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Stable Isotope Metabolic Labeling-based
Quantitative Phosphoproteomic Analysis of
Arabidopsis Mutants Reveals Ethylene-
regulated Time-dependent Phosphoproteins
and Putative Substrates of Constitutive Triple

Response 1 Kinase*s

Zhu Yangt§, Guangyu Guot1§, Manyu Zhangt, Claire Y. Liuf, Qin Hut, Henry Lam(q],
Han Cheng|, Yu Xue|, Jiayang Li**, and Ning Lit $$

Ethylene is an important plant hormone that regulates
numerous cellular processes and stress responses. The
mode of action of ethylene is both dose- and time-de-
pendent. Protein phosphorylation plays a key role in
ethylene signaling, which is mediated by the activities of
ethylene receptors, constitutive triple response 1 (CTR1)
kinase, and phosphatase. To address how ethylene alters
the cellular protein phosphorylation profile in a time-de-
pendent manner, differential and quantitative phosphopro-
teomics based on '°N stable isotope labeling in Arabidopsis
was performed on both one-minute ethylene-treated Arabi-
dopsis ethylene-overly-sensitive loss-of-function mutant
ren1-1, deficient in PP2A phosphatase activity, and a pair of
long-term ethylene-treated wild-type and loss-of-function
ethylene signaling ctr1-1 mutants, deficient in mitogen-ac-
tivated kinase kinase kinase activity. In total, 1079 phospho-
peptides were identified, among which 44 were novel.
Several one-minute ethylene-regulated phosphoproteins
were found from the rcn1-1. Bioinformatic analysis of the
ren1-1 phosphoproteome predicted nine phosphopro-
teins as the putative substrates for PP2A phosphatase. In
addition, from CTR1 kinase-enhanced phosphosites, we
also found putative CTR1 kinase substrates including
plastid transcriptionally active protein and calcium-sens-
ing receptor. These regulatory proteins are phosphory-
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lated in the presence of ethylene. Analysis of ethylene-
regulated phosphosites using the group-based prediction
system with a protein-protein interaction filter revealed a
total of 14 kinase-substrate relationships that may func-
tion in both CTR1 kinase- and PP2A phosphatase-medi-
ated phosphor-relay pathways. Finally, several ethylene-
regulated post-translational modification network models
have been built using molecular systems biology tools. It
is proposed that ethylene regulates the phosphorylation
of arginine/serine-rich splicing factor 41, plasma mem-
brane intrinsic protein 2A, light harvesting chlorophyll A/B
binding protein 1.1, and flowering bHLH 3 proteins in a
dual-and-opposing fashion. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M113.031633, 3559-3582, 2013.

Ethylene is a volatile plant hormone that regulates versatile
molecular and physiological processes in higher plants (1).
The perception of this gaseous two-carbon hormone is
achieved by a group of membrane-associated dimeric ethyl-
ene receptors that resemble bacterial two-component signal-
ing systems and are composed of hybrid histidine (or aspartic
acid) kinases, a histidine-containing phosphor-transfer do-
main, and response regulators (2). These receptors are made
of two membrane-bound protein subunits cross-linked at the
N-terminal region through two disulfide bonds (3). In Arabi-
dopsis, there are five different ethylene receptor subunits:
ethylene response 1, ethylene response 2, ethylene insensi-
tive 4 (EIN4)," ethylene response sensor 1, and ethylene re-

' The abbreviations used are: ACC, aminocyclopropane-1-carboxylic
acid; ACN, acetonitrile; CIPK1, CBL-interacting protein kinase 1;
CTR1, constitutive triple response 1; eer7-1, enhanced ethylene re-
sponse 1; EIN, ethylene insensitive; FBH3, flowering bHLH 3 protein;
FDR, false discovery rate; GPS, group-based prediction system;
HMG, high mobility group; IMAC, immobilized metal-ion-affinity chro-
matography; iTRAQ, isobaric tag for relative and absolute quantita-
tion; LHCB, light harvetsting chlorophyll A/B binding protein;
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sponse sensor 2, each of which is encoded by an ethylene
receptor gene of unique DNA sequence and structure (4).
Ethylene gas binds to a pair of cross-linked transmembrane
domains in a receptor with the help of an incorporated copper
ion (5). The physical interaction of ethylene molecules with
receptor complexes somehow induces inactivation of the
negative regulation of another downstream signaling compo-
nent, constitutive triple response 1 (CTR1) (AT5G03730) (6).
This ethylene-signaling component has been perceived as a
Raf-like Ser/Thr protein kinase, a putative mitogen-activated
protein kinase kinase kinase (MAPKKK) (6, 7), and its primary
function in the ethylene signal-transduction pathway has been
defined as a negative regulator of ethylene responses accord-
ing to molecular genetic studies (8). CRT1 physically interacts
with both ethylene receptors (9, 10) and a downstream posi-
tive regulator of ethylene response, EIN2 (11, 12), and it
directly inhibits the molecular function of EIN2 in ethylene
signaling by phosphorylating EIN2 (12), which was identified as
an endoplasmic reticulum (ER) membrane-localized natural
resistance-associated macrophage protein homolog (13).
When ethylene binds to ethylene receptors, the negative reg-
ulation of ethylene signaling output from CTR1 is reduced,
dephosphorylation of EIN2 occurs, and the C terminus of
EIN2 is subsequently cleaved from the putative metal ion
channel and translocated into the nucleus to initiate the acti-
vation of transcriptional cascades for most ethylene-respon-
sive gene expression (11). The EIN2 C-terminus-activated
EIN3 and ethylene insensitive 3-like 1 ethylene response tran-
scription factors (14-16) consequently orchestrate combina-
torial control over the transcriptional activities of a large num-
ber of ethylene response factor proteins (17) that lead to plant
ethylene responses.

Given the established ethylene-signaling pathway, an
emerging and pressing issue is how to deploy the current
mechanistic paradigm of ethylene signaling to address di-
verse ethylene responses in plants (18, 19). The mode of
ethylene action is dose-dependent in Arabidopsis (20, 21),
and its response to ethylene is achieved over a wide range of
concentrations (22). At lower concentrations, ethylene pro-
motes both gravicurvature of inflorescence stem and elonga-
tion of etiolated seedlings of Arabidopsis (20, 23), whereas at
higher concentrations it inhibits both gravicurvature and elon-
gation of the etiolated seedlings (21, 23). In addition, plant
responses to ethylene are also time-dependent (20, 23, 24). A
short-term exposure to ethylene inhibits gravicurvature of in-
florescence stem in Arabidopsis, whereas a long-term pre-
treatment, regardless of the concentration of ethylene, stim-

MAPKKK, mitogen-activated protein kinase kinase kinase; PIP,
plasma membrane intrinsic protein; PPI, protein—protein interaction;
PP2A, protein phosphatase 2A; PTAC16, plastic transcriptionally ac-
tive 16; PTM, post-translational modification; RCN1, roots curl in
naphthylphthalamic acid 1; SILIA, "®N stable isotope labeling in Ara-
bidopsis; STN, state transition.

ulates gravicurvature (20, 24). Such a dual-and-opposing
effect of ethylene on the Arabidopsis shoot gravitropic re-
sponse was also found in the regulation of flowering (25). The
sophisticated mode of action of ethylene is typified by the fact
that it delays bolting and both the ethylene receptor mutant
etr1-1 and the receptor-interacting signaling component mu-
tant ctr1-1 exhibit similar delayed-bolting phenotypes (26, 27).
Attempts to address the diverse and complex phenomena
related to ethylene responses with a transcriptomics ap-
proach have confirmed the existence of a difference in gene
expression profiles between ethylene-treated wild-type Ara-
bidopsis and the constitutive ethylene response mutant ctr7-1
(11, 28, 29). Molecular biological analysis has successfully
classified ethylene-regulated genes into early- and late-induc-
tion groups (30, 31). The integration of biochemical and cel-
lular functions of each class of time-dependent gene products
(i.e. either early or late ethylene-induced gene groups) should
constitute separate yet overlapping molecular interaction
matrices and networks to define diverse yet complex ethylene
responses (32).

Moreover, post-translational modification (PTM) has re-
cently emerged as one of the important mechanisms regulat-
ing the complex plant ethylene responses (19). One type of
PTM involved in ethylene signaling is the ethylene-dependent
and ubiquitin/26S proteasome-mediated protein degradation
or stabilization of ethylene receptors and signaling compo-
nents EIN2 and EIN3 (33-35). The other type of PTM-medi-
ated ethylene signaling is interconversion between the phos-
phorylation and dephosphorylation statuses of signaling
components catalyzed by both kinases and phosphatases
(11,12, 25, 33, 36, 37). Protein phosphor-relay has long been
reported to participate in ethylene signaling events (2, 6,
38-40). Many ethylene signaling components, including eth-
ylene receptor family proteins and their downstream regulator
CTR1, have kinase activities (7, 34, 41, 42), and there are at
least two MAPK cascades involved in the regulation of ethyl-
ene signaling and the ethylene-regulated phosphorylation of
EIN3 (37, 43). Phosphorylation/dephosphrylation of the ethyl-
ene response factor 110 protein has been found to be EIN2-
independent (25, 36). Thus, the diverse yet complex plant
ethylene responses are actually consequences of the multi-
faceted and constant integration of ethylene signals mediated
by both transcriptional activation cascades and PTM net-
works (i.e. protein phosphorylation/dephosphorylation, C-ter-
minal cleavage, and ubiquitin/26S proteasome-mediated pro-
tein degradation).

The key issue is, therefore, how the ethylene receptor—
MAPKKK (including CTR1) complexes convert the binding of
ethylene into a signal output in the form of kinase activities in
a quantitative and substrate-specific manner (12, 22). The
hypothesis that ethylene inactivates kinase activities of CTR1
has not been substantiated in vivo thus far. It is possible that
the binding of ethylene to receptors may alter the substrate
specificity of the putative CTR1 serine/threonine kinase. The
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isolation of an enhanced ethylene response 1 (eer7-1) mutant
further complicated the study of the already intriguing ethyl-
ene signaling in Arabidopsis (44). The enhanced ethylene
responsiveness observed in eer7-1 results from a loss-of-
function mutation in the A regulatory subunit roots curl in
naphthylphthalamic acid 1 (RCN1) (AT1G25490) of protein
phosphatase 2A (PP2A) (45), which is one of the three sub-
units of PP2A in Arabidopsis. This phosphatase is a hetero-
trimeric serine/threonine phosphatase comprising a catalytic
subunit C and two regulatory subunits A and B (46). The
phosphatase activity of PP2A decreases significantly in the
loss-of-function mutant rcn7-1 (or eer1-1) (47), yet it enhances
both ethylene sensitivity and the amplitude of ethylene re-
sponses (45). The in vitro demonstration of a strong associa-
tion of PP2A catalytic subunit PP2A-1C with the kinase do-
main of CTR1 suggests an interesting kinase activity output
model involving both CTR1 serine/threonine kinase and PP2A
serine/threonine phosphatase that may act on one or a group
of common phosphosites antagonistically in diverse plant
ethylene responses (25).

To address the complex and interesting ethylene signaling,
a differential and quantitative phosphoproteomics has been
employed in the present study. A SILIA-assisted PTM pro-
teomic approach (48) (supplemental Fig. S1) is similar in prin-
ciple to stable isotope labeling with amino acids in cell culture
(49), which has been used frequently in the discovery and
quantification of differentially regulated PTMs in various or-
ganisms in the past (50-56). The most important advantage of
the SILIA approach is that the in vitro-derived variability re-
sulting from each step of multi-dimensional protein identifica-
tion technology peptide preparation (57) and mass spectrom-
etry analysis is eliminated when protein samples from
different treatments are labeled with either light or heavy
nitrogen isotopes in parallel, mixed at the beginning step,
processed, and measured together (36, 58, 59). Other advan-
tages of this approach include its efficiency, accuracy, repeat-
ability, and economics, and it can allow us to profile protein
phosphorylation in planta in response to treatments and de-
velopmental cues. In order to investigate the time-dependent
phosphor-relay regulated by kinase activities of ethylene
receptor—-MAPKKK complexes, both short-term and long-
term ethylene treatments were performed. First, a pulse of
1-min ethylene exposure was applied onto rcni-1 (or eer1-1)
to induce the initial phosphorylation in the ethylene response.
A phosphatase loss-of-function mutant ren7-1 was employed
because both the sensitivity and the amplitude of the ethylene
response are enhanced in this mutant (Fig. 1A), which may
lead to easier detection of rapidly ethylene-induced phospho-
proteins, whereas in the case of long-term ethylene-altered
receptor complexes and cellular phosphor-relay networks, we
focused on the identification of both direct and indirect puta-
tive in vivo substrates of CTR1 kinase. The application of a
group-based prediction system (GPS) search engine with a
protein—protein interaction (PPI) filter (60) allowed us to iden-

tify numerous novel putative kinase—-substrate PTM networks
under ethylene treatment. These studies provided us with a
new perspective on the core issue of how the ethylene
receptor-CTR1 MAPKKK complex transduces the ethylene-
binding signal into a wide spectrum of downstream cellular
processes in addition to its role in the activation of ethylene-
inducible gene expression.

EXPERIMENTAL PROCEDURES

Plant Growth, "°N Stable Isotope Labeling, and Ethylene Treat-
ment—The wild-type Arabidopsis thaliana ecotypes Columbia-0
(Col-0) and ctr1-1 mutant were obtained from the Arabidopsis Bio-
logical Resource Center (Columbus, OH); eer1-1 and rcn1-1 mutants
were gifts from Dr. Caren Chang and from Dr. Alison DelL.ong and Dr.
Gloria K. Muday, respectively. Seeds were first surface-sterilized and
imbibed on wet paper towels at 4 °C for 4 days in a sealed box. These
seeds were then mixed with 0.1% (w/v) agar solution and sown on
agar growth media dispensed in 9-cm-diameter glass jars containing
9 mM KNOg, 0.4 mm CasOH(PO,);, 2 mm MgSQO,, 1.3 mm HzPO,, 50
um Fe-EDTA, 70 um HzBO;, 14 um MnCl,, 0.5 pum CuSO,, 1 um
ZnSQO,, 0.2 um Na,Mo0,, 10 um NaCl, 0.01 um CoCl,, 10 g/l sucrose,
1 mg/I thiamine HCL, 0.1 mg/I pyridoxine, 0.1 mg/I nicotinic acid, 100
mg/l myo-inositol, and 0.8% bacteriological agar, pH 5.7. In each
growth jar, 13 to 16 rcn7-1 seeds or 18 to 24 of both ACC-treated
wild-type and ctr7-1 seeds were sown. Seeds for the normal-size
plant were sown about 1.5 to 2 cm apart from each other, and dwarf
plants were sown 1 to 1.5 cm apart. In each biological replicate, 10 to
20 jars of Arabidopsis plants were routinely grown for each treated or
unique genotype plant group. These jars were then transferred to
plant growth chambers with a 16-h light/8-h dark cycle with a con-
stant temperature of 22 °C = 2 °C. The flowering plants grown inside
jars were harvested 3 weeks later in liquid nitrogen and stored in a
refrigerator at —140 °C. Approximately 1.5 to 1.7 g tissue were col-
lected often from each treated or unique genotype plant group.

To label the plant proteins with the heavy nitrogen stable isotope
8N, the natural light nitrogen isotope-coded KNO5 (K'*NO,), used as
the sole nitrogen source in the medium, was substituted with the
heavy nitrogen-coded K'®NO, (Cambridge Isotope Laboratories, Inc.,
Andover, MA) based on the metabolic labeling approach (48).

Both Col-0 and ctr1-1 Arabidopsis plants were treated with con-
stant ethylene by being grown on medium containing 5 mm ACC (the
immediate precursor of ethylene). In the one-minute ethylene treat-
ment of rcn7-1 mutant, the growth medium was supplemented with
0.15 mm aminooxyacetic acid, an inhibitor of ACC synthase. One
minute of ethylene treatment was applied to rcn7-7 mutant just before
it was harvested. To do that, two groups of 3-week-old rcn7-1 plants,
one labeled with "N and the other with "°N, were placed in an airflow
chamber for 5 h to reduce the endogenous ethylene level. Afterward,
one of the two groups (either '*N- or '®N-labeled plants) was treated
with 10 ppm ethylene for 1 min, and the other group of plants was
retained in air for the same amount of time. Both groups of plants
were harvested in liquid nitrogen as described previously (38).

Isolation of "*N/"®N-coded Total Cellular Proteins under Fully De-
naturing Conditions—"*N- and "®N-labeled Arabidopsis tissues were
ground separately with a —20 °C pre-cooled mortar and pestle in the
presence of a urea extraction buffer containing 150 mm Tris-HCI (pH
7.6), 8 M urea, 0.5% SDS, 1.2% Triton X-100, 20 mm EDTA, 20 mm
EGTA, 50 mm NaF, 1% glycerol 2-phosphate, 1 mm PMSF, 5 mm DTT,
0.5% phosphatase inhibitor mixture 2 (Sigma), an EDTA-free pro-
tease-inhibitor mixture (Complete™), 5 mm ascorbic acid, and 2%
polyvinylpolypyrrolidone. The ratio of Arabidopsis frozen powder to
urea extraction buffer was 1:3 (w/v). Plant cell debris were removed
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via centrifugation at a lower speed of relative centrifugal force of
10,000 X g for 1 h at 4 °C and then a higher speed at a relative
centrifugal force of 110,000 X g for 2 h at 13 °C. The protein super-
natant was then mixed with three volumes of a cold acetone/metha-
nol (12:1 v/v) organic mix for urea-methanol protein precipitation. The
protein pellet was rinsed with 15 volumes (v/w) of a cold acetone:
methanol:H,O mix (12:1:1.4 v/v) to remove residual pigment and urea
precipitates. The protein pellet was air-dried and redissolved in a
one-third volume of resuspension buffer containing 50 mm Tris-HCI
(pH 6.8), 8 Murea, 5 mm DTT, 1% SDS, and 10 mm EDTA, and this was
followed by another round of protein precipitation and resuspension.
The cycling of protein precipitation and resuspension was repeated
twice. The resulting total cellular protein was measured via protein DC
assay (Bio-Rad) and calculated according to a bovine serum albumin
(BSA) protein standard curve. With this method, 1 g of wild-type,
ctr1-1, and rcni-1 Arabidopsis routinely yield 5 to 15 mg of total
cellular proteins. Both "*N- and '®N-coded proteins were stored at
—80 °C for later use.

SDS-PAGE Fractionation of Total Cellular Proteins and In-gel Pro-
tease Digestion—In order to control the mixing ratio of proteins well
and eliminate possible effects of the variable total cellular protein
content (per gram of fresh weight) in the plants and the hand-mixing
of frozen tissue powders, both “N- and '®N-coded total cellular
proteins were mixed together at a ratio of 1/q, where g is slightly
greater than 1. The rationale was that metabolic labeling with heavy
nitrogen often generates an incomplete incorporation, so that the
®N-coded monoisotopic peak is slightly shorter than the '*N-coded
one on average. To give the '>N-coded peptide ion precursor an
equal chance of MS/MS acquisition, various values of g (1.0-1.2)
were adopted in different biological replicates. A total of 10 mg of
protein mixture was loaded onto a 190 mm X 180 mm preparative
SDS-PAGE slab gel (10%). Four to five SDS-PAGE slab gels were
often used in each biological experiment for the first-dimension sep-
aration. Each slab gel was immersed in a Coomassie Brilliant Blue
staining buffer for 0.5 h with gentle shaking and destained in a buffer
for 0.5 to 2 h. The whole slab gel was sliced evenly into five strips and
further diced into (1 X 1.5 X 1.5) mm® cubes. The gel cubes were
washed several times with 50% CH3;CN/50 mm NH,HCO; to remove
residual Coomassie Brilliant Blue dye, dehydrated by 100% ACN, and
flushed with compressed air until completely dry. Finally, the cubes
were reduced using 10 mm DTT and alkylated using 55 mm iodo-
acetamide. Following two additional washes using 50% CH;CN/50 mm
NH,HCO; and complete dehydration, the dried gel cubes were rehy-
drated with 30 ng/ul trypsin (25 mm NH,HCO3, pH 8.0) onice for 0.5 h
and then digested overnight at 37 °C. The digested peptides were
extracted by 1% formic acid in 50% ACN three times. The peptide
mixture was evaporated to remove ACN, lyophilized to a completely
dry powder, and then stored at —80 °C.

lon Exchange Chromatography and Fe**-IMAC/TiO, Enrichment—
The dehydrated peptide powder was reconstituted in 1 ml of strong
cation exchange solvent A containing 5 mm KH,PO,, pH 2.7, and
30% ACN and centrifuged at 4 °C for 5 min at a maximum speed. An
aliquot (20 wl) of the mixture was reserved for quality control testing
and the later concentration measurement. A portion of the peptide
sample (less than 1.6 mg) was subjected to an ion exchange chro-
matography separation. Peptides were eluted off the strong cation
exchange column with solvent B containing 5 mm KH,PO,, 350 mm
KCI, pH 2.7, and 30% ACN. The liquid chromatography (LC) gradient
was set as follows: 0—1 min, 0% buffer B; 1-12 min, 15% buffer B;
12-18 min, 35% buffer B; 18-22 min, 100% buffer B; 22-26 min,
100% buffer B; 26—-40 min, 0% buffer B. The flow rate was set at 1
ml/min. A total of 12 fractions were collected between 2 and 26 min
of elution at 2 min per fraction. Groups of fractions 1-3 and 10-12
were combined. The ACN eluate from each fraction was evaporated,

frozen by liquid nitrogen, and lyophilized to obtain a 50% reduction in
volume. The peptide mixture solution was desalted via a C18 reverse-
phase column (Oasis HLB, Waters, Milford, MA) and reconstituted in
200 pl of immobilized metal-ion-affinity chromatography (IMAC) load-
ing buffer containing 1.5% acetic acid, 30% ACN, pH <3.0. The first
IMAC beads used in our experiment were ferric nitrilotriacetate gel
beads (Fe®>"-NTA, Phos-Select Iron Affinity Gel, Sigma). The Fe®"-
NTA beads were added to the peptide sample at a ratio of 1:30
(milligrams of peptides/microliters of pre-hydrated Fe®**-NTA beads)
and incubated for 45 min. These beads were washed with 200 ul of
loading buffer twice and once with an additional 200 ul water. The
peptides were then eluted off the beads with 50 ul of 5% ammonium
hydroxide (pH 12.0).

To enrich phosphopeptides, a second set of IMAC beads made of
TiO, was employed. In this IMAC protocol, 800 ul of TiO, loading
buffer containing 1.25 m glycolic acid, 6% trifluoroacetic acid (TFA),
and 82.5% ACN was mixed with the flow-through fractions from
Fe®*-NTA IMAC, and the flow-through peptides were incubated with
5 mg of TiO, beads (GL Science Inc., Tokyo, Japan) for another 45
min. The TiO, beads were washed twice using 200 ul of TiO, equil-
ibration/washing buffer containing 1 m glycolic acid, 5% TFA, and
80% ACN and once using 200 ul water. Phosphopeptides were
eluted off the beads with 50 ul of elution buffer (5% ammonium
hydroxide). Phosphopeptides eluted from both Fe**-IMAC and TiO,
beads were combined and desalted using zip-tip C18 columns (Mil-
lipore, Billerica, MA) for later LC-MS/MS analysis.

LC-MS/MS Data Acquisition and Analysis—Tandem mass spec-
trometry (MS/MS) analysis of phosphopeptides was performed using
a nanoflow LC (Nano Acquity™, Waters) coupled to an electrospray
ionization hybrid Q-TOF Premier tandem mass spectrometer (Wa-
ters). Mass spectra of peptides were acquired using the data-de-
pendent acquisition mode of electrospray ionization Q-TOF. The
computer program MassLynx (version 4.1, Waters) was used for data
acquisition and instrument control. A 180 um X 20 mm Symmetry
C18 trap column and a 75 um X 250 mm BEH130 C18 analytical
column were used. The mass spectrometer was operated in positive
ion mode with the following basic parameters: source temperature of
80 °C, capillary voltage of 2.4 KV, sample cone voltage of 35 V, and
collision cell gas flow rate of 0.5 ml/min. The collision energy is
variable during MS/MS scans according to the z and m/z. The exact
settings followed the instructions from the MS machine manufacturer.
The data-dependent analysis settings were as follows: 1 s MS, m/z
250-2500 and a maximum of 3 s MS/MS, m/z 50-2500 (continuum
mode), 60 s dynamic exclusion. The most abundant +2, +3, or +4
charged ions whose intensity rose above 40 counts/s were subjected
to the subsequent MS/MS scan survey.

Identification of *N/"’N-coded Phosphopeptides—The resulting
MS/MS spectra of phosphopeptide samples were converted to peak
list files by Proteinlynx (version 2.2.5) and searched against the Ara-
bidopsis Information Resource Arabidopsis protein database, version
10 (TAIR10, December 2012 release, 35,386 proteins included) using
the Mascot search engine (version 2.3, Matrix Science, London, UK).
The search parameters were set such that up to one missed cleavage
site was allowed. Mass tolerances were set as =50 ppm for MS
precursor ions and 0.2 Da for MS/MS fragment ions. Carbamidom-
ethylation (C) was specified as the fixed modification, and phosphor-
ylation (S, T, and Y) and oxidation (M) were allowed as the variable
modifications. The quantitation method “'*N metabolic” was included
in order to identify heavy nitrogen-labeled peptides.

In order to establish a stringent filter for the peptide identification,
the false discovery rate (FDR) of peptide identification was estimated
using target-decoy searching (61). According to the recommendation
of Blanco et al. (62), MS/MS spectra were searched against the target
and decoy databases independently. Then the FDR was calculated as
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the number of decoy hits divided by the number of target peptide
identifications (63, 64), each of which possesses a satisfactory E-
value (i.e. expectation value) that is defined as a composite score for
the quality of peptide identification offered by the Mascot search
engine. In addition to the FDR estimated for the identification of either
14N- or '®N-coded peptides, the FDR for peptides discovered in pairs
(i.e. both “N- and "®N-coded identical peptides) were also calculated
(supplemental Fig. S2).

Quantitative Analysis of "*N/"°N-coded Phosphopeptides—Ilon
chromatograms of a =150 ppm m/z window were extracted around
the monoisotopics of both "N and °N isotopic envelopes. These ion
chromatograms were integrated for calculation of the areas under the
chromatographic peaks, in which the phosphopeptide MS/MS survey
was performed. The isotopologue distributions of both '“N- and
®N-coded phosphopeptides were obtained based on the Yergey
algorithm (65). The ratio of the whole isotopic envelope of '*N/'N-
coded phosphopeptides was calculated using ion counts from the
monoisotopic peak and its isotopologue distribution,

My, / Mis

" k%l k%'
where M,, and M, are the ion counts of the monoisotopic peaks of
"N- and "®N-coded phosphopeptides, respectively, and k,,% and
k15% are the percentages of monoisotopics in the isotopic envelopes
of "N- and "®N-coded phosphopeptides, respectively. When calcu-
lating the isotopologue distribution of '*N-coded phosphopeptides, a
97.43% incorporation rate of °N into light nitrogen-coded peptides
was measured following a procedure described previously (48).

To further eliminate the random variation resulting from the protein
mixing, the median value m, of the log2 ratios of ion intensities of
"N/'®N-coded phosphopeptide pairs was generated based on each
experimental data set (either forward or reciprocal). The actual q of
each protein-mixing pair was obtained from the equation m, = log,
(1/q). The log2 ratio of the ion intensity of each phosphopeptide pair
was normalized against the median values (supplemental Fig. S3).
Afterward, the average log2 ratio of the ion intensity of each phos-
phopeptide pair was calculated according to the normalized ratio of
ion intensity of 'N/'*N-coded phosphopeptides found from both
forward and reciprocal experimental data sets. Only the phosphopep-
tides that were detected in both forward and reciprocal experiments
and found in both *N- and "®*N-coded isoforms were included in the
data set for quantification.

The up- or down-regulated phosphopeptides were obtained using
the following method. First, the statistical significance of each se-
lected phosphopeptide was determined via a two-tailed t test (un-
equal variance, p < 0.05) (66). Next, the averaged log?2 ratios of each
experiment were fitted by a normal distribution, and values outside
the mean *£2 S.D. of this distribution of phosphopeptides were set as
threshold values having a significant change. Only the phosphopep-
tides showing a significant difference at both individual (.e. the
statistically significant ones from the t test) and population (those with
log2 ratios located more than +2 S.D. apart from the mean of the
distribution) levels were considered as regulated phosphopeptides.
The detection limit (10%) of the SILIA method (48) was used as an
additional filter for significantly changed phosphopeptides.

Bioinformatic Analysis of Phosphorylation Site and Motif Construc-
tion—BLAST-based phosphorylation site and motif mining was per-
formed according to a method described previously (38). The newly
identified putative phosphoprotein regions with 55.5% or greater
homology to the query phosphoprotein sequence were further aligned
based on amino acid sequences using the alignment program ClustalW.
For the construction of a phosphosite motif, several amino acids on
both sides of a phosphosite were chosen from BLAST-searched
putative phosphoprotein sequences and subjected to alignment

(Eq. 1)

using the substitution matrix pam30. A phosphorylation motif was
constructed from the MS-derived authentic phosphosite and three
or more of those ClustalW-identified putative phosphoprotein
sequences.

The in Vitro Plant Kinase Assay—His-tagged synthetic peptides
containing phosphorylation sites were made and used as substrates
in Arabidopsis kinase assays according to a modified protocol (25,
38). To prepare the plant kinase extract, 20 mg of frozen plant tissues
were ground in liquid nitrogen in the presence of 60 ul kinase extrac-
tion buffer containing 20 mm HEPES, pH 7.5, 50 mm NaCl, 50 mm KCl,
0.3% Triton X-100, 2.5 mm sodium pyrophosphate, 1 mm sodium
fluoride, 1 mm sodium orthovanadate, 1 mm sodium molybdate, 1 mm
glycerol-2-phosphate, 1 mm PMSF, and an EDTA-free protease in-
hibitor mixture (Complete™). The phosphatase inhibitors were ex-
cluded in the case of RCN1 phosphatase-specific substrate discovery
(sodium pyrophosphate, sodium fluoride, sodium orthovanadatae,
sodium molybdate, and glycerol-2-phosphate) (67, 68). The kinase
extract was centrifuged at for 1 min 4 °C and 14,000 X g to remove
the cell debris and further subjected to a spun column containing
Ni-NTA agarose beads (Qiagen, Venlo, Netherlands) to remove non-
specific histag-binding proteins present in the crude Arabidopsis
protein extract. A flow-through fraction of 50 ul was mixed with 12.5
wl of kinase assay buffer consisting of 45% glycerol, 2.5 mm ATP, 50
mM MgCl,, and 125 mg/ml BSA. The peptide substrates of 2 nmoles
were added, and the kinase assay mixture was incubated at 30 °C for
30 min. The kinase reaction was terminated by the addition of 130 ul
of denaturing buffer (8 m urea, 50 mm Na,HPO,, pH 8.0). Polyhisti-
dine-tagged peptides were enriched using 15 ul of Ni-NTA agarose
beads as described above. An on-bead trypsin digestion was per-
formed at 37 °C for 4 h. Digested peptides were desalted by C18
ZipTips and reconstituted in 0.1% HCOOH for the LC-MS/MS anal-
ysis. As a control, the substrate peptides were also digested alone by
trypsin and subjected to LC-MS/MS.

During isobaric tag for relative and absolute quantitation (iTRAQ)
labeling, the trypsin-digested substrate peptide mixtures were ex-
tracted from the incubation tube using a GE loader tip (GE Health-
care). The resulting mixtures containing 0-, 1-, 5- and 15-min ethyl-
ene-treated kinase extracts were lyophilized and incubated with
iTRAQ 4-plex labeling buffer (Applied Biosystems, Foster City, CA)
that contained isobaric reagents providing a chemical linker of m/z
114,115,116, and 117 in MS acquisition, respectively, for 1 h at room
temperature as previously described (25). The differentially iTRAQ-
labeled peptide samples were combined, purified by Fe®*-IMAC and
TiO, beads, desalted sequentially on C18 ZipTips, and resuspended
in 0.1% TFA. MALDI-TOF/TOF analyses were performed with a
Bruker Autoflex Il MALDI-TOF/TOF MS/Dionex device (Ultraflex,
Bruker, Billerica, MA), and the spectra of peptides were collected. The
sample was directly spotted onto the MALDI plate because one
peptide was analyzed at a time and the phosphor-isoform was en-
riched. The TOF mode was activated for the precursor ion profiling.
When a matching precursor of the target peptide/phosphorylated
peptide was found, the mass spectrometer was switched to LIFT-
TOF/TOF mode to acquire the MS/MS spectrum. Finally, the iTRAQ
reporter ions of 114, 115, 116, and 117 m/z were integrated. The ion
intensity of the reporter ion of the 0-min ethylene-treated sample (m/z
114) was set as 100%. Consequently, changes in the relative phos-
phorylation level of the ethylene-treated sample at different time
points were calculated by comparing the ion intensities of their re-
porter ions against that of the 0-min ethylene-treated sample. The
experiment was repeated at least three times for each peptide.

Computational Prediction of the Kinases Associated to the Phos-
phorylation Sites—Previously, we developed a GPS software pack-
age for the prediction of kinase-specific phosphorylation sites (60).
Because the plant kinases were not included in GPS 2.1 (60), here we
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Fic. 1. '*N stable isotope metabolic labeling and workflow of
differential and quantitative PTM proteomics. A, the metabolic
labeling-based quantitative PTM proteomic experimental design for
the study of the time-dependent regulation of phosphoproteomes by
a plant hormone, ethylene. The left-hand panel is a short-term (1 min)
ethylene treatment of ren7-1, and the right-hand panel is a long-term
(8 weeks) ethylene treatment of both the wild type (wt) and ctr1-1. B,
overall morphology of Col-0 plants grown in a naturally "*N-abundant
growth medium. C, overall morphology of wild-type Arabidopsis
plants grown in the naturally '*N-abundant medium (left) and the
medium enriched with "N isotope (right). D, overall morphology of
ctr1-1 plants, the loss-of-function line of CTR1 protein, a Raf-like
kinase, and a member of the MAPKKK family that is thought to
be a negative regulator in the ethylene signaling pathway, grown in
the naturally '*N-abundant medium (left) or a medium enriched with

first obtained 1056 Arabidopsis kinase sequences from our newly
developed database, the Eukaryotic Kinase and Phosphatase Data-
base (unpublished). Based on previously described rationales (69,
70), these kinases were preclassified in a hierarchical structure in-
cluding group, family, and single kinase. With the classification infor-
mation, we manually chose one predictor in GPS 2.1 for each Arabi-
dopsis kinase, if available (supplemental Table S6A). In total, 932
kinases were selected with GPS predictors (supplemental Table S6B).
Then experimentally identified phosphorylation sites were predicted
by GPS 2.1 while the site-specific kinase-substrate relations were
determined (supplemental Table S6A). We also collected experimen-
tally identified PPIs in Arabidopsis (supplemental Table S6B) from
several public databases, such as BioGRID (71), the Database of
Interacting Proteins (72), IntAct (73), and MINT (74). The pre-predicted
Arabidopsis PPls (supplemental Table S6B) were taken from the
STRING database (75). The GPS predictions were reserved if the
relations of kinases and substrates were supported by either exper-
imental or predicted PPIs.

RESULTS

"N Stable Isotope Labeling and Ethylene Treatment of
Arabidopsis—The wild-type plant and two loss-of-function
ethylene response mutants, ctr1-1 and rcni-1 (or eeri1-1),
were selected for quantitative phosphoproteomics to study
the phosphoproteomes of time-dependent ethylene re-
sponses in Arabidopsis. These plants were grown in either
4N or '°N stable isotope labeling medium (see “Experimental
Procedures”). Because both wild-type and ethylene-response
mutants are known to have internal ethylene biosynthesis (20,
24, 44, 76, 77), an ACC synthase inhibitor (aminooxyacetic
acid) was added to rcn7-1 mutant growth media specifically
to reduce the influence of endogenous ethylene. Morpholo-
gies of ethylene-treated wild-type Arabidopsis (ecotype Col-
0), ctr1-1, and rcn1-1 are shown in Fig. 1. The long-term
ethylene-treated forms of both Col-0 (Fig. 1C) and ctr1-1 (Fig.
1D) produce a uniform dwarf phenotype with smaller leaves
(6) relative to those of untreated air-grown Arabidopsis (Fig.
1B). To confer a rapid ethylene response to Arabidopsis
plants, the ethylene overly sensitive mutant rcn7-1 was also
grown on the metabolic labeling medium and subjected to 1
min of ethylene gas fumigation. As a result, no visible mor-
phological alteration was observed between 3-week-old
reni-1 (Fig. 1E) and Col-0 (Fig. 1B). However, when a stan-
dard ethylene triple response assay was performed on rcni-1,
the hypocotyl length of the etiolated seedling of this mutant
was reduced 14.9%, 10.2%, and 2.6% in the presence of 0.1,
0.5, and 1 ppm ethylene, respectively, as compared with that
of Col-0 treated under the same conditions, which is consis-
tent with the previous finding that ren7-1 is more sensitive to
a lower level of ethylene (44).

8N isotope (right). The immediate precursor of ethylene biosynthesis,
1-aminocyclopropane-1-carboxylic acid, was added to the growth
media at a concentration of 5 um for both the wild type (C) and ctr1-1
(D). E, overall morphology of "N- (left) and "®N-labeled (right) rcn1-1,
the loss-of-function line of the RCN71 gene, which encodes the A
regulatory subunit of PP2A protein phosphatase, treated with 10 ppm
ethylene.
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To perform SILIA-based quantitative phosphoproteomic
analysis of both the short-term ethylene-treated rcn7-1 plants
and the long-term ethylene-treated Col-0 and ctr1-1, each
pair of plant groups was grown on either a medium containing
a natural abundance of nitrogen isotope ('*N-coded salt) or a
medium containing the heavy nitrogen isotope (*°N-coded
salt). To confirm that heavy nitrogen had no detectable effect
on the growth of these plants, the biomass of each Arabidop-
sis genotype was measured under both light and heavy nitro-
gen growth conditions. As expected, no significant difference
was found in biomass at the time of tissue harvesting between
the plant groups (Fig. 1F), which concurs with the previously
published conclusion (66).

LC-MS/MS-based Phosphopeptide Profiling of Ethylene-
treated Wild Type and Mutants—For quantitative phospho-
proteomics analysis on both ethylene-treated wild-type Ara-
bidopsis and ethylene-response mutants, the total cellular
proteins were extracted separately from two groups of differ-
entially labeled plant tissues (supplemental Fig. S1). Both '*N-
and '*N-labeled proteins were mixed together at a chosen
ratio depending on the actual heavy nitrogen labeling effi-
ciency (see “Experimental Procedures”). Four biological rep-
licates (both forward and reciprocal) were performed for both
rcn1-1 and ctr1-1 experiments. The mixture of '*N-/'°N-
coded proteins was then analyzed according to a modified
protocol combining gel electrophoresis with LC-MS/MS (38).
By this approach, both isotope-coded proteins were pro-
cessed into five fractions of trypsin-digested peptides derived
from five strips of gels and further fractionated via strong
cation exchange liquid chromatography. At the end, a total of
40 subfractions of peptides (5 peptide mixtures X 8 LC
fractions) were collected and subjected to phosphopeptide
enrichment using both Fe®**-IMAC and TiO, beads in a se-
quential order (supplemental Fig. S1). The resulting 40 phos-
phopeptide mixtures were analyzed using a nano-LC electro-
spray ionization Q-TOF mass spectrometer. As a result,
67,576 peptides were identified by the Mascot search engine.
The expectation value was defined as a composite score for
the quality assessment of peptide identification, and the FDR
of peptide identifications was consequently estimated using
target-decoy searching (61). A decoy search independent
from the target one was conducted according to a recom-
mended method (62). The E-value thresholds for single iso-
tope-coded peptide identification and double isotope-coded
peptide identification were determined to be 0.275 and 1.65,
respectively, for FDR = 1% (see “Experimental Procedures”;
supplemental Fig. S2). Thus, a data set containing a total of
4043 phosphopeptides was obtained based on these thresh-
olds, by which 420, 543, and 3080 phosphopeptides were
identified from the wild type, ctr1-1, and rcn1-1, respectively.
Among the 4043 phosphopeptides identified, most phosphor-
ylation events occurred on serine (3032, 69.7 %) and threonine
(1194, 27.5%) residues, with only a few on tyrosine residues
(122, 2.8%) (Fig. 2A). Singly and doubly phosphorylated pep-

tides accounted for 92.5% and 7.4% of all phosphopeptides,
respectively, and the rest were triply phosphorylated (Fig. 2A).
Eventually, the analyses yielded 1079 unique phosphopep-
tides representing 654 different phosphoproteins with unique
Genebank accession numbers (Fig. 2B). The number of
unique phosphorylation sites identified from each genotype of
Arabidopsis irrespective of hormone treatments is shown in
Fig. 2B also. There were 10, 52, and 785 genotype-specific
phosphopeptides found for the wild type, ctr71-1, and rcni-1,
respectively (Fig. 2B). The number of genotype-specific phos-
phopeptides found in rcn7-1 was 78.5 and 15.1 times that in
wild type Col-0 and ctr1-1, respectively. Such significant in-
creases may result from notable differences in plant size (Fig.
1) or RCN1 phosphatase activity deficiency (45). Among the
1079 unique phosphopeptides, there were 1089 phospho-
sites. Among those, there were 1067 unique phosphosites on
serine or threonine. Further bioinformatics analysis of amino
acid sequences surrounding these 1067 unique phosphosites
according to the substrate sequence specificity of Ser/Thr
protein kinases (78) revealed that 21%, 19%, and 33% of the
phosphorylated Ser/Thr phosphosite motifs were acidiphilic
(P[S/T][D/E] or p[S/TIXX[D/E]), basophilic (RXXp[S/T]), and
proline-directed (p[S/T]P) motifs, respectively (Fig. 2C). The
ratio of basophilic to acidiphilic phosphorylation sites found in
this study was 0.9 (Fig. 2C), which is 2.2-fold higher than that
in PhosPhAT 4.0 (0.4; Fig. 2D). Notably, the proline-directed
motif was nearly doubled (Figs. 2C and 2D). Because a large
portion of the phosphorylated Ser/Thr (784 phosphosites)
from our experiments had been reported previously in Phos-
PhAT 4.0, a similar analysis was performed on the overlapping
portion of phosphopeptides. It was found that the ratio of
basophilic to acidiphilic phosphorylation sites was still about
2-fold higher, and the sites were enriched in the proline-directed
phosphosite motif (Fig. 2E).

All these MS/MS-identified phosphopeptides were further
validated with an in vitro kinase assay of 27 nonphosphory-
lated synthetic peptides linked with a polyhistidine tag (sup-
plemental Table S2). These chemically synthesized peptides
were randomly selected from the set of unique phosphopep-
tides and used as substrates in in vitro plant kinase assays
according to an established protocol (25, 38). As a result, 16
His-tagged peptides were phosphorylated on the expected
phosphosites (supplemental Table S2). Thus, 60% of ran-
domly selected MS-identified phosphosites were further con-
firmed by the in vitro plant kinase assay.

To perform a bioinformatics-based differential phosphopro-
teomic analysis between the newly acquired unique phospho-
peptides and those deposited in the PhosPhAt 4.0 database,
we selected 627 repetitively detected phosphopeptides (i.e.
those identified at least twice; supplemental Table S1) from
the 1079 unique phosphopeptides and compared them with
those in the PhosPhAt 4.0 database, in which a relatively
stringent filter was defined to select the novel phosphopep-
tides detected. Considering the possible ambiguity in the
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Fic. 2. Bioinformatic analysis of phosphopeptides from wild-type Arabidopsis and its ethylene response mutants. A, classification of
the phosphopeptides based on the phosphosites identified in which. S, T, and Y represent phospho-Ser, phospho-Thr, and phospho-Tyr in
a phosphopeptide, respectively. SS, TT, SY, and ST stand for doubly phosphorylated sites in a phosphopeptide, respectively. STY represents
a triply phosphorylated phosphopeptide at three separate sites. The number of phosphopeptides in each class is labeled at the top of each
bar. B, the phosphosites identified from Arabidopsis of different genotypes. The phosphosites found in all three genotypes, two genotypes,
and the genotype-specific is displayed in cyan, white, and lime colored bars, respectively. The numbers of genotype-specific phosphosites are
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assignment of phosphorylation sites based on MS/MS spec-
tra, all phosphopeptides containing phosphosites deposited
in PhosPhAt 4.0 were subtracted regardless of the actual
position of Ser, Thr, or Tyr phosphorylation on the peptide.
Afterward, the remaining phosphopeptides were examined
based on the same criteria used in the PhosPhAt website, and
those phosphopeptides collected after the release of Phos-
PhAt 4.0 were also manually removed. As a result, a total of 44
phosphopeptides were defined as novel phosphopeptides
from this work (Table I). Among these novel phophopedtides,
there were 33 rcn1-1-specific phosphopeptides (supplemen-
tal Table S3). This is a relatively larger portion of novel phos-
phopeptides found from rcni-1, and it might be the result of
a deficiency in dephosphorylation activities of PP2A in ren1-1.
Some of them probably serve as direct phosphoprotein sub-
strates for Arabidopsis PP2A phosphatase, because some
ren1-1-specific phosphoproteins share a significant homol-
ogy with those PP2A phosphatase substrates found from
human cells (see supplemental Table S3 and the section
below) (79).

To determine the unique molecular and cellular functions
and the subcellular locations of these newly identified phos-
phoproteins, gene ontology categories of phosphoproteins
identified from the wild type (151 phosphoproteins), ctr1-1
(198 phosphoproteins), and rcn1-1 (639 phosphoproteins)
were compared. The background for the comparison was the
known phosphoproteome (2348 phosphoproteins) of light-
grown Arabidopsis (>2 weeks old) deposited in the PhosPhAt
4.0 database (Figs. 2F—2H). The log2 change of each category
presented in Figs. 2F—2H was calculated from the following

equatiOI .
R I i i’
/ 9 N/ N’

where n; and n/ represent the numbers of phosphoproteins
belong to the ith category in a genotype-classified and Ara-
bidopsis phosphoproteomes, respectively, and N and N’ are
the total numbers of phosphoproteins in the genotype-clas-
sified and Arabidopsis phosphoproteomes, respectively.
Comparative analysis of the phosphoproteins from three dif-
ferent genotypes and that of the light-grown Arabidopsis
phosphoprotein data set in PhosPhAt 4.0 revealed several
interesting findings (Figs. 2F-2H). Both ethylene-treated wild-
type and ctr1-1 plants had relatively greater numbers of phos-
phoproteins in the categories of structure molecule activity
(2.30- and 1.98-fold, respectively), nucleic acid (2.14- and

(Eq.2)

2.06-fold, respectively), protein binding (1.78- and 1.74-fold,
respectively), and DNA and RNA binding (1.40- and 1.35-fold,
respectively) (Fig. 2F) yet had reduced numbers of phospho-
proteins in hydrolase (—1.39- and —1.28-fold, respectively),
kinase (—1.92- and —1.60-fold, respectively), and transferase
activities (—2.65- and —1.99-fold, respectively) (Fig. 2F). In
contrast, phosphoproteins from rcn7-1 enriched in kinase
(1.64-fold) and transferase (1.25-fold) and had fewer phos-
phoproteins in the functions of nucleic acid binding (1.07-fold)
than the ethylene-treated wild type (2.14-fold) and ctr7-1
(2.06-fold). Other than that, in all three genotypes of Arabi-
dopsis, phosphoproteins functioning in electron transport or
energy pathways (1.81- to 3.76-fold; Fig. 2G) and ribosome
localization (1.82- to 2.69-fold; Fig. 2H) or cytosol localization
(1.79- to 2.48-fold; Fig. 2H) were much more abundant, and
those phosphoproteins relatively less represented were in the
categories of DNA or RNA metabolism (—1.40- to —1.91-fold;
Fig. 2G) and ER (—1.94- to —4.81-fold; Fig. 2H). The fact that
the proportion of proteins functioning in nucleic acid binding
increased in both the wild type (2.14-fold) and ctr7-7 mutant
(2.06-fold) but not in ren7-1 mutant (1.07-fold) (Fig. 2F) is quite
consistent with the fact that the proportion of phosphoproteins
in both transcription and DNA-dependent categories is 1.5-fold
in wild type, 1.2-fold in ctr1-1, and 1.1-fold in rcn1-1 (Fig. 2G). A
more interesting finding is that the dramatic increase in the
categories of kinase activity and transferase activity occurred in
reni-1 (1.64- and 1.25-fold, respectively) (Fig. 2F); this is con-
sistent with the fact that the phosphoproteins from rcni-1 are
also overrepresented in signal transduction.

Identification of Phosphosites in Short-term Ethylene-
treated rcn1-1 and Long-term Ethylene-treated Wild-type/
ctr1-1 Arabidopsis—The effects of ethylene on plants have
been reported as time dependent (20, 23, 24). To elucidate the
molecular basis underlying such a time-dependent ethylene
response, SILIA-based quantitative phosphoproteomic anal-
ysis was first performed on rcni-1 to investigate the rapid
change in phosphorylation caused by a short-term (1 min)
ethylene treatment, because rcn7-1 has been reported to be
overly ethylene sensitive (44) and may protect some phospho-
sites from dephosphorylation because of deficiency in PP2A
phosphatase activity. Out of 627 repetitively identified nonre-
dundant phosphopeptides (supplemental Table S1), 595
phosphopeptides were detected in rcn1-1, and 138 phospho-
peptides were selected from these for quantitative phospho-
proteomic analysis. The criteria for selecting these measur-
able phosphopeptides were as follows: (1) they were

indicated at the top of the bars. C-E, classification of phosphorylation sites in four general amino acid sequence categories classified according
to kinase specificity. The phosphorylation sites detected in this work (C), from PhosPhAt 4.0 (D), the overlapped of these two sets of data (E)
were analyzed and classified. F-H, Gene Ontology analysis of the phosphoproteins identified from this work in three genotypes. F, molecular
functions. G, biological processes. H, cellular components. In each category, the values presented are log2 ratios of percentages of
phosphoproteins identified from three genotypes divided by the percentage of phosphoproteins of the whole phosphoproteome (see
“Experimental Procedures” for details). Only parts of the bars of category 16 for the wild type and ctr7-7 are shown in panel H, because these
two bars become infinitely negative (i.e. no protein detected in this category).

Molecular & Cellular Proteomics 12.12

3567



Ethylene-regulated Phosphoproteins and Substrates of CTR1

swosoqgl ‘snjosjonu
‘sueiqUIBW “Jejn|jeoeul

(veLSdd/eLSdY)

‘l0so140 ‘yse|doiolyo ‘|em (180 VELS/ELS usloid [ewosoqy dlsd] MIMSdSASH* 00100DYLY ‘02209D€LY
AulA1loB 9|NdsjoW |BINONAS
(LdN4) | eselonpaiopixo
isejdoiolyo -(+)davN-uixopaiied MAIFDDANLAANT® 06199DG51V
uiejoud Ajjwey
swosixosed ‘wseidoiky  eseusboipAysp yoD-|AoeAxoipAy-¢ dlsd] 1HdSAMOLYI® 0625 1DELY
aueiqwew
‘losolAo ‘wseldoifo ‘yseidololyd  (2v0/LVO) g/1 eselpAyue ojuogie) dlsd]  MdSIOOMVIIDATVANLIANTLEH et O7.¥1DSLY ‘00S1L0DELY
(e2/22/1"2aoH)
sueiqwew g'2/2'2/) ¢ dusb xajdwod
Jejonoen ‘euelquisw ‘jse|dololyd Bunsentey by || weishsojoyd MdHAdDAMISOALSHALA 07" 06922D€ELY ‘0L0S0DZLY ‘00+50DZLY
Buipuig Joyi0
(SDaoN) ureyoud
|0s03ho ‘wise|doh) oM||-osBeyiuAS sulwen|B/ulinpoN MLAsAadAT?®” 081€GDELY
(@yaN) uonelAyiew
snsjonu ‘losoiky  YNQ 1uspusdepul-gday 40} POpPeasN dlsd] ddsa1addviv+e G8Y9LDTLY
uejoud Ajwepadns
wse|doihn urewop-reuq suoladey) [sd]xxy HS4ansd4ye" 0820€D LY
Buipuig uieoid
uieoid Ajwey (syiow
SnsjonN dNd/ag4/INgy) Buipuig-vNY dl1d]xxy MTDTAHDLAd1 " G8/SEOVIY
uieyoud Ajiwey (syzow
snajonN dNd/ag4/INgy) Buipuig-vNY dl1d]xxy MIDTAHDdLd LA™ G8.GEDYLY
[0S0} uteloud Bulpuig-¥NH/VYNA eqly dlsd] HIININIASIIdMIMVYA* 0£0.09¢1Y
swosoqgl ‘snjos|onu
‘suelquisW ‘Jejnjj@oeiul ‘|0solhy  uieloid Ajjwey GS uielold [Blosoqiy dlsd] MSV14ALHIDALSAHSH% 0r8L¥OZLY
ureyoud Ajwey
wseidoyhky  odAy H-£x-0-GX-0-gx-0 Jebuly ouiz SASHIANJIHIDISLE® 08202921V
uigyoid
SNS|ONU ‘UOHPUOYIOHIN eseoljey Bulpuig-y¥Na oMI-eavy 3/axx[1d] H1dS48D7150%° 0566911V
awosogu ‘euelquiaw
ewse|d ‘snajonu ‘eueiquiaw ureyoud ¥898GO 1V
‘Jejnjjeoe.iul ‘1se|doiolyo ‘|em |80 Aiwrey G ugl04d [BLIOSOQU/IMX VOAIDILINMLYSANYOL2 0220228022 5GeEgn L1V ‘€868GD 1LV ‘088D 1LY
SnajonNN (eHE4) € H1HA Buuemol4 MdTISANHHY 1ddH®*® OV LISDLLY
Buipulg proe ofejonN
(vigvd) vi
wsedoiko s||e0 eyes|onuiq pue piojde swio4 [sdlxxy MAMIASTMITISAANH 0v2eEDVLY
8|oNoeA (23/13MedVIN) .
‘sueiquisw ewseld |0S0}AD 2/1 eseuny uejoid uojisde HedvIN MOIMALSALENYSISI++8 748 086.0D€ELY ‘0£SEIDELY
AJAIIOB 8seury
uoifal Jejn|jeoex3 uigl04d Ajlwey} palejal-uisose) MSYTVYALAOHSINXO* 0¥2ceeollY
snajonu ‘snjesedde 16j0H (1DOVSLY) | unoe jo Josseiddng [sd]xxy H1SAdIYVYINVYHSTOSYE"” 029¢cOH LY
AlAnoe ase|joipAH
uoleo0| Jejnj|eogns uigl04d AioBa1ed JioN opliidadoydsoyd JagqWiNu UOISSa22Y

paunuspl sepipdedoydsoyd jeaonN
| I1av]

Molecular & Cellular Proteomics 12.12

3568



Ethylene-regulated Phosphoproteins and Substrates of CTR1

"x0 AQ pajousp si 18|\ pazipixo pue ‘d Aq pejousp ate (JAL Jo Y] ‘4eg) spioe oujwe palejfioydsoyd syl ,

snejonN
snajonu ‘|0solkD
snejonN
snajonN

jusuodwod Jejn|leD
shajonN

wse|doif)

snajonN

sniesedde 16|00

9|0NJBA ‘sSnsjonN
sns|onN

snsjonN
snejonN

auBIqUIBIA

snajonN
snejonN

snsjonN

sueJquisW JB|ONJBA
‘aueiquiaw ewse|d ‘@ueiqIB|N
suelquiaw ewseld
‘aueigqUIBW ‘Jen||@oBiul |0SOIAD
aueiquiaw
Jejonoen ‘eueiquisw ewse|d
‘aueiquiaw ajonoen adAl-jueld
‘aueiqwiaw ‘sniesedde 16|00

auelquiaw ewseld ‘swosixolad
‘aueiquiaw ‘ysejdoiolyn

aueiquiaw ‘snjesedde 16|05

uig104d Buluieluoo-urewop gy
ueyoud Ajjwepadns

Jeadal Yo|ay/oSEPIXO 8S0}0B|er)
(8994nA)

uoI1oUN} UMOUNUN JO UI810Id
uejoud Ajwepadns

MI|-(Hd1) yeadau spndadoouiens |
#854NdA

‘UolouNy UMouUNUN JO UIB}old

uig104d umouMun

uigoid Ajjwepadns ayi|-4vy 1

uigloid umoudun

(#OD) ¥ e¥epipued ubjoD

1eadal you-sulona
(rH3g

/kH39) /1 Bojowoy LHzg/1539
uijo4d Bulureuod

-urewop (AVS) Jiow » 9|lis}s
uigl04d Bululeuoo

-urewop (AvS) siow » 8|Lels

uig1o4d umouMun
uigr0.d

Ajlwepadns unos| Buipuig-asouuey
gz ueyoud

paleloosse-buinos uelold Jejonoep

uieloid umouun

uig1o4d umoudun
uigl04d Bululeuoo

-urewop |Ndguey pue Hsi

(GdN) g eseswuad axeidn |

jungns » ‘Jawojeo)

(91a43) 9 =I-9a43

1ov)
aseJajsueioulwe 9)e|AxoA|B:auluely

uiioid
Allwepadns asesajsuesyjAyiow
Juspuadap-aujuolyiew-1-|Asouspe-g

dlsd]
dlsd]

dl1d]

3/axx[sd]

dlsd]
3/axx[sd]

dlsdlxxd

dlsdlxxy
[sd]xxy

dlsd]

dlsd]

dl1d]xxy

dlsd]

MODLASAMINTAVATLHS®

H1dSAMADOASASTOAN

MMASSISdHId LADDINXO*E

SSANHAYMASAT VAN
MSMAdAANADYSALYAH®
MMSA443vHeH
MOTOSAITANS T
MdSA4SOHAHDC*
HS1a3LSAMdTHCHE
MONSHASAS|%*
HI1DLA4IMVVYIVEEe®
HddSAdIHdIDIASHVYNE*

49vadddsdias®
HNOINdHASAYN®

MAMSHIAMDIVASAVE e
MOV INS A
ddSADIMAHTASSdAlT®®
dSdoSy1d 113"

MAVANS LT

43713dSdAN1D4DSd|5%¢

HASON1SdLADdy®E 8%

HAMSAD1HIHdH®*

MLIVdIVASAHAQINN©

HAIWXxosda*Ht

061€99G1V
06581961V
09S¥09G1LY
0lcLeOrIV
0€6+cOVLY
08€099¢€LV
0ry8GOELY
08/809¢€1V
0819¥OCLV
G0L0EOCLY
0048/D+1V ‘0S20SDELY
0810/9}1V

08104911V
00104911V

001cSO LY
0S9S8Y9O LV
02cSev LY
0680¢9O LV

OLLLIDELY
suojouUNy UMoUNUN

0€GEEOVLY

06€+29D2LY ‘020290 1V

0¢cS/DtL1V
AuAnoe Jepodsuel |

09€€19CLY

0S89¢HO L1V
AyAi0e eselajsuel ]

uol1e00| J8|N||2ogng

ulelo.id

AioBa1ed 1o

opidadoydsoyd

Jaquinu uoISs800Y

penuuoo—| 31av|

3569

Molecular & Cellular Proteomics 12.12



Ethylene-regulated Phosphoproteins and Substrates of CTR1

detected in both forward and reciprocal experiments, (2)
they were found in both '*N- and "°N-coded phosphopep-
tide isoforms, and (3) they were detected at least three
times. Lastly, the light ("*N-coded) and heavy ('°N-coded)
phosphopeptide isotopic envelopes were measured only
after the MS spectrum of each phosphopeptide was verified
by means of manual spectrum inspection and all MS spec-
tra of overlapping noise ion(s) had been removed. As a
result, 138 nonredundant phosphopeptides were selected
for quantification, each of which was supported by 2 to 27
pairs of MS ion peaks.

Because light and heavy isoforms of a phosphopeptide
produce distinct isotopic envelopes, the ratios of twin isotopic
envelopes of each peptide were calculated based on the
extracted ion chromatograms of monoisotopic peaks and the
isotopologue distribution (48). For all nonredundant phospho-
peptides quantified, each pair of MS ion peaks yielded a ratio,
and a two-tailed t test (p < 0.05) was performed on the
measurement of each nonredundant phosphopeptide to de-
termine the statistical significance. In the rcn7-1 experiment,
17 out of 138 phosphopeptides that were quantified accord-
ing to this method showed a statistically significant difference
between 1-min ethylene-treated and air-treated samples
(supplemental Table S4). The quantified phosphopeptides
were further fitted using a normal distribution. Those phos-
phopeptides whose average variance was more than the
mean *= 2 S.D. outside of the normal distribution were con-
sidered as significantly altered phosphopeptides (Figs. 3A-
3C; supplemental Figs. S4A and S4B). As a result, three
ethylene-enhanced and three ethylene-suppressed phospho-
peptides were found from the 1-min ethylene-treated rcni1-1
mutant (Table Il, supplemental Figs. S5 and S6).

Interestingly, the ethylene-induced alteration in phosphory-
lation level can be found on proteins ranging from plasma-
membrane-bound leucine-rich repeat transmembrane protein
kinase to nucleus-localized RNA-binding protein arginine/ser-
ine-rich splicing factor 41 (ATRSP41, AT5G52040). The phos-
phorylation level of o;,GLDIDTAGHHYpTV derived from H*-
ATPase 1 (AHA1, AT2G18960) was rapidly induced by
ethylene. This protein is crucial in many processes such as
nutrient uptake, cell elongation, pH homeostasis, stomatal
movement, and salt tolerance (80). The phosphorylation of the
conserved T948 residue at the C terminus modulates the
enzymatic activity of proton pumps by either inducing or
inhibiting association with 14-3-3 proteins (81). Thus, the
altered phosphorylation level that we found may suggest a
signaling pathway from ethylene to the inhibition of cell elon-
gation via AHA1. Moreover, the phosphorylation level of high
mobility group B2/3 (HMGB2/3, AT1G20693/AT1G20696) is
up-regulated by ethylene within 1 min of ethylene induction.
Previous research showed that both hydrophobic properties
and negative charge determine the binding of proteins from
this group to DNA (82, 83). In addition, protein sequence
alignment shows that both hydrophobic and negatively

charged residue surrounding the phosphorylation site are al-
ternately allocated, and phosphorylated serine can contribute
one extra negatively charged side chain and mimic aspartic
acid (D) in DNA binding. Therefore, the conformational change
resulting from the phosphorylation of serine on HMG proteins
may result in enhanced stability and DNA-binding specificity
for these proteins. Another interesting feature of HMGB pro-
teins is that the phosphorylated sequence may possess a
combinational code for functional modulation (84). Some of
these combinations of PTMs will lead to higher residence in
transcriptionally inactive heterochromatin.

To further confirm the significantly changed phosphory-
lation levels found via quantitative phosphoproteomic anal-
ysis on rcn1-1 phosphoproteins, additional validations were
performed in which a slightly ethylene-enhanced phospho-
speptide, ;¢ 76SLOSDSEKAPYVAK (derived from HMGB2/
B3), and a slightly ethylene-suppressed phosphopeptide,
-70GEPSRpSPPPYEKR (derived from ATRSP41), were se-
lected for time course measurements of dynamic change in
response to ethylene treatment. To that end, these two His-
tagged and nonphosphorylated synthetic peptides were sub-
jected to the in vitro plant kinase assay as described (25, 38).
As a result, both S81 of HMGB?2 (S78 of HMGB3) and S274 of
ATRSP41 were phosphorylated as expected by rcn1-1 ki-
nase(s) (Figs. 4A-4D). To confirm such time-dependent phos-
phorylation on these phosphosites occurring within first 15
min of ethylene treatment, iTRAQ-based quantitative phos-
phoproteomics was employed to measure the phosphoryla-
tion levels of these two sites over a short period of time. Four
groups of adult rcn7-1 Arabidopsis plants were treated with
ethylene for 0, 1, 5, and 15 min, respectively, before being
harvested. The plant kinases were then extracted and mixed
with differentially isobaric tag-labeled synthetic peptides (25).
As shown in Figs. 4E and 4F, the phosphorylation of S81 of
HMBG2 (or S78 of HMBG3) and S274 of ATRSP41 was in-
deed up- and down-regulated, respectively, by a few minutes
of ethylene treatment in rcn1-1. The phosphorylation level of
the HMBG site changed to 172.3% =+ 17.3%, 183.7% =+
30.9%, and 149.4% = 11.5%, respectively, at 1, 5, and 15
min of ethylene treatment (supplemental Fig. S7). In contrast,
the phosphorylation of S274 of ATRSP41 decreased to 99.4%
+ 8.6%, 82.6% = 3.1%, and 44.7% =+ 7.6%, respectively, at
1, 5, and 15 min of ethylene treatment (supplemental Fig. S7).
These phosphorylation changes are presented as a function
of ethylene treatment time for both ethylene early responsive
phosphopeptides (Figs. 4E and 4F). The trend of altered phos-
phorylation of these phosphosites measured by iTRAQ within
5 to 15 min is the same as that detected via SILIA-based
quantitative phosphoproteomics at 1 min of induction. Thus, it
is concluded that metabolic labeling-based quantitative phos-
phoproteomics is more suitable for identifying phosphorylation
alterations occurring within 1 min of induction, whereas iTRAQ
may be suitable for the multiplex quantitation of phosphopep-
tides collected from multiple time points simultaneously. Our
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Fic. 3. SILIA-based quantitative and differential phosphoproteomic analysis of ethylene-treated Arabidopsis wild type and ethylene
response mutants. A and D, quantitative analysis of 1-min ethylene-regulated phosphoproteome in recn1-17 mutant, which lost the functional A
regulatory subunit RCN1 of PP2A protein phosphatase (A), and a long-term ethylene-regulated phosphoproteome in both the wild type (wt) and
ctr1-1, loss-of-function of CTR1 protein, which encodes a Raf-like kinase of the MAPKKK family (D). Each dot represents the average ratio of the
peptide amount of a certain phosphopeptide identified from either the ethylene-treated to air control rcn7-1 (A) or the wild type to ctr1-7 (D). The
phosphopeptides of statistical significance defined via t test are highlighted in red. The dashed lines delineate the mean *+ 2 S.D. of the distribution.
B and E, histograms of phosphopetides from A and D, respectively, fitted using a normal distribution (red curve). The dashed lines demarcate the
mean * 2 S.D. of the distribution of the log2 ratio of phosphopeptide ion intensities. C and F, MS spectra of 1-min ethylene-up-regulated,
-independent, and -down-regulated phosphopeptides in rcn1-1 and the MS spectra of long-term ethylene-treated and CTR1-up-regulated,
-independent, and -down-regulated phosphopeptides. “Forward” and “reciprocal” refer to the order of mixing of '"®N-coded proteins with
“N-coded protein samples (see “Experimental Procedures”). E and A, the isotopologues of an identical phosphopeptide ion derived from
ethylene-treated and air-treated rcn7-1 protein samples, respectively (C). “W” and “C” indicate isotopologues of an identical phosphopeptide ion
derived from wild-type and ctr1-1 mutant plant protein samples, respectively (F). “M/z” represents the ratio of the ion mass to the charge of each
phosphopeptide. p marks the amino acid type at a phosphosite.

results also showed that ethylene-triggered phosphorylation The CTR1 gene has been defined as a negative regulator of
alteration quickly occurs on both plasma-membrane-bound ethylene response in Arabidopsis according to molecular ge-
and nucleus-localized nucleotide-binding proteins within a few  netic results because the recessive and loss-of-function mu-
minutes of induction. tant ctr1-1 exhibits constitutive ethylene-treated phenotypes
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TaBLE Il
Phosphopeptides affected by 1-min ethylene treatment in rcn1-1

Subcellular location

Protein

Motif category

Phosphopeptide®

p value®

Fold-
change®

Accession number

Ethylene enhanced

Intracellular, nucleus

Indeterminate-domain 5

[pSIP

60 PNSDAEVIALpSPK

1.15 3.16E-02

AT2G02070

(IDD5)
H*-ATPase 1 (AHA1)

Golgi apparatus, membrane,

037GLDIDTAGHHYpTV

1.14 3.12E-02

AT2G18960

nucleus, plasma membrane,

vacuole
Nucleus

High mobility group B2/3

[pSID/E

7.41E-03

1.10

AT1G20693, AT1G20696

79.76SLOSDSEKAPYVAK

(HMGB2/3)

Plasma membrane

Leucine-rich repeat

Rxx[pS]

+57SLPSFSTSGPR

1.17E-02

-1.27

Ethylene suppressed
AT1G07650

transmembrane protein

kinase
Phosphoglucomutase 2/3

Chloroplast, cytoplasm, cytosol,

9.09E-03

-1.12

AT1G70730, AT1G23190

115114ATGAFILTADSHNPGGPTEDFGIK

nucleus, plasma membrane

(PGM2/3)
Rxx[pS], [pS]P Arginine/serine-rich splicing Nucleus

»70GEPSRPSPPPYEKR

7.63E-04

-1.12

AT5G52040

factor 41 (ATRSP41)

2 The two values in bold are those selected for in vitro phosphorylation assays.

b Given by two-tailed Student’s t-test. All phosphopeptides listed were selected using two-tailed Student’s t-test (p < 0.05).

¢ The phosphorylated amino acids (Ser, Thr, or Tyr) are marked by p.

(equivalent to a long-term ethylene treatment) in the absence
of external ethylene gas in both seedling and adult plant
stages (6). This gene encodes a homolog of the Raf-like family
of protein kinases and a member of the plant MAPKKK family
(6). This MAPKKK enzyme interacts with the ethylene receptor
complex. Such an interaction may be involved in the conver-
sion of CTR1 kinase into a dimeric and active conformation (9,
10). Ethylene is therefore postulated to inactivate the kinase
activity of CTR1 and dissociate it from ethylene receptor
complexes, leading to the plant ethylene response. To deter-
mine whether CTR1 MAPKKK still has protein phosphoryla-
tion activities under ethylene treatment and whether there are
other direct and indirect protein substrates (in addition to
EIN2) for CTR1 kinase, SILIA-based quantitative and differen-
tial phosphoproteomics were performed simultaneously on
both wild-type and ctr1-1 plants under long-term ethylene
treatment. In this experimental design, the sole difference
between ethylene-treated wild-type plants and ctr7-1 is the
CTR1 kinase. In the wild-type Arabidopsis, CTR1 kinase is still
physically present in plant cells under ethylene treatment, but
CTR1’s kinase activity is unknown. In contrast, in the ctr1-1
mutant, CTR1 (MAPKKK) kinase activity is completely lost.
Differential and quantitative phosphoproteomic analyses of
these plants grown under long-term ethylene treatment re-
vealed 70 nonredundant measurable phosphopeptides, and
each of them was supported by 2 to 21 pairs of MS ion peaks.
Out of the quantified 70 phosphopeptides, there was a sta-
tistically significant difference between Col-0 and ctr1-1 sam-
ples for 17 (supplemental Table S5). All phosphopeptides
quantified were fitted using a normal distribution. The mean =
2 S.D. of the normal distribution was used for the selection of
CTR1-regulated phosphopeptides (Figs. 3D-3F; supplemen-
tal Figs. S4C and S4D). Eventually, it was found that the
phosphorylation levels of six phosphopeptides were indeed
up-regulated and those of two phosphopeptides were down-
regulated by the CTR7 gene under constant ethylene expo-
sure (Table I, supplemental Figs. S8 and S9).

Because both wild-type Arabidopsis and ctr7-1 were
treated with a higher dose of ethylene (10 ppm), the differen-
tial phosphoproteome subtraction between Col-0 and ctr1-1
is believed to have subtracted the phosphorylation differ-
ences resulting from receptor histidine and serine/threonine
kinase activities and other unknown kinase activities and to
have provided informative results on the putative direct or
indirect substrates for CTR1 MAPKKK under the influence of
constant ethylene exposure. In particular, using the loss-of-
function mutant ctr7-7 as a genetic background, the long-
term ethylene-treated wild-type Arabidopsis accumulates in
parallel phosphorylation at the T451 site of plastid transcrip-
tionally active 16 (PTAC16, AT3G46780) protein, suggesting
that the CTR1 kinase in the wild-type plant may use PTAC16
as a putative (either direct or indirect) downstream substrate
under ethylene treatment. This result implies that CTR1 pro-
tein may be active under ethylene treatment, or at least par-
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Fic. 4. Validation of phosphosites using in vitro plant kinase
assay. A and B, the MS/MS spectra of a synthetic peptide
SLSDSEKAPYVAK and its phosphorylated isoform at the S3 position,
respectively. C and D, the MS/MS spectra of another synthetic pep-
tide, GESRSPPPYEKR, and its phosphorylated isoform at the S5
position, respectively. The gray letters in brackets denote the residues
digested from the synthetic peptide. E and F, the time course of
ethylene-regulated in vitro kinase activities of rcni1-1. The x-axis
indicates the duration (in minutes) of the ethylene treatment. The
phosphorylation level of phosphopeptides marked along the y-axis

tially active, as a kinase. Recent study has shown that phos-
phorylation at T451 of PTAC16 is thylakoid protein state
transition 7 (STN7) kinase dependent and is excluded from the
nucleoid (85). Chloroplast STN7 kinase, which is required for
state transitions between photosystem | and photosystem I
and for light adaptation, is one of the two light-regulated
protein kinases (86). However, neither STN7 nor STN8 (the
other light-regulated protein kinase in Arabidopsis) is required
for the phosphorylation of S48, S47, or S46 on light harvesting
chlorophyll A/B binding proteins 1.1-1.5 (LHCB1.1-1.5,
AT1G29920/AT1G29910/AT1G29930/AT2G34430/AT2G34420)
(85). Taken together, these data suggest that it is possible that
the physical presence of wild-type CTR1 kinase may be re-
quired for the up-regulation of PTAC16, STN7, and LHCB pro-
tein phosphorylation upon ethylene induction.

However, the presence of CTR1 protein in Arabidopsis cells
may suppress the phosphorylation of some proteins under eth-
ylene treatment (Table Ill). For example, the fact that a 1.82-fold
increase in the phosphorylation level of SLGpSFRpSAANV de-
rived from plasma membrane intrinsic protein 2A (PIP2A,
AT3G53420) resulted from the physical absence of CTR1 pro-
tein in the ctr1-1 plant under ethylene treatment indicates that
CTR1 kinase may indirectly suppress the phosphorylation of
PIP2A water channel protein via either enzyme activity or pro-
tein interaction. It is possible that ethylene regulates water chan-
nel activities via CTR1 kinase-independent phosphorylation of
S$280 and S283 sites of PIP2A.

Construction of Ethylene Signaling Network with Bioinfor-
matics and GPS—Molecular evidence has shown that ethyl-
ene-triggered phosphor-relay in Arabidopsis cells may be
achieved via multiple pathways (36-39). These newly identi-
fied and ethylene-regulated phosphoproteins may constitute
an additional network of components in molecular signaling.
Therefore, several bioinformatics methods were integrated in
order to establish a novel workflow for the construction of an
ethylene-regulated phosphor-relay network.

Because of the intrinsic limitations of mass spectrometry
measurement, an exhaustive and complete phosphopro-
teomic analysis is difficult to achieve on an organism (87, 88).
For this reason, we performed BLAST-based phosphosite
motif mining (38, 89) on these short-ethylene-exposure and
CTR1-regulated phosphopeptides in order to discover more
ethylene-regulated phosphosites, as we have done before
(25). As a result, we finally constructed several conserved

was determined according to the iTRAQ method (38), and the relative
phosphorylation levels were calculated versus the intensity of a re-
porter ion from 0-min ethylene-treated samples (see “Experimental
Procedures” for details). The deviation at each time point represents
the average of three to five individual experimental results. The syn-
thetic substrate peptides used for iTRAQ-based relative phosphory-
lation quantification were ;g ;cSLSDSEKAPYVAK (E) derived from
high mobility group B2/3 protein (AT1G20693/AT1G20696) and
-70GESRSPPPYEKR (F) derived from arginine/serine-rich splicing fac-
tor 41 (AT5G52040).
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TaBLE Il
CTR1 gene-regulated phosphopeptides

Subcellular location

Phosphopeptide® ca';/é%tgry Protein

p value?

Fold-
change

Accession number

CTR1 enhanced

Chloroplast, membrane

(PTAC16)
Calcium sensing receptor (CaS)

Plastid transcriptionally active 16

+47VQVAPTVR

4.06E-03

1.77

AT3G46780

Chloroplast, mitochondrion
Chloroplast, membrane,

+7spSGTKFLPSSD

3.08E-10

73

1.

AT5G23060

1.711 2.05E-04 [pSIP Light harvesting chlorophyll A/B binding

AT1G29920, AT1G29910, AT1G29930,

44,44,44,43,120GPSGPSPWYGSDRVK

mitochondrion

protein 1.1/1.2/1.3/1.4/1.5 (LHCB1.1/

1.2/1.3/1.4/1.5)
Glutaredoxin family protein

AT2G34430, AT2G34420

Nucleus

11.KSADSFHTLDELEVR
24.44.44.43,42GPSGSPWYGPSDRVK

2.04E-02
3.62E-03

1.61

1.

AT1G64500

Chloroplast, membrane,
mitochondrion

protein 1.1/1.2/1.3/1.4/1.5 (LHCB1.1/

1.2/1.3/1.4/1.5)
PEP carboxylase 2/3 (PPC2/3)/PEP

Light harvesting chlorophyll A/B binding

[pSID/E

60

AT1G29920, AT1G29910, AT1G29930,
AT2G34430, AT2G34420

Chloroplast, cytoplasm, cytosol,
plasma membrane

carboxylase-related

0.050XMAPSIDAQLR

1.79E-02

1.54

AT2G42600, AT3G 14940, AT3G42628

CTR1 suppressed

Chloroplast, membrane, plasma
membrane, vacuole
Cytoplasm, cytosol, nucleus,

B/C (PIP2A/B/C)
Aluminum induced protein with YGL

Plasma membrane intrinsic protein 2A/

277,275,2759LGPSFROSAANV

2.64E-03

-1.82

AT3G53420, AT2G37170, AT2G37180

plasma membrane

and LRDR motifs

Rxx[pS]

»35VGDSVQNWSK

8.53E-03

—1.42

AT3G22850

Note: Both wild-type and ctr7-17 mutant Arabidopsis were grown in the presence of ACC.

2 Given by two-tailed Student’s t test. All phosphopeptides listed were selected using two-tailed Student’s t test (p < 0.05).

® The phosphorylated amino acids (Ser, Thr, or Tyr) are denoted by p, and oxidized Met is denoted by ox.

phosphorylation motifs containing putative ethylene-regu-
lated phosphosites (Fig. 5). A total of 10 highly conserved
phosphorylation motifs were found, of which 5 were from
1-min ethylene-exposure-treated rcn7-7 and 5 were from
from a proteomics study of ethylene-treated wild-type/ctr1-1.
Figs. 5A and 5B show two and three ethylene-induced and
-repressed phosphosite motifs, respectively. Figs. 5C and 5D
show 4 and 1 CTR1-enhanced and -repressed motifs, respec-
tively. In total, we found 45 bioinformatics-derived putative
ethylene-regulated phosphopeptides. As a result of this ho-
mology-based alignment approach, some phosphoproteins
of interest that are difficult to detect via MS were chosen for
further functional analysis (25, 36), and both MS- and bioin-
formatics-derived ethylene-regulated phosphosites were
used for the construction of a phosphor-relay network (Figs.
6A and 6B).

Although few substrates for plant PP2A are known, a
phosphatase—substrate interaction network has recently been
reconstructed in human cells (79), and PP2A is a highly con-
served phosphatase across species. Thus, applying the same
alignment strategy, a segment of polypeptides (50 amino
acids) surrounding the rcn7-1-specific phosphorylation sites
(supplemental Table S3) was searched against the human
genome using BLAST software. Eventually, nine Arabidopsis
homologs of human PP2A phosphatase-interacting proteins
were found (supplemental Table S3). These homologs are
considered as putative substrates of Arabidopsis PP2A phos-
phatase (Fig. 6C).

Furthermore, in order to identify those kinases/phospha-
tases responsible for phosphorylating/dephosphorylating eth-
ylene-regulated phosphosites (Tables Il and lll; Fig. 5), two
bioinformatics methods were employed. One was a literature-
based kinase search, and the other was a GPS-based kinase
search. For example, it was found that the phosphorylation of
T451 of PTAC16 is STN7 kinase dependent (85). Thus, ethyl-
ene signaling from CTR1 to PTAC16 may be transduced
through STN7 kinase, as the phosphorylation of T451 requires
STN7 kinase activities exclusively. As another example, it was
also reported in the literature that Arabidopsis HMGB2 and
HMGB3 are phosphorylated by casein kinase 2« of maize. As
Arabidopsis casein kinase 2a shares 86% amino acid sequence
identity with Arabidopsis, Arabidopsis HMGB2/3 proteins may
be phosphorylated by Arabidopsis casein kinase 2« (90).

For GPS (60) identification of upstream kinases for these
ethylene-regulated phoshosites, we first obtained 1056 Ara-
bidopsis kinase sequences from our newly developed data-
base, the Eukaryotic Kinase and Phosphatase Database, be-
cause classification information on plant kinases was not
included in GPS 2.1 (60). As previously described (69, 70),
these Arabidopsis kinases were preclassified into a hierarchi-
cal structure with four levels (group, family, subfamily, and
single protein kinase) (supplemental Table S6A) with the iden-
tification of preconstructed hidden Markov model profiles.
Based on the hypothesis that kinases in the same group,
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A
Ethylene-rapidly-enhanced phosphorylation motifs

*

AT2G02070 Indeterminate(ID)-domain 5

AT1G03840 Magpie

AT5G66730 Enhydrous

AT3G13810 Indeterminate(ID)-domain 11

AT1G14580 C2H2-like zinc finger protein

AT4G02670 Indeterminate(ID)-domain 12

AT3G50700 Indeterminate(ID)-domain 2
*

AT1G20693 High mobility group B2

AT1G20696 High mobility group B3

AT5G24290 Membrane of ER body 2

AT1G13710 Cytochrome P450 CYP78A5

AT3G23160 Protein of unknown function

AT1G18840 1Q-domain 30

AT5G26150 Protein kinase family

Ethylene-rapidly-repressed phosphorylation motifs
*

AT4G30160 Villin 4

AT1G07650 Leu-rich repeat transmembrane protein kinase

AT2G31870 Poly (ADP-ribose) glycohydrolase (PARG)

AT2G03360 Glycosyltransferase family 61 protein

AT2G15820 Organelle transcript processing 51

AT1G20300 Pentatricopeptide repeat (PPR) superfamily

AT5G62830 F-box associated ubiquitination effector family
*

AT1G70730
AT1G23190
AT5G51820
AT1G15520

AT3G01920
AT3G05040 H ARM repeat superfamily protein

* *
AT5G52040 PPPY RNA-binding (RRM/RBD/RNP motifs) family
AT4G38550 PPPY Arabidopsis phospholipase-like protein family
AT4G31580 PPPY RS-containing zinc finger protein 22
AT2G24590 PPPY RS-containing zinc finger protein 22A
AT2G20950 PPPH Arabidopsis phospholipase-like protein family
AT2G14835 PPPI RING/U-box superfamily
AT1G24140 PPPS Matrixin family

AT3G15120 PPPC P-loop containing nucleoside triphosphate

hydrolases susperfamily

H Phosphoglucomutase 2

H Phosphoglucomutase 3

H phosphoglucomutase

H Arabidopsis thaliana ATP-binding cassette G40
DHBP synthase RibB-like alpha/beta domain

C
CTR1-enhanced phosphorylation motifs
*

AT3G46780 Plastid transcriptionally active 16
AT3G07050 Nucleostemin-like 1
AT3G23840 HXXXD-type acyl-transferase family
AT1G10000 P Ribonuclease H-like superfamily

*
AT5G23060 Calcium sensing receptor
AT1G57570 Mannose-binding lectin superfamily
AT4G15070 Cysteine/Histidine-rich C1 domain family
AT5G38520 alpha/beta-Hydrolases superfamily

*

AT1G64500 H Glutaredoxin family
AT3G05650 H Receptor like protein 32
AT2G19410 H U-box domain-containing protein kinase family
AT3G28600 H P-loop containing nucleoside triphosphate

hydrolases superfamily

*
AT2G42600 Phosphoenolpyruvate carboxylase 2
AT1G53310 Phosphoenolpyruvate carboxylase 1
AT3G42628 Phosphoenolpyruvate carboxylase-related
AT3G14940 Phosphoenolpyruvate carboxylase 3

AT5G49900 beta-glucosidase, GBA2 type family
AT1G64030 Serpin 3
AT5G43580 Unusual serine protease inhibitor

D
CTR1-supressed phosphorylation motifs

* *
AT3G53420 Plasma membrane intrinsic protein 2A
AT2G37170 Plasma membrane intrinsic protein 2B
AT2G37180 Plasma membrane intrinsic protein 2C
AT3G54820 Plasma membrane intrinsic protein 2D
AT4G35100 Plasma membrane intrinsic protein 3

AT1G79950 RAD3-like DNA-binding helicase protein

Fig. 5. Construction of CTR1- and ethylene-regulated phosphorylation motifs. Sequence alignment of short segments of phosphoproteins
harboring the newly identified phosphopeptides that are specific to both ethylene and CTR1 regulation. Alignment was performed using ClautalW.
Arabidopsis Information Resource identification and annotations are marked on the right-hand side of each phosphosite motif. Asterisks (*) denote
the conserved phosphorylation sites in each motif. A and B, the conserved phosphorylation motifs built from one-minute ethylene-up-regulated and
-down-regulated phosphopeptides, respectively. C and D, the conserved phosphorylation motifs built from CTR1-enhanced and CTR1-suppressed
phosphopeptides under long-term ethylene regulation, respectively. In each motif, the MS-derived authentic phosphopeptide is placed at the top
of the amino acid sequence alignment, and the rest are the putative phosphoprotein sequences deposited in the TAIR10 database.

family, or subfamily would recognize similar patterns/motifs in
substrates for modification, the corresponding predictor in
GPS 2.1 was assigned for each Arabidopsis kinase if available
(see “Experimental Procedures”) (60). In the end, 932 kinases
were selected with GPS predictors (supplemental Table S6B).
Each ethylene-regulated phosphosite was analyzed with GPS
2.1, and the default threshold (medium) (60) was chosen with
false positive rates of 6% and 9% for serine/threonine kinases
and tyrosine kinases, respectively. The site-specific kinase—
substrate relations were then determined based on the kinase-
predictor mapping list (supplemental Table S6A) and further
filtered using the existing PPI databases to reduce false positive
predictions (see “Experimental Procedures”). As a result, a total

of 23,674 experimentally identified PPIs and 717,810 predicted
PPIs in Arabidopsis were taken from online databases (supple-
mental Table S6B; see “Experimental Procedures”). A predicted
site-specific kinase-substrate relation was accepted only if the
relationship between kinase and substrate was supported by
either experimental results or predicted PPls.

A total of 14 site-specific kinase-substrate relations cover-
ing 11 kinases and 11 phosphosites on 10 substrate proteins
were eventually predicted (supplemental Table S6C, Fig. 6).
Firstly, in the case of the ethylene-regulated phosphosites
detected from rcni-1 mutant, calmodulin-binding receptor-
like cytoplasmic kinase 2 (AT4G00330) was predicted as a
protein kinase modifying leucine-rich repeat transmembrane

Molecular & Cellular Proteomics 12.12
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Fic. 6. Bioinformatic analysis of ethylene signaling-related kinase-substrates networks. A, phosphoproteins up- or down-regulated by
ethylene and the putative kinases involved in the early stage (1 min) of ethylene-regulated protein phosphorylation. B, phosphoproteins up- or
down-regulated by CTR1 MAPKKK in the presence of ethylene and the putative kinases involved in ethylene- and CTR1 kinase-regulated
protein phosphorylation. C, prediction of putative substrates of PP2A. Green box: PP2A; green circle: CTR1 kinase; red octagons: authentic
positively regulated substrates; pink octagons: predicted positively regulated substrates; gray ellipses: authentic negatively regulated
substrates; violet ellipses: predicted negatively regulated substrates; peach circles: kinases found from the literature; lime circles: kinases
predicted by GPS; dashed lines with arrows: putative positive regulation; dashed lines with stop ends: putative negative regulation; solid lines
with arrows: kinase phosphorylation reported in the literature; double lines with arrows: direct kinase phosphorylation predicted by GPS;
separated arrows: authentic positive regulation; separated stops ends: authentic negative regulation.

protein kinase AT1G07650 (see Fig. 6A). Secondly, in the
ctr1-1 experiment, the CTR1 up-regulated phosphorylated
a/B-hydrolase superfamily protein AT5G38520 was predicted
as a substrate of a protein kinase superfamily protein
AT1G54820, LHCB1.1 and LHCB 1.5 as substrates of protein
kinase 2B (APK2B, AT2G02800), glutaredoxin family protein
AT1G64500 as a substrate of both SNF1-related protein ki-
nase 2C (AT1G78290) and CBL-interacting protein kinase 1
(CIPK1, AT3G17510), PIP2A as a substrate of altered seed
germination 5 protein kinase (ASG5, AT1G20650), and finally
PIP3 (AT4G35100) as a substrate of D6 protein kinase
(AT5G55910) (see Fig. 6B). Lastly, in the case of the putative
substrates of PP2A phosphatase obtained from homologous
alignment, both octicosapeptide/Phox/Bem1p domain super-
family protein kinase AT5G57610 and calmodulin-domain
protein kinase 9 (AT3G20410) were predicted as protein ki-

nases that modify the flowering bHLH 3 protein (FBHS,
AT1G51140). In addition, both cyclin-dependent kinase B1
(AT3G54180) and inflorescence meristem receptor-like kinase
2 (AT3G51740) were predicted as protein kinases modifying
ribosomal protein S13 (AT3G60770), and the inflorescence
meristem receptor-like kinase 2 was also predicted as a pro-
tein kinase modifying tetratricopeptide repeat-like superfamily
protein AT4G37210 (see Fig. 6C).

The cascades of enzyme-substrate relationships defined
by the GPS predictor were further substantiated by data
presented in the literature. The previous work has already
revealed that more than half of the predicted kinases are
regulated by ethylene (35). Calmodulin-binding receptor-like
cytoplasmic kinase 2 (kinase of leucine-rich repeat transmem-
brane protein kinase AT1G07650), SNF1-related protein ki-
nase 2C (kinase of glutaredoxin family protein AT1G64500),
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and calmodulin-domain protein kinase 9 (kinase of FBH3) are
enhanced by ethylene, and protein kinase superfamily pro-
tein AT1G54820 (kinase of o/B-hydrolase superfamily protein
AT5G38520), CIPK1 (kinase of glutaredoxin family protein
AT1G64500), ASG5 (kinase of PIP2A), and inflorescence mer-
istem receptor-like kinase 2 (kinase of RPS13 and tetratrico-
peptide repeat-like superfamily protein AT4G37210) are sup-
pressed by ethylene (35). Interestingly, FBH3 is also a putative
PP2A phosphatase substrate as determined by this work
(supplemental Table S3). Thus, calmodulin-domain protein ki-
nase 9 and PP2A may constitute a modifying/demodifying en-
zyme pair that regulates the phosphorylation of FBH3 in an
antagonistic fashion. Furthermore, the glutaredoxin family pro-
tein AT1G64500 may be directly phosphorylated by CIPK1 ac-
cording to the GPS predictor. Interestingly, the expression of
CIPK1 happens to be regulated by CTR1 (91). In our quantitative
phosphoproteomics experiment on ethylene-treated wild-type/
ctr1-1 pairs, CTR1 was found to enhance the phosphorylation
of glutaredoxin family protein AT1G64500 (Fig. 6B, Table IlI). It is
therefore likely that CTR1 may regulate the phosphorylation of
glutaredoxin family protein AT1G64500 by regulating CIPK1.

In short, via the application of both GPS predictor analysis
and bioinformatics analysis of rapidly ethylene-regulated and
CTR1-regulated phosphoproteins, we have established sev-
eral ethylene-signaling networks that have not been reported
in the literature previously (Fig. 6). The integration of quanti-
tative phosphoproteomics and PPl GPS prediction is able to
provide useful information for directing the future functional
validation of these phosphoproteins and kinases in the con-
text of cell signaling.

DISCUSSION

In vivo stable isotope metabolic labeling, especially heavy
nitrogen (*°N) labeling, has been successfully applied to char-
acterize PTMs in various organisms (66, 92, 93). Given the
availability of a huge collection of Arabidopsis mutant lines,
we chose to apply '°N stable isotope metabolic labeling-
based quantitative PTM proteomics to analyze two highly
selected and well-characterized ethylene response mutants,
ctr1-1 and rcni-1 (or eeri-1), to identify phosphorylation
events induced by both short-term and long-term ethylene
treatment. Ethylene was found to quickly trigger phosphory-
lation alteration of proteins located in various cellular compart-
ments ranging from the cytosol to the nucleus (Table Il). The
1-min ethylene-induced protein phosphorylation profile is dra-
matically different from that resulting from constant ethylene
treatment of the wild type and ctr7-1 (Table Ill). The successful
identification of novel rapidly ethylene-induced phosphosites
may be attributed to the SILIA-based quantitative phospho-
proteomic approach (48), in which all protein molecules in-
cluding proteases and phosphatases are instantly denatured
by a high concentration of urea (8 m) once the frozen cells are
dissolved into the protein isolation solution. A second con-
tributor to this success was the use of a mutant defective in

phosphatase (PP2A) activity. The application of quantitative
phosphoproteomics on various phosphatase-deficient Arabi-
dopsis mutants may become a powerful way to profile more
novel phosphosites and contribute to the establishment of
phosphor-relay-mediated signaling networks in Arabidopsis,
especially given that Arabidopsis contains more than 150
phosphatases (94). The usefulness of this approach is further
confirmed by the identification of several putative substrates
for PP2A from the integration of quantitative phosphopro-
teomic and bioinformatic analysis (supplemental Table S3).
Lastly, the success may be attributed to the employment of
the stable isotope metabolic labeling strategy. Given that
the total amount of cellular proteins is similar in each pair of
plant tissues (air- versus ethylene-treated rcn1-1 and ethyl-
ene-treated wild type versus ctr1-1), this >N metabolic
labeling technique emphasizes the mixing of two differen-
tially labeled total cellular proteins at the initial step, which
allows targeted proteins '*N/'®N differentially coded under
two separate physiological conditions to go through identical
protein separation, peptide generation and isolation, peptide
ionization, and ion intensity quantification processes so that
variations occurring from each step mentioned above are eli-
minated, unlike with the iTRAQ technique (36, 58, 59).
Molecular genetics and biochemical data have demon-
strated that both ethylene response 1 and ethylene response
sensor 1 physically interact with CTR1 kinase, and these
interactions are required in ethylene signaling (9, 10). Once an
ethylene receptor-CTR1 kinase complex interacts with ethyl-
ene, its signal is transduced downstream through altered
kinase activities and phosphor-relay to other signaling com-
ponents. However, the finding that CTR1 kinase interacts
separately with both ethylene receptor and EIN2 and conse-
quently phosphorylates EIN2 (11, 12) to inactivate the central
positive regulator of ethylene responses still does not explain
how the ethylene receptor-CTR1 kinase complex physically
transduces the ethylene binding of receptor complexes to
both histidine (or aspartic acid) kinase activity of the receptor
and serine/threonine kinase activity of CTR1, because it is still
uncertain how many ethylene receptor-CTR1 kinase com-
plex-dependent substrates are present in plant cells. The
physical association of Arabidopsis PP2A with the kinase
domain of CTR1 in vitro has further complicated the mode of
action of ethylene receptor-CTR1 kinase complexes. It has
been hypothesized that the increased sensitivity and ampli-
tude of plant responses to ethylene observed in the rcnt (or
eer1-1) loss-of-function mutant are achieved through the en-
hanced effectiveness of CTR1 kinase inactivation resulting
from the binding of ethylene, which in turn lowers the thresh-
old of induction required for the development of the ethylene
response phenotype (45). Moreover, in the regulation of CTR1
MAPKKK on the stability of EIN3, the role of the mitogen-
activated protein kinase kinase 9-mitogen-activated protein
kinase 3/6 cascade is still controversial (37, 95); protein phos-
phorylation-mediated ethylene signaling may include all these
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possible kinase activity outputs and multiple signaling path-
ways. Our quantitative phosphoproteomics performed on
wild-type Arabidopsis and ctr7-1 plants, which were of a
similar morphological phenotype (Fig. 1) and exposed to iden-
tical ethylene treatments, revealed distinct and differential
phosphopeptide profiles between them (Table Ill). Given the
existing model by which ethylene inactivates CTR1 kinase
activities, leading to the dephosphorylation of EIN2 S645 and
S924 (11, 12), our differential phosphoproteomics results
strongly suggested that kinase activities of the ethylene
receptor-CTR1 complex may still exist after ethylene treat-
ment (Table Ill). Alternatively, it is likely that the physical
presence of CTR1 protein enhances the phosphorylation of
some phosphosites indirectly. It is also possible that there are
ethylene-induced kinase activities other than that of CTR1
kinase, which transduces the ethylene binding of the receptor
to downstream protein phosphorylation events in parallel with
CTR1 kinase. Furthermore, it is also possible that the ethylene
signaling from the binding of ethylene to protein kinase activity
output may occur through alteration of the protein substrate
specificity of CTR1 kinase by the ethylene-modified receptor
complex. Nevertheless, these multiple protein phosphorylation-
mediated signal transduction pathways may integrate with
EIN2-mediated transcriptional activities to constitute an intricate
dual-and-opposing effect of ethylene on the production of
phosphorylated isoforms that have been shown to be required
in the regulation of several biological processes (20, 25).

In conclusion, the ethylene receptor-CTR1 kinase complex
may initiate its signaling cascade through multiple protein
phosphorylation pathways (Fig. 7A). Bioinformatic analysis of
ethylene-regulated phosphoproteins further indicates that
ethylene has a dual-and-opposing effect on the production of
the phosphorylated isoform of ATRSP41, which is very similar
to that of ERF110, whose transcription is regulated by ethyl-
ene via EIN2 but whose phosphorylation/dephosphrylation is
EIN2 independent (18, 25). Based on our results, phosphory-
lation of ATRSP41 is suppressed by a 1-min ethylene treat-
ment (Table ). This down-regulation of phosphorylation levels
may be due to the reduced activities of CTR1 kinase or
increased phosphatase activities (Fig. 7B). In contrast, the
gene expression of this phosphoprotein is stimulated by eth-
ylene through EINS/EIL1 ethylene response transcription fac-
tors (35) (Fig. 7B).

Another, more complex regulation model that we found is
the regulation of phosphorylation of PIP2A by ethylene. Pre-
vious studies revealed that the dephosphorylation of S274
within a highly conserved C-terminus region of spinach PIP2
triggers the closure of the PIP2 water channel (96-98). Further
studies revealed that the phosphorylation of PIP2A at S280
and S283 positions is salt-enhanced (99) and abscisic-acid-
repressed (66), respectively, in Arabidopsis. Thus, the open-
ing and closing of the PIP water channel is consistent with its
role in response to salt and drought stresses, respectively. In
the comparative study of ethylene-treated phosphopro-

teomes of wild-type Arabidopsis and ctr7-1, a decrease in the
phosphorylation level of these two phosphosites on PIP2A
may have resulted from ethylene down-regulated kinase ac-
tivity of CTR1 (Fig. 7C). As a predicted protein kinase to
PIP2A, ASGS5 is suppressed by ethylene at the transcriptional
level (35), and such an effect may be mediated by the CTR1-
EIN2-EIN3/EIL1 pathway (i.e. by reducing the kinase activity
of CTR1), as are most other ethylene-responsive genes. Thus,
ethylene may have a dual-and-opposing effect on the acti-
vated isoform of PIP2A, as in the case of ERF110 (Fig. 7C), in
which ethylene may dually and oppositely regulate the phos-
phorylated PIP2A through ASG5 and other kinases/phospha-
tases (Fig. 7C). The multifaceted regulation of PIP2A phos-
phorylation is further complicated by the crosstalk present
between ethylene and auxin. Although the expression of
PIP2A is repressed by auxin (100), the synthesis of this hor-
mone and plants’ perception of auxin are up-regulated by
ethylene (101) (Fig. 7C). Moreover, studies of the transcrip-
tional profile of PIP2A further revealed quite different expres-
sion patterns for this gene (29, 35). Thus, discovering how
ethylene regulates PIP2A gene expression and water-channel
activities is an interesting yet challenging task and remains to
be further investigated.

Our quantitative phosphoproteomics study also revealed
several chloroplast proteins whose phosphorylation is regu-
lated by CTR1 kinase. This finding suggests possible linkages
from ethylene signaling to light harvesting. Among those
CTR1 kinase-up-regulated and chloroplast-located phospho-
peptides, it has been reported that phosphorylation of the
T451 amino acid of PTAC16 and the S48 amino acid of
LHCB1.1-1.3 (S47 of LHCB1.4 or S46 of LHCB1.5) are STN7-
dependent and -independent, respectively (85). Thus, it is
likely that there is more than one pathway from CTR1 kinase
to chloroplast. Even though the changes are relatively small, it
was revealed via Student’s t test from the rcn7-1 experiment
that the phosphorylation levels of both T451 of PTAC16 and
S48 of LHCB1.1-1.3 (S47 of LHCB1.4 or S46 of LHCB1.5) in
1-min ethylene-treated plants are lower than those in air-
treated plants (see supplemental Tables S4 and S5). This may
be caused by reduced kinase activity of CTR1 under ethylene
treatment. This observation clearly indictes that the kinase
activity of CTR1 is reduced but not completely inhibited. The
light-harvesting chlorophyll a/b-binding protein family is re-
quired for stomatal movement (102). Because the expression
of LHCB1.1 is repressed by both glucose and fructose in
wild-type Arabidopsis but not in ctr7-7 mutant, it is concluded
that the sugar-mediated repression of LHCB1.1 is CTR1-de-
pendent (103, 104). Because CTR1 kinase also enhances the
phosphorylation of LHCB1.1, it is likely that the production of
the phosphorylated isoform of LHCB1.1 can be dually and
oppositely affected by CTR1 kinase or CTR1-regulated ki-
nase/phosphatase in the cell signaling systems (Fig. 7D).

Finally, FBH3 (AT1G51140) is one of four flowering bHLH
proteins. The overexpression of FBH3 causes early flowering
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Fig. 7. Proposed models for ethylene signaling networks. A, a model of the ethylene signaling network is reconstructed by integrating the
phosphoproteins regulated by either ethylene or CTR1 protein with the well-known linear ethylene signaling pathway. B, dual-and-opposing effect
of ethylene on arginine/serine-rich splicing factor (ATRSP41, AT5G52040). C, dual-and-opposing effect of ethylene on plasma membrane intrinsic
protein 2A (PIP2A, AT3G53420). D, dual-and-opposing effect of CTR1 on light harvesting chlorophyll A/B binding protein 1.1 (LHCB1.1,
AT1G29920). E, dual-and-opposing effect of ethylene on flowering gene bHLH 3 (FBH3, AT1G51140). Octagons, circles, boxes, and hexagons
represent receptors, kinases, phosphatases, and other components of the ethylene signaling network, respectively. Arrows represent positive
effects, whereas stop ends represent negative effects. Red and gray lines represent protein phosphorylation and protein dephosphorylation,
respectively, and cyan lines represent the regulation of gene expression. Black line represents the effect on the synthesis of hormones. Solid lines
represent direct regulation, and double solid lines represent direct or indirect regulation. Dashed lines represent putative interactions. A dashed line
with a question mark means the regulation is assumed.
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in Arabidopsis (105). FBH3 was suggested as one of the
putative substrates for PP2A in our differential phophopro-
teomic analysis, and it was also predicted as a substrate of
calmodulin-domain protein kinase 9 (AT3G20410), the ex-
pression of which happened to be enhanced by ethylene (35).
Thus, again ethylene is proposed to have a dual-and-oppos-
ing effect on the phosphorylation state of FBH3 through the
opposing enzyme activities of kinase against phosphatase on
the phosphosite (Fig. 7E).

Although significant changes in phosphopeptide profiles
have been uncovered by our PTM proteomic analysis, no
single case has been observed in our experiments in which a
complete phosphorylation/dephosphorylation event (e.g. only
the "*N-coded peak in forward experiments or the '°N-coded
one in reciprocal experiments) occurred in either differential
hormone treatments or different genotypes.

GPS, as a predictor for site-specific kinase-substrate rela-
tions, has been used in many investigations on protein phos-
phorylation in animals (60). In the present study, we analyzed
the results of quantitative phosphoproteomics with GPS to
predict site-specific protein kinases involved in ethylene sig-
naling (35, 91). Some of these putative kinases (supplemental
Table S6) have been successfully constructed in models of
ethylene signaling networks (Fig. 7). These findings indicate
that GPS not only can be used in the prediction of plant
kinases, but also can be integrated with stable-isotope-as-
sisted quantitative phosphoproteomics to construct kinase—
substrate relationships and establish the PTM networks dur-
ing cell signaling and development (Figs. 6 and 7). The
resulting quantitative proteomics and molecular systems-bi-
ology-based cell signaling networks may serve as guidelines
for further experimental validation and functional studies.
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