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ABSTRACT: Recent advances in mass spectrometry (MS)-based
proteomics allow the identification and quantitation of thousands of
posttranslational modification (PTM) sites in a single experiment.
This follows from the development of more effective class enrichment
strategies, new high performance instrumentation and bioinformatic
algorithms with rigorous scoring strategies. More widespread use of
these combined capabilities have led to a vast expansion in our
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knowledge of the complexity of biological processes mediated by

PTMs. The classes most actively pursued include phosphorylation, ubiquitination, O-GlcNAcylation, methylation, and
acetylation. Very recently succinylation, SUMOylation, and citrullination have emerged. Among the some 260 000 PTM sites
that have been identified in the human proteome thus far, only a few have been assigned to key regulatory and/or other
biological roles. Here, we provide an update of MS-based PTM analyses, with a focus on current enrichment strategies coupled
with revolutionary advances in high performance MS. Furthermore, we discuss examples of the discovery of recently described
biological roles of PTMs and address the challenges of defining site-specific functions.

he human genome project revealed only approximately

20 000 protein-coding genes.' The proteome, however, is
far more complex and diverse because of post-translational
modifications (PTMs) and to some extent isoform variations.?
While RNA sequencing detects the expression and sequence
variations of the entire transcriptome,3 mass spectrometry
(MS)-based proteomics has the advantage of being able to
detect and structurally define any covalent changes in a protein
after translation. A daunting number of such changes confer
altered physiological activity, and many are reversible. There is
a growing need to carry out accurate measurements of site-
specific dynamics due to the lack of immunoaffinity reagents for
the large numbers of newly identified proteins and their PTM
analogs in rewired signaling networks, for example. Thus, the
field is seeing an increase in use and further optimization of
multiplexed targeted, selected-component quantitation by
spectral acquisition in millisecond time frames. In fact, studies
of large scale PTM dynamics will be driven by mass spectral-
based quantitation—the methodology of choice. PTMs
increase the functional diversity of proteins by adding covalent
modifications such as phosphorylation, ubiquitination, glyco-
sylation, methylation, and acetylation. Beside single PTMs,
proteins are often modified through a combination of post-
translational hydrolytic cleavages and the addition of functional
groups through a stepwise processes leading to protein
maturation or activation. Protein modifications influence and
many times even define a large variety of normal and
pathogenic cell biology functions. Therefore, identifying and
understanding PTMs is critical for gaining a comprehensive
understanding of cell biology, the detection and delineation of
molecular defects underlying human and other diseases, drug
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target discovery and validation, and the eventual treatment and
prevention of diseases.

A comprehensive treatment of our earlier level of knowledge
of over 300 types of PTMs, which are known to occur
physiologically, can be found in the Walsh monograph.* Since
then, revolutionary advances in enrichment strategies and
improved performances of capillary liquid chromatography
(LC) and new MS instrumentation have driven our growing
knowledge of many PTMs. In fact, the delineation of the actual
complexity of many PTMs has emerged mostly through the
past decade. Thus, by significant enrichment of classes of
modified peptides before MS-analysis, thousands of precise
sites can now be identified with high confidence.”~"

In high-resolution tandem MS, two stages of mass analysis
are used in a single experiment. The MSI scan refers to the m/z
of the precursor ion (peptide or protein), whereas the MS2
scans refer to the m/z values recorded for their fragmented
ionic products. Major developments have led to new
instrumentation that provides both high resolution MS and
high mass measurement accuracies for both MS1 and MS2
levels simultaneously. The selection of appropriate energy
deposition methods, however, is necessary to ensure generation
of sequence ion series required for unambiguous site
assignments. Having high mass spectral measurement quality
has increased the reliability and efficiency of PTM identification
at the peptide level and, in addition, has permitted the precise
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localization of modified sites for some intact protein
sequences.'* In particular, MS fragmentation strategies that
generate sufficient peptide fragmentation information are
essential for precise PTM identification and localization, by
definition. Among the different fragmentation strategies
commonly employed, electron capture and transfer-based
fragmentation techniques have proven to be essential for the
localization of labile modifications as well as in dramatically
expanding our experimental capability to carry out sequence
analyses on large peptides or even medium size intact proteins.
Labile structures include many serine or threonine phosphor-
ylation sites as well as very labile modifications such as O-linked
N-acetylglucosamine (O-GlcNAc), y-carboxyglutamic acid, and
others.”> ™'

In this review, we first describe how enrichment strategies
and the revolutionary advances in mass spectrometry have
contributed to high confidence PTM identification as well as
site-specific localization. We then emphasize the discovery of
previously unknown biological roles of PTMs including the
signaling pathway activation role of arginine methylation and
multiple cross-talk forms between PTMs. Finally, we address
the biological challenges of defining individual site-specific
functions. The complex fields of extracellular glycosylation and
protein lipidation are not covered in this review, but the
interested reader is referred to recently published reviews on
these topics.'”*

PTM Enrichment Strategies. Since regulatory PTMs
feature substoichiometric site occupancies in many cases,
specific enrichment techniques are essential to achieve
detection and characterization of low relative abundance
components in digests of cell lysates (Table 1). Common

Table 1. PTM Enrichment Strategies

enrichment strategy PTM

32,33

antibody-based tyrosine phosphorylation
arginine/lysine methylation
lysine acetylation'®
ubiquitin-like'>**

ionic interaction-based

IMAC, TiO,,
SIMAC

metabolic tagging

serine/threonine/ ar4ginine
phosphorylation®*2¢

lectin N-glycosylation/O-GlcNAc'!

His10 SUMO2 SUMO*"

IodoTMT S-nitrosylation*®

glyoxal derivate citrullination*"
enzymatic-based

subtiligase proteolysis>®

PNGase N-glycosylation""

phospholipase GPl-anchor*

PTM enrichment strategies use affinity purification based on
charge properties or antibody recognition. They are applied at
the peptide level usually ensuring higher accessibility of PTMs
and allowing quite specific binding. Prior to enrichment,
proteins are digested into peptides. The most commonly used
enzyme for peptide level PTM analysis is trypsin, due to its
high cleavage specificity after lysine and arginine.”’ In some
cases, however, the resulting tryptic peptides might be too long
or too short for effective MS analysis. Instead of using trypsin
alone, other proteases such as chymotrypsin, AspN, Lys-N, or
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endoproteinase Glu-C may be employed to increase the PTM
coverage.”

lonic Interaction-Based PTM Enrichment Strategies.
Among all PTMs phosphorylation is the most extensively
studied and approximately 197000 human phosphorylation
sites have been reported.”> Global analysis of serine- and
threonine-phosphorylation is commonly achieved by metal ion-
based enrichment methods such as immobilized metal affinity
chromatography (IMAC) and titanium dioxide (TiO,). 2>
Both approaches use metal cations to bind the negatively
charged phosphopeptides, and protocols designed to achieve
higher enrichment efliciencies have been constantly improved
over the past decade. Space does not permit discussion of the
extensive literature here, but the interested reader is referred to
the recent Engholm-Keller and Larsen review.”’

Multiply phosphorylated peptides, however, remain challeng-
ing to detect and assign unambiguously. The combination of
both IMAC and TiO, enrichment methods, which is termed
sequential elution from IMAC (SIMAC) enables efficient
separations of monophosphorylated from multiply phosphory-
lated peptides and thus higher numbers of monophosphor-
ylation site identifications.”® The use of graphite powder and
titanium(IV) has been reported to increase the identification of
multiply phosphorylated peptides.””*° An alternative approach
that holds promise to achieve higher phosphopeptide enrich-
ment levels involve gallium complexes that stabilize the weak
interaction between phosphoryl moiety and serine or threonine
residues.’’

Antibody-Based PTM Enrichment Methods. Global phos-
phorylation analysis revealed that 86%, 12%, and 2% of
phosphorylation events occur on serine, threonine, and
tyrosine, respectively.”> Although phosphotyrosine residues
represent only a small percentage of all phosphosites the signal-
initiating role of receptor tyrosine kinase (RTK) phosphor-
ylation initiates key signaling cascades and plays a driving role
in multiple diseases including cancer. To achieve higher
identification coverage of phosphotyrosine-containing peptides,
antibody-based enrichments in combination with LC-MS/MS
analyses have been applied yielding quantitative profiling of
hundreds of phosphorylated tyrosine residues.****

Antibody-based enrichment applications have been extended
to quantitative profiling of ubiquitination, methylation, and
acetylation. In particular, the development of antidiglycine-K
antibodies led to the detection of more than 19000
ubiquitination sites in a single proteomic workflow.'>*®
Furthermore, antibodies targeting mono-, di-, and trimethylated
lysine moieties and mono- and dimethyl arginine side chains
have been applied to map the human methylome in depth.*®

Enzymatic-Based PTM Enrichment. In addition to ionic
interaction- or antibody-based enrichment strategies, enzy-
matic-based enrichments such as that, based upon application
of the protein ligase, subtiligase, have been developed to study
cellular substrates formed during intracellular proteolysis.
During proteolytic cleavage, new free N-termini are generated,
which are specifically biotinylated by the subtiligase, while
native acetylated N-termini (present on almost 90% of human
proteins) are not recognized. Subtiligase does not recognize -
amino functions on lysine side chains. Upon labeling, avidin
beads capture the biotinylated N-terminal amino functions of
newly cleaved proteins. These labeled truncated proteins are
digested with trypsin. The N-terminal peptide of the substrate
is subsequently released from the avidin beads at the built in
cleavage site by Tobacco etch virus (TEV) and analyzed by LC-
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Figure 1. Overview of PTM analysis at the protein and peptide level. The principal steps for protein level PTM enrichment and MS analysis are
represented on the left. Peptide level phosphorylation enrichment strategies are illustrated on the right. Isomeric isobars are proteins or peptides that
may reveal the same amino acid sequence with equal numbers of PTMs but with different PTM configurations. The development of algorithms that
search for non-redundant ions representing all possible PTM configurations enable the identification, quantification, and localization of all PTMs.

MS/MS.3” This enrichment method allowed the identification
of over 8000 proteolytic sites including more than 1700 caspase
cleavages sites in human cells.*®

Very recently, the wild type a-lytic protease was shown to
cleave small ubiquitin-like modifier (SUMO) modified proteins
to form a GG-K remnant, thus providing a new strategy for
mapping of SUMO-modified proteins without the need for
introduction of mutations.*® In addition, it has been reported
that over 4000 SUMO sites have been uncovered using the
decahistidine (His,)-tagged SUMO-2 strategy prior to MS
measurement.

Sequential Enrichment. The development of sequential
enrichment strategies, which consist of using the flow-through
of a first PTM enrichment step for a second or third
enrichment step has become particularly desirable to reveal
potential regulatory relationships from cross-talk among
multiple PTMs from the same biological sample.>*

In summary, enrichment strategies have been successfully
established for proteome-wide identification of phosphoryla-
tion, ubiquitination, acetylation, methylation, proteolytic
cleavages, SUMOylation, as well as lectin-based enrichment
for O- and N-linked glycopeptides'' and iodoTMT-based S-
nitrosylation enrichment.” It is noted that neither analytical
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nor enrichment strategies exist yet for the vast majority of the
other known PTMs.*

PTM Enrichment at the Protein Level. In contrast to
peptide level approaches, direct PTM analysis of intact proteins
preserves the intact structure of the protein that is mostly
destroyed in peptide level approaches. Prior to MS analysis,
intact proteins are separated from complex protein mixtures
using a variety of enrichment techniques.**> These include
gel-eluted liquid fraction entrapment electrophoresis, which
separates proteins on the basis of their molecular weights, and
LC techniques such as affinity, ion-exchange chromatography,
size-exclusion chromatography, reverse phase chromatography,
and online reversed phase LC tandem MS approach.'**¢*
Immunoaffinity methods can also be used as effective and
specific protein purification protocols.* Intact MS is a powerful
technique to reveal global purity and relative stoichiometries
and localize PTMs in highly modified but small proteins (10 to
50 41:1)4%) without prior knowledge of targeted PTMs (Figure
1)

MS Fragmentation Strategies. In MS-based PTM
analysis, it is essential to generate enough peptide fragmenta-
tion information (MS2 scans) for high confidence sequence
identification and site localization of PTMs. Several fragmenta-
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tion strategies including collision induced dissociation (CID),
higher energy collisional dissociation (HCD), electron capture
dissociation (ECD), and electron transfer dissociation (ETD)
have been employed over the past decade for this purpose.

Collision Induced Dissociation. CID is the most common
and widely applied unimolecular dissociation technique for MS-
based proteome identification and quantification analysis.
Under CID, the peptide or protein precursor ions are positively
charged due to protonation of basic amino-acid residues and
undergo collisions by interactions with neutral gas molecules
(vibronic activation). In accordance with the mobile proton
model,*® peptide bonds dissociate generating primary N-
terminal b- and C-terminal y-type ions.”" The CID process is
generally more effective for small and low-charge state peptides
but is strongly influenced by the amino acid sequence and the
distribution of the positive charges across the peptide
backbone.

Higher Energy Collisional Dissociation. A similar strategy of
fragmentation is the beam-type CID, also called HCD. HCD
fragmentation is characterized by higher activation energy
compared to CID. The higher fragmentation efficiency for
HCD produces predominantly y-type fragment ions compared
to b-type ions.”®>> In the HCD mode, Fourier transform
detection in the Orbitrap analyzer results in better quality of
MS2 mass spectra, but spectral acquisition times are longer
compared to the greater acquisition speed recording CID
spectra (MS/MS data collected in the ion trap).>*>> Both
collisionally activated dissociation (CAD) methods, CID and
HCD, are almost universal for analyses of stable PTMs and
provide a high probability to generate and detect the
modification-specific peptide sequence ion series.

Electron Capture and Electron Transfer Dissociations. In
certain cases, however, CAD methods do not provide site-
specific modification ions for long amino acid sequences.
Moreover, the localization of the phosphorylation event within
identified peptides that harbor more than one serine, threonine,
or tyrosine is sometimes ambiguous. In addition, it has proven
to be very challenging to decipher the complex histone patterns
of modifications or assign PTMs that are labile in the gas phase
using CAD energy deposition methods. For these cases,
electron-based fragmentation methods such as ECD and
ETD can be applied, achieving fragmentation through
neutralization of backbone protonation sites with thermal
electrons (ECD) or radical anions (ETD)."*'7¢ The resulting
nonergodic cleavages of N—Ca backbone bonds generate c-
and z- type fragment ions without losing the PTM localization
information.'*>” While ECD can only be implemented on
Fourier transform ion cyclotron resonance (FTICR) MS
instruments, ETD can be implemented on high resolution
tandem MS instruments and is able to achieve higher detection
sensitivity of labile PTM sites as well as complex PTM
occupancies than with ECD-based approaches.'”**~* ECD
and ETD are complementary to CAD because they perform
better with highly charged state analytes, whereas CAD is more
efficient with low-charge state peptides.””*" ECD and ETD,
however, have major advantages over CAD for detecting
unstable PTMs because peptide backbone fragmentation is
virtually independent of the amino acid sequence, neutral losses
such as phosphate groups are reduced, and O-GlcNAc
elimination does not occur.®'7"%>

HCEF-1 is a transcriptional coregulator of cell proliferation
and has been previously described as one of the most highly O-
GlcNAcylated proteins. Nearly 30 HCF-1 O-GlcNAc sites have
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previously been reported.'” Using ETD and HCD, the site-
specific localization of nearly 20 additional O-GlcNAc on HCF-
1 could be identified with high confidence, allowing better
understanding of the transcriptional regulating role of O-
GIcNAc modification of HCF-1."7 In contrast, aB-crystalline
has been found to be O-GlcNAcylated at only one serine
residue.®* O-GlcNActransferase (OGT) was found to be
phosphorylated by Glycogen Synthase Kinase 38 (GSK3p),
an£ the phosphorylation site has been localized to serine 3 or
4.

Intact Protein Isoforms Profiling. Protein isoforms share a
high percentage of amino acid sequence homology but often
dramatically differ in their cellular concentration and biological
roles.® While MS on a digest mixture may not detect the
peptide carrying a given particular isoform modification, intact
protein level analysis has the advantage of mapping the
complete amino acid sequence. In intact MS/MS analysis,
precursor ions are conventionally selected by quadrupole or ion
trap device before fragmentation. These methods, however,
suffer from low mass selectivity. The stored waveform inverse
Fourier transform (SWIFT) method enables high mass
selectivity and achieves better isoform detection but can only
be implemented on an FTICR instrument.® Although FTICR
mass spectrometers are expensive and less easily accessible than
other mass spectrometers, traditionally, intact MS analysis has
been most successful with FTICR-MS, since it provides the
highest possible resolution for intact protein sample anal-
ysis.”’%® Early work combining ECD and the SWIFT
technology on an FTICR-MS instrument has revealed the
PTM occupancies of intact histone variants H2B.1 and H2B.2
frorén9 7%etrahymena as well as novel H3 protein isoforms in
rat.

Dynamics-Quantitation. New MS designs have proven to
provide powerful tools to quantify selected components of
protein and PTM networks that provide new insight into
cellular dynamics. The dynamics of histone modifications have
been recently quantitatively established. Metabolic labeling of
human cells using 13C glucose has been shown to enable
monitoring of the dynamics of 13C-labeled acetyl groups’
incorporation on specific histone lysine. In this work, the
turnover of acetylation was determined to be generally faster
than methylation but slower than phosphorylation. Moreover,
the modification rate varied depending on the histone type,
targeted residues, as well as neighboring modifications.”!

Caspase cleavage dynamics have also been quantitatively
assessed by MS. Applying the N-termini subtiligase enrichment
strategy, MS experiments across three human cell lines have
revealed that the cellular cleavage kinetics of over 500 caspase
substrates vary strongly between cell types and cytotoxic drug
treatments. Furthermore, common caspase cleavage substrates
that can be used to monitor the pro-apoptotic effects of cancer
drug treatment have been identified.”*

Uncovering PTM-Mediated Biological Processes.
Arginine Methylation Initiates Smad Signaling. Phosphor-
ylation is arguably the most common modification and a central
mechanism for cell transduction. Indeed many transmembrane
receptors are kinases or act through cytoplasmic kinase
domains. In some cases, however, the low kinetics of substrate
phosphorylation suggests a preceding step in the signal
initiation. Recently, arginine methylation has been shown to
activate the bone morphogenetic proteins (BMP) induced
Smad-signaling pathway. Upon BMP binding inhibitory Smadé
is methylated by PRMT1. Smad6 in its unmethylated form
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dissociates from the BMP kinase receptor complex allowing
activation of regulatory Smads through phosphorylation
(Figure 2A).”> This observation raises the possibility that
ligand-induced methylation may play a role in the activation of
other signaling pathways.

A) Arginine methylation initiates Smad signaling”
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Figure 2. Examples of PTM-mediated biological processes. (A)
Arginine methylation-mediated Smad signaling pathway. (B) pS3
interaction with the CBP/p300 complex through methylation and
acetylation exchange after DNA damage. PS3 is subsequently stabilized
and transactivates pro-apoptotic genes. The lower portion of panel B
represents a protein-mediated histone crosstalk between methylation
and acetylation, leading to chromatin remodeling favorable to
transcriptional activation. (C) PTM-mediated cellular trafficking of
RAS.
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PTM Crosstalk. Since recent studies have provided a global
view of the widespread occurrence of many PTMs, the next
challenge is to understand the interplay among different PTM
classes and specific sites of regulation. PTM-mediated crosstalk
has been classified as positive or negative.”* In the case of
positive crosstalk, one PTM serves as an active signal for the
addition or removal of another PTM (eg, hosphorylation
dependent ubiquitination”® and SUMOylation”®) or as a trigger
for binding proteins that carry out a second modification (e.g,,
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histone mark binding proteins’’). In contrast, negative crosstalk
can include direct competition of different modifications
targeting the same amino acid or one modification can mask
the recognition site for another PTM (e.g, the acetylation-
mediated inhibition of kinase phosphorylation”®).

Crosstalk between phosphorylation and ubiquitination is one
of the most studied relationships. For example, phosphorylation
can either promote or inhibit ubiquitination by regulating the
activity of the E3 ubiquitin ligase controlling proteasomal
degradation. For example, following DNA damage, pS3
becomes phosphorylated, thus decreasing the interaction
affinity with E3 ligase MDM?2. PS3 in its deubiquitinated
form further interacts with the CBP/p300 complex through
methylation and acetylation exchange. P53 is consequently
stabilized and transactivates pro-apoptotic genes (Figure
2B).7%*® Crosstalk between phosphorylation and ubiquitination
is also essential for the cancer-implicated epidermal growth
factor (EGF)-medlated extracellular-signal-regulated kinases
signaling pathway.”® Here, E3 ligase Cbl binds phosphotyrosine
residues of the activated EGF receptor (EGFR). Subsequent
proteasome-independent ubiquitination of EGFR and endo-
cytic adaptor proteins mediate the EGFR internalization.
Interestingly, deubiquitination directs EGFR through the
recycling pathway back to the cell membrane.®’

The histone code presents one of the most important
examples for extensive interplay between different PTMs. ETD-
based MS revealed several H3 lysine residues including lysine 9
(H3K9) that can be exclusively methylated or acetylated with
different biological outcomes. While H3K9 methylation
correlates with transcriptional repression, H3K9 acetylation
induces transcriptional activation. H3K9 can be mono-, di-, or
trimethylated with vary1n§ biological output depending on the
degree of methylation.** Other histone 3 crosstalk forms
include the recently described acetylation-dependent SUMOy-
lation."> This new type of crosstalk is of particular interest,
since histone SUMOylation has been previously associated with
transcriptional repression, whereas histone acetylation is linked
to transcriptional activation. Another form of crosstalk
describes proteins that bind to different types of PTMs. For
example, the nucleosome remodeling factor (NURF) contains
two domains that bind the H3K4 di- or trimethylation and
H4K16 acetylation sites, leading to the transcriptional
activation of homeotic genes (Figure 2B).”” An additional
form of histone crosstalk involves the phosphorylation of H3
(H3S10), which leads to the acetylation of H4. H3S10 creates a
binding site for 14—3—3, a phosphoserine binding protein. 14—
3—3 recruits a histone acetyltransferase MOF, which
subsequently acetylates H4 on lysine 16. Acetylated H4K16
in turn forms a binding site for a kinase that phosphorylates
RNA Polymerase II to facilitate transcriptional elongation of
FOSL1, a gene activated in response to serum.®® Histone
modifications can also prevent the recruitment of binding
proteins. For example, the heterochromatin protein 1 (HP1) is
not able to bind H3K9 when the adjacent serine 10 is
phosphorylated during mitosis or gene activation.** In general,
the interplay among PTMs on histones appears to be context
and time specific, increasing the challenge of understanding the
regulated changes.

A few examples have shown that O-GIcNAcylation interacts
with J)hosghorylatlon, acetylation, methylation, and ubiquitina-
tion.®**>~*® While the crosstalk between O-GlcNAcylation and
phosphorylation has been hypothesized to be particularly
important for multiple cellular processes, including the
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regulation of enzyme activity, cell division, and cytoskeletal
functions,'”** large-scale experiments revealed that only 7%
of all O-GlcNAcylation sites were found to be phosphorylated
also and the frequency of negative crosstalk between these two
PTMs is virtually equal to the frequency expected by chance
alone.® Over the past decade, however, many particular
examples of crosstalk have been described, showing that
PTMs can work in concert to determine the final biological
read-out.**7*%°

PTMs Regulate the Cellular Ras Trafficking. While the
activation status of Ras proteins is regulated by the exchange of
GTP, for GDP their cellular localization is mediated by PTMs.
Ras traffics between various subcellular compartments guided
by modifications such as farnesylation, proteolysis, methylation,
palmitoylation, and phosphorylation. While farnesylation of Ras
proteins increases its affinity toward the endoplasmic reticulum
(ER), proteolysis and subsequent methylation and palmitoyla-
tion trap the two Ras isoforms HRas and NRas in the Golgi
apparatus. Ras proteins are subsequently transported to the
plasma membrane via vesicles (Figure 2C).”!

These PTMs present potential therapeutic targets for the
development of small molecule Ras inhibitors in cancer.

Bological Challenge of Defining Site-Specific Func-
tions. The revolutionary development of PTM enrichment
methods and new MS strategies has enabled the identification
and quantification of more than 260 000 PTMs.>® Only a small
proportion of PTM sites, however, have been associated with a
particular biological function. One major challenge for the
discovery of site-specific functions is to select a small number of
sites from a large-scale data set for follow-up experiments. In
general, any given PTMs are selected depending on the
identification accuracy, reasonable stoichiometry, and their
potential regulatory role in the process of interest. Evolutionary
conservation usually points to important functionality and can
therefore be used as a guide in selection criteria.”? Quantitative
large scale MS is an additional powerful tool that can be
employed to initially screen a subset of modified proteins that
are regulated by the pathway of interest. For example, large-
scale MS revealed that less than 15% of phosphorylated sites
are modulated by EGF treatment.>>

Functional follow-up experiments often include in vitro
enzyme assays to determine specific enzyme substrates or lysine
point mutations to investigate the functional role of a particular
PTM. The core components of the Clustered Regulatory
Interspaced Palindromic Repeats (CRISPR) system includes
the Cas9 nuclease, which is able to create double-strand breaks
in DNA and guide RNA (gRNA), which directs the CRISPR
complex to a target sequence complementary to gRNA.”* Using
CRISPR, point mutations have been generated in the genome
of mice, which led to single amino acid substitutions in proteins
of interest to probe site-specific PTM functions under in vivo
conditions.”* Furthermore, the combination of CRISPR and
Chromatin Affinity Purification (ChAP)-MS provides a new
tool to study epigenetic regulation. Applying CRISPR-ChAP-
MS, a specific section of chromatin can be purified for
subsequent identification of associated histone PTMs and
proteins by high resolution MS. Unlike Chromatin Immuno-
precipitation (ChIP), this proteomic approach does not depend
on prior knowledge of the targeted protein or PTM.” Other
useful MS follow up experiments rely on short hairpin RNA
(shRNA) knockdown of specific regulators to investigate
protein network interactions.”®
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MS-based proteomic measurements with additional con-
ditions, such as targeted kinase or receptor inhibition,
perturbing the PTMs of interest can also be used as functional
follow-up experiments. For instance, large-scale proteomics
experiments have elucidated the mTOR-regulated phospho-
proteome”” and cellular outputs of the fibroblast growth factor
receptor.”® In addition, MS analyses revealed new SUMOylated
protein sites uncoverin§ the regulatory role of SUMOylation in
all nuclear processes.”> Despite these technological advances,
follow up experiments are often limited to selected PTMs and/
or sites on particular proteins and therefore would not reveal
potential functionality for the majority of PTMs that can be
characterized. Hence, it is reasonable to call into question the
biological relevance of at least some fraction of the 260 000
reported human PTM sites.”

In summary, enrichment strategies and revolutionary
advances in mass spectrometry have enabled rigorous
identification and quantification of large numbers of PTMs,
which certainly constitute the most complex regulatory
networks in eukaryote cells. Future challenges for PTM
proteomics include the optimization of PTM enrichment
strategies and the development of PTM screens that are faster,
more sensitive, and reproducible. Finally, the emerging
importance of PTM multisite occupancies and potential
modes of PTM crosstalk in proteins require the development
of novel methods for full-spectrum PTM identification not only
at the peptide level but also at the intact protein level.
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