in nonhistone proteins. Information on 

PTM substrates and their PTM sites is required to study the role of PTM in the function of 

these substrate proteins, and to reveal insights into the possible regulation of cellular 

physiology by the particular PTM. Protein lysine acetylation shows a good example in this 

regard. Lysine acetylation was initially identified in histones in the 1960s.116 In 1997, 

identification of its first nonhistone substrate protein, p53, stimulated extensive studies of 

the roles of lysine acetylation in transcriptional regulation.308 Identification and functional 

characterization of diverse substrates in both cytosolic and mitochondrial proteins promoted 

a breakthrough in our understanding of this modification in cellular metabolism and 

signaling.129b

Traditionally, biochemical approaches, such as in vitro PTM reaction assays using 

radioactive isotope-labeled substrates and Western blotting analysis, were preeminent 

techniques for the detection of the protein substrates containing a PTM of interest.309 

However, the radioactive isotopes are involved in health and environmental risks, and the 

protection and radioactive waste disposal are complex. Some radioactive isotopes (e.g., 32P 

and 33P) with relatively short half-lives necessitate that the material be freshly labeled for 

optimal efficiency.310 In addition, 14C or 3H used for confirming protein methylation and 

acetylation has relative weak radio emitters, which makes it difficult to detect smaller 

quantities of proteins or the proteins only with a few PTMs.311 Thus, it is difficult to use 

these isotopes to efficiently detect their corresponding modified proteins. Antibodies against 

a PTM of interest, either sequence-independent or sequence-dependent, are very valuable as 

validating tools, but antibodies can be costly and do not allow for direct screening of PTM 

substrates with high efficiency.

For well over a decade, MS-based proteomic approaches have emerged as the method of 

choice for system-wide analysis of PTM substrates and mapping of PTM sites.311b Two 

basic conditions should be met for these methods to be applied efficiently. First, a suitable 

enrichment method is available to separate the modified peptides of interest from the 

complex proteolytic digest including unmodified and other PTM-containing peptides. Only 

in such a way can the modified peptides be efficiently analyzed by nano-HPLC/MS/MS 

methods. Second, the peptide containing a PTM of interest is permissive for some level of 

fragmentation in peptide bonds, so that the resulting daughter fragment ions can be used for 

protein sequence database searching for identifying peptides and mapping PTM sites. Some 

PTMs, such as O-GlcNAc modification and ADP ribosylation, have very fragile chemical 

bonds either at the modification chemical moiety or at the modification linkage bond. The 

major fragmentation channels in MS/MS analysis for the peptides containing these types of 

PTMs happen at the chemical bond that links sugar to the modified amino acid residues or 

ADP-ribose moiety, respectively. To overcome the issues, MS/MS/MS and ETD approaches 

were used to generate daughter ions with fragmentation at the peptide bonds.42c,312 
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Alternatively, a chemical derivatization method can be used to label the modification residue 

of interest and facilitate efficient fragmentation.42c,313 This approach, involving affinity 

enrichment of PTM peptides and HPLC/MS/MS analysis, has been extensively used for 

global detection and dynamic analysis of protein phosphorylation, lysine acetylation, lysine 

and arginine methylation, and protein ubiquitination.

The proteomic analysis of PTMs involves three steps (Figure 14): (1) the protein lysate of 

interest is prepared and digested with a proteolytic enzyme, typically trypsin; (2) the PTM 

peptides of interest are enriched from the proteolytic peptides using a suitable method; and 

(3) the isolated peptides are analyzed by nano-HPLC/MS/MS; and the resulting MS/MS data 

are searched against protein sequence database for identifying peptides and mapping PTM 

sites.

Four key factors are discussed here to improve sensitivity and accuracy for proteomics of 

PTMs: sample complexity, enrichment methods, sensitivity of HPLC/MS/MS system, and 

accuracy for identifying PTM peptides and mapping PTM sites.

7.2. Sample Complexity

There could be about 10 000 proteins in a protein lysate of interest that can have a difference 

of expression level up to 3–4 orders. Thus, a PTM proteomic experiment typically has bias 

toward the abundant proteins. In this type of experiment, a protein sample is first prepared 

and then digested with a proteolytic enzyme, such as trypsin. The resulting digest is 

subjected to enrichment of PTM peptides, followed by HPLC/MS/MS analysis for 

identification and quantification of PTM peptides. This strategy may suffer from high 

complexity of the peptide mixture, leading to compromised detection sensitivity.

To address this issue, a separation step can be included in the proteomic strategy to reduce 

the sample complexity. Three methods have been described in the past to separate proteins 

or proteolytic peptides before enrichment of PTM peptides, including: (1) The first is 

isolation of proteins from the cellular organelles of interest. Cytosolic and nuclear protein 

extracts have been widely made,314 especially in the field of transcriptional regulation, for 

purifying proteins of interest. For protein extracts in other organelles, the organelle of 

interest is first isolated, typically by a centrifugation method. With the increased interest in 

organelle biology, for example, mitochondrion and ER, focused analysis for a specific 

organelle can improve sensitivity to identify PTMs. (2) Next is separation of either proteins 

(before the proteolytic digestion) or peptides (after the proteolytic digestion) into multiple 

fractions before affinity enrichment. Because it is difficult to reconstitute denatured proteins 

(which tend to precipitate unless a high concentration of SDS is used), a nondenaturing 

detergent, such as NP-40, is used for preparing protein lysates that are further resolved in 

ionic exchange column. Because some proteins cannot be retained in either a cation or an 

anion ion exchange column, a mixed-bed ion change column can address this issue with 

improved resolution that contains both cation and anion ion exchange beads.129a,315 Each 

fraction can then be treated in a similar fashion as a protein lysate for the downstream 

experiments. (3) The final method is separation of proteolytic peptides using basic 

HPLC.123c,316 High-pH reverse-phase HPLC can dramatically change the charge 

distribution within the peptide chain. Therefore, it is semiorthogonal to subsequent low-pH 
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reverse-phase HPLC coupled to MS via electrospray ionization, which greatly enhances the 

chromatographic resolving power.

All three methods have been used for proteomic analysis of protein modifications.123c,129a,b 

The fractionation experiment can not only reduce the sample complexity, but can also 

improve the yield for enrichment of peptides, for example, in the case of antibody affinity 

purification. The experimental design can vary depending on the goals of the experiment. 

Isolation of cellular organelles is an obvious choice if the focus is on a specific cellular 

compartment. Nevertheless, given the higher complexity of cytosolic and nuclear proteins 

than other organelles, they are usually further resolved into multiple fractions during 

proteomic studies. Separation of the non-denatured proteins is more complicated than that of 

peptides. With the more robust and improved separation with basic pH buffer, HPLC-based 

peptide separation is getting more popular and has been shown to deliver high sensitive 

proteomic data.123c

7.3. Enrichment Methods

The modified peptides of interest are present in a pool of other peptides. Accordingly, they 

need to be enriched for efficient HPLC/MS/MS analysis. In the past two decades, a variety 

of methods have been developed to enrich PTM peptides, depending on the chemical 

properties of PTM moieties: antibody-based affinity purification, noncovalent interaction, 

and chemical derivatization.

7.3.1. Antibody-Based Affinity Enrichment—Antibodies are valuable reagents for 

detecting, quantifying, and enriching PTMs. Pan, or sequence-independent, antibodies can 

recognize the modification, but not its surrounding sequence. They can be used to evaluate 

overall changes of the modification in a protein of interest. To detect a specific PTM site, a 

sequence-specific antibody is used, which can recognize not only the PTM moiety but also 

its surrounding sequence. Generation of pan- and sequence-specific antibodies should be 

similar to those for protein antibodies.6b,317 However, methods for antigen design and 

antibody purification are different. In addition, the PTM antibody of interest should be 

carefully examined. A few strategies have been used for designing antigen for pan anti-PTM 

antibodies, including modified bovine serum albumin (BSA), ovalbumin (OVA) (e.g., 

acetylated BSA or OVA for generating antiacetyllysine antibodies), and randomized peptide 

libraries. The serum from immunized animal contains diverse antibodies and therefore 

should be subjected to immunoaffinity purification. The subset of antibodies against the 

PTM of interest in principle can be enriched by the antigen (e.g., acetylated lysine or 

acetylated BSA/OVA) and depleted by its unmodified counterpart (e.g., unmodified lysine 

or unmodified BSA/OVA). Likewise, the subset of antibody against a sequence-specific 

PTM can be enriched by the modified peptide and depleted by its unmodified counterpart. 

The resulting antibody should be carefully evaluated so that they will not cross react with 

other structure-similar PTMs. For example, when we made three structure-similar 

antibodies, anti-Ksucc, Kmal, and Kglu antibodies, we used dot-spot assay to examine the 

cross reactivity among several sets of peptide libraries containing a fixed unmodified lysine, 

malonylated lysine, succinylated lysine, glutarylated lysine, and acetylated lysine.128b 

Likewise, we did a similar characterization for anti-2-hydroxyisobutyryllysine antibody.6a
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When a pan antibody against a PTM of interest is available, immunoprecipitation is usually 

the first candidate method for enriching PTM peptides. Ideally, the pan (sequence-

independent) anti-PTM antibody has high specificity and affinity. The antibody can be 

linked to solid phase matrixes, such as agarose beads or magnetic beads, covalently or 

noncovalently (through protein-A or protein G conjugated beads). Both types of beads were 

used for immunoisolation of PTM peptides. This approach has been used for enriching 

peptides containing acetyllysine,129a–c,318 phosphotyrosine,319 malonyllysine,150a 

succinyllysine,123c,268,320 glutaryllysine,128b methyllysine,321 and glyglyllysine (for protein 

ubiquitination).107,273,322 In the case of ubiquitinated proteins, tryptic digestion leads to 

generation of glyglylysyl peptides, which can be subsequently isolated by using 

antiglyglylysine antibodies.323 Using antibody-based affinity enrichment and mass 

spectrometry, thousands of peptides containing these PTMs can be identified.

The quality of antibodies is critical for efficient isolation of PTM peptides. The pan anti-

PTM antibody is targeted to the PTM chemical moiety, which, in many cases, is small in 

terms of its chemical structure. Thus, it could be challenging to develop this type of 

antibodies with high affinity. Indeed, antibodies against antiacetyllysine and 

phosphotyrosine typically have much lower affinity than their sequence-specific anti-PTM 

antibodies that have much bigger binding pockets. Accordingly, affinity enrichment of PTM 

peptides with the pan anti-PTM antibody proves to be a challenging experiment.324 Caution 

needs to be taken to boost enrichment efficiency.

Both polyclonal and monoclonal anti-PTM antibodies have been used to isolate PTM 

peptides. The monoclonal antibody offers an advantage of high reproducibility among 

experiments. However, because only one sequence (or binding pocket) exists, monoclonal 

antibody typically has lower binding affinity and could be biased toward some unique 

peptide sequence, therefore compromising its recognition to the PTM peptides with diverse 

surrounding sequence. In contrast, polyclonal antibodies may be a mixture of several or even 

dozens of antibodies, each of which may have a unique primary sequence. They can likely 

recognize PTM peptides with much more broad surrounding sequences. Therefore, when the 

polyclonal antibodies are generated with high quality, they can enrich more PTM peptides 

that can be subsequently identified and quantified by MS. The most sensitive PTM 

proteomic studies from the authors’ laboratory are those with polyclonal anti-PTM 

antibodies, including those for lysine acetylation, succinylation, and 

malonylation.123c,129a,150a,268,320 For example, using antiacetyllysine polyclonal antibodies, 

about 5000 acetyllysine sites were identified, in MEF cells with or without expression of 

SIRT1, representing the most sensitivity proteomic analysis of lysine acetylation in a single 

experiment.129a

Nevertheless, polyclonal antibodies can potentially have other problems, for example, batch-

to-batch variation and limited supply from an animal (e.g., rabbit) that can produce high-

quality antibodies. Thus, in an ideal situation, a mixture of monoclonal and polyclonal 

antibodies should be used for the pull-down experiment, in which high reproducibility and 

enrichment of diverse PTM peptides can be achieved.

Huang et al. Page 37

Chem Rev. Author manuscript; available in PMC 2015 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7.3.2. Affinity Enrichment Based on Noncovalent Interaction—It may not be an 

easy task to generate antibodies against some PTMs because of limited structure changes 

from their corresponding unmodified residues, such as phosphoserine, phosphothreonine, 

and methyllysine residues. Because of this, alternative affinity enrichment strategies were 

developed. One example is based on a noncovalent interaction between PTM moieties and a 

suitable solid matrix.

Peptides containing phosphoserine and phosphothreonine can be enriched by immobilized 

metal affinity chromatography (IMAC), by taking advantages of specific coordinate bonding 

between the immobilized metal ions (e.g., Fe 3+, Ga3+, Zr4+, and Al3+) and a negatively 

charged phosphate group.325 In addition, metal oxide affinity chromatography (MOAC) has 

also been widely used for specifically enriching phosphopeptides with metal oxide 

materials, such as titanium dioxide (TiO2), zirconium dioxide (ZrO2), and gallium(III) oxide 

(Ga2O3)326. Currently, TiO2 represents the most common MOAC affinity medium, and 

various acids (e.g., 2,5-dihydroxybenzoic acid, glycolic acid, and lactic acid) were used to 

improve selectivity and capacity of TiO2 toward phosphorylated peptides by competing with 

the binding of acidic background peptides.327 Both IMAC and MOAC methods have been 

applied to efficient proteomic studies, leading to the identification and quantification of tens 

of thousands of phosphopeptides.157,328 Integration of either IMAC or MOAC with 

orthogonal fractionation techniques, such as basic HPLC separation,316,329 hydrophilic 

interaction chromatography (HILIC),330 electrostatic repulsion–hydrophilic interaction 

chromatography (ERLIC),331 strong cation exchange (SCX),332 and peptide isoelectric 

focusing (IEF),333 can further improve detection sensitivity of phosphoproteome analysis. 

Similarly, sequential elution from IMAC (SIMAC) strategy can sequentially separate mono- 

and poly phosphorylated peptides, thus reducing sample complexity and leading to better 

sensitivity.334 In addition, Ca2+ and Ba2+ were used to enrich phosphopeptides by calcium- 

or barium-phosphate precipitation.335 Mamone et al. further developed this concept. They 

used hydroxyapatite (HAP) chromatography to enrich phosphopeptides because 

multiphosphorylated peptides have higher affinity to the Ca2+-containing HAP surfaces.336

Another type of affinity enrichment is using immobilized domains that can specifically 

recognize certain PTMs. For example, triple malignant brain tumor domains of L3MBTL1 

(3xMBT) was used to enrich mono- and dimethylated lysine-containing peptides or proteins 

because it can specifically recognize such methylated lysine with minimal sequence 

specificity.321c Another example is tandem-repeated ubiquitin-binding entities (TUBEs). 

Single UBA domain can recognize lysine ubiquitination.337 TUBEs were designed to enrich 

poly ubiquitinated proteins by using four tandem ubiquitin-associated (UBA) domains, 

which have markedly higher affinity than single UBA domain.338 Lectins can bind 

specifically carbohydrate molecules. Therefore, lectin has been used to enrich glycopeptides 

or glycoproteins.339 Macro domain, a protein module that can specifically recognize ADP-

ribose, was used to enrich ADP-ribosylated proteins.340

7.3.3. Enrichment of PTM Peptides Based on Chemical Derivatization—
Chemical derivatization has also been used to introduce an affinity handle, for example, 

biotin, for subsequent affinity enrichment. Because of its small size and bio-orthogonal 

nature, azide has been used for metabolic labeling of PTMs, such as sugars (e.g., O-GlcNAc 
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modification) and lipid-modified (e.g., farnesylation, myristoylation, myristoylation, and 

succinylation) residues.341 The metabolically labeled PTM peptides can be easily 

conjugated to biotinylated molecules by Click chemistry,342 enabling subsequent 

enrichment-based biotin–streptavidin interaction.343 In the case of O-GlcNAc modification, 

a chemio-enzymatic method has been used to selectively conjugate O-GlcNAc moiety with 

a ketone containing galactose analogue, which enables a subsequent conjugation with an 

aminooxy biotin for affinity enrichment.344

Direct chemical derivatization, without metabolic labeling with an adizo precursor in 

cultured cells, has also been used for tagging a PTM of interest. Chemical derivatization was 

used to introduce an affinity tag for glycopeptides containing a complex carbohydrate, 

followed by a chemical reaction between the carbohydrate and hydrazide beads. The 

resulting beads-bound glycopeptides can then be released by enzymatic treatment with 

PNGase F.345 In addition, β-elimination followed by Michael addition (BEMAD) with 

dithiothreitol (DTT) or biotin pentylamine (BAP) can replace the serine- or threonine-linked 

O-GlcNAc with a DTT or biotin tag for subsequent enrichment.346 For a long period of 

time, poly ADP-ribosylation has been a challenge to analyze by mass spectrometry due to its 

labile nature. A method was recently developed to isolate Asp- and Glu-ADP-ribosylated 

peptides with boronate affinity enrichment, followed by treating the peptides with NH2OH, 

generating a molecular signature, hydroxamic acid derivative with an addition of 15.0109 

Da.42c,313 Accordingly, the derivatization reaction not only removes the fragile ADP-ribosyl 

group but also marks the residue of ADP-ribosylation.

Boronate affinity enrichment is also used to capture proteins or peptides with O-GlcNAc 

modification. Boronic acids can covalently react with the cis-diol moiety of O-GlcNAc and 

form five- or six-membered borate esters. After enrichment, O-GlcNAc proteins or peptides 

can be released in acidic solutions and subjected to HPLC/MS/MS analysis.347

Another class of chemical reaction-based enrichment approach is often applied to the 

analysis of cystine modifications, such as S-nitrosylation, S-glutathionylation, and disulfide 

formation. In some cases, free cysteine residues are first blocked, and then oxidized 

cysteines were selectively reduced, generating a possibility to introduce an affinity tag (e.g., 

biotin) by oxidation (e.g., disulfidation) or nucleophilic (e.g., alkylation with 2-

iodoacetamide derivatives) reactions.348 Thus, the tagged peptides, which contain the 

information on oxidized cysteine, can be identified.

It has been challenging to develop good antibodies against lysine monomethylation due to 

its small size and little difference from its unmodified residue. Recently, Wu et al. developed 

a chemical proteomic method to address this technical challenge. This method involves 

derivatization of the monomethyl ε-amine group of the lysine residue by adding a propionyl 

group. The propionyl monomethylated lysine is much bigger than monomethyllysine, 

allowing generation of a pan antipropionyl monomethyllysine antibody with binding 

affinity. Affinity enrichment of propionyl monomethyllysine followed by HPLC/MS/MS 

analysis identified 448 mono-methylation sites on 401 proteins with high accuracy, the 

largest monomethyllysine data set ever reported.321a
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7.4. Sensitivity of HPLC/MS/MS System

High sensitivity of HPLC/MS/MS analysis is another key factor for the overall sensitivity of 

PTM proteomics. Some PTM peptides may be isolated in very low amount from proteolytic 

digest, especially those from low-abundance substrate proteins. Accordingly, the 

HPLC/MS/MS system should be optimized to maximize its sensitivity.

In an ideal situation, HPLC should be tuned in such a way that the peptide peaks, either from 

early or from late eluted peptides, should have the highest possible concentration. The mass 

spectrometer’s sensitivity is largely dependent on the concentrations of its analytes. Several 

parameters are critical to obtain narrow peak width and elevate concentration of analytes 

from HPLC column: high performance packing material, narrow-ID and long HPLC 

column, small particle size, and appropriate core size. The most popular packing material for 

peptides separation is C12 or C18 porous particles. Some particles, for example, core–shell 

particles, are created by new technologies and have less band broadening. This reduction in 

band broadening results in chromatographic separations with better resolution, higher 

sensitivity, and improved peak capacities.349 The narrow HPLC column enables one to elute 

peptides in small solvent volume and thus high concentration. Typically, columns with 50–

100 um inner diameters, packaged with either C12 or C18 beads, are currently used for 

HPLC/MS/MS analysis. Usually smaller diameter particles are advantageous to both 

efficiency and resolution, but may yield higher high backpressure. The pore size is also 

important because the molecules must fit into the porous structure to interact with the 

stationary phase. Smaller pore size (80–120 Å) is the best choice for small molecules with 

molecular weights up to 2000 Da. In addition to the column, a low flow rate is also critical 

to achieve high ionization efficiency and MS sensitivity. Several nanoflow HPLC pumps are 

commercially available that deliver solvents as low as 50–200 nL per minute, which include 

EASY-nLC 1000 from Thermo Fisher Scientific Inc., NanoLC-1D Plus and 2D Plus 

Systems from Eksigent Technologies, LLC., and nanoACQUITY UPLC from Waters Corp. 

The new models of mass spectrometer, for example, Q-Exactive Plus Hybrid Quadrupole-

Orbitrap MS (Thermo Fisher Scientific Inc.) and TripleTOF 6600 (AB Sciex Pte. Ltd.), have 

acquisition speeds up to 18–100 Hz. A 30 min data acquisition time should enable 

generating, in principle, tens of thousands of MS/MS spectra. Almost any peptide with a 

peak width within several seconds should be detected. In a typical analysis, fewer than 5000 

PTM-containing peptides are isolated in a protein digest (or peptide fraction). Accordingly, 

a long gradient, for example, 2 h or longer, is likely to increase the peak width of a PTM 

peptide and therefore compromise detection sensitivity.

In addition to HPLC conditions, the mass spectrometer should also be optimized in such a 

way that maximized sensitivity can be achieved. To this end, standard calibration molecules 

from MS venders (e.g., caffeine, peptide Met-Arg-Phe-Ala, ultramark 1621, and n-

butylamine) are typically used to test the instrument system so that maximized sensitivity for 

both MS and MS/MS analysis will be achieved.

7.5. Accuracy for Identifying PTM Peptides and Mapping PTM Sites

Accuracy of PTM data sets from proteomic screening is critical to the research community. 

The PTM data sets are likely used not only by proteomic researchers but also by the 
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biomedical community. The misidentification of a PTM site may cause months of 

nonproductive efforts for a biologist who attempts to pursue its biological functions. Despite 

improved mass accuracy of mass spectrometers and tremendous efforts to improve 

algorithms for protein sequence alignment of MS/MS data, the false identification of PTM 

peptides and incorrect mapping of sites likely remains an issue for discovery efforts in the 

close future.

The gold standard for verifying identification of a PTM peptide is to compare the MS/MS 

spectra of the cell-derived peptides and its synthetic counterpart. We consider this as a very 

valuable approach when it is determined to take significant effort to investigate the 

biological functions of this modification event. This is important when the quality of a 

MS/MS spectrum is not ideal. Given the low cost of peptide synthesis, this experiment 

seems to be a logical step for a biologist, if the researcher is not sure about the quality of 

peptide identification. However, this process is slow and expensive, when applied into a 

large data set. Therefore, the proteomics researchers, who carry out the experiment and 

deposit the PTM data sets to the relevant database, should take the responsibility to ensure 

the accuracy of PTM data sets. To evaluate the quality of the PTM data sets, we would 

suggest that authors manually check the quality of the MS/MS spectra for a randomly 

selected set of peptides (e.g., 10–20 peptides). Such manual verification of peptide 

identification has previously been described,350 which should provide some guidance for the 

manual inspection experiments. It is realized that the fragmentation patterns are different 

among mass spectrometers and mass spectrometric methods (e.g., collision induced-

fragmentation methods vs high-energy collision fragmentation, or ion trap mass 

spectrometer vs quadrupole time-of-flight mass spectrometers). To address this problem, a 

training data set of MS/MS spectra derived from known proteins, for example, standard 

proteins, will be useful.

7.6. Quantitative Proteomics for Identifying Substrates of PTM-Regulatory Enzymes

The PTM enzymes, such as kinases and phosphatases, are frequently important knots of 

complex cellular signaling networks. The enzymes typically exert their functions through 

their PTM substrates. Accordingly, identification of substrates and their PTM sites for the 

PTM enzymes can not only reveal their functions, but also map complex cellular regulatory 

mechanism. Traditionally, PTM substrates were identified one at a time, by a candidate 

approach. For example, many PTM enzymes can interact with their own substrates. 

Accordingly, identification of enzymes’ interaction partners followed by an assay, either in 

vitro or in vivo, represents a practical approach for identifying PTM substrates. This 

approach has been used for detecting substrates for kinases, phosphatases, and ubiquitination 

enzymes. While useful, this classic approach is laborious.

Quantitative proteomics of PTM substrates makes it possible to identify PTM substrates 

with high efficiency. This approach typically involves three steps (Figure 15): (1) Cells of 

interest, with or without an expression of a PTM-regulatory enzyme, are grown with SILAC 

media for more than 6 doubling, respectively. Equal numbers of cells are combined; the 

resulting protein extracts are made and subjected to tryptic digestion. (2) Next is affinity 

enrichment of PTM peptides. This can be carried out with an adequate enrichment method 
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as described above. (3) The enriched PTM peptides are analyzed by HPLC/MS/MS followed 

by protein sequence database searching for identifying PTM peptides, mapping PTM sites, 

and quantifying their changes between two pools of samples. The detected PTM level is 

dependent on not only PTM stoichiometry but also protein expression level. Accordingly, 

protein expression levels are also quantified to normalize the changes of PTM levels, giving 

the PTM changes caused by dynamic change of stoichiometry instead of protein expression. 

The differentially changed PTM peptides are substrate candidates for a PTM enzyme.

For example, protein expression, lysine succinylation, and lysine acetylation were quantified 

in MEF cells, wide-type, and SIRT5 knockout cells, by SILAC and mass spectrometry.123c 

The changes of Ksucc and Kac were normalized by cognate changes of protein expression. 

This quantitative analysis showed that about 12% of Ksucc substrates have more than 4- fold 

increase in abundance in SIRT5 knockout cells, including 26 histone Ksucc sites and 108 

Ksucc substrates only identified in SIRT5 knockout cells, suggesting that SIRT5 is the master 

regulator of lysine succinylation. In contrast, only 0.015% of lysine acetylation substrates 

were found increased more than 4-fold in SIRT5 knockout cells, indicating that SIRT5, most 

likely, is not an enzyme for lysine acetylation, while it has been annotated as a deacetylation 

enzyme based on sequence alignment. Likewise, similar quantitative proteomic experiments 

have been used to identify Kac substrate candidates for SIRT1.320b,324

To study the dynamic response of phosphotyrosine-based signaling events under the 

stimulation of EGF, Blagoev et al. used SILAC and MS to identify 81 signaling proteins, 

whose tyrosine phosphorylation statuses were stimulated.351 A similar approach was used to 

comprehensively compare the tyrosine phosphorylation substrates and associated partners 

upon EGF and platelet derived growth factor (PDGF) stimulation, respectively.352 Using 

this strategy, more than 900 phosphorylation sites recognized by ataxia telangiectasia 

mutated (ATM) and ATM- and RAD3-related kinases were identified in response to DNA 

damage.353 Similarly, quantitative phospho-proteomics in combination with in vitro kinase 

assay identified growth factor receptor-bound protein 10 (Grb10) as an mTORC1 substrate, 

and this substrate negatively regulates insulin signaling.354 Quantitative proteomics has also 

been used to determine changes of protein ubiquitination to identify substrates for ubiquitin-

regulatory enzymes, such as cullin-RING ubiquitin ligases (CRL),270 and RING-HECT 

hybrid E3 ubiquitin ligase PARKIN.322b To find substrate sites associated with histones, the 

experiment is simpler. The experiment can be focused on core histones, which can be 

extracted by an acid-extraction method.121 Quantitative analysis of histone marks in cell 

lines, with or without an enzyme, can identify multiple histone marks that can be regulated 

by a PTM enzyme.

It is necessary to mention that proteins can also be nonenzymatically modified under a high 

concentration of corresponding CoAs and elevated pH conditions in mitochondria, including 

but not limited to acetylation and succinylation.131,355

This experimental strategy can be modified to fit into an experimental system of interest. For 

example, transient knockdown or overexpression of a PTM enzyme in combination with 

SILAC can also be used for quantifying PTM substrates. This approach likely avoids 

potential compensation caused by gene knockout. In addition, quantitative proteomics can 
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also be used for analysis of PTM changes in knockout animals. An in vitro-labeled or label-

free quantification method can be used to label proteins from mice, with or without a genetic 

knockout of a gene. The changes of PTM peptides in two types of mouse tissues can be 

quantified accordingly. As soon as a PTM substrate candidate is identified, it can be further 

confirmed by biochemical approaches that have been routinely used in the biology 

laboratories.

7.7. A List of Proteomic Studies of PTM Substrates

With the rapidly developed mass spectrometry technology and enrichment methods for PTM 

peptides, many PTM proteomic studies were carried out. Here, we attempt to summarize 

those publications that described the well-established methods for PTM proteomic studies 

(Table 12), and that used these methods for PTM proteomics (Table 13).

8. CONCLUSIONS AND OUTLOOK

Epigenetic changes are critical to diverse cellular processes and diseases. The epigenome 

and epigenetic mechanisms will not be fully described until we have a comprehensive 

inventory of epigenetic marks, their dynamics, and binding partners. In the past decades, 

MS-based proteomics becomes the method of choice to reveal these key biochemical events. 

The information generated from these studies would provide a stepping stone to investigate 

the roles of the histone marks in chromatin structure and function.

In the past two decades, MS has been the primary tool for detection of histone marks. 

Equipped with a more sensitive mass spectrometer, MS technology is nowadays able to 

detect those histone marks with stoichiometry of 0.01% or higher. Enrichment with an anti-

PTM antibody followed by MS analysis can further enhance overall detection sensitivity. 

Given the facts that MS analysis has been carried out in limited types of cellular systems in 

the past, and that new histone marks have been recently 

described,6a,b,122,123b,c,128b,189,266,267 analysis of core histones from different tissues under 

diverse physiopathological conditions likely discovers undescribed histone marks, either the 

known types or the new types of histone PTMs.

The MS-based quantification technologies, using labeling (in vitro or in vivo) or label-free 

approaches, enable quantifying dynamic changes of histone marks. Quantification of histone 

PTMs that are present only in one peptide is straightforward. Nevertheless, dynamic changes 

of histone marks in most epigenetic processes have not yet been characterized, which, we 

anticipate, will be carried out in the future.

While detection and quantification of histone marks is getting easier, crosstalks among 

histone marks, either in cis or in trans, have not yet been carefully examined.373 While in 

principle the top-down approach can be used to detect such a PTM crosstalk in histones, this 

approach has low detection sensitivity, when compared to bottom-up techniques. 

Accordingly, it is still difficult to analyze crosstalk among those PTMs with low 

stoichiometry. Hopefully, future instruments and methods can address this technological 

challenge. In addition, complication can arise, when the top-down approach is used to 

analyze a protein that has the same set of PTMs, but with different PTM localizations. As a 
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pretended example, a H3 protein bearing H3Kxme2/H3Kyac modification would be difficult 

to distinguish from that containing H3Kxac/H3Kyme2 modifications, where x and y 

represent residue numbers in the H3 protein sequence. The two isobaric molecules have the 

same parent masses, but with different modification sites. In principle, an antibody against a 

histone mark of interest can be used to pull down the histone isoform. Mapping of other 

PTMs in the isolated histone can generate other PTMs that coexist in the same histone 

molecule. Nevertheless, only limited studies have been carried out in the past.267

Many direct “binder” proteins as well as their binding domains have been identified in the 

past decade.4e,294e,373 Nevertheless, direct “binder” proteins for the majority of histone 

marks have not yet been identified or analyzed. Identification of direct “binder” proteins for 

combinatorial histone marks (e.g., two histone marks or more) remains to be a challenging 

task. The experiment is more difficult when the histone marks are present in trans (on two or 

more histone proteins). In principle, this can be carried out using reconstituted nucleosome 

with the recombinant histones bearing histone marks of interest. New protein chemistry 

technologies have been developed in the past decades for the synthesis of histone proteins 

bearing one or a few histone marks of interest, either through chemical synthesis or through 

recombinant gene expression.374 However, it takes a significant effort to make this type of 

unique histone proteins. In addition, given the fact that there are more than 300 hundred 

histone marks known,5 it is a huge amount of work to carry out proteomics studies to 

identify “binders” for nucleosome-dependent, combinatorial histone marks. Therefore, such 

experiments have not been carried out in the past.

In the past decades, diverse enrichment methods have been developed for PTM peptides, 

making efficient proteomics of PTMs possible. As long as the PTM peptides can be isolated, 

either by an antibody or by a chemical derivatization method, and are amenable to peptide-

bond fragmentation in MS, global analysis of PTM substrates is possible. This approach, in 

combination with a suitable quantification technique, enables quantifying dynamic changes 

of PTMs under diverse cellular environments. Importantly, quantitative analysis in cells, 

with or without expression of a PTM-regulatory enzyme, can define the key PTM substrate 

sites, not only in histones but also in nonhistone proteins.129a,270 It is highly likely that for 

most enzymes, it is the concerted action in both histone and nonhistone protein substrates 

that is responsible for the phenotype of a PTM regulatory enzyme. Identification of protein 

substrates for a PTM enzyme has been traditionally carried out one at a time, and is 

laborious. Only a small number of PTM substrates are known for most PTM-regulatory 

enzymes (e.g., those for phosphorylation, methylation, and ubiquitination). Thus, the MS-

based approach will have a key role in mapping cellular networks by defining substrates for 

PTM-regulatory enzymes.

In sum, tremendous progress has been made in the past decades in developing MS-based 

proteomic technologies and applying them to the analysis of histone marks, qualitatively and 

quantitatively. Many of these methods are currently being rapidly further refined. Efforts to 

apply the methods, either existing or optimized ones, to generate new types of information 

represent exciting opportunities to reveal novel epigenetic mechanisms, and to dissect 

complex cellular networks associated with normal physiology and disease.
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ABBREVIATIONS

Aha azidohomoalanine

AQUA absolute quantification

ATM ataxia telangiectasia mutated

AUC area under curve

BAP biotin pentylamine

BEMAD β-elimination followed by Michael addition

BSA bovine serum albumin

CapNMR capillary microcoil NMR

ChIP chromatin immunoprecipitation

CID collision-induced dissociation

CRL cullin-RING ubiquitin ligases

DDA data-dependent acquisition

DIA data-independent acquisition

DiLeu N,N-dimethyl leucine

DTT dithiothreitol

ECD electron capture dissociation

ERLIC electrostatic repulsion–hydrophilic interaction chromatography

ES cells embryonic stem cells

ESI electrospray ionization

ETD electron transfer dissociation

FDR false discovery rate

FT Fourier transform

Ga2O3 gallium(III) oxide

Grb10 growth factor receptor-bound protein 10

HAP hydroxyapatite

HCD higher-energy collision dissociation

HILIC hydrophilic interaction chromatography
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hmSILAC “heavy” methyl SILAC

HPLC high-performance liquid chromatography

iDiLeu isotopic N,N-dimethyl leucine

IEF isoelectric focusing

IMAC immobilized metal affinity chromatography

IPI International Protein Index

iPSCs induced pluripotent stem cells

ITRAQ isobaric tags for relative and absolute quantification

K2ohbu lysine 2-hydroxybutyrylation

K3ohbu lysine 3-hydroxybutyrylation

K4ohbu lysine 4-hydroxybutyrylation

Kac lysine acetylation

Kcr lysine crotonylation

Khib lysine 2-hydroxyisobutyrylation

Kme lysine methylation

KO knockout

Kpr lysine propionylation

Ksucc lysine succinylation

Kub lysine ubiquitination

LWAC lectin weak affinity chromatography

m/z mass-to-charge

MALDI matrix-assisted laser desorption/ionization

Δmass mass shift caused by a post-translational modification

mES cells mouse embryonic stem cells

MOAC metal oxide affinity chromatography

MRM multiple reaction monitoring

MS mass spectrometry

MS/MS mass spectrometry/mass spectrometry or tandem mass spectrometry

NPC neural precursor cells

ORC origin recognition complex

OVA ovalbumin

PDGF platelet derived growth factor
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PTM post-translational modification

SAHA suberoylanilide hydroxamic acid

SCX strong cation exchange

seq sequencing

SILAC stable isotope labeling by amino acids in cell culture

SIMAC sequential elution from IMAC

SRM selective reaction monitoring

SWATH sequential window acquisition of all theoretical spectra

TiO2 titanium dioxide

TMT tandem mass tag

TOF time-of-flight

TUBEs tandem-repeated ubiquitin-binding entities

UBA ubiquitin-associated

WB Western blotting

WT wild-type

ZrO2 zirconium dioxide
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Figure 1. 
Structures of histone post-translational modifications.
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Figure 2. 
MS/MS for peptide sequencing and PTM detection. (A) Nomenclature for fragment ions in 

mass spectra for peptides (modified from ref 45). Schematic showing a five residue peptide. 

The vertical lines show the bond cleavage, and the horizontal lines show the paired-product 

ions formed. Red, a and x ions; green, b and y ions; blue, c and z ions. (B) A MS/MS 

spectrum example obtained by HCD. The N-terminal of this peptide and the lysine residue is 

propionylated, adding 56.026 Da. The parent ion is charge +2 with m/z equals to 408.732. 

The detected b and y ions are highlighted and labeled. (C) MS/MS spectra showing the same 

peptide that is monomethylated on the lysine residue, which adds 14.016 Da.
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Figure 3. 
Schematic overview of the peptide fingerprint alignment.
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Figure 4. 
An example of a mass shift caused by lysine acetylation. Insets show the precursor ion 

masses. In addition to the parent ions, the daughter ions containing the acetyllysine have 

also a mass shift of 42.0106 Da caused by acetylation.
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Figure 5. 
Schematic showing SILAC followed by HPLC/MS/MS. Treatment and control cells are 

cultured in different media, containing “light” and “heavy” isotope-containing amino acids, 

respectively. Equal numbers of “light” and “heavy” cells are mixed for collecting proteins. 

The protein mixture is then digested by a protease of choice. The resulting peptide mixture 

can be subjected to HPLC/MS/MS analysis, with or without prior fractionation. The same 

peptide from the two cell populations can be identified and quantified by MS analysis.
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Figure 6. 
(A) Chemical structures of ITRAQ, TMT, and DiLeu reagents, showing design principles 

for these reagents. In multiplexing reagents, the reporter group carries different numbers 

of 13C and/or 15N atoms, resulting one dalton different in mass among different tags. The 

balance group is also labeled by different numbers of stable isotopes. Thus, the combined 

report and balance groups have the same total molecular weights. The amine reactive group 

reacts with amine groups on peptides’ N-termini and unmodified lysine residues, adding the 

isobaric tag onto the peptides. (B) Example of multiplex proteomic quantitation with 

ITRAQ, TMT, or DiLeu reagents.
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Figure 7. 
Bottom-up and top-down mass spectrometry methods. In the bottom-up method, proteins are 

digested by a protease such as trypsin, Arg-C, Glu-C, or Asp-N protease. The peptides are 

then subjected to HPLC/MS/MS analysis. The chromatogram shows the base-peaks of a 

bottom-up MS run. In the top-down approach, a purified protein is analyzed in MS that is 

either directly infused or separated in HPLC before MS analysis. ETD is usually chosen as 

the MS/MS fragmentation technique. The spectrum shows isotope distribution of a protein 

ion population of charge +8.
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Figure 8. 
Progressive steps for identification, verification, and systematic analysis of novel PTMs in 

histones.
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Figure 9. 
Verification of lysine 2-hydroxyisobutyrylation. (A) Extracted ion chromatograms (XICs) 

from HPLC/MS analysis of a mixture of four synthetic peptides (DAVTYTEHAK(±)-2ohbuR, 

DAVTYTEHAK(r)-3ohbuR, DAVTYTEHAK(s)-3ohibuR, and DAVTYTEHAK4ohbuR), 

without (top) or with (bottom) the in vivo peptide. The x axis represents retention time of 

HPLC/MS analysis, while the y axis represents the MS signal. (B) The MS/MS spectra of an 

in vivo peptide bearing a PTM (DAVTYTEHAK+86.0354R) (top), a synthetic lysine 2-

hydroxyisobutyrylated peptide corresponding to the sequence of the in vivo peptide 

(middle), and a mixture of the two peptides (bottom). The label Δ designates b or y ions with 
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water and/or ammonia loss. Insets show the precursor ion masses. The data are from the 

published literature.6a
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Figure 10. 
Chemical derivatization of lysine-containing peptides by propionic anhydride. R1 and R2 

represent amino acid side chains, and R3 represents other residues. After the derivatization, 

both the N-terminal amine group and the amine group on the unmodified lysine residue are 

modified with propionyl group. Propionic acids are the side products of this reaction.
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Figure 11. 
HPLC/MS/MS analysis of the [M+2H]2+ ions of histone H3 9–17 peptide KSTGGKAPR. 

Eight forms with various PTMs were detected and shown. The peptides are propionylated 

and digested by trypsin. The PTMs and m/z values of the peptides are indicated.

Huang et al. Page 80

Chem Rev. Author manuscript; available in PMC 2015 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Example of MS/MS achieved by ETD fragmentation for the H3 1–50 peptide with K23 

acetylated (ac) and K27 dimethylated (me2). The raw spectrum was deconvoluted and 

deisotoped by the Xtract program as described.145c,146 The relative abundance of the c4 ion 

(m/z = 474.313) was set to be 100%. Identified c and z ion peaks are annotated both on the 

peptide sequence and in the spectrum. The modified lysine residues and critical fragment 

ions, c23 and z24, are highlighted in red.
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Figure 13. 
Averaged PTM data from 24 human cell lines; data achieved from ref 142). (A) Histone 

H3K4 PTMs; (B) H3K9 PTMs; (C) H3K27 PTMs; (D) H4K20 PTMs. The numbers above 

each bar indicate the percentiles of the particular PTM over the total H3 signal (100%). 

Error bars represent standard deviation among 24 cell lines.
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Figure 14. 
Typical workflow of the proteomic analysis of PTMs.
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Figure 15. 
Schematic representation of experimental workflow for quantitative proteomics of PTMs.
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Figure 16. 
Schematic overview of the workflow for identifying histone-mark “binders”. A pair of 

biotinylated peptides are synthesized and used as baits to incubate with a protein lysate for 

pulling down experiment. Gray curves indicate immobilized histone tail peptide. Red 

triangle indicates histone mark. (Left) The proteins isolated with modified and unmodified 

peptides were resolved in SDS-PAGE; proteins specific to histone marks were visualized 

and then identified by MS. Alternatively, the enriched proteins from the two affinity 

enrichment experiments are digested and then analyzed by HPLC/MS/MS for identifying 

and quantifying proteins. The histone mark-specific binding proteins will be identified. 

(Right) SILAC-based quantitative proteomic approach for identifying and quantifying 

proteins that bind to a histone mark of interest.
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Table 1

Bottom-Up MS for Detection of Histone H3.1/2 and H4 Modifications

protein peptide position peptide sequence modifications

H3.1/2 3–8 TKQTAR K4me1, me2, and me3

9–17 KSTGGKAPR K9ac; me1, me2, and me3; S10ph; K14ac

18–26 KQLATKAAR K18ac, me1; K23ac, me1

27–40 KSAPATGGVKKPHR K27ac, me1, me2, and me3; K36me1, me2, and me3

54–63 YQKSTELLIR K56ac

73–83 EIAQDFKTDLR K79me1, me2, and me3

H4 4–17 GKGGKGLGKGGAKR K5ac; K8ac; K12ac; K16ac
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Table 2

Histone Variants and Their Functionsa

protein variant function distributionb

H2A H2A.1/2 canonical, genome packaging universal

H2A.Z transcription regulation universal

H2A.X DNA double-strand break repair universal

macroH2A X chromosome inactivation and others animals

H3 H3.1/2 canonical, genome packaging widespread

H3.3 replacement and transcriptional activation universal

CENP-A centromere identity universal

a
Modified from ref 183.

b
Universal means all eukaryotes have the corresponding histone variants, which typically are shown to have similar biological functions. 

Widespread means most higher eukaryotes have the corresponding histone variants, H3.1/2. The exceptions are some unicellular organisms, 
including S. cerevisiae and some algae species. They only have one version of noncentromeric H3. This single version is more similar to H3.3 than 
H3.1/2.
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Table 12

Methods Developed for Proteomic Analysis of PTMs by HPLC/MS/MS

PTM enrichment methods ref

phosphorylation IMAC 325a

TiO2 326a

immunoaffinity purification 319a

SCX 332a

HILIC 330a

ERLIC 331

phosphate precipitation 335

HAP 336

acetylation immunoaffinity purification 129b

off-line fractionation using basic HPLC, and immunoaffinity purification 324

methylation immunoaffinity purification 169a

MBT domain affinity enrichment 321c

derivatization and immunoaffinity purification 321a

ubiquitination immunoaffinity purification 323

off-line fractionation using basic HPLC, and immunoaffinity purification 322a

O-GlcNAcylation BEMAD 346

conjugation of glycoproteins to a solid support using hydrazide chemistry 345b

tagging-via-substrate, protein/peptide enrichment with biotin/click chemistry 341a, 344a

lectin weak affinity chromatography (LWAC) 339a

immunoaffinity purification 356

boronate affinity 357

ADP ribosylation macro domains affinity enrichment 340a

boronate affinity 313
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Table 13

A List of Presentative Proteomic Analysis of the Popular PTMs

PTM cell line/tissue/species ref

phosphorylation mouse liver; drosophila embryos 328

mouse brain 319b

Jurkat T cells 358

Saccharomyces cerevisiae 158

mouse liver 359

human leukemia cells 149

Saccharomyces cerevisiae 360

human tissues 361

luminal and basal type breast cancer cells 362

mouse synaptosome 363

acetylation SIRT1+/+ and SIRT1−/− MEF cells 129a

drosophila 364

mouse liver 318

mouse liver 365

human leukemia cells 149

Saccharomyces cerevisiae 366

E. coli 320b

human acute myeloid leukemia cells 129c

human liver 129d

E. coli 131

mouse liver 367

rat tissues 368

methylation HCT116 cells, MEF cells, mouse brain 259

HeLaS3 cells 264

HeLaS3 cells 321b

malonylation MCD cells; Sirt5 KO mouse liver 150a

succinylation SIRT5+/+ and SIRT5−/− MEF cells; mouse liver 123c

E. coli; S. cerevisiae; HeLa cells; mouse liver 268

formylation MCF7, HeLa, and A549 cells; mouse liver 269

ubiquitination HCT116 and 293T cells 270

Jurkat E6-1 cells 273

human leukemia cells 149

HCT116 cells, Hela cells 322b

O-GlcNAcylation rat forebrain 344a

HEK293 cells 369

mouse cerebrocortical brain tissue 370

NIH 3T3 cells 371

HeLa cells 372

mouse synaptosome 363
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