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To characterize protein phosphorylation in developing seed, a large-scale, mass spectrometry-based phosphoproteomic study
was performed on whole seeds at five sequential stages of development in soybean (Glycine max), rapeseed (Brassica napus), and
Arabidopsis (Arabidopsis thaliana). Phosphopeptides were enriched from 0.5 mg of total peptides using a combined strategy of
immobilized metal affinity and metal oxide affinity chromatography. Enriched phosphopeptides were analyzed by Orbitrap
tandem mass spectrometry and mass spectra mined against cognate genome or cDNA databases in both forward and random-
ized orientations, the latter to calculate false discovery rate. We identified a total of 2,001 phosphopeptides containing 1,026
unambiguous phosphorylation sites from 956 proteins, with an average false discovery rate of 0.78% for the entire study. The
entire data set was uploaded into the Plant Protein Phosphorylation Database (www.p3db.org), including all meta-data and
annotated spectra. The Plant Protein Phosphorylation Database is a portal for all plant phosphorylation data and allows for
homology-based querying of experimentally determined phosphosites. Comparisons with other large-scale phosphoproteomic
studies determined that 652 of the phosphoproteins are novel to this study. The unique proteins fall into several Gene Ontology
categories, some of which are overrepresented in our study as well as other large-scale phosphoproteomic studies, including
metabolic process and RNA binding; other categories are only overrepresented in our study, like embryonic development. This
investigation shows the importance of analyzing multiple plants and plant organs to comprehensively map the complete plant
phosphoproteome.

During seed development, plants accumulate starch,
oil, and proteins at differing amounts, among the di-
versity of plant species (Weber et al., 2005). These
nutrients serve a crucial role in human and animal
diets as well as in feedstocks for the chemical industry
(Thelen and Ohlrogge, 2002). A better understanding
of the biology and biochemistry of seed development
can provide opportunities for the rational engineering
of seed content. In this regard, the recent use of tran-
scriptomics and proteomics approaches has begun to
provide global views of the compendium of regula-
tory, structural, and enzymatic proteins involved in
carbon assimilation and reserve deposition in the di-
versity of model and agronomic oilseeds (Ruuska
et al., 2004; Hajduch et al., 2005; Katavic et al., 2006;
Agrawal et al., 2008; Houston et al., 2009). Although
the metabolic pathways involved in seed maturation

have been largely predicted using both “omics” (Hajduch
et al., 2010) and in vivo labeling approaches (Schwender
et al., 2003, 2004; for review, see Baud and Lepiniec,
2009), the regulation of the activities in these pathways
is only beginning to be discovered.

A major form of metabolic control in higher eukar-
yotes occurs at the posttranslational level and most
notably includes reversible protein phosphorylation
(Huber, 2007). An increasing number of metabolic en-
zymes and enzyme complexes have been shown to be
regulated by reversible phosphorylation; however,
given the labile nature of protein phosphorylation and
the detection difficulty, it is likely that there are as yet
undiscovered enzymes regulated in this manner. Us-
ing modern approaches, recent global phosphopro-
teomic studies in developing Arabidopsis (Arabidopsis
thaliana) and Brassica seed have revealed over 200 pu-
tative phosphoproteins (Agrawal and Thelen, 2006;
Irar et al., 2006), including many enzymes. More tar-
geted studies have identified several protein kinases
involved in seed development. A receptor-like kinase,
RPK1, has been shown to affect abscisic acid (ABA)
sensitivity in plants. ABA is a key hormonal regulator
of seed development, having roles in maturation
and dormancy (Finch-Savage and Leubner-Metzger,
2006; Gutierrez et al., 2007). Another kinase, Suc non-
fermenting kinase-related protein kinase 2.6, has been
shown to affect ABA signaling and influence seed
oil content (Zheng et al., 2010). The fatty acid composi-
tion of Arabidopsis seed is also influenced by a casein
kinase I through the phosphorylation of transcription
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factors for the microsomal oleic acid desaturase (fad2)
gene (Kim et al., 2010). The receptor-like kinases, so-
matic embryogenesis receptor-like kinases, and Crin-
kly4 have also been determined to be involved in seed
development, although their substrate clients have yet
to be elucidated (Wang et al., 2007).

The coupling of phosphopeptide enrichment strate-
gies to high-resolution mass spectrometry has led to
a renaissance in phosphorylation site mapping, and
several recent large-scale studies have expanded the
knowledge of phosphorylation in plants (Sugiyama
et al., 2008; Reiland et al., 2009; Grimsrud et al., 2010;
Nakagami et al., 2010). These studies discovered
phosphorylation sites for hundreds of phosphorylated
proteins in roots, shoots, and cell culture and sug-
gested roles for phosphorylation in chloroplasts and
root nodulation (Reiland et al., 2009; Grimsrud et al.,
2010). Among other findings, the study performed by
Nakagami et al. (2010) emphasized the importance of
analyzing multiple plant species to enhance coverage
of the phosphoproteome. This is likely due to the near
singular use of trypsin as a protease in “bottom-up”
phosphoproteomic investigations and the inherent
bias associated with its cleavage specificity. Collec-
tively, these large-scale studies represent a data set of
over 10,000 redundant phosphorylation sites within
Arabidopsis, barrel medic (Medicago truncatula), and
rice (Oryza sativa).

In addition to the importance of a broader taxo-
nomic representation for global phosphoproteomic
studies, it is equally important that a broader spatio-
temporal representation of plant organs becomes ac-
cessible. One example is developing seed. To better
characterize the extent of protein phosphorylation
during seed maturation, we performed a large-scale
phosphorylation study on developing seeds from
three species: Arabidopsis, rapeseed (Brassica napus),
and soybean (Glycine max). A total of 956 proteins were
identified containing 1,026 unambiguous phosphory-
lation sites involved in seed development. Of these
proteins, 652 are novel to this study, showing the im-
portance of analyzing the phosphoproteome of various
plants and tissues to further expand knowledge of the
plant phosphoproteome.

RESULTS

Phosphopeptide Identification from Developing Seeds

PhosphopeptideenrichmentusingbothFe-immobilized
metal affinity chromatography (IMAC) and Ti-hydroxy
acid-modified metal oxide chromatography in series was
performed on three species, Arabidopsis, rapeseed, and
soybean, at five stages of seed development in biological
triplicate. The enriched phosphopeptides were separated
by reverse-phase liquid chromatography and analyzed on
an LTQ-Orbitrap mass spectrometer. The resulting RAW
files were searched in parallel using Mascot, SEQUEST,
and InsPecT against organism-specific databases concate-
nated toa randomizedversionof the forwarddatabaseasa

decoy. Filtering thresholdswere compared for each search
algorithm and verified to be below 1% false discovery rate
(FDR; Elias and Gygi, 2007). Unambiguous phosphoryla-
tion sitesweredeterminedusingPhosCalc (MacLean et al.,
2008). A total of 2,414 phosphopeptides were identified
spanning all three species, representing 956 proteins and
1,026 unambiguous phosphosites (Table I).

The distribution of unambiguous Ser, Thr, and Tyr
phosphorylation sites from Arabidopsis seed is com-
parable to that found by Sugiyama et al. (2008; Table
II). Both Thr and Tyr phosphorylation events in rape-
seed and soybean are more prevalent than in Arabi-
dopsis. There were a total of 92 unambiguous Tyr
phosphorylation sites identified in the three species
(Supplemental Table S1). Twenty-five of these phos-
phopeptides do not contain Ser or Thr residues within
the peptide. Of the remaining 67 sites, 12 were as-
signed to mitogen-activated protein kinase (MAPK)
proteins that are known to be Tyr phosphorylated,
providing biological support for correct site assign-
ment (Huang et al., 2000; Nühseet al., 2000).

Conserved phosphopeptides among Arabidopsis,
rapeseed, and soybean were identified by clustering
the identified peptides using CD-HIT (Li and Godzik,
2006). Default parameters were used, including a 60%
similarity cutoff and a bandwidth of 5. A total of 658
clusters were produced from the 2,001 identified pep-
tides. Four clusters contained peptides from all three
species, another four clusters contained soybean and
Arabidopsis peptides, four clusters were also identi-
fied that contained soybean and rapeseed peptides,
whereas Arabidopsis and rapeseed had the most rep-
resented clusters at 14 (Fig. 1). The peptides identified
in each cluster along with the associated protein ac-
cessions and the annotation as determined by Blast2GO
can be found in Supplemental Table S2.

Comparison of Identified Phosphoproteins from
Developing Seed

Orthologous phosphorylated proteins were iden-
tified among the three organisms analyzed using a
reciprocal BLAST search (Altenhoff and Dessimoz,
2009). In some cases, paralogs matched to the same
protein with the same E-value, so they could not be
distinguished from one another. When one best match
could not be determined based upon E-value, all pro-
teins at that E-value were listed (Fig. 2; Supplemental
Table S2). A developing seed nonredundant protein
list consisting of 902 proteins was generated. This list
contains all proteins with no identified orthologs,
along with one representative protein for those where
orthologs were identified.

The majority of the phosphoproteins identified were
unique to each organism: 93.0%, 88.9%, and 76.6%
for soybean, rapeseed, and Arabidopsis, respectively.
There were only two protein groups that had phos-
phorylated orthologs among all three species. One of
these proteins (AT5G52200.1 in Arabidopsis) is a pu-
tative peptidyl-prolyl cis-trans-isomerase, whereas the

518 Plant Physiol. Vol. 159, 2012

Meyer et al.

http://www.plantphysiol.org/cgi/content/full/pp.111.191700/DC1
http://www.plantphysiol.org/cgi/content/full/pp.111.191700/DC1
http://www.plantphysiol.org/cgi/content/full/pp.111.191700/DC1
http://www.plantphysiol.org/cgi/content/full/pp.111.191700/DC1


other protein (AT5G43830.1 in Arabidopsis) has an
unknown function. The orthologous proteins between
Arabidopsis and rapeseed contain a total of 48 un-
ambiguous sites, 25 from Arabidopsis and 23 from
rapeseed. Fifteen of the sites within the orthologous
proteins overlapped between the two species, leaving
10 sites from Arabidopsis and eight sites in rapeseed as
nonoverlapping. An additional eight nonambiguous
sites in rapeseed overlapped with their orthologs in
soybean out of a possible 14 sites in rapeseed and 23
in soybean. Arabidopsis and soybean have the most
identified phosphorylation sites within the ortholo-
gous proteins, 33 in Arabidopsis and 42 in soybean.
Only seven of the phosphorylation sites were con-
served in both species.

Congruence with Other Large-Scale
Phosphoproteomic Studies

Our data were compared with other large-scale
phosphoproteome studies to determine the uniqueness
of the developing seed phosphoproteome. A reciprocal
BLAST search was performed using the 902 nonre-
dundant developing seed phosphoproteins against the
proteins identified in M. truncatula roots (Grimsrud
et al., 2010), Arabidopsis shoots (Reiland et al., 2009),
and Arabidopsis cell culture (Sugiyama et al., 2008;
Fig. 3). The nonredundant seed phosphoproteins had
the least amount of overlap with M. truncatula root
phosphoproteins (Grimsrud et al., 2010), including 77
orthologs representing 8.5% of the identified phos-
phoproteins in developing seeds. The Arabidopsis
seedling phosphoprotein data set (Reiland et al., 2009)

contained the highest percentage of overlap with our
developing seed phosphoproteomic screen, including
192 orthologous proteins, 21.3% of the seed data set.
Arabidopsis cell culture phosphoproteins (Sugiyama
et al., 2008) had 140 orthologs (15.5% of nonredundant
seed phosphoproteins) compared with developing
Arabidopsis seed. The majority of the proteins in our
developing seed data set, 72.3% (652 phosphopro-
teins), did not have any phosphorylated ortholog in
the other studies.

Functional Comparison with Other Large-Scale
Phosphoproteomic Studies

For a functional context of the seed phosphopro-
teomic results, functional classification using Gene
Ontology (GO) terms of the nonredundant seed
proteins was performed using Blast2GO (Götzet al.,
2008). Overrepresented or underrepresented GO terms
within our data set were determined by first obtaining
GO terms for the Arabidopsis proteome (The Arabi-
dopsis Information Resource [TAIR] 9) using Blast2GO.
The frequency of each GO term in our data set
was compared with the frequency in the Arabidopsis
proteome, and the log2 ratio was graphed (Fig. 4;
Supplemental Fig. S2). The abundance of the nonre-
dundant seed GO terms was statistically compared
with the TAIR9 results using Fisher’s exact test (as-
terisks indicate significant differences; Fig. 4). A ma-
jority of the GO terms with a 0.5-fold or greater change
in developing seeds were also found to be statistically
significantly overrepresented or underrepresented ac-
cording to Fisher’s exact test. The proteins for those

Table I. Number of phosphoproteins, phosphopeptides, and phosphorylation sites identified within
developing seed of soybean, rapeseed, and Arabidopsis

Species Proteins Peptides Sites Mono Di Tri+

Soybean 459 1,007 1,195 737 (73.2%) 215 (21.4%) 55 (5.5%)
Rapeseed 325 586 818 447 (76.3%) 61 (10.4%) 78 (13.3%)
Arabidopsis 172 408 401 357 (87.5%) 50 (12.5%) 1 (0.2%)

Table II. Classification of phosphorylation sites according to matched ions assigned by PhosCalc
version 1.2.

Phosphorylation sites that had at least one more matched ion than any other potential site were clas-
sified as unambiguous. Ambiguous class I sites are indeterminable and have more than one with equal
numbers of matched ions. The remaining phosphorylation sites that had fewer matched ions than at least
one other site were classified as ambiguous class II.

Species Class Sites Ser Thr Tyr

Soybean Unambiguous 534 408 (76.4%) 79 (14.8%) 47 (8.8%)
Ambiguous class I 281 183 (65.1%) 68 (24.2%) 30 (10.7%)
Ambiguous class II 380 234 (61.6%) 90 (23.7%) 56 (14.7%)

Rapeseed Unambiguous 320 234 (73.1%) 49 (15.3%) 37 (11.6%)
Ambiguous class I 186 103 (55.4%) 62 (33.3%) 21 (11.3%)
Ambiguous class II 312 147 (47.1%) 107 (34.3%) 58 (18.6%)

Arabidopsis Unambiguous 172 145 (84.3%) 19 (11.0%) 8 (4.7%)
Ambiguous class I 78 46 (59.0%) 20 (25.6%) 12 (15.4%)
Ambiguous class II 151 83 (55.0%) 49 (32.5%) 19 (12.6%)
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GO terms with a 0.5-fold or greater increase in our
data set are listed in Supplemental Table S3.

GO terms were also acquired for three other large-
scale phosphoproteomic studies using Blast2GO for
comparison (Sugiyama et al., 2008; Reiland et al., 2009;
Grimsrud et al., 2010). The log2 ratios of the GO term
frequency in the three large-scale studies as compared
with the frequency within the Arabidopsis proteome
are graphed in Figure 4 and Supplemental Figure S2.

Phosphorylation Motifs in Seed Development

Consensus sequences flanking the sites of phos-
phorylation in developing seeds were identified using
Motif-X version 1.2 (Schwartz and Gygi, 2005).
Analysis was only performed on unambiguous sites
with a minimum occurrence of 20 and a significance
level of 1026, identifying a total of 10 motifs (Fig. 5).
Two Pro-targeted motifs (1 and 2), one calmodulin-
dependent protein kinase II domain (3), and seven
casein kinase II domains (4–10) were identified. In
total, these motifs represent 36.8% of all unambiguous
sites identified.

To determine if any of these motifs are unique to
developing seeds, parallel analyses were performed on
unambiguous phosphorylation sites from the previous
phosphoproteomic studies on Arabidopsis seedlings
(Reiland et al., 2009) and Arabidopsis cell cultures
(Sugiyama et al., 2008). The data were also compared
with the motifs identified in M. truncatula roots
(Grimsrud et al., 2010). One of the Pro-targeted motifs
(motif 1; Fig. 5) and the Thr motif (motif 10; Fig. 5) are
unique to this study.

The Plant Protein Phosphorylation Database

The identified phosphoproteins/peptides/sites and
annotated spectra were deposited into the Plant Protein

Phosphorylation Database (P3DB; http://www.p3db.
org/), a Web resource we developed for hosting pro-
tein phosphorylation data in plants (Gao et al., 2009;
Fig. 6). Phosphorylation data from previous large-scale
plant phosphoproteomic studies were also collected
and integrated into P3DB. Unlike other phosphoryla-
tion databases, this resource includes all plant phos-
phorylation data, associated meta-data, links to other
major databases, and, when provided, individual an-
notated spectra in graphics. Currently, P3DB version
1.6 hosts phosphoproteomics data from 15 experimental
studies, containing more than 10,000 phosphoproteins
harboring more than 30,000 phosphorylation sites in
five plant species: Arabidopsis, soybean, rapeseed, M.
truncatula, and rice. With the user-friendly PHP-based
Web interface, a user can easily access the data, which
were stored in a MySQL relational database. P3DB
supports seamless navigation among phosphoproteins,
peptides, sites, and spectra. The search and BLAST
utilities make it easy for users to find phosphoproteins
and peptides of interest. Figure 6 illustrates the phos-
phopeptide BLAST utility in P3DB. All phosphorylation
data in P3DB can also be downloaded in tab-delimited
text files.

DISCUSSION

The compendium of experimentally determined plant
phosphorylation sites has rapidly grown in the last
few years, due to methodological advancements cou-
pling phosphopeptide enrichment methods with high-
resolution mass spectrometry. Prior investigations have
focused on vegetative organs and tissues, primarily
from Arabidopsis. Here, we extend prior studies by
analyzing the phosphoproteome during five stages of
seed maturation in soybean, rapeseed, and Arabidopsis,
identifying a total of 956 phosphoproteins consisting
of 1,026 unambiguous phosphorylation sites on 2,001
phosphopeptides (Table I).

Tyr Phosphorylation May Be More Prevalent
in Crop Oilseeds

The extent of Tyr phosphorylation in plants has been
recently debated with the publication of several mass
spectrometry-based studies (Sugiyama et al., 2008; de
la Fuente van Bentem and Hirt, 2009). In our study,
a total of 92 unambiguous Tyr sites were identified.
Of those 92 Tyr sites, 26 contained a Ser or Thr within
two amino acids, allowing for potential misassign-
ment. In an unlikely worst-case scenario, if each of
these sites were incorrectly assigned, it would result in
a Tyr phosphorylation occurrence at 7.1%, 7.2%, and
3.5% for soybean, rapeseed, and Arabidopsis, respec-
tively. For Arabidopsis, this value is within the range
of reported Tyr phosphorylation. However, the fre-
quency of Tyr phosphorylation in soybean and rape-
seed, even after removing potentially misassigned
sites, is 2-fold higher than detected in Arabidopsis.
This suggests that Tyr phosphorylation may be more

Figure 1. Conserved seed phosphopeptide clusters among seeds of
soybean, rapeseed, and Arabidopsis as determined using CD-HIT.
Identified phosphopeptides were clustered according to a 60% se-
quence identity cutoff and a bandwidth of 5. All other settings were
default. The peptides within each cluster are shown in Supplemental
Table S2.
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prevalent in polyploid crops such as soy and canola
and emphasizes a need to extend phosphoproteomic
studies beyond nonmodel organisms.

Fewer Phosphoproteins Were Observed at Later Stages of
Seed Maturation

Soybean seeds were collected from early maturation
(27–42 mg fresh weight) to the end of mid maturation
(green and more than 300 mg fresh weight), after
which the seeds enter late maturation, begin to desic-
cate, and turn yellow. A majority of the phosphopep-
tides identified from soybean were within the first two
stages of development, with only 37 (9.9%) unambig-
uous phosphopeptides being unique to the last three
stages of development. The lower number of identified
phosphopeptides at later stages of development may
be due to an increasing abundance of storage proteins
causing a decrease in the proportion of phosphopro-
teins. Of the few phosphoproteins identified during
late seed development, three were putative transcrip-
tion factors (Glyma08g15350.1, Glyma13g00200.1, and
Glyma14g10830.1). Glyma08g15350.1 is homologous
to ABR1 in Arabidopsis, which is involved in ABA
signaling and affects seed germination (Pandey et al.,
2005). The other two putative transcription factors
are homologous to Arabidopsis GATA22 but contain

different phosphorylation sites. GATA22 is a light-
regulated transcription factor and part of a larger
family of GATA-binding transcription factors (Manfield
et al., 2007), which are involved in seed germination
and sugar metabolism (Bi et al., 2005; Liu et al., 2005).

Arabidopsis staging was analogous to soybean,
with seeds harvested from early maturation (5 d after
flowering) to mid maturation (13 d after flowering;
Baud and Lepiniec, 2008; Jones et al., 2010; Hajduch
et al., 2011). Phosphopeptides identified from Arabi-
dopsis had a comparable profile to soybean phos-
phopeptides, with a majority of the phosphopeptides
identified early in development. Many of these phos-
phoproteins are involved in transcriptional regulation,
although their precise function has yet to be deter-
mined. One phosphoprotein identified is FPA
(AT2G43410.1), which is involved in transcription ter-
mination and 39 processing (Sonmez et al., 2011). An-
other interesting phosphoprotein identified early in seed
development, MINI ZINC FINGER2 (AT3G28917.1),
may play a role in integrating signals from multiple
hormones (Hu and Ma, 2006).

Unlike soybean and Arabidopsis, rapeseed staging
represented all stages of seed development, includ-
ing late maturation (beginning around 5 weeks after
flowering), at which point photosynthesis stops and
desiccation occurs. A majority (74.5%) of the rapeseed

Figure 2. Identification of orthologous phos-
phorylated proteins during seed development.
Pairwise reciprocal BLAST searches were performed
between the three species analyzed. Proteins con-
taining the highest E-value were considered orthol-
ogous. In some instances, multiple proteins were
identified with the highest E-value, so all matches
were used. Orthologous proteins identified within
each pairwise comparison are listed. Proteins with
different orthologs among the three species are
shown in boldface.
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unambiguous phosphopeptides were identified within
late maturation. A large fraction (26.0%) of the late-
maturation-unique phosphopeptides mapped back to
proteins annotated as late-embryogenesis-abundant
proteins. There is little known about late-embryogenesis-
abundant proteins beyond that they accumulate late in
seed development and play a role in dehydration toler-
ance (Hundertmark and Hincha, 2008). In addition to the
late-embryogenesis-abundant proteins, there were sev-
eral proteins (4.2%) identified with roles in desiccation.
During late maturation, proteins involved in cell wall
structure are also phosphorylated to a higher degree,
with 9.4% of late maturation phosphopeptides involved
in secretion or cell wall polysaccharide synthesis. This
suggests that phosphorylation may play a regulation
role in the seed transition to a quiescent state.

Comparison of Protein Phosphorylation among
Three Oilseeds

To identify conserved phosphorylation events in
developing oilseeds, the identified phosphopeptides
were clustered using CD-HIT with a 60% similarity
cutoff (Fig. 1). There were four clusters containing
peptides from Arabidopsis, soybean, and rapeseed;
one of these clusters contains the Arabidopsis protein
AN3 (AT5G28640.1), a transcriptional coactivator in-
volved in cell proliferation, which may play an impor-
tant role in seed structure and morphology. Another
peptide cluster consisting of peptides from Arabidopsis
and rapeseed is within the acyl-CoA (AT3G05420.1)
binding protein 4, involved in fatty acid transport.
Another interesting cluster contains Arabidopsis and
soybean Tyr phosphopeptides that mapped back to
MAPKs: the Arabidopsis MPK10 protein, seven soy-
bean proteins with homology to MPK4 in Arabidopsis,
two soybean proteins homologous to MPK6, and two
additional soybean proteins homologous to MPK13.
This may represent an expanded role for MAPKs in
soybeans. The few proteins of known function found in
these clusters indicate conservation in seed develop-
ment, metabolism, and signaling.

Although several phosphorylation events of interest
were identified by cluster analysis, the overlap be-
tween the three species was low. This may be due to a
couple of reasons. One is that phosphorylation sites
tend to occur in regions of disorder (Iakoucheva et al.,
2004; Gao et al., 2010), which could mean the amino
acids flanking the phosphorylation site are less con-
strained and may have a lower degree of conservation.
Another possible reason for the low degree of overlap
could be due to the phosphorylation data set being
only a small sampling of all phosphorylation sites in
developing seeds.

There was also a small degree of overlap among the
three species determined by the phosphoprotein re-
ciprocal BLAST, with 93.0%, 88.9%, and 76.6% of the
soybean, rapeseed, and Arabidopsis phosphoproteins,
respectively, having no phosphorylated ortholog in
our study. This suggests that the current phospho-
proteomics data set represents only a fraction of the
phosphorylation events in developing seeds. To in-
crease coverage of the developing seed phosphopro-
teome, it may be necessary to increase the quantity of
starting material, perform further prefractionation, and
potentially sample different environmental conditions
(i.e. light and dark conditions).

The overlapping phosphoproteins among the three
species are represented by 55 orthologous protein
groups containing 111 phosphorylation sites. Of these
sites, 82.0% were conserved, with 51.6% of conserved
sites being identified as phosphorylated in multiple
species. This indicates that although the data set is not
comprehensive, there is a strong correlation among
the phosphorylation sites within the orthologous pro-
teins. Further analysis of the orthologous proteins de-
termined that only nine of them were not identified

Figure 3. Comparison of phosphoproteins identified in developing
seeds with prior phosphoproteomic studies. The 902 nonredundant
phosphoproteins identified in developing seeds were compared with
three other large-scale phosphoproteomic studies. Orthologous pro-
teins were identified using a reciprocal BLAST search. This approach
identified 652 phosphoproteins unique to this study.
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as phosphorylated in other large-scale studies. Two
of the novel orthologs are involved in transcription
(AT5G28640.1/TC67272 and AT4G38900.2/Glyma12g
04050.1) and may represent proteins important for
regulating expression in seed development. Another
two proteins have unknown function and will require
further analysis to elucidate their role in seed develop-
ment. The remaining novel orthologs are seed storage
proteins and have been identified in other smaller scale

phosphoproteomic studies (Agrawal and Thelen, 2006).
An additional 11 orthologous proteins were identified
as phosphorylated in other studies that contained
phosphorylation sites unique to developing seeds. This
may indicate altered regulation of these proteins in
developing seeds as compared with other large-scale
studies. Two of these proteins are involved with tran-
scription, one is a protein phosphatase inhibitor, whereas
the remaining eight have unknown functions.

Figure 4. Comparison of identified phosphoproteins found in this study with three previous studies in plants. Frequency of GO
terms for phosphoproteins identified from this study and three other large-scale studies as well as the entire Arabidopsis pro-
teome were obtained using Blast2GO. The distribution of GO terms for each study was normalized to the frequencies in the
Arabidopsis proteome and plotted on a log2 scale (Supplemental Fig. S2). A selection of the GO terms with the largest fold
changes are plotted: biological process (A), molecular function (B), and cellular component (C). a.s., Anatomical structure; E,
energy; M, metabolites; m.p., metabolic process; n.m.b., nonmembrane-bounded organelle; r.a., regulator activity. [See online
article for color version of this figure.]
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Comprehensive Coverage of the Experimental Plant
Phosphoproteome Requires Deeper Spatiotemporal and
Phytological Analysis

Our analysis determined that less than 30% of iden-
tified phosphoproteins had phosphorylated orthologs
in the M. truncatula and other Arabidopsis phospho-
proteomic studies (Fig. 3). This is significantly lower than
the over 50% overlap found between the phosphopro-
teins identified in rice and Arabidopsis (Nakagami et al.,
2010). This discrepancy can be largely attributed to the
method used for identifying orthologs. Nakagami et al.
(2010) used OrthoMCL to cluster the proteins into
closely related groups. This method identifies more
orthologs but does not distinguish orthologs from
paralogs and has a higher false-positive rate (Altenhoff
and Dessimoz, 2009). The reciprocal BLAST method
used in this study has a lower false-positive rate but is
slightly less sensitive, producing fewer, but more ac-
curate, orthologs.

The small degree of overlap between our study and
other large-scale phosphoproteomic studies performed

on different tissues might suggest that regulation by
phosphorylation varies greatly among plant organs.
This means that in order to obtain a better under-
standing of phosphorylation in plants, we need to
begin sampling not only different organisms but also
expand on the organs and tissues being analyzed.

Comparison of this data set and other large-scale
phosphoproteomic studies from different organs at
the protein function level, through the use of GO
terminology, extrapolates on the variation among or-
gans. As noted in other studies (Reiland et al., 2009;
Nakagami et al., 2010), several GO categories were
identified as overrepresented in the phosphoproteome,
including regulation of metabolic process (GO:0019222),
structural molecule activity (GO:0005198), RNA binding
(GO:0003723), ribosome (GO:0005840), and plasma
membrane (GO:0005886) as shown in Fig. 4. These cate-
gories represent overall targets for phosphorylation within
plants, although the proteins represented within these
categories can vary. There are also GO categories that are
only overrepresented in this study, such as ripening

Figure 5. Sequence motif analysis of developing seed phosphorylation sites. Motif-X analysis was performed with a 15-amino
acid window, a minimum occurrence of 20, a significance of 1026, and the Arabidopsis proteome as background to the un-
ambiguous phosphorylation sites in developing seeds. This identified 10 motifs, of which 1 and 10 are unique to this study
(Supplemental Table S4). [See online article for color version of this figure.]
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(GO:0009835), embryonic development (GO:0009790),
reproductive cellular process (GO:0048610), and ex-
tracellular region (GO:0005576). However, collectively,
these GO categories represent only 17% of the 652
proteins unique to this study. Moreover, like most
proteomic methodologies, experimental phospho-
proteomics is not comprehensive in scope. This is due
to a broad dynamic range in protein expression and
the dearth of proteolytic peptides for some extreme
proteins (e.g. low mass, membrane proteins). As
regulatory proteins (e.g. protein kinases, transcription
factors) tend to be low in abundance, it is likely that
GO “preference” for phosphorylation will need to be
continually revised as the experimental plant phos-
phoproteome matures.

Phosphorylation Motifs Unique to Seed and Seed
Storage Proteins

There were two unique phosphorylation motifs
identified in this study, one of which is the Pro-
directed motif E-X-X-X-X-S-P (Fig. 5). Nucleic acid

binding represents approximately 50% of the pro-
teins containing the E-X-X-X-X-S-P motif. This motif
might represent a recognition site for protein kinases
involved in regulating transcription for seed devel-
opment. The other unique motif identified in this
study, X-T-D-X, is a nonspecific acidophilic motif and
is similar to the Ser motif, X-S-D-X, identified in
M. truncatula. About 25% of the proteins containing
this motif in our study are seed storage proteins.
Nucleic acid binding and methylation are also highly
represented among the proteins with the X-T-D-X
motif, at 17% and 14%, respectively. The large rep-
resentation of seed storage proteins indicates that the
X-T-D-X motif might be a unique motif for develop-
ing seed.

Our analysis identified a largely unique phospho-
rylation data set from developing seeds of soybean,
rapeseed, and Arabidopsis. Functional comparison
of our data with other large-scale phosphoproteomic
studies identified the differences among these studies
and emphasized the need to expand both the orga-
nisms and organs/tissues for global phosphoproteo-
mic analysis.

Figure 6. Screenshot of the P3DB
showing the phosphopeptide BLAST
search function. As an example, the
protein transcription factor BIM1 in
rice was queried against all identified
phosphopeptides from this study. A,
Submission form for entering a query
sequence and selecting organism, ref-
erence, and E-value threshold. B,
BLAST result (partial). Phosphopeptide
hits from P3DB (in angle brackets) were
aligned with the query sequence and
rendered in different colors according
to the E-values as indicated in the color
scheme legend. Phosphopeptides and
phosphosites were hyperlinked to cor-
responding pages containing detailed
information. Each Ser, Thr, or Tyr in the
query sequence was rendered in blue
if it aligned to any phosphosite. [See
online article for color version of this
figure.]
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MATERIALS AND METHODS

Materials

Sequencing-grade modified trypsin was from Promega. POROS 20 chro-
matographic material was purchased from Applied Biosystems. HPLC-grade
acetonitrile and methanol were from Fisher Scientific. EDTA-free protease
inhibitor cocktail was from Roche (catalog no. 11836170001). Unless otherwise
stated, all other reagents used in this study were of analytical grade, including
FeCl3 and TiO2.

Plant Materials and Growth Conditions

Rapeseed (Brassica napus var. Reston) seeds were sown in soil (Promix) in a
greenhouse (light/dark cycles of 16 h [23°C]/8 h [20°C], 48% humidity, and
supplemental light intensity of 112.8 mmol m22 s21) in Columbia, Missouri.
Plants were fertilized (15:30:15, nitrogen:phosphorus:potassium [Miracle-Gro;
product no. 1001232]) at 2-week intervals. Flowers were tagged immediately
after opening of buds, and developing pods were collected at 2, 3, 4, 5, and
6 weeks after flowering. Seeds were excised from collected pods, frozen im-
mediately with liquid nitrogen, and stored at280°C until use. Three biological
sample pools were collected at 2, 3, 4, 5, and 6 weeks after flowering.

Arabidopsis (Arabidopsis thaliana Columbia-0 ecotype) seeds were sown in
soil (Promix) in a growth chamber (light/dark cycles of 14 h [23°C]/10 h
[20°C], 50% humidity, and light intensity of 112.8 mmol m22 s21). Plants
were fertilized (15:30:15, nitrogen:phosphorus:potassium) after first flower
emergence. Flowers were tagged at petal emergence prior to opening and
harvested at 5, 7, 9, 11, and 13 d after flowering. Seeds were excised from
siliques, frozen with liquid nitrogen, and stored at 280°C until use. Three
biological sample pools (each containing more than 100 seeds) were col-
lected at 5, 7, 9, 11, and 13 d after flowering.

Soybean (Glycine max var. Jack) seeds were imbibed at 4°C for 2 d and then
transferred to room temperature for 3 d. Germinated seeds were planted in
soil (SOGEMIX) in a greenhouse (light/dark cycles of 14 h [28°C]/10 h [21°C]).
Plants were fertilized (15:30:15, nitrogen:phosphorus:potassium) at 1-week
intervals. Seeds were extracted from developing pods, weighed for staging,
and frozen with liquid nitrogen. Five seed stages were used: stage 2 (27–42 mg
per seed), stage 3 (70–95 mg per seed), stage 4 (115–150 mg per seed), stage 5
(200–250 mg per seed), and stage 6 (green and more than 300 mg per seed).

Isolation of Total Protein and In-Solution Digestion

Total seed protein was isolated according to a modified phenol-based
procedure as described previously (Agrawal and Thelen, 2006). Briefly, 5 mM

sodium vanadate, 5 mM sodium fluoride, and 25 mM glycerophosphate diso-
dium salt pentahydrate were added to the phenol extraction buffer containing
an EDTA-free protease inhibitor cocktail to prevent dephosphorylation by
phosphoprotein phosphatases. Protein pellets were resuspended in 7 M urea,
50 mM Tris-HCl, pH 8.0, followed by centrifugation at 20,800g for 10 min to
remove insoluble material. Supernatants were kept and protein concentration
was assayed in quadruplicate using a Coomassie Protein Assay (Bio-Rad). Total
proteins (500 mg) were subjected to in-solution digestion with trypsin (1:50,
w/v), and after 20 h, digestions were stopped by adding formic acid to a final
concentration of 5%. Samples were then lyophilized.

Phosphopeptide Enrichment

Lyophilized peptides were suspended in 0.1% trifluoroacetic acid and 50%
acetonitrile and subjected to phosphopeptide enrichment using Fe(III)-IMAC
columns of POROS 20 mass spectrometry resin packed in a 200-mL tip con-
taining a C8 frit (Ishihama et al., 2006; Ndassa et al., 2006; Thingholm et al.,
2008). Fe(III)-IMAC-enriched phosphopeptides were lyophilized and stored at
280°C until further use. The flow through and washes were combined and
lyophilized for subsequent aliphatic hydroxy acid-modified metal oxide en-
richment using lactic acid and TiO2 (Sugiyama et al., 2007). The eluted
phosphopeptides were lyophilized and stored at 280°C until further use.

Mass Spectrometry

All samples were reconstituted in 15 mL of 0.1% formic acid in water. Peptides
(10 mL) were analyzed on an LTQ Orbitrap (Thermo-Fisher) using collision-
induced dissociation. Peptides were loaded onto peptide traps (C18, 53 1 mm;

Michrom) for concentrating and desalting prior to analytical separation and
ionization with a fused-silica capillary emitter (10.5 cm, 360 mm o.d., 150 mm
i.d.) packed with BioBasic MAGIC C18 (300 Å, 5 mm) resin. Ion spraying was
1.4 kV with a 300 nL min21

flow rate using an acetonitrile gradient (0%–35%
solvent B for 120 min; solvent A = 0.1% formic acid in mass spectrometry-
grade water, solvent B = 0.1% formic acid in acetonitrile). Nine data-
dependent tandem mass spectrometry scans of the nine most intense parent
ions were acquired in positive acquisition mode after each full scan (mass-to-
charge ratio [m/z] 200–2,000). A minimal signal intensity of 1,000 along with
monoisotopic precursor selection and rejection of ions with an unrecognized
charge state and a charge state of 1 was used. Dynamic exclusion was enabled
with a repeat count of 1, duration of 30 s, exclusion list size of 300, and ex-
clusion duration of 45 s.

Peptide and Protein Identification

Acquired tandem mass spectrometry spectra were searched against orga-
nism-specific databases concatenated to a randomized form of the same database
as a decoy (Elias and Gygi, 2007): TAIR9 for Arabidopsis (www.arabidopsis.
com), Glyma1_highConfidence for soybean (http://www.phytozome.net), and
BNGI.release_3-1 for rapeseed (http://compbio.dfci.harvard.edu/tgi/cgi-bin/
tgi/gimain.pl?gudb=oilseed_rape). Database randomizing and concatenation
were performed using Decoy DB Creator (www.p3db.org). Three search al-
gorithms were used for peptide identification: Mascot, SEQUEST, and InsPecT
(Tanner et al., 2005). Peak lists were generated for Mascot and SEQUEST
searches by the extract_msn.exe program (Thermo) with the following pa-
rameters: m/z of 200 to 2,000; threshold of 500; precursor ion tolerance of 10
ppm; and minimum ion count of 35. Prior to InsPecT searches, the raw files
were converted to mzXML format using ReAdW. All other parameters were
identical to those used for Mascot and SEQUEST searches. Two different
modification searches were performed with each search engine. The first search
contained a static modification of +57 D (carboxyamidomethylation) on Cys
and variable modifications of +16 D (oxidation) on Met and +80 D on Ser, Thr,
and Tyr residues. The second search allowed only variable +80-D modifications
on Ser, Thr, and Tyr residues.

Bioinformatics Analysis

The in-house-developed PhosSite program was used to autoprocess the
output result files for extraction, filtering (based upon FDR), and integration of
phosphorylation results. All files were filtered first by ppm followed by ion
score versus charge state for the Mascot files. Charge versus score and ppm
filters were used to filter the InsPecT files. To determine the ideal filter values
to use and obtain an FDR below 1%, the score frequencies at a given charge
state for the target and decoy databases were plotted independently
(Supplemental Fig. S1). The filter value was then set at the point where the
frequency of target hits is higher than that of the decoy and resulted in an
overall FDR below 1%. After filtering, all files had an FDR below 1%, esti-
mated based on target-decoy strategy (Elias and Gygi, 2007). The identified
phosphopeptides were deposited in P3DB (www.p3db.org; Gao et al., 2009).

Phosphorylation site localization was performed using PhosCalc version 1.2
for all identified phosphopeptides (MacLean et al., 2008). The default values of
PhosCalc were used, matching the four most intense ions per 100 m/z with a
tolerance of 0.4 to a list of potential ions including dehydro ions for all possible
phosphorylation sites. The presence of additional matched ions to a phos-
phorylation site compared with all other candidate sites in the peptide is due
to the presence of site-determining ions in the spectra and was labeled as
unambiguous. If multiple phosphorylation sites contained an equal number of
matched ions, these sites were classified as ambiguous class I. The remaining
identified sites that had fewer matched ions than at least one alternative site
were labeled as ambiguous class II. This procedure is based upon the method
established by Nakagami et al. (2010).

CD-HIT and Reciprocal BLAST Search

Phosphopeptides among Arabidopsis, rapeseed, and soybean were clus-
tered using the CD-HIT Web server (Li and Godzik, 2006; http://www.
bioinformatics.org/cd-hit/). All phosphopeptides were merged into one Fasta
file and uploaded into CD-HIT. Default parameters were used, including a
60% similarity cutoff and a bandwidth of 5.

Reciprocal BLAST search (Tatusov et al., 2000) was performed by com-
paring the identified phosphoproteins in one species against the entire
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proteome of the remaining two species separately using default parameters.
The matched proteins with the lowest E-value were retained and compared
with the matches of the BLAST queries performed in the opposite direction.
For example, the soybean phosphoproteins were searched against the Arabi-
dopsis proteome and compared with the BLAST results of the Arabidopsis
phosphoproteins searched against the soybean proteome. If a pair of phos-
phoproteins had the lowest E-values when mined in both directions, they
were determined to be tentative orthologs.

GO Classification

Blast2GO was used to obtain annotations and GO terms for all identified
seed phosphoproteins using the default parameters, including ANNEX and
plant GOslim augmentation (Götz et al., 2008). The distribution of the GO
terms was statistically compared with that of the TAIR9 proteome (obtained
with the same method as the seed phosphoproteins) using the built-in Fisher’s
exact test. Blast2GO was also used to obtain GO terms for three other large-
scale phosphoproteomic studies: Medicago truncatula roots (Grimsrud et al.,
2010), Arabidopsis seedlings (Reiland et al., 2009), and Arabidopsis cell culture
(Sugiyama et al., 2008).

Motif Analysis

Motif-X was used to identify the phosphorylation motifs from our data set
(Schwartz and Gygi, 2005). The seven amino acids upstream and downstream
of the unambiguous phosphorylation sites were extracted from the protein
sequences using in-house software. Sequences were entered into Motif-X and
executed using a 15-amino acid window, a minimum occurrence of 20, a
significance of 1026, and the Arabidopsis proteome as background.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Example of charge state 2 phosphopeptide filter-
ing by Xcorr.

Supplemental Figure S2. Comparison of GO-classified proteins from four
large-scale phosphoproteomic studies.

Supplemental Table S1. Identified phosphopeptides from developing
seed.

Supplemental Table S2. Homologous phosphopeptides clustered using
CD-HIT.

Supplemental Table S3. Orthologous seed phosphoproteins identified by
reciprocal BLAST searches.

Supplemental Table S4. Phosphorylation sites assigned to the 10 motifs
identified by sequence logo analysis.
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