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ABSTRACT

Most regulatory pathways are governed by the
reversible phosphorylation of proteins. Recent
developments in mass spectrometry-based tech-
nology allow the large-scale analysis of protein
phosphorylation. Here, we show the application
of immobilized metal affinity chromatography to
purify phosphopeptides from Arabidopsis extracts.
Phosphopeptide sequences were identified by liquid
chromatography-tandem mass spectrometry (LC-
MS/MS/MS). A total of 79 unique phosphorylation
sites were determined in 22 phosphoproteins with a
putative role in RNA metabolism, including splicing
of mRNAs. Among these phosphoproteins, 12 Ser/
Arg-rich (SR) splicing factors were identified. A
conserved phosphorylation site was found in most
of the phosphoproteins, including the SR proteins,
suggesting that these proteins are targeted by the
same or a highly related protein kinase. To test this
hypothesis, Arabidopsis SR protein-specific kinase
4 (SRPK4) that was initially identified as an inter-
actor of SR proteins was tested for its ability to
phosphorylate the SR protein RSp31. In vitro kinase
assays showed that all in vivo phosphorylation sites
of RSp31 were targeted by SRPK4. These data
suggest that the plant mRNA splicing machinery
is a major target of phosphorylation and that a
considerable number of proteins involved in RNA
metabolism may be targeted by SRPKs.

INTRODUCTION

Reversible phosphorylation of proteins is an important
posttranslational regulatory mechanism and can influence
activity, subcellular localization, protein–protein interactions
and turnover of the protein involved. In the past, however, the
analysis of phosphorylation sites of proteins has been a great
challenge. In the last few years there has been an explosive
growth in the amount of studies describing the use of immob-
ilized metal affinity chromatography (IMAC) (1) or other
phosphopeptide purification methods such as metal oxide
affinity chromatography (2) or TiO2 (3) coupled to mass
spectrometric analysis. IMAC has been used most success-
fully for the large-scale identification of phosphorylation
sites, although TiO2 has been shown recently to be highly
selective (4) and might promise to be an alternative to
IMAC in the future. Many of these studies focused on tyrosine
phosphorylation in mammalian cells, since this represents a
small and therefore easier analyzable component of the com-
plex phosphoproteome.

In contrast to the wealth of phosphoproteomic investi-
gations performed on yeast and animal systems, only a few
studies have focused on plants. IMAC coupled to mass spec-
trometry has been used for small-scale analysis of Arabidop-
sis thylakoid membrane phosphoproteins, identifying around
10 sites per study (5,6). In a different report, this technique
was used to isolate 253 phosphopeptides from the moss Phy-
scomitrella patens in a complex mixture but failed to identify
the sequences of most of the peptides (7). The first successful
large-scale study described >300 phosphorylation sites of
Arabidopsis plasma membrane proteins (8). This revealed
that receptor-like kinases (RLKs) and transport systems are
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major targets of phosphorylation. The RLKs are targeted by
kinases at unexpected regions, such as the juxtamembrane
domain. Comparative analysis allowed the authors to group
phosphorylation sites into conserved motifs, which may be
targeted by identical or similar kinases. Thus, large-scale
phosphoproteomics can increase our knowledge of posttrans-
lational regulation of plant proteins because of its unbiased,
global approach.

We have set up the IMAC-based mass spectrometric tech-
nology and used it for large-scale identification of in vivo
phosphorylation sites of Arabidopsis proteins from nuclear
and cytosolic extracts. This allowed the identification of
both known and novel phosphorylation sites in two sucrose-
phosphate synthase isoforms (9). Here, we focus specifically
on proteins involved in RNA metabolism and identify 22
phosphoproteins. Most of the identified proteins are predicted
to be involved in pre-mRNA splicing, including so-called
Ser/Arg-rich (SR) proteins. SR proteins promote both con-
stitutive and alternative splicing and have overlapping but
distinct functions. They interact with specific RNA sequences
mainly through RNA recognition motif (RRM) domains,
sometimes with contributions of the RS domains. Protein
interactions occur mainly through the RS domain and are
regulated by phosphorylation. Phosphorylated SR proteins
are recruited from sites of nuclear storage in speckles and
are thought to stimulate splicing by interacting with proteins
at the 50- and 30-splice site. Some SR proteins were shown to
shuttle between the cytoplasm and nucleus playing a role in
export of processed mRNA and in translation. All these
events are regulated by phosphorylation/dephosphorylation
of the RS domain (10).

Analysis of the Arabidopsis genome has revealed at least
19 SR proteins, which is almost twice as many as in animals
(11). In plant cells, SR proteins mainly localize to nuclear
speckles, and several can shuttle between the nucleus and
the cytosol (12–15). As in animal cells, the subcellular local-
ization of these proteins is affected by their phosphorylation
status in plants (16). In addition, protein–protein interactions
in RS containing plant proteins have been shown to be phos-
phorylation dependent (17) corroborating the importance of
the phosphorylation status of SR proteins for their respective
activity.

Our data now indicate that the plant splicing machinery is a
major target of regulatory phosphorylation. We show that
plant SR proteins, like their animal counterparts, are extens-
ively phosphorylated at Ser residues in their RS domains.
Analysis of the phosphorylation sites in the splicing factors
suggests that related kinases target a set of conserved motifs.
In conclusion, the protocol described here can serve for the
global analysis of in vivo phosphorylation in plants and can
be extended for quantitative analysis of signaling pathways
in the future.

MATERIALS AND METHODS

Preparation of nuclear and cytosolic extracts

Dark-grown Arabidopsis root cell culture were shaken for
5 days in the dark at 150 r.p.m. and harvested by filtration
and frozen in liquid nitrogen. Cells were ground with a mor-
tar and a pestle. Crude nuclear extracts were prepared by

slowly adding the cell material to 34 ml of ice-cold nuclear
isolation buffer [20 mM Tris, pH 7.8, 70% glycerol,
50 mM sucrose, 5 mM MgCl2, 5 mM KCl, 1 mM DTT,
0.5 mM phenylmethlysulfonyl fluoride (PMSF), 2 mg/ml
leupeptin, 1 mg/ml pepstatin and 1.8 mg/ml aprotinin]. The
suspension was then stirred for 30 min at 4�C, filtered
through a 20 mm nylon mesh without pressure, and centri-
fuged for 1 h at 4�C at 1790 g. The pellet was resuspended
in 300 ml extraction buffer (20 mM Tris, pH 7.8, 5 mM
MgCl2, 0.5 M NaCl, 1 mM DTT, 0.2 mM PMSF, 1 mM
NaF, 0.5 mM Na3VO4 and 15 mM b-glycerophosphate).
The pellet was resuspended by gentle shaking for 30 min at
4�C and centrifuged for 30 min 4�C at 20 120 g. The super-
natant was taken and dialyzed to 50 mM Tris, pH 8.0. For
rough cytosolic protein isolation, 400 ml buffer (25 mM
Tris, pH 7.5, 80 mM NaCl, 2 mM DTT, 4 mM EDTA, 1
mM NaF, 0.5 mM Na3VO4, 15 mM b-glycerophosphate, 15
mM 4-nitrophenylphosphate, 0.5 mM PMSF, 5 mg/ml leu-
peptin and 10 mg/ml aprotinin) was added per ml of ground
cell material. The sample was then centrifuged at 20 000 g
for 40 min at 4�C. The supernatant fraction was used directly
for the isolation of phosphopeptides.

Isolation of phosphopeptides from nuclear extracts
by IMAC

Approximately 40 mg of nuclear extract were reduced with
2 mg of DTT, alkylated with 10 mg of iodoacetamide, and
digested overnight at 37�C with 4 mg of trypsin (Roche).
The digest was terminated by the addition of formic acid to
a final concentration of 3%. To desalt the sample, it was
loaded onto Oligo R3 (ABI), which was filled into constricted
gel loader tips. The bound peptides were washed with 0.1 M
acetic acid (HAc) and eluted with 0.1 M HAc containing
50% acetonitrile (Chromasolv�; Sigma–Aldrich, Seelze,
Germany). The eluate was diluted to 30% acetonitrile and
incubated in batch with �5 ml of POROS MC material
(ABI), which was charged with FeCl3. After 30 min of
incubation at room temperature the suspension was filled
into a constricted gel loader tip. The bound peptides were
washed with 0.1 M HAc containing 30% acetonitrile and
eluted with 1 M NH4OH containing 30% acetonitrile.

IMAC protocol used for isolation of phosphopeptides
from cytosolic extracts

Proteins were precipitated from 300 mg of cytosolic extracts
as described previously (18). The protein precipitate was
dissolved in 8 M urea in 0.5 M NH4HCO3 and reduced and
alkylated as described above. The solution was diluted to
0.8 M urea and proteins were digested with 5 mg of trypsin
as described above. To desalt the sample, 40 ml of settled
Oligo R3 was filled into constricted 200 ml tips. The sample
was loaded and bound peptides were washed with 0.1% HAc
and eluted with 70% acetonitrile in 0.1% HAc. Thereafter,
the sample was dried in a speed vac. To reduce nonspecific
binding of acidic peptides to the IMAC column, peptide
carboxyl groups were esterified in methanolic HCl as
described previously (19). Methylesterified peptides were
dried in a speed vac and redissolved in a solution contain-
ing equal parts of methanol, acetonitrile and 0.02% HAc
as described previously (20). The peptide solution was
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incubated with 5 ml of IMAC material (Phos-Select; Sigma).
After 1 h of incubation the suspension was filled into a
constricted gel loader tip, washed with 0.02% HAc and
bound peptides were eluted with 125 mM of Na2HPO4

(pH 6.0).

Analysis of phosphopeptides by nano-LC-MS/MS
and MS/MS/MS

IMAC eluates were separated on a nano-reversed phase high-
performance liquid chromatography (HPLC) (Ultimate,
Switchos, Famos, LC Packings, Amsterdam, The Nether-
lands). Samples were applied to a trapping column (PepMap
C18, 300 mm · 5 mm) using 0.1% TFA (Pierce Biotechno-
logy Inc., Rockford, IL, USA) at a flow rate of 20 ml/ min.
Bound peptides were eluted to a 75 mm · 150 mm analytical
column of the same material at a flow rate of 250 nl/min.
Elution was performed by applying a linear gradient of
2.5–40% ACN in 0.1% formic acid in 3 h. The HPLC was
coupled online to an LTQ (ThermoElectron, San Jose, CA,
USA) linear ion trap mass spectrometer, which was equipped
with a nanoelectrospray ion source (Proxeon, Odense,
Denmark). Distal coated silica nanospray capillaries of
New Objective (Woburn, MA, USA) were used and the elec-
trospray voltage was set to 1500 V. The mass spectrometer
was operated in the data-dependent mode: 1 full scan (m/z
450–1600) was followed by MS/MS (MS2) scans of the
four most abundant ions. These ions were excluded from
further selection for 30 s. For each MS2 spectrum the neutral
loss algorithm in the Xcalibur 1.4 software was enabled. In
this mode, MS/MS/MS (MS3) experiments are automatically
triggered, if a neutral loss of phosphoric acid (98, 49, 32.7 Da
for singly, doubly or triply charged precursor ions, respect-
ively) is detected among the eight most intense fragment
ions in the preceding MS2 scan. The general settings of the
LTQ were as follows: ion transfer tube temperature, 200�C;
collision gas pressure, 3.6 bar; normalized collision energy,
35%; activation value q, 0.25; activation time, 30 ms; isola-
tion with ±2 Da. These values were applied for both MS2 and
MS3 scans.

Verification of phosphopeptide sequences

The obtained MS2 and MS3 spectra were searched against
the non-redundant Arabidopsis thaliana protein database
from NCBI using the Bioworks Browser 3.1 SR1 (Thermo
Electron). The following modifications were entered in the
search. Static: methylation of Asp/Glu and peptide C-termini
(+14 Da); carbamidomethylation of Cys (+57 Da). Variable:
oxidation of Met (+16 Da); phosphorylation of Ser/Thr/
Tyr (+80 Da); loss of water from Ser/Thr (�18 Da; to inter-
pret the MS3 spectra). Searches were done with tryptic
specificity allowing two missed cleavages. The obtained
result was filtered using Xcorr (+1, 2, 3) ¼ 1.5, 2.0, 2.5
and all phosphopeptide spectra were subjected to stringent
manual validation by at least two persons and mass spectra
not shown in this article are available upon request. When
only MS2 or MS3 spectra were given as hits in the
initial database search, the corresponding MS3 (when avail-
able) and MS2 spectra, respectively, were checked for
confirmation.

Expression and purification of glutathione
S-transferase (GST) fusion proteins

RSp31 (At3g61860) and SRPK4 (At3g53030) were cloned
into the EcoRI–NotI sites of pGex4T-1 as described else-
where (T. Hufnagl, S. Lopato, C. Forstner, M. Kalyna and
A. Barta, manuscript in preparation). Expression was per-
formed in the Escherichia coli strain BL21. Purification of
the GST-tagged proteins was performed as described in the
Fast Flow column purification protocol from Amersham
Biosciences.

Kinase assays

The in vitro phosphorylation of RSp31 by SRPK4 was per-
formed in kinase buffer (20 mM HEPES, pH 7.5, 15 mM
MgCl2, 5 mM EGTA and 1 mM DTT). GST–RSp31 fusion
protein (5 mg) and GST–SRPK4 fusion proteins (200 ng)
were added to a total volume of 20 ml kinase reaction mix-
ture. The reaction was started with 2 mCi [g-32]ATP and
incubated at 22�C for 30 min. The reaction was stopped by
the addition of 5 ml of 5· SDS loading buffer. Phosphoryla-
tion of RSp31 as a substrate of SRPK4 was monitored by
autoradiography after SDS–PAGE.

RESULTS

Phosphoproteomic analysis of Arabidopsis nuclear and
cytosolic extracts

A phosphoproteomic analysis was performed on Arabidopsis
intracellular proteins (9). In short, protein extracts from
Arabidopsis cell suspensions were subjected to trypsin diges-
tion. From these complex mixtures, phosphopeptides were
purified by IMAC by two different protocols (Materials and
Methods). Esterification of peptides before IMAC has been
shown to greatly improve the abundance of phosphopeptides
in the isolated sample (19). The protocol that included the
esterification step indeed gave the highest purity of phos-
phopeptides. Because the two protocols differed consider-
ably, we analyzed the importance of the esterification step
in more detail. Therefore, we divided a cytosolic extract
into two aliquots that were either esterified or not before
phosphopeptide purification by IMAC. The peptide mixtures
were analyzed by liquid chromatography/electrospray ioniza-
tion tandem mass spectrometry. The use of a Finnigan LTQ
mass spectrometer allowed us to obtain a third stage of MS
(MS/MS/MS or MS3). These fragmentations were performed
only when a loss of phosphate was observed during MS/MS
(MS2). Strikingly, the purity increased from �30% to �90%
in the esterified sample. A bias towards multiply phos-
phorylated peptides has been ascribed to the higher affinity
of the IMAC material for these peptides (19,21). However,
of the manually verified esterified peptides >70% of the
esterified peptides were singly phosphorylated. These results
are comparable with those described for IMAC-purified
esterified human phosphopeptides (22).

To analyze the phosphoproteome of Arabidopsis, phos-
phopeptides of nuclear and cytosolic samples were isolated
by IMAC and analyzed by LC-ESI-MS/MS/MS. Peptide
sequences were searched against the non-redundant Ara-
bidopsis database at the National Center for Biotechnology
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Information. Subsequently, the sequences of the detected
phosphopeptides were verified by careful examination of
the MS2 and corresponding MS3 (when available) fragmenta-
tion spectra. Examples of MS2 and the corresponding MS3
fragmentation spectra of the peptide NSVVpSPVVG-
AGGDSSK of RSZ33 are shown in Figure 1A. It is clear
that the MS3 spectrum greatly aids in confirmation of the
peptide sequence. Because of low detection levels of some
peptides, corresponding MS3 spectra are not always avail-
able. In spite of this limitation, many MS2 spectra could
be confirmed by the corresponding MS3 spectra (Table 1).
As a second example, the sequence of the doubly phos-
phorylated peptide SGQpSDEpSDGEVAVR of At1g32490
(see below) was validated by corresponding MS2 and MS3
spectra (Figure 1B). The sequence information provided by
the MS3 spectrum is not optimal due to the presence of
one phosphate group. Moreover, the loss of the phosphate
group(s) from multiple fragments makes it more difficult
to interpret the MS2 spectrum compared to the MS3

fragmentation pattern. In addition, the MS3 spectrum has
much less background fragments than the MS2 spectrum
and confirms the sequence. Thus, manual inspection of
mass spectra of both singly and doubly phosphorylated
peptides can be greatly facilitated by the MS3 spectra.

We have manually assigned sequences of 57 phos-
phopeptides defining 87 unique sites from the analysis of
two nuclear samples using a protocol without esterification.
In addition, using the protocol that contains an esterification
step, 129 phosphopeptides defining 155 unique sites were
determined from a single cytosolic sample. To classify the
phosphoproteins into different functional groups, the domain
composition of the corresponding phosphoproteins was ana-
lyzed using the SMART database (23). Until now we have
identified 151 phosphoproteins from both the nuclear and
cytosolic samples that were assigned to 8 groups (9). The
largest functional group consisted of 22 phosphoproteins
that are predicted to function in RNA metabolism, and here
we will focus on this group.

Figure 1. Mass spectra of singly and doubly phosphorylated peptides. (A) Corresponding MS2 and MS3 spectra of the NSVVpSPVVGAGGDSSK peptide of
RSZ33. (B) Corresponding MS2 and MS3 spectra of the peptide of SGQpSDEpSDGEVAVR of DEAH box RNA helicase encoded by At1g32490. pS indicates a
phospho-Ser residue; S* indicates a phospho-Ser residue that has lost its phosphate group.
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In vivo phosphorylation of proteins involved in
RNA metabolism

In total, 79 phosphorylation sites of RNA metabolism-related
proteins were determined (Table 1), representing roughly

one-third of the sites that were identified from nuclear
and cytosolic samples. Supplementary Table 1 shows an
overview of phosphopeptides that were identified in nuclear
and cytosolic extracts. As described above, these numbers

Table 1. Phosphopeptides of Arabidopsis RNA metabolism proteins

Gene IDa Protein name Peptide sequence Sites Xcorrb Confirmed
by MS3

Process involved

SR proteins
At3g49430 SRp34a pSRSPpSKpSPPK 3 2.47 Pre-mRNA splicing

At3g61860 RSp31 ARpSPEYDRc
1 2.31 Yes Pre-mRNA splicing

RpSLpSPVYRc
2 2.50

At4g25500 RSp40/SRp35 SRpSPRpSPPADEd
2 2.32 Pre-mRNA splicing

At5g52040 RSp41 ARLpSPDYK 1 2.61 Pre-mRNA splicing

GEpSRpSPPPYEK 2 2.72

GEpSRpSPPPYEKR 2 2.84

pSKSSPENGQVEpSPGQIMEVEAGR 2 3.25

At5g52040.1 RSp41 splice variant 1 GYDGADpSPIREpSPSRpSPPAEE3
3 3.83 Yes

At4g31580 and/or
At2g24590

SRZ22/RSZ22 and/or RSZ22a ARpSPPPPR 1 2.27 Pre-mRNA splicing

At3g53500 RSZ32 KVIDApSPK 1 2.23 Yes Pre-mRNA splicing

DQSLpSPDRK 1 2.12

At2g37340 RSZ33 NSVVpSPVVGAGGDSSK 1 3.73 Yes Pre-mRNA splicing

MDDpSLpSPR 2 2.56

IIDGpSPPPSPK 2 2.80 Yes

DRpSPVLDDEGpSPK 2 4.04 Yes

SPVLDDEGpSPK 1 2.55 Yes

At5g64200 SC35 KVDAASRpSQpSPYAAEd
2 2.63 Yes Pre-mRNA splicing

SNERpSPpSPGpSPAPLR 3 3.11 Yes

At1g55310 SR33/SCL33 SRpSGDYYpSPPPR 2 2.44 Yes Pre-mRNA splicing

At3g55460 SCL30 GRpSPPPPPPR 1 2.56 Yes Pre-mRNA splicing

SRpSYpSPAPR 2 2.04 Yes

SRpSVEVpSPR 2 2.84 Yes

RpSYpSPGYEGAAAAAPDR 2 3.64 Yes

pSYpSPGYEGAAAAAPDR 2 2.26

RYpSPPYYpSPPR 2 2.62 Yes

YpSPPYYpSPPR 2 2.59

At3g13570 SCL30a HQpSRpSVpSPQDR 3 2.72 Pre-mRNA splicing

GYNpSPPAKR 1 2.16
At1g16610 SR45 GRpSPPPPPSK 1 3.05 Yes Pre-mRNA splicing

GRpSPpSSPPPR 2 2.35 Yes

VpSSPPKPVSAAPK 1 3.17

RS domain
At1g07350.1 Tra-2-like protein splice variant 1 DRpSYpSPYYR 2 2.50 Pre-mRNA splicing

DRpSPYYMR 1 2.39

DRpSYpSPHYQGR 2 2.09

At3g63400 CypRS64 NFpSPGDVSDR 1 2.03 Pre-mRNA splicing

At3g63400.1 CypRS64 splice variant 1 SFRpSPpSPSGVPK 2 2.48 Yes

At2g29210 HsSRm160-like NRpSPpSPLYR 2 2.08 Pre-mRNA splicing

RpSPpSPLYR 2 2.17

HTpSPSHIKQDGpSMpSPVR 3 2.91

LPpSPPVAQRLPpSPPPR 2 3.11

LPpSPSIEQR 1 2.33

RNA helicases
At1g32490 DEAH box RNA helicase SGQpSDEpSDGEVAVR 2 3.27 Yes Pre-mRNA splicing

At5g08610 DEAD box RNA helicase (RH26) GKFTpSDEDNADPEVVR 1 4.10 Unknown

GKFpTpSDEDNADPEVVR 2 3.52 Yes

FTpSDEDNADPEVVR 1 3.56

Other
At1g04080 Similar to yeast PRP39 splicing factor SQVDGSTEQpSPK 1 3.18 Yes Pre-mRNA splicing

At4g17720 RRM-containing protein VHLSEpSPK 1 2.17 Yes Unknown

At5g04430 NOVA-like RNA-binding protein RpSPEPHDSSEADSAEKPTHIR 1 5.20 Pre-mRNA splicing

pSPEPHDpSSEADSAEKPTHIR 2 3.05
At5g48650 NTF2-containing RNA-binding protein DKFGVPAVSLPpSPK 1 2.49 Yes Nucleocytoplasmic transport

At5g51300 Splicing factor 1 (SF1)-like MLQSGMPLDDRPEGQR
pSPpSPEPVYDNMGIR

2 4.39 Pre-mRNA splicing

aTAIR database entry. Phosphorylation sites are indicated by a lower case ‘p’ preceeding the phosphoamino acid. Unambiguous sites are indicated in boldface, and
ambiguous pSer sites are indicated in italics.
bOf the assigned peptide.
cFound to be phosphorylated in vitro by SRPK4 (Figure 6).
dC-terminus of the protein.
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indicate that optimization of the IMAC protocol reduced the
bias towards multiply phosphorylated phosphopeptides. The
majority (19 proteins) of the phosphoproteins are predicted
to function in pre-mRNA splicing (Table 1). For instance,
so-called SR proteins, a homolog of the animal splicing factor
1 (SF1), a cyclophilin (CypRS64) and an SR ribonucleopro-
tein related to animal transformer-2 (Tra-2) were found. SR
proteins typically contain one or two RRMs and a C-terminal
Arg/Ser-rich (RS) domain (11). Of the 19 Arabidopsis SR
proteins, 12 were found to be phosphorylated (Figure 2A).
These include plant-specific splicing factors, such as the
highly conserved SR45 protein. SR proteins have been
shown to be phosphoproteins in both animal (24) and plant
cells (17,25,26). Animal SR proteins are highly phos-
phorylated on Ser residues in their RS domains (24). In con-
trast, no phosphorylation sites of plant SR proteins have been
described. In addition to the SR proteins, we found three
other proteins that contain RS domains. The cyclophilin
CypRS64 and the Tra-2-like protein display splicing form-
specific phosphorylation (see below). Of the third protein,
the PWI domain-containing protein encoded by At2g29210,
10 phosphorylation sites were determined (Table 1 and
Figure 2). PWI domains are commonly found in splicing
factors, and Arabidopsis has two proteins with PWI domains.
The sequence of At2g29210 is related to human SRm160
(SR nuclear matrix protein of 160 kDa), which is highly
phosphorylated in human cells (27). Of the two Arabidopsis
PWI domain-containing proteins, only At2g29210 is structur-
ally similar to HsSRm160. All sites of the HsSRm160-like
protein are located in the central RS domain (Figure 2D).

Among the other phosphoproteins is the SF1-like protein
(Table 1). This protein is the closest HsSF1 homolog in
Arabidopsis (first blast hit value of 4E�54). The two determ-
ined phosphorylation sites of the Arabidopsis SF1-like pro-
tein are conserved in both animal and other plant SF1-like
sequences (Figure 3A). Strikingly, exactly these two sites
were found recently to be phosphorylated in phosphoproteo-
mic analyses of human and mouse cells as well (27,28). The
Tra-2-like protein encoded by At1g07350 is the closest
homolog of Drosophila melanogaster Tra-2 (BLAST hit
2E�11). Tra-2 mediates alternative splicing by recruiting
SR proteins to regulatory elements in D.melanogaster (29).
At1g04080 is the second most related Arabidopsis protein
to Saccharomyces cerevisiae Prp39 (BLAST hit 3E�19), a
U1 small nuclear ribonucleoprotein involved in mRNA spli-
cing (30). At5g04430 is related to human NOVA-1 (BLAST
hit 2E � 23), which is involved in splicing in human brain
cells (31). The peptide of the NOVA-like protein was isolated
as singly and doubly phosphorylated forms (Table 1).

Two phosphoproteins are members of the superfamily
of DexD/H box RNA helicases (32). Based on conserved
motifs of the different subfamilies of DexD/H box RNA hel-
icases (33), At5g08610 encodes a DEAD box helicase and
At1g32490 codes for a DEAH box helicase. At5g08610 has
been classified as RH26 (32), and its phosphorylation sites
are conserved in the most closely related member RH25
but not in the more distantly related RH31 (Figure 3C).
At1g32490 shares high sequence homology with S.cerevisiae
Prp22, Schizosaccharomyces pombe Cdc28/Prp8 and human
DBP2, which are all DEAH box RNA helicases involved
in pre-mRNA splicing (34–36). This suggests that the

Figure 2. Position of phosphorylation sites within proteins containing Arg/
Ser-rich (RS) domains. (A) In vivo phosphorylation sites of SR proteins.
Structures are modified from Ref. (15). (B) Splice form-specific phosphor-
ylation sites of the transformer-2-like protein (Tra-2-like). Scaling of the
protein isoforms is the same as in A. (C) Splice form-specific and -
nonspecific phosphorylation sites of CypRS64. (D) Phosphorylation of a PWI
domain-containing splicing factor that is homologous to human SRm160.
Phosphorylation sites are indicated by arrows. Asterisks denote splice variant-
specific phosphorylation sites. The gray arrow (at RSZ33) represents a pSer
also identified in non-phosphorylated form. GH, glycine hinge; KRS, Lys/
Arg/Ser-rich region; PPIase, peptidyl-prolyl cis/trans isomerase domain;
PSK, Pro/Ser/Lys-rich region; PWI, PWI motif-containing domain in splicing
factors; RRM, RNA recognition motif; RS, Arg/Ser-rich domain; Z, Zinc
knuckle.
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Arabidopsis homolog may function in splicing as well.
Although highly similar in their C-terminal regions, the N-
termini of At1g32490, HsDBP2 and SpCdc28/Prp8 are not
very well conserved. Nevertheless, both HsDBP2 and
SpCdc28/Prp8 contain one Ser residue at the corresponding
position, which are followed by an acidic residue (Asp or
Glu) as well (Figure 3D). Three phosphorylation sites of
the two Arabidopsis RNA helicases are followed by an Asp
(Table 1) and all sites are located in the N-terminus of the
proteins (Figure 3C and D).

Besides the DEAD box helicase, only 2 of the 22 phos-
phoproteins predicted to function in RNA metabolism could
not be directly related to RNA splicing. The first is encoded
by At5g48650, and this protein contains a nuclear transport
factor 2 (NTF2)-like domain and an RRM domain
(Figure 4A). Its structure suggests that the protein may be
involved in the nucleocytoplasmic transport of RNA or
RNA-containing complexes. Arabidopsis At5g48650 has a
similar domain organization as S.cerevisiae Bre5 that acts
as a cofactor for the Ubp3 de-ubiquitinating enzyme (37).
Structurally similar mammalian proteins are Ras-GTPase-
activating protein SH3 domain-binding proteins (G3BPs).
A closer inspection of the polypeptide sequence showed
that the Arabidopsis protein, like HsG3BP1, also has a
potential SH3 domain-binding site and a C-terminal RGG/
glycine-rich domain, but lacks the acidic domain (Figure 4).
Human G3BPs are implicated in signal transduction down-
stream of Ras and may act as endonucleases (38). Phos-
phorylation of HsG3BP1 at Ser-149 (Figure 4B) plays a
role in regulation of its endonuclease activity and subcellular
localization (39). HsG3BP1 is phosphorylated at a second
site, Ser-232 (Ser-231 in mouse G3BP1), which is followed
by a Pro (27,28,39). Interestingly, the determined site of the
Arabidopsis homolog is followed by a Pro as well, and is loc-
ated at a similar position (Figure 4A). Therefore it is tempting
to speculate that similar kinases may target these homologs in
both plants and mammals. The nature of the kinase targeting
Ser-232 in HsG3BP1 and the functional effect of this phos-
phorylation event is unknown. Several proteins with the
same domain organization are encoded by the Arabidopsis
genome, but the region containing the phosphorylation site
that we determined is not conserved in these homologs
(data not shown).

The second protein (encoded by At4g17720) contains an
RRM domain and its C-terminal phosphorylation site is
conserved in homologs of other dicot species, but absent in
monocot homologs (Figure 3B and Supplementary Table 2).
Arabidopsis contains a closely related protein (encoded by
At5g46870) that is 78% identical to At4g17720. The phos-
phorylation site is conserved in this homolog (Figure 3B).

In conclusion, our analysis shows that many Arabidopsis
SR proteins are phosphoproteins and that they are almost
exclusively phosphorylated in their RS domains. In total, 50
of the 79 phosphorylation sites were on SR proteins, 18 sites
on other RS domain-containing proteins and the remaining
11 sites on proteins lacking RS domains.

Phosphorylation of alternative splice isoforms

Different isoforms of many plant SR proteins and other
RS domain-containing proteins are generated by alternative

Figure 3. Conservation of phosphorylation sites in homologous proteins from
other species and phosphorylation of DExD/H box RNA helicases. (A)
Alignment of the region surrounding the Arabidopsis SF1-like protein
phosphorylation site and related sequences from rice (Os, Oryza sativa),
potato (St, Solanum tuberosum), human (Hs, Homo sapiens) and Caenor-
habditis elegans (Ce) homologs. The two corresponding Ser residues of
HsSF1 are phosphorylated in vivo as well (27,28). (B) Alignment of the
phosphosite in At4g17720 and corresponding regions of homologs from the
dicot species Arabidopsis (At, A.thaliana), Lotus japonicus (Lj), Medicago
truncatula (Mt), tomato (Le, Lycopersicon esculentum), and the monocots
maize (Zm, Zea mays), barley (Hv, Hordeum vulgare), and rice (Os,
O.sativa). (C) Positioning of the phosphorylation sites in the DEAD box RNA
helicase RH26. The phosphorylation sites are both conserved in AtRH25, but
not in AtRH31. The gray arrow (at RSZ33) represents a pSer also identified
in non-phosphorylated form. (D) Phosphorylation of the DEAH box RNA
helicase encoded by At1g32490. One of the two pSer residues are positionally
conserved in the human homolog DBP2 and the fission yeast homolog Cdc28/
Prp8. DEAD/H, DEAD/H-like helicase domain; HELICc, helicase super-
family c-terminal domain; HA2, Helicase associated domain (PFAM
accession no. PF04408), DUF1605, domain of unknown function (PFAM
accession no. PF07717). DUF1605 is always found in association with HA2
in helicases.
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splicing (40). Interestingly, we found that several of the
alternative isoforms lack one or more of the observed phos-
phorylation site(s). Alternatively spliced mRNAs of the
Tra-2-like protein, CypRS64 and RSp41, encode proteins
that differ in their RS domains, and several or all of the
observed phosphorylation sites are specific for single iso-
forms, all encoded by their full-length splice variant 1
(Figure 2A–C and Table 1). In the case of Tra-2-like protein,
the RS domain is completely absent in splice variant 2
(Figure 2B). The splice variant 2 of CypRS64 contains a dis-
tinct and shorter RS domain compared to splice variant 1
(Figure 2C), whereas the two RSp41 isoforms differ by
only a single amino acid (TAIR database). Strikingly, the
splice variant 2 of RSp41 contains an insertion of a Ser resi-
due directly N-terminal (position �1) of the phosphorylated
Ser residue in splice variant 1.

Analysis of phosphorylation sites

All the phosphorylation sites of the phosphoproteins other
than the RS domain-containing proteins mapped outside

their functional domains as predicted by SMART
(Supplementary Table 2). This has also been observed for
Arabidopsis plasma membrane phosphoproteins (8). Strik-
ingly, all of the phosphorylation sites were on Ser residues.
This can be explained by the fact that the RS domains of
the detected phosphoproteins hardly contain Thr residues,
and that phosphorylation on Ser is much more abundant
(12-fold in the phosphoproteome analyzed by us) than on
Thr. Of the 75 unambiguously determined phosphorylation
sites, 57 could be assigned as pSP sites (76%), which are
potential mitogen-activated protein kinases or cyclin-
dependent kinases phosphorylation sites. The overrepresenta-
tion of pSP sites is very likely not due to a technical bias,
since the other seven groups of phosphoproteins (see
above) did not show such a high percentage of pSP sites.
Among the pSP sites, we found 17 RpSP sites in 13 of
the phosphoproteins (Figure 5), suggesting that similar or
the same kinase(s) target(s) these sites. In most cases, the
RpSP motif was flanked by an Arg at the �3 and/or a Pro
at the +3 positions (Figure 5). In seven other cases, the

Figure 4. Phosphorylation of an NTF2-RRM protein homologous to human G3BP1. (A) Schematic representation of the NTF2-RRM domain containing protein
(At5g48650) and its phosphorylation sites. As a comparison, the human G3BP1 protein is shown with its two known phosphorylation sites. Phosphorylation sites
are indicated by arrows. Domain names are explained below. (B) Boxes surround domains are chosen for the Arabidopsis protein, but are essentially the same for
HsG3BP1. pSer residues are indicated in bold lettering, either above the protein sequence (for the Arabidopsis protein) or below (for HsG3BP1). NTF2, nuclear
transport factor 2-like; PxxP, potential SH3 domain-binding site, as indicated by a black line above (for Arabidopsis) or below (for HsG3BP1) the sequence;
RRM, RNA recognition motif.
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phosphorylated Ser was preceded by a Tyr at position �1
(Table 1).

Phosphorylation of the SR protein RSp31 by
an SR protein-specific kinase

In a yeast two-hybrid screen using SR33/SCL33 as bait, the
SR protein-specific kinase SRPK4 was isolated (C. Forstner
and A. Barta, unpublished data). It was tested whether one
of the SR proteins in our list of in vivo phosphorylated pro-
teins, RSp31, could be phosphorylated in vitro by SRPK4.
For this purpose, both proteins were purified from E.coli as
a GST fusion protein (Figure 6A, left panel). In a radioactive
in vitro kinase assay SRPK4 showed low autophosphoryla-
tion activity, but strongly phosphorylated RSp31
(Figure 6A, right panel).

These data suggested that RSp31 could be targeted
by SRPK4 in vivo. Therefore we determined the actual sites
of RSp31 that were targeted by SRPK4, by using RSp31 as a
substrate in a non-radioactive in vitro kinase assay. After
phosphorylation, the GST–RSp31 protein was digested with
trypsin and subjected to LC-MS3 analysis. Among the phos-
phopeptides that were found, both peptides that were identi-
fied in the in vivo phosphoproteomic analysis (ARpSPEYDR
and RpSLpSPVYR) were also present (Table 1). The
mass spectra of the peptides observed in the in vitro and
in vivo analyses were very similar (see the example of
RpSLpSPVYR MS3 spectra in Figure 6B), showing that the
peptide sequences are identical. One of these sites is an RpSP
site that is conserved among other members of the RNA
metabolism proteins (Figure 5), and thus SRPK4 could be
one of the kinases that target these sites. These results inde-
pendently validate the usefulness of mapping in vivo sites by
large-scale IMAC-based mass spectrometry.

Figure 5. Identification of a conserved phosphorylation motif within RNA
metabolic phosphoproteins. The phosphorylated Ser residue is indicated in
boldface. Identity and homology of amino acids are marked by black and gray
shades, respectively.

Figure 6. SR protein-specific kinase 4 phosphorylates splicing factor RSp31
in vitro. (A) Purification of SR protein-specific kinase 4 (SRPK4) and RSp31
from E.coli (left panel). Autoradiogram of SRPK4 and RSp31 incubated
together in a kinase buffer-containing radioactive ATP (right panel). As
controls, SRPK4 and RSp31 were separately incubated in the same buffer.
The faint signal in the SRPK4 lane represents low autophosphorylation
activity of the kinase. GST alone was not phosphorylated at all by SRPK4
(data not shown). (B) Mass spectra of the RpSLpSPVYR peptide. The upper
panel shows an MS3 spectrum of the peptide of the in vitro phosphorylated
protein. The lower panel shows an MS3 spectrum of the peptide found in the
in vivo analysis (Table 1). pS indicates a phospho-Ser residue; S* indicates a
phospho-Ser residue that has lost its phosphate group.
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DISCUSSION

Analysis of the Arabidopsis intracellular
phosphoproteome

The use of mass spectrometry to determine phosphopeptide
sequences has great advantages for the identification of
phosphorylation sites, but brings about practical difficulties
as well (41). For instance, phosphopeptides represent only a
very small fraction within a mixture of peptides obtained
from a complex extract. Additionally, the sequencing of
phosphopeptides is often difficult because the most widely
used phosphopeptide fragmentation techniques in mass spec-
trometry induce dissociation primarily of the phosphate bond.
This leads to the observation of a prominent loss of phosphate
from the peptide but low fragmentation between amino acids,
yielding low sequence information. In spite of these diffi-
culties, the recent development of mass spectrometry-based
phosphoproteomics technology that uses IMAC purification
of phosphopeptides from complex mixtures has allowed
rapid and large-scale identification of numerous in vivo phos-
phorylation sites (8,19,42). IMAC is based on the affinity of
positively charged trivalent metal ions for negatively charged
phosphate groups. The conversion of carboxylic acid groups
to methyl esters prior to IMAC has greatly increased the spe-
cificity of phosphopeptide isolation (19). This modification
reduces the binding of the otherwise acidic carboxyl groups
to the metal ions (19,43).

Several protocols have been used successfully for studying
the phosphoproteome of Arabidopsis (2,8,21). Our data show
that a protocol that was initially developed for the analysis of
phosphorylation sites of yeast proteins (19), is very suitable
for plant work. We have used the combination of IMAC
and LC-MS/MS/MS to determine novel phosphorylation
sites of intracellular Arabidopsis proteins, allowing the
large-scale identification of phosphopeptides in a single LC-
MS/MS/MS run. As a proof of concept, we focused here on a
group of highly phosphorylated proteins that are related to
RNA metabolism. The data show that proteins containing
RS domains are common targets of phosphorylation. Since
these domains are present in many proteins in plants, these
data may be generally applicable for other RS proteins. The
conservation of the determined phosphorylation sites suggests
that some of our results might even be extrapolated to other
eukaryotes.

In vivo phosphorylation of SR proteins

By studying the nuclear and cytosolic phosphoproteomes of
Arabidopsis globally, we determined 79 in vivo phosphoryla-
tion sites derived from 22 proteins involved in different
aspects of RNA metabolism. SR proteins represented a prom-
inent part of this group. Although several SR proteins have
been shown to be phosphorylated in plants, none of the iden-
tified sites was described before. Our evidence shows that
plant SR proteins, like their animal counterparts (24), are
extensively phosphorylated at Ser residues in their RS
domains. In extracts from a single cell type (Arabidopsis
root cells), 12 of the 19 SR proteins were identified as phos-
phoproteins. One peptide could not be assigned to either
SRZ22/RSZ22 or RSZ22a (Table 1), but since this peptide
was detected six times it is possible that it is derived from

both proteins. Although the other seven members may not
be phosphoproteins, it is more likely that they are not exp-
ressed in the root cell culture used for our analysis or that
they are of too low abundance to be detected. In total, we
identified phosphorylation sites in the RS domains of 15 pro-
teins. This indicates that RS domains of plant proteins are
general targets of phosphorylation. The conservation of SR
proteins suggests that our results can be extrapolated to
other plant species. Since the RS domains of SR proteins
are involved in protein–protein interactions, which can be
phosphorylation-dependent (17), the highly repetitive RS/SP
motifs can possibly generate multiple protein-binding sites
depending on the phosphorylation status of each motif. It
can thus be speculated that the highly phosphorylated RS
domains provide different binding surfaces for different pro-
teins, such as the RS domain containing cyclophilin CypRS64
(17), other SR proteins and additional components of the
splicing machinery (15). The effect of the phosphorylation-
dependent interaction between SR proteins with CypRS64
is the relocalization of CypRS64 from nuclear bodies to
speckles (17). It will be valuable to determine the phos-
phorylation status of SR proteins and other spliceosome com-
ponents during stresses that affect splicing, such as high
temperature (44), or during different phases of spliceosome
assembly. The latter might be reached by the isolation of
early and late spliceosomes by the immunoprecipitation of
specific components of these complexes (45).

Several plant SR proteins and other proteins that contain
RS domains occur in distinct splice variants, which differ
often in their C-terminal RS domains (40). Importantly, we
found that alternative splice forms lack one or more phos-
phorylation sites and thus may be impaired in binding other
components of the splicing machinery. Strikingly, the differ-
ential splice variant 2 of RSp41 contains an insertion of one
amino acid adjacent to the phosphorylated residue in splice
variant 1. It will be interesting to test whether splice form
2 is phosphorylated at the corresponding residue and how
its protein interaction network is affected by this modifica-
tion. A general question concerns the function of these altern-
ative isoforms that contain a shorter RS domain or lack this
domain at all. One could speculate that they act as dominant
negative proteins that bind to the RNA/spliceosome and
block the recruitment of additional splicing factors, which
otherwise would bind to the full-length isoform. This may
then lead to blockage of the splice site, causing the selection
of a neighboring splice site or skipping of the site at all.

Identification of kinases that are responsible for
the phosphorylation of SR proteins

In general, the RS/SP motifs within the RS domains of SR
proteins are phosphorylated, affecting multiple functions
of this class of proteins (10). The phosphorylation of SR
proteins is mediated by both Clk (or LAMMER-type)
kinases and SR protein-specific kinases (SRPKs). Recently
it was shown that animal SRPKs and Clks have different
specificities. Although SRPKs specifically phosphorylate
Ser residues in a particular stretch of RS domain of an SR
protein, Clk kinases can target all Ser residues in the RS
domain (46). Several SR proteins are phosphorylated by
members of these kinase groups and Clk kinases are involved
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in splicing of pre-mRNAs and development in Arabidopsis
(47–49). In addition to Clk kinases and SRPKs, other proline-
directed kinases may target SR proteins. Interestingly, the SR
proteins SRZ21, SR1/SRp34 and the Tra-2-like protein are
in vitro phosphorylated by the MAP kinases MPK6 and/or
MPK3 (50). Whether other SR proteins are substrates and
whether some of our determined in vivo pSP sites are targeted
by MAP kinases remains to be tested.

Confirming our findings by an alternative method, we show
that an SRPK can in vitro phosphorylate all three sites of
RSp31 that were determined in this study. Moreover, one
of these sites is an RpSP site, which we found to be phos-
phorylated in multiple SR and other proteins (Figure 5).
This may suggest that these conserved phosphorylated sites
(and likely other sites) found in the other phosphoproteins
are targeted by SRPKs in vivo as well. In line with this hypo-
thesis, CypRS64 is an SRPK4 substrate (17) and we identified
an RpSP site in this protein (Table 1). Concluding, the com-
bination of in vivo and in vitro analyses described here is
suitable to establish kinase–substrate pairs.

RNA helicases are targets of phosphorylation

DexD/H box RNA helicases are involved in different facets
of RNA metabolism, such as RNA transport, transcription,
editing, ribosome biogenesis, translation and splicing (33).
We revealed phosphorylation sites in DEAD box and
DEAH box RNA helicases that belong to this protein super-
family. The conservation of the phosphorylation sites sug-
gests that the same or similar protein kinase(s) may target
both proteins. Other members of the DEAD box family are
translation initiation factors, and we have found these to be
phosphorylated as well (S. de la Fuente van Bentem, D.
Anrather, E. Roitinger and H. Hirt, unpublished data).
Human RNA helicases are phosphorylated at Ser residues
and several of these sites are followed by an acidic residue
at the +1 position as well (27,51), suggesting that similar
kinases may target these proteins in both animals and plants.
Except for translation initiation factor 4, there is no evidence
for in vivo phosphorylation of RNA helicases in plants, and
no phosphorylation site has been described.

In conclusion, the protocol described here can be used for
studying the plant phosphoproteomes of different intracellular
organelles. Furthermore, it can be used in combination with
recently developed quantitative methods to measure changes
in phosphoproteomes (52). Application of these methods
to phosphoproteomic analysis identified novel components
of even well-described signaling pathways (53–55). Although
these technological improvements have been achieved, seri-
ous challenges have to be faced in the future to allow global
quantitative analysis of signaling pathways by mass spectro-
metry (56). Encouraged by several promising studies, how-
ever, it seems evident that future studies applying these
techniques to study the dynamics of the phosphoproteome
during development or stress will significantly enhance our
knowledge on the role of phosphorylation in signal transduc-
tion and regulatory processes in plants.
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