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Quantitative Phosphoproteomics of Early
Elicitor Signaling in Arabidopsis*s

Joris J. Benschop$§Y], Shabaz Mohammed§|,, Martina O’Flaherty||, Albert J. R. Heck|,
Monique Slijper|**, and Frank L. H. Menket 1%

Perception of general elicitors by plant cells initiates sig-
nal transduction cascades that are regulated by protein
phosphorylation. The earliest signaling events occur
within minutes and include ion fluxes across the plasma
membrane, activation of MAPKs, and the formation of
reactive oxygen species. The phosphorylation events that
regulate these signaling cascades are largely unknown.
Here we present a mass spectrometry-based quantitative
phosphoproteomics approach that identified differentially
phosphorylated sites in signaling and response proteins
from Arabidopsis cells treated with either flg22 or xyla-
nase. Our approach was sensitive enough to quantitate
phosphorylation on low abundance signaling proteins
such as calcium-dependent protein kinases and receptor-
like kinase family members. With this approach we iden-
tified one or more differentially phosphorylated sites in 76
membrane-associated proteins including a number of de-
fense-related proteins. Our data on phosphorylation indi-
cate a high degree of complexity at the level of post-
translational modification as exemplified by the complex
modification patterns of respiratory burst oxidase protein
D. Furthermore the data also suggest that protein trans-
location and vesicle traffic are important aspects of early
signaling and defense in response to general elicitors. Our
study presents the largest quantitative Arabidopsis phos-
phoproteomics data set to date and provides a new re-
source that can be used to gain novel insight into plant
defense signal transduction and early defense response.
Molecular & Cellular Proteomics 6:1198-1214, 2007.

Plants have developed various elaborate mechanisms to
ward off pathogen attack. Whereas some of these defense
mechanisms are preformed and provide physical and chem-
ical barriers to hinder pathogen infection, others are induced
only upon pathogen perception. These different layers of de-
fense include basal defense and resistance (R)'-gene-medi-
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" The abbreviations used are: R, resistance; BIK1, Botrytis-Induced

ated defenses. Plants use R-gene products to recognize the
presence or activity of specific pathogen avirulence gene
products produced by specific races of microbial pathogens
in a so-called gene-for-gene interaction. A specific match
between an avirulence gene product and the corresponding
R-gene product leads to hypersensitive response and activa-
tion of defense responses. In addition to R-gene-mediated
defense plants rely on recognition of general elicitors, also
called pathogen-associated molecular patterns, to detect po-
tential pathogens and to activate basal defense (1). These
general elicitors are structural components of microbes that
are recognized by plants through plasma membrane-localized
receptors. The general elicitor flagellin is recognized in Arabi-
dopsis through a conserved 22-amino acid sequence (flg22).
Recognition involves the receptor-like kinase FLS2 and acti-
vates a downstream response that includes the production of
reactive oxygen species, ethylene biosynthesis, activation of
a MAPK cascade, and activation of defense gene expression
(2—4). Furthermore perception of flg22, as well as other gen-
eral elicitors, by Arabidopsis enhances disease resistance
against bacterial pathogens (5). Perception of both avirulence
gene products and general elicitors activates signal transduc-
tion cascades and early defense responses to prevent the
ingression of the pathogen into host tissue. A recent study
established that flg22-induced response in Arabidopsis and
Avr9-induced response in tobacco show a substantial amount
of overlap (6). Furthermore Tao et al. (7) have shown that the
transcriptional reprogramming in response to compatible and
incompatible interactions is very similar and that the differ-
ence in outcome likely depends on the quantitative nature of
the local defense response (7).

The signal transduction pathways activated by general elic-
itors and Avr gene products are not well characterized. Thus
far, research on plant defense signaling has focused mainly
on the genetic dissection of the signal transduction pathways.
Although the analysis of mutants with altered defense re-

Kinase1; CDPK, calcium-dependent protein kinase; flg22, conserved
22-amino acid sequence of flagellin of pathogenic Pseudomonas;
LTQ, linear ion trap; MAP, mitogen-activated protein; MAPK, mito-
gen-activated protein kinase; PM, plasma membrane; RLK, receptor-
like kinase; ROI, reactive oxygen intermediate; SCX, strong cation
exchange chromatography; SILAC, stable isotope labeling by amino
acids in cell culture; SNARE, soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor; TiO,, titanium oxide; ABC, ATP-
binding cassette; RBOHD, respiratory burst oxidase protein D.

1198 Molecular & Cellular Proteomics 6.7

© 2007 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

/002 ‘T2 12qWaAON U0 X293H uaq|y Ag Bio auluodowmmm wolj papeojumoq


http://www.mcponline.org
http://www.mcponline.org/cgi/content/full/M600429-MCP200/DC1

@y
90
€
O
[0
—
o
a.
S
2
[0
O
oS
S
-
O
o
O
=

&

Elicitor-induced Phosphorylation in Arabidopsis

sponses has yielded a variety of putative defense signaling
components, the molecular mechanisms these signaling
components affect remain elusive. However, reverse and for-
ward genetic approaches have pointed to an important role
for protein phosphorylation in defense signaling. Mutations in
the Pto serine/threonine kinase in tomato (8) and Xa21
leucine-rich repeat kinase in rice (9) compromise the plant’s
resistance to race-specific pathogens, whereas mutations in
receptor-like kinase FLS2 in Arabidopsis enhances suscepti-
bility to Pseudomonas syringae pv. tomato DC3000 (5). Si-
lencing of tobacco MAPK kinase kinase NPK1 and Arabidop-
sis MAPK MPK®6 also compromises disease resistance (10,
11). The perception of general elicitors and downstream sig-
nal transduction has been studied intensively with biochemi-
cal and pharmacological approaches and more recently with
transient expression approaches in protoplasts (2, 12-16).
This has led to the identification of several early signaling
events, including ion fluxes across the plasma membrane,
extracellular alkalinization, transient increases in cytosolic cal-
cium concentration, protein phosphorylation and dephospho-
rylation through activation of MAPK and calcium-dependent
protein kinases (CDPKs), and the production of extracellular
reactive oxygen species through PM-localized NADPH oxi-
dase and apoplastic peroxidase and biosynthesis of ethylene
and jasmonic acid (13, 16, 17). Eventually both receptor-
mediated perception of general elicitors and R-gene-medi-
ated detection of avirulence proteins lead to the activation of
transcriptional cascades and the expression of defense
responses.

By definition, the proteins that make up the signal trans-
duction pathway are present in the cell prior to the perception
of the elicitor. They are activated by post-translational modi-
fications, conformational changes, and/or changes in com-
plex formation. The most widely recognized post-translational
modification involved in signal transduction is protein phos-
phorylation. Although protein kinases and phosphatase have
been identified with a role in defense signaling and resistance,
their exact role and their substrates have remained elusive in
plants. General elicitor signaling is thought to be initiated
through interaction of the elicitor with a plasma membrane-
localized receptor. Immediate early signaling and responses
are likely mediated through plasma membrane-associated
proteins. Recent work showed that many membrane-associ-
ated proteins have one or more phosphorylation sites (18).
Furthermore phosphorylated proteins have been detected in
the extracellular matrix of Arabidopsis suspension cultured
cells in response to fungal elicitor (15). However, the function-
ality of only a very few of these is currently understood. The
large scale identification of phosphorylation sites as well as
the kinetics and stoichiometry of the phosphorylation status
will help unravel the immediate early signal transduction cas-
cades and defense response in response to general elicitors.

Detection of changes in protein phosphorylation was tradi-
tionally performed by labeling cells with radioactive phos-

phate followed by two-dimensional gel separation of labeled
proteins and mass spectrometric analysis (19). Recent ad-
vances in LC-MS/MS have made it possible to directly ana-
lyze highly complex protein mixtures. Unfortunately traditional
LC-MS/MS experiments generally yield few phosphorylated
peptides. Despite the fact that a high percentage of cellular
proteins are thought to be phosphorylated at any given time
(20), this phosphorylated form is generally low in abundance.
Furthermore the addition of a phosphate group often results in
a reduction in ionization efficiency in MS (21). Recent ad-
vances in selective purification of phosphopeptides have
made it possible to overcome these limitations and identify
phosphorylation sites in large numbers of proteins (18, 22,
23). Although these qualitative approaches are highly inform-
ative in themselves, the identification of phosphorylation
events relevant to a specific signaling pathway requires quan-
titative rather than qualitative measurements. Quantitative
phosphoproteomics approaches based on stable isotope la-
beling by amino acids in cell culture (SILAC) have been suc-
cessfully applied in studies with cultured human cells and in
yeast (24-26) and could in principle also be used in studies
with plant cell cultures. An alternative approach, called iTRAQ
(isobaric tagging for relative and absolute quantitation), has
been described recently in several quantitative phosphopro-
teomics studies (27, 28) and is based on the labeling of the N
termini and lysine residues of extracted (phospho-)peptides
with isobaric tags to allow quantitation. Here we report an
alternative quantitative phosphoproteomics approach, based
on "N/'*N metabolic labeling, that is specifically suited for
cultured plant cells.

We set up this quantitative phosphoproteomics approach
to identify the early signaling and response proteins modu-
lated upon perception of general elicitors by Arabidopsis cells.
We used a "“N/'*N metabolic labeling strategy that allowed
us to directly compare phosphorylation levels of proteins of
mock-treated and elicitor-treated cells with mass spectrom-
etry. Changes in phosphorylation of membrane-associated
proteins were analyzed for cells treated with the flagellin pep-
tide flg22 and fungal elicitor xylanase. Quantitative changes in
phosphorylation were compared between the two resulting
data sets so that proteins phosphorylated in response to both
elicitors could be identified. Our data identify quantitative
changes in phosphorylation of novel membrane-associated
proteins as well as established defense-related proteins.
Additionally our data also point to a role for protein trans-
location and vesicle transport during early elicitor signaling
and response.

EXPERIMENTAL PROCEDURES
Materials

Poros R3 was obtained from Applied Biosystems (Nieuwerkerk a/d
IJssel, The Netherlands). K'®NO, and ('®*NH,),SO, were from Spectra
Stable Isotopes (Columbia, MD). Flagellin peptide flg22 was synthe-
sized by Sigma Genosys. Modified trypsin was from Roche Applied
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Elicitor-induced Phosphorylation in Arabidopsis

Science. GelLoader tips came from Eppendorf (Eppendorf, Germany).
The Empore Cg disk was from 3M (Neuss, Germany). Syringes and
needles were from SGE (Victoria, Australia). All other chemicals were
obtained from Sigma-Aldrich.

Growth of Cells

Suspension cells of Arabidopsis thaliana accession Col-0 (29) were
cultured on Gamborg B5 medium (30 g/liter sucrose, 1 mm naphtha-
leneacetic acid, 1.0 mm (NH,),SO,, 25 mm KNOz; 1.1 mm
NaH,PO,-H,O, 1.0 mm CaCl,2H,0, 1.0 mm MgSO,-7H,0, 100 um
FeNaEDTA, 60 um MnSO,-H,0, 50 um H3BOg, 7.0 um ZnSO,, 1.0 pum
Na,MoO,, 4.5 um Kl, 0.10 um CoCl,, 0.10 um CuSO,, and 112 mg/ml
vitamin mixture (G0415, Duchefa, Haarlem, The Netherlands)) in
50-ml cultures in 250-ml flasks with shaking at 150 rpm. Growth
conditions were 8 h of light of 70 um m~2 s~ photosynthetic photon
flux density at 25 °C. Cells were subcultured (4 ml in 50 ml) every 7
days. Experiments were performed 5 days after subculturing.

Elicitor Treatment and Isolation of Membrane Proteins

Elicitor Treatment and Harvest— Cultures were grown for at least 4
subculture periods of 7 days on either *N- or ">N-medium prior to
elicitor induction. Four-day-old cultures were treated for exactly 10
min with 100 png/ml xylanase or 1 um flg22. For the first biological
replicate, three separately treated ('*N) cultures and three mock-
treated ("°N) cultures were pooled, harvested by filtration, washed
with ice-cold 20 mm KNOj;, and resuspended in homogenization
buffer (100 mm HEPES, 330 mm sucrose, 10 mm Na,EDTA, 10 mm
EGTA, 50 mm sodium pyrophosphate, 25 mm NaF, 1 mm NaMoO,, 1
mm MgCl,, 5 mm DTT, 1 mm ascorbic acid, 1 mm NagVO,, 5 g/liter
polyvinylpolypyrrolidone, 1 ng/ml leupeptin, 1 uwg/ml pepstatin A, and
1 pg/ml aprotinin) at a ratio of 2 ml/g of cells. This was done seven
times for a total of 21 cultures of each treatment type per experiment,
and the homogenates were pooled before PM isolation. In the second
biological replicate '°>N-grown cultures were elicitor-treated, and "*N-
grown cultures were mock-treated. Both elicitor treatments and both
biological replicas were done independently with a 7-day period
between each treatment and each replica.

Isolation of Plasma Membranes—Cells were broken in a 60-ml
Potter-Elvehjem homogenizer on ice (8 min at 1000 rpm). The homo-
genate was centrifuged for 10 min at 10,000 X g (Sorvall SW34 rotor).
The supernatant was centrifuged for 1 h at 100,000 X g (Beckman
SW28 rotor). The pellet was resuspended in a buffer containing 330
mwm sucrose, 5 mm KPO,, pH 7.8, and 5 mm KCI and subjected to
aqueous two-phase partitioning (30) using 6.4% (w/w) each of dex-
tran T500 and polyethylene glycol 3350 with 5 mm KCI and 5 mm
KPO,, pH 7.8. The U3 phase was diluted 2-fold in buffer containing
330 mm sucrose and 5 mm KPO,, pH 7.8. Plasma membranes were
pelleted at 100,000 X g for 1 h (Beckman SW28 rotor), resuspended
to a concentration of 10 ug/ul, frozen in liquid nitrogen, and stored at
—80 °C.

Flipping, Alkylation, and Digestion—Plasma membranes containing
4 mg of protein (50% of the total isolate) were mixed with a solution
containing 2% (w/v) Brij58 in 330 mm sucrose and 5 mm KPO, with
inhibitors (1 mm NaVOg, 1 mm NaMoO,, 25 mm NaF, 1 ug/ul leupeptin,
1 pg/pl aprotinin, 1 wg/ul pepstatin, and 1 mm PMSF) to a detergent:
protein ratio of 3:1 (w/w). After centrifugation (200,000 X g for 1 h) the
pellet was resuspended in 200 mm KCl and 30 mm DTT with inhibitors
and incubated for 2 h at room temperature. This was centrifuged
again, and the pellet was resuspended in 50 mm iodoacetamide in 50
mM NH,HCO; and kept at room temperature for 30 min in darkness.
One more wash with 50 mm NH,HCO, was performed, and the final
pellet was resuspended in 250 ul of 50 mm NH,HCO,. Proteins were
digested with trypsin (ratio, 1:50) overnight at 37 °C. The solution was

acidified with formic acid (5% end concentration) and centrifuged as
above. The supernatant was then brought to a final volume of 40 ul
under reduced pressure.

Selective Enrichment of Phosphopeptides

Strong Cation Exchange Chromatography—Strong cation ex-
change chromatography (SCX) was performed according to Gruhler
et al. (26) on an ammonium formate gradient. Prior to SCX the di-
gested peptides were desalted on a 15-ul POROS R3 reverse phase
column made in a constricted GeLoader tip (31). Peptides were eluted
with 40 ul of 50% acetonitrile and diluted to yield 100 ul with SCX
buffer A. Peptides were separated on a 1-ml Resource S column (GE
Healthcare) on an AKTA purifier (GE Healthcare). 16 fractions were
collected, reduced in volume to 20 pl, and frozen at —20 °C.

Titanium Oxide Enrichment—Titanium oxide (GL Sciences Inc.,
Tokyo, Japan) columns were prepared by placing a small plug,
stamped out of a 3M Empore Cg disk using a 0.3-mme-inner diameter
flat tip needle fitted on a 1-ml glass syringe and brought to position
using a 0.15-mm-outer diameter wire just above the constricted end
of a GeLoader tip. The column material was then packed to a bedding
volume of 1 ul (=2 cm) and washed with washing buffer (80%
acetonitrile in 0.1% TFA). Samples were loaded on a 3-ul reverse
phase column as described above and eluted with 15 ul of titanium
oxide (TiO,) loading buffer (80% acetonitrile, 0.1% TFA, and 300
mg/ml dihydroxybenzoic acid). This eluate was loaded slowly onto the
TiO, column and washed with 6 ul of loading buffer and 6 ul of
washing buffer. Phosphopeptides were eluted with 20 ul of 1%
ammonia. The eluate was mixed with 20 ul of 10% formic acid and
frozen at —20 °C prior to MS analysis.

Mass Spectrometry

Nanoscale HPLC-MS/MS experiments were performed on an Agi-
lent 1100 nanoflow system (Agilent Technologies) connected to a
7-tesla Finnigan LTQ-FT mass spectrometer (Thermo Electron, Bre-
men, Germany) equipped with a nanoelectrospray ion source. Load-
ing was accomplished by using a flow rate of 5 ul/min onto a home-
made 2-cm fused silica precolumn (100-um inner diameter, 375-um
outer diameter, Resprosil C18-AQ, 3 um (Maisch, Ammerbuch, Ger-
many)) using an autosampler. Sequential elution of peptides was
accomplished using a linear gradient from Solution A (0.6% acetic
acid) to 50% Solution B (80% acetonitrile and 0.5% acetic acid) in 40
min over the precolumn in line with a homemade 20-25-cm resolving
column (50-pum inner diameter, 375-um outer diameter, Resprosil
C18-AQ, 3 um (Maisch)).

The mass spectrometer was operated in the data-dependent mode
to automatically switch between MS, MS/MS, and neutral loss-de-
pendent MS/MS/MS (MS®) acquisition. Survey full-scan MS spectra
(from m/z 300 to 1500) were acquired in the FT-ICR mass spectrom-
eter with resolution R = 25,000 at m/z 400 (after accumulation to a
target value of 5,000,000 in the linear ion trap). The three most intense
ions were sequentially isolated for accurate mass measurements by a
FT-ICR “single ion monitoring scan,” which consisted of a 15-Da
mass range, resolution R = 50,000, and target accumulation value of
80,000. These were then simultaneously fragmented in the linear ion
trap using collisionally induced dissociation at a target value of
10,000.

The data-dependent neutral loss algorithm in the Xcalibur software
was enabled for each MS/MS spectrum. Data-dependent settings
were chosen to trigger a MS® scan when a neutral loss corresponding
to 98, 49, or 32.7 Th was detected among the five most intense
fragment ions. Former target ions selected for MS/MS were dynam-
ically excluded for 30 s. Total cycle time was approximately 3 s.

Each sample was also subjected to a “regular” LC-MS/MS analy-
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Elicitor-induced Phosphorylation in Arabidopsis

sis. Survey full-scan MS spectra (from m/z 300 to 1500) were acquired
in the FT-ICR mass spectrometer with resolution R = 100,000 at m/z
400 (after accumulation to a target value of 2,000,000 in the linear ion
trap). The two most intense ions were fragmented in the linear ion trap
using collisionally induced dissociation at a target value of 10,000.

Data Analysis

All MS/MS spectra files from each LC run were centroided and
merged to a single file using Bioworks 3.2 (Thermo Electron), which
was searched using the Mascot search engine (version 2.1.0, Matrix
Science) against the publicly available Arabidopsis database (The
Arabidopsis Information Resource (TAIR); August 2005; file name,
ATH1_pep_cm_20040228; containing 29,161 non-redundant pro-
teins) with carbamidomethylcysteine as a fixed modification. Oxidized
methionine and phosphorylation (serine, threonine, and tyrosine) were
searched as variable modifications. Searches were done with tryptic
specificity allowing two miscleavages and an initial tolerance on mass
measurement of 20 ppm in MS mode and 0.9 Da for MS/MS ions. To
perform relative quantification the same files were rerun under the
same search criteria but with the database consisting of proteins with
masses incorporating '®N. A score cutoff of 50 was used (stated if
otherwise) that corresponds to an expect value in the region of 0.001
to create a data set with high confidence. All MS? Mascot data is
available as a scaffold file (Proteome Software, Portland, OR) upon
request. An appropriate reader is also available. Some peptides were
observed that could be derived from multiple proteins (Supplemental
Table VII). These peptides were assigned to the protein for which we
identified the highest number of peptides with a Mascot score of 50
or higher.

Relative quantification ratios of the identified phosphopeptides
were derived by MSQuant. Briefly peptide ratios between the mo-
noisotopic peaks of “normal” and “heavy” forms of the phosphopep-
tide were calculated and averaged over consecutive MS cycles for the
duration of their respective LC-MS peaks in the total ion chromato-
gram using both FT survey and FT single ion monitoring scans. All
identified phosphopeptides that were differentially phosphorylated
and that could be confirmed in both biological replicates of either the
flg22 data set or the xylanase data set were manually validated
(spectra are provided as supplemental data). Localization of phos-
phorylated residues within the individual peptide sequences were
manually assigned using the software packages MSQuant (which is
open-source software (70)) and Xcalibur (Thermo, San Jose, CA). All
phosphopeptides that were not differentially phosphorylated or could
only be observed in one biological replica are provided as supple-
mental data. Only those phosphopeptides were included that have a
Mascot score of at least 50 (Supplemental Tables Il and llI).

All data were normalized to the mean of all ratios of unmodified
peptides within each biological replicate. Subsequently data for each
peptide from both biological replicas were averaged.

RESULTS AND DISCUSSION

Induction, Extraction, and Purification of
Phosphopeptides

Perception of general elicitors occurs at the external side of
the plasma membrane and sets in motion a signal transduc-
tion cascade. We used flagellin peptide flg22 and xylanase as
general elicitors to activate early signal transduction in Arabi-
dopsis suspension cultured cells. Perception of flg22 or xyla-
nase activates MAP kinases in Arabidopsis suspension cul-
tured cells within minutes; MAP kinase activity peaks within
5-10 min and diminishes after 30 min (Fig. 1). Based on these

0 25 5 10 15 20 30 min

Xyl

FiG. 1. Elicitor-induced MAP kinase activation in Arabidopsis
cells. Arabidopsis cells were incubated for the indicated amount of
time in minutes with either 1 um flg22 or 100 ug/ml xylanase (Xy/).
MAP kinase activity in protein extracts from treated cells was ana-
lyzed by in-gel kinase assay.

activation kinetics we chose 10-min incubation with flg22 or
xylanase for our further experiments.

The initial signaling events are likely to occur at the cyto-
solic face of the plasma membrane so we set out to identify
signal transduction proteins associated with the plasma
membrane. This strategy resulted in a considerable reduction
in complexity of the proteome and allowed us to focus on the
earliest signaling events. We used aqueous two-phase parti-
tioning (32-34) to obtain purified plasma membrane vesicles.
To verify the efficiency of the method, we analyzed the crude
microsomal samples and purified PM samples by Western
blot probed with antibodies specific for marker proteins of
different cellular compartments (Fig. 2a). This showed a sig-
nificant enrichment for PM proteins, whereas mitochondrial
and vacuolar proteins were almost entirely absent from the
PM sample (Fig. 2a).

From these PM vesicles we prepared a tryptic digest of the
cytosolic domain using the vesicle shaving method (34).To
obtain further reduction in complexity of the sample, trypsin-
digested peptides were fractioned using SCX under acidic
conditions (Fig. 2c), which separates phosphopeptides from
the majority of the non-phosphopeptides due to differences in
solution state charge (35). Subsequently each fraction was
separately enriched for phosphopeptides using TiO, affinity
chromatography (23) in the presence of high concentrations
of dihydroxybenzoic acid (36). Fig. 2d shows that early SCX
fractions consisted almost entirely of singly phosphorylated
peptides after TiO, enrichment, whereas later fractions also
contained a significant number of multiple phosphorylated as
well non-phosphorylated peptides. Of the 1168 detected
phosphopeptides we identified mostly phosphorylated Ser
and Thr residues (Ser(P), 979 (83%); Thr(P), 189 (17%); Sup-
plemental Table V) and only a few (11) phosphorylated Tyr
residues (data not shown). A more detailed description of the
analytical performance of the enrichment strategy and the
physiochemical properties of all identified peptides is pro-
vided in the supplemental data.

MS Analysis

The comparative analysis of protein sample by MS is ham-
pered by the fact that sample preparation, purification strat-
egies, and MS analysis results in semiquantitative data at
best. To overcome these limitations, two different samples
can be “tagged” with different mass labels and analyzed
together. This allows for a pairwise comparison of signal
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Fic. 2. Enrichment and quantitative labeling of plasma mem-
brane phosphopeptides. a, Western blot of total microsomal mem-
branes (Mic) and purified PM with antibodies against PM ATPase
VHA1, vacuolar VVP2, and y-tonoplast intrinsic protein (y-TIP), mito-
chondrial uncoupling protein (UCP), and endoplasmic reticulum-lo-
cated ACA-2p. Total protein content was similar in all lanes. b, MALDI
spectrum of a peptide isolated from a complete lysate of cells grown
on "N- or "®N-medium. The MALDI spectra correlate to the peptide
GVTAFGFDLVR from the protein 5-methyltetrahydropteroyltri-
glutamate-homocysteine methyltransferase (At5g17920). The sample
used in the top spectrum originates from a '*N-labeled sample (peak
m/z value "*N: 1181.620), whereas the sample used for the bottom
spectrum originates from a '°N-labeled sample (peak m/z value "°N:
1195.612). c, tryptic peptides were subjected to SCX, and a chromat-
ogram is shown depicting UV absorbance at 280 nm. The gradient of
SCX solvent B is indicated with a dashed line. Fractions collected and
analyzed are as shown in d. d, the number of phosphorylated and
unphosphorylated (Unphos) peptides identified in each fraction col-
lected from SCX (fractions 1-16 were analyzed by LC-MS).

intensities for each peptide in the sample similar to the use of
different fluorescent dyes during competitive hybridization in
microarray experiments. As extraction efficiencies can be dif-
ferent between samples, optimal quantitative accuracy is
achieved when the two samples are tagged and combined
prior to the extraction. This can be achieved by growing cells
on medium containing specific "*N-amino acids or on a basal
salt medium containing '*N as a sole nitrogen source, so-
called metabolic labeling (37). SILAC, a metabolic labeling
method that uses "®N-labeled lysine and arginine (38), is an
elegant method to achieve in vivo tagged proteins where the
mass shift between the two isotopic forms of the peptide is
independent of their size or sequence; this strongly simplifies
the quantitation procedure. However, due to autonomous
production of these amino acids in plant cells only partial

incorporation can be achieved in Arabidopsis (39). In contrast,
Krijgsveld et al. (40) achieved 98% incorporation in Caenorh-
abditis elegans fed with Escherichia coli grown on medium
enriched in '*N. Metabolic labeling with >N is even better
suited for labeling of plant cell cultures, which can be grown
directly on a basal salt medium containing '*N (or '*N) as a
sole nitrogen source. To test this, we grew Arabidopsis cell
cultures in liquid medium containing "N or "N and analyzed
isotope incorporation rates by MS. Four subculture periods of
7 days resulted in almost complete incorporation (>99%) of
SN into randomly selected proteins (Fig. 2b).

To identify phosphorylated proteins involved in early elicitor
signaling and defense response in Arabidopsis, we induced
cells grown on "*N-medium with flg22 or xylanase for 10 min
and pooled the cells with an equal amount of ">N-grown cells
that where mock-treated. The pooled cells were homoge-
nized, PM vesicles were purified, and phosphopeptides were
isolated as described above. To obtain biologically relevant
high confidence data, we also performed an inverse labeling
experiment with elicitor induction of the "*N-grown cells and
mock treatment of the '*N-grown cells for both elicitors.
Individual SCX fractions enriched in phosphopeptides with
titanium oxide were analyzed by LC-MS. Analysis of phos-
phopeptides by tandem MS is often hindered by the prefer-
ential loss of phosphoric acid upon fragmentation of precur-
sor ions, often resulting in a predominant neutral loss ion (M +
nH* — HzPO,)"". This hinders sequence annotation and pre-
vents the identification of phosphopeptides and phosphoryl-
ation sites (as previously described (26)). To overcome these
limitations we performed mass spectrometric analysis on an
LTQ-FT-ICR mass spectrometer. Such an instrument pro-
vides several advantages when required to perform identifi-
cation and localization of phosphorylated residues, including
high dynamic range and mass accuracy as well as allowing
multiple levels of tandem mass spectrometry. This latter fea-
ture allows the further sequencing of dominant neutral loss
peak by MS3. Recently MS® has been used to good effect to
identify phosphorylated peptides in yeast (26). Each of our
phosphopeptide-enriched samples was subjected to an
LC-MS analysis that included MS® scans that were initiated
when the neutral loss of phosphoric acid was detected. Anal-
yses including MS?® scans can significantly reduce the number
of peptides that are sequenced during an LC run, and so to
acquire the most comprehensive analysis of each sample a
regular MS analysis was also performed. Fig. 3 shows an
example of an MS analysis of a phosphopeptide with neutral
loss-dependent MS® scan. The left spectrum shows an FT-
ICR-MS scan containing the '*N (824.88 m/z) and "°N (836.34
m/z) peaks for RGNpSSNDHELGILR (where pS is phospho-
serine) of RBOHD from an flg22 sample. From this spectrum
the ratio between “N- and '°N-labeled versions of the pep-
tide can be determined; it reflects the relative level of phos-
phorylation in the flg22-treated culture ('*N) as compared with
the mock-treated culture (*°N). The middle spectrum shows
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RGNSSNDHELGILR

828.9388 100

RGNdhASNDHELGILR

[M+2H-98 Da]?* LTQ-MS? P71 v,

(Loss of H,PO,) %0

/ 80
70

Relative Abundance
S o (2]
o o o

w
o

20

- - 0

FT-ICR MS :
90 829.6906 903 LTQ-MSMS
1 80
8 ! 837.6628
870 | 870
g ; g
K]
2 60 ! 838.4160 & 60
3 e
< 50 | I 250
2 824.8767 ! ! 2
= 40 I h £ 40
% H ! °
* 30 1 ! X 30
! 836.3429 |[[| ;
20 20
832.8870
10 10
0 P E———
825 830 835 840 500

m/z

' 10IOO ' ' 15I00 ' 500 1000 1500

m/z m/z

FiG. 3. LTQ-FT neutral loss-dependent MS?® scan of a phosphopeptide from RBOHD. Left, FT-ICR mass spectrum containing the *N
(824.88 m/z) and "°N (836.34 m/z) peaks for RGNpSSNDHELGILR (of RBOHD, flg22 data set). Middle, MS/MS of "N precursor RGNpSSND-
HELGILR, which contains a dominant phosphoric acid neutral loss (776.88 m/z). Right, MS® spectrum of neutral loss peak, which allows
sequencing and identification of phosphorylation site. Note that in the MS® scan, phosphoserine has been modified into dehydroalanine (dhA)
after neutral loss. lons are assigned according to peptide fragmentation nomenclature as designated by Roepstorff and Fohiman (69).

the MS? of "N precursor ion (824.88 m/z) that was isolated
and fragmented in the LTQ. The predominant mass in this
spectrum corresponds to the neutral loss ion (775.94 m/z).
The right spectrum shows the corresponding MS?® after iso-
lation and fragmentation of the neutral loss ion in the LTQ.
From this spectrum the amino acid sequence and position of
the phosphorylated residue (Ser at position 4) were deter-
mined. The corresponding "N peak was analyzed in an iden-
tical manner by independent MS? and MS?® (data not shown)
providing independent amino acid sequence information and
annotation of the phosphorylated residue.

Membrane-associated Proteins Identified

A general survey of our flg22-induced and xylanase-in-
duced data sets shows that we identified a total of 1186
Arabidopsis proteins from our plasma membrane-enriched
fractions (Supplemental Table I). A little less then half of these
were predicted to have at least one transmembrane domain
(Fig. 4a). Comparison of the data with three other proteomics
data sets obtained from purified plasma membrane vesicles
isolated with aqueous two-phase partitioning (18, 32, 33)
showed about 80% overlap with the data set that also used
Arabidopsis suspension cells (155 of 192 reported proteins
(18)). Membrane extracts from whole plants (32, 33) show only
a 50% overlap with data presented here (169 of 304 and 54 of
104 proteins, respectively). A comparison against a recent
large scale localization study of Arabidopsis organelle pro-
teins showed an overlap of 170 proteins with our data set (41).
Of these 170 proteins 39% were classified as PM, 25% were
classified as endoplasmic reticulum, 4% were classified as
Golgi, 2% were classified as vacuolar, and another 29% were
not classified in this LOPIT (localization of organelle proteins
by isotope tagging) analysis (41). Overall this comparison
correlates well with the data presented in Fig. 2a and indicates
that our samples are highly enriched in PM proteins. In addi-

tion to the observed overlap with these four published pro-
teomics data sets (18, 32, 33, 41) we also identified a sub-
stantial number (808) of novel membrane-associated
proteins. Despite the high level of enrichment of our plasma
membrane preparations we, like Nuhse et al. (18), also did
observe a small number of potential contaminants, such as
DNA-binding proteins (Supplemental Table ).

In our data sets we identified a total of 1172 phosphopep-
tides (Fig. 4b), including 1011 new phosphopeptides, each
with one or more phosphorylated residues. We observed a
substantial overlap in identified phosphopeptides between
our two data sets (Fig. 4b). Almost 60% of all phosphopep-
tides identified in the xylanase-treated cells were also found in
the flg22-treated cells. However, there were also a consider-
able amount of phosphopeptides found in only one of the data
sets. This is likely due to the fact that MS analysis of complex
peptide samples is unlikely to give full coverage of all peptides
in the mixture. Comparison of the data with another proteom-
ics data set obtained from purified plasma membrane vesicles
isolated with aqueous two-phase partitioning and selective
phosphopeptide enrichment (18) also showed about 57%
overlap (161 of 283 phosphopeptides) (Fig. 4b).

Elicitation-induced Changes in Protein Phosphorylation

10-min exposure of Arabidopsis cells to general elicitors
resulted in significant induction of MAP kinase activity. With a
short induction time we aimed to induce only post-transla-
tional modifications and expected to limit the contribution of
transcription and translation to any observed changes in pro-
tein phosphorylation and protein abundance. We analyzed the
changes in protein abundance by calculating the ratio of each
peptide in the elicitor-treated samples versus mock-treated
samples. A total of 16,196 peak pairs were compared using
MSQuant (70), and a ratio of elicitor-treated versus mock-
treated was determined for all of these. For 1069 peptides we
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Elicitor-induced Phosphorylation in Arabidopsis

a b

TM domains Phoshopeptides discovered

1
Flg22 Xylanase
2
0 3-4
5-6 ” 51
7-8
9-10
11+

Nuhse et al.

Flg22
C 9
Unknown (7)
Unclassified (18) ——
DNA binding (1)

Protein kinase (6)

Protein phosphatase (2)
RLK (4)
— Transporter (12)

Hydrolase (2)
jProtein ubiquitination (2)
~ Signalling (8)

Electron transport (3) < 7 Defense response (4)

Secretory pathway (2

)
Cell wall biosynthesis (1)
Cytoskeleton organisation (2\
M

Phospholipid metabolism (2

Xylanase

Unknown (1) —— Vesicle transport (1)

microtuble associated (1)- —Defense response (3)

Fic. 4. Protein classifications. a, proportional representation of
transmembrane domains within proteins found in this study as pre-
dicted by TMHMM (www.cbs.dtu.dk/services/TMHMM/). b, Venn di-
agram depicting the total number of unique phosphopeptides identi-
fied in data sets from xylanase and flg22 treatment experiments
compared with the data set published by Nuhse et al. (18). c, repre-
sentation of functional protein classes of PM phosphoproteins with
significantly altered phosphorylation upon treatment with flg22 or
xylanase. TM, transmembrane.

were able to identify a ratio in both biological replicas, and 467
of these peptides had one or more phosphorylated residues.
To identify proteins that were differentially phosphorylated in
response to either flg22, xylanase, or both elicitors, we nor-
malized the ratios of the non-phosphorylated peptides and
phosphopeptides found in both biological replicas of the in-
verse labeling experiment (Fig. 5). As a result of the normal-
ization, the average ratios of non-phosphorylated peptides in
both data sets were distributed around 1. More than 96% of
non-phosphopeptides (96% for flg22 and 100% for xylanase)
had a ratio that remained within 3 standard deviations (ratio
<0.67 or ratio >1.5) of the mean (Fig. 5).This indicates that at
10 min after elicitation only a very few proteins changed in
abundance. We detected five proteins with a significant
change in abundance in both replicas in the flg22 sample
(Table 1). As none of these proteins are obvious transmem-

Log2(ratio)

Unmodified (399)

——Phos (287)
- 1 1 1 1
0% 20% 40% 60% 80% 100%
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| — |

Unmodified (203)
——Phos (180)
2 1 1 1 1
0% 20% 40% 60% 80% 100%
Distribution of ratios

Fic. 5. Ratio distribution of peptide ratios. The average ratio for
each peptide was log2-transformed and distributed in equally spaced
bins according to the ratio. The average ratio for each bin is shown on
the y axis, and the bins were ordered from low to high ratio on the x
axis. The top graph shows all unmodified peptides and phosphopep-
tides (Phos) measured in both biological replicas of the flg22-treated
cells. The bottom graph shows the same for the xylanase-treated
cells.

brane proteins, the observed change in abundance is likely
due to translocation to the plasma membrane or de novo
protein synthesis. We presuppose that translocation of pro-
tein to or from the membrane is the major contributor to this
phenomenon because dramatic increases in de novo protein
synthesis are unprecedented at 10 min after addition of an
elicitor. Translocation of cytosolic proteins to the membranes
has been reported previously in response to both race-spe-
cific and general elicitors (42, 43). Our data suggest that
translocation of these proteins to membranes is an immediate
response that may be integral to elicitor signal transduction or
elicitor-induced immediate defense response in plants. More
importantly, our data showed that the overwhelming majority
of the proteins present in both biological replicas show no
changes in abundance at 10 min after induction with elicitors
(Fig. 5).

The normalized average ratios of the phosphopeptides
were also distributed around 1, but the fraction of phos-
phopeptides with a ratio that remained within 3 standard
deviations of the mean (i.e. ratio <0.67 or ratio >1.5) was
much smaller (Fig. 5), especially for the flg22 data set (66 % for
flg22 and 93% for xylanase). This data distribution, together
with the data distribution of the non-phosphopeptides, sug-
gested that the observed ratios for the phosphopeptides are
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Elicitor-induced Phosphorylation in Arabidopsis

TaBLE |
Identified proteins with differential abundance
The presented ratios and S.E. values were calculated by averaging '*N/'®N ratios from consecutive FT-MS scans during the elution of the
individual peptide pairs and by averaging data from two biological replicas. AGI_ID, Arabidopsis Gene Index number.

Ratio .
Treatment AGI_ID Treatment/mock Annotation
flg22 At1g53840 2.56 = 0.2 Pectinesterase family protein
flg22 At4g12070 2.08 = 0.1 Expressed protein
flg22 At4g03080 1.84 £ 0.03 Kelch repeat-containing serine/threonine phosphoesterase family protein
flg22 At2g01340 0.55 = 0.003 Expressed protein
flg22 At3g63260 0.53 = 0.04 Protein kinase

almost entirely due to changes in phosphorylation status and
not due to changes in protein abundance. This was further
evaluated by comparing the ratios of the phosphopeptides to
ratios of non-phosphopeptides from the same proteins when
these were available. Of the 99 comparisons we were able to
do, only three comparisons indicated that the observed dif-
ferential ratio for the phosphopeptide could also have been
due to an increase in protein abundance (Supplemental Table
I). The three corresponding proteins (At3g26935, At2g17480,
and At1g45688) were therefore not considered to be differen-
tially phosphorylated. Together the distribution analysis and
the ratio comparison show that the vast majority of differential
ratios for the phosphopeptides are caused by differential
phosphorylation of the corresponding proteins.

Differential Protein Phosphorylation

From our two data sets we identified 472 proteins that were
phosphorylated on one or more residues. The majority of
these proteins were not identified previously as phosphopro-
teins. When compared with the only other large scale protein
phosphorylation analysis study (18) we found a significant
number of proteins present in their data set that are also
present as phosphoproteins in our data set. This was antici-
pated as Nuhse et al. (18) extracted phosphopeptides from
uninduced cells combined with cells induced with flg22 for 8
min. However, these authors were unable to distinguish be-
tween phosphorylated residues from untreated and elicitor-
induced cells. Using our metabolic labeling strategy we could
identify one or more differentially phosphorylated residues in
at least 98 phosphopeptides corresponding to 76 proteins
(Table Il). We considered peptides to be differentially phos-
phorylated when we were able to identify the corresponding
phosphopeptides in both biological replicas and when these
phosphopeptides had a normalized ratio that was at least 3
standard deviations away from the mean (ratio <0.67 or ratio
>1.5; Fig. 6). These selection criteria (outlined in Fig. 6) were
used to ensure that we obtained high confidence data sets
with differentially phosphorylated peptides. A further measure
of the confidence level of these data sets is the consistent
reproducibility of the ratios in the two biological replicas as
visualized in a x-y scatter plot (Fig. 7). Overall the ratios from
biological replica 1 match the amplitude and direction of

change of the ratios from biological replica 2 for both elicitor
treatments with only a few outliers in each set. Furthermore
this consistent reproducibility is also evident from the small
S.E. values of the ratios in Table Il. Functional classification of
the differentially phosphorylated proteins identified a substan-
tial number of proteins involved in signal transduction. These
include ion channels, calcium ATPases, calmodulins, protein
kinases, protein phosphatases, and receptor-like kinases (Fig.
4c and Table lI).

A substantial number (12 of 76) of the differentially phos-
phorylated proteins are enzymes involved in protein phospho-
rylation/dephosphorylation, including members of different
families of kinases, receptor-like kinases (RLKs) and protein
phosphatases (Fig. 4c). Among these we could identify pro-
teins that have been implicated previously in defense re-
sponses. One such example is Botrytis-Induced Kinasel
(BIK1; At2g39660), which codes a membrane-anchored pro-
tein kinase that was shown recently to be required for basal
defense (44). In the present study we showed that this protein
is phosphorylated on Ser-18 and dephosphorylated at Ser-28
in response to flg22, suggesting that the changes in phos-
phorylation status of these residues are important for elicitor-
induced activation and by inference for basal defense.

Our screen identified at least three CDPKs (At1g18890,
At5g19450, and At5g12480) that are differentially phospho-
rylated in response to flg22 (Table Il and Supplemental Table
Il). Previously CDPKs have been shown be activated in re-
sponse to fungal elicitors in french bean cells (45) and in
Nicotiana benthamiana in response to race-specific elicitor
(46). The fact that three different CDPKs were differentially
phosphorylated in response to flg22 points to the central role
this class of protein kinases plays in defense signal transduc-
tion. It is also interesting to note that four RLKs (At5g67200,
At1g27190, At2g26730, and At4g03390) were differentially
phosphorylated in response to flg22 (Table Il). These four
RLKs do not include FLS2 (At5g46330), the RLK that is re-
quired for flg22 perception. We did not identify any phos-
phopeptides corresponding to FLS2, although we did identify
one non-phosphorylated FLS2 peptide in our data set. Phos-
phorylated FLS2 is rapidly internalized and degraded upon
flg22 binding as recently described by Robatzek et al. (47).
Perhaps this prevented detection of FLS2 phosphopeptides in
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Elicitor-induced Phosphorylation in Arabidopsis

TaBLE Il
Identified differentially requlated phosphopeptides

The presented ratios and S.E. values were calculated by averaging '*N/'®N ratios from consecutive FT-MS scans during the elution of the
individual peptide pairs and by averaging data from two biological replicas. Capital letters in the peptide sequence column indicate amino
acids, and lower case p indicates phosphorylation of the Ser or Thr residue that follows. Rows in gray indicate phosphopeptides up-regulated
by xylanase as well as flg22. Phosphorylated residues were predicted by Mascot and manually validated. AGI_ID, Arabidopsis Gene Index
number; pT, phosphothreonine.

At1g01540 . ADFASAAIApTPPISK 0.82+0.18 | 0. 52 + 0 04 proteln ki'lase famlry ptoteln

| At1g05150 | ADNNNNNVDAFpSDAGWSR T ;”z_sé:o %5 | calcium-binding EF hand family protein
| At1go7630 SSGPNLG;%EEER o 2421005 | protein phosphatase 2C family protein
| Atgis210 | | NMEDIFNTpSSR ' 1312037 | 227:006 -  ABC transporter family protein ]
T_Aﬁgﬁs_aém VSGPLDPSSGLMK "M'm_“"_{1_3_;635"“-z 174£055 | merozoite surface protein-related
Rfiaééiid‘ ] SGPLV_AE:EéEEs_vaK 083£007 | 0512005 T proteinkinase famiy protein |
Al1g18890 SLpSlNLMK 1192008 2512039 ATCDPK1 fg:g;‘:';fep"“"““‘ protein kinase 1 |
| At1g27190 | HGVPSEHYDEFPLVFNK ' ' ' 1.61£038 ',:.‘::gf ~fich repeat transmembrane protein |
An g30440 pSGGWGGPNEGGGGGGGWATAVR 0824009 | 1832035 gm:"m responsive NPH3 family
Angaoaso SApSFKEESDFFADLK . T 153:017 R SEC14 éﬁds&icfactorfamﬂy '
- e e e |
L e jonsene 1 & I
| Atg53500 KEEFLIGSIEEESQSQpSPR 195£043 c2 domallH:ontalmng protein
e SN — .
(AGS610 | AAAASSWSDNSGTESpSPR | 205%021 | | ADLS  dynamindike protein
| PEN3 ABC transporter famly protein (PENS)

| At1g59870 NIEDIFp{SS}GpSRR  1.53£0.14

] _ | a~a  secretory carrier membrane protein
(AIGBI2R0 | LpSPLPPEPVGFOYSR | osso0s | sc3  OREReRO
| At1g62320  p[SSJPVNSGAFVSK 055£007 | Sty sesponels o dehydration protein-

RN ; " — ; i !
At 966450 TVpSDVTIGR 207+0.06 expressed protein
At1g68720 VLF'QEAPSLHQVEVGQTpSPR i 2124017 | :’;‘fg{f’dmwma deaminase family
' FHYQSGGSGGGGGAHYPAPNPGMF ! 5 i i :
. At1973590 PSPNTGGGGGTAAK . 0.65 + 0.09 : PIN1 auxin efflux carrier protein
At1g73590 Gp[SSJFNHTDFYSMMASGGGR 1.54 +£0.21 PIN1 auxin efflux carrier protein
At1g73590 g:gFF;RPPSNYEEDGGPAKPTAAGTM 0.66 £ 0.11 PIN1 auxin efflux carrier protein
At1g76660 SEADLDSQVVDFQpSPK 1.87 £ 0.44 expressed protein
At1g77110 Dp(TTIPVAAIGK 0431005 | PING auxin transport protein
: mechanosensitive ion channel domain-
. At1g78610 GLTPVSEpSPRVSpTK . 0.89+0.05 0.66 + 0.07 . containing protein
At2g01680 AVpSDIKHEVQSQLLQNEK 1.56£0.09 | ankyrin repeat family protein
At2g15760 p[TSJFSAADELFDGGK 0.38+0.01 Calmodulin-binding protein
At2g18960 GLDIDTAGHHYpTY 0.94+0.18 0.33 £ 0.01 AHA1 ATPase 1
| | YQSHpSFD'DGEINPFAN'F'TSVF'AATS ' ' | secretory carrier membrane protein
| Ategelodl | g _ A8 0.0% (SCAMP) family protein
At2g23140 PSGPLAATTSAATR 2.38 +0.39 zg:idr:llo/bet&catemn repeat family
At2g26730 = GSEGQTPPGEpSRTPPR 0.59 + 0.04 Eg:‘s":‘”c“ repeat transmembrans protein
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At2g28070
At2932450

At2g33490

At2g35350
At2g35350
At2g36330

At2g36910

At2g38480

At2g39660

| At2g39660

At2g43680

| At2g43680

At2g43680

At2g43680

At2g43680

At2g45820

At2g45820

At3g05200

At3g07540

At3g09070

At3g17650

At3g22180

At3g27390

At3g28345

At3g28850

| At3g29360

At3g46290

At3g48760

At4g03390

At4g08330
Atdg13510

Atd4g19930

Atdg24630

Atdg29900

Atdg30190

At4g32410
At5g02620
At5g03700
At5g05170
At5g05170

MNSGSMApSPPVPEGGAGTGVVR
VDNNNVDAFSEAGWpPSR

VSSpSPTASPTFVSTPK

GATpSGPLDPPAGEISR

SGLFMpSGPIER

TMPSMpSPSSVSTEK

FTHTQVIGMTSGSp[SSR

TSEPpTPASGTSTITQR

p[SSIDLYGLSLSSR
SSDLYGLSLpSSR
GASPQAISpSKPPpSPR

GASPQAISSKPPpSPR

LDAPRPpTTPKPPpSPR

SLpSPKPPpSPR

TLSPKPPpSPR
ALAVVEKPIEEHPTPK

| VDVEpSPAVLAPAKEPTPAPVEVADE
K

TNpSLLVLPR
SLFLSSTSApSPAR

ApSWDGSLIGR

TSFpTLEEDPHASPLSPK

NYDETGpSQLQASPSVVSR
KDEEPTPFpSGPVPR

SSpSANSVTGPSTIK

SFpSFDVGPNGGK

FDWDHPLHLQPMpSPTTVK

FEESpSIDDLSGVSMSK

TVNGGMSpSPSLQK

VTVMPIIpSPERPVK

. APEYALVTQNpSDPTSPR
HGGFAYMYFDDDEpSHK

VPpSFIQR
QpTPSVQIPR

- GEDKDVEAGpPTSSFTEYEDSPFDIAST |

K
GLDIETPpSHYTV

NAISpSPYIDPR

SSPASMMpSDPELADSK

NLGSDpSFNSVEMSR
| HTDp[ST]VPVFNLDDIEEGVEGAGFD
DEK

QDTSGEFSAApSPER

TABLE ll—continued

1.01+0.01

0.78+0.1

. 1.12 £ 0.01
146 +0.22
132026

1 1.03£0.15

1.47 +£0.27
1.26 £ 0.01

0.77 £ 0.01

0.85+0.07

0.85+0.01

142+ 041

0.88+0

1.13+£0

1.21+£02
1+£013

0.81+0.03
0.88+0.13
| 0.8940.29

0.62 £ 0.07
214 +£0.37

0.39 £ 0.08

1.556+0.23
3.09+0.16

0.46 £ 0.02

| 153£007 | ATPGP1

. 0.48 £0.05 .

. 2.28+0.14 I BIK1
0365£004  BIKI

216 £0.22

1.87 £0.12

1.54+0.18
1.58 £ 0.08

1.81+0.17
3.26+0.26

1.77 £ 0.46

3.74 £0.57 ATLG

0.43+£0.04

0.64 + 0.07

1.52 £ 0.01

0.52 £ 0.07

6.8+1.21

0.61+0.02

052+0

| 1.82+023
1.73+£0.04
0.650.09

0.62 £ 0.04

0.63 £ 0.05

328+145 | AMT1

1.51+0.13

0.56 £ 0.02

1.84+039 | ACA10

0.47 £ 0.06 AHAZ2

- 040 CESA1
- 0.63 £ 0.01 .

- 0.27 £ 0.1

- 0.63+0.21 . CESA3
. 0.6 +0.04 CESA3

ABC transporter family protein

calcium-binding EF hand family protein

hydroxyproline-rich glycoprotein family
protein

protein phosphatase 2C family protein
protein phosphatase 2C family protein
integral rﬁemﬁmne protein -
multidrug resistance P-glycoprotein
integral membrane protein

protein kinase

protein kinase

calmodulin-binding family protein
calmodulin-binding family protein
calmodulin-binding family protein
calmodulin-binding family protein
calmodulin-binding family protein
DNA-binding protein

DNA-binding protein

zinc finger family protein (ATLE)

formin homology 2 domain-containing
protein

glycine-rich protein

oligopeptide transporter OPT family
protein

zinc finger (DHHC type) family protein
expressed protein

ABC transporter family protein
glutaredoxin family protein
UDP-glucose 6-dehydrogenase
protein kinase “ -

zinc finger (DHHC type) family protein

leucine-rich repeat transmembrane protein

kinase
expressed protein

ammonium transporter 1

F-box family protein

zinc finger (DHHC type) family protein
calcium-transporting ATPase

ATPase 2

cellulose synthase

ankyrin repeat family protein

PAN domain-containing protein
cellulose synthase

cellulose synthase
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TABLE Il— continued

i

At5g10470 SMAVSTQVLpSPSLR 2.01£0.01

At5g12080 PSVGSPAPVYTPSK
. At5g12080 SVGpSPAPVTPSK
. At5g12480 . NNPFYpSNEYATTDR . 1.09+£0.09
. At5g23450 . KQApSSELFSVPIDTPPELVFR
At5g39865 | GGLPSPVIVPR
At5g40300 QDQSpSPINFEMSSR 0.96 £ 0.03
At5g41620 AVpTPSSSLEFR 0.99+0.19
At5g47910 GAFpSGPLGRPK 1.76 £ 0.29
| At5g47910  ILpSQMLSQK  2.06%026
. At5g47910 RPpSPAVR .
| At5g47910  TSpSAAIHALK 1.66£0.11
At5g48800  INpSGALSATMSPK 112+ 0.04
. At5g48800 INSGALSATMpSPK . 0.79 £ 0.02
. At5g50020 QpTPTVQIPR .
At5g61740 QNpSENVLIDMEK . 1.29 + 0.07
| AlGg65660  LTVDVQpTPPQpSPPVKPAR
| At5g67200  IPNPSGNLVFCGESR 1.0320.02
. At5gB7470 FGSAPTTAASRpSPEMK

our study and resulted in detection of unmodified FLS2 only.
However, it is equally likely that we could not detect the FLS2
phosphopeptides due to incomplete (phospho-)peptide cov-
erage. Nevertheless what could be the significance of the
observed increased phosphorylation of multiple other RLKs?
By phosphorylating multiple RLKs in response to the percep-
tion of flg22, the cell may prepare for the perception of other
general elicitors and go into a primed state that will allow a
faster defense response resulting in enhanced resistance.
flg22 was recently shown to induce enhanced resistance to P.
syringae pv. tomato DC3000 in Arabidopsis plants with a
functional FLS2 protein (5). Priming of basal defense has been
described previously for resistance induced by root-coloniz-
ing non-pathogenic pseudomonads in Arabidopsis (48, 49).
Several bacterial determinants inducing induced systemic re-
sistance-like resistance in Arabidopsis have been described
previously and include lipopolysaccharide and flagellin isolated
from induced systemic resistance-inducing pseudomonads
(50). However the molecular mechanism behind this priming for
enhanced resistance has so far not been elucidated. We pos-
tulate that perception of a general elicitor like flg22 induces local
priming through the phosphorylation of multiple RLKs resulting
in enhanced RLK-mediated detection of pathogens that ulti-
mately leads to the described enhanced defense response (5).

kinesin motor protein-related
mechanosensitive ion channel domain-

£30£0.26 containing prolt.jein . i
0.66 + 0.02 | ‘:“ée;r;g;r;sgs%r;z?é\;: ion channel domain-
15+0.04 | CPK7 ;almodulin-domain protein kinase isoform
2061021 . ATLCBK1 diacylglycerol kinase family protein

0.36 £ 0.07 I glutaredoxin family protein

0.39+0.02 integral membrane protein

1.69 + 0.45 | expressed protein

3074053  RBOHD respiratory burst oxidase protein D
552£107  RBOMD respiratory burst oxidase protein D
3.2+0.16 . RBOHD respiratory burst oxidase protein D
372:04  RBOMD respiratory burst oxidase protein D

287 +0.45 Fp)l:;:;:\mplc-reSponswe NPH3 family

0.47 + 0.04 g:l;tecir:oplc-responswe NPH3 family

0.44 £ 0.04 zinc finger (DHHC type) family protein
1.6+£0.31 I ATATH14 ABC transporter family protein

200 +0.42 ;g:treoi;;yprohne-rlch glycoprotein family
1,69 +0.43 Es:lsnee-nch repeat transmembrane protein
0.61+ 0.01 E:lrrorI\;?nhomology 2 domain-containing

Other proteins that were differentially phosphorylated and
have an established link with defense response include the
respiratory oxidative burst proteins RBOHD, ABC transporter
PEN3 (At1g59870), and cellulose synthase CESA3
(At5g05170). Most proteins identified as differentially phos-
phorylated in this study, however, have no known link with
defense responses or have been characterized previously to
be involved in other signaling pathways or responses. Among
these are a number of proteins that are involved in mediating
auxin response, including PIN1 (At1g73590), PING6
(At1g77110), AIR9 (At2g34680), and ABC transporter PGP1
(At2g36910). From our data it is not apparent what the phys-
iological significance of the differential phosphorylation of
these proteins is; however, recently flg22 has been shown to
modulate auxin response. In Arabidopsis suspension cells
and seedlings a 60-min induction with flg22 has been shown
to cause down-regulation of many auxin signaling-related
genes (6). Furthermore down-regulation of auxin signaling
was shown to enhance resistance to virulent Pseudomonas,
suggesting that down-regulation of the auxin signaling is part
of the plant immune response (51). It was suggested by the
authors that flg22-mediated down-regulation of auxin re-
sponses could be responsible for the flg22-induced growth
inhibition in Arabidopsis seedling roots (3). It has been re-
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FiG. 6. Selection criteria for differential phosphorylation sites. A
flow diagram shows the stringent selection of differential phospho-
rylation sites from the phosphopeptide data sets of both biological
replicas. Phosphorylation sites that were identified in both biological
replicas were selected, and the corresponding ratio between the light
and heavy isotope isoforms of the phosphopeptides was determined.
The data were subsequently normalized, and differential up- or down-
regulation was determined by applying a cutoff that was 3 standard
deviations (3%XS.D.) away from the normalized mean ratio of 1.

ported previously that activation of a MAPK pathway involving
MAPK kinase kinase NPK1 and unidentified MAPKs nega-
tively regulates auxin-responsive gene expression in Arabi-
dopsis (52). Because flg22 induces the activation of multiple
MAPK activities, the differentially phosphorylated auxin re-
sponse proteins may be direct or indirect targets of MAP
kinases. MAP kinases phosphorylate serine or threonine res-
idues followed by a proline in both plant and animal systems
(53, 54). Three of the differentially phosphorylated auxin signal-
ing proteins (PIN1, PING, and AIR9) have phosphorylated Ser or
Thr residues followed by Pro (Table Il and Supplemental Table
II), suggesting that these proteins may qualify as direct MAPK
targets. Thus, MAPK-dependent flg22-induced phosphorylation
of one or more of these auxin signaling proteins could possibly
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Fic. 7. Correlation of the relative quantification of phosphoryl-
ation of individual peptides between biological replicas. Shown
are x-y scatter plots of the ratios (elicitor-treated/mock-treated) for all
phosphopeptides for which two biological repeats were observed.
Data are shown separately for the two elicitor treatments. x value, log
(base 2)-transformed ratio for replicate 1 ("*N elicitor-treated sample,
N mock-treated sample). y value, log (base 2)-transformed ratio for
replicate 2 (*°N elicitor-treated sample, "*N mock-treated sample).
Phosphopeptides considered to be significantly differentially phos-
phorylated are shown as open circles; non-differentially phosphoryl-
ated peptides are shown as solid dots. The dotted line shows maxi-
mum correlation between x and y values (y = ax + b,a =1, b = 0).

play a role in the negative regulation of auxin signaling in
Arabidopsis to enhance the plants immune response.
In addition to the elicitor-induced phosphorylation de-
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Elicitor-induced Phosphorylation in Arabidopsis

scribed above we also detected elicitor-induced dephospho-
rylation of a substantial number of proteins. Most notably, two
H"-ATPases (At2g18960 and At4g30190) showed a 2-fold
reduction in phosphorylation upon flg22 treatment. Further-
more two cellulose synthase proteins, CESA1 and CESA3
(At4g32410 and At5g05170), were also dephosphorylated in
response to flg22 (Table Il). In almost all of these proteins,
other non-phosphorylated peptides were also detected and
showed no change in abundance (Supplemental Table ll),
indicating that these proteins are dephosphorylated in re-
sponse to elicitor. Previously a reduction in CESA3 levels or
CESAS activity was shown to induce jasmonate and ethylene
accumulation and invoke defense gene expression in Arabi-
dopsis (55, 56) linking reductions in cellulose synthesis to
defense responses. Because perception of flg22 also induces
the deposition of callose in Arabidopsis seedlings (3) the
observed dephosphorylation of CESA proteins could indicate
that the modulation of cellulose synthesis is related to a
switch to defensive callose synthesis.

Overlap in flg22- and Xylanase-induced Phosphorylation

We detected 76 proteins in both biological replicas that
showed differential phosphorylation upon treatment with ei-
ther xylanase or flg22. Significantly three of the six proteins
that were differentially phosphorylated in response to xyla-
nase were also differentially phosphorylated in response to
flg22 (Table I, highlighted in gray). An additional 53 proteins
were identified that were potentially differentially phosphoryl-
ated in response to xylanase, and 19 of these were also
potentially differentially phosphorylated in response to flg22
(Supplemental Table Ill). However, the corresponding 61
phosphopeptides could not be verified in both biological rep-
licas. This could be due to technical limitations as MS analysis
of complex peptide mixtures results in partial coverage of the
sample and preferential detection of some peptides but not
others. However, two of the three differentially phosphoryla-
ted proteins (PEN3 and RBOHD) have well established links to
defense responses, and their differential phosphorylation in
response to both elicitors indicates their conserved function in
different defense signal transduction cascades. The ABC
transporter PEN3 was originally isolated as a mutant locus
that permitted penetration and infection by non-adapted fungi
(57). This protein was differentially phosphorylated on two
residues in response to both elicitors. Significantly a related
ABC transporter (At1g15210) was also differentially phospho-
rylated in response to flg22 on an almost identical location.
Recently it has been suggested that PEN3/PDR8 protein func-
tions to export toxic compounds at the site of pathogen
infection (58), and the phosphorylation sites we identified here
may very well be involved in the activation of PEN3-like ABC
transporters in response to general elicitor perception.

Elicitor-induced Differential Phosphorylation of Proteins
Involved in Defense Responses

Oxidative Burst Proteins—The majority of the differentially
phosphorylated proteins we identified have no experimentally
defined function. However, a small number of the proteins we
identified as differentially phosphorylated in response to flg22
or xylanase have been described previously as required for
defense signaling or defense response. One of these proteins
is the respiratory oxidative burst protein RBOHD. Respiratory
oxidative burst is defined as the production of apoplastic
reactive oxygen intermediates (ROlIs), which is mediated by
NADPH oxidases and apoplastic peroxidase, and is a hall-
mark of successful pathogen recognition in plants (16, 59, 60).
NADPH oxidases, represented in a small family in Arabidopsis
(AtRbohA-J), are implicated as one of the sources of ROI
production. Rboh genes are transcriptionally up-regulated
upon pathogen attack, and antisense reduction of RBOH in
Nicotiana led to reduced production of ROIs and higher sus-
ceptibility to infection. Although ROIs were originally proposed
to orchestrate cell death upon infection (61), recent evidence
showed that mutations in AtRbohD and AtRbohF, required for
ROI production in Arabidopsis leaves, have only a small
effect on the hypersensitive response, and ROI production
can even suppress cell death rather than induce it (59, 62).

In response to flg22, Arabidopsis leaves with functional
FLS2 produce reactive oxygen species within minutes, and
this oxidative burst peaks around 10 min (3). In response to a
10-min incubation with flg22 and xylanase we observed phos-
phorylation on seven different residues in RBOHD (Fig. 8a),
three of which showed increased phosphorylation upon xyla-
nase and flg22 treatment. As multiple non-phosphorylated
peptides were also detected for this protein, the changes in
phosphorylation can safely be attributed to phosphorylation
rather than increased amount of protein. In general, both
elicitors induce phosphorylation at similar locations, although
flg22 tends to induce a stronger quantitative phosphorylation.
These data show that RBOHD is very tightly regulated by
phosphorylation as many residues were differentially phos-
phorylated in response to flg22 or xylanase, and three resi-
dues were differentially phosphorylated in response to both. A
further four potential differentially phosphorylated residues
were identified in one biological replica (Supplemental Table
Il) but could not be verified in the other biological replica.
Detailed characterization of RBOHD point mutation versions
of the protein expressed in a rbohd mutant background will be
required to fully characterize the significance of the differen-
tially phosphorylated residues in response to general elicitors
or pathogen infection. Because there are multiple residues in
RBOHD that become quantitatively phosphorylated in re-
sponse to general elicitors it is likely that the activity of
RBOHD is regulated by several different kinases acting in
sequential or parallel pathways activated in response to gen-
eral elicitor perception.
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Fic. 8. Differentially phosphorylated defense response pro-
teins. a, schematic representation of identified locations of phospho-
rylation on the respiratory burst oxidase protein RBOHD. White dia-
monds indicate transmembrane regions (TM). Block arrows indicate
peptides without modifications. Triangles indicate differentially phos-
phorylated residues. Numbers indicate average and S.E. of the dif-
ference in abundance of the "N and '°N signals from the peptide
containing the phosphorylation site. b, schematic representation of
identified locations of phosphorylation on the syntaxin SYP122. Tri-
angles represent phosphorylated residues. Numbers indicate average
and S.E. of the difference in abundance of the "N and '°N signals
from the peptide containing the phosphorylation site.

Syntaxins and Other Vesicle Traffic-related Proteins—An-
other class of proteins associated with defense response and
differentially phosphorylated in response to flg22 is syntaxins.
Syntaxin SYP121 (At3g11820), also known as PENT, is re-
quired for non-host resistance against non-adapted fungi.
Non-host resistance to non-adapted fungi was shown re-
cently to be comprised of pre- and postinvasion defense (63).
The postinvasion defense is dependent on the EDS1-PAD4-
SAG101 signaling complex, whereas preinvasion defensive
layers where shown to require PEN1, PEN2, and PENS3. Lipka
et al. (63) suggested that both preinvasion defense and post-
invasion defense are probably inducible upon pathogen per-
ception and may be mediated through pathogen-associated
molecular pattern or general elicitor receptors. This was in
part based on the observation that PEN1, PEN2, and PEN3
expression is induced in response to flg22 perception (5). Our
data on differential phosphorylation of ABC transporter PEN3/
PDRS8 in response to both flg22 and xylanase suggest that
preinvasion defense may also be regulated at the post-trans-
lational level. Furthermore we found that SYP121/PEN1 is
also phosphorylated on the N terminus (Ser-7) upon flg22
treatment (Supplemental Table Ill; 1.3-fold increase but sta-
tistically significant when corrected for the ratios of other
peptides from the same protein, p < 0.01). Phosphorylation of

the same peptide was not increased upon xylanase treatment
(ratio of 1.1). For a related syntaxin, SYP122 (At3g52400), we
identified three phosphorylated peptides with a total of four
phosphorylation sites in the flg22-treated cells (Fig. 8b). Syn-
taxin SYP122 was shown previously to be phosphorylated on
a specific residue (Ser-18) in response to flg22 treatment (64).
We also observed a differentially phosphorylated peptide in
which two residues (Ser-18 and Ser-22) were phosphorylated
(ratio of 1.8; Supplemental Table Ill). In addition, we also
observed a phosphopeptide in which only Ser-18 was phos-
phorylated, but this peptide did not have a differential ratio
(0.85). This suggests that, under our conditions, Ser-18 may
not be differentially phosphorylated in response to flg22 but
that it is Ser-22 that becomes phosphorylated in response to
flg22.

SYP121 and SYP122 encode soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) domain-
containing and plasma membrane-resident syntaxins, which
become recruited into plasma membrane microdomains be-
neath incipient fungal entry sites (65, 66). PEN1 was originally
isolated as a mediator in fungal penetration and was reported
recently to have a basal function in secretion and a special-
ized defense-related function (57, 65). Because SNARE pro-
teins play a key role in vesicle trafficking in eukaryotic cells,
these findings have been interpreted as evidence for the
existence of a vesicle-associated resistance mechanism pre-
venting powdery mildew ingress (63). In addition to SYP121
and SYP122 we also identified other proteins involved in
vesicle transport to be differentially phosphorylated in re-
sponse to flg22 and or xylanase. Both elicitors induced phos-
phorylation of a kinesin motor protein (At5g10470) (Table I
and Supplemental Table Ill), and a second kinesin
(At1g21730) was also phosphorylated in response to xylanase
treatment (Supplemental Table lll). Kinesin motor proteins
have been described to be involved in vesicle transport along
microtubules (67). Furthermore the dynamin-like protein ADL3
(At1g59610) was also phosphorylated in response to xylanase
(Table 1I), and ADL6 (At1g10290) was phosphorylated in re-
sponse to flg22 (Supplemental Table lll). Dynamins are mech-
anochemical GTPases that form multimeric rings around the
necks of budding clathrin-coated vesicles (Ref. 68 and refer-
ences therein).

Taken together, the data on differential phosphorylation of
vesicle transport-associated proteins implicate vesicle traffic
as an important response upon general elicitor perception,
and some of these proteins may turn out to be part of the
preinvasive defensive layer described by Lipka et al. (63). The
recently reported ligand-induced endocytosis of the receptor
FLS2 (47) further illustrates the importance of vesicle traffic in
elicitor-induced responses. flg22 binding induces the internal-
ization of FLS2 and its subsequent degradation, and this
process is dependent on protein kinase activity. We did not
observe any changes in FLS2 protein abundance (ratio of 1.0)
in our experiments, but this may be due to the earlier time
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point (10 min) we chose as compared with the earliest time
(20-40 min) reported for FLS2 internalization (47). However,
our combined data point to the phosphorylation-dependent
regulation of endocytosis and vesicle traffic in response to
general elicitor perception.

Conclusion

Using a stable isotope metabolic labeling strategy com-
bined with selective purification of phosphopeptides and LC-
MS/MS we were able to identify a large number of protein
phosphorylation events in Arabidopsis cells. With this newly
established method we identified novel phosphorylation sites
in many PM-associated proteins and showed that some of
these are differentially phosphorylated in response to general
elicitors. These differentially phosphorylated proteins are all
potential new signal transduction components or early re-
sponse regulators and provide a wealth of information on
early signaling and response in Arabidopsis cells. Functional
analysis of these proteins by site-directed mutagenesis of the
identified phosphorylation residues or reverse genetic ap-
proaches will now be required to validate their role in elicitor
signaling. Our strategy can also be applied to other stress
conditions or responses to environmental changes to identify
possible early signal transduction proteins thereby elucidating
other signal transduction networks in plants. Our study has
provided the largest quantitative Arabidopsis phosphopro-
teomics data set to date and reveals that the plant’s early
response at the protein level is primarily at the level of post-
translational modifications. By just zooming in on (de-)phos-
phorylation the data set reveals that the response to an elicitor
by the plant is a complex multifaceted interplay of many
signaling pathways, indicating that a comprehensive system
biology approach is needed to understand the full mechanism.
Quantitative phosphoproteomics as described in this study is a
novel tool that can complement ongoing genomics and reverse
genetic approaches to identify the molecular mechanism of
regulation of newly discovered and established plant signal
transduction components and early response proteins.
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