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ABSTRACT

The PhosPhAt database provides a resource
consolidating our current knowledge of mass
spectrometry-based identified phosphorylation
sites in Arabidopsis and combines it with phosphor-
ylation site prediction specifically trained on experi-
mentally identified Arabidopsis phosphorylation
motifs. The database currently contains 1187
unique tryptic peptide sequences encompassing
1053 Arabidopsis proteins. Among the characterized
phosphorylation sites, there are over 1000 with
unambiguous site assignments, and nearly 500 for
which the precise phosphorylation site could not be
determined. The database is searchable by protein
accession number, physical peptide characteristics,
as well as by experimental conditions (tissue
sampled, phosphopeptide enrichment method). For
each protein, a phosphorylation site overview is
presented in tabular form with detailed information
on each identified phosphopeptide. We have utilized
a set of 802 experimentally validated serine phos-
phorylation sites to develop a method for prediction
of serine phosphorylation (pSer) in Arabidopsis.
An analysis of the current annotated Arabidopsis
proteome yielded in 27 782 predicted phospho-
serine sites distributed across 17 035 proteins.
These prediction results are summarized graphically
in the database together with the experimental
phosphorylation sites in a whole sequence context.
The Arabidopsis Protein Phosphorylation Site
Database (PhosPhAt) provides a valuable resource
to the plant science community and can be accessed

through the following link http://phosphat.mpimp-
golm.mpg.de

INTRODUCTION

Phosphorylation is the most studied post-translational
modification (PTM) involved in signaling. The principle of
activation and inactivation of proteins by phosphorylation
as well as the function of phosphorylated residues as
docking sites for protein scaffolds and complex assemblies
has been well characterized in the field of mammalian
signal transduction (1–4). In the field of plant biology, the
focus so far has been on the analysis of phosphorylation
of specific proteins and protein families (5,6) and the study
of very specific signaling pathways (7,8), mainly using
genetic tools.
In recent years, several techniques have been developed

and optimized to allow more large scale and high
throughput analyses of protein phosphorylation by mass
spectrometry (9–11). In recent years, a number of global
studies of plant protein phosphorylation sites have
been carried out on various tissues and under a variety
of biological conditions ranging from biotic and abiotic
stresses to changing nutrient environments (12–15). These
datasets were made available in large supplementary
or printed tables with different specific information for
each peptide, making these large tables difficult to handle
in comparative analyses. There is currently no resource in
the plant field that collects such information and makes it
available to the community in a readily searchable format,
thereby providing the possibility for added value through
combined and comparative data interpretation.
While a number of phosphorylation databases are

available, these are generally concentrated on studies
undertaken in mammalian and prokaryotic systems.
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Phosida (16) contains large scale data from in house
studies of Homo sapien and Bacillus subtilis; The Phos-
phorylation Site Database (http://vigen.biochem.vt.edu/
xpd/xpd.htm) contains phosphorylation information from
prokaryotic organisms; Phospho.ELM (http://phospho.
elm.eu.org/) contains validated phosphorylation sites
from eukaryotic systems but is heavily biased towards
mammalian systems, while PhosphoSite (http://
www.phosphosite.org/) is a curated site that focuses on
vertebrate systems. The model plant Arabidopsis thaliana
is a significant focus of international plant research
(http://www.masc-proteomics.org/ for A. thaliana proteo-
mics) and is currently only poorly represented by existing
phosphorylation databases. Therefore, we believe that
the PhosPhAt service combining experimental results
with pSer prediction will be a valuable addition to current
phosphorylation databases and to the plant research
community in general.

DATABASE STRUCTURE AND DESIGN

The PhosPhAt database uses a MySQL relational data-
base operating on a Linux based operating system. The
web-based graphical user interface allows the construction
of SQL (structured query language) queries through
standard HTML forms. Complex database queries are
created with pull-down menus that retrieve data through
purpose-built PHP scripts that interact with the
MySQL tables in PhosPhAt.
The database is comprised of two distinct tables

(Figure 1): the first table (phosphat) contains the

experimental phosphopeptide information and comprises
data from several published large- and medium-scale
phosphoproteomic analyses (9,12–15) as well as unpub-
lished sites identified in authors’ labs. Each entry is a
unique experimentally measured precursor ion (m/z) and
not a composite entry. This is an important feature of the
PhosPhAt database as it tracks each piece of experimental
data, and provides links also to the actual experimental
mass spectra deposited in PROMEX [http://promex.
mpimp-golm.mpg.de; (17)]. With a link to this spectral
library on the ‘Result Table’ users can download the
precursor mass-to-charge ratio and the corresponding
CID-spectrum. This data is crucial for the design of
multiple reaction monitoring (MRM) experiments for
targeted phosphopeptide-quantification on a triple quad-
rupole or ion trap mass spectrometer (10,18).

The second table, the prediction table (TAIR7pS),
contains pSer predictions for the entire Arabidopsis
annotated proteome comprising 31 921 proteins (release
7 from25 April 2007) available from The Arabidopsis
Information Resource [www.arabidopsis.org; (19)]. The
prediction table contains precompiled pSer prediction
scores for total of 928 449 serine residues.

Currently, the experimental data table contains 1187
defined tryptic peptides matching 1053 distinct proteins
from the model plant A. thaliana. Phosphorylation sites
are marked as ‘defined’ if the precise location of the phos-
phorylated amino acid has been unambiguously deter-
mined by mass spectrometric analysis. This usually implies
manual interpretation of mass spectra and additional
scoring algorithms (16). These ‘defined’ sites are marked
with brackets and a lowercase p, e.g. (pS), (pT), (pY).
Phosphorylation sites marked as ‘undefined’ were not
clearly resolved by the mass spectrometric experiments.
These sites are marked as lowercase letters in brackets,
e.g. (s), (t), (y). Often, the ‘undefined’ sites are two
putatively phosphorylated amino acids in close proximity
in the peptide and the difference between these options
could not be interpreted based on the mass spectrum.
The ‘undefined’ sites are often only a subset of the serines,
threonines, or tyrosines in the tryptic peptide. If no
statement can be made on the location of the phosphor-
ylation site, the modified tryptic peptide sequence is
displayed with the remark ‘site not determined’.

DATABASE OVERVIEW

The entry page of the PhosPhAt database provides two
general search strategies: (i) browsing multiple instances
of experimental phosphorylation sites via the tab ‘Query
Experimental Data’, and (ii) displaying a summary of
phosphorylation site prediction of one locus with a
concurrent display of experimental sites via the tab
‘Query Prediction Data’.

The query via ‘Experimental Data’ provides access
to the experimentally verified phosphorylation sites by
physical parameters of the peptide (charge state, number
of modifications, mass accuracy), methodological aspects
(enrichment method, digesting enzyme, mass analyzer),
biological context (tissue, cellular compartment,

Figure 1. Schematic diagram outlining the structure of the PhosPhAt
service illustrating the two main query entry points to query experi-
mental data and pSer prediction information. Both services merge into
a common output at the ‘Summary Page’ on which the prediction
results are displayed on top of the page and all experimental
phosphopeptides for the given AGI code are listed below. In instances
where no experimental phosphopeptides are available, only the predic-
tion result will be displayed. External links to published references at
PubMed and MS/MS data at the ProMex mass spectral library (17) are
also shown.
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experimental condition), or research group (published
datasets, research groups). A list of proteins of interest can
also be submitted using the AGI gene code format. The
user will then be directed to the ‘Result Table’ (Figure 1)
on which, depending on the query, all experimentally
identified phosphorylated peptides are displayed for every
protein in a tabular form. Each AGI code in the ‘Result
Table’ provides a link to the ‘Summary Page’ outlining
all experimental information for that locus as well as
pSer prediction.

The ‘Summary Page’ details experimentally validated/
identified peptides for a given AGI code with each
phosphopeptide displayed in its own table. The database
has been specifically designed to capture as much infor-
mation as possible for each experimentally identified
phosphopeptide and thus a ’composite’ entry for each
site has not been used. In many cases, site level redun-
dancy in the form of multiple experimental phosphopep-
tide entries for one phosphorylation site can be observed
on this page. Each phosphopeptide entry provides a
link to MS/MS spectra housed in the ProMEX (17)
database (if available; http://promex.mpimp-golm.
mpg.de) as well as a link to the PubMed reference (if
data published).

The ‘Query Prediction Data’ tab also serves as entry
point to the database and allows queries using single
AGI codes. This tab provides a direct link to the
‘Summary Page’ (Figure 1) where experimental and pSer
predictions for the AGI code entry are outlined for the
amino acid sequence of the retrieved entry. As outlined
above, this page also provides a detailed breakdown of all
phosphorylation modification data (if available) for this
locus.

USING THE PhosPhAt DATABASE

To query experimental data, a series of pull down menus
are available to access most of the data in the phosphat
data table. The default setting for this query form will pull
all entries (>3000) from the database. A more targeted
query is the intended purpose of this form. For example,
retrieving phosphopeptide data from a previously-pub-
lished paper using a delta mass cut-off (a mass difference
produced when data originally matched) and a matching
score cut-off (score obtained for original match) is possible
using the following steps:

(i) Select a publication of interest from the ‘Published
Reference’ pull-down menu, e.g. Niittylä et.al. (14).

Note: if the ‘Query Database’ button at the bottom of
the form is selected now, this query alone will produce
97 hits.

(ii) Instigate a delta mass cut-off for this publication
set, e.g. a relatively stringent range would be
�0.01Da.

Note: using the ‘Query Database’ button now in
combination with step (i) will produce 27 hits.

(iii) Choose a MOWSE score cut-off produced by the
MS interrogation program Mascot (20) when the
data was originally matched, e.g. 40 (a higher score
is more stringent).

Hitting the ‘Query Database’ button at the bottom
of the form for the final query component will produce
six hits.
A more powerful and useful analysis of the data can be

undertaken through the use of the experimental form
selectors. The redundancy in phosphorylation site entries
in the phosphat table allows the user to address infor-
mation about phosphorylation sites experimentally
identified under different biological conditions or in
different tissues. For example, phosphopeptides sets for
nitrate starvation and re-supply, phosphate starvation
and re-supply, as well as carbon starvation and sucrose
re-supply be obtained through the query form and
compared (Figure 2). Such comparative analyses may
help to assign biological functions to specific phosphor-
ylation sites.

ARABIDOPSIS pSer PREDICTION

Protein phosphorylation is of paramount importance
for understanding biochemical regulation. Because of
restricted experimental approaches for in vivo-site deter-
mination, the computational prediction of phosphoryla-
tion sites is a complementary and helpful tool. Using
the gathered experimentally-verified data from our data-
base as a training set, we used a Support Vector Machine

Figure 2. Venn diagram of experimental phosphorylation sites retrieved
from the PhosPhAt database for different nutrient stress experiments.
The overlap between different experiments comprises mainly plasma
membrane proton ATPases and aquaporins, the proteins unique for
each condition include transporters and kinases among others. Nitrate:
nitrate starvation and resupply; Phosphate: phosphate starvation and
resupply; Carbon: carbon starvation and sucrose re-supply.
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(SVM) approach to classify candidate serine sites
(Supplementary Table 1; for detailed information on the
prediction method, please refer to the Supplementary
material). Computed SVM decision values greater than
zero indicate a positive prediction of a phosphorylation
event, while negative values predict serine residues not
to be phosphorylated. Greater absolute decision values
indicate greater confidence in the prediction. In the
‘Summary Page’, candidate serines are tagged with
mouse-over information pop-up-boxes of experimental
evidence as well as prediction results (SVM decision
value). In the displayed sequence, serines are colored red
if experimentally verified and they are underlined when
positively predicted with a decision value> 0 by the
computational classifier.
The TAIR7pS table comprises a total of 928 449 serine

site motifs in 31 921 protein sequences. Of those, 27 782
serines distributed in 17 035 proteins (14 339 unique genes)
were predicted to be phosphorylated with high confidence
(decision value >1), which makes up approximately half
of the annotated Arabidopsis proteome. For 176 442
serines, medium confidence (0 <decision value <1) was
predicted and for 435 231 serines, the computed decision
value was below �1 indicative of high-confidence negative
predictions; i.e. no phosphorylation.
A comparison of the prediction performance of the

plant-specific pSer predictor and the generic NetPhos 2.0
(21) reveals a significant improvement of recall, precision,

as well as Matthew’s correlation coefficient (CC) for
Arabidopsis proteins (Figure 3). The CC reached with
our plant-specific pSer predictor was 0.46 and, thus,
significantly better than the CC for NetPhos 2.0
(CC=0.22). In a 10-fold cross-validation test, 69% of
phosphorylated serine sites from the training set were
correctly recognized (Supplementary Table 1) compared
to 68% recall for the NetPhos 2.0 server. Of the predicted
sites, 61% were experimentally verified phosphoserine
sites while the precision achieved with NetPhos 2.0
was 43%. The comparison of the receiver operating
characteristic (ROC) curves revealed a highly significant
improvement of the prediction performance with z-score
of 24.1 according to the algorithm proposed by (22)
corresponding to a P-value of 3.3E�128 in the limiting
case of a normal distribution. The area under the ROC
curve for the PhosPhAt plant-specific pSer predictor was
0.81� 0.01 and 0.67� 0.01 for NetPhos, respectively
(Figure 4).

In order to test for over- and under-representation of
predicted phosphorylation sites in different functional
categories based on GO annotations (23), we applied the
Fisher exact test to the GO-term classified prediction
result. Proteins involved in regulatory and signaling
processes are significantly overrepresented in the set of
highly confident phosphorylated proteins while house-
keeping and other enzymatic functions are underrepre-
sented (Figure 5).

Figure 3. Prediction performance of the pSer predictor in comparison to NetPhos 2.0 (21). The recall rate versus the associated precision is plotted.
The curved lines indicate lines of equal correlation coefficient. In the diagram, improved classification performance is indicated for predictors falling
into the upper right corner. Performance results for our classifier correspond to results obtained in the 10-fold cross-validation test
(see Supplementary material for details.) The classifier NetPhos 2.0 was applied to our dataset without training; i.e. NetPhos 2.0 was applied to
an independent dataset as it was technically not possible to perform a cross-validation for NetPhos 2.0. While the testing protocols differed, the
results still suggest that a plant-specific predictor may yield better performance when applied to plant proteins than a generic predictor.
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Figure 5. Negative log(P-values) from Fisher exact test on the occurrences of GO: function terms associated with predicted phosphoproteins.
P-values were corrected for multiple testing by using the False Discovery Rate (FDR) formalism (25). Overrepresented GO: terms are colored red,
underrepresented blue. GO: terms were included if pFDR <0.001. GO annotations were taken from TAIR (19). To avoid training bias,
phosphorylation sites used during the training of the classifier have been removed in the Fisher exact test. Only GO assignments with evidence
categories: direct assay, mutant phenotype, physical and genetic interaction as well as sequence of structural similarity have been considered.

Figure 4. Receiver operating characteristics curves of the prediction by pSer predictor in comparison to NetPhos 2.0 (21) (see Supplementary
material for details). In the diagram, improved classification performance is indicated for predictors with increased area under the ROC. The area
under the ROC curve was A1=0.81� 0.01 for the pSer predictor and A2=0.67� 0.01 for NetPhos and was significantly better with a
z-score= (A1�A2)/SE(A1�A2) of 24.1 corresponding to a P-value of 3.3E�128 in the limiting case of a normal distribution according to the
algorithm proposed in (22).
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The predicted sites with highest decision values in
combination with the experimental phosphorylation sites
provide a powerful basis for further in-depth analysis
of phosphorylation motifs in orthologous and paralogous
proteins also between different organisms (24). Thus, our
dataset provides a rich resource for computational
biologists interested in the study of conservation of
phosphorylation sites and discovery of such conserved
sites across protein classes and plant species.

CONCLUSIONS

The PhosPhAt database has been initiated to provide
a resource that consolidates our current knowledge of
mass spectrometry-based identified phosphorylation sites
in the model plant Arabidopsis. It is combined with
a phosphoserine site prediction tool specifically trained
on Arabidopsis serine phosphorylation site motifs. Thus,
our database not only serves as a searchable knowledge
base for experimentally-identified phosphorylation sites,
but in addition also provides a powerful resource for the
characterization and annotation of yet unidentified phos-
phoserine sites in Arabidopsis. The value of the PhosPhAt
resource thus lies in the possibility for comparative
analysis of experimental sets (Figure 2), confirmation of
experimental phosphorylation sites by providing evidence
from different published and unpublished sources, and in
the implementation of prediction where experimental
evidence is not (yet) available.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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