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The ancient Greeks attributed life to Mother Nature, complaining that she was fond of 

hiding the workings of her creations. Although we no longer attribute the mysteries of life to 

Mother Nature, multiple facets of living systems still evade us. The complexity of the human 

proteome and proteoform families are examples. Until recently we believed that each of the 

~20 000 protein-coding genes in humans produced a single protein,1 assuming this small 

number of proteins was sufficient to sustain life. Wrong! We were off by 1–2 orders of 

magnitude. The human proteome is more likely to be made up of a million protein species.
2–4 Then there is the question of how these proteins arise and what they do. Mass 

spectrometry (MS) has been enormously helpful in proteomics, but gas phase ions do not 

reveal in vivo biosynthesis and function. Isolating proteins will still be necessary to establish 

their 3D structure and function.

The discussion below is directed toward analytical and separation strategies involved in the 

discovery and identification of previously unidentified proteins, necessitating the focus on 

genes and histones found below. Monitoring changes in the structure and concentration of 

known proteins as part of cellular regulation and diagnostics is an equally important part of 

proteomics but not addressed in this review.

Genomic Component of Protein Synthesis

The question of how individual proteins arise and even the definition of a gene are still in 

flux. A gene is being defined herein as the “union of genomic sequences encoding a 
coherent set of potentially overlapping functional products5”, those gene sequences being 

exons in protein-coding genes. An exon from a single gene can supply sequence code for 

multiple proteins6 (Figure 1). Proteins in these genetically related families of structural 

isoforms are referred to in general as “proteoforms”.7

Our current understanding of the origin of proteoform families is that their synthesis starts 

with DNA transcription via the formation of pre- and primary-mRNA species (Figure 1). 

The process involves a combination of intron excisions,8 exon rearrangements9 and/or 

shuffling,10 exon fusion,11 RNA copy number regulation,12 and epigenetic imprinting,13 
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enabled by a series of enhancers14 and silencers.15 How these various components 

collaborate in proteoform synthesis varies between proteins, organelles, tissues, and 

organisms.

Post-transcriptional processing subsequently leads to the production of mature mRNA 

(Figure 1), the process being accompanied by variations in splicing,16 enzymatic editing,17 

and reading frame shifts.18 Five or more mRNA species on average can arise from a single 

protein-coding gene during the course of these processing steps, each of which produce 

different proteins. Alternative splicing of mRNA, single amino acid polymorphisms (SAPs), 

and post-translational modifications (PTMs)19 play an additional role in proteoform 

formation. Clearly the potential for variation and regulatory control within these processes is 

large.

The objective of the illustration in Figure 1 is not to provide a detailed mechanism by which 

protein isoforms are synthesized. Well known steps involved in mRNA translation and post-

translational modifications along with how cotranslational translocation20,21 occurences are 

omitted. The figure is meant to reveal the multiple routes by which proteoform complexity 

can arise at the DNA and mRNA levels along with more than 200 types of PTMs.22 Even 

higher levels of complexity arise from sequential modification of a PTM, as with 

glycoproteins.23 Serial addition of different monosaccharides along with glycan branching 

as glycoproteins pass through the Golgi can lead to the production of an additional 10–50 

glycoforms of a protein. PTMs collectively increase the complexity of proteoform families 

~10× beyond the 5× increase provided by transcriptional processing. At the extreme, a 

proteoform family can be composed of 50 or more members.24 This is the secret to how so 

many proteins are fabricated from such a small number of protein-coding genes. It reveals 

the magnitude of the separation problems that will be encountered in isolating these closely 

related species.

An important ramification of Figure 1 is that proteoforms derived from the same protein-

coding gene will have multiple structural features that are identical, although not necessarily 

at the same location in the 3D structure of all proteoform family members. It is important 

that structure and function are likely to be proteoform specific; an issue best examined with 

pure proteins. Validated analytical methods that qualitatively and quantitatively differentiate 

between proteoforms are also best established with pure proteins. Confirmation that an 

analytical method detects a single proteoform is critical.

Epigenetics and the Nucleosome

It appears from Figure 1 that the flow of information in living systems is exclusively one 

way, from genes to proteins. What this figure does not show is the additional process known 

as epigenetics in which a series of PTMs in histones contained within a nucleosome (Figure 

2) enable information flow back to the gene level. Significantly, the sites of PTM 

modification on histone tails are conserved but not necessarily the patterns of modification.
25 This enables a combinatorial set of PTM based modifications among histone proteoforms 

(Figure 2), probably numbering into thousands that direct the alteration of DNA bases in 

genes without altering their sequence. Features common to all nucleosomes are the 146 bp 
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of genomic DNA encircling the protein octamer complex formed by two copies of histones 

H2A, H2B, H3, and H4.26 Moreover, the sequence of these histones is highly conserved.25 

Histone H1 is not part of the nucleosome. Its function is to maintain the number of DNA 

bases enclosing histones at 146 bp and control the number of bases linking nucleosomes. 

This allows the close packing of nucleosomes into chromatin structures that are tightly 

linked to transcription regulation.27 Lysine acetylation is generally associated with 

decreasing nucleosome packing density, enhancing transcription.28

DNA modifications triggered by epigenetics are often heritable, at least for a few 

generations. Epigenetically driven alterations in protein-coding genes ultimately loop back 

to the protein level through adaptations in protein expression illustrated in Figure 1. 

Environmental stimuli cause a flow of information back to DNA through nucleosomes 

(Figure 2). The objective of epigenetic modifications in DNA bases is to enable different 

genes to be switched on and off as a means to restructure proteome composition and adjust 

particular cellular activities in response to environmental stimuli. This means that in addition 

to the evolution of long-term gene codes for directing protein synthesis, nature has made 

provisions for short-term environmentally driven adaptations in genes as well.

Epigenetics is easily demonstrated in mice and C. elegans. Periodic application of a physical 

stress to mice for short periods during pregnancy can result in (i) passage of a stimulus 

aversion to progeny, (ii) inheritance of the aversion for several successive generations, and 

(iii) no response to the stimulus in nonstressed controls.29 Similarly, with C. elegans30 

adaptations to a temperature stress were inherited for at least 14 generations.31 Inheritance in 

this case was associated with altered trimethylation of histone H3 lysine 9 (H3K9me3) 

(Figure 2). In contrast, epigenetic changes in the life span of C. elegans are associated with 

H3K4me332 (Figure 2). The fact that the H3K4me3 mark and H3K9me3 mark are 

associated with completely different changes in gene expression in the same organism attests 

to the subtleties involved in epigenomics. (Altered sites and structural types of epigentically 

driven modifications on histones and DNA are often referred to as a “mark”.) Cancer and 

other diseases are known to epigenetically enhance the prospects of their own survival via 

histone marks.33 It is also highly significant that cocaine34 and drugs35 have recently been 

found to alter the human epigenome. This suggest that drugs might be developed that can 

block disease progression epigenetically.

A major question is how large numbers of environmental stimuli can be coded at the histone 

level and transmitted to the genome. The “histone code” hypothesis36 suggests this is 

possible through combinatorial modifications in the tails of histones driven by nonhistone 

“reader”, “writer”, and “eraser” proteins.37 These proteins are involved in modifying each 

histone at 6–10 sites (Figure 2) in multiple ways.38 Lysine and arginine modifications each 

accommodate four types of marks; the native form along with mono-, di-, or trimethylation. 

Acetylation, propionylation, an malonylation, in addition to ubiquitination are other ways 

lysine can be modified. Histone marks are conveyed by serine (pS), threonine (pT), and 

tyrosine (pY) phosphorylation as well. Considering the aggregate of possible PTM 

combinations, this theoretically allows the production of a huge number of histone 

proteoforms.39
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A critical element of histone coding is the need for nonhistone reader proteins40 that bind to 

specific histone sequences as a component of initiating signaling.41 Bromodomain (BRD) 

reader proteins are an example. They bind to acetylated lysine residues on the H3 and H4 

histone tails as a means to direct signaling,42 often favoring lysine methylation, acetylated 

lysine,43 or a ubiquitin modification.44 Within lysine acetylated BRD readers, there are eight 

subfamilies representing 61 diverse BRDs from 46 different proteins.39 The fact that reader 

domains preferring the acetyllysine mark have been shown to be “druggable”45 suggests 

there is therapeutic potential in manipulating reader proteins.

Nonhistone “writer” and “eraser” enzymes are responsible for the highly dynamic addition 

and removal PTM marks.46 Acetyltransferases and histone methyltransferases are typical 

writers, attaching covalent marks at specific sites on histones. Histone deacetylases and 

histone demethylases are eraser enzymes.47

Collectively it is probable that millions of nucleosomes, each with a specific histone code 

are required to enclose the 3 billion base pairs in the human genome. Again, the number of 

PTM based proteoforms involved is likely to be enormous. How stimuli are transduced into 

histone codes and the actual coding mechanism are unknown.

GENERAL ANALYTICAL ISSUES

Clearly, proteomics is enabled by mass spectrometry, the critical element being that the mass 

of amino acids and proteins can be readily tied to nucleotide sequences by the genetic code 

and genomic databases. This led to the initial hypothesis it would be easier to determine the 

structure of proteins through DNA sequencing and gene sequence data than by sequencing 

proteins directly. It was reasoned that LC–MS/MS systems would provide a platform for the 

global analysis of proteomes based on linking the mass of parent ions and their fragments to 

a protein-coding gene in a database. A constant problem with this hypothesis from the 

beginning has been sample diversity. With samples of 105 to 106 components peaks from 

chromatographic and electrophoretic separations bear hundreds to thousands of proteins or 

peptides. Eluting fractions this complex into a mass spectrometer has a series of 

ramifications. Among the more serious are that (i) abundant species mask those of low 

abundance, (ii) ions in the first or second dimension of mass analysis can be of similar mass 

or isobaric, (iii) enrichment of low-abundance species is difficult, (iv) no structural 

information is being derived from chromatographic retention times or electrophoretic 

mobility, and (v) there is no correlation a priori between a protein or peptide in any 

particular chromatographic peak and the protein-coding gene from which it was derived. 

Second, it was not recognized at the inception of proteomics that protein-coding genes 

produce multiple proteoforms as noted above. The fact that multiple proteins in a mixture 

will be of very similar structure complicates the interpretation of mass spectral data, 

particularly in the case of bottom-up proteomics. Third, as seen Figure 1 there may be no 

direct relationship between protein-coding gene sequence and protein structure. Some 

proteoforms are not yet in genomic databases.48,49 This complicates (i) the identification of 

signature peptides unique to a single protein species and (ii) their use in multiple reaction 

monitoring (MRM)50 or SILAC based quantification.51
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FRACTIONATION OF STRUCTURALLY SIMILAR PROTEINS

The HUPO Human Proteome Project (HPP) was launched in September 2011, a major aim 

being to identify and characterize at least one protein from each of the ~20 000 predicted 

protein-coding genes in the human genome along with other family members when possible.
52 A challenge is how to find and know that the protein being identified is a single protein. 

As noted above, there is the issue that a protein-coding gene can produce 10–50 

proteoforms. A huge number of combinations are possible as was seen above with histones. 

Second, lower abundance proteoforms compound the problem. It is difficult to obtain 

enough protein for structure analyses.

The discussion below suggests strategies that deal with these issues. Step one would be to 

structure specifically select and enrich targeted proteins accompanied by the elimination of 

nonanalytes. Chromatographic separations would target specific structures and greater than 

99% of irrelevant protein mass would be eliminated from samples in most cases. Part two 

would be to extract a single proteoform from the remaining sample based on some 

combination of chromatography and mass spectrometry.

Proteomics is in the early stages of using exon coded structural features to enrich and purify 

proteoform families. Use of solid phase media with immobilized antibodies, affimers, or 

natural binding proteins would be the most obvious selector medium. Moreover, there would 

be a high level of certainty that most of the polypeptides selected are of some degree of 

interest. This would be more efficient than searching through millions of mass spectra from 

hundreds of IEC, RPC, HILIC, HIC, or IMAC column fractions. The discussion below 

focuses on these strategies.

Polyclonal Antibody Selectors

Obviously structure specific selection of a proteoform family depends on having an affinity 

sorbent capable of selectively binding proteins on the basis of amino acid sequence and 

conformation. Antibodies do this well; but they have been developed to select single 

analytes, not families of proteins. Antibody cross-reactivity is generally considered to be 

undesirable. In contrast, cross-reactivity would be desirable in proteoform selection. The 

discussion below examines antibody production in terms of proteoform cross-reactivity.

Mammalian B cells produce 108 cells daily with large numbers of randomly specific surface 

receptors to which foreign proteins bind.53 Binding accelerates B cell production along with 

triggering a large increase in coding sequence mutations responsible for producing antigen-

binding antibodies.54 Through iterations of antigen binding, B cell mutations, and antibody 

synthesis, the association constant for a protein target increases, eventually reaching or 

exceeding 106 M−1 within a few weeks.

Immunogens frequently bear multiple antigenic determinants on their surface,55 each of 

which leads to a different B cell clone and production of an antibody specific for the epitope 

matching the antigenic determinant. The resulting mixture of polyclonal antibodies is ideal 

for proteoform selection. However, immunization has some variability. Different animals, 

even of the same species and gender do not respond exactly the same way to an immunogen. 
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This means that polyclonal antibodies from different suppliers against the same substance 

can vary in epitope binding affinity and ratio of antibodies against specific epitopes. 

Antibodies from the same source must be used to achieve comparable results within and 

between laboratories.

As seen in Figure 3, one or all the proteoforms in a family bear exon derived antigenic 

determinants that trigger antibody production. When a single proteoform is used as the 

immunogen, antibody selectivity of two specific types will be produced. One group will 

recognize epitopes unique to that single proteoform alone. The second will select family 

members bearing the same antigenic determinants. Epitopes from different proteins that 

react with the same antibody are often referred to as “cross-reacting epitopes” (CREs). 

Proteoform family members are likely to have CREs, but they may not be identical in 

structure and sequence. Their association constant only has to be sufficiently large to cause 

Ab binding. The attractive feature of polyclonal antibodies is the high probably that a whole 

proteoform family is likely to be recognized based on the presence of CREs, irrespective of 

the proteoform used as the immunogen.

An important feature of immunogens is that their antigenic determinants and thus epitopes 

ultimately targeted can be linear sequences of a few amino acids or discontinuous sections of 

amino acid sequence that are conformationally juxtapositioned. The presence of 

conformational (discontinuous) epitopes allows antibodies to sense protein conformation. 

Even so, regions of identical sequence in proteoforms will not necessarily present the same 

antigenic determinants. This would be true when adjacent regions in proteoforms cause 

conformational differences (Figure 3).

A PTM, the sequence around the PTM, and the impact of that PTM on conformation play a 

role in forming antigenic determinants56 (Figure 3). It is easily seen how one of the 

antibodies in a pAb mixture could be sensitive to the conformation of a PTM bearing 

epitope in a single proteoform while others bind to CREs common to the whole family. 

Polyclonal antibodies that target PTMs are likely to be of more limited value in the selection 

of proteoform families for this reason. Monoclonal antibodies that target PTMs will in 

contrast be very useful as has been found with antihistone H3 (dimethyl-K4),57 antihistone 

H3 (phospho-S10),58 and antihistone H3 (acetyl-K4)58 antibodies.

A concern is whether proteoforms can be missed with the antibody selection strategy 

described above. Theoretically there are several scenarios in which this could happen. One 

would be the case in which sites of structural complimentarity are nonimmunogenic.59,60 

There would be no antibodies to target these regions of complimentarity. A second would be 

the case in which amino acid substitutions, splice variations, or PTMs have changed the 

association constants of epitopes in a specific proteoform to the point there is no binding. 

This could easily occur where modifications cause large changes in conformation.

Still another issue is the structure of antigen(s) during immunization versus analysis. Partial 

denaturation during immunization is common. This destroys some conformational epitopes 

while exposing or creating new epitopes.61 When this occurs, native proteoforms will 

present a different set of epitopes than were present during immunization. This means some 
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epitopes common to a proteoform family can be missed if they were absent during 

immunization.

Finally there is the issue of antibody selectivity and reproducibility. It will be seen 

throughout this review that polyclonal and monoclonal antibodies vary substantially between 

suppliers. Some will provide wider proteoform family selection than others. Widespread use 

of immunological assays in clinical diagnostics means the problem can be managed in high 

volume, routine analyses. Whether that is true at the research level remains to be determined.

Monoclonal Antibodies

Production of a monoclonal antibody (mAb) is achieved in a different way,62 but the 

selectivity rules are the same. As the name implies, mAbs are derived from a single clone 

and are directed against a single epitope. Whether that epitope is common to the family, 

present in a group within the family, or unique to a single proteoform determines how the 

mAb can be used. There must be a method to determine which members of the family are 

being selected in mAb production.

Signature Peptide Capture

The terms signature and surrogate peptide have been used interchangeably,63 designating 

peptides unique to a single proteoform. The degree to which signature peptides reported in 

the proteomics literature belong to multiple proteins in a proteoform family is not clear. As 

noted above, it is the practice in bottom-up proteomics to identify proteins based on peptides 

derived from trypsin digestion of samples. Subsequent to trypsin digestion, peptides from all 

proteoforms will be mixed. On the basis of the fact that not all proteoforms are in a database,
48,49 it cannot be assumed that a peptide derived from a tryptic digest is unique to a single 

protein without independent confirmation based on something other than databases.

A trypsin digest of a complex sample can contain millions of peptides. Antibody selection of 

a peptide common to a proteoform family or a single proteoform would be an obvious asset. 

This has been accomplished in two ways. One is via antibody capture of a parent protein and 

identification of its peptides by LC–MS following trypsin digestion.64 Depending on the 

selectivity of the antibody, the peptides in the digest may have come from multiple 

proteoforms or a single proteoform. An advantage of this approach is that the antibody has 

specifically selected proteoform(s) having common epitopes. This eliminates the concern 

that what is being treated as a signature peptide of a proteoform family might also be present 

in other proteins not in the family. The rare case in which this would not be true is when a 

nonspecifically bound protein bears some of the same peptides. A second advantage is that a 

single antibody is required. The disadvantage is that the proteoform selectivity of the 

antibody should be validated.

The second strategy is to antibody select signature peptides from a trypsin digest directly. 

The SISCAPA approach65 to quantification is the most well-known of these methods. Three 

signature peptides from the same protein are generally used to ensure accuracy in 

quantification. Heavy isotope labeled signature peptides from the targeted protein are added 

to a sample as internal standards after which the sample is trypsin digested and the signature 

peptides purified by immunosorbent selection on magnetic particles using a series of 
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washes.65 Signature peptides thus purified are then desorbed from the immunosorbent, 

identified, and quantified by RPC-MS/MS. The rationale in using three signature peptides is 

to (i) identify and/or circumvent problems arising from under-digestion at specific sites and 

(ii) diminish the possibility of interfering isobaric fragments from other peptides interfering 

with quantification. The great advantage of this approach is that it is self-validating. The 

isotope ratio of all signature/standard peptides should theoretically be the same. When true 

there is a high probability that all three peptides came from the same proteoform. If there is 

a low-abundance proteoform bearing the same “signature” peptide, it will not be seen. 

Differences in signature peptide ratios can also result from incomplete proteolysis. 

Disadvantages of SISCAPA are that (i) incomplete trypsin digestion or formation of 

miscleavage fragments is relatively common, (ii) three antibodies are required per target 

protein, and (iii) some signature peptides might be of limited immunogenicity.

Validation of proteoform specificity in bottom-up methods requires either (i) purification to 

homogeneity prior to proteolysis or (ii) that top-down sequencing methods have been used to 

eliminate the possibility of coexisting isobaric proteoforms.

Peptidomics

There are hundreds of hormones, cytokines, toxins, neuropeptides, and in vivo protein 

degradation fragments of less than 10 kDa. Polypeptides of this size are generally 

categorized as being part of the peptidome. As with proteins, they bear structure specific 

signatures that assist in MS based sequencing. The fact that polypeptides this small breach 

the blood–brain barrier, tumors, the vascular system, and interstitial space make them of 

interest as both therapeutic agents and biomarkers.66 Their size and abundance enable a 

series of purification methods that differentiate them from proteins. Among the methods 

most widely used are (i) size fraction methods, (ii) organic solvent extraction,67 and (iii) 

immunoaffinity based abundant protein removal.68 These methods exploit the removal of 

abundant nonanalytes as a prelude to finding and identifying lower abundance peptides of 

unknown structure and properties.

Affinity based purification methods used in peptidomics are of two types. One uses 

monoclonal69 or polyclonal antibodies70 in a manner similar to that in SISCAPA,65 targeting 

polypeptides of known structure. Phage display selectors can be used in this approach as 

well, an advantage being that they are easier to produce than monoclonal antibodies.71 

Subsequent to trypsin digestion of the peptidome and fractionation, peptides are identified 

by LC–MS/MS.

Affinity purification of unknown in vivo peptides must take a different route. They are not 

available for use as immunogens. Instead, they can be targeted indirectly as with tumors that 

produce protein antigens which are degraded to peptides in vivo.72 These peptide fragments 

associate with soluble class I human leukocyte antigen (HLA), appearing on the surface of 

nucleated cells. Antigen derived peptide fragments in these complexes are then presented in 
vivo to T cells in the immune system. Melanoma cells, for example, present HLA bound 

peptides from tumor rejection antigens that appear in patient plasma. The HLA class I pan-

reactive antibody W6/32S has been used to select and purify HLA:peptide complexes in 
vitro as a group.73 Following low pH dissociation of captured HLA:peptide complexes, 972 
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peptides were identified from 5 mL of serum, including peptides from known tumor-

associated antigens. At present, 27 862 unique HLA bound peptides from five human cancer 

cell lines have been identified in this way, most of which are 8–11 amino acids in length. 

Clearly this HLA capture approach could be used in many other cases seeking to recognize 

disease specific antigens.

PTM Targeting

Affinity methods have been used in the isolation of a variety of proteins and peptides 

carrying PTMs, phosphorylation, acetylation, methylation, and ubiquitination being most 

frequently targeted. The degree to which anti-PTM antibodies are pan-specific is variable 

and antibody specific. Use of PTM targeting antibodies to select all proteins that carry a 

particular PTM is referred to herein as the PTM-1 selection mode. This method has been 

used with immobilized ant-Lewis × Ab to select glycoproteins bearing conjugated Lewis × 

antigens in cancer patients.74,75 One third of the proteins identified via the bottom-up 

method were elevated in cancer patients. Histones76 and proteins vulnerable to oxidative 

stress77 have been identified in similar fashion by targeting other forms of PTM. Although a 

number of PTM modification sites can be identified with bottom-up proteomics, it is 

difficult to identify the proteoforms involved. Top-down identification helps,78 but locating 

PTM modification sites in the primary structure of a protein requires gas phase sequencing.

With the PTM-1 mode of analysis the proteoform family is selected first followed by 

identification of member(s) bearing PTMs as with hemoglobin A1c.79 Following capture 

with hemoglobin specific immunosorbent, the glycan portion is identified in either of two 

ways. One is by addition of a second primary antibody specific for the glycated terminus. 

Detection is achieved by ELISA or an electrochemical method.80 The second means of 

glyan detection is via the glycan associated mass shift in top-down MALDI-MS spectra.81

FTICR MS/MS takes top-down proteomics to a higher level. Using a 21 T LC–FTICR 

instrument to examine intact proteins derived from human colorectal cancer cell lysate it has 

been possible to identify a combined total of 684 unique proteins from 3238 proteoforms at 

a 1% false discovery rate, including 372 over 30 kDa in size.82

The PTM-2 approach is to select PTM bearing peptides from proteolytic digests. Separation 

of peptide fragments can be achieved directly or following an affinity chromatographic 

purification using an immunosorbent,83 immobilized lectin,84 a natural binding protein,85,86 

or by IMAC.87 A heterozygous lysine-to-methionine point mutation (H3K27M) in histone 

H3 occurs in more than 80% of pediatric tumors in diffuse intrinsic pontine glioma patients.
88 The epigenome of H3K27 M mutant cells was profiled after histone isolation and trypsin 

digestion, showing increased H3K27 acetylation (H3K27ac). The majority of the heterotypic 

H3K27M-K27ac nucleosomes colocalize with bromodomain proteins at the loci of actively 

transcribed genes. This is in effect a PTM-2 analysis with a nonantibody affinity selector. It 

was demonstrated that blocking the recruitment of bromodomain proteins by heterotypic 

H3K27M-K27ac nucleosomes inhibited tumor progression.
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Phosphorylation

The most widely studied forms of protein phosphorylation are on serine (pS), threonine 

(pT), and tyrosine (pY). Less abundant, more labile forms of phosphorylation occur as 

phosphoramidates of histidine, arginine, and lysine along with the phosphorothioate of 

cysteine.89 Although phosophorylation at a single site is common, hundreds of proteins are 

phosphorylated at 2–6 sites.90,91 Multiple site phosphorylation is especially important in 

signaling proteins,92 transcription factors,93 and transcriptional coactivators.94 As noted 

above, phosphorylation at (n) sites could theoretically produce n2 proteoforms. The degree 

to which this is seen in vivo remains to be determined. Through the presence of opposing 

kinases and phosphatases phosphorylation is highly dynamic.95 This is an important issue in 

sampling. These enzymes can continue to alter the proteome after sample collection.96 

Enzyme activity must be arrested immediately.

Multiple solid phase capture schemes are being used in the isolation of phosphopeptides for 

MS analysis.97 Among the antibody based methods, most are being used to purify pY 

bearing phosphoryled peptides.98–100 Phosphopeptide specific selection based on structural 

features surrounding the tyrosine phosphate residue is possible101,102 but not common. The 

ideal pY specific antibody (anti-pY Ab) would be sequence neutral, allowing universal 

selection of pY peptides without sequence bias. Recent studies have found that unfortunately 

the anti-pY antibodies 4G10, pY20, and p-TYR-100 in common use are not totally sequence 

neutral.103,104 Using peptide microarray technology to examine the specificity of these anti-

pY antibodies, it has been demonstrated that they show amino acid biases within 1–3 amino 

acid residues of pY. Moreover, these antibodies vary from each other. The 4G10 and p-

TYR-100 antibodies showed the least bias. Using these two antibodies together in an 

antibody cocktail would perhaps provide a solution to this specificity problem. The 

significance of these studies is that they show how affinity selector specificity can impact 

relative and absolute quantification accuracy within and between laboratories.

Purification of pS and pT peptides is most frequently achieved by IMAC105 prior to MS 

analysis. Although phosphorylated peptides106 and proteins107 bind to Fe3+, Al3+, Ga3+, and 

Zn2+, Ga3+-IMAC has the highest selectivity in minimizing the isolation of 

nonphosphorylated, acidic peptides. Phosphate versus carboxyl discrimination was enhanced 

even more with Fe(III)-nitrilotriacetic acid (NTA) IMAC resin by using acetonitrile in the 

mobile phase.108 With this method 512 phosphorylation sites were identified in 162 

cytosolic phosphoproteins. A total of 97% of these phosphorylation sites were located 

outside of structural domains, mostly in regions of intrinsic sequence disorder. These regions 

were at least 40 amino acids in length.

Phosphorylated protein109 and more commonly phosphorylated peptide110 enrichment and 

purification has also been achieved with aluminum hydroxide (Al(OH)3), titanium dioxide 

(TiO2), and zirconium dioxide (ZrO2) in the nanofiber mode.111 Metal oxide/hydroxide 

affinity chromatographic (MOAC) enrichment of both proteins and peptides has been 

described.112

Although not an affinity selection method, nearly pure phosphopeptides can be obtained by 

multidimensional IEC followed by RPC.113 A highly enriched mixture of 4 045 MS 
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identified phosphopeptides was obtained by batch selection with a strong cation exchange 

(SCX) chromatography sorbent. When further split into 14 fractions with weak cation 

exchange (WCX) chromatography and analyzed by RPC-MS, a total of 7 251 unique 

phosphopeptides were identified. Still higher resolution was achieved by increasing the RPC 

gradient time, leading to the detection of over 11 000 unique phosphopeptides.

Lysine Methylation

Lysine methylation plays a major role in locus-specific modulation of protein histones114 

and in multiple, nonhistone signaling networks.115 Methylation of proteins occurs through 

the addition of one to three methyl groups on a specific lysine residue (Figure 4A). In 

histones, lysine methyltransferases along with demethylases modulate the activity of 

transcription factors and transcription coregulators. The degree of methylation matches the 

methyl-specific reader domain of a protein partner to which the transferase binds.116 H3 

lysine-4 methyltransferase Set9 monomethylates lysine-630 on a Drosophila androgen 

receptor (AR) is an example.117 The association between endogenous AR and Set9 is 

sufficiently strong that they can be coimmunoprecipitated. The lysine methylation 

mechanism is variable, occurring with a single enzyme on some regulatory proteins and 

multiple enzymes on others.118 The same is true with demethylases. Deciphering lysine 

methylation mechanisms will require new analytical methods that are faster and more 

precise.

Purification of proteins and peptides bearing methylated lysine residues has been achieved in 

multiple ways. One is by immunosorbent selection. Lysine 51 in the RNA-binding region of 

Tat is a substrate for the lysine methyltransferases KMT1E (SETDB1) and KMT7 (Set7/9).
119 A cocktail of pAbs for the selection of mono-, di-, and trimethylated lysine 51 in the 

HIV transactivator (Tat) was used to affinity select a pAb subclass of narrower selectivity 

through monomethyllysine affinity chromatography. If the selectivity of these two antibody 

mixtures was sufficiently different, it was possible to establish that cellular Tat is 

predominantly monomethylated at lysine 51.

Synthesis and use of a solid phase supramolecular p-sulfonocalix(4)arene affinity selector is 

another approach to methylated lysine selection119 (Figure 4C). When used in an affinity 

chromatography format, this anionic matrix is capable of forming host–guest complexes 

with methylated lysine peptides. Selectivity of the p-sulfonocalix(4)arene for methyllysine 

residues in peptides is reported to be superior to that of a cation-exchange chromatography 

resin. Attaching this supramolecular affinity selector to agarose120 (Figure 4C) allowed the 

enrichment of peptides bearing methylated lysine residues from a trypsin digested nuclear 

extract prior to a bottom-up LC–MS/MS analysis. The advantages of this method are the 

enhanced selectivity and enrichment of methylated lysine carrying species. A probable 

limitation would be poor selectivity and adsorption bias between the cationic isoforms of 

methyllysine.

A soluble version of the p-sulfonocalix(4)arene affinity selector has also been recently 

reported in which detection is achieved via fluorescent labeling.121
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Arginine methylation generates three isoforms, a monomethylated and two dimethylated 

forms; the dimethylated arginines have either asymmetric or symmetric derivatization 

(Figure 4B). Dimethyl arginine-specific antibodies have been used in the identification of 

~200 putatively argininemethylated proteins.122 Major protein complexes identified in this 

way include those required for pre-mRNA splicing, polyadenylation, transcription, signal 

transduction, and DNA repair.

Lysine Acetylation

There are multiple reports of lysine acetylation and deacetylation via histone 

acetyltransferases and deacetylases being involved in the regulation of gene expression and 

epigenetics (Figure 2). Site modification selectivity with these enzymes suggests that in 

addition to the presence of lysine or acetyllysine, the surrounding sequence biases binding. 

As noted above, bromodomain readers bind to acetylated lysine residues on H3 and H4 

histone tails pan-specifically.35 The resulting bromodomain:histone complexes are part of 

the system altering nucleosome structure in epigenetic modifications.

Lysine acetylation is also important for p53 functioning and microtubule stabilization, being 

found in bacteria, yeast, insects, and human cell lines.123–126 Moreover, it plays a role in the 

regulation of protein synthesis, the citric acid (TCA) cycle, fatty acid metabolism, 

glycolysis/gluconeogenesis, and secondary metabolism.

Microarrays displaying acetyllysine-containing peptides have been used to establish that 

pan-specific antiacetyllysine antibodies have a nonlysine amino acid bias within 1–3 amino 

acids of the lysine acetylation site.127 Alternatively a random library of acetylated peptide 

antigens does the same.128 The problem can be ameliorated by using a cocktail of 

monoclonal antibodies.129 In this case, the majority of acetylated lysine residues identified 

with the cocktail were distinct from those enriched by the polyclonal antibody alone. Taken 

together these studies suggest that immunoaffinity enrichment of acetylated peptides will be 

limited to some extent by antibody specificity. Lysine acetylated peptides of the same 

concentration will not be equally enriched. Even with the selectivity limitations of 

antiacetyllysine antibodies, affinity enrichment with this approach allowed a total of 5 775 

proteins bearing 1 124 lysine acetylation sites to be identified in AML HL60 cells.99 A 

similar study with Mycobacterium tuberculosis antiacetyllysine antibody enrichment 

enabled the identification of 1 128 lysine acetylation sites on 658 proteins.130 Among the 

lysine-acetylated proteins identified, 20 showed homology with acetylated proteins from 

Escherichia coli, Salmonella enterica, Bacillus subtilis, and Streptomyces roseosporus, 

suggesting that these are conserved proteins.

Antiacetyllysine pAb selection of lysine-acetylated peptides from Saccharopolyspora 
erythraea isolated 664 unique lysine-acetylated peptides from 363 proteins.131 Favored motif 

sequences in the acetylation sites were KAcH, KAcY, KAcXXXXR, and KAcXXXXK. With 

human cell lines,132 3600 lysine acetylation sites on 1750 proteins have been identified. 

Additionally, 15 474 acetylation sites have been identified in 16 different rat tissues.133,134
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Glycosylation

Antibody selection of glycoproteins is similar. Selection of Lewis X or sialyl-Lewis X 

antigen-bearing glycoproteins from cancer patient plasma samples with a single antibody 

generally yields mixtures of 50–100 proteins, depending on the type of cancer.135,136 

Lectins have also been widely used in glycoprotein and glycopeptide selection as well.137 

There are more than 50 lectins, each of differing selectivity.138 Lectin affinity 

chromatography in proteomics is discussed more extensively in a recent review.139

FRACTIONATION BY CONVENTIONAL LC

Affinity chromatography and conventional chromatography vary substantially in their 

selection mechanisms. Selectivity in immunoaffinity chromatography revolves around 

recognition of a spatially defined set of structural features contained within a small area on 

the analyte surface that is complementary to affinity selector structure. All molecular species 

bearing this specific epitope or very similar structural forms of the epitope will be captured 

with high affinity while nonantigens are ignored. A limitation of this approach is the 

inability to differentiate between proteoforms thus selected. Association of cross-reacting 

epitopes with the affinity selector will generally be so strong that elution requires antibody 

denaturation. This precludes differential elution of proteoforms. Family members will be 

eluted together.

It is critical to have methods that separate proteoforms. Studies that determined the degree to 

which this is possible with conventional modes of chromatography such as ion exchange, 

reversed phase, hydrophobic interaction, hydrophilic interaction, and immobilized affinity 

chromatography are in their infancy. A general characteristic of conventional separation 

modes of chromatography is that they lack analyte structure complimentarity and bind 

substances having little structural similarity. Reversed phase chromatography (RPC) 

columns bind most of the substances in a sample for example. Even weakly hydrophobic 

substances adsorb to an octadecyl stationary phase.

A priori these facts would seem to diminish the probability that conventional modes of 

chromatography can differentiate between proteoforms differing slightly in structure. 

Investigations of this have been undertaken with synthetic and natural proteoforms. 

Synthetic proteoforms of Bacillus amyloliquefaciens subtilisin were created by site-directed 

mutagenesis in which 15 different amino acid substitutions were made at residue 166 in the 

hydrophobic pocket of the catalytic site.140 At 1.8 Å resolution X-ray crystallography 

showed these synthetic variants to be conformationally identical.141 Any difference in 

chromatographic behavior among these 27.5 kDa variants would have to be from single 

amino acid contributions.

Strong cation-exchange (SCX) chromatography resolved six of the subtilisin variants by 30 s 

or more142 (Figure 5A), showing that both neutral and charged amino acid substitutions 

impacted SCX behavior. Apparently alterations in pKa values and hydrogen bonded water in 

the interfacial microenvironment between the protein and stationary phase played a key role 

in selectivity. Glutamate and aspartate variants differing by a single methylene group were 

partially resolved. This is remarkable. It is equally surprising that the G166 → V166 
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substitution increased retention on a hydrophilic SCX column by 10 min while the G166 → 
S166 substitution had little impact on retention.

IMAC, in contrast to ion exchange is based on interactions between electron donors such as 

histidine, tryptophan, and cysteine on polypeptide surfaces and immobilized metal atoms 

such as (Cu(II), Ni(II), Ca(II), Zn(II), Fe(II), and Fe(III)) that act as electron acceptors. 

Protein adsorption occurs best in IMAC with an alkaline mobile-phase where electron donor 

groups will be at least partially unprotonated (Figure 5B). Highest resolution of the variants 

occurred at pH 6.2. Among the chelated metals, Cu(II) provided the best resolution of the 

subtilisin variants. Variants bearing a charged amino acid substitution at G166 showed the 

largest alteration in chromatographic behavior.143 Again there was the dramatic difference in 

elution behavior between the aspartate and glutamate variants. Lysine and arginine variants 

were resolved as well but not as dramatically. Resolution of neutral amino acid variants was 

substantial. This study demonstrates again that amino acid substitutions adjacent to groups 

actively involved in binding to a stationary phase secondarily influence chromatographic 

retention of a protein. The X-ray crystallographic structure of subtilisin suggests that six 

histidines at three locations could interact with an IMAC column.130 Two are on the side 

away from G166, while the third bearing His 64 and His 226 are in the active site cleft near 

G166. With the Gly-to-His substitution at position 166, three histidine resides are together at 

the residue 166 site. Surprisingly, addition of the third histidine in the chromatographic 

contact region had relatively little effect on IMAC retention.

Hyrophobic interaction chromatography was also quite effective in resolving the subtilisin 

variants (Figure 5D).144 Descending ammonium sulfate gradient elution from 1.3 to 0.01 M 

over a wide pH range showed pH 7.4 to be optimal. Separation of neutral amino acid 

variants was best with HIC, as expected. The fact that HIC was more effective in separating 

charged amino acid variants than SCX was unexpected. Having charged groups in the 

hydrophobic pocket of the enzyme obviously diminished surface hydrophobicity. This had a 

large impact on chromatographic behavior. The difference in HIC retention time seen with 

the G166 → H166 substitution was larger than in the IMAC mode.

Reversed phase chromatography (RPC) showed little resolution of the site-166 subtilisin 

variants (Figure 5C),134 probably due to denaturation during elution. Proteins are generally 

gradient eluted in RPC with a mobile phase ranging from an acidic aqueous phase to an 

acidic phase rich in organic solvent. Acidic mobile phases suppress silanol effects while the 

organic solvent disrupts hydrophobic association of proteins with the stationary phase. The 

impact of organic solvent driven denaturation on resolution is case specific as will be shown 

below.

Increasing the number of theoretical plates in columns helps resolution in all cases. Using a 

0.47 µm particle diameter RPC sorbent in a 4 cm length column operated in the slip flow 

mode led to a protein peak capacity of 195 in a 10 min elution gradient with an ACN/TFA 

mobile phase.145 The peak capacity of this system increased to 750 in a 60 min gradient. 

When used in histone proteoform separations with TFA, a C18 slip flow column was 

superior to RPC columns packed with fully porous 5 µm particles or superficially porous 3 

µm particles.146 It was also noted that TFA caused less band spreading than difluoroacetic 
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acid. Proteoforms of ribonuclease A, carbonic anhydrase, superoxide dismutase, and trypsin 

inhibitor were resolved with the slip flow RPC column. The degree to which complete 

proteoform resolution was achieved in these cases is unknown.

Directly coupling of serial size exclusion chromatography (sSEC) columns to RPC is still 

another approach (Figure 6).147 Using this strategy intact proteins of 10–223 kDa were 

initially separated into fractions of differing molecular weight before transfer to the RPC 

column where they were further resolved and transported to a high-resolution ESI-MS/MS 

instrument. Multidimensional 2D sSEC-RPC to 1D RPC enabled the identification of 4044 

proteoforms with a 15-fold increase in sensitivity above 60 kDa (Figure 6). An advantage of 

this approach is that proteins eluting from the SEC column adsorb and refocus at the inlet of 

the RPC column. Proteoforms up to 223 kDa in size were enriched in this way.

Hydrophilic interaction liquid chromatography (HILIC) also uses high concentrations of 

organic solvents in the mobile phase but for a different reason. Organic solvent is used in 

loading HILIC columns to drive hydrophilic portions of proteins to interact with a 

hydrophilic stationary phase. Gradient elution from organic solvent to an aqueous buffer 

allows desorption and elution of proteins from the column. The potential of this separation 

mechanism in the resolution of the five RNase B glycoforms was demonstrated using a 

TSKgel Amide-80 column eluted in a 20 min mobile phase gradient ranging from 75% to 

65% acetonitrile followed by isocratic elution at 65% acetonitrile for 10 min;148 all solvents 

contained 10 mM HClO4. RNase B glycoforms varying in chitobiose core mannose content 

(GlcNAc2Man5 → GlcNAc2Man9) were resolved into four peaks, generally by a min or 

more with increasing numbers of mannose residues eluting last. It is remarkable that 

proteoforms of ~14.7 kDa varying in single mannose residues could be separated this 

widely. Clearly the polar glycan portion of the protein dominates the interaction with the 

polar amide stationary phase. It also shows that organic solvent drives the requisite polar–

polar interaction between the glycan portion of the protein and stationary phase.

Efforts directed at elucidating the “histone code”149 in histone H3150 and H4151 have 

focused on the use of RPC and HILIC.152,153 Separations of histone proteoforms via HILIC 

were executed in this case through a mixed mode retention mechanism.154 Although HILIC 

is normally carried out with a neutral, hydrophilic stationary phase, HILIC separations can 

also be achieved with weak ion exchange columns, especially when the ion exchanging 

groups are attached to a polar organic matrix. This separation mode has been referred to as 

WCX-HILIC.155 Using salt-free mobile phases allows direct MS analysis. Mixtures from 

histone H3.2 and H4 were Glu-C or Asp-N digested, respectively, and applied to a 

polyaspartic acid stationary phase (WCX) column, and here they were gradient eluted from 

solvent A (75% ACN, 20 mM propionic acid adjusted to pH 6.0) to B (25% ACN, 500 mM 

ammonium acetate adjusted to pH 6.0 using ammonium hydroxide). Peptides in WCX-

HILIC are resolved by HILIC partitioning alone or a combination of ionic displacement and 

HILIC partitioning. The advantage of this approach is that two modes of selectivity are 

being applied simultaneously. Obviously WCX-HILIC can also be used in a 2D mode where 

histones are fractionated by RPC and following proteolysis the fragments can be separated 

by HILIC.156 A total of 708 histone proteoforms (H4, 105; H2B, 110; H2A, 77; H3, 416) 

were identified in this approach. The tremendous potential of HILIC is seen in Figure 7 
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where histone proteoforms are being resolved based on their degree of lysine acetylation and 

methylation.157 This work has been summarized in an excellent review.158

CONCLUSIONS

Among the several “take-away” messages from this review, the first would be that affinity 

targeting protein sequence and conformation is likely to increase in the design of 

chromatographic methods. “Exon”, “gene”, and “protein-coding” will appear more 

frequently in the key word list of separations papers. This will be especially true as it relates 

to using affinity methods to rapidly remove nonanalytes from complex biological samples, 

enrichment of low abundance species, and chromatographically target expression products.

Second, when most of the structural features of a protein family are very similar, 

conventional modes of chromatography are capable of recognizing small structural 

differences between the species involved. This is good news in proteoform separations. The 

caveat is that nonanalytes must be removed to preclude interference in proteoform detection. 

Yet to be determined is whether proteoform separations depend on structural differences 

being at specific sites or they can be anywhere in a protein or peptide.

Third, it is clear that proteoform purification will be best achieved by combining affinity and 

conventional modes of chromatography. Affinity methods select species with cross-reacting 

epitopes while convention columns differentiate between them.

And finally, there is the signature peptide conundrum. Many of the identification and 

quantification methods used in proteomics are based on the use of signature peptides. The 

fact that some proteoforms are not in databases suggests that signature peptide identification 

has been invalid in some cases. Signature peptide validation should perhaps be a prerequisite 

in bottom-up proteomics.
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Figure 1. 
Origin of proteoform complexity. Illustrations of a gene, RNA species, and proteoforms 

above are intended to show the origin and positioning of structural elements; not actual 

structures. The “contributing factors” column shows that individual steps in the illustration 

can occur in multiple ways.

Regnier and Kim Page 23

Anal Chem. Author manuscript; available in PMC 2018 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Illustration of a hypothetical nucleosome, showing extensive posttranslational modification 

in the histone tails at conserved sites which enable epigenetics. Nucleosomes package DNA 

into a compact, dense structure that prevents DNA damage and allows the formation of 

chromatin structures. Enzymes that modify histone tails are indicated in the figure as Writers 

and Erasers while Reader proteins ultimately determine the functional outcome of specific 

modifications.

Regnier and Kim Page 24

Anal Chem. Author manuscript; available in PMC 2018 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Contributing factors in the production of polyclonal antibodies that target a proteoform 

family. Panel A illustrates the fact that the conformation of a protein domain depends to 

some extent on other portions of the structure. Panel B suggests that antibodies targeting a 

specific PTM can have bias for the surrounding amino acid sequence.
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Figure 4. 
Methylated forms of lysine and arginine along with a supramolecular affinity selector was 

designed to select methylated amine species via a cation-exchange process. Lysine can also 

be acetylated as seen in panel A.
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Figure 5. 
Chromatographic behavior of subtilisin variants, the wild type (wt) being G166. Panel A 

shows variant elution times from a strong cation-exchange column operated at pH 5.0. Panel 

B is an examination of the same variants in the IMAC mode. Neutral and charged variant 

behavior is plotted separately and compared to the wild type (wt) control. Panel C 

demonstrates variant separations on a macroporous poly(styrenedivinylbenzene) type 

reversed phase column. Panel D illustrates the differences in chromatographic behavior of 

the subtilisin variants in hydrophobic interaction chromatography using a 0.75 cm × 7.5 cm 

Cu(II) TSK Chelate-5PW column.
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Figure 6. 
Illustration of serial size exclusion chromatography followed by RPC-MS/MS. Reproduced 

from Cai, W.; Tucholski, T.; Chen, B.; Alpert, A.J.; McIlwain, S.; Kohmoto, T.; Jin, S.; Ge, 

Y. Anal. Chem. 2017, 89, 5467–5475 (ref 147). Copyright 2017 American Chemical 

Society.
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Figure 7. 
HILIC separation of H4 histones prefractionated by RPC. The HILIC separation was 

achieved with a PolyCAT A column (4.6 mm × 150 mm packed 3 µm, 1000 Å pore diameter 

sorbent) eluted with a gradient ranging from buffer A (70% CH3CN, 20 mM triethylamine 

(TEA), pH 4.0 with H3PO4) to buffer B (20% CH3CN, 20 mM TEA, 500 mM NaClO4, pH 

4.0, with H3PO4) in 60 min. Effluent was transported directly into an LC–MS. H4 

proteoforms eluted in order of increasing hydrophilicity with relative retention inversely 

related to their degree of ε-N-acetylation and Lys-20 methylation. Data in this figure was 

derived from reference Pesavento et al.157
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