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Abstract

Protein phosphorylation constitutes a major type of post-translational modification that mobilizes a high number of genes, especially in
plants, is involved in many crucial cell functions and largely participates to the complexity of the proteomes. For several biological and
technical reasons, the characterization of phosphorylation sites requires complex procedures. In this review, the different approaches presently
available to select phosphoproteins and phosphopeptides are described. A special emphasis is then given to the numerous strategies that have
emerged for the analysis of phosphorylation sites by various techniques of mass spectrometry. Finally, the few attempts proposed for the
quantification of phosphorylation events are presented. In another part, the results of the efforts made in the plant area to analyze the phos-
phoproteome are compared to those in other biological systems. These overviews are put together to delineate, according to the objectives
pursued, the different strategies possible and the corresponding challenges.
© 2004 Elsevier SAS. All rights reserved.

Keywords: Plant; Phosphoproteome; Phosphorylation; Phosphoproteins; Phosphopeptides; IMAC; Mass spectrometry

1. Introduction

Post-translational modification of proteins constitutes one
main basis for the plasticity of the cell machinery that is cru-
cial for the regulation of cell functions. Among the numerous
types of protein modifications, reversible phosphorylation
(RP) is well known to play a key regulatory role in many
cellular processes such as cell cycle or signal transduction.
RP of proteins constitutes a widely spread modification that
contributes largely to the proteome complexity. In human,
the number of potential phosphorylation sites is estimated to

be approximately three times higher than that of genes (ca.
100,000), of which only a few percents are presently charac-
terized [52]. Simultaneously, ca. one-third of proteins is
assumed to be phosphorylated at any given time [54]. The
regulation of such an extensive and dynamic phosphoryla-
tion status mobilizes ca. 2% of the genes in human (approxi-
mately 500 protein kinases and 100 protein phosphatases)
[49], and more than 5% in Arabidopsis thaliana (approxi-
mately 1100 protein kinases and between 100 and 200 pro-
tein phosphatases) [19,46].

In eukaryotic cells, protein kinases and phosphatases act
mainly on Ser, Thr and Tyr amino acids, but other residues
can be phosphorylated as well. However, not all potential RP
sites are active to the same extent: for the most usually inves-
tigated sites, a relative abundance of 1800/200/1 was esti-
mated for pSer/pThr/pTyr [16], leaving phosphorylation on
Tyr residues as a relatively rare event. In addition, RP on sites
usually taken as less frequent may still occur to some extent,
and the ratio pHis/pTyr could be proposed to be in the range
10/1–100/1 [20]. Beside differences in phosphorylation fre-
quency according to the nature of the RP site, another key
feature is that most phosphoproteins possess more than one
RP site that can be (de)phosphorylated in a sub-stoichiometric
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way. Accordingly, differently phosphorylated species of a
given protein can coexist at any time. On an experimental
point of view, this induces several technical challenges. For
instance, even a well resolved phosphoprotein spot from a
high-resolution two-dimensional gel electrophoresis can
encompass a mixture of different molecules with different
phosphorylation status. For these various reasons, despite
numerous recent progresses, the analysis of phosphopro-
teomes remains a complex task requiring several steps to
detect phosphoproteins, to select phosphopeptides, to iden-
tify RP sites and ultimately to quantify the proportion of those
sites that are actually phosphorylated under given condi-
tions.

Several reviews focusing on different aspects of the char-
acterization of RP sites were published in recent years
[6,18,23,25,37,51], with no special emphasis to the plant phos-
phoproteome as its analysis is likely not depending on spe-
cifically dedicated strategies. This paper aims at giving an
overview of modern tools available for each of the steps above,
providing examples from both natural protein extracts and
model phosphoproteins. Their use in plant science will be
illustrated in a final section allowing one to delineate the
present challenges in this important task for the post-
sequencing era.

2. Tracking the phosphoproteins

Many potential phosphoproteins, like those involved in sig-
naling processes, are often present in low amount in the cell,
of which only a weak proportion is phosphorylated due to
phosphorylation stoichiometry. In addition, the signal of phos-
phopeptides ions in the mass spectrometer is frequently sup-
pressed in the presence of non-phosphorylated peptides.
Therefore, a prior enrichment in phosphoproteins (and in
phosphopeptides, see below Section 3) is highly desirable as
a preliminary step to improve further detection of RP sites.

2.1. Phosphoprotein selection

Enrichment in phosphoproteins was largely performed in
the past by immunoprecipitation using antibodies raised
against candidate proteins. However, such approach requires
previous knowledge of the protein and is not applicable at
large scale. Although antibodies against phosphorylated resi-
dues are available for years, and useful in western blot detec-
tion, only quite recently pTyr-specific antibodies were shown
the first to be efficient in immunoprecipitating proteins [35].
Thereafter, other antibodies were proven to allow for simul-
taneous immunoprecipitation of several pSer- and pThr-
containing proteins [12]. Very recently, commercial kits were
also made available for combined protein extraction and col-
umn purification of phosphoproteins. Although the principle
enabling the purification is not described and the procedure
was not validated to date on plant samples, it is likely prom-
ising since a first successful application was published on
yeast [26].

2.2. Phosphoprotein detection

Classically, detection of phosphoproteins within a protein
mixture relied on the combination of electrophoretic proce-
dures to isolate proteins and either autoradiography (in the
case of prior cell labeling with 32P) or immunodetection using
antibodies raised against phosphorylated residues. Recently,
an alternative approach was proposed that consists in the direct
staining of gels with a specific fluorophore (Pro-Q Diamond
dye) [38]. As the dye is compatible with further detection of
non-phosphorylated proteins by other fluorophores [43], this
multiplexing procedure eliminates the need for matching auto-
radiograms or blots with gels. Fig. 1 illustrates this strategy
for Arabidopsis proteins resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) after immu-
noprecipitation using pSer- and pThr-antibodies and empha-
sizes the need for protecting the extract against dephospho-
rylation by phosphatases.

3. Enrichment strategies to select phosphopeptides

With the goal to precisely identify the residues involved,
RP sites are usually not characterized directly from proteins,
but from peptides. For suppression reasons mentioned above,
it is most convenient to first remove most non-phospho-
rylated peptides from the sample. Actually, purification of
phosphorylated peptides from the usually overwhelming
amount of non-phosphorylated peptides present in the digest
constitutes a major challenge in phosphopeptide mapping.

Fig. 1. SDS-PAGE analysis of immunoprecipitated soluble phosphoproteins
of A. thaliana. Total protein extracts were immunoprecipitaded using pSer-
and pThr-antibodies in the presence (+) or absence (–) of phosphatase inhi-
bitors. Proteins were first stained with the phosphoprotein fluorescent Pro-Q
Diamond dye (left), then for total proteins using Sypro Ruby (right). Mr,
molecular weight markers.
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3.1. Chromatographic methods

The most widely used method for phosphopeptide isola-
tion and enrichment is immobilized metal affinity chroma-
tography (IMAC) [1] performed either in batch or on col-
umn. The technique is based on the high affinity of phosphate
groups to metal cations immobilized by a chelating agent.
Phosphopeptides are selectively captured on the metal ion
through their negatively charged phosphate group and then
released using phosphate or base elution. In this way, non-
phosphorylated peptides (Fig. 2A) are removed from the
digest so that mostly phosphopeptides could be analyzed by
the mass spectrometer, enabling the detection in femtomolar
range of otherwise essentially suppressed phosphopeptides
(Fig. 2B).

The choice of the metal ion, the chelating agent, and the
elution buffer is still controversial. Nühse et al. [31] com-
pared imino-diacetic acid (IDA) on POROS® MC beads and
nitrilo-triacetic acid (NTA) on silica loaded with Fe3+, Ga3+,
ZrO2+, Sc3+, Cu2+, or Zn2+ and different elution buffers. Cap-
ture and elution of the phosphopeptides were proposed to be
the most efficient with Fe3+-IDA resin using phosphate or
high pH elution. In our experience, IDA was found to have a
higher propensity to bind unspecifically non-phosphorylated
peptides as compared to NTA.Acidic peptides containing Glu
andAsp were also reported to bind with high affinity to IMAC
columns. This contamination can be circumvented by con-
verting acidic residues into their methyl esters [9].

3.2. Chemical modification of phosphopeptides

Derivatization of phosphopeptides was initially intro-
duced to allow for the detection of phosphorylated residues

during chemical sequencing by Edman degradation and to
facilitate the production of positive ions for mass spectromet-
ric analysis [17,27]. The method is based on b-elimination of
the phosphate moiety on pSer and pThr residues under
strongly alkaline conditions to form dehydroalanine or
dehydroamino-2-butyric acid residues, respectively (Fig. 3A).
This unsaturated residue is a Michael acceptor, which can
react with a nucleophile such as ethanedithiol, thus replacing

Fig. 2. MALDI-ToF MS spectrum of 100 fmol of tryptic peptides of b-casein. Spectra were obtained in the positive reflector mode using the 2,5-DHB matrix.
A, total protein digest using the dried-droplet sample preparation method; *, b-casein peptides; K, keratin; M, matrix; T, trypsin. B, phosphopeptides enrich-
ment using IMAC; the sequences of the two phosphorylated peptides are shown with phosphorylation sites underlined. C, on-target dephosphorylation of the
IMAC enriched peptides from B using alkaline phosphatase. D, PSD on the quadruply phosphorylated peptide at m/z 3122 after IMAC enrichment; the
shoulders next to each peak correspond to dephosphorylation (loss of 80 Da), which is less frequent than the loss of phosphoric acid (98 Da).

Fig. 3. Phosphopeptides derivatization by b-elimination and Michael addi-
tion. A, pSer- (or pThr-) containing peptides are first treated with a strong
base resulting in loss of the phosphate moiety by b-elimination converting
the pSer residue to dehydroalanine (or to dehydroaminobutyric acid in the
case of pThr residue). The resulting unsaturated compound follows a Michael
reaction in the presence of a thiol group. In the case illustrated, ethanedithiol
is used that can further act as a linker. B, the linker can be biotinylated to
allow enrichment in phosphopeptides on avidin columns. For quantification
purposes, an isotopic variant of the linker can be used (modified from Ref.
[23]).
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the phosphate moiety by a stable group and facilitating sub-
sequent localization of the former phosphorylated amino acid
residues. In addition, the free thiol group permits chemistry
to further attach a linker that can be tagged to help the selec-
tion of phosphopeptides, as proposed by Oda et al. [34] who
used a biotin tag and avidin/biotin affinity chromatography
(Fig. 3B). In addition, this procedure opens the way to rela-
tive quantification of protein phosphorylation (see below Sec-
tion 5) by incorporating stable isotopes into the linker. How-
ever, the above chemistry works only for pSer and pThr, the
presence of the phosphate on an aromatic ring on pTyr pre-
cluding its derivatization. An alternative approach, involving
a more complex sequence of reactions, but allowing the selec-
tion of pTyr-containing peptides, was also proposed by Zhou
et al. [53]. The main drawbacks of both procedures are the
yields of derivatization and the occurrence of side reactions
during b-elimination, that make it necessary to use large ini-
tial amount of proteins and disfavor towards the identifica-
tion of low-abundance proteins.

4. Phosphopeptides characterization by mass
spectrometry

Phosphorylation results in a net increase in mass of 80 Da,
owing to the loss of one water molecule. However, phospho-
peptides are relatively unstable for various reasons. In aque-
ous solution, they are first susceptible to the action of phos-
phatases (Table 1) when no proper protection is ensured (see
Fig. 1). In gas phase, like in a mass spectrometer, phospho-
peptides are subject to loss of H3PO4 or HPO3, either spon-
taneously (metastable decomposition) or upon promoted col-
lision (collision induced dissociation, CID), pSer and pThr
loosing more readily 98 Da by b-elimination than pTyr that
predominantly shows only a loss of 80 Da (Table 1). These
features base several identification strategies by mass spec-
trometry.

4.1. MALDI-ToF MS

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-ToF MS) is the method of choice
for protein identification because it is a relatively simple tech-
nique, sensitive, and low-cost, making it the most accessible

instrument in protein chemistry laboratories. For these rea-
sons, its extension to other applications such as the study of
phosphorylation is attractive. However, analysis of phospho-
rylation is not as straightforward as the identification of pro-
teins because of the already mentioned reasons but also
because of the absence of a marker ion when peptide mass
map is acquired. Therefore, MALDI-ToF MS has been used
in combination with enzymatic dephosphorylation by alka-
line phosphatase [22] or more recently with hydrofluoric acid
treatment [21] to specifically identify the phosphopeptides
from the mass shift of 80 Da (or multiples) due to loss of the
phosphate moiety (Fig. 2C). However, care should be taken
to distinguish between peptide phosphorylation and sulfation
which lead to the same change in monoisotopic values
(79.97 and 79.96 Da, respectively).

Another feature of MALDI-ToF spectrometers is the capa-
bility to analyze metastable decomposition in the reflector
mode, referred to as post source decay (PSD). PSD is a pro-
cess where a precursor ion decomposes in the flight tube due
to excess of internal energy acquired via collisions in the
source. In the case of phosphopeptides this is accompanied
by loss of phosphoric acid (–98 Da) in the case of pSer and
pThr (Table 1, Fig. 2D) and by dephosphorylation (–80 Da)
in the case of pTyr (pSer and pThr being susceptible to dephos-
phorylation but to a lesser extent) [2]. The choice of the matrix
for sample deposition has also been implicated in the obser-
vation of the phosphopeptides. Indeed, the “cold” matrix 2,5-
dihydroxybenzoic acid (DHB) was preferred for the analysis
of phosphorylation due to the low induction of phosphate deg-
radation [22].

4.2. Tandem MS/MS

Tandem mass spectrometry approach has been applied to
RP site determination using either the precursor ion scan mode
or the neutral loss scan mode on triple quadrupole,
quadrupole-ToF or quadrupole ion trap instruments [5,8]. The
precursor ion scan method takes advantage of the fact that, in
the mass spectrometer, phosphopeptides tend to undergo fac-
ile loss of phosphate from Ser, Thr and Tyr residues upon
CID in a tandem mass spectrometric experiment (Table 1). In
the negative ion detection mode, the diagnostic ion PO3

– at
m/z 79 can be selectively monitored to identify phosphopep-
tides present in a peptide mixture [15]. Once the phosphopep-
tides have been identified, the MS can be switched to the posi-
tive ion mode and the peptides sequenced by tandem MS.
Other approaches in the precursor ion scan mode take advan-
tage, in the case of pTyr, of the presence of an immonium ion
at m/z 216.04 [40,41]. For pSer and pThr, the thiol group intro-
duced by Michael addition reaction (see above Section 3.2)
generates a 2-dimethylaminoethane sulfoxide derivative that
gives rise, upon low energy CID, to a characteristic fragment
ion, at m/z 122.06. This sulfonic acid derivative permits detec-
tion of phosphorylated peptides by precursor ion scanning in
positive ion mode [42].

A similar approach can be applied for neutral loss scan. In
the positive ion mode, the loss of 98 Da corresponding either

Table 1
Useful mass (m/z) for phosphopeptide analysis by mass spectrometry. PSI,
phosphotyrosine-specific immonium ion scanning [40]; SAD, sulfonic acid
derivative scanning [42]

Experimental condition
Phosphatase treatment b-elimination

(MALDI-ToF)
neutral loss
(MS/MS)

Precursor ion scan

Mode

Negative Positive

pSer –80 (–H3PO4, +H2O) –98 (–H3PO4) 79 (PO3
–) 122 (SAD)

pThr –80 (–H3PO4, +H2O) –98 (–H3PO4) 79 (PO3
–) 122 (SAD)

pTyr –80 (–H3PO4, +H2O) –80 (–HPO3) 79 (PO3
–) 216 (PSI)
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to H3PO4 or to HPO3 + H2O allows the detection of pSer and
pThr-containing peptides [47]. The advantage of using posi-
tive ion mode in contrast to negative ion mode is the possi-
bility to select and sequence the phosphopeptides without the
need to buffer the sample or to switch the polarity of the mass
spectrometer.

4.3. ECD and top-down approach

A new approach to circumvent phosphate moiety loss in
the mass spectrometer is based on the mild fragmentation
technique, electron capture dissociation (ECD) by Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
etry [55]. The potential of this technique resides in its ability
to induce peptide backbone fragmentation leaving the labile
groups on peptides intact such as phosphorylation [44]. In
addition, this method has showed great potential in sequenc-
ing small proteins without the need for their digestion (top-
down approach) allowing the simultaneous localization of
modifications such as phosphorylation [39]. Despite the prom-
ising features of this approach, its restriction to FT-ICR instru-
ments made it of limited use up to now.

5. Quantification

Quantitative cataloguing and comparison of protein expres-
sion in a variety of normal, developmental, environmental
and disease states is one of the most important tasks in the
emerging field of proteomics. A significant step in the area of
quantitative proteomics was made when isotopic labeling fol-
lowed by quantitative analysis of proteins by MS was devel-
oped. This approach is based on differential labeling of con-
trol and experimental samples, their mixture, and
measurement of the relative differences in protein expression
between the two samples by MS (Fig. 4).

The traditional method used to quantify protein phospho-
rylation is based on protein labeling with 32P. Relative differ-
ences in phosphoprotein abundance are then measured after
two-dimensional gel electrophoresis based on spot intensi-
ties [24]. Alternatively, cell could be labeled with stable iso-
topes [33]. New methods of phosphoprotein quantification
take advantage of the techniques for phosphoprotein deriva-
tization followed by incorporation of affinity tags and stable
isotope labeling (see Section 3.2). For instance, Weckwerth
et al. [50] used a deuterated version of ethanedithiol to directly
label differentially one of the two populations of derivatized
peptides. Alternatively, stable isotope labeling can be per-
formed on the linker allowing the subsequent selection, by
avidin/biotin affinity chromatography [34], of differentially
labeled populations [11]. The relative signal intensities of the
measured masses of the peptide pairs in MS experiment pro-
vides thus a measurement of the relative phosphorylation lev-
els, whilst MS/MS experiment permits the identification of
the peptide bearing the RP site [11].

6. Phosphoproteomics: the present situation

As illustrated above, in recent years, an array of tools and
strategies has become available that can be combined into
different ways and would make it now realistic to undertake
large-scale investigation of RP sites. This perspective was best
exemplified in a pioneer work on yeast where phosphopep-
tides from a total protein extract were selected in bulk by
IMAC and analyzed by liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS), resulting in the
identification of nearly 400 RP sites [9]. However, such
example remains relatively rare and the approach, whilst pro-
viding a large amount of information, has likely no compre-
hensive capacity. Actually, at the same time, other examples
showed that the combination of a large variety of strategies
could be necessary to identify all the RP sites on selected
proteins [7]. Moreover, in an inter-laboratory comparison
where the 54 participants were free to select any strategy,
only three labs succeeded in determining correctly the RP
sites of two phosphopeptides mixed with digests from two
unphosphorylated proteins [3]. Collectively, these reports
highlight that no really universal strategy has emerged to date
for the identification of RP sites. As a result, present efforts
in the area continue to encompass very different strategies,
including as well the combination of numerous tools for
detailed analysis of a limited number of proteins of interest
as sophisticated approaches with large-scale ambition.

7. Phosphoproteomics and the analysis of plant
phosphoproteomes

In the plant area, where the use of mass spectrometry to
analyze RP sites is more than 10-year-old [28], the few tens

Fig. 4. Schematic representation of mass spectrometry-based quantification
methods for the study of phosphorylation status. Labels can been introduced
directly into proteins during cell growth (in vivo labeling). Alternatively,
phosphoproteins/peptides are labeled using isotopic variants of the linker
during their derivatization (see Fig. 3).
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of papers published to date reflect the contrasted situation
described above. Actually, a large part of recent papers
focussed on the characterization of single proteins using clas-
sical tools like, for instance, western blotting [10], 32P label-
ing, two-dimensional gel electrophoresis and MS/MS [30,36]
or phosphatase treatment of samples followed by MS char-
acterization [29]. These approaches proved to be able to gen-
erate valuable information but of essentially descriptive value,
due to their dedicated objective and the use of single tools.
However, in a recent study of enzymes of starch metabolism,
the simultaneous use of complementary approaches allowed
to demonstrate both that the activity of starch branching
enzymes is regulated by phosphorylation in a subcellular
location-dependent way and that different forms of this
enzyme could form phosphorylation-dependent complexes
with starch phosphorylase, thus opening new functional
hypothesis [45]. On another hand, at the same time, along
with the progress of the characterization of proteomes from
organelles, other efforts resulted in the identification of lim-
ited sets of phosphorylated proteins, like in chloroplast and
mitochondrion [4,48].

Technologically innovative approaches were also initiated
in recent years both for quantitative and for large-scale phos-
phoproteomics. The combination of methyl esterification of
carboxylic acid residues by normal or deuterium-labeled
methanol and phosphatase treatment was thus proposed for
determining the extent of phosphorylation at individual sites
of two multiply phosphorylated Arabidopsis kinases [13]. By
this way, phosphorylation stoichiometries could be deter-
mined for 80% of identified sites, but ca. 20% of RP sites
were shown to fail to be detected following derivatization.
Two other approaches recently exemplified the requirement
for sophisticated separation procedures upstream to LC-
MS/MS in large-scale approaches aimed at resolving phos-
phopeptides from a complex digest. On the moss Physcomi-
trella patens, reverse-phase chromatography and IMAC were
combined to capillary electrophoresis in order to resolve phos-
phorylated peptides directly from a total protein extract [14].
Among the nearly 200 peptides demonstrated to be phospho-
rylated, several of them identified mono- or multi-
phosphorylated forms from low-abundance signaling pro-
teins. On Arabidopsis plasma membrane vesicles, more than
300 RP sites could be mapped in a single experiment by asso-
ciating reverse-phase and ion exchange chromatography to
IMAC selection of phosphopeptides [31]. The fact that simi-
lar numbers of RP sites were identified as well from a total
protein extract as from a purified membrane fraction sug-
gests that, despite the present sophistication of large-scale
approaches, preliminary fractionation of biological samples
remains crucial in order to enlarge the coverage of the actual
phosphoproteome. Under these conditions, a huge amount of
information can be expected to be generated by multiple steps
strategies as above, which in turn is likely to renew the cur-
rent knowledge of the features of RP sites in plants. In this
view, it is noteworthy that one of these large-scale approaches
allowed as well to offer experimental evidences for the topol-

ogy of membrane proteins as to propose rationales to predict
novel RP sites [32].

8. Conclusion

Efforts to analyze the phosphoproteome in plants almost
mirror the overall evolution of phosphoproteomics: whilst the
present variety of tools offers new opportunities for more in
depth analysis of phosphoproteins, their characterization has
not become a routine task yet, and the very recent interest for
large-scale analysis has not included the quantitative dimen-
sion up to now. In terms of strategy, two main routes are preva-
lent depending on the goal. Approaches based on protein iso-
lation are best suited for detailed characterization of sets of
proteins of interest and are compatible with the largest num-
ber of dedicated tools. On another hand, only approaches start-
ing directly with phosphopeptides selection (with no previ-
ous purification of individual proteins) and combining liquid
chromatography and MS/MS were successful to date for par-
allel, but probably less in depth, analysis of large sets of RP
sites. Owing to both the increasing technological capacities
and the intrinsically changing nature of protein phosphoryla-
tion status in a cell, phosphoproteomics appears thus to con-
stitute a still hard task, for several aspects like the access to
quantitative information, but also, now, a reasonable chal-
lenge.
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