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Review

Phosphoproteomics—More than meets
the eye

PTMs enable cells to adapt to internal and external stimuli in the milliseconds to seconds
time regime. Protein phosphorylation is probably the most important of these modifica-
tions as it affects protein structure and interactions, critically influencing the life cycle
of a cell. In the last 15 years, new insights into phosphorylation have been provided by
highly sensitive MS-based approaches combined with specific phosphopeptide enrichment
strategies. Although so far research has mainly focused on the discovery and characteriza-
tion of O-phosphorylation, this review also briefly outlines the current knowledge about
N-phosphorylation depicting its ubiquitous relevance. Further, common pitfalls in sample
preparation, LC-MS analysis, and subsequent data analysis are discussed as well as issues
regarding quality and comparability of studies on protein phosphorylation.
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1 Introduction

Reaction to stimuli is one of life’s most important principles.
The resulting question is: How in particular is this process
mediated? On the molecular level, a stimulus has to be recog-
nized by a receptor and an effector has to react in response.
Because regulation at genome and transcriptome level is too
slow (within minutes to hours), a third mechanism for reg-
ulation is necessary: PTM of proteins. PTMs enable cells to
dynamically adapt to internal and external stimuli in the mil-
liseconds to seconds time regime, especially with respect to
signal transduction [1]. Basically, PTMs directly affect pro-
tein structure and in consequence protein localization, ac-
tivity, and interaction, thus representing essential regulatory
switches in life and death [2].

One of the most important PTMs, especially with re-
gard to signal transduction, is protein phosphorylation. Phos-
phorylation often serves as a molecular on/off switch and
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can be divided into four subclasses depending on the in-
volved amino acids: (i) O-phosphomonoesters on the hydroxyl
amino acids serine (phosphoserine, pSer), threonine (phos-
phothreonine, pThr), and tyrosine (phosphotyrosine, pTyr),
(ii) N-phosphoramidates on arginine, lysine, and histidine,
(iii) S-phosphothioesters on cysteine, and (iv) phosphoan-
hydrides on glutamic and aspartic acid, respectively [3]. In
addition, in 2010, Kühlberg et al. provided evidence for the
existence of proteinogenic phosphohydroxproline [4], a fourth
O-phosphomonoester, so far only observed by enzymatic con-
version of synthetic hydroxyproline-containing peptides [5].
Although phosphorylation of proteins occurs via the trans-
fer of a phosphate group from adenosine triphosphate or
guanosine triphosphate to the target protein by protein ki-
nases, dephosphorylation is catalyzed by phosphatases re-
leasing inorganic phosphate [6, 7]. Phosphorylation is esti-
mated to be the most abundant PTM, with 3% of human
genes encoding for proteins with kinase or phosphatase ac-
tivity [8]. In addition, according to the phosphosite database
(www.phosphosite.org) already more than 170 000 phospho-
rylation sites have been identified—mainly in Homo sapi-
ens, where, for instance, 38 000 phosphosites were detected
in HeLa cells. Despite this enormous amount of informa-
tion, this number is constantly increasing due to the ad-
vancements in MS and phosphoproteomics. But although
the quality of phosphorylation site annotation has improved,
annotated phosphosites should not be considered to be highly
confident without a closer look into the respective literature,
as automatized database searches are susceptible not only
to incorrect phosphosite localization but also to false pep-
tide sequences. Compared to this vast, yet merely qualitative
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Figure 1. Share of NCBI-listed articles
about phosphorylation in comparison to
publications in total since 1950. In 2012,
over 12 000 articles dealing with phospho-
rylation were published in scientific jour-
nals (“phosphorylation” in title/abstract
searched with PubMed—NBCI). In the last
50 years, the share of publications dealing
with phosphorylation increased by almost
two orders of magnitude compared to the
number of publications in total, illustrating
the relevance of this research area.

knowledge about phosphorylation (Fig. 1), the precise role
of specific phosphorylation sites, networks, and dynamics in
the regulation of biochemical processes is still only sparsely
understood and requires the simultaneous monitoring of dif-
ferent phosphoproteins in signaling networks to derive their
contribution in the respective process. This gap of knowledge
has to be filled by combining quantitative phosphoproteomics
and systems biology modeling to address clearly defined sci-
entific issues. Appropriate experimental setups will help to
understand the roles of different types of phosphoproteins in
biological systems and their dynamics with respect to changes
in the cellular environment. This could lead to the develop-
ment of powerful assays not only in life science, but also in
clinical research for the characterization of cells and tissues
during disease or drug treatment.

In this review, we will give a short overview of the history
of phosphorylation research as well as current challenges and
future tasks which make phosphorylation still one of the most
exciting fields in proteome research.

2 The phosphorylation odyssey—eleven
decades of research

In the early 20th century, first results indicated that some
proteins do not only consist of nitrogen, oxygen, hydrogen,
and sulfur, but also of phosphorus. By treating the chicken
egg yolk protein vitellin with ammonia, Leven and Alsberg
obtained a substance comprising about 10% phosphorus and
14% nitrogen [23]. Approximately 30 years later, in 1932,
Lipmann and Levene described the discovery of serine phos-
phoric acid by the hydrolysis of vitellinic acid [24]. The phos-
phorylation of L-threonine in casein was discovered by de
Verdier in 1952 using paper chromatography and X-ray crys-
tallography on synthetic phosphoamino acids [25,26]. Almost
at the same time, in 1954, Burnett and Kennedy were able

to provide the first evidence for enzymatic phosphorylation
after incubating casein and liver mitochondria lysate with
32P-labeled orthophosphate [9]. In 1979, Eckhart et al. dis-
covered the presence of pTyr during their studies on the
human papilloma virus [27]. Only one year later, Hunter and
Sefton determined the stoichiometry of the O-phosphoamino
acids in mammalian cells using phosphoamino acid analysis,
yielding a ratio of 90:10:0.05 for pSer:pThr:pTyr [11]. Current
literature still refers to these ratios although with the advent
of MS-based analyses in the late 80s [28, 29], these values
shifted toward a higher share (up to 2%) of tyrosine phos-
phorylation [30, 31]. However, MS-based approaches might
bias these ratios since certain regions of proteins are more
or less inaccessible to proteases and phosphopeptide enrich-
ment methods might differ in selectivity.

3 How to find the Promised Land?
Methods for phosphopeptide
enrichment

Protein phosphorylation usually occurs in a substoichiomet-
ric manner, making its detection and identification a chal-
lenging task. In the past 60 years, a variety of techniques have
been developed to address this issue and to enrich the small
fraction of phosphorylated peptides/proteins from the non-
phosphorylated matrix. These techniques include antibody-
based affinity chromatography (AC), immobilized metal ion
AC (IMAC), metal oxide AC (MOAC), and HPLC-based frac-
tionation (Fig. 2). Although antibody-based AC is mostly uti-
lized to study pTyr signaling networks [1, 30, 37–39], global
phosphoproteome studies often employ techniques such as
IMAC or MOAC to target O-phosphorylated peptides.

IMAC was introduced in the late 1980s by Porath using
immobilized metal cations such as iron or gallium (non-
covalently bound to nitrilotriacetic acid agarose or other
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Figure 2. Strategies in phos-
phoproteomics. Current phos-
phoproteomic studies mostly
employ techniques such as
MOAC, IMAC, or antibody-
based affinity chromatogra-
phy combined with HPLC-
based fractionation via ERLIC,
SCX, anion exchange (AX),
high-pH RP, or HILIC for the
enrichment of phosphopep-
tides. Subsequently, nano-LC-
MS/MS is performed applying
different fragmentation meth-
ods such as CID, HCD, or
ETD depending on the aims of
the study and the instrument
used.

matrices) for AC [44, 45]. Originally used for the enrich-
ment of proteins carrying histidyl epitopes, IMAC became an
extensively used technique for the enrichment of phospho-
peptides from complex peptide samples in the past 15 years
[18, 21, 46, 47, 66].

Instead of noncovalently bound metal cations, metal ox-
ides such as TiO2 and ZrO2 are utilized in MOAC. The cova-
lent character of the metal oxides enables the enrichment of
phosphopeptides under harsh conditions, wherein additives
such as dihydroxybenzoic, phthalic, or glycolic acid can be
used to displace less affine compounds such as nonphospho-
rylated acidic peptides. Originally described for the trapping
of phosphopeptides on HPLC-precolumns [19,20,40], MOAC
became very popular as an off-line method using micro-
columns [41]. A broad variety of different experimental con-
ditions have been published in recent years, particularly for
TiO2. Optimized protocols combined with state-of-the-art LC-
MS can yield thousands of phosphorylation sites with speci-
ficities of >90% from less than 1 mg of cellular or tissue pro-
tein [42,43,50]. As in most areas of proteome research, a com-
bination of strategies can lead to a higher coverage of the phos-
phoproteome through the enrichment of different subsets of
the proteome [67]. A prominent example is sequential elution
of IMAC (SIMAC), which combines TiO2-MOAC and IMAC

for the separation of mono- and multiphosphorylated peptide
species [47].

HPLC-based phosphopeptide enrichment strategies sep-
arate phosphopeptides based on their physicochemical prop-
erties such as net charge (IEC) or hydrophilicity (HILIC).

At low pH (e.g., pH 2), tryptic peptides normally have a
net charge of 2+ and can easily be retained using strong cation
exchange (SCX) chromatography. Introduction of phosphate
moieties leads to net charge reduction resulting in early elu-
tion of phosphopeptides. In 2004, Beausoleil et al. demon-
strated the applicability of SCX for the enrichment of phos-
phopeptides from a complex human sample by retaining
nonphosphorylated peptides on the column, while phos-
phorylated peptides elute in the flow-through [22]. The re-
tention of peptides can be further enhanced by the use of
other proteases leading to higher charge states as demon-
strated by Gauci et al. using Lys-N and Lys-C instead of
trypsin [49].

In contrast, anion exchange chromatography tends to
retain phosphopeptides more effectively than nonphospho-
rylated peptides [62]. To enhance separation efficiency, high
amounts of organic solvent can be used to retain phosphopep-
tides not only by net charge but also by hydrophilicity. This
mode of chromatography was introduced by Alpert in 2008
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and termed as electrostatic repulsion hydrophilic interaction
chromatography (ERLIC) [48]. However, thus far most stud-
ies based on ERLIC have employed relatively large amounts of
starting material (�1 mg) [68–70], currently rendering this
method inappropriate for the analysis of small amounts of
sample.

Recent studies often employ HPLC-based phosphopep-
tide enrichment as part of strategies for comprehensive anal-
ysis of the phosphoproteome. Often, these multidimensional
approaches include off-line AC and in the last dimension, RP
chromatography prior to MS analysis (RP-LC-MS/MS).

4 Strategies for large-scale
phosphoproteomics

To get a deeper insight into the phosphorylation network of bi-
ological systems, it is necessary to combine enrichment tech-
niques that cover complementary parts of the phosphopro-
teome (Fig. 2). Common combinations are SCX fractionation
prior to IMAC [53–55] or MOAC (mainly TiO2) [56,57] leading
to increased phosphopeptide identification rates. A compar-
ison of HPLC-based fractionation methods (ERLIC, HILIC,
SCX) prior TiO2-MOAC was published by Zarei et al. in 2011,
demonstrating that SCX-MOAC was the most effective tech-
nique for the enrichment of singly phosphorylated peptides,
whereas ERLIC-MOAC was the best for the enrichment of
multiphosphorylated peptides [58]. Recently, Larsen and co-
workers published a combination of TiO2-IMAC-HILIC as
a robust method for global phosphoproteome analysis and
demonstrated the benefit of a TiO2 pre-enrichment prior to
SIMAC [52]. In addition, RP-orthogonal HILIC fractionation
after MOAC/SIMAC-approaches is a feasible method for the
fractionation of the phosphopeptides leading to a significant
increase in phosphopeptide identifications [52, 71].

In the past few years, 2D- and 3D-LC-MS setups have be-
come more popular, often using combinations of SCX, strong
anion exchange, HILIC, or RP at different pHs. In a recent
publication, Ficarro et al. identified more than 7000 unique
phosphopeptides by high-pH RP, strong anion exchange, and
low-pH RP in an online 3D-LC-MS/MS setup [50]. With a
prior IMAC enrichment, they identified more than 450 phos-
phopeptides per �g of cell lysate, but the huge expenditure
of time has to be taken into account in multidimensional
approaches.

In addition to the above-mentioned approaches, numer-
ous novel but also pseudo-novel methods/protocols for an
“improved” enrichment of phosphopeptides have been pub-
lished throughout the past few years; yet when examined
thoroughly only few are clearly beneficial. Currently, the real
challenge for phosphoproteomics is not the mere enrichment
of phosphopeptides, but (i) the reproducibility of the entire
workflow from sample to analysis, (ii) the validity of phospho-
rylation site localization by existing algorithms, and (iii) the
interpretation of large-scale quantitative datasets—especially
in the context of the previously mentioned issues.

5 Behind detection there is
localization—How to discover the dark
side of the moon?

Current literature often uses the number of identified phos-
phopeptides as a benchmark for comparison, though at least
as important as the identification of a phosphopeptide is
the correct phosphorylation site localization within the se-
quence. In proteomics, low-energy CID is often the method
of choice when analyzing doubly and triply charged pep-
tides with IT instruments, leading to high-quality MS/MS
spectra. When analyzing phosphopeptides, fragmentation via
low-energy CID often generates dominant ions derived from
neutral losses of phosphoric acid (pSer, pThr), metaphospho-
ric acid (mostly pTyr), and water, as well as combinations of
these losses, leading to spectra which contain little informa-
tion about the peptide sequences [63, 65]. As an alternative,
when using IT instruments, multistage activation excites and
fragments neutral loss-derived ions immediately after their
generation, thus leading to hybrid MS/MS spectra contain-
ing fragment ions derived from the “intact” precursor as well
as its neutral loss precursors. Notably, Reid and co-workers
showed that IT-based CID (and multistage activation) can
suffer from rearrangement of phosphate groups when multi-
ple potential donor and acceptor amino acids are present,
thus potentially leading to flawed phosphorylation site
localizations [72, 73].

A third technique, beam-type CID (also referred to as
higher energy collision dissociation, HCD, in Orbitraps) re-
duces the probability of neutral loss-derived ion generation
compared to IT CID. Currently, it is controversially discussed
whether high mass accuracy Orbitrap HCD outperforms low
mass accuracy Orbitrap CID for phosphopeptide identifica-
tion [74]. In general, IT CID is more sensitive and requires
less ions to generate high-quality MS/MS spectra, yet the
higher mass accuracy of HCD MS/MS data facilitates the
confident identification of fragment ions and consequently
(phospho)peptides.

When using electron transfer dissociation (ETD), neu-
tral losses can be completely avoided and fragmentation oc-
curs predominantly along the peptide’s backbone. In contrast
to CID, efficient ETD fragmentation requires at least triply
charged precursors. Therefore, alternative proteases generat-
ing peptides with higher charge states (compared to tryptic
peptides) have to be employed or decision tree-driven meth-
ods can be used for fragmentation choosing either CID or
ETD depending on the charge state and mass of the precursor
[60]. ETD is one of the most promising methods for confident
phosphosite localization, although common database search
algorithms might be inadequate for this type of MS/MS spec-
tra [75]. Notably, ETD is less sensitive, often shows lower
MS/MS sequence coverage and is 10 to 20 times slower than
a normal CID (10 ms vs. 100–200 ms, depending on the num-
ber and charge states of the precursor ions and the precursor-
anion ratio in the trap) leading to the prerequisite of reduced
sample complexity or adequate peptide separation prior to
MS analysis [64].
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6 Confident phosphosite annotation
requires an appropriate algorithm

In large-scale experiments, confident phosphorylation site an-
notation not only depends on the fragmentation method, but
also on the validation algorithm. There are several valida-
tion algorithms available, calculating probabilities for correct
site assignment or probabilities for each potential site to be
phosphorylated in a given peptide. However in principle, the
performance of such algorithms cannot be readily bench-
marked. Savitski et al. utilized a set of 180 synthetic phospho-
peptides, analyzed by different MS instruments and fragmen-
tation techniques to validate phosphosite assignment based
on the difference between the first and second best Mascot
hit for a given phosphorylated sequence [74]. In this study,
their Mascot Delta Score (MD score), a modified version of a
long-established strategy to assess phosphosite localization,
outperforms a self-made version of the Ascore by Gygi and
co-workers [76]—the first software for validating phosphory-
lation site assignment—in the analysis of synthetic tyrosine
phosphorylated peptides.

In 2011, Taus et al. introduced phosphoRS as a novel
algorithm for phosphosite localization and evaluated its per-
formance using a set of synthetic phosphopeptides [61]. The
algorithm was implemented in the widely used commercial
Proteome Discoverer Software (PD 1.3) and yields higher
numbers of identified phosphorylation sites at a given con-
fidence compared to Ascore and MD score. We have re-
cently developed a novel approach utilizing a combination of
X!Tandem, Mascot, and OMSSA [77] leading to a substantial
improvement (up to 25%) of correct phosphosite localization,
when searching the dataset of Savitski et al., compared to the
MD score alone [78, 79].

Notably, these studies are all based on an idealized sam-
ple consisting of a relatively low number of synthetic phos-
phopeptides without background and thus do not necessarily
reflect real life samples which are much more complex and
often suffer from co-elution of different phospho-isoforms as
well as very low signal intensities and poor spectrum quality.
Especially in quantitative phosphoproteomics, the presence
of different phospho-isoforms of the same peptide, some-
times even varying in the number of phosphorylation sites,
is a big challenge which can easily interfere with accurate
quantitation.

Thus, a more thorough evaluation of site localiza-
tion in quantitative studies would require a more realis-
tic phosphorylation standard which also takes into account
the sample complexity usually encountered in phospho-
proteomics, easily exceeding thousands of phosphopeptides
[80].

In addition to the choice of search and phosphosite
validation algorithms, confident site localization also de-
pends on the choice of MS-instrumentation, fragmentation
method, as well as on the (structural) properties of the
precursors.

7 Does it really matter? Approaches for
relative and absolute quantitation

Quantitative phosphoproteomics is an extremely challenging
field. The mostly low abundance of phosphopeptides and ac-
cordingly (i) the need to enrich for phosphopeptides, (ii) the
difficulty in confidently localizing the correct phosphoryla-
tion site, and (iii) the potential presence of multiple phospho-
isoforms of the same peptide, complicate accurate quantita-
tion even more than in global proteomic studies—especially
when considering typically encountered levels of biologi-
cal and technical variation. In principle, chemical [81] and
metabolic stable isotope labeling techniques [82] in conjunc-
tion with phosphopeptide enrichment enable relative quan-
tification of phosphopeptides between different samples, but
cannot be used to determine phosphorylation site stoichiom-
etry. However, multiple reaction monitoring (MRM) with
spiked in isotopically labeled peptides can be used for ab-
solute quantification of peptides and phosphopeptides and
thus phosphorylation stoichiometry [83, 84]. As shown by
Borchers and co-workers, phosphatase-based dephosphory-
lation of phosphopeptides and subsequent quantitation us-
ing MRM enables precise determination of stoichiometries
in a targeted setup [85]. Measuring samples with and with-
out phosphatase treatment, they described the phosphoryla-
tion stoichiometries of proteins involved in cancer signaling,
demonstrating the power of this tool for understanding bio-
logical processes and pathways. Still the occupancy of differ-
ent phosphorylation sites within the same peptide cannot be
assessed using this approach. However, in contrast to dis-
covery approaches, targeted MRM allows to monitor and dif-
ferentiate even co-eluting phosphopeptide isomers based on
isoform-specific fragment ions [78].

Although far from covering the “complete” phospho-
proteome, targeted MRM and targeted MS/MS approaches
might play an increasingly powerful role in understanding
cellular signaling networks in the future.

8 Dos and don’ts—Commandments for
phosphopeptide-specific sample
preparation

From cell lysis to protein digest, phosphopeptide identifica-
tion critically relies on sample preparation techniques. Dis-
ruption of cell membranes, isolation of proteins, and setting
up the right conditions for protein digestion are only some
of the important tasks. If not carefully chosen, the lysis con-
ditions can lead to unanticipated peptide modifications, such
as extensive carbamylation (Lys residues and N-termini) of
up to 20% of peptides, in presence of urea [86]. Protein sam-
ples containing detergents such as SDS or NP-40 need to
be purified, for example, by protein precipitation techniques
or filter-aided sample preparation, a method introduced in
2005 by the Liebler group and later modified by Mann and
co-workers [32, 87].
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Furthermore, setting up the right digest conditions to
avoid unspecific, semitryptic, or missed cleavage peptide gen-
eration is still one of the remaining challenges in the field of
quantitative (phospho-) proteomics. Recently, a comprehen-
sive investigation about trypsin quality and efficiency was
published by Burkhart et al. [33]. As shown in this study,
HPLC-based monolithic systems can be used as powerful
tools for quality control with respect to digestion efficiency
and reproducibility, as wells as for the correction of variabil-
ity in sample amounts prior to quantitative analyses.

Quality control in the sample preparation process is cru-
cial for successful and reproducible research and becomes
even more important in the strong emerging field of quanti-
tative phosphoproteomics [34, 35, 80]. Equally important, but
often neglected, is the choice of consumables and solvents
for sample preparation and LC-MS analysis [88]. Inappropri-
ate storage of samples can lead to plasticizer contaminations
in the presence of organic solvents and to the adsorption of
peptide species to surfaces leading to systematic bias in quan-
tification [36]. Thus, it is mandatory to evaluate the analysis
and sample preparation strategies by using reference sam-
ples, for example, synthetic phosphopeptides or phosphopro-
teins such as casein, spiked into a background, to optimize
the conditions for all of the important steps in the analytical
workflow.

9 There is more—Phosphorylation of basic
amino acids

Apart from the phosphorylation of the hydroxyl groups of the
amino acids serine, threonine, and tyrosine, protein phospho-
rylation can also occur on nitrogen atoms in the side chains
of the basic amino acids lysine, arginine, and histidine. First
reports of phosphorylated lysine in mammalian nuclear pro-
tein histone H1 go back to the early 70s [89, 90], but so far
the chemical properties of phospholysine, its biological func-
tion, and the underlying protein kinases and phosphatases
have not yet been clearly revealed [91]. In contrast, at least
in prokaryotes, the role of phosphoarginine is well charac-
terized: phosphoarginine is involved in the stress response
and protein degradation system of Bacillus subtilis, wherein
the arginine kinase McsB controls the expression of stress re-
sponse genes via phosphorylation of the heat-shock regulator
protein CtsR [92].

As far back as 50 years ago, protein histidine phosphory-
lation was discovered in rat liver mitochondria by Boyer et al.
[10]. Phosphohistidine (pHis) is the best studied basic phos-
phoamino acid and was shown to represent 6% of total protein
phosphorylation in lower eukaryotes (e.g., amoebae), and at
least ten times more abundant than pTyr [93]. The phospho-
rylation of histidine residues plays a major role in two- and
multicomponent phosphosignaling pathways in prokaryotes,
plants and fungi [94,95]. Nevertheless, its relevance for mam-
malian cellular processes was questionable for many years.
The first mammalian phosphohistidine phosphatase, phos-
phohistidine phosphatase 1, was not identified until 2002

[96, 97] and, apart from nucleoside diphosphate kinase, its
associated kinases have not been well characterized [91]. Re-
cently, the potential role of pHis in basic mammalian cellular
processes, such as G-protein signaling [98], chromatin assem-
bly [90], and ion conduction [99], is becoming clearer due to
new sophisticated biochemical and analytical techniques.

10 Chemical properties of
phosphoramidates

The structures of the basic phosphoamino acid residues are
shown in Fig. 3. Notably, two biologically relevant isomers of
pHis, 1- pHis, and 3-pHis, exist, named according to the posi-
tion of the phosphorylation on the imidazole ring [100]. Our
limited knowledge about N-phosphorylated amino acids is
mostly due to their chemical instability. Compared to the P-O
bond in phosphohydroxyamino acids, the P-N bond in basic
phosphoamino acids is thermodynamically less stable due to
the higher Gibbs free energy of hydrolysis [101]. In addition,
phosphoramidates are also much less kinetically stable as the
protonation of the nitrogen of the P-N bond under acidic con-
ditions facilitates the dissociation of the phosphoryl group
[102]. The acid lability, in particular, complicates the detec-
tion and analysis of phosphoramidates in biological samples,
since techniques for the analysis of protein phosphorylation
such as phosphoamino acid analysis and RP LC traditionally
involve acidic conditions and therefore have to be modified.

Figure 3. Structures of the basic phosphoamino acid residues.
A characteristic of phosphohistidine is the existence of two
biologically relevant structures: 1-phosphohistidine (A) and
3-phosphohistidine (B), besides phospholysine (C), and phospho-
arginine (D) are illustrated.
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11 Detection and analysis of basic
phosphoamino acids

31P NMR spectroscopy [103] and other biochemical methods
have been applied for the detection of basic phosphoamino
acids such as phosphatase and kinase activity assays [94], in-
gel kinase assays [104], phosphoamino acid analysis [105,106]
and immunoprecipitation with phospho-specific antibodies
[107].

Especially pTyr-specific antibodies have been extremely
useful for determining the abundance and characteristics of
pTyr in biological systems [37]. However, thus far, attempts
to generate pHis-specific antibodies using pHis as an antigen
have failed due to weak immune responses [108]. The lack of
immune response might be attributable to the rapid dephos-
phorylation of phosphoramidates. Nonhydrolyzable analogs,
at least for pHis, have been successfully used to raise antibod-
ies, which selectively recognize the phosphorylation of His18
residue in recombinant protein histone H4 [107]. However,
the cross-reactivity of this antibody toward pTyr has not yet
been elucidated.

Recently, more and more MS-based approaches are be-
ing applied, although standard proteomic workflows utiliz-
ing acidic conditions for sample preparation and LC sep-
aration cannot be directly transferred to the analysis of
N-phosphorylated peptides. Several studies have demon-
strated the elimination of the phosphoryl moiety of pHis
when acidic eluents are used in LC separations [51, 109].
Therefore, Kleinnijenhuis et al. [51] evaluated different buffer
systems for the analysis of pHis peptides, stating that a neu-
tral pH (pH 6.7) or a short acidic gradient over 7 min were
the optimal HPLC conditions.

To overcome the substoichiometric level of phospho-
rylated peptides, different strategies for the enrichment of
N-phosphorylated peptides prior to LC-MS analysis have been
evaluated.

Napper et al. [110] tested three metal coatings of IMAC
resins for their selectivity toward pHis peptides from pro-
teolytic digests. Only Cu(II)-IMAC resin led to the selective
detection of pHis peptides of the histidine-containing pro-
tein (HPr) from Escherichia coli. Alternatively, Kleinnijenhuis
et al. [51] used Strata-X material, which retains nonphospho-
rylated peptides by hydrophobic interactions, to reduce the
complexity of a tryptic digest of EnvZc from E. coli. However,
with both strategies phosphopeptides were still less abun-
dant than their nonphosphorylated counterparts, indicating
the urgent need for new enrichment strategies, as none of the
strategies for the enrichment of O-phosphorylated peptides
seem to be applicable. Moreover, database search parame-
ters critically influence the outcome of N-phosphorylation
analyses as flawed settings can lead to incorrect identifica-
tions and phosphorylation site localizations: If only pHis is
chosen as variable modification, a database search of a nor-
mal phospho-dataset (HeLa after TiO2-HILIC enrichment,
searched with Mascot and validated with phosphoRS) re-
sulted in the detection of approximately 100 peptides con-
taining pHis, whereas the same dataset shows no confident

hits (phosphoRS site probability >80%) for pHis when con-
sidering pSer/pThr/pTyr as well.

Peptides containing basic phosphoamino acids have been
successfully detected by MS using MALDI and ESI ionization
techniques [111]. For pHis and phosphoarginine peptides,
losses of phosphoric acid and less frequently metaphospho-
ric acid have been observed upon CID. Hence, Schmidt et al.
[59] reported a higher number of incorrect phosphorylation
site localizations utilizing CID and HCD compared to ETD
due to the occurrence of these neutral losses. In conclusion,
electron-based fragmentation methods such as ETD seem
to be the method of choice for MS/MS fragmentation of
N-phosphorylated peptides, as this method yields high-quality
spectra, with few incorrect localizations and a high num-
ber of identified phosphopeptides. In addition, this method
also avoids misinterpretation of actual O-phosphorylated
peptides.

Notably, all these studies are based on in vitro phos-
phorylated samples containing relatively high numbers of
phosphoamino acids. The detection and analysis of phos-
phoramidates in real biological samples remains extremely
challenging.

12 Concluding remarks

With continuous advancements in MS-based phosphopro-
teomics, highly specific and sensitive strategies for the en-
richment and analysis of phosphopeptides have enabled the
identification of thousands of unique phosphorylation sites
in prokaryotes and eukaryotes. Despite this, researchers still
have to overcome pitfalls that occur during sample prepara-
tion and MS analysis, especially in respect to fragmentation
techniques and subsequent search and validation algorithms,
which critically influence the reliability of the experiment.
Furthermore, like in global proteomics, a major problem is
the poor reproducibility of phosphoproteomic studies, even
with regard to technical replicates.

Regarding the analysis of N-phosphorylated peptides,
there is still a long way to go, although with the adaption
of traditional LC-MS strategies to the requirements of these
acid-labile phosphoamino acids, further roles in the cellular
processes of mammalian will surely be revealed.

Quantitative analysis of transient phosphorylation events
in signal transduction pathways is the most challenging task
in the area of phosphoproteomics as phosphorylation oc-
curs within milliseconds to seconds. Moreover, when pro-
cessing biological samples, the activities of phosphatases and
proteases can easily bias the results of quantitative studies.
Therefore, setting up standardized procedures for sample
preparation, protein labeling, and data processing as well as
introducing rules for reliable research based on quality con-
trol of spectra might lead to a higher comparability of studies
performed in different laboratories. Furthermore, developing
reliable approaches for the assessment of false localization
rates similar to false discovery rates could enhance quality of
phosphorylation site databases.
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