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Abstract

Many essential cellular functions such as growth rate, motility, and metabolic activity are linked to reversible protein phosphoryla-
tion, since they are controlled by signaling cascades based mainly on phosphorylation/dephosphorylation events. Quantification of glob-
al or site-specific protein phosphorylation is not straightforward with standard proteomic techniques. The coupling of capillary liquid
chromatography (LLC) with ICP-MS (inductively coupled plasma-mass spectrometry) is a method which allows a quantitative screening
of protein extracts for their phosphorus and sulfur content, and thus provides access to the protein phosphorylation degree. In extension
of a recent pilot study, we analyzed protein extracts from the model organisms Arabidopsis thaliana and Chlamydomonas reinhardtii as
representatives for multicellular and unicellular green photosynthetically active organisms. The results indicate that the average protein
phosphorylation level of the algae C. reinhardtii is higher than that of A. thaliana. Both the average phosphorylation levels were found to
be between the extreme values determined so far for prokaryotes (C. glutamicum, lowest levels) and eukaryotes (Mus musculus, highest
levels). Tissue samples of A. thaliana representing different stages of plant development showed varying levels of protein phosphorylation
indicating a different adjustment of the kinase/phosphatase system. We also utilized the pnLC-ICP-MS technology to estimate the effi-
ciency of a novel phosphoprotein enrichment method based on aluminum hydroxide, since the enrichment of phosphorylated species
is often an essential step for their molecular characterization.
© 2007 Elsevier Inc. All rights reserved.
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Reversible protein phosphorylation is considered as one
of the functionally most important covalent protein modi-
fications [1,2]. It is involved in a variety of vital cellular
functions, including internal and receptor-mediated signal-
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ing cascades as well as many steps of metabolic regulation.
Accordingly, the average protein phosphorylation level in a
cell is directly connected to the status of different functions
[3]. For instance, the growth rate of tissues may be reflected
in the average relative abundance of phosphorylated iso-
forms, since in proliferating cells compared to resting cells,
often kinases are upregulated with concomitant downregu-
lation of phosphatases. Activation of tyrosine kinases was
found to be particularly correlated with various forms of
cancer [4]. In agreement with these observations, elevated
phosphorus levels have been reported for tumor compared
to control tissue [5].
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Since the majority of these studies are focused on mam-
mals or bacteria, knowledge about protein phosphoryla-
tion in plants is still highly fragmentary. Phosphoproteins
in plants are either homologous to eukaryotic phosphopro-
teins or they are unique plant proteins. Representatives of
the latter are proteins involved in photosynthesis [6,7], but
also include other plant-specific proteins, for instance those
involved in phytochrome signaling, which is a light-regulat-
ed pathway of growth control [8].

The mass spectrometric methods ESI-MS (electrospray
ionization) and MALDI-MS (matrix-assisted laser
desorption/ionization) contribute increasingly to the pin-
pointing of protein phosphorylation sites [9]. Today,
major challenges in phosphoproteomics arise from three
main areas:

(i) Due to the low abundance of regulatory active phos-
phoproteins in combination with a generally substoichio-
metric phosphorylation, sensitivity is a general challenge
for phosphorylation analysis. This underlines the need for
efficient enrichment of phosphoproteins [10,11] and/or
phosphopeptides [12—-15]; (ii) manual control of search-en-
gine generated phosphopeptide hits appears to be manda-
tory, but guidelines for this task are still emerging [16,17];
(iii) relative and absolute quantification of phosphopro-
teins and of site-specific phosphorylation is still challeng-
ing. Most quantification methods rely on stable-isotope
labeled internal standards [18-20] or chemical modifica-
tions, but label-free methods have been proposed for this
purpose as well [21,22].

Recently, element mass spectrometry was introduced as
an alternative tool for spotting of phosphorylation sites
and determination of phosphorylation stoichiometries
[23,24]. This method is based on hyphenation of capillary
liquid chromatography (pLC) with inductively coupled
plasma-mass spectrometry (ICP-MS) and was successfully
applied both on the peptide and protein level [25,26]. The
element-selective ICP-MS detector allows for screening of
phosphorus-containing compounds in the LC eluate, and
the signal intensity is directly proportional to the phospho-
rus content. Moreover, simultaneous monitoring of the
sulfur trace can serve as an internal measure for protein
amount. In case the number of the sulfur-containing amino
acids cysteine and methionine is known, the protein phos-
phorylation stoichiometry can be determined via the ratio
phosphorus to sulfur. In a recent report, we could show
that this method is not restricted to well-defined single pep-
tides or proteins [27]. The phosphorylation stoichiometry
of enzymatically digested protein mixtures can be calculat-
ed by integration of all peaks in the phosphorus and sulfur
trace, respectively. By this method, a “global” phosphory-
lation state of a cellular cytosolic proteome could be
determined for the first time and different protein phos-
phorylation levels in prokaryotic and eukaryotic samples
could be observed.

In the present work, we extended this approach to the
analysis of Arabidopsis thaliana and Chlamydomonas rein-
hardtii as examples for photosynthetic organisms. Photo-

synthesis is restricted to plant parts above ground, and
growth may vary significantly between different compart-
ments, e.g., resting seeds and roots. Therefore, we analyzed
different tissues of A. thaliana in search for variations of
their proteomic phosphorylation patterns and stoichiome-
try. In addition, ICP-MS is ideally suited to monitor puri-
fication and enrichment procedures of phosphorylated
species, which are methods indispensable for pinpointing
of modified sites by molecular MS methods such as ESI-
or MALDI-MS. As an example, we used the described
methodology to monitor the enrichment efficiency of the
newly developed MOAC approach [10], which aims at
extraction of intact phosphoproteins.

Materials and methods

Materials. Modified trypsin was obtained from Roche Diagnostics. All
other chemicals and solvents were obtained from Sigma-Aldrich or Roth
in the highest purity available. HPLC-grade water was used throughout.
Zip-Tips were obtained from Millipore.

Growing of plants and cell cultures. Arabidopsis thaliana plants (eco-
type Columbia) were grown in a Percival growth chamber for 5 weeks at
20°C at a 12-h day/night rhythm. Light intensity was adjusted to
130 mE. C. reinhardtii (wildtype CC-125) cells were grown for 7 days in
16/8 h light/dark regime in liquid culture containing TAP Medium [28].
Cells were harvested in the light period and centrifuged for 10 min at
4000 rpm. The supernatant was discarded and the pellet was used for the
extraction of proteins. 4. thaliana cell cultures derived from leaves were
grown in JPL medium [29] as described before [30]. Every seven days,
10% of the culture was transferred to a new flask to maintain the cell
culture line. Cells were harvested just before transfer (after seven days of
growth in new media).

Protein extraction. Plant material was frozen by addition of liquid
nitrogen and ground in a pre-chilled mortar. Up to 1.6 g of ground
material (leaves, seeds, roots, flowers, or cell cultures) or the pellet from
about 100 mL of cell suspension was mixed with 5 mL extraction buffer
(50 mM MES, 20 mM imidazole, 60 mM NaF, 0.2 M K-aspartate, and
0.2 M Na-glutamate, pH 6.1) containing freshly added B-mercaptoethanol
(1-5%) and 15 mL TE (Tris EDTA, pH 7.5) buffered phenol. The mixture
was incubated for 30 min at 4 °C and centrifuged for 8 min at 4000 rpm.
The upper phase (containing the proteins) was transferred into a fresh
tube, washed once with extraction buffer, and proteins were precipitated
out of the phenol phase overnight with five volumes ice-cold acetone.

Phosphoprotein enrichment. MOAC enrichment was performed as
previously described [10]. The solution and binding buffer (DB) consists of
0.2 M Na-glutamate, 0.2 M K-aspartate, 30 mM MES, 20 mM imidazole,
0.25% CHAPS, and 8 M urea, and was adjusted to pH 6.1 with HCI prior
to use. The elution buffer (EB) consists of 0.1 M K—pyrophosphate and
8 M urea, and was adjusted to pH 9.0 with H3PO, prior to use. Briefly,
protein pellets were washed twice with ice-cold methanol, dried for 30 min
at room temperature and dissolved in DB using vigorous vortexing for
Smin. 100 uL of each sample was saved for analysis of samples without
enrichment. Al(OH); (Sigma A-1577) was pre-equilibrated with 1.8 mL
DB, centrifuged at 10,000 rpm and the supernatant was discarded. Up to
1 mg protein was loaded onto 80 mg of Al(OH);. The mixture was rotated
at 4 °C for 30 min and centrifuged for 1 min at 10.000 rpm. Five washing
steps with 1.8 mL MB each followed by rotation and centrifugation were
performed accordingly. Proteins were eluted by incubation with 0.8 mL
EB at room temperature, centrifuged at 10.000 rpm for 2 min and pre-
cipitated from the resulting supernatants and the initial samples (see
above) by methanol/chloroform precipitation.

Tryptic digestion and protein purification. 1D-SDS-PAGE was per-
formed according to standard procedures with commercially available
precast gels (NuPAGE gels, Invitrogen) using potentiostatic conditions
(120-200 Volt). For purification of protein precipitates from low-molec-
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ular impurities, about 40-50 pg total protein lysate was applied per gel
lane and electrophoresis was stopped when the front marker had migrated
about 2-3 cm (10-15 min). Lanes (about 1 cm x 0.3 cm) were cut out of
the gels and digested with trypsin. Reduction with DTT (45 min at 54 °C)
and alkylation with iodoacetamide (30 min at room temperature) was
applied prior to in-gel digestion at 37 °C over night using modified trypsin
(Roche). Proteolytic peptides were extracted 2-3 times with 5% formic
acid and desalted with RP-C g-micropipet tips (Zip-Tips, Millipore).

uLC-ICP-MS analysis. Capillary liquid chromatography was per-
formed either with a dual syringe pump (ABI 140B, Applied Biosystems)
with external solvent split or a dual piston pump with built-in solvent split
(Ultimate, LC-Packings). A 200 pm i.d. column (15 cm length, Grohm)
filled with reversed phase C;g adsorbens (5 um particle size, 300 A pore
size, Vydac) was used for on-line gradient LC at a flow rate of 2 uL/min on
column. Peptides were separated by a linear gradient from 2% acetonitrile/
0.065% TFA to 80% acetonitrile/0.1% TFA within 30 min. The LC col-
umn outlet was directly coupled to the ICP-MS via a capillary-based
microconcentric nebulizer mounted on a low-volume spray chamber as
interface (CEI-100, CETAC). A double-focusing sector-field ICP-MS
(Element 2, Thermo Electron) at a resolution of 4000 (medium resolution)
was used as element-selective detector. The instrument was tuned via
infusion of a multi-element standard with a syringe pump.

Data acquisition and processing. Peak tops (20% mass window) were
monitored using the electric scan mode. The scan cycle time was 200—
400 ms per run for monitoring *'P and **S with a duty cycle of nearly 50%
per element. Monitoring **S instead of S was preferred, because a
slightly better performance in terms of signal-to-noise is usually achieved.
Data evaluation was performed after ASCII export to the graphics
software Origin, including background subtraction if necessary. Sensitivity
factors of *'P and **S were determined by repeated injection of a
mixture of phosphoserine and cysteine followed by subsequent elution
with varying solvent composition. The corresponding correction function
for the respective gradient was calculated from the experimental values
by a polynomial fit. For calculation of the global phosphorylation
degree, the integrated area of the **S trace after sensitivity correction was
taken as a measure for the protein content. The obtained intensity value
was corrected for natural abundance of **S and divided by the average
number of sulfur atoms per protein. Based on genomic data [31], the
abundance of sulfur-containing amino acids in the respective proteome is
4.28% in A. thaliana and 4.00% in C. reinhardtii (based on codon usage).
This is equivalent to 19 sulfur atoms per protein on average for both
species, assuming an average protein size of 50 kDa (about 450 amino
acids).

Results and discussion

Determination of proteomic phosphorus-to-sulfur ratios by
uLC-ICP-MS

In order to obtain a value for a global protein phosphor-
ylation level, some precautions have to be considered.
Basically, proteins have to be extracted from the respective
tissue sample and separated from interfering substances,
predominantly those with phosphorus or sulfur, i.e.,
oligonucleotides, phospholipids, and small metabolites.
The major fraction of these compounds is removed effi-
ciently during the extraction procedure (see Materials and
methods for details), but further purification steps were
performed in order to ensure their complete removal. The
extracted protein mixture was subjected to a short
1D-SDS gel electrophoresis step, whereby impurities
migrate with the front and are thus eliminated. The
protein-containing gel part is cut into pieces, proteins
are in-gel digested with trypsin and the resulting pep-

tides are extracted and desalted using RP-C;g3 micropipet
tips.

These samples are then injected onto a reversed phase
capillary column and peptides are subsequently eluted by
an acetonitrile gradient with an ICP-MS coupled on-line
as detector. Monitoring of *'P and **S allows screening
for phosphorylated and sulfur-containing peptides simulta-
neously. Since a complex peptide mixture is injected, no
complete separation of peptides is achieved by one-dimen-
sional chromatography. Instead, peptides elute in a defined
retention time window according to their polarity, but sep-
arated from residual small phosphorus- and sulfur-contain-
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Fig. 1. Analysis of enzymatically digested protein extracts from A.
thaliana by pLC-ICP-MS with monitoring of *'P and 3*S. Samples were
collected from different tissues: (A) leaves; (B) flowers; (C) cell cultures.
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ing species if present. Fig. 1 shows three example chro-
matograms of different 4. thaliana protein extracts, which
have been prepared and analyzed as described above.
Expectedly, all three samples show similar peak patterns
reflecting the origin from the same species. Nevertheless,
small but explicit differences between the tissues can be
noticed as well.

It is visible at first glance that protein phosphorylation
in these plant samples is rather low. Intense sulfur signals
(note that **S has only 4.29% natural abundance) can be
observed at retention times typical for peptides (20-40%
acetonitrile). In contrast, only weak phosphorus signals,
including a few distinct peaks, characterize the *'P trace
in the identical retention time window. This is in sharp con-
trast to protein extracts of mouse cells, where similar abun-
dances of *'P and **S have been observed [27].

Quantification of cellular protein phosphorylation levels

For quantitative considerations, the element-specific
response of ICP-MS has to be corrected. One of the advan-
tageous features of ICP-MS is that the sensitivity for a giv-
en element is usually independent of its chemical form and
that only a moderate matrix influence has to be considered.
The most important matrix effect is caused by different
organic loads into the plasma. Consequently, the corre-
sponding element traces have to be corrected for response
variations in relation to LC solvent composition. This is
achieved by infusion of standards at different solvent com-
positions and subsequent calculation of a sensitivity func-
tion **S to *'P (included in Figs. 1 and 3), which then is
used to calculate the correct molar element ratios in the
sample [27].

Table 1 gives the average relative >'P to **S intensities
(median + mean deviation) after sensitivity correction
and the corresponding total P to S ratios for different tis-
sues of A. thaliana and C. reinhardtii samples. A number
of biological replicates (V) were analyzed in order to assess
sample-to-sample variations and to give a first approxima-
tion of the precision of the method.

In order to convert the molar P to S ratios into a stoichi-
ometric protein phosphorylation degree, the mean number
of sulfur atoms per protein has to be taken into account.

Table 1

Phosphorylation stoichiometries (ratios of *'P to **S and P to S) in protein
extracts from individual tissues of the plant A. thaliana and from the green
algae C. reinhardtii as determined by uLC-ICP-MS

Organism Compartment N Ratio ? Ip/34s Ratio P/S (mol/
(mol/mol) mol)

Arabidopsis Leaves 7 0.068+0.010  0.0029 £ 0.0004

thaliana Cell culture 6 0.15240.050 0.0065 + 0.0022

Seeds 5 0.028+£0.006  0.0012 + 0.0002

Roots 4 0.110 £ 0.015 0.0047 £ 0.0007

Flowers 4 0.079+0.007  0.0034 + 0.0003

Chlamydomonas  Cell culture 3 0.306 £0.017 0.0131 £ 0.0007
reinhardtii

This number was estimated using the corresponding gen-
ome data, assuming that the abundance of amino acid
codes in the genome is reflected in the respective proteome.
It was calculated that proteins with a mean molecular
weight of 50 kDa contain on average 19 sulfur-containing
amino acids (cysteine and methionine) in both species.
Normalization of the sulfur signal intensities by the num-
ber of sulfur atoms gives direct access to the protein molar-
ity and thus to the desired global protein phosphorylation
degree (see Fig. 2).

The experiments for the first time delivered information
about plant protein phosphorylation on a whole organism
scale. The quantitative evaluation reveals the overall low
protein phosphorylation level in the plant A4. thaliana,
which is in the order of 0.07 mol phosphorus per mol pro-
tein (with variations between 0.02 and 0.15). As illustra-
tion, this is equivalent to every 15th protein being
completely phosphorylated at one site. However, number
and stoichiometry of phosphorylation may vary signifi-
cantly in the protein pool, which is supported by the occur-
rence of a few distinct abundant peaks in the *'P
chromatograms.

The obtained values are slightly higher compared to
prokaryotic cells, but considerably lower compared to
eukaryotic mouse cells (Mus musculus 3T3 cells), where
nearly 0.7 mol phosphorus per mol protein was found
[27]. Since proteins are heated before SDS-PAGE and
acidic conditions are employed during analysis, the
observed phosphorus content may be caused exclusively
by heat- and acid-stable O-phosphorylation at serine, thre-
onine, and tyrosine. In contrast, labile phosphorylation
sites at aspartate and histidine, which play a major role
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Fig. 2. Average global protein phosphorylation stoichiometry (medi-
an + mean deviation) as obtained by pnLC-ICP-MS for different tissues
from A. thaliana and for C. reinhardtii.
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in prokaryotes (phosphorelays) [32], are probably not
detected. The low phosphorus signal in C. glutamicum
[27] is in accordance with this assumption and may reflect
different utilization of signaling cascades in prokaryotes
and eukaryotes. The comparably low phosphorylation
level detected in A. thaliana may, therefore, point to a low-
er extent of O-phosphorylation in plants versus mammals.
The extent of labile phosphorylation sites in plants remains
unclear, but a number of plant-typical processes such as
plant hormone response and circadian rhythms have been
found to be regulated by phosphorelays employing histi-
dine kinase pathways [33]. Interestingly, protein samples
from the green algae C. reinhardtii showed an intermediate
protein phosphorylation degree between the values for the
plant A. thaliana and for mouse cell culture.

It is instructive to compare our results with recent
claims that about 30% of eukaryotic proteins are phos-
phorylated [1,3]. Our data for a variety of tissue types
are in the same order of magnitude. This suggests that
a certain phosphorylation level is indeed crucial through-
out different kingdoms of life. However, the significant
variations of at least one order of magnitude point to
the fact that this level may be adapted to the needs of
the respective life form, compartments (see next chapter)
and environment.

Tissue-dependent variations and their implications

Besides signaling, metabolism is a major cell function
depending on protein phosphorylation. For instance,
growth rates of cells should influence the respective protein
phosphorylation level. No variations between different
growth conditions (logarithmic and stationary phase) were
found in the bacterium C. glutamicum (data not shown),
but the phosphorylation level of 0.02 mol P per mol protein
might be too low to observe significant differences. Howev-
er, varying growth rates and metabolic activities may occur
in different tissues of higher organisms. Such variations
were indeed found in protein extracts of different A. thali-
ana tissues (see Fig. 2). Interestingly, these variations in
the global phosphorylation degree give insights into the
importance protein phosphorylation might have during
different developmental stages.

Significantly lower phosphorylation than in all other tis-
sues was found in seeds, in accordance with their mini-
mized metabolism before germination. Nevertheless, the
low degree for seed tissue surprises because of the necessity
for nutrient storage. Apparently, the stored phosphorus is
not bound to proteins to a large extent in seeds. Indeed, it
is known that the major source of phosphorus in seeds is
phytic acid [34], which probably explains why plants do
not have to rely on protein-bound phosphorus for seed
germination.

Phosphorylation varies only slightly between samples
from leaves, flowers, and roots. Besides a somewhat ele-
vated level in root samples, plant parts above and below
ground show no obvious and statistically firm differences,

which might be directly correlated to photosynthetic or
phytochromic activity. Many enzymes in the photosynthe-
sis chain are membrane-bound and are probably not com-
pletely covered by the employed protein extraction
method. Therefore, photosynthesis-related phosphopro-
teins might be underrepresented. However, it is not clear
whether these enzymes contribute to a significant extent
to the overall phosphoprotein pool. It might be that the
vast majority of phosphate is bound to proteins involved
in signaling and metabolic pathways, e.g., respiration.
These mechanisms are very similar in most eukaryotic
organisms.

The highest phosphorylation level in A4. thaliana was
observed in cell cultures, which may reflect the generally
increased metabolism of cultured cells. It appears to be
consistent with findings about activation of kinases during
mitosis that rapidly dividing tissue has a higher degree of
phosphorylation, which could hold for the slightly
increased values in root samples as well. Interestingly, the
cell culture data of A. thaliana showed noticeable higher
sample-to-sample variations (ranging from 0.08 to
0.25 mol P per mol protein) in comparison to the plant-de-
rived samples. Surprisingly, such pronounced variations
were not found in case of C. reinhardtii cell cultures.

Compared to A. thaliana the green algae C. reinhardtii
showed higher phosphorylation levels of about 0.25 mol
phosphorus per mol protein. While A4. thaliana cell cultures
are immotile, C. reinhardtii has a flagellum and is motile.
Since flagellar dependent movement of prokaryotes as well
as of eukaryotes seems to be inherently linked to protein
phosphorylation [35,36], this may explain the higher degree
of phosphorylation in C. reinhardtii compared to A. thali-
ana cell cultures. This assumption is supported by the fact
that seven flagellar proteins could be identified after
MOAC enrichment and that a very recent study on protein
phosphorylation in C. reinhardtii shares the impression
that protein phosphorylation is quite abundant in flagella
of C. reinhardtii [37].

Monitoring of phosphoprotein enrichment efficiency

Enrichment of phosphorylated compounds is usually
inevitable to safely identify phosphorylation sites, espe-
cially in case of low phosphorylation stoichiometries or
proteins with low copy numbers. Whereas several proto-
cols exist and are applied to phosphopeptide enrichment,
enrichment on the protein level is still rarely described in
the literature. A novel method termed MOAC (metal
oxide affinity chromatography) employs aluminum
hydroxide as solid phase, and the method was successfully
applied to identify phosphorylation sites [10,11]. Enrich-
ment of phosphoproteins was monitored by a phospho-
protein-specific staining procedure, which proved the
efficiency. However, quantitative evaluation of results
obtained by staining methods is limited, since these exhib-
it a limited dynamic range and moderate reproducibility.
In contrast, pLC-ICP-MS with phosphorus to sulfur
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monitoring is much better suited for measuring the
enrichment efficiency, due to its wide linear dynamic
range and due to the ratio measurement, which should
not be affected by sample preparation. For that reason,
we analyzed samples from A. thaliana and C. reinhardtii
by uLC-ICP-MS before and after enrichment with
MOAC (see Fig. 3).

The ICP measurements confirmed an enrichment of
phosphorylated proteins by the MOAC procedure. This
is evident from a comparison of the **S trace to the 'P
trace in Fig. 3. After enrichment (Fig. 3B and D) the arca
under the *'P trace relative to the **S trace is considerably
higher than before enrichment (Fig. 3A and C), strongly
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indicating an increase of peptide bound phosphate. It was
possible to calculate an enrichment factor by comparing
the molar P/S ratio before and after enrichment for the
samples. The enrichment factor was calculated by dividing
the molar P/S ratio after enrichment by the initial P/S
ratio. This factor was found to vary between about 2 and
20, leading to a final degree of phosphorylation between
0.4 and 1.0 mol phosphorus per mol protein in the enriched
fraction (see Table 2). In a simplified picture, this means
that 40-100% of the enriched proteins are phosphorylated
completely at one site.

The enrichment factor varies between tissue types and
organisms, which indicates the presence of phosphopro-
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Fig. 3. pLC-ICP-MS analysis of digested protein extracts before and after phosphoprotein enrichment by metal oxide affinity chromatography (MOAC).
Left row: A. thaliana seeds (A) before and (B) after MOAC enrichment; right row: C. reinhardtii (C) before and (D) after MOAC enrichment.

Table 2

Protein phosphorylation stoichiometries of selected A. thaliana and C. reinhardtii samples before and after phosphoprotein enrichment with aluminum

hydroxide (MOAC) and corresponding enrichment factors

Organism Compartment Ratio before enrichment (mol/mol) Ratio after enrichment (mol/mol) Enrichment factor
P/S P/protein P/S P/protein
Arabidopsis thaliana Leaves 0.0040 0.075 0.0221 0.42 5.5
Cell culture 0.0076 0.145 0.0321 0.610 42
0.0133 0.253 0.0301 0.572 23
Seeds 0.0010 0.019 0.0228 0.433 22.8
0.0011 0.021 0.0228 0.434 20.7
Chlamydomonas reinhardtii Cell culture 0.0141 0.267 0.0527 1.000 3.7
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tein-specific and mixture-specific effects. Thus the main
benefit of the MOAC procedure is the support of pin-
pointing of unknown phosphorylation sites. In conclu-
sion, the demonstrated monitoring of the MOAC
procedure by pLC-ICP-MS allows confirmation and
monitoring of phosphoprotein enrichment, which gives
an independent success control and is helpful for further
method development intended to improve the applied
protocols.

Acknowledgments

Financial support of the BMBF (Bundesministerium fiir
Bildung und Forschung), Proteomics Program, and the
DFG (Deutsche Forschungsgemeinschaft), Graduate
School 826, is gratefully acknowledged. Furthermore, R.
Kriiger and J. Bettmer acknowledge the support of Merck
KGaA, Darmstadt.

References

[1] P. Cohen, The regulation of protein function by multisite phosphor-
ylation—a 25 year update, Trends Biochem. Sci. 25 (2000) 596-601.

[2] G. Manning, D.B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam,
The protein kinase complement of the human genome, Science 298
(2002) 1912-1934.

[3]J. Ptacek, M. Snyder, Charging it up: global analysis of protein
phosphorylation, Trends Genet. 22 (2006) 545-554.

[4] S. Madhusudan, T.S. Ganesan, Tyrosine kinase inhibitors in cancer
therapy, Clin. Biochem. 37 (2004) 618-635.

[5] D.R. Bandura, O.I. Ornatsky, L. Liao, Characterization of
phosphorus content of biological samples by ICP-DRC-MS:
potential tool for cancer research, J. Anal. At. Spectrom. 19
(2004) 96-100.

[6] A.V. Vener, A. Harms, M.R. Sussman, R.D. Vierstra, Mass
spectrometric resolution of reversible protein phosphorylation in
photosynthetic membranes of Arabidopsis thaliana, J. Biol. Chem.
276 (2001) 6959-6966.

[7] 1. Carlberg, M. Hansson, T. Kieselbach, W.P. Schroder, B. Anders-
son, A.V. Vener, A novel plant protein undergoing light-induced
phosphorylation and release from the photosynthetic thylakoid
membranes, Proc. Natl. Acad. Sci. USA 100 (2003) 757-762.

[8] I. Schepens, P. Duek, C. Fankhauser, Phytochrome-mediated light
signalling in Arabidopsis, Curr. Opin. Plant Biol. 7 (2004) 564—
569.

[9] K.M. Loyet, J.T. Stults, D. Arnott, Mass spectrometric contributions
to the practice of phosphorylation site mapping through 2003—A
literature review, Mol. Cell. Proteomics 4 (2005) 235-242.

[10] F. Wolschin, S. Wienkoop, W. Weckwerth, Enrichment of phos-
phorylated proteins and peptides from complex mixtures using metal
oxide/hydroxide affinity chromatography (MOAC), Proteomics 5
(2005) 4389-4397.

[11] F. Wolschin, W. Weckwerth, Combining metal oxide affinity chro-
matography (MOAC) and selective mass spectrometry for robust
identification of in vivo protein phosphorylation sites, Plant Methods
1 (2005) 9.

[12] L. Andersson, J. Porath, Isolation of phosphoproteins by immobi-
lized metal (Fe3+) affinity chromatography, Anal. Biochem. 154
(1986) 250-254.

[13] A. Sano, H. Nakamura, Chemo-affinity of titania for the column-
switching HPLC analysis of phosphopeptides, Anal. Sci. 20 (2004)
565-566.

[14] M.W_H. Pinkse, P.M. Uitto, M.J. Hilhorst, B. Ooms, A.J.R. Heck,
Selective isolation at the femtomole level of phosphopeptides from

proteolytic digests using 2D-nanoLC-ESI-MS/MS and titanium
oxide precolumns, Anal. Chem. 76 (2004) 3935-3943.

[15] B.A. Garcia, J. Shabanowitz, D.F. Hunt, Analysis of protein
phosphorylation by mass spectrometry, Methods 35 (2005) 256-264.

[16] R. Kriiger, C.-W. Hung, M. Edelson-Averbukh, W.D. Lehmann,
Iodoacetamide-alkylated methionine can mimic neutral loss of
phosphoric acid from phosphopeptides as exemplified by nano-
electrospray ionization quadrupole time-of-flight parent ion scanning,
Rapid Commun. Mass Spectrom. 19 (2005) 1709-1716.

[17] F. Wolschin, W. Weckwerth, Methionine oxidation in peptides—a
source for false positive phosphopeptide identification in neutral loss
driven MS3, Rapid Commun. Mass Spectrom. 20 (2006) 2516-2518.

[18] D.T. McLachlin, B.T. Chait, Analysis of phosphorylated proteins and
peptides by mass spectrometry, Curr. Opin. Chem. Biol. 5 (2001)
591-602.

[19] D. Bonenfant, T. Schmelzle, E. Jacinto, J.L. Crespo, T. Mini, M.N.
Hall, M.P. Jenoe, Quantitation of changes in protein phosphoryla-
tion: a simple method based on stable isotope labelling and mass
spectrometry, Proc. Nat. Acad. Sci. USA 100 (2003) 880-885.

[20] S.A. Gerber, J. Rush, O. Stemman, M.W. Kirschner, S.P. Gygi,
Absolute quantification of proteins and phosphoproteins from cell
lysates by tandem MS, Proc. Natl. Acad. Sci. USA 100 (2003) 6940—
6945.

[21]J.C. Silva, R. Denny, C.A. Dorschel, M. Gorenstein, 1.J. Kass, G.Z.
Li, T. McKenna, M.J. Nold, K. Richardson, P. Young, S. Gerom-
anos, Quantitative proteomic analysis by accurate mass retention time
pairs, Anal. Chem. 77 (2005) 2187-2200.

[22] H. Steen, J.A. Jebanathirajah, M. Springer, M.W. Kirschner, Stable
isotope-free relative and absolute quantitation of protein phosphor-
ylation stoichiometry by mass spectrometry, Proc. Natl. Acad. Sci.
USA 102 (2005) 3948-3953.

[23] M. Wind, M. Edler, N. Jakubowski, M. Linscheid, H. Wesch, W.D.
Lehmann, Analysis of protein phosphorylation by capillary liquid
chromatography coupled to element plasma mass spectrometry with
31P detection and to electrospray mass spectrometry, Anal. Chem. 73
(2001) 29-35.

[24] M. Wind, H. Wesch, W.D. Lehmann, Protein phosphorylation
degree: determination by capillary liquid chromatography and
inductively coupled plasma mass spectrometry, Anal. Chem. 73
(2001) 3006-3020.

[25] M. Wind, O. Kelm, E.A. Nigg, W.D. Lehmann, Identification of
phosphorylation sites in the polo-like kinases Plx1 and Plkl by a
novel strategy based on element and electrospray high resolution
mass spectrometry, Proteomics 2 (2002) 1516-1523.

[26] M. Wind, D. Gosenca, D. Kiibler, W.D. Lehmann, Stable isotope
phospho-profiling of fibrinogen and fetuin subunits by element mass
spectrometry coupled to capillary liquid chromatography, Anal.
Biochem. 317 (2003) 26-33.

[27] R. Kriiger, D. Kiibler, R. Pallissé, A. Burkovski, W.D. Lehmann,
Protein and proteome phosphorylation stoichiometry analysis by
element mass spectrometry, Anal. Chem. 78 (2006) 1987-1994.

[28] E.H. Harris, The Chlamydomonas Sourcebook, Academic Press, San
Diego, USA, 1989.

[29] J.P. Jouanneau, C. Peaud-Lenoel, Croissance et synthese des prote-
ines de suspensions cellulaires de Tabac sensibles a la kinétine
(Growth and synthesis of proteins in cell suspensions of a kinetin
dependent tobacco), Physiologia Plantarum 20 (1967) 834-850.

[30] M. Pauly, S. Eberhard, P. Albersheim, A. Darvill, W.S. York, Effects
of the murl mutation on xyloglucans produced by suspension-
cultured Arabidopsis thaliana cells, Planta 214 (2001) 67-74.

[31] Available  at:  http://www.ebi.ac.uk/integr8/EBI-Integr8-Home-
Page.do (4. thaliana) and www.chlamy.org (C. reinhardtii).

[32] A.H. West, A.M. Stock, Histidine kinases and response regulator
proteins in two-component signaling systems, Trends Biochem. Sci. 6
(2001) 369-376.

[33] T. Mizuno, Two-component phosphorelay signal transduction sys-
tems in plants: From hormone responses to circadian rhythms, Biosci.
Biotechnol. Biochem. 69 (2005) 2263-2276.


http://www.ebi.ac.uk/integr8/EBI-Integr8-HomePage.do
http://www.ebi.ac.uk/integr8/EBI-Integr8-HomePage.do
http://www.chlamy.org

96 R. Kriiger et al. | Biochemical and Biophysical Research Communications 355 (2007) 89-96

[34] R. Pilu, D. Panzeri, G. Gavazzi, S.K. Rasmussen, G. Consonni, E. [36] L.M. DiBella, S.M. King, Dynein motors of the Chlamydomonas

Nielsen, Phenotypic, genetic and molecular characterization of a flagellum, Int. Rev. Cytol. 210 (2001) 227-268.

maize low phytic acid mutant (Ipa241), Theor. Appl. Genet. 107 [371V. Wagner, G. Gessner, I. Heiland, M. Kaminski, S.

(2003) 980-987. Hawat, K. Scheffler, M. Mittag, Analysis of the phospho-
[35]J.S. Tash, Protein phosphorylation: the second messenger signal proteome of Chlamydomonas reinhardtii provides new insights

transducer of flagellar motility, Cell Motil. Cytoskeleton 14 (1989) into various cellular pathways, Eukaryot. Cell 5 (2006) 457-

332-339. 468.



	Plant protein phosphorylation monitored by capillary  liquid chromatography-element mass spectrometry
	Materials and methods
	Results and discussion
	Determination of proteomic phosphorus-to-sulfur ratios by  mu LC-ICP-MS
	Quantification of cellular protein phosphorylation levels
	Tissue-dependent variations and their implications
	Monitoring of phosphoprotein enrichment efficiency

	Acknowledgments
	References


