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Protein phosphorylation plays a key role in signal
transduction in cells. Since phosphoproteins are present
in low abundance, enrichment methods are required for
their purification and analysis. Chemical derivatization
strategies have been devised for enriching phosphoproteins and phosphopeptides. In this report, we employed
a strategy that replaces the phosphate moieties on serine and threonine residues with a biotin-containing tag
via a series of chemical reactions. Ribulose 1,5-bisphosphate carboxylase/oxygenase (RUBISCO)-depleted
protein extracts prepared from Arabidopsis seedlings
were chemically modified for ‘biotin-tagging’. The
biotinylated (previously phosphorylated) proteins were
then selectively isolated by avidin-biotin affinity chromatography, followed by two-dimensional gel electrophoresis (2-DE) and matrix-assisted laser-desorption
ionization time-of-flight mass spectrometry (MALDITOF MS). This led to the identification of 31 protein
spots, representing 18 different proteins, which are implicated in a variety of cellular processes. Despite its
current technical limitations, with further improvements in tools and techniques this strategy may be developed into a useful approach.
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and Scott, 2005). Since most phosphoproteins are present
in low abundance, highly selective purification methods are
required to separate them from non-phosphorylated proteins, to reduce the complexity and increase the amount of
protein available for analysis (Kalume et al., 2003; Laugesen et al., 2004). The usual enrichment strategies are based
on affinity purification. Immunoprecipitation with antiphosphoamino acid antibodies has been a popular method
for selectively isolating phosphoproteins. Immunoprecipitation with antibodies that recognize phosphoserine/
phosphothreonine-containing proteins (Gronborg et al.,
2002) or phosphotyrosine-containing proteins (Pandey et
al., 2000; Salomon et al., 2003) has been used to enrich
for phosphoproteins from several types of cultured mammalian cells. Immobilized metal affinity chromatography
(IMAC) is an alternative approach for the enrichment of
phosphopeptides (Gaberc-Porekar and Menart, 2001). In
this method, the negatively charged phosphate groups of
phosphopeptides bind selectively to positively charged
metal ions (Fe3+, Ga3+) immobilized on the IMAC resin.
Chemical modification methods have also emerged as
strategies for the enrichment of phosphoproteins or phosphopeptides. The biotin-tagging method is based on the
chemical replacement of the phosphate moieties on serine
and threonine residues with biotin-containing tags (Oda et
al., 2001). Under strongly alkaline conditions the phosphate moieties on phosphoserine and phosphothreonine
residues undergo β-elimination to form reactive dehydroa-

Introduction
Protein phosphorylation, a major type of post-translational
modification, plays a central role in the regulation of signal
transduction during numerous cellular processes including
the cell cycle, cell differentiation, and metabolism (Pawson
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lanine and dehydroamino-2-butyric acid residues, respectively. These unsaturated residues are Michael acceptors
that react readily with nucleophiles such as ethanedithiol.
Ethanedithiol in turn provides a reactive thiol group that
can be linked to a biotin affinity tag, enabling the phosphoproteins or phosphopeptides to be purified by avidin-biotin
affinity chromatography. A modified method has been developed that utilizes phosphoprotein isotope-coded affinity
tags that combine stable isotope- and biotin-labeling for
quantifying phosphorylation (Goshe et al., 2001). Other
modifications have been developed recently (Leitner and
Lindner, 2004). Another method for enrichment involves a
more complex series of chemical reactions that leads to the
solid-phase capture of phosphate-linked cystamine by iodoacetyl beads (Zhou et al., 2001). Despite the long sequence of chemical steps, the advantage of this method is
that it is equally applicable to serine-, threonine- and tyrosine-phosphorylated proteins, in contrast to methods that
are biased for serine and threonine phosphorylation.
Here we describe the application of a biotin-tagging
method to Arabidopsis protein extracts. This method involves chemical replacement of the phosphate moieties
with biotin tags. These biotin tags were then used as affinity handles for immobilized avidin enrichment of previously phosphorylated proteins from complex protein mixtures. The biotinylated proteins enriched with immobilized avidin were separated by two-dimensional gel electrophoresis (2-DE) and identified by matrix-assisted laserdesorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS).
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Oxidation of proteins Protein oxidation was carried out as described previously (Oda et al., 2001) with some modifications.
Performic acid solution was prepared using 30% H2O2 and 85%
formic acid in a ratio of 5:95 (v/v), and incubated at room temperature for 30 min. An aliquot of protein (5 mg) was dissolved
in the performic acid solution (0.5 ml) and incubated at 4°C for
1 h. After dilution with ice-cold water (0.5 ml), the solution was
dialyzed twice against cold water, divided into aliquots of 0.05−
1 mg protein, and lyophilized.
β-Elimination and Michael addition β-Elimination and Michael addition reactions were carried out as described previously
(Oda et al., 2001) with some modifications. The oxidized proteins were dissolved in 240 μl of 5% CHAPS. Then 4 M LiOH
(140 μl) and ACN (50 μl) were mixed with 1,2-ethanedithiol (20
μl) diluted with ethanol (50 μl), and the oxidized proteins in the
5% CHAPS solution were added to this solution and incubated
at 37°C for 1 h. After neutralization with acetic acid, ice-cold
acetone (1 ml) was added, the solution was incubated at −40°C
for 1 h, and centrifuged at 20,000 × g for 3 min. The precipitate
was washed with ethanol and dissolved in 500 μl of redissolving
buffer [8 M urea, 0.5% CHAPS, 1 mg Tris (2-carboxy ethylphosphine), 0.1 M sodium phosphate (pH 6.8)]. After incubation
for 1 h, 5 mg of (+)-biotinyl, 3-maleimidopropionamidyl-3,6dioxoctanediamine was added and dialyzed twice against 50
mM NH4HCO3.
Enrichment of biotinylated proteins Biotinylated proteins
were incubated with immobilized monomeric avidin gel for 1 h
in the dark, poured into an empty column, and washed twice
with 50 mM NH4HCO3. Biotinylated proteins were eluted with
5 mM biotin in 2% CHAPS solution.

Materials and Methods
Plant growth and preparation of total protein extracts Arabidopsis thaliana, ecotype Columbia (Col-0), was grown at 22°C
under long-day conditions with a 16 h-light/8 h-dark cycle. Plants
were grown in soil for 4 weeks. Arabidopsis plants were ground
in liquid nitrogen and incubated in extraction buffer containing
0.5 M Tris (pH 8.3), 2% Nonidet-P40, 20 mM MgCl2, 2% βmercaptoethanol, 1 mM PMSF, 1 mM EDTA, proteinase inhibitor
cocktail (Roche), and phosphatase inhibitor (Sigma). The lysate
was centrifuged at 12,000 × g for 15 min and the supernatant was
used for polyethylene glycol (PEG) fractionation.
PEG fractionation PEG fractionation was carried out as described previously (Kim et al., 2001). A 50% PEG stock solution was added to the supernatant to a final concentration of
10% PEG. The 10% PEG-protein mixture was incubated on ice
for 30 min and centrifuged at 1,500 × g for 10 min. This procedure was repeated with PEG at final concentrations of 15% and
20%. The supernatant of the 20% PEG-protein mixture was
precipitated with four volumes of cold acetone at −20°C for 30
min. The resulting proteins were collected by centrifugation at
3,000 × g for 10 min.

Two-dimensional gel analysis The 2-DE and subsequent analysis were performed as described (Lee et al., 2004). Biotintagged (phosphorylated) proteins were dissolved in IEF sample
buffer (7 M urea, 2 M thiourea, 0.05% dodecylmaltoside, 4%
CHAPS, 20 mM Tris, 20 mM DTT, 0.5% IPG buffer, and
0.001% bromophenol blue). Immobiline DryStrips (pH 4−7,
linear; 70 mm for protein gel blotting and 180 mm for MALDITOF MS analysis; Amersham Biosciences) were rehydrated
with protein solution and focused on the IPGphor system (Amersham Biosciences). Strips were transferred to equilibration
buffer [50 mM Tris (pH 8.8), 6 M urea, 30% glycerol, 2% SDS,
20 mM tributylphosphine] and incubated for 15 min. SDSPAGE (12%) was used for the second dimension. The 2-D gels
were stained with silver nitrate (Amersham Biosciences), scanned,
and analyzed with ImageMaster 2-D Elite software (Amersham
Biosciences). Three to five gels were prepared from three different protein extracts.
Sample preparation for MALDI-TOF MS Peptide samples
were prepared as described previously (Jensen et al., 1999).
Protein spots were excised from the gel, reduced, alkylated, and
digested with trypsin. Tryptic-digested peptides were recovered
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Fig. 1. The biotin-tagging method with standard proteins. BSA
(A) and β-casein (B) served as representative non-phosphorylated and phosphorylated proteins, respectively. The proteins
were chemically modified, biotin-tagged, and added to avidin
beads. Proteins were eluted from the beads, separated by SDSPAGE, and visualized by CBB staining. BSA (A) was not detected, whereas biotinylated β-casein (B) was detected, in the
elution fractions (lanes 7−10). Lane 1, proteins before loading
onto beads; lane 2, flow-through; lanes 3−4, washing; lanes 5−6,
elution with 5 mM biotin; lanes 7−10, elution with 5 mM biotin in
2% CHAPS.

through a series of extraction steps. Extraction with 25 mM
NH4HCO3 and ACN was followed by a second extraction step
with 5% TFA and ACN. Extracts were pooled and lyophilized in a
vacuum lyophilizer. -Lyophilized tryptic peptides were redissolved in a solution containing water, ACN, and TFA (93:5:2) and
sonicated in a water bath for 5 min. The peptide extract was prepared using the solution-phase NC method (Landry et al., 2000).
MALDI-TOF MS and database searching Peptide masses were
measured on a MALDI-TOF MS (Voyager-DE STR; Perceptive
Biosystems) (Landry et al., 2000). Peptide mass fingerprint data
were matched to the National Center for Biotechnology Information non-redundant database entries using the MS-Fit program
(http://prospector.ucsf.edu/prospector/4.0.7/html/msfit.htm). The
following search parameters were applied. Mass tolerance was
set to 50 ppm and one incomplete cleavage was allowed. Acetylation of the N-terminus, alkylation of Cys by carbamidomethylation, oxidation of Met, and pyroGlu formation of N-terminal
Gln were set as possible modifications. The database search
disclosed matching proteins ranked according to peptide number
matches, sequence coverage, and the molecular weight search
(MOWSE) score. Whereas the candidate ranked at the top was
considered a positive identification, protein identification was
assigned when the following criteria were met: at least four
matching peptides, > 15% sequence coverage, and a MOWSE
score > 103. Netphos 2.0 software (http://www.cbs.dtu.dk/services/NetPhos/) was used for prediction of phosphorylation sites
in the identified phosphoproteins.

Results and Discussion
Biotinylation of standard proteins Following a previ-

Fig. 2. Enrichment of biotinylated phosphoproteins from Arabidopsis total protein extracts. 1-D gel analysis of phosphoproteins isolated from Arabidopsis total protein extracts by the
biotin-tagging method. The chemically modified proteins were
added to avidin beads. Proteins were eluted from the beads,
separated by SDS-PAGE, and visualized by silver staining. The
biotinylated proteins detected in the elution fractions (lanes 6−
9) were pooled for 2DE analysis (Fig. 3). Lane 1, Arabidopsis
total protein extracts; lane 2, flow-through; lanes 3−5, washing;
lanes 6−9, elution with 5 mM biotin in 2% CHAPS.

ously reported chemical enrichment strategy (Oda et al.,
2001), phosphate groups were removed from phosphoserine and phosphothreonine by alkaline-induced β-elimination and replaced with biotin tags. The resulting biotinylated proteins were isolated by avidin-biotin affinity
chromatography. Before applying biotin-tagging to Arabidopsis protein extracts, we assessed the efficiency and
sensitivity of the protocol using BSA and β-casein as nonphosphorylated and phosphorylated standard proteins,
respectively. BSA and β-casein were subjected to chemical replacement reactions and incubated with avidin beads.
Whereas BSA did not bind to avidin, β-casein bound to
the beads and was specifically detected in the fractions
eluted with 5 mM biotin in 2% CHAPS solution (Fig. 1).
This indicated that biotin-tagging strategy was an efficient
tool for selective enrichment of phosphoproteins.
Enrichment of the Arabidopsis phosphoproteome Biotin-tagging was then applied to the enrichment of the
Arabidopsis phosphoproteome. Total protein extracts prepared from Arabidopsis seedlings were subjected to oxidation, β-elimination, Michael (ethanedithiol) addition,
and biotinylation, as described (Oda et al., 2001). The
biotinylated proteins were selectively enriched from the
chemically modified protein extracts using an avidinaffinity column. The protein profile of eluates containing
biotinylated proteins appeared distinct from those of both
the total protein extract and the flow-through fractions
(Fig. 2). The eluates were pooled for further analysis of
the phosphoproteome.
2-DE analysis of the Arabidopsis phosphoproteome The
enriched biotinylated proteins were subjected to 2-DE.
The proteins were resolved in the pH range of 3−10 and
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Fig. 3. 2-DE analysis of enriched Arabidopsis phosphoproteins.
The biotinylated proteins were resolved in the range of pH 3−10
and pH 4−7 and silver-stained. The protein spots were identified
by MALDI-TOF MS.

detected by silver staining (Fig. 3). Most proteins were in
the acidic pH region and were poorly resolved. To increase the resolution, we employed a pH gradient of 4−7
(Fig. 3). Major spots were cut out and processed for
MALDI-TOF MS. Unfortunately, the major spots were
identified as ribulose 1,5-bisphosphate carboxylase/oxygenase (RUBISCO), the most abundant leaf protein,
which limits protein loading.
Preparation of the RUBISCO-depleted phosphoproteome Since RUBISCO prevented the visualization of lowabundance phosphoproteins, isolation of the RUBISCOfree phosphoproteome was necessary. To exclude RUBISCO from protein extracts we used a fractionation
method with PEG, as described previously (Kim et al.,
2001). The presence of RUBISCO in fractions collected
in increasing concentrations of PEG was examined (Fig.
4). RUBISCO was detected primarily in the 10−20% PEG
fractions. Therefore, the supernatant of the 20% PEG
fraction was used for the chemical derivatization reactions
and avidin-affinity chromatography. Whereas PEG fractionation was an appropriate choice for excluding
RUBISCO, it resulted in low sample recovery and a significant loss of protein (Fig. 4).
2-DE analysis of the RUBISCO-depleted phosphoproteome Enriched protein extracts prepared by PEGfractionation were separated by 2-DE in a pH gradient of
4−7 (Fig. 5). Proteins in the acidic pH range were further
resolved on a 2-D gel in the narrower pH range of 4.5−5.5.
The patterns obtained from 2-D gel analysis were highly
reproducible. The protein spots were analyzed by MALDITOF MS and 31 spots were identified, representing 18
different proteins (Table 1). These results demonstrate
that proteins may undergo post-translational modification,
most likely phosphorylation, at more than one amino-acid
residue, resulting in different pIs. Since the number of
phosphorylated proteins identified here was far below the
expected number, loss of phosphorylated proteins appeared to occur during PEG fractionation, biotin derivatization, and affinity chromatography. As shown in Fig. 4,
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Fig. 4. PEG fractionation of Arabidopsis total protein extracts.
Proteins were serially precipitated with 10%, 15%, and 20%
PEG, and analyzed by SDS-PAGE. The supernatant from the
20% PEG precipitation (lane 5) was used for 2-DE analysis (Fig.
5). The arrows indicate the large subunit (LSR) and small subunit (SSR) of RUBISCO. Lane 1, Arabidopsis total protein extracts; lane 2, 10% PEG precipitation; lane 3, 15% PEG precipitation; lane 4, 20% PEG precipitation; lane 5, supernatant (sup)
from 20% PEG.

although the PEG fractionation method was successful in
removing RUBISCO, protein recovery was low. Different
fractionation methods would be expected to change the
protein profile and thus enhance the diversity of the isolated phosphoproteins. Sample recovery has been the major
problem with chemical modification methods for enriching
phosphoproteins and phosphopeptides (Ficarro et al., 2002;
Goshe et al., 2001; Oda et al., 2001; Zhou et al., 2001).
The identified proteins fell into different functional
categories (Table 1). Among the proteins involved in
metabolic processes were phosphoglycerate kinase and
oxygen-evolving enhancer protein 1 (OEE1) in photosynthesis (Nowitzki et al., 2004; Sugihara et al., 2000), ACC
synthase 7 in ethylene biosynthesis (Tsuchisaka and Theologis, 2004), and H+-transporting synthase and ATPase β
subunit in energy metabolism (Fillingame and Dmitriev,
2000; Osanai et al., 2005). Proteins implicated in gene
regulation and signaling included a MYB transcription
factor, transparent testa glabra 1 (TTG1) protein, 14-3-3
protein, and serine/threonine kinase (Baudry et al., 2006;
Sorrell et al., 2000; Sramko et al., 2006; You et al., 2007).
An additional category was comprised of stress-responsive
proteins, including bifunctional dihydrofolate reductasethymidylate synthase (DHFR-TS), monodehydroascorbate
reductase, ascorbate reductase, glutathione S transferase,
and pathogenesis-related protein 5 (PR-5) (Heese et al.,
2005; Herrmann et al., 2006; Igamberdiev et al., 2006;
Lad et al., 2002; Zettl et al., 1994). We also identified a
mutT domain protein that may be involved in DNA repair
(Shimokawa et al., 2000). Five of the identified proteins,
phosphoglycerate kinase, MYB transcription factor, ATPase β subunit, 14-3-3- protein, and serine/threonine
kinase, have been previously reported to be phosphorylated, whereas the remainder of the proteins identified
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and qualitative analysis of phosphorylation and other
post-translational modifications.

Fig. 5. 2-DE analysis of RUBISCO-depleted phosphoproteins.
The biotinylated proteins from RUBISCO-depleted protein extracts were resolved in the pH ranges of 4−7 and 4.5−5.5, respectively, and silver-stained. The protein spots were identified
by MALDI-TOF MS (Table 1).

here are apparently novel. The number of phosphorylation
sites was predicted using the phosphorylation prediction
program netPhos 2.0 (http://www.cbs.dtu.dk/services/NetPhos/). An output score of 0.5 was used as the cutoff to
increase the accuracy of the computational prediction.
However, the exact number and sites of phosphorylation
will need to be experimentally determined.
Concluding remarks Many strategies for detecting and
enriching phosphoproteins and phosphopeptides have
been developed, together with MS techniques, and applied to the systematic analysis of phosphorylation in
plants. Phosphoproteins in chloroplast thylakoid and
plasma membranes have been the major targets of phosphorylation studies (Nuhse et al., 2003; Vener et al.,
2001). Phosphopeptides have been selectively enriched by
IMAC and sequenced using ESI-MS/MS. IMAC, in combination with LC-MS/MS, has identified more than 300
phosphorylation sites in ~200 plasma membrane proteins
from Arabidopsis (Nuhse et al., 2004). In several studies,
32
P-labeling has been used to detect phosphoproteins that
were subsequently identified by nanoESI-MS/MS analysis
(Bykova et al., 2003).
Thus far, chemical modification methods have not been
demonstrated to be useful tools for the comprehensive
analysis of phosphoproteins. Herein, a biotin-tagging
method has been utilized for the global identification of
phosphoproteins in Arabidopsis protein extracts. We
demonstrate that (i) phosphoproteins were selectively
enriched using this method; (ii) RUBISCO-depletion of
protein extracts improved the sensitivity and resolution of
protein spots on a 2-D gel; and (iii) MS analysis led to the
identification of phosphoproteins implicated in a variety
of cellular functions. Although the biotin-tagging strategy
has technical problems with the efficiency of the chemical
reactions and sample recovery, it appears to be a useful
alternative to other enrichment strategies. Further improvement of this approach and the development of other
technologies should provide useful tools for quantitative
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