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Abstract
Characterization of protein modification by phosphorylation is one of the major tasks that have to
be accomplished in the post-genomic era. Phosphorylation is a key reversible modification
occurring mainly on serine, threonine and tyrosine residues that can regulate enzymatic activity,
subcellular localization, complex formation and degradation of proteins. The understanding of the
regulatory role played by phosphorylation begins with the discovery and identification of
phosphoproteins and then by determining how, where and when these phosphorylation events
take place. Because phosphorylation is a dynamic process difficult to quantify, we must at first
acquire an inventory of phosphoproteins and characterize their phosphorylation sites. Several
experimental strategies can be used to explore the phosphorylation status of proteins from
individual moieties to phosphoproteomes. In this review, we will examine and catalogue how
proteomics techniques can be used to answer specific questions related to protein
phosphorylation. Hence, we will discuss the different methods for enrichment of phospho-proteins
and -peptides, and then the various technologies for their identification, quantitation and validation.

Background
Post-translational modifications of proteins are considered to be one of the major determinants regarding organisms complexity [1]. To date, at least more than 200
different types of post translational modifications (PTM)
have been identified of which only a few are reversible
and important for the regulation of biological processes.
One of the most studied PTM is protein phosphorylation,
because it is vital for a large number of protein functions
that are important to cellular processes spanning from signal transduction, cell differentiation, and development to
cell cycle control and metabolism. A primary role of phosphorylation is to act as a switch to turn "on" or "off" a protein activity or a cellular pathway in an acute and
reversible manner [2]. Furthermore, it is estimated that
one of every three proteins is phosphorylated at some

point in its life cycle [3]. Today, it is well-known that
almost all processes regulated by protein phosphorylation
are reversible and controlled by the combined action of
two different classes of enzymes, namely protein kinases
and phosphatases. These kinases and phosphatases, constitute about 2% of the human genome [1,4,5].
Analysis of the entire cellular phosphoproteins panel, the
so-called phosphoproteome, has been an attractive study
subject since the discovery of phosphorylation as a key
regulatory mechanism of cell life. But despite a growing
knowledge of many phosphorylation consensus
sequences, this PTM cannot usually be predicted accurately from the translated gene sequence alone. Thus, the
experimental determination of phosphorylation sites is
an important task. To this end, the development and opti-
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mization of protocols for the enrichment of phosphorylated proteins or peptides is essential. In addition,
various methods for protein phosphorylation site determination have been developed, yet this task remains a
technical challenge [6]. Well established methods involving the analysis of 32P-labeled phosphoproteins by
Edman degradation and two-dimensional phosphopeptide mapping have proven to be powerful but not without
limitations. Beyond the inconvenience associated to the
use of radioactivity, these traditional phosphorylation
analysis methods can be time-consuming and are not well
suited for the high throughput pipelines required for
phosphoproteome analysis. Consequently, mass spectrometry has emerged as a reliable and sensitive method
for the characterization of protein phosphorylation sites
[7] and may therefore represent a method of choice for the
analysis of protein phosphorylation [8].
Unfortunately, phosphoproteins analysis is not straightforward for five main reasons. First, the stoichiometry of
phosphorylation is generally relatively low, because only
a small fraction of the available intracellular pool of a protein is phosphorylated at any given time as a result of a
stimulus. Second, the phosphorylatation sites on proteins
might vary, implying that any given phosphoprotein is
heterogeneous (i.e. it exists in several different phosphorylated forms). Third, many of the signaling molecules,
which are major targets of phosphorylation events [9], are
present at low abundance within cells and, in these cases;
enrichment is a prerequisite before analysis. Fourth, most
analytical techniques used for studying protein phosphorylation have a limited dynamic range, which means that
although major phosphorylation sites might be located
easily, minor sites might be difficult to identify. Finally,
phosphatases could dephosphorylate residues unless precautions are taken to inhibit their activity during preparation and purification steps of cell lysates.
In this review, we present at first a survey of methods
available to identify phosphoproteins and phosphopeptides and to map the precise phosphorylated residues and
secondly, we enumerate methodologies available to
quantitate and validate the identified phosphorylation
sites/events.

Review
The identification of phosphoproteins and the characterization of their phosphorylation sites was greatly
improved by the introduction of mass spectrometry, but
only a fraction of the proteins in a proteome are phosphorylated at any given time. Some of the most commonly
used methods for enrichment of phosphoproteins or
phosphopeptides, when limiting amounts are available,
will now be discussed. These steps can be coupled to various analytical methods for detection and micro-charac-
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terization. An overview of the experimental workflow
described below is presented in Figure 1.

Phosphoprotein separation and detection
Two-dimensional gel electrophoresis (2-DGE)
Normally, for separation by 2-DGE, proteins are subjected
to isoelectric focusing and separated by size. Using this
approach, a cell extract is prepared from two different
samples and resolved by 2-DGE for comparison of protein
expression or changes in protein modification by comparison of the two corresponding gels. Currently, 2-D PAGE
is the only method capable of simultaneously resolving
several thousands of proteins [10,11] including protein
variants produced by the co- or post-translational processing such as phosphorylation, glycosylation, and sulfation
[12]. The phosphorylation of a protein leads to a decrease
in its pI and consequently its coordinates in a 2-D gel. To
map phosphoproteins on 2-DGE, it has been exploited
this fact to discriminate phosphoproteins from nonphosphoproteins. Although this method can provide valuable
information, it suffers from many limitations, including
poor protein representation and an inability to identify
low-copy proteins [13,14]. Another limitation to 2-DGE
resides in the fact that only some proteins with molecular
weight between 10 and 100 kDa are visualized. Furthermore, 2-DGE is poorly suitable to resolve integral membrane proteins due to proteins aggregation during the first
isoelectric-focusing (IEF) migration. Thus, the limitations
of 2-DGE have inspired the development of several methods (see below).
Immunoblot
Immuno- or Western blot is a technique [15] which
requires the availability of specific antibodies to detected
proteins transferred from a one-dimensional gel electrophoresis (1-DGE) or 2-DGE [16] to a solid membrane
support. The development of antibodies against common
protein epitopes allows the identification of proteins sharing the same characteristics such as phosphorylated proteins. For phosphoproteome analysis phosphoserine,
phosphothreonine and phosphotyrosine represent the
common epitopes which are recognized by specific antibodies that are routinely employed. Analysis of phosphoproteome using Western blot is improved by combining
2-DGE with highly selective anti-phosphoantibodies [17].
While excellent anti-phosphotyrosine antibodies are
available, better anti-phosphoserine and anti-phosphothreonine antibodies are currently needed. This is probably one of the major reasons why tyrosine
phosphorylation, which is much less frequent in cells
than serine/threonine phosphorylation, is much more
studied [18-20]. Although Western blot allows the detection of very low abundance phosphoproteins, this
method is not very suitable for quantitative analysis due
to the variability of the amount of proteins transferred to
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Figure 1 representation of phosphoprotein analysis workflow
Schematic
Schematic representation of phosphoprotein analysis workflow. The most commonly used methods to resolve, to
purify or to enrich phosphoproteins are described in the Protein separation section. Peptides resulting from trypsin digestion of phosphoproteins may be analyzed directly by MS or by Edman degradation. Other approaches may be used for the
enrichment of phosphopeptides. These methods are depicted in the Peptide separation section. MALDI and ESI are usually
used for identification of phosphoproteins. The two predominant techniques for idenditification of the precise sites of phosphorylation are i) Edman degradation and ii) MS analysis (Neutral loss and Precursor ion). These methods are described in the
Identification section. 1D/2D GE: On-dimensional/Two-dimensional gel electrophoresis. Chem. Modif.: Chemical Modification. ESI: Electrospray Ionisation. Ib: Immunoblot. IMAC: Immobilized Metal Affinity Chromatography. Ip-α PY: Immunopurification using a phospho-tyrosine antibody. LC: Liquid Chromatography. MALDI: Matrix-Assisted Laser Desorption
Ionization. ProQ: Pro-Q Diamond™. AR: Autoradiography. β-Elemin: β-elimination reaction.
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the membrane. In addition, the selectivity and affinity
characteristics of the antibodies are of major importance
since a large number of "false positive" interactions may
be detected, thus reducing the applicability of this
approach.
Direct staining
The apparently easiest way to analyze phosphoproteome
of cells, tissues or organisms is to employ reagents
designed to selectively detect phosphoproteins directly in
1- or 2-DGE. Since 1970 several methods have been
described [21,22] to stain phosphoproteins directly in
gels but their low specificity and sensitivity prevented
those methods from being routinely applied. Recently, a
fluorescent phosphosensor dye, Pro-Q Diamond™ has
been developed [23]. This dye can discriminate between
phosphorylated and unphosphorylated proteins and is
reversible. In addition, it is compatible with protein dyes
such as SYPRO Ruby. Pro-Q Diamond™ combined to
SYPRO Ruby dye allows first, to detect phosphorylated
proteins (Pro-Q Diamond™) and total proteins (SYPRO
Ruby) on the same gel and second, to distinguish between
a slightly phosphorylated from high abundant protein
and a highly phosphorylated from a low abundant protein by comparing the results of the two different colorations[24,25]. This dye permits phosphoproteins
identification in a complex protein mixture with sensitivity in the ng/ml range. Although this sensitivity is significantly good, it is however not sufficient for
comprehensive analysis of the phosphoproteome.
Protein phosphatases
Phosphorylation of proteins leads to a change of the net
charge of proteins and thus the migration behavior during
2-DGE. Accordingly, the charge variation occurring after
phosphatase treatment can be exploited to discriminate
phosphorylated from unphosphorylated proteins. Phosphatase treated and untreated samples are analyzed by 2DGE and the resulting 2D maps compared in order to
detect differences in migration corresponding to phosphorylated proteins. This experimental strategy capitalizes
on the specific enzymatic activity of k-phosphatase
(kPPase) on phosphoserine, phosphothreonine, phosphotyrosine and phosphohistidine residues [26]. An
improvement of this experimental strategy was recently
achieved by employing difference gel electrophoresis
(DIGE) technology for the detection of variations in protein migration after kPPase treatment [27]. Since DIGE
eliminates gel-to-gel variability thus allowing separation
of two proteomes on the same gel, detection of changes in
protein patterns is greatly facilitated. The phosphatasebased method allows an easy identification of phosphorylated proteins expressed in a sample but it is less suitable
for the quantification of variations of protein phosphorylation patterns comparing two different samples. The
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complexity of the analysis and the variability of the efficacy of enzymatic action are the main reasons for this.
Isotopic labeling
Protein labeling with either inorganic phosphate (32Pi) in
vivo or γ-(32P)-ATP in vitro is still one of the most practical
way to study protein phosphorylation [28-33]. Separation
of labeled proteins by 1- or 2-DGE and autoradiography
or image acquisition by PhosphorImager systems for visualization of phosphorylated proteins is the most common workflow pursued in proteomics studies when an
isotopic labeling strategy is considered.
Analysis of protein phosphorylation in vivo
In this approach, cells are labeled in vivo with 32P-orthophosphate in pulse or pulse-chase experiments in cell/tissue culture [34,35]. Then, cell extracts are prepared and
analyzed. The in vivo phosphorylation, while more physiologically relevant by avoiding the possibility of non-specific phosphorylation, requires working with significantly
larger amounts of radioactivity due to the extensive cellular consumption of phosphate in the form of phosphoproteins, nucleic acids, phospholipids, etc. However, in
vivo radiolabeling has limitations: (i) 32P-labeling is inefficient because of the high concentrations of non-radioactive
endogenous
ATP;
(ii)
although
many
phosphoproteins can be visualized by autoradiography,
they are not present in sufficient amounts to be identified,
and (iii) the use of a cell/tissue culture.
Protein kinase profiling in vitro
Protein kinase profiling is a way to identify protein
kinases and of course, their substrates under various biological conditions. In this strategy, radiolabeled phosphoproteins are generated in vitro, using γ-32P-ATP and either
purified protein kinase or cell lysates, and then are analyzed [36,37]. The advantage of studying in vitro phosphorylation is the theoretical goal 100% phosphorylation
stoichiometry. However, in vitro phosphorylation has limitations in that phosphorylation sites may differ from
what might take place in vivo. Thus, the big disadvantage
is the burden of proof that the phosphorylation sites
found are real and relevant physiologically. As a consequence, the results must, in general, be confirmed by in
vivo studies.

Phosphoproteome enrichment and
identification
The limitations of gel electrophoresis have inspired the
development of methods to circumvent protein gels
entirely. In one such method, the entire protein mixture
isolated from cells is converted to peptides, which are
then resolved by liquid chromatography. Following separation, the peptides are injected directly into a mass spectrometer in an "on-line" configuration for mass analysis
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and protein identification. A variety of techniques have
emerged using this general strategy, including multidimensional liquid chromatography [38], cation-exchange
and reverse-phase chromatography [39], and liquid chromatography combined with ion mobility spectrometry
and tandem mass spectrometry (LC-IMS-TOF-MS/MS)
[40]. The advantage of these methods is that, theoretically,
more proteins can be identified, especially low-copy proteins. However, protein gels perform an important function in that they allow for the visual selection of specific
proteins from a complex mixture.
Methods for phosphoproteome enrichment
A major obstacle in the study of phosphorylated proteins
is that they comprise only a small fraction of the total protein in a cellular lysate. Thus, many phosphoproteins cannot be identified in a cell extract. As a consequence, a
number of techniques have been developed to partially
purify or to preferentially enrich phosphopeptides from a
complexe mixture, namely i) Immobilized Metal Affinity
Chromatography (IMAC); ii) Specific chemical derivatization; and iii) Immunoprecipitation.
Immobilized Metal Affinity Chromatography (IMAC)
The use of (miniaturized) immobilized metal affinity
chromatography (IMAC) columns was developed for the
enrichment of phosphopeptides and exploits the high
affinity of a phosphate group to cations such as Zn2+, Fe3+,
and Ga3+ [41,42]. IMAC has been successfully used either
in off-line or on-line formats for the detection of phosphopeptides using MS [42-45]. Although this approach is
useful, it does have a problem in that it is not absolutely
specific because peptides that contain many acidic aminoacids, histidine or cysteine co-elute [46]. In addition, multiply phosphorylated peptides are more enriched and the
recovery of phosphopeptides appears to be largely
dependent on the type of metal ion, column material and
the elution procedure used. Other IMAC approach has
permitted a much higher specificity using esterification of
acidic residues before IMAC enrichment [47]. This way
eliminated the non-specific binding, and enabled the
determination of a large number of phosphorylation sites
on proteins from whole-cell lysates. Moreover, this
approach requires that all phosphoproteins in a cell lysate
have to be analyzed to detect those that undergo changes.
Recently, Larsen and colleagues reported the use of Titanium dioxide (TiO2) as a potent chelator for phosphopeptides which may be used upstream of mass spectrometry
sequencing [48]. In this work, the authors attributed the
selective enhancement of phosphorylated peptide binding by dihydroxybenzoic acid to an effective competition
predominantly with non-phosphorylated peptides for
binding sites on TiO2. This effect was thought to be
achieved by the existence of a heterogeneous array of
adsorption sites on TiO2. In direct comparison with
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IMAC, this procedure proved superior in terms of selectivity and sensitivity of phosphorylated peptide binding
[48]. In addition, the TiO2 purification was fast and can be
used in combination with high performance liquid chromatography coupled to either MALDI-MSMS or ESIMSMS.
Specific chemical derivatization
One approach to isolate phosphorylated proteins or peptides is to take advantage of the unique chemistry of phosphoamino acids in peptides. To date, two methods have
been reported that use chemical modification of the phosphate moiety as a strategy to enrich phosphopeptides
from complex mixtures. The first method uses a β-elimination reaction that occurs when phosphoserine and
phosphothreonine residues are exposed to strong alkaline
conditions [49,50]. The resulting dehydroalanine or
dehydroaminobutyric acid residues can be detected, after
chemical modification with ethanethiol (EDT), using tandem mass spectrometry (MS/MS) [51,52]. The same strategy can be used to attach biotinylated moieties to purify
phosphoproteins or peptides. Thus, EDT is used as a
nucleophile, which provides a new reactive thiol group
serving as a linker for attachment of a biotinylated affinity
tag [49]. However, an undesired side effect involving side
chains on cysteine and methionine residues can still
occur. To overcome this problem, the sample is first
treated with performic acid, leading to oxidation of these
residues, thereby inactivating them. The second method is
an alternate strategy to isolate phosphotyrosine-containing peptides in addition to those containing phosphoserine and phosphothreonine residues [53]. The main
feature of this method is that a transient carbodiimide
[ethyl carbodiimide (EDC)] catalyzes the addition of
cystamine to phosphate moieties, which then allows purification of phosphopeptides on glass beads containing
immobilized iodoacetyl groups. Elution of phosphopeptides is performed by cleavage of phosphoroamidate
bonds by trifluoroacetic acid. The main disadvantage of
these two methods is that the current chemistries require
significant amounts of protein or peptide for identification by MS to be successful. In addition, the selectivity of
these methods has not been confirmed yet. Several proteins were isolated using these methods that are not
known phosphoproteins. Nevertheless, these approaches
are promising and could be coupled to other fractionation
steps to improve the overall recovery of low-abundance
proteins.
Immunoprecipitation
Antibodies are routinely used to immunoprecipitate specific proteins. Consequently, phospho-specific antibodies
can be used to selectively immunoprecipitate phosphorylated proteins depending on the specificity of the antibody. As for Western blot (see above) anti-
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phosphotyrosine antibodies are the most reliably and
widely used in order to enrich tyrosine-phosphorylated
proteins from complex mixtures. These antibodies can be
used to immunoprecipitate, and therefore to enrich, tyrosine phosphorylated proteins from complex mixtures of
proteins such as cell lysates. Although these antibodies
have been relatively effective at enriching and identifying
low-abundance tyrosine phosphorylated proteins
[54,55], it has been showed that the existing immunopurification protocols for phospho-tyrosine (pY) containing
peptides have a poor selectivity [19]. Recently, a method
using a pY antibody for pY peptide purification from an
enzymatically digested protein extract combined with LCMS/MS was applied to large scale pY analysis in cancer
cells [20]. Currently, there are no antibodies that are suitable for enriching proteins that are phosphorylated on
serine or threonine residues, and thus these proteins must
be enriched using the alternative methods described
above.
Methods for phosphoproteome identification
The use of mass spectrometry (MS) in protein phosphorylation site determination has increased significantly in
the past few years and is now the dominant technology for
protein identification. However, the success of protein
identification depends on both the sample preparation
and the type of mass spectrometer used. The two most
common methods used for mass spectrometry are the
matrix-assisted laser desorption ionization (MALDI) and
the electrospray ionization (ESI) or the combination of
both. It is evident that in most cases multiple techniques
used in combination have been necessary for phosphoproteins analysis and that no single combination of
approaches appears to be optimal for all proteins.
Mass spectrometry (MS)
Phosphorylation analysis by mass spectrometry is generally accomplished by a two-step approach. The phosphoprotein of interest is proteolytically digested, usually with
trypsin, and the tryptic peptides are analyzed to determine
which are phosphorylated. Then those phosphopeptides
are further analyzed, usually by tandem mass spectrometry (MS/MS), to determine the precise location of the
phosphorylation site(s). Phosphopeptides may be identified simply by examination of the list of observed peptide
masses for mass increases of 80 Da (the added mass of the
phosphate group) compared with the list of expected peptide masses. Although this method is relatively straightforward, it also misses many phosphorylated peptides
because: i) The peptide maps are frequently incomplete
even for non-phosphorylated proteins; ii) The increased
acidity of the phosphate group generally results in
decreased ionization efficiency of a peptide [56]; and iii)
The competition for ionization of peptides in a mixture
results in suppression of signal for some peptides. None-

http://www.proteomesci.com/content/4/1/15

theless the ease and small amount of sample required for
a simple peptide map make this method popular. Using
β-elimination/Michael addition chemistry to replace the
phosphate with a chemical group more conducive to efficient ionization can ameliorate some of the difficulties
associated with phosphopeptides [57].
Phosphopeptide mass measurement may be achieved by
MALDI, ESI or the combination of both. These processes
are the two most common ways to ionize peptides, yet
they differ fundamentally. For this reason, one may often
find some proteins ionize better by one process than the
other.
One approach to reduce the sample required for ESI measurement is to reduce the fluid flow by use of small capillary electrospray emitter tips, a process known as
nanoelectrospray. Nanoelectrospray produces a constant
signal for 10–30 min for a 1 μl sample, and the low flow
has been shown to increase the ionization efficiency and
reduce ion suppression [58]. Another way to reduce ion
suppression phenomena is to separate the peptides prior
to ionization. The common method is LC-MS, which has
the added benefit of concentrating dilute samples and
removing salt that interferes with the ionization process.
As a way to highlight the presence of phosphopeptides in
a mixture or to confirm the identity of a phosphopeptide,
a simple phosphatase reaction will cause a downward
shift in mass of 80 Da (or multiples of 80) for each phosphopeptide [59].
Database searching
Using data produced by mass spectrometers, proteins can
be identified by searching DNA and protein-sequence
databases. The success of protein identification depends
on the type of data utilized, the type of search conducted,
and the databases searched: i) Peptide Mass Fingerprint
Database Searching is used for peptide masses obtained
from MALDI-MS, which are compared against theoretical
spectra obtained from primary-sequence databases; ii)
Peptide mass tag database searching can be conducted
using peptide sequence obtained from MS/MS. In this
approach, a partial amino acid sequence, known as the
sequence tag, is combined with the mass of the peptide to
search relevant databases [60] and iii) the FASTS program
uses amino acid sequence obtained from MS/MS to search
databases from organisms whose genomes have not been
sequenced completely or whose databases are not fully
annotated [61].

Phosphorylation site mapping
In addition to identifying phosphoproteins, it is important to characterize/map their phosphorylation sites. Such
data can provide information about the function of the
phosphorylation event as well as the nature of the kinase
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responsible for this phosphorylation. The two predominant techniques for phosphorylation site identification
are i) Edman degradation and ii) MS analysis.
Edman degradation
Edman degradation is still one of the most practical methods to determine phosphorylation sites in peptides [6264]. This is because the technique is relatively simple, very
sensitive, and can be applied to a large variety of peptides
[28,31,65]. If enough radioactivity can be incorporated
into the phosphoprotein of interest, sites can be determined at the sub-fmol level. In this approach, a 32Plabeled protein is digested with a protease and the resulting phosphopeptides are purified by reverse-phase HPLC
or thin-layer chromatography (TLC). The isolated peptides then are cross-linked via their C-termini to an inert
membrane and the radioactive membrane is subjected to
several rounds of Edman cycles. The radioactivity is collected after each cleavage step and the released 32P is
measured in a scintillation counter. This method positionally places the phosphoamino acid within the
sequenced phosphopeptide. Of course, this is meaningful
only if the sequence of the phosphopeptide is known.
This method is not any more quantitative beyond 30
Edman cycles. In addition, the need for a large amount of
starting material (more than pmol amounts of protein)
and the length of time to completion has made this procedure prohibitive to high throughput studies of the phosphoproteome. However, MacDonald et al. have extended
the usefulness of phosphorylation site characterization by
Edman chemistry through the development of the cleaved
radioactive peptide (CRP) program [66]. In CRP analysis,
one requires only that the sequence of the protein to be
known. Purification and sequencing of individual peptides is not required. Radiolabeled proteins are cleaved at
predetermined residues by the action of a protease. The
phosphopeptides are then separated by HPLC or TLC,
cross-linked to the inert membrane, and carried through
25–30 Edman cycles. The sequence of the target protein is
entered into the CRP program. This program predicts how
many Edman cycles are required to cover 100% of the serines, threonines, and tyrosines from the site of cleavage.
However, this methodology is still very low-throughput
and require protein radiolabeling with 32P.
MS analysis
Phosphorylation sites in peptides can also be analyzed by
MS/MS. In this approach, the phosphopeptide is
sequenced in the mass spectrometer and the site of phosphorylation is determined unambiguously. Precursor ion
and neutral loss scanning are currently the methods of
choice for sequencing phosphopeptides [58,67-70].
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Precursor ion scanning
On fragmentation by collision-induced dissociation
(CID) in a tandem mass spectrometer, phosphopeptides
not only produce sequence-specific fragments but also
fragments that are specific for phosphate groups. These
phosphate-specific fragment ions serve as characteristic
'reporter ions' for phosphorylated peptides in precursorion scanning experiments by MS/MS [58]. In the negative
ion mode phosphopeptides fragment produce marker
ions at m/z 79 (PO3-) and 63 (PO2-). CID of phosphoserine- and phosphothreonine-containing peptides in the
positive ion mode often yields a neutral loss of H3PO4 via
β-elimination [67]. Peaks corresponding to this loss (98
from singly charged precursors, 49 from doubly charged
precursors, etc.) are often the most abundant ions in the
CID spectrum, although this is not invariably the case.
Phosphotyrosine residues do not undergo β-elimination
but do produce a characteristic immonium ion at m/z
216. Use of the characteristic immonium ion of phosphotyrosine was suggested as a possible marker for phosphotyrosine-containing peptides when using triple
quadrupole instruments [71-73]. However, because of the
possible number of other a, b, and y ions that give rise to
signals at the same nominal mass 216 [71,74], high-resolution MS, such as a QSTAR Pulsar quadrupole time-offlight tandem mass spectrometer equipped with a nanoelectrospray, are required to distinguish between the P-Tyr
immonium ion and those generated by other a, b, and y
ions [74,75]. Other methods use the negative-ion mode to
determine the more comprehensive phosphopeptide
composition of peptide mixtures by observing a fragment
at m/z 79 Da for phosphopeptides that contain P-Ser and/
or P-Thr [76,77]. A triple quadrupole mass spectrometer
operating in negative ion mode is generally used. In this
method, detection of the specific reporter ion identifies
the corresponding precursor phosphopeptide ion by its
mass to charge (m/z) value. In precursor ion scans, also
known as parent ion scans, only those peptides that fragment to produce the chosen marker ion (m/z 79), produce peaks in the spectrum, screening out all other
species. Subsequent sequencing of the corresponding
phosphopeptide requires a change in polarity and re-buffering of the sample, which implies that this system is not
readily amenable to liquid chromatography (LC)-MSbased approaches. Despite these shortcomings, the
method is a powerful tool because of its high selectivity
and sensitivity and its applicability for serine, threonine
and tyrosine phosphorylated residues.
Neutral loss scanning
When peptides containing phosphoserine or phosphothreonine residues are subjected to CID, they commonly
undergo a gas-phase β-elimination reaction, resulting in a
neutral loss of phosphoric acid (H3PO4, -98 Da) or are
dephosphorylated (HPO3, -80 Da). Phosphotyrosines,
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however, are generally more resistant to this loss. Ideally,
precursor ion experiments can be performed on a triple
quadruple mass spectrometer with an offset to detect
phosphopeptide species that undergo such a loss. In the
MS/MS spectrum, a spacing of 69 Da (owing to dehydroalanine) or 83 Da (owing to dehydroaminobutyric
acid) indicates the exact location of phosphorylated serine
and threonine residues, respectively. For instance, using
this method, Wong et al. have identified three phosphorylated sites in the cytosolic domain of calnexin (Ser 534,
Ser 544 and Ser 563) [78].
The drawbacks of this method are the incidence of falsepositive signals as well as the fact that the charge state of
the phosphopeptide has to be known in advance.
Emerging trends
Although Edman degradation and MS/MS using CID are
currently the methods of choice for sequencing phosphopeptides, alternatives have been demonstrated.

An alternative to these multi step procedures is datadependent analysis in the course of a single LC-MS experiment [59,69,79]. Separation of tryptic peptides using LC
is an excellent way to decrease the complexity of the sample. In a variation of this technique, a 2D chromatographic separation, first on a strong cation exchange and
then on a C18 column, has been performed [80]. Precursor ion or neutral loss scanning is carried out until an ion
is detected above a pre-established intensity threshold.
The observed ion is then subjected to MS/MS to obtain its
sequence. Coupling of nanoLC systems to a mass spectrometer is valuable because separation of peptides by the
upfront LC step decreases the ion suppression effect
observed in the case of phosphopeptides.
Tandem mass spectrometry using electron capture dissociation has been also applied to phosphorylation site mapping [81]. This non-random technique favors
fragmentation of peptides along the peptide backbone;
Ser(P) and Thr(P) residues retain their phosphates, greatly
facilitating sequencing of the peptide and locating the
site(s) of phosphorylation.
Electron capture dissociation (ECD) combined with Fourier transform ion cyclotron resonance (FTICR) MS has
emerged as a powerful method for the sequencing of proteins and peptides as well as for the study of post-translational modifications [82]. It has also been successfully
applied for the exact localization of phosphorylated residues in peptides [83].
Recently, Aebersold and coworkers [84] described an
alternative general chemical strategy for the enrichment
and subsequent mass spectrometric analysis of phos-
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phopeptides. This improvement consists in the direct capture of phosphopeptides in a single-step reaction with a
primary amine – containing solution polymer (in this
case, a Generation-5 polyamidoamine dendrimer) rather
than complicated chemical transformations. Selective
reaction of phosphorylated peptides with the amine
groups of the dendrimer produces phosphopeptide-polymer conjugates that are physically larger than unmodified
peptides. Afterward, the phosphopeptides are released
from the dendrimer under acidic conditions, and isolated
from the dendrimer using the same membrane-based filtration device [84].

Quantitative phosphoproteome analysis
Although defining the precise sites of phosphorylation
yields important information that can be related to the
biological function of phosphoproteins, the quantitative
evaluation of the extent of phosphorylation at a given site
or in relation to other phosphorylation sites, within the
same protein, is critical for the interpretation in terms of
biological significance. This is why quantitation of phosphorylation is particularly important. A given protein
might be in more than one signaling pathway with different stimuli inducing overlapping patterns of phosphorylation. That means a given site might not be
phosphorylated at all, phosphorylated in a minority of
molecules or, in an extreme case, on all the molecules of
that protein. When a population of molecules from
unsynchronized cells is analyzed, this situation corresponds to detection of unphosphorylated, weakly phosphorylated or highly phosphorylated peptides containing
the residue. Similarly, the ratio of phosphorylation of a
protein on multiple residues might be crucial for its function.
Mass spectrometric approaches to quantitative phosphorylation generally use stable isotope dilution whereby two
samples are differentially labeled with mass-encoded tags
such that the samples can be mixed and analyzed simultaneously. Each phosphopeptides thus appears as two peaks
in the mass spectrum, and the relative abundances of the
peaks reflect the amount of the phosphopetide in each
sample. This can be accomplished by metabolic labeling
of proteins in cell culture [85,86] or subsequent chemical
labeling of functional groups such as peptide N termini or
C termini [87-89]. In vitro labeling [13] is used to quantitate proteins by labeling cysteine residue by a method designated isotope-coded affinity tagging (ICAT). A variation
to this strategy is to introduce a biotin tag into phosphoserine and phosphothreonine residues by β-elimination
and Michael addition reaction [90]. Other methods take
advantage of this reaction for attaching different tags for a
quantitative analysis of phosphorylation without any
enrichment [90-92]. Several other methods that use
chemical moieties to make peptides heavier have also
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been developed [93-95]. Other methods use the treatment
with phosphatase in conjunction with isotopic labeling.
In this approach the quantitative phosphorylation in individual samples is measured by dividing a sample in two,
labeling each with the light/heavy forms of a mass tag and
treating one sample with phosphatase before recombining the fractions [96,97]. An in vivo labeling has been used
to label yeast proteins by growing them 15N-labeled
media that labels all proteins without any further manipulation and thus to quantitate the extent of phosphorylation [85]. An alternative approach to label proteins in vivo,
designated stable isotope labeling by amino acid in cell
culture (SILAC), which uses amino acid containing a stable isotope, has been developed [98].
The advantage of using stable-isotope containing amino
acids over media containing 15N is that it can be used in
cases where the sequence is not known. It is also possible
to couple in vitro and in vivo labeling methods, to quantitate the phosphorylation, using 15N-labeling and a
method related to ICAT [99].
An alternative to labeling of phosphopeptides in vivo and
in vitro is to run two samples separately, each with the
same internal standard. The internal standard is a chemically synthesized heavier version of the phosphopeptide
being analyzed, allowing absolute quantitation of phosphorylation levels [100,101]. Although this method is
quite useful for small-scale analysis, it cannot be extended
to high-throughput experiments because it involves prior
knowledge of the phosphorylation site and production of
a synthetic peptide of each site.

Phosphoproteome validation
Some approaches have limitations in that phosphorylation sites may differ from what might take place within
the cell. Thus, data validation is particularly important for
phosphoproteins analysis. In this review, we provide two
major methodologies which allow for high throughput
validation of protein phosphorylation.
Proteome chip technology
Ptacek et al. [102] have developed assays to measure substrate specificity in yeast directly at the level of kinase-substrate interaction. This assay is highly selective because a
discrete set of substrates are recognized by each kinase.
Nonetheless, phosphorylations that do not normally
occur in vivo may be identified from this assay. These false
positives may be due to either in vitro phosphorylation of
proteins by kinases that normally reside in other cellular
compartments and/or are expressed at different times, or
through the absence of adaptor proteins that limit the
kinase-substrate interactions. Combining their data with
other information provides a useful method of detecting
interactions likely to occur in vivo. Thus, proteome chip
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technology [103] offers many advantages for studying
protein phosphorylation.
Homogenous assays
AlphaScreen technology
The high throughput capability of the AlphaScreen technology can be used to detect and quantify phosphopeptides. Indeed, AlphaScreen is a bead-based non
radioactive and homogeneous detection technology. An
AlphaScreen signal is produced when the AlphaScreen
acceptor and donor beads are brought into close proximity by molecular interaction occurring between binding
partners captured on the beads mentioned above [104]. In
the case of phosphoprotein/peptide detection, the Donor
beads are functionalized using a specific antibody against
the protein of interest or Streptavidin. The Acceptor beads
are functionalized using either anti-PY antibodies or
Lewis Metal ions. AlphaScreen allows quantifying various
analyses by performing competition assays and extrapolating signals with a standard curve. We have developed a
proteomic functional approach which combines both the
sensitivity of mass spectrometry sequencing to identify
phosphopeptides and the throughput of AlphaScreen for
validation of identified targets (Caruso et al., in preparation). Thus, the sensitivity of mass spectrometry sequencing coupled to the detection and throughput capacity of
the AlphaScreen technology allow identifying and validating the presence of phosphorylation sites in given proteins.
IMAP technology
Similarly, in this assays fluorescently labeled peptides are
incubated with a kinase, the phosphorylated peptides
bind to the IMAP reagent (a trivalent metal with high
affinity for phosphates) causing an increase in the polarization of the fluorescence [105].

Conclusion
Protein phosphorylation is one of the most challenging
posttranslational modifications to study, mainly due to
the low abundance and stoichiometry of this event. However, protein phosphorylation is critical for many cellular
processes, which therefore rely on the efficient addition or
removal of phosphate groups on specific amino acid residues (serine, threonine and tyrosine) of certain proteins.
The phosphoproteome consists of the entire complement
of phosphorylated proteins in cells, which is mapped or
analysed not only for the identification of phosphorylation sites, but also for the quantitation of phosphorylation events in signal transduction pathways in a timedependent manner. The analysis of the phosphoproteome
relies on techniques such as radioactive labeling, mass
spectrometry and Edman-sequencing, usually coupled to
upstream enrichment steps, which are used to increase the
amount of phosphorylated species in the monitoring step.
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Current techniques for the analysis of the phosphoproteome have been reviewed in this paper. Many advances
have been made on the enrichment and detection of
phosphoproteins, but these processes are still not straightforward for several reasons: the stoichiometry of phosphorylation is usually very low, the phosphorylated sites
on proteins vary, signalling molecules are present at low
abundance within cells, minor phosphorylation sites
might be difficult to identify due to a very limited
dynamic range of most analytical techniques to study
phosphorylation, and precautions need to be taken to
inhibit phosphatase activity during preparation and purification steps of cell lysates. The enrichment in phosphoprotein or phosphopeptide content, prior to the
respective analysis, circumvents some of the challenges
presented. Moreover, these approaches help to understand the intricate cellular networks and regulation of
pathways, as well as identifying new proteins involved in
these processes that might reveal potential therapeutic
strategies.

Competing interests
The author(s) declare that they have no competing interests.

Authors' contributions
FD and EC wrote the review and approved the final manuscript.

http://www.proteomesci.com/content/4/1/15

11.

12.

13.
14.
15.

16.
17.
18.

19.

20.
21.
22.

Acknowledgements
We thank D. Fessart for critical reading of the manuscript. FD was supported in part by an operating grant from Genome Quebec/Canada to the
Montreal Proteomics Network – the Cell Map project. EC is a junior
scholar from the Fond de Recherches en Santé du Québec.

23.

24.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG, Smith
HO, Yandell M, Evans CA, Holt RA, et al.: The sequence of the
human genome. Science 2001, 291:1304-1351.
Hunter T: Protein kinases and phosphatases: the yin and yang
of protein phosphorylation and signaling.
Cell 1995,
80:225-236.
Zolnierowicz S, Bollen M: Protein phosphorylation and protein
phosphatases. De Panne, Belgium, September 19–24, 1999.
Embo J 2000, 19:483-488.
Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S: The
protein kinase complement of the human genome. Science
2002, 298:1912-1934.
Alonso A, Sasin J, Bottini N, Friedberg I, Osterman A, Godzik A,
Hunter T, Dixon J, Mustelin T: Protein tyrosine phosphatases in
the human genome. Cell 2004, 117:699-711.
Arnott D, Gawinowicz MA, Grant RA, Neubert TA, Packman LC,
Speicher KD, Stone K, Turck CW: ABRF-PRG03: phosphorylation site determination. J Biomol Tech 2003, 14:205-215.
Sickmann A, Meyer HE: Phosphoamino acid analysis. Proteomics
2001, 1:200-206.
Hunter T: Signaling – 2000 and beyond. Cell 2000, 100:113-127.
Yoon S, Seger R: The extracellular signal-regulated kinase:
multiple substrates regulate diverse cellular functions.
Growth Factors 2006, 24:21-44.
Kristensen DB, Kawada N, Imamura K, Miyamoto Y, Tateno C, Seki
S, Kuroki T, Yoshizato K: Proteome analysis of rat hepatic stellate cells. Hepatology 2000, 32:268-277.

25.

26.

27.

28.
29.
30.
31.

Kawada N, Kristensen DB, Asahina K, Nakatani K, Minamiyama Y,
Seki S, Yoshizato K: Characterization of a stellate cell activation-associated protein (STAP) with peroxidase activity
found in rat hepatic stellate cells.
J Biol Chem 2001,
276:25318-25323.
Guy GR, Philip R, Tan YH: Analysis of cellular phosphoproteins
by two-dimensional gel electrophoresis: applications for cell
signaling in normal and cancer cells. Electrophoresis 1994,
15:417-440.
Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R: Quantitative analysis of complex protein mixtures using isotopecoded affinity tags. Nat Biotechnol 1999, 17:994-999.
Graves PR, Haystead TA: Molecular biologist's guide to proteomics. Microbiol Mol Biol Rev 2002, 66:39-63. table of contents
Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci USA 1979,
76:4350-4354.
Magi B, Bini L, Marzocchi B, Liberatori S, Raggiaschi R, Pallini V:
Immunoaffinity identification of 2-DE separated proteins.
Methods Mol Biol 1999, 112:431-443.
Kaufmann H, Bailey JE, Fussenegger M: Use of antibodies for
detection of phosphorylated proteins separated by twodimensional gel electrophoresis. Proteomics 2001, 1:194-199.
Marcus K, Immler D, Sternberger J, Meyer HE: Identification of
platelet proteins separated by two-dimensional gel electrophoresis and analyzed by matrix assisted laser desorption/
ionization-time of flight-mass spectrometry and detection of
tyrosine-phosphorylated proteins.
Electrophoresis 2000,
21:2622-2636.
Zhang G, Neubert TA: Use of detergents to increase selectivity
of immunoprecipitation of tyrosine phosphorylated peptides
prior to identification by MALDI quadrupole-TOF MS. Proteomics 2006, 6:571-578.
Rush J, Moritz A, Lee KA, Guo A, Goss VL, Spek EJ, Zhang H, Zha XM,
Polakiewicz RD, Comb MJ: Immunoaffinity profiling of tyrosine
phosphorylation in cancer cells. Nat Biotechnol 2005, 23:94-101.
Cutting JA, Roth TF: Staining of phospho-proteins on acrylamide gel electropherograms. Anal Biochem 1973, 54:386-394.
Debruyne I: Staining of alkali-labile phosphoproteins and alkaline phosphatases on polyacrylamide gels. Anal Biochem 1983,
133:110-115.
Schulenberg B, Aggeler R, Beechem JM, Capaldi RA, Patton WF:
Analysis of steady-state protein phosphorylation in mitochondria using a novel fluorescent phosphosensor dye. J Biol
Chem 2003, 278:27251-27255.
Steinberg TH, Agnew BJ, Gee KR, Leung WY, Goodman T, Schulenberg B, Hendrickson J, Beechem JM, Haugland RP, Patton WF: Global
quantitative phosphoprotein analysis using Multiplexed Proteomics technology. Proteomics 2003, 3:1128-1144.
Emadali A, Muscatelli-Groux B, Delom F, Jenna S, Boismenu D, Sacks
DB, Metrakos PP, Chevet E: Proteomic Analysis of IschemiaReperfusion Injury upon Human Liver Transplantation
Reveals the Protective Role of IQGAP1. Mol Cell Proteomics
2006, 5:1300-1313.
Yamagata A, Kristensen DB, Takeda Y, Miyamoto Y, Okada K, Inamatsu M, Yoshizato K: Mapping of phosphorylated proteins on
two-dimensional polyacrylamide gels using protein phosphatase. Proteomics 2002, 2:1267-1276.
Raggiaschi R, Lorenzetto C, Diodato E, Caricasole A, Gotta S, Terstappen GC: Detection of phosphorylation patterns in rat cortical neurons by combining phosphatase treatment and
DIGE technology. Proteomics 2006, 6:748-756.
Wettenhall RE, Aebersold RH, Hood LE: Solid-phase sequencing
of 32P-labeled phosphopeptides at picomole and subpicomole levels. Methods Enzymol 1991, 201:186-199.
Sefton BM: Measurement of stoichiometry of protein phosphorylation by biosynthetic labeling. Methods Enzymol 1991,
201:245-251.
Roach PJ, Wang YH: Identification of phosphorylation sites in
peptides using a microsequencer. Methods Enzymol 1991,
201:200-206.
Boyle WJ, van der Geer P, Hunter T: Phosphopeptide mapping
and phosphoamino acid analysis by two-dimensional separation on thin-layer cellulose plates. Methods Enzymol 1991,
201:110-149.

Page 10 of 12
(page number not for citation purposes)

Proteome Science 2006, 4:15

32.

33.
34.
35.

36.
37.

38.
39.
40.
41.
42.
43.

44.

45.

46.
47.

48.

49.
50.

51.
52.

53.

van der Geer P, Hunter T: Phosphopeptide mapping and phosphoamino acid analysis by electrophoresis and chromatography on thin-layer cellulose plates.
Electrophoresis 1994,
15:544-554.
Nagahara H, Latek RR, Ezhevsky SA, Dowdy SF: 2-D phosphopeptide mapping. Methods Mol Biol 1999, 112:271-279.
Nuhse TS, Boller T, Peck SC: A plasma membrane syntaxin is
phosphorylated in response to the bacterial elicitor flagellin.
J Biol Chem 2003, 278:45248-45254.
Smal C, Vertommen D, Bertrand L, Ntamashimikiro S, Rider MH, Van
Den Neste E, Bontemps F: Identification of in vivo phosphorylation sites on human deoxycytidine kinase. Role of Ser-74 in
the control of enzyme activity. J Biol Chem 2006, 281:4887-4893.
Gatti A: Profiling substrate phosphorylation at the phosphopeptide level. Anal Biochem 2003, 312:40-47.
Funchal C, de Almeida LM, Oliveira Loureiro S, Vivian L, de Lima
Pelaez P, Dall Bello Pessutto F, Rosa AM, Wajner M, Pessoa Pureur
R: In vitro phosphorylation of cytoskeletal proteins from cerebral cortex of rats. Brain Res Brain Res Protoc 2003, 11:111-118.
Link AJ, Eng J, Schieltz DM, Carmack E, Mize GJ, Morris DR, Garvik
BM, Yates JR 3: Direct analysis of protein complexes using
mass spectrometry. Nat Biotechnol 1999, 17:676-682.
Opiteck GJ, Lewis KC, Jorgenson JW, Anderegg RJ: Comprehensive on-line LC/LC/MS of proteins.
Anal Chem 1997,
69:1518-1524.
Kindy JM, Taraszka JA, Regnier FE, Clemmer DE: Quantifying peptides in isotopically labeled protease digests by ion mobility/
time-of-flight mass spectrometry. Anal Chem 2002, 74:950-958.
Andersson L, Porath J: Isolation of phosphoproteins by immobilized metal (Fe3+) affinity chromatography. Anal Biochem
1986, 154:250-254.
Posewitz MC, Tempst P: Immobilized gallium(III) affinity chroAnal Chem 1999,
matography of phosphopeptides.
71:2883-2892.
Neville DC, Rozanas CR, Price EM, Gruis DB, Verkman AS,
Townsend RR: Evidence for phosphorylation of serine 753 in
CFTR using a novel metal-ion affinity resin and matrixassisted laser desorption mass spectrometry. Protein Sci 1997,
6:2436-2445.
Stensballe A, Andersen S, Jensen ON: Characterization of phosphoproteins from electrophoretic gels by nanoscale Fe(III)
affinity chromatography with off-line mass spectrometry
analysis. Proteomics 2001, 1:207-222.
Trinidad JC, Specht CG, Thalhammer A, Schoepfer R, Burlingame AL:
Comprehensive Identification of Phosphorylation Sites in
Postsynaptic Density Preparations. Mol Cell Proteomics 2006,
5:914-922.
Chicz RM, Regnier FE: High-performance liquid chromatography: effective protein purification by various chromatographic modes. Methods Enzymol 1990, 182:392-421.
Ficarro SB, McCleland ML, Stukenberg PT, Burke DJ, Ross MM, Shabanowitz J, Hunt DF, White FM: Phosphoproteome analysis by
mass spectrometry and its application to Saccharomyces
cerevisiae. Nat Biotechnol 2002, 20:301-305.
Larsen MR, Thingholm TE, Jensen ON, Roepstorff P, Jorgensen TJ:
Highly selective enrichment of phosphorylated peptides
from peptide mixtures using titanium dioxide microcolumns. Mol Cell Proteomics 2005, 4:873-886.
Oda Y, Nagasu T, Chait BT: Enrichment analysis of phosphorylated proteins as a tool for probing the phosphoproteome.
Nat Biotechnol 2001, 19:379-382.
Meyer HE, Eisermann B, Heber M, Hoffmann-Posorske E, Korte H,
Weigt C, Wegner A, Hutton T, Donella-Deana A, Perich JW: Strategies for nonradioactive methods in the localization of phosphorylated amino acids in proteins. Faseb J 1993, 7:776-782.
Resing KA, Johnson RS, Walsh KA: Characterization ofprotease
processing sites during conversion of rat profilaggrin to filaggrin. Biochemistry 1993, 32:10036-10045.
Jaffe H, Veeranna , Pant HC: Characterization of serine and threonine phosphorylation sites in beta-elimination/ethanethiol
addition-modified proteins by electrospray tandem mass
spectrometry and database searching. Biochemistry 1998,
37:16211-16224.
Zhou H, Watts JD, Aebersold R: A systematic approach to the
analysis of protein phosphorylation. Nat Biotechnol 2001,
19:375-378.

http://www.proteomesci.com/content/4/1/15

54.

55.
56.

57.

58.
59.

60.
61.
62.

63.
64.

65.

66.
67.
68.

69.
70.

71.
72.
73.

74.

Pandey A, Podtelejnikov AV, Blagoev B, Bustelo XR, Mann M, Lodish
HF: Analysis of receptor signaling pathways by mass spectrometry: identification of vav-2 as a substrate of the epidermal and platelet-derived growth factor receptors. Proc Natl
Acad Sci USA 2000, 97:179-184.
Kratchmarova I, Blagoev B, Haack-Sorensen M, Kassem M, Mann M:
Mechanism of divergent growth factor effects in mesenchymal stem cell differentiation. Science 2005, 308:1472-1477.
Janek K, Wenschuh H, Bienert M, Krause E: Phosphopeptide analysis by positive and negative ion matrix-assisted laser desorption/ionization mass spectrometry. Rapid Commun Mass
Spectrom 2001, 15:1593-1599.
Klemm C, Schroder S, Gluckmann M, Beyermann M, Krause E: Derivatization of phosphorylated peptides with S- and N-nucleophiles for enhanced ionization efficiency in matrix-assisted
laser desorption/ionization mass spectrometry. Rapid Commun Mass Spectrom 2004, 18:2697-2705.
Wilm M, Mann M: Analytical properties of the nanoelectrospray ion source. Anal Chem 1996, 68:1-8.
Zhang X, Herring CJ, Romano PR, Szczepanowska J, Brzeska H, Hinnebusch AG, Qin J: Identification of phosphorylation sites in
proteins separated by polyacrylamide gel electrophoresis.
Anal Chem 1998, 70:2050-2059.
Mann M, Wilm M: Error-tolerant identification of peptides in
sequence databases by peptide sequence tags. Anal Chem
1994, 66:4390-4399.
Mackey AJ, Haystead TA, Pearson WR: Getting more from less:
algorithms for rapid protein identification with multiple
short peptide sequences. Mol Cell Proteomics 2002, 1:139-147.
Orton KC, Ling J, Waskiewicz AJ, Cooper JA, Merrick WC, Korneeva
NL, Rhoads RE, Sonenberg N, Traugh JA: Phosphorylation of
Mnk1 by caspase-activated Pak2/gamma-PAK inhibits phosphorylation and interaction of eIF4G with Mnk. J Biol Chem
2004, 279:38649-38657.
Blaukat A: Identification of G-protein-coupled receptor phosphorylation sites by 2D phosphopeptide mapping. Methods
Mol Biol 2004, 259:283-297.
Christensen B, Nielsen MS, Haselmann KF, Petersen TE, Sorensen ES:
Post-translationally modified residues of native human osteopontin are located in clusters: identification of 36 phosphorylation and five O-glycosylation sites and their biological
implications. Biochem J 2005, 390:285-292.
Aebersold R, Watts JD, Morrison HD, Bures EJ: Determination of
the site of tyrosine phosphorylation at the low picomole
level by automated solid-phase sequence analysis. Anal Biochem 1991, 199:51-60.
MacDonald JA, Mackey AJ, Pearson WR, Haystead TA: A strategy
for the rapid identification of phosphorylation sites in the
phosphoproteome. Mol Cell Proteomics 2002, 1:314-322.
Carr SA, Huddleston MJ, Annan RS: Selective detection and
sequencing of phosphopeptides at the femtomole level by
mass spectrometry. Anal Biochem 1996, 239:180-192.
Steen H, Kuster B, Fernandez M, Pandey A, Mann M: Detection of
tyrosine phosphorylated peptides by precursor ion scanning
quadrupole TOF mass spectrometry in positive ion mode.
Anal Chem 2001, 73:1440-1448.
Annan RS, Huddleston MJ, Verma R, Deshaies RJ, Carr SA: A multidimensional electrospray MS-based approach to phosphopeptide mapping. Anal Chem 2001, 73:393-404.
Schlosser A, Pipkorn R, Bossemeyer D, Lehmann WD: Analysis of
protein phosphorylation by a combination of elastase digestion and neutral loss tandem mass spectrometry. Anal Chem
2001, 73:170-176.
Roepstorff P, Fohlman J: Proposal for a common nomenclature
for sequence ions in mass spectra of peptides. Biomed Mass
Spectrom 1984, 11:601.
Biemann K: Contributions of mass spectrometry to peptide
and protein structure. Biomed Environ Mass Spectrom 1988,
16:99-111.
Hoffmann R, Wachs WO, Berger RG, Kalbitzer HR, Waidelich D,
Bayer E, Wagner-Redeker W, Zeppezauer M: Chemical phosphorylation of the peptides GGXA (X = S, T, Y): an evaluation of
different chemical approaches. Int J Pept Protein Res 1995,
45:26-34.
Steen H, Kuster B, Mann M: Quadrupole time-of-flight versus
triple-quadrupole mass spectrometry for the determination

Page 11 of 12
(page number not for citation purposes)

Proteome Science 2006, 4:15

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.
86.

87.
88.

89.

90.

91.

92.

of phosphopeptides by precursor ion scanning. J Mass Spectrom
2001, 36:782-790.
Bennett KL, Stensballe A, Podtelejnikov AV, Moniatte M, Jensen ON:
Phosphopeptide detection and sequencing bymatrixassisted laser desorption/ionization quadrupole time-offlight tandem mass spectrometry. J Mass Spectrom 2002,
37:179-190.
Ding J, Burkhart W, Kassel DB: Identification of phosphorylated
peptides from complex mixtures using negative-ion orificepotential stepping and capillary liquid chromatography/electrospray ionization mass spectrometry. Rapid Commun Mass
Spectrom 1994, 8:94-98.
Loughrey Chen S, Huddleston MJ, Shou W, Deshaies RJ, Annan RS,
Carr SA: Mass spectrometry-based methods for phosphorylation site mapping of hyperphosphorylated proteins applied
to Net1, a regulator of exit from mitosis in yeast. Mol Cell Proteomics 2002, 1:186-196.
Wong HN, Ward MA, Bell AW, Chevet E, Bains S, Blackstock WP,
Solari R, Thomas DY, Bergeron JJ: Conserved in vivo phosphorylation of calnexin at casein kinase II sites as well as a protein
kinase C/proline-directed kinase site. J Biol Chem 1998,
273:17227-17235.
Labdon JE, Nieves E, Schubart UK: Analysis of phosphoprotein
p19 by liquid chromatography/mass spectrometry. Identification of two proline-directed serine phosphorylation sites
and a blocked amino terminus. J Biol Chem 1992, 267:3506-3513.
Washburn MP, Wolters D, Yates JR 3: Large-scale analysis of the
yeast proteome by multidimensional protein identification
technology. Nat Biotechnol 2001, 19:242-247.
Shi SD, Hemling ME, Carr SA, Horn DM, Lindh I, McLafferty FW:
Phosphopeptide/phosphoprotein mapping by electron capture dissociation mass spectrometry.
Anal Chem 2001,
73:19-22.
McLafferty FW, Horn DM, Breuker K, Ge Y, Lewis MA, Cerda B,
Zubarev RA, Carpenter BK: Electron capture dissociation of
gaseous multiply charged ions by Fourier-transform ion
cyclotron resonance. J Am Soc Mass Spectrom 2001, 12:245-249.
Chalmers MJ, Hakansson K, Johnson R, Smith R, Shen J, Emmett MR,
Marshall AG: Protein kinase A phosphorylation characterized
by tandem Fourier transform ion cyclotron resonance mass
spectrometry. Proteomics 2004, 4:970-981.
Tao WA, Wollscheid B, O'Brien R, Eng JK, Li XJ, Bodenmiller B,
Watts JD, Hood L, Aebersold R: Quantitative phosphoproteome
analysis using a dendrimer conjugation chemistry and tandem massspectrometry. Nat Methods 2005, 2:591-598.
Oda Y, Huang K, Cross FR, Cowburn D, Chait BT: Accurate quantitation of protein expression and site-specific phosphorylation. Proc Natl Acad Sci USA 1999, 96:6591-6596.
Ibarrola N, Kalume DE, Gronborg M, Iwahori A, Pandey A: A proteomic approach for quantitation of phosphorylation using
stable isotope labeling in cell culture. Anal Chem 2003,
75:6043-6049.
Liu P, Regnier FE: An isotope coding strategy for proteomics
involving both amine and carboxyl group labeling. J Proteome
Res 2002, 1:443-450.
Yao X, Freas A, Ramirez J, Demirev PA, Fenselau C: Proteolytic
18O labeling for comparative proteomics: model studies
with two serotypes of adenovirus.
Anal Chem 2001,
73:2836-2842.
Bonenfant D, Schmelzle T, Jacinto E, Crespo JL, Mini T, Hall MN,
Jenoe P: Quantitation of changes in protein phosphorylation:
a simple method based on stable isotope labeling and mass
spectrometry. Proc Natl Acad Sci USA 2003, 100:880-885.
Goshe MB, Veenstra TD, Panisko EA, Conrads TP, Angell NH, Smith
RD: Phosphoprotein isotope-coded affinity tags: application
to the enrichment and identification of low-abundance phosphoproteins. Anal Chem 2002, 74:607-616.
Weckwerth W, Willmitzer L, Fiehn O: Comparative quantification and identification of phosphoproteins using stableisotope
labeling
and
liquid
chromatography/mass
spectrometry. Rapid Commun Mass Spectrom 2000, 14:1677-1681.
Adamczyk M, Gebler JC, Wu J: Identification of phosphopeptides
by chemical modification with an isotopic tag and ion trap
mass spectrometry.
Rapid Commun Mass Spectrom 2002,
16:999-1001.

http://www.proteomesci.com/content/4/1/15

93.

94.
95.
96.

97.

98.

99.

100.
101.

102.
103.
104.
105.

Munchbach M, Quadroni M, Miotto G, James P: Quantitation and
facilitated de novo sequencing of proteins by isotopic N-terminal labeling of peptides with a fragmentation-directing
moiety. Anal Chem 2000, 72:4047-4057.
Zhang R, Sioma CS, Wang S, Regnier FE: Fractionation of isotopically labeled peptides in quantitative proteomics. Anal Chem
2001, 73:5142-5149.
Cagney G, Emili A: De novo peptide sequencing and quantitative profiling of complex protein mixtures using mass-coded
abundance tagging. Nat Biotechnol 2002, 20:163-170.
Zhang X, Jin QK, Carr SA, Annan RS: N-Terminal peptide labeling strategy for incorporation of isotopic tags: a method for
the determination of site-specific absolute phosphorylation
stoichiometry. Rapid Commun Mass Spectrom 2002, 16:2325-2332.
Hegeman AD, Harms AC, Sussman MR, Bunner AE, Harper JF: An
isotope labeling strategy for quantifying the degree of phosphorylation at multiple sites in proteins. J Am Soc Mass Spectrom 2004, 15:647-653.
Ong SE, Blagoev B, Kratchmarova I, Kristensen DB, Steen H, Pandey
A, Mann M: Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and accurate approach to expression proteomics. Mol Cell Proteomics 2002, 1:376-386.
Conrads TP, Alving K, Veenstra TD, Belov ME, Anderson GA, Anderson DJ, Lipton MS, Pasa-Tolic L, Udseth HR, Chrisler WB, et al.:
Quantitative analysis of bacterial and mammalian proteomes using a combination of cysteine affinity tags and
15N-metabolic labeling. Anal Chem 2001, 73:2132-2139.
Stemmann O, Zou H, Gerber SA, Gygi SP, Kirschner MW: Dual inhibition of sister chromatid separation at metaphase. Cell 2001,
107:715-726.
Gerber SA, Rush J, Stemman O, Kirschner MW, Gygi SP: Absolute
quantification of proteins and phosphoproteins from cell
lysates by tandem MS.
Proc Natl Acad Sci USA 2003,
100:6940-6945.
Ptacek J, Devgan G, Michaud G, Zhu H, Zhu X, Fasolo J, Guo H, Jona
G, Breitkreutz A, Sopko R, et al.: Global analysis of protein phosphorylation in yeast. Nature 2005, 438:679-684.
Zhu H, Bilgin M, Bangham R, Hall D, Casamayor A, Bertone P, Lan N,
Jansen R, Bidlingmaier S, Houfek T, et al.: Global analysis of protein
activities using proteome chips. Science 2001, 293:2101-2105.
Beaudet L, Bedard J, Breton B, Mercuri RJ, Budarf ML: Homogeneous assays for single-nucleotide polymorphism typing using
AlphaScreen. Genome Res 2001, 11:600-608.
Gaudet EA, Huang KS, Zhang Y, Huang W, Mark D, Sportsman JR: A
homogeneous fluorescence polarization assay adaptable for
a range of protein serine/threonine and tyrosine kinases. J
Biomol Screen 2003, 8:164-175.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 12 of 12
(page number not for citation purposes)

