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Abbreviations: 1-D PAGE, one-dimensional polyacrylamide gel electrophoresis; 2-D
PAGE, two-dimensional polyacrylamide gel electrophoresis; ADP, adenosine
diphosphate; AtLFNR, Arabidopsis thaliana leaf-type ferredoxin-NADP*-oxidoreductase;
ATP, adenosine triphosphate; BPB, bromophenol blue; BR, brassinosteroid; CID,
collision induced dissociation; DIGE, difference gel electrophoresis; DMSO,
dimethylsulfoxide; DTT, dithiothreitol; ESI, electrospray ionization; FBA, fructose
bisphosphate aldolase; IAA, iodoacetamide; IEF, isoelectric focusing; IMAC,
immobilized metal-ion affinity chromatography; IPG, immobilized pH gradient strip; LC-
MS/MS, liquid chromatography tandem mass spectrometry; LSU, large subunit
(Rubisco); MD, multi-dimensional; MS, mass spectrometry; PEG, polyethylene glycol;
PGK, phosphoglycerate kinase; PMSF, phenylmethylsulfonyl fluoride; PSI, photosystem
I; PSII, photosystem Il; PVPP, polyvinylpolypyrrolidone; Q-TOF, quadrupole time-of-
flight; Rubisco, ribulose bisphosphate carboxylase/oxygenase; Ser, serine; SSU, small
subunit (Rubisco); TBP, tributylphosphine; TEMED, N,N,N’,N’-tetra-methyl-

ethylenediamine; TFA, trifluoroacetic acid; Thr, threonine; Tyr, tyrosine.
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Summary

Reversible protein phosphorylation is a key regulatory mechanism in cells.
Identification and characterization of phosphoproteins requires specialized enrichment
methods due to the relatively low abundance of these proteins, and in plants this is
further complicated by the high abundance of Rubisco protein in green tissues. We
present a novel method for plant phosphoproteome analysis that firstly depletes
Rubisco by polyethylene glycol fractionation and then utilizes immobilized metal-ion
affinity chromatography to enrich for phosphoproteins. Subsequent protein separation
by one- and two-dimensional gel electrophoresis is further improved by extracting the
PEG-fractionated protein samples with SDS/phenol and methanol/chloroform to remove
interfering compounds. Using this approach we identified 132 phosphorylated proteins
in a partial Arabidopsis leaf extract. These proteins are involved in a range of biological
processes, including CO: fixation, protein assembly and folding, stress response, redox
regulation and cellular metabolism. Both the large and small subunits of Rubisco were
phosphorylated at multiple sites, while the depletion of Rubisco enhanced detection of
less abundant phosphoproteins, including those associated with state transitions
between photosystems | and Il. The discoveries of a phosphorylated form of AtGRP7, a
self-regulating RNA-binding protein that affects floral transition, as well as several
previously uncharacterized ribosomal proteins confirm the utility of this approach for
phosphoproteome analysis and its potential to increase our understanding of signal

transduction during growth and development in plants.
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INTRODUCTION

Recent improvements in protein analysis techniques, including mass
spectrometry (MS), have brought proteomics to the forefront of methods for biological
research (1). Characterization of posttranslational modifications of proteins is important
for interpreting their biological functions and functional states (2). Phosphorylation is
one of the most widespread of protein modifications, affecting approximately one third of
proteins in the proteome and playing an important role in many cellular processes (3).
Although the study of protein phosphorylation holds particular promise for dissecting
signaling pathways, the identification of phosphorylated proteins and phosphorylation
sites can be challenging because cellular levels of phosphorylated proteins are often too
low for detection using conventional methods (4, 5). The size, charge and
hydrophobicity of tryptic phosphopeptides also make it difficult to identify and determine
the stoichiometry of phosphorylation on individual proteins using MS (4).

Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) has the ability
to resolve complex protein mixtures on the basis of two independent variables
(isoelectric point and molecular mass) and has long been recognized as a key
technology in proteome research (6). It is particularly well-suited to detecting changes in
protein phosphorylation since each phosphorylation event produces an incremental
reduction in pl, resulting in the characteristic horizontal row of protein spots on 2-D gels
(5). The combination of 2-D PAGE and MS provides a powerful platform for visualizing
relative abundance and for identifying proteins and their post-translational modifications

in complex samples.
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Good sample preparation is the key to achieving reproducible, high quality gels
(7) and recent improvements in sample preparation, as well as protein visualization and
MS techniques (8), have led to a significant increase in the number of plant proteomic
studies employing 2-D PAGE (9). The plant proteome is highly dynamic, and more
complex than the genome due to alternative splicing and posttranslational modifications
(7). Plants also produce a large number of non-proteinaceous compounds that can
interfere with 2-D PAGE separations (10). These interfering metabolites are particularly
abundant in leaves and other green tissues, accumulate in the vacuole as soluble
compounds (11, 12), and may be difficult to remove. Effective sample preparation
procedures are therefore critical in obtaining protein extracts of sufficient purity for plant
proteome analyses.

Although 2-D PAGE has been widely used to identify disease biomarkers and
signaling molecules (13, 14) it has not always been effective in detecting low
abundance proteins (5, 14). Even difference gel electrophoresis (DIGE), which is more
sensitive than conventional 2-D PAGE, did not detect any of the known brassinosteroid
(BR) signaling components in Arabidopsis thaliana total protein extracts (14). 2-D PAGE
analysis of plant protein extracts is further complicated by the high abundance of
ribulose bisphosphate carboxylase/oxygenase (Rubisco), which comprises about 30-
60% of total soluble plant protein in leaves (15, 16). On polyacrylamide gels Rubisco co-
migrates with less abundant proteins, thus inhibiting or preventing their detection (17).
Its high relative abundance also limits the total amounts of other proteins that can be
loaded for 2-D PAGE (16). Rubisco depletion columns recently have become available

commercially (15); however, these products are expensive and, in our experience, the
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buffer system supplied with the product is not very efficient in solubilizing hydrophobic
proteins. Sub-cellular fractionation can also be effective in depleting Rubisco, although
this approach involves additional steps that increase the salt and buffer content of the
sample and require stringent sample clean-up prior to analysis. Polyethylene glycol
(PEG) is a non-toxic, water-soluble synthetic polymer that has been used as a fractional
precipitating agent to purify proteins from a variety of sources (18, 19). PEG
fractionation has also been used to deplete Rubisco in plant extracts (20, 21) but is
known to cause ion signal suppression and interference during MS analysis (22, 23).
Residual PEG can also interfere with 2-D PAGE separations and may darken the
background of stained gels.

To address these problems we have systematically evaluated a number of
different purification methods in combination with 2-D PAGE and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) to analyze the Arabidopsis thaliana leaf
proteome. Step-wise PEG fractionation significantly reduced the amount of Rubisco in
the sample, while subsequent extraction of the PEG-fractionated samples with
SDS/phenol (10) and methanol/chloroform (24) consistently enhanced the quality of the
resulting 2-D gels. In combination with LC-MS/MS analysis, this protocol was used to
identify proteins extracted from Arabidopsis thaliana leaves. In addition, for the first
time, we have combined PEG fractionation and IMAC enrichment methods to achieve
comprehensive mapping of in vivo protein phosphorylation sites in Arabidopsis thaliana
proteins. During this study we found that both the large and small sub-units of Rubisco
are phosphorylated in Arabidopsis and that depletion of Rubisco is necessary for

efficient detection and identification of less abundant phosphoproteins in leaf tissue.

6
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EXPERIMENTAL PROCEDURES

Chemicals — Acrylamide/bisacrylamide solution, IPG strips (pH 3-10, non-linear, 17 cm),
carrier ampholytes, Precision Plus Protein™ standard markers, N,N,N’,N’-tetra-methyl-
ethylenediamine (TEMED), tributyl phosphine (TBP), dithiothreitol (DTT), and
iodoacetamide (IAA) were purchased from Bio-Rad (Hercules, CA). Urea was obtained
from Merck KGaA (Darmstadt, Germany), tris(hydroxymethyl) amino methane (tris
base) from Roche Diagnostics (Indianapolis, IN), PPS Silent Surfactant from Protein
Discovery Inc. (Knoxville, TN), and modified porcine trypsin (sequencing grade) from
Promega (Madison, WI). Water was purified using the Milli-Q system (Millipore, Bedford,
MA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless

otherwise stated, and were of analytical research grade.

Total Leaf Protein Extraction— Robust cauline leaves were harvested from 2 month old
Arabidopsis thaliana (L.) Heynh (Col-0) plants cultivated in a growth chamber at 22°C
with a 16 h-light/8 h-dark cycle. Protein was extracted according to Kim et al. (20), with
modifications. Briefly, 2 g of leaves were ground to a powder in liquid nitrogen with 0.5%
(w/w) polyvinylpolypyrrolidone (PVPP) and homogenized in 10 ml of ice-cold Mg/TX-100
extraction buffer containing 2% v/v Triton X-100, 0.5 M Tris-HCI (pH 8.3), 20 mM MgCly,
and 2% v/v B-mercaptoethanol (where Triton X-100 replaces NP-40 in the original buffer
formulation; see reference (20)). Phenylmethylsulfonyl fluoride (PMSF), freshly
prepared in dimethylsulfoxide (DMSQO) at 500 mM, was added to the buffer to a final
concentration of 1 mM. The buffer also contained 0.2% (v/v) of a protease inhibitor

cocktail developed for plant cell and tissue extracts (P-9599, Sigma-Aldrich), along with
7
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25 mM sodium fluoride, 1 mM sodium molybdate, 1mM sodium orthovanadate, and 1
mM sodium B-glycerophosphate as phosphatase inhibitors to maintain integrity at
phosphorylation sites. The slurry was stirred for 1 h on ice and filtered through four
layers of cheese cloth before centrifugation at 3200 g for 20 min at 4 °C (Eppendorf
5810R Centrifuge, Hamburg, Germany). The cell-free supernatant (1% Supernatant) was
transferred to a clean tube, combined with 5 volumes of ice-cold methanol containing
100 mM ammonium acetate, and proteins were precipitated overnight at -20 °C. After
centrifugation at 3200 g for 20 min at 4 °C the resulting pellet was thoroughly washed
twice with ice-cold 100% methanol.

One third of this non-fractionated sample (NF’) was transferred to a new tube,
washed 3 more times with ice-cold 80% methanol, and the pellet dried in a vacuum
centrifuge (Model DNA 120; Thermo Savant, Colin Drive, NY). The pellet was re-
dissolved in 0.5 mL of lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS) and aliquots
used for protein quantification (Bradford method; BioRad) and 2-D PAGE. In order to
determine how additional sample cleanup would affect protein resolution on 2-D PAGE,
the remaining two-thirds of the unpurified (NF’) protein sample was extracted with
SDS/phenol and methanol/chloroform (referred to as Phenol extraction in Fig. 1 and

described in detail below) to obtain a purified (NF) sample.

PEG Fractionation of Proteins— Step-wise PEG fractionation of the protein sample was

introduced at the stage of the first supernatant, following initial centrifugation of the

1St

crude protein extract (1* Supernatant, Fig. 1). Serial PEG fractionation was carried out

using 5, 10 and 15% (w/v) PEG (av. mol. wt. 3350). PEG was added to the first
8
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supernatant to a final concentration of 5% (w/v) and incubated on ice for 30 min with
intermittent vortexing. The resultant protein precipitate (F1’ pellet) was collected by
centrifugation at 3200 g for 20 min. The F1’ supernatant was mixed with PEG to 10%
and treated as before to obtain the 10% PEG-precipitated protein fraction (F2’ pellet).
Likewise the F2’ supernatant was mixed with PEG to 15% (w/v) to obtain the 15% PEG-
precipitated fraction (F3’ pellet). All three protein pellets were rinsed briefly twice,
without breaking the pellet apart, with 2 ml ice-cold Milli-Q water to remove any residual
Mg/TX-100 buffer before further purification using the SDS/phenol and
methanol/chloroform protocol (Phenol extraction; see Fig. 1 and below).

The supernatant from the 15% PEG precipitation (F3’ supernatant) was
collected, mixed with 5 volumes of ice-cold methanol containing 100 mM ammonium
acetate, and proteins precipitated overnight at -20°C. The resulting precipitate (F4’
pellet) was collected by centrifugation at 3200 g for 20 min and rinsed twice with ice-
cold 100% methanol. All four protein pellets (F1' through F4') were split in the same way
as the non-fractionated (NF’) sample (see above) for a comparative evaluation of the
effects of additional extractions with SDS/phenol and methanol/chloroform on 2-D
PAGE protein separation.

SDS/Phenol and Methanol/Chloroform Extraction — Each protein pellet was re-
suspended in 0.8 ml of SDS buffer containing 30% sucrose, 2% SDS, 0.1 M Tris-HCI
(pH 8.0), and 2% B-mercaptoethanol. The buffer also contained several phosphatase
inhibitors: 25 mM sodium fluoride, 1 mM sodium molybdate, 1TmM sodium
orthovanadate, and 1 mM sodium B-glycerophosphate. After complete suspension of

the pellet in SDS buffer, 0.8 ml of Tris-buffered phenol (pH 7.9+0.2) was added and the
9
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mixture kept on ice for 10 min with intermittent vortexing. The aqueous and phenol
phases were separated by centrifugation at 3200 g for 5 min and the upper phenol
phase carefully pipetted into a clean tube without disturbing the white SDS complex
formed at the solvent interface. The lower aqueous phase was re-extracted with an
additional 0.6 ml phenol. The pooled phenol aliquots were mixed with 5 volumes of
methanol containing 100 mM ammonium acetate and proteins precipitated at -20°C
overnight. After centrifugation at 18500 g for 15 min the resulting pellet was washed
once with 100% methanol before further purification by treatment with
methanol/chloroform (24). Briefly, 600 ul of methanol (filtered) and 200 ul of chloroform
(filtered) were added to each tube in a flow hood and mixed thoroughly by vortexing.
Then 800 ul of water was added, the mixture vortexed and then centrifuged for 5 min at
18500 g. After carefully removing the upper phase with a gel-loading tip, to avoid
disturbing the protein disc formed at the solvent interface, another 500 ul of methanol
was added and the proteins collected by centrifugation at 18500 g This final pellet was
dried and re-dissolved in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS). Protein
concentrations were determined for all purified samples (NF and F1 through F4) and
volumes adjusted with lysis buffer to obtain aliquots of 2 mg/ml for 2D-PAGE and 6
mg/ml for IMAC.

Immobilized Metal-lon Affinity Chromatography (IMAC)— IMAC was performed on each
purified protein extract (sample NF and F1 through F4) following SDS/phenol and
methanol/chloroform extraction. PHOS-Select™ iron affinity gel beads (Sigma) were
carefully stirred until completely and uniformly suspended in the stabilizing buffer

supplied. Five hundred pl of the resulting slurry was transferred to a Sigma Prep spin
10
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column (SC 1000; Sigma) and washed several times with 0.1% TFA in 30% acetonitrile
to ensure complete removal of the stabilizing buffer (which contains glycerol). The
beads were equilibrated three times with 500 ul of wash buffer (6 M urea, 0.25%
CHAPS, 50 mM sodium acetate, pH 4.0) and centrifuged at 500 g for 1 min at each
washing step.

For IMAC, protein samples at 6 mg/ml in lysis buffer were diluted to 1 mg/ml with
wash buffer (6 M urea, 0.25% CHAPS, 50 mM sodium acetate, pH 4.0) (5). Five ml of
diluted sample was loaded onto each spin column (i.e. ~ 5 mg protein per 500 pl of
bead slurry) and incubated for 1 h at room temperature with gentle agitation in a shaker
(Labquake, Barnstead International, lowa). The residual sample flow-through from the
column was removed by centrifugation at 500 g for 1 min. The column was washed five
times with 500 ul of the wash buffer and centrifuged for 1 min at 500 g each time to
remove unbound proteins. The washings were discarded and the bound
phosphoproteins eluted with three 200 pl aliquots of elution buffer (6 M urea, 0.25%
CHAPS, 50 mM tris-acetate pH 7.5, 0.1 M EDTA, 0.1 M EGTA). The column was
incubated at room temperature for 10 min with gentle shaking for each aliquot of elution
buffer and phosphoproteins collected by centrifugation at 1000 rpm for 1 min. The
pooled eluates (containing phosphoproteins) were mixed with 5 volumes of 100%
methanol containing 100 mM ammonium acetate and proteins precipitated overnight at -
20°C. The resulting pellets were collected by centrifugation at 14,000 rpm for 15 min,
then washed three times with 80% ice-cold methanol, vacuum-dried, and re-suspended

in lysis buffer prior to gel electrophoresis.

11
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Gel Electrophoresis — For 1-D PAGE, 10 pl (20 pg protein) from each protein sample in
lysis buffer was mixed with 10 ul of sample buffer (0.2 M Tris-HCI pH 6.8, 2% SDS, 10%
glycerol and 0.02% bromophenol blue) and electrophoresed on a 1.0 mm, 12.5%
Criterion Tris/HCI gel in a Criterion Cell (Bio-Rad) at a constant voltage of 150 V. The
separated proteins were then visualized using Bio-Safe Coomassie Blue stain (Bio-
Rad). For 2-D PAGE, 200 pl (400 ug protein) of each sample in lysis buffer was mixed
with 200 pl of the rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 20 mM DTT
and 0.5% IPG buffer, pH 3-10) and applied to a Ready Strip™ IPG strip (pH 3-10, non-
linear, 17 cm; Bio-Rad). The strips were actively rehydrated for 12 h at 50V and 20°C in
a Protein IEF Cell (Bio-Rad). Isoelectric focusing (IEF) was then performed at 20°C at a
maximum 50 pyA/strip using the gradient voltage program to reach a total of 80,000 V-h.
Following IEF the IPG strips were gently rinsed with 1x SDS electrophoresis buffer
(0.025 M Tris, 0.192 M glycine and 0.1% SDS). Reduction and alkylation of proteins
was performed by treating the strips sequentially in equilibration buffer (6 M urea, 2%
SDS, 375 mM Tris-HCI pH 8.8, 20% glycerol) containing 2% DTT and 2.5%
iodoacetamide, respectively, for 20 min each. The strips were transferred to 12% SDS
polyacrylamide gels mounted in an Ettan Dalt six-gel system (Amersham Biosciences,
San Francisco, CA) and SDS-PAGE performed first at 2 W/gel for 1 h, and then at 17
W/gel until the BPB dye front reached the lower edge of the gel. The separated proteins
were visualized by silver staining using a Hoefer Processor Plus unit (GE Healthcare)
and a modified version of the Vorum protocol (25) as described by Wang et al. (26). Gel

images were recorded using an ImageScanner (GE Healthcare) and Phoretix 2D

12
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software (v2004) was used to measure the total number of protein spots visualized in

each 2-D gel image.

In-Gel Protein Digestion— Proteins were excised from the 2-D gels, arranged in 96-well
microtitre plates and automatically digested with trypsin using a MassPREP protein
digestion station and protocol recommended by the manufacturer (digestion 5.0;
Micromass, Manchester, U.K.). Fifteen ul of a 0.2% (w/v) PPS Silent Surfactant solution
prepared in 50 mM ammonium bicarbonate (pH 7.8) was added manually to each
sample during the 15-min dehydration period immediately following the gel de-staining
step and prior to the addition of DTT. Tryptic peptides were extracted automatically 3
times using 1% formic acid in 4% acetonitrile, and then twice manually using 1% TFA in
75% acetonitrile. The extracted peptides were vacuum-dried, re-suspended in 20 yl of

OTM

aqueous 1% TFA, and the microtitre plates sealed using an ALPS 300 ™ heat sealer

(ABgene, UK) in preparation for liquid chromatography and MS analysis.

Mass Spectrometry and Protein Identification— Six ul of the tryptic peptides was
analyzed by LC/ESI-MS/MS using a nanoAQUITY UPLC system (Waters, Milford, MA,
USA) interfaced to a quadrupole time-of-flight (Q-TOF) Ultima Global hybrid tandem
mass spectrometer fitted with a Z-spray nanoelectrospray ion source (Waters,
Mississauga, ON, Canada). The peptides were separated using a Waters BEH130 C18
analytical column (75 ym, 1.75 mm x 100 mm) at a flow rate of 400 nl/min. Mobile
phase solvent A was 0.2% formic acid in water and solvent B was 0.2% formic acid in

100% acetonitrile. Separations were performed using the following 55-min solvent
13
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program: 99:1 (%A:%B) for 1 min, changing to 90:10 at 16 min, 55:45 at 45 min, and
20:80 at 46 min, at which point the flow rate was increased from 400 nl/min to 800
nl/min and the solvent concentrations held until 52 min before reverting to 99:1
(%A:%B). A 5 min seal wash with 10% acetonitrile in water was carried out after the
completion of each run.

The column effluent was directed to the nanoES source of a Q-TOF mass
spectrometer operating in the positive ion mode with a source temperature of 80°C, and
which had been calibrated using the product ion spectrum of Glu-fibrinopeptide B
acquired over the mass-to-charge (m/z) range 50-1900. TOF MS spectra were acquired
over the m/z range 400-1900 at the rate of one scan/s, and the 3 most abundant
multiply-charged (2*, 3", or 4%) precursor peptide ions automatically selected for
collision-induced dissociation (CID). Product-ion spectra were acquired over the m/z
range 50-1900 in the MS/MS mode. A real-time exclusion window was used to prevent
precursor ions with the same m/z from being selected for CID and TOF MS/MS within 2
min of their initial acquisition. Data were also acquired using pre-programmed exclusion
lists for keratin and trypsin.

The MS/MS raw data were processed using MassLynx 4.1 (Waters, Milford, MA)
and searched against the National Center for Biotechnology Information non-redundant
(NCBInr) protein sequence database for Arabidopsis thaliana (thale cress) using an in-
house Mascot server (Version 2.2, Matrix Sciences, UK). The datasets were searched
using carbamidomethylation of cysteine as the fixed modification and oxidation of
methionine as the variable modification, with mass tolerances of 0.2 Da for MS and 0.5

Da for MS/MS data. The database searches also included phosphorylation of serine (S),

14
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threonine (T) and tyrosine (Y) with oxidation of methionine as variable modifications.
Only tryptic peptides with up to one missed cleavage site were allowed. The following
acceptance criteria were used for protein identification: (i) Mascot score greater than
95% confidence threshold, (ii) protein with at least four top-ranking unique peptides with
significant ion scores (P<0.05); and (iii) protein sequence coverage by the matched
peptides was >15%. If the same set of peptides matched multiple members of a protein
family, or a protein appeared under a different name and accession number in the
database, the entry with highest score and/or most descriptive name was reported.
When protein isoforms were observed, the data were inspected manually. If several
isoforms shared the same set of identified peptides, only the protein hit with the most
matching peptides was accepted as a correct result. The presence of protein isoforms
was confirmed and reported based on the identification of at least two unique peptides.
Phosphorylation (79.9663 Da) and sulfation (79.9568 Da) are often difficult to
distinguish. Since the error tolerance of the current MS method (200 mDa) is greater
than the mass difference between phosphorylation and sulfation (9.5 mDa), protein
sulfation is often reported as phosphorylation in Mascot database searches. Therefore,
all proteins identified as phosphorylated from the initial search were subjected to a
second error-tolerant search, reporting masses to 0.1 mDa, and thus allowing sulfation
and phosphorylation to be distinguished. Raw MS/MS spectra matched to
phosphorylated peptides in the Mascot search were manually validated using MassLynx
4.1. The spectra were processed to give singly charged, monoisotopic, centroided
peaks and compared with the in silico fragmentation masses for the matched peptide to

confirm the neutral loss of phosphoric acid for serine and threonine phosphorylation, or
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the mass increment of 80 Da associated with phosphorylated tyrosine. In order to
confirm phosphorylation the peptide MS/MS spectrum had to be of good quality, with
fragment ion intensities clearly above baseline (including the neutral-loss peaks
associated with de-phosphorylation during CID) and contain three sequential y- or b-

type ions.
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RESULTS
PEG Fractionation and Purification

Plant proteomics using 2-D PAGE is challenging due to the high abundance of
Rubisco, which limits visualization of many low-abundance proteins on 2-D gels (20).
One way of overcoming this problem is to deplete Rubisco from the protein extract prior
to electrophoresis; however, the additional steps involved often require the use of
reagents (e.g. salts, detergents) that are incompatible with downstream protein
separations and MS analysis. In this study we used a PEG-fractionation method to
deplete Rubisco, followed by a multi-step purification procedure to remove PEG and
other contaminants prior to 2-D PAGE and LC-MS/MS. A schematic representation of
this fractionation procedure is shown in Figure 1.

The molecular weight distributions of proteins in PEG-fractionated and non-
fractionated samples were investigated using 1-D PAGE (Fig. 2). The large and small
subunits (LSU and SSU) of Rubisco (Fig. 2; boxed areas) predominated in the non-
fractionated (NF) and in the 5% (F1), 10% (F2) and 15% (F3) PEG-fractionated protein
samples, but were markedly reduced in the precipitated supernatant of the final PEG
fraction (F4). In contrast, many other proteins (indicated by arrows) in the Rubisco-
depleted fraction (F4) were enhanced relative to the non-fractionated (NF) control
sample.

The effectiveness of contaminant removal using SDS/phenol and
methanol/chloroform was assessed for non-fractionated (NF' and NF) and PEG-
fractionated (F2' and F2) protein samples. Without the additional cleanup the NF' and

F2' protein samples were poorly focused (particularly in the case of acidic proteins) and
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377  showed vertical and horizontal streaking consistent with the presence of salt impurities
378  (Supplementary Fig. S1, A and C). Extensive washing of the protein pellets with

379  methanol or acetone prior to 2-D PAGE did not improve results (data not shown).

380 However, extraction with SDS/phenol and methanol/chloroform resulted in NF and F2
381  gels with superior resolution and a significant reduction in vertical and horizontal

382  streaking (Supplementary Fig. S1, B and D). Samples purified using the SDS/phenol
383  and methanol/chloroform extraction protocol (i.e. NF and F1 through F4) were therefore
384 used in all subsequent experiments.

385

386 2-D PAGE Separation and LC-MS/MS Identification

387 Purified NF, F2 and F4 protein extracts were resolved using 2-D PAGE (Fig. 3;
388  F2 not shown). At least three biological replicates were prepared independently for each
389 fraction, and the resulting gel images analyzed using Phoretix 2D (v2004) software to
390 identify reproducible spot patterns. Reproducibility was confirmed by LC-MS/MS

391 identification of the same protein in the same position on replicate gels. 2-D PAGE

392  confirmed significant reductions in amounts of Rubisco LSU and SSU in the F4 fraction
393 compared to the NF sample, as observed previously using 1-D PAGE (Fig. 2), thus

394 revealing additional proteins in the F4 gel that had been masked by the subunits of

395 Rubisco in the NF gel (Fig. 3, A and B). An average of 770, 580 and 990 protein spots
396  were observed in the NF, F2 and F4 fractions, respectively, using Phoretix 2D. In one
397 replicate experiment a total of 702 proteins were identified with high confidence in the
398 three fractions with 481, 329, and 595 proteins identified in the NF, F2 and F4 fractions,

399  respectively (Supplementary Fig. S2A). The pattern of distribution of identified proteins
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across the NF, F2 and F4 fractions suggested that PEG fractionation significantly
enhances leaf proteome coverage. On average, Rubisco or its variants were identified
in 14% of the spots from the NF gel and 26% from the F2 gel, but only in about 2% of

the protein spots from the F4 gel (Supplementary Fig. S2B).

Effect of PEG Fractionation on the Identification of Gel-separated Phosphoproteins

The utility of PEG fractionation for plant phosphoproteome analysis was
evaluated by comparing the number of phosphorylated proteins identified in NF, F2 and
F4 protein samples following 2-D PAGE. In one experiment 36 phosphoproteins were
identified in the NF fraction whereas 37 and 77 phosphoproteins were identified in the
Rubisco-depleted F2 and F4 fractions, respectively (Fig. 4A). Of the 77 phosphoproteins
identified from the F4 sample, 43 were unique to that fraction compared with 7 and 5
unique phosphoproteins for the F2 and NF samples, respectively (Fig. 4A). The
phosphoproteins represented 12.9 % of the total proteins identified in F4, but only 7.5 %
of the proteins in the NF sample. Most of the phosphoproteins identified in NF and F2
were relatively common and abundant, whereas many of those identified in F4 were of
medium to low abundance, including several proteins that are known to be involved in
signal transduction such as paruvilin 1 (spot 229), legume lectin family protein (spot
230), rotamase cyp 5 (spot 222) and plasma membrane polypeptide family protein (spot
167). A total of 95 distinct phosphoproteins were identified in the three fractions
combined, with the majority (77) represented in the F4 sample (Fig. 4A). These data

demonstrate the effectiveness of PEG-fractionation for increasing both the number of
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422  phosphoproteins identified from plant extracts, as well as the proportion of

423  phosphoproteins and number of low abundance phosphoproteins identified.

424 Protein phosphorylation changes the acidity of the protein and thus moves a
425  protein’s final position horizontally across a 2-D gel (IEF/SDS-PAGE). A common

426 feature of 2-D gels is that some protein spots appear to be grouped in these horizontal
427  rows, suggesting that they may represent differentially phosphorylated isoforms of the
428  same protein. We identified such isoforms for several proteins (e.g. PGK, FBA and
429  AtLFNR1) using 2-D PAGE and LC-MS/MS and the relative acidities (positions) of these
430 were consistent with the degree of phosphorylation (Fig. 4B). LC-MS/MS analysis also
431  revealed phosphorylation at multiple sites on both the LSU and SSU of Rubisco

432  (Supplementary Table S1: protein spots 114 and 227). Representative spectra

433  confirming sites of phosphorylation in the LSU and SSU are shown in Fig. 5. Rubisco
434  LSU phosphorylation sites included Ser208, Ser321 (Fig 5A), and Ser341 (Fig. 5B),
435  Ser452, Thr466, and Tyr239, whereas SSU was phosphorylated at Ser71, Thr69,

436  Tyr113 (Fig. 5C) and Tyr133 (Fig. 5D). These results support our initial hypothesis that
437  depletion of Rubisco from protein extracts is a prerequisite for successful plant

438  phosphoproteome analysis.

439

440  IMAC Enrichment of Phosphoproteins following PEG Fractionation

441 To evaluate protein IMAC for the enrichment and subsequent identification of
442  phosphoproteins following PEG-fractionation, protein pellets from the non-fractionated
443  sample (NF) and three of the PEG-fractionated samples (F1, F2 and F4) were re-

444  suspended in lysis buffer (6 M urea, 2 M thiourea, 2% CHAPS) and subjected to IMAC
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purification (see Experimental section). Proteins in the IMAC eluants were first
separated by 1-D PAGE to examine the molecular weight distributions of the proteins
recovered from each sample (Fig. 6). The most abundant proteins in the IMAC-enriched
NF sample were the Rubisco LSU and SSU (Fig. 6). As expected from PEG-
fractionation data and phosphorylation evidence, the LSU of Rubisco was more
concentrated in the F1 and F2 samples than in the F4 sample after IMAC (Fig. 6).
Additionally, there were different and distinct protein bands in the F4 sample on the 1-D
gel as compared to the NF lane (Fig. 6). These data show for the F1 and F2 samples
that the LSU and SSU of Rubisco were retained and specifically eluted from the IMAC
column, and thus confirm the phosphorylation status of both subunits. The increased
representation of additional non-Rubisco proteins in the IMAC eluant of the F4 sample
where Rubisco had been depleted through PEG-fractionation (Fig. 6)) suggests that
large quantities of Rubisco could have inhibited the binding of other less-abundant
phosphoproteins through competition for available binding sites during IMAC (27).
Based on these results, the IMAC-enriched F4 fraction was selected for further
analysis of phosphoproteins using 2-D PAGE (Fig. 7). A total of 233 proteins were
unambiguously identified in the F4 gel by LC-MS/MS, of which 132 (57%) were
phosphorylated. These phosphorylated proteins are listed, together with the
corresponding matched phosphopeptides, in Supplementary Table S1. Functional
categorization and relative numbers of phosphoproteins based on KEGG pathway
information (28) and Gene Ontology (GO) analysis are shown in Fig. 7B. Thus, IMAC
purification significantly increased the total number of phosphoproteins identified in the

F4 sample by 2-D PAGE and LC-MS/MS analysis from 77 (12.9%) in the PEG-
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fractionated F4 to 132 phosphoproteins (56.8%) in the PEG-fractionated IMAC-purified
F4 (Fig 7A and C). Representative MS/MS phosphopeptides corresponding to several
phosphoproteins are shown in Supplementary Figs.S3-S5. Phosphorylated forms of
both the LSU and SSU of Rubisco also were identified in the IMAC-purified F4 fraction
by 2-D PAGE and LC-MS/MS. Only 11 phosphoproteins that were identified without
IMAC purification were missing from the pool of 132 phosphoproteins identified
following IMAC enrichment (Supplementary Table S2).

Many of the phosphoproteins identified in the IMAC-enriched F4 fraction also
included basic proteins including PYR4 (spot 119; pl 8.93), APX4 (spot 125; pl 8.59),
PORB (spot 130; pl 9.23), L protein (spot 134; pl 9.30), EXGTA-1 (spot 135; pl 9.03),
grPE family protein (spot 182; pl 9.44), RRF (spot 188; pl 9.39), PSBQ/PSBQ-1/PSBQA
(spot 197; pl 9.72), RPL9 (spot 195; pl 9.48), RPL12 (spot 200; pl 9.05) and putative
porin (spot 194; pl 8.88).The distribution of IMAC-enriched phosphoproteins also
spanned the molecular weight range of the gel, suggesting there was minimal bias
towards either acidic or basic proteins or high or low molecular weight proteins under
these experimental conditions.

Several phosphoproteins identified in our study, including patellin 1 transporter
(spot 104), lectin family protein (spot 230), DREPP family protein (spot 167), CA2 (spot
168), PGK (138), GRF3 (spot 173), immunophilin (spot 218), VMA10 (spot 124), 14-3-3
like protein (spot 206), V-type proton ATPase (spot 191), extracellular dermal
glycoprotein (spot 178), prohibitin 4 (spot 148), ATPDIL2-1/MEE30/UNES5 (spot 152),
have previously been reported in plasma membrane studies (5, 29-31). This is

significant because many plasma membrane proteins are assumed to be
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phosphorylated, yet these proteins have been difficult to identify using conventional
extraction, gel separation and MS procedures due to their low abundance and
hydrophobic nature. Similarly, no experimental data on the phosphorylation of AtLFNR1,
PPL1, TGG2, prohibitin, ACC oxidase, TH1, and ribosomal proteins S1, S15, L1, L9 and
L12 were found in The Arabidopsis Information Resource PhosPhAt 3.0 database

(http://phosphat.mpimp-golm.mpg.de/phosphat.html) as of September 30, 2010,

although all were identified as phosphoproteins in this study. Furthermore, additional
sites of phosphorylation in previously known phosphoproteins were also identified using
our methodology. Interestingly, the AtGRP7 (also known as CCR2; cold, circadian
rhythm, and RNA binding 2) protein was phosphorylated at Ser132
(SGGGGGYSGGGGPSYGGGGGR). The AtGRP?7 is a circadian-regulated RNA binding
protein that auto-regulates its expression by influencing alternative splicing of its pre-
MRNA and is part of a negative feedback loop (32). Taken together, these results
suggest that our approach offers significant advantages for proteome and

phosphoproteome analysis of green plant tissues.
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DISCUSSION

The need for higher throughput and sensitivity in proteome analysis has resulted
in a trend away from gel-based methods towards ‘shotgun’ or multi-dimensional
(MD)LC-MS/MS-based techniques (33). However, these approaches are often
complementary in terms of proteome coverage (5), and 2-D PAGE may have certain
advantages (34), particularly when it comes to detecting post-translational
modifications. For example, phosphorylation increases the acidity of a protein without
significantly altering its molecular weight; hence, protein phosphorylation typically
manifests itself on 2-D gels as a row of horizontal protein spots, of which the least acidic
is usually the unphosphorylated form. This was clearly demonstrated for differentially
phosphorylated isoforms of PGK, FBA and AtLFNR1 using our gel-based method (Fig.
4). Regardless of approach used, depletion of Rubisco using PEG fractionation should
enhance any plant proteome or phosphoproteome investigation. Furthermore, the
removal of reagents (including PEG) that suppress ionization during LC-MS/MS
analysis is likely to be at least as important for gel-free as it is for gel-based
approaches, both of which should benefit from the methodology described above.

A particular problem associated with gel-based proteomics, which can be
addressed using PEG fractionation, is that of overlapping spots on 2-D gels (14, 35).
Two possible situations can be envisaged; one in which the co-migrating proteins are of
similar abundance, and one in which they differ significantly in this respect. In the latter
case, one protein masks the other proteins and may well dominate in terms of spot

intensity and/or MS analysis, inhibiting or even preventing detection and identification of
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less abundant proteins in the same spot. It was found that about 14% of the protein
spots from the non-fractionated sample (NF) on 2-D gels corresponded to Rubisco or its
variants, but that PEG fractionation reduced this figure to 2% (F4 sample), allowing
many low-abundance proteins to be identified (Fig. S2B). Unlike other sub-cellular
fractionation techniques, PEG separates proteins by virtue of their solubility (36), acting
as an inert solvent sponge that progressively reduces solvent availability with increasing
concentration. This, in turn, increases the effective concentration of each protein until its
specific solubility is exceeded and precipitation occurs in that fraction (37). Our results
suggest that PEG fractionation has significant potential as a technique for routine plant
(phospho)proteome analysis.

Earlier phosphoprotein enrichment studies using IMAC have suggested a bias
towards high molecular weight phosphoproteins (5, 38) and this was attributed to the
propensity for such proteins to be multiply phosphorylated (5). However, almost half of
the phosphoproteins we identified using IMAC enrichment were singly phosphorylated
(although some others were found to carry up to six phosphate groups) and included
low as well as high molecular weight proteins. This suggests that IMAC is not obviously
biased towards large or multiply phosphorylated proteins under these experimental

conditions.

Rubisco and Associated Proteins
Rubisco is composed of eight large subunits encoded by the chloroplast rbcL
gene, and eight small subunits encoded by the nuclear rbcS gene family (39). It is the

key enzyme in photosynthetic carbon assimilation, and undergoes phosphorylation in
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response to light (40); however, opinion is divided as to the sites of phosphorylation with
some groups reporting phosphorylation of the SSU only while others report
phosphorylation of the LSU in different species (41, 42). Our data revealed
phosphorylation of both Rubisco subunits in Arabidopsis thaliana with six
phosphorylated residues in the LSU (Ser208, Ser321, Ser341, Ser452, Thr466, and
Tyr239) and 4 in the SSU (Ser71, Thr69, Tyr113 and Tyr133) (Supplementary Table
S1) Except .Ser208, Tyr239 and Thr466 of LSU (Lohrig et al., ref), other phosphorylated
sites identified in this study for both LSU and SSU were not reported previously.
Phosphorylation of the LSU at Thr23, Thr147 and Thr330, and of the SSU at Tyr72,
Ser79 and Ser113 had been reported in Arabidopsis thaliana (43) but these sites were
not amongst those identified in our study, possibly because of the different
methodologies used. However, two of the tryptic phosphopeptides
(LSGGDHIHAGTVVGK and EHGNTPGYYDGR) previously reported as being
phosphorylated in the LSU were identified using our method, albeit with different sites of
phosphorylation. Another recent study (44) reported phosphorylation of the Rubisco
LSU at Ser208, Tyr239, Thr246, Thr330, Thr466 and Thr471, three of which (Ser208,
Tyr239 and Thr466) are confirmed by our analysis (Supplementary Table S1, spot 114).
Similarly, we found Rubisco activase (RCA) to be phosphorylated at Thr78 and Thr283
(Supplementary Table S1, spot 117), and phosphorylation at Thr78 has been reported
previously (43). RCA is a nuclear-encoded chloroplast protein that regulates the activity
of Rubisco, and the phosphorylated forms of RCA are also implicated in gibberellin (GA)
signaling (45). Detection and mapping of new phosphorylation sites on these proteins

demonstrates the utility of our approach for plant phosphoproteome analysis.
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Photosystem Proteins— Reversible phosphorylation of PSIl and PSI proteins is
important in maintaining the active electron transport chain under light stress (46). Using
our methodology we were able to identify phosphorylation of PSBO (spot 163), PSBQ
(spot 197) and other PSI and PSII proteins (spots 179, 180, 299, 221) (Supplementary
Table S1). We also confirmed phosphorylation of PSBP-1 (spot 187) at residues Thr149
and Ser153, and of PSBP-2 (spot 186) at Ser112, Ser147, Thr149 and Thr210. These
two nuclear-encoded extrinsic PSII proteins optimize water splitting reaction in-vivo (47).
Two other nuclear-encoded PsbP homologs, PPL1 and PPL2, were also identified in the
F4 fraction, and four phosphorylation sites (Ser120, Thr159, Thr221 and Thr229) were
confirmed in PPL1 using protein IMAC. PPL1 is required for efficient repair of photo-
damaged PSIl complex (47). Similarly, NADH cytochrome B5 reductase, ferredoxin-
NADP" reductase, and AtLFNR1 NADH dehydrogenase, which work in series with other
proteins and mobile carrier (plastoquinone Qb, plastocyanin, ferredoxin) to convert
NADP to NADPH were also phosphorylated. This generates an electrochemical
gradient across the lumen powering conversion of ADP to ATP by ATP synthase (48).
Rieske-FeS, four isoforms of ATPase (CF1 «, B, 8 subunits and VMA 10) and four 14-3-
3 family proteins (14-3-3 like protein AFT1, GF14 chi, GF14 psi and GRF3) were also
identified as phosphoproteins (Supplementary Table S1). Proteins of the 14-3-3 family
control many signal transduction events by controlling enzyme activities, sub-cellular
location, and protein-protein interactions (49), and phosphorylation of these proteins
might be important to activate their function.

POR-encoded genes PorA and PorB catalyze the photoreduction of

protochlorophyllide (Pchlide) to chlorophyllide (50). PORB (spot 130) identified as a
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phosphoprotein in our study, sustains light-dependent chlorophyll biosynthesis in green
plants in the absence of photo-transferrable pchlide-F635 (50). Mg protoporphyrin IX
methyltransferase (CHLM) plays an important role in chlorophyll biosynthesis and,
subsequently, the formation and stability of PSI, PSII and cytochrome b6f complexes
(51). Pbp1 and Jacalin-related lectin 30 are involved in the transport of Cu?*, a metal ion
essential for maintaining stability and regulation of photosynthesis and respiratory
electron transport chains in chloroplasts (51). These results suggest that reversible
phosphorylation of these photosynthetic thylakoid membrane proteins is important in

maintaining photosystem stability and function.

Kinases, Phosphatases and Hormonal Signaling Proteins

Five protein kinases associated with photosynthetic membranes have so far
been implicated in the phosphorylation of thylakoid proteins; three TAKs (74), STN7 and
STNB8 (46). We identified a chloroplast-specific serine/threonine kinase (gi|9294138)
and a pathogenesis related gene 5 (PRS) protein (gi|15222089), which is also related to
a protein serine/threonine kinase (52). However, phosphorylation of these proteins
could not be confirmed. In contrast, we observed changes in phosphorylation status of
PGK (gi|15219412; spot 138), ADK1 (gi|15232763; spot 159) and nucleoside
diphosphate kinase (gi|16396; spot 225), which are potentially localized in the
chloroplast. It is not known whether these kinases are involved in the phosphorylation of
thylakoid membrane proteins. PIN1, an integral membrane proteins directly involved in

auxin efflux from cells (53), was also identified as a phosphoprotein, and is known to be
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involved in the regulation of several signaling pathways involving protein
phosphorylation/dephosphorylation (53).

Three phosphatases, namely PP2C (gi|18399423; spot 153), phosphoglycolate
phosphatase (gi|15239406; spot 162), and an acid phosphatase class B family protein
(0i|15240067) were identified, and phosphorylation of PP2C and phosphoglycolate
phosphatase were confirmed. PP2C is localized in the cytoplasm, and is known to be
involved in ABA signaling in Arabidopsis (54). Additionally, phosphorylation of PATL1
(Supplementary Fig. S3A) and TGG2, proteins involved in membrane trafficking (55)
and plant defense against bacteria, pathogens and herbivores (56), were also observed.
TGG1, a plant myrosinase, is relatively abundant in A. thaliana guard cells (57) and was
easily detected by gel-based proteomic analysis. TGG2 is much less abundant and was
undetected in previous studies (57); however, we consistently detected this protein in
our study, and we were able to capture the phosphorylated form using protein IMAC. A
total of nine tryptic TGG2 peptides were subsequently identified, one of which
(DFLpSQGVRPSALK) was found to be phosphorylated. DREPP, which has been
identified in previous studies as a plasma membrane protein (5), was found to be
phosphorylated at four locations (Thr32, Thr58, Thr152 and Ser127; Supplementary Fig.

S3), in keeping with its potential role in hormone-mediated signal transduction.

Stress Response and Ribosomal Proteins
A total of 20 proteins implicated in stress responses and redox homeostasis
were identified as phosphoproteins (Supplementary Table S1). These included several

GSTs, chloroplast chaperonine HSPs, peroxidases, oxidases, reductases, PDI and
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SODs. Peroxidases and SODs are important H>O, scavenging enzymes, and their
phosphorylation in Arabidopsis leaf extracts is consistent with their role in protecting
plants from damage due to the production of reactive oxygen species (ROS) during
photosynthesis and/or light stress. Using our methodology, we are able to identify and
confirm phosphorylation status of ribosomal proteins S1, S15, L1, L9, L12 and RRF
(Supplementary Table S1).While, phosphorylated isoforms of RPS6 (S6A and S6B) and
the acidic P-proteins PO, P1, P2 and P3 have been reported previously, following
isolation of the ribosomal proteome and TiO, enrichment (58), these additional
ribosomal proteins had not been identified as phosphorylated previously. Ribosomal
proteins are integral to the ribosome and are involved in the translation of transcripts
encoded in cellular genomes and may exert a level of developmental control over

cell/tissue fate and function (59).
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CONCLUSION

PEG fractionation combined with protein IMAC, 2-D PAGE and LC-MS/MS
provides an effective platform for comprehensive phosphoproteomic analysis in plants.
Purification of PEG-fractionated samples using SDS/phenol and methanol/chloroform
significantly enhances the quality of the resulting 2-D gels. With this methodology we
identified numerous proteins with diverse cellular locations and functions, including
signal transduction, cell-cell communication and membrane trafficking, in extracts of
Arabidopsis leaves. A total of 132 phosphorylated proteins were identified from the
Rubisco-depleted protein fraction and many of these were proteins of low relative
abundance or previously uncharacterized as phosphoproteins. To our knowledge, this is
the first time that PEG fractionation has been combined with protein IMAC to study plant
leaf phosphoproteins. Conventional gel-based approaches have generally proven
unsuccessful in identifying in vivo phosphorylation sites for low-abundance membrane
proteins; however, we were able to identify and map sites of phosphorylation onto a
number of key photosystem complex proteins associated with the thylakoid membrane.
We believe our methodology holds significant promise for future research involving

phosphorylation and signal transduction in plants.
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FIGURE CAPTIONS

Figure 1. Extraction and purification of Arabidopsis leaf proteins. Proteins in the
supernatant from the crude extract were either precipitated directly to obtain a non-
fractionated (NF’) sample or treated sequentially with increasing concentrations of
polyethylene glycol (PEG) to obtain PEG-fractionated samples (F1' through F4'). In
addition, each of these samples was further extracted with SDS/phenol and
methanol/chloroform (abbreviated to Phenol extraction* in the Figure and text) to obtain
purified PEG-fractionated (F1 through F4) and non-fractionated (NF) samples for IMAC

purification and/or 2-D PAGE.

Figure 2. One-dimensional gel electrophoresis of PEG-fractionated and non-
fractionated protein samples. Lane markings correspond to the purified samples (F1
through F4 and NF) described in Fig. 1. Molecular weight markers (M) are shown on the
left of the gel. Boxed areas enclose the large (LSU) and small subunits (SSU) of
Rubisco. Arrows indicate protein bands that are enriched in the Rubisco-depleted F4

fraction relative to the other samples shown.

Figure 3. Two-dimensional gel electrophoresis of PEG-fractionated and non-
fractionated protein samples. The large (LSU) and small (SSU) subunits of Rubisco
are depleted in the PEG-fractionated (F4) sample (A) relative to the non-fractionated
(NF) sample (B). The boxed areas of the F4 (a, b) and NF (a’, b’) gels show additional
changes in relative concentrations of less abundant proteins between the two samples.
Figure 4. Identification of phosphorylated and nonphosphorylated isoforms of

Arabidopsis leaf proteins. (A) Venn diagram comparing the number of
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921  phosphoproteins identified in NF, F2 and F4 fractions without IMAC purification. The
922  complete list of 77 phosphoproteins and component phosphopeptides identified in

923 fraction F4 are presented in Supplementary Table S1. (B) An expanded view of a

924  portion of the F4 (Rubisco-depleted) 2-D gel from Fig. 3A (Box a) showing protein spots
925  corresponding to phosphorylated and non-phosphorylated isoforms of PGK (i), FBA (ii)
926 and ATFNRH1 (iii). The black and blue arrows indicate the phosphorylated and non-

927  phosphorylated forms of each protein, respectively, as summarized in the table below

928 the Fig. 4B. PP, phosphorylated peptides.

929 Figure 5. Phosphorylation of Rubisco in Arabidopsis leaves. Product-ion tandem
930 mass spectra for doubly-charged phosphopeptide ions of mass-to-charge (m/z) 510.26
931 (A) and 951.55 (B) indicate phosphorylation of the Rubisco large subunit (gi|7525041) at
932  Ser321 and Ser341, respectively, whereas those for m/z723.29 (C) and 814.91 (D)

933  show phosphorylation of the small subunit (gi|16194) at Tyr113 and Tyr133. Product
934 ions corresponding to sequential loss of intact amino acid residues from the C or N

935 terminus are labeled as b- or y-type ions, respectively, whereas peaks arising from

936 neutral loss of either HPOg3 (80 Da) or H3PO4 (98 Da) are labeled in bold type. The

937 Rubisco LSU (spot 114) was also found to be phosphorylated at Ser208, Ser452 and

938 Thr466, and the SSU (spot 227) at Thr69 (see also Supplementary Table S1).

939  Figure 6. One-dimensional polyacrylamide gel electrophoresis of IMAC-enriched
940 PEG-fractionated (F1, F2, F4) and non-fractioned proteins (NF). Lane markings

941  correspond to the purified samples (NF and F1 through F4) shown in Fig. 1.
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Figure 7. Two-dimensional gel electrophoresis of proteins in the IMAC-enriched
F4 fraction. Numbered arrows on the gel indicate phosphoproteins identified by LC-
MS/MS (A). Phosphoproteins were functionally categorized and the number of
phosphoproteins in each category shown in parentheses (B). Venn diagram comparing
the number of phosphoproteins identified in F4 fraction with and without IMAC
purification (C). Extractable proteins from the same biological sample was used for both
the analysis. All phosphoproteins identified following IMAC are listed in Supplementary

Table S1.
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Supplementary Figures

Figure S1. Effect of combined phenol/SDS and methanol/chloroform extraction on
quality of protein separations with 2-D PAGE. Protein separations by two-
dimensional gel electrophoresis (2-D PAGE) are shown for (A) non-fractionated
Arabidopsis leaf protein samples without the additional SDS/phenol and
chloroform/methanol clean-up (NF') and (B) non-fractionated Arabidopsis leaf protein
samples with the SDS/phenol and methanol/chloroform extraction (NF). Similarly,
protein separations are shown for (C) PEG-fractionated proteins without phenol
extraction (F2’) and (D) PEG-fractionated proteins after phenol extraction (F2).
Streaking was significantly reduced and resolution much improved in the phenol

extracted samples (compare NF’ and NF, and F2’ and F2).

Figure S2. ldentification of Arabidopsis leaf proteins. (A) Venn diagram
summarizing the number of proteins identified in 2-D gels of PEG-fractionated (F2, F4)
and non-fractionated (NF) samples. (B) Percentage of protein spots containing Rubisco
or its variants in the 2-D gel maps of F2, F4 and NF samples. Spots containing multiple
proteins were counted if Rubisco was one of the top 5 protein hit and identified with at

least two unique peptides with p <0.05.

Figure S3. CID spectra of representative phosphopeptides. Product-ion tandem
mass spectra for doubly charged peptide ions of mass-to-charge (m/z) 807.17 (A),
728.51 (B), 707.44 (C) and 611.01 (D), respectively, indicating phosphorylation of

patellin 1 transporter (gi|15218382) at Thr29, DREPP (gi|15235363) at Ser127, legume
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982 lectin family protein (gi|15242724) at Ser38, and ankyrin repeat containing protein 2
983  (Qi|4205079) at Ser289 (see also Supplementary Table S.1).

984

985 Figure S4. CID spectra of representative phosphopeptides. Product-ion tandem
986 mass spectra for doubly charged peptide ions of mass-to-charge (m/z) 982.52 (A),

987 790.96 (B), 886.05 (C) and 689.77 (D), respectively, indicating phosphorylation of

988  PIN1AT (gi|15227956) at Ser103, PPL1 (gi|15233245) at Thr158, ATPHB4

989  (Qi|15232129) at Ser223, and PBP1 (gi|15228198) at Ser196 (see also Supplementary
990 Table S.1).

991  Figure S5. Additional CID spectra of phosphopeptides identified in protein spots

992  from the 2-DE gel of the IMAC purified PEG supernatant (F4) fraction.
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1001  Supplementary Table S1: Arabidopsis thaliana leaf phosphoproteins identified in the PEG-
1002 fractionated F4 sample following phosphoprotein enrichment by IMAC. One hundred and thirty-
1003  two phosphoproteins were identified (see Figure 7).

1004
Spot NCBI Protein name Peptides CV. Matched Phosphopeptides® lon w/o
No. Sequence Matched' | (%)® Score
IMAC*
Carbohydrate and energy metabolism (20)
102 gi|7329685 Transketolase like protein 28 40 ANpSYSVHGAALGEK 65
ALPpTYTPESPGDATR 43
122 gi|7769871 Malate dehydrogenase 24 46 pTQDGGTEVVEAK 70
128 gi|15227752 | Peroxisomal NAD-malate 14 41 AIVNIIpSNPVNSTVPIAAEVFK 42
dehydrogenase (PMDH1)
129 gi[79327392 | Peroxisomal NAD-malate 23 59 IQNGGpTEVVEAK 44
dehydrogenase (PMDH2)
138 gi|15219412 | Phosphoglycerate kinase (PGK) 29 57 AHApSTEGVAK 44
pYSLKPLVPR 35
GVpSLLLPTDVVIADK 73
139 gi|15221631 | 3-Isopropyl malate dehydrogenase | 9 21 NLANPpTALLLSGVMMLR 38 v
like protein
140 gi|11131561 Fructose bisphosphate aldolase, 22 47 pTVVSSIPNGPSALAVK 56
putative
TIApPSPGHHIMAMDESNATCGK 61
GLVPLVGpSNNESWCQGLDGLS 78
SR
48
YAAIpSQDSGLVPIVEPEILLDGEH
D
141 gi|15226185 | Fructose bisphosphate aldolase 19 43 LGDGAAEpSLHVK 35
VpSPEVIAEHTVR 58
IGENEPpSEHSIHENAYGLAR 54
TVPAAVPAIVFLpSGGQSEEEATR | 100
142 0i|18420348 | Fructose bisphosphate aldolase, 26 44 RLDpSIGLENTEANR 40 J
putative
pTVVSIPNGPSALAVK 39 J
GILAMDEpSNATCGK 33
DRATPEQVAAYpTLK 33 J
GLVPLVGpSNNESWCQGLDGLS 79
SR
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YAAIpSQDSGLVPIVEPEILLDGEH | 61
D
143 gi|15229781 | Fructose bisphosphate aldolase 15 51 pTVPAAVPAIVFLSGGQSEEEATR | 71
144 0i[15229231 Glyceraldehyde 3-phosphate 15 38 pTLLFGEKPVTVFGIR 81
dehydrogenase C-subunit (GAPC)
FGIVEGLMTpTVHSITATQK 72
FGIVEGLMpTTVHSITATQK 38
145 gi[15222848 | Glyceraldehyde 3-phosphate 36 51 pTLLFGEKPVTVFGIR 78
dehydrogenase C-2 (GAPC-2)
FGIVEGLMTpTVHSITATQK 71
FGIVEGLMpTpTVHSITATQK 46
146 gi|166702 Glyceraldehyde 3-phosphate 24 53 GpTMTTTHSYTGDQR 62
dehydrogenase A subunit
150 i|336390 Glyceraldehyde 3-phosphate 17 46 GpTMTTTHSYTGDQR 73
dehydrogenase B subunit
156 gi|15218869 | Isocitrate dehydrogenase, putative | 17 38 LVPGWpTKPICIGR 45
166 gi|15219721 | Malate dehydrogenase 22 50 LSpSALSAASSACDHIR 85
NVIIWGNHpSSSQYPDVNHAK 37
168 gi|42573371 | Carbonic anhydrase 2 (CA2) 17 51 IPTAELQAASSSDSK 68
pYAGVGAAIEYAVLHLK 85
VLAESEpSSAFEDQCGR 72
EAVNVpSLANLLTYPFVR 40
VCPpSHVLDFHPGDAFVVR 56
183 gi|15226479 | Triosephosphate isomerase (TIM) 14 28 GGAFpTGEISVEQLK 59
EAGKpTFDVCFAQLK 36
AAYALpSEGLGVIACIGEK 98
202 gi|414550 Cytosolic triosephosphate 12 53 VIACVGEpTLEER 80
isomerase
AILNEpSSEFVGDK 31
VApSPAQAQEVHDELRK 27
203 gi|1655482 Delta subunit of mitochondrial F1 12 40 NFLpSLLAENGK 53
ATPase
ELpTETLQEIIGAGK 86
IEpTDLSEMIEAMK 48
Photosynthesis and electron transfer chain (20)
114 gi|7525041 Rubisco large subunit (LSU) 26 42 WpSPELAAACEVWK 55
GGLDFTKDDENVNpSQPFMR 61
LEGDREpSTLGFVDLLR® 45
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117 | gi|18405145 | Rubisco activase (RCA) GLAYDTSDDQQDITR

VPIICTGNDFSTLYAPLIR

gi[18420117 | Putative NADH cytochrome b5 VpSHNTQLFR
reductase
MpSQHFASLKPGDVLEVK

HIGMIAGGSGIpTPMLQVIDAIVK

gi|15450379 | Rubisco activase (RCA) VPIICpTGNDFSTLYAPLIR -

gi|15229349 | Ribose 5-phosphate isomerase-

related

pSLGIPLVGLDTHPR

LLSpSGELYDIVGIPTSK 62 \

gi|15235029 | Light harvesting complex of

photosystem Il 5 (LHC B5)

pYQAFELIHAR

187 gi[18647820 | Oxygen evolving enhancer protein SIpTDYGSPEEFLSQVNYLLGK
7 1 (PSBP-1)

SITDYGpSPEEFLSQVNYLLGK




132

162

0i[15233587

0i[9843639

0i[18379115

0i[13926229

0i[5225026

gi[15239406
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PSBQ/PSBQ-1/PSBQA,; calcium
ion binding

Rieske FeS protein

Photosystem Il Family protein

F1019.10/F1019.10

AGT (Alanine glyoxylate
aminotransferase

Phosphoglycolate phosphatase

LpYLNTIISSKPK 60
LFDpTIDNLDYAAK 79
YpYAEpPTVSALNEVLAK 75 N

VGPPPAPpSGGLPGTDNSDQAR | 51

FLCPCHGpSQYNAQGR
GPAPLpSLALAHADIDEAGK

pTDPNVADAVAELR

DIpYSALNAVSGHYVSFGPTAPIP
AK

EHGNpTPGYYDGR 39
LPLFGCpTDSAQVLK 34
FEpTLSYLPDLSDVELAK 71 N
KFEpTLSYLPDLSDVELAK 73 N
KFEpTLpSYLPDLSDVELAK 67 N
ALpSLPTGLGIVCASPK 71
LIEGVPEPTLDMLR 27
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TLLVLSGVpTSISMLESPENK 77
210 0i|15220620 | Glycerate dehydrogenase (HPR) 13 28 EGMApPTLAALNVLGR 40 B
224 gi|15226973 | Glycine decarboxylase complex H 12 35 EYpTKFLEEEDAAH 38
(GDCH)
VKPpSSPAELESLMGPK 64
Chlorophyll biosynthesis (4)
130 gi[15234129 | PORB (Photochlorophyllide 26 46 DSYTVMHLDLASLDSVR 72
oxidoreductase B)
TETPLDVLVCNAAVYFPTAK 59
137 gi[15229018 | Glutamate 1 semialdehyde 2 26 49 AGpSGVATLGLPDSPGVPK 84 R
(GSA2)
ELpTNGILEAGKK 62 \
151 gi[15242822 | Glutamate 1 semialdehyde 1 15 33 AGSGVApTLGLPDSVGVPK 32
(GSA1)
164 gi|15234905 | Magnesium-protoprophyrin IX 12 31 ADGMIAHLApSLAEK 35
methyltransferase (CHLM)
Protein folding and assembly (8)
103 gi[15233779 | Chaperonine heat shock protein 25 32 NQADpSVVYQTEK 65 \/
(CPHSP 70-1)
IELSSLpTQTNMSLPFITATADGPK | 36 \/
105 gi[1522729 Chaperonin HSP 60B (CPN60B) 27 40 CCLEHAApPSVAK 40
pSQYLDDIAILTGATVIR 107 J
106 gi[16221 Chaperonin HSP 60 25 45 GIpSMAVDAVVTNLK 80 N
107 gi[15226314 | Chloroplast 60 kDa chaperonin 27 38 HGLLpSVTSGANPVSLK 46
alpha subunit (CPN60B)
108 i|397482 HSP 70 cognate 42 56 pSTVHDVVLVGGSTR 67 v
ApTAGDTHLGGEDFDNR 54 y
111 gil20453106 | At2g04030/F3C11.4 26 40 TFDMIQEISEpSENK 24 N
182 gi[18400095 | Co-chaperone grPE family protein | 6 20 VpSVIATVGKPFDPLLHEAISR 56 \/
214 gi[15242045 | Chaperonine 20 (CPN20) 13 55 YpTSIKPLGDR 39 J
Stress and redox homeostasis (16)
112 gi|8052534 F3F9.11 11 12 pSPLLLQMNPIHK 47
pSLPDPEKVTEFVSELR 87
124 gi|18408627 | Haloacid dehalogenase-like 18 47 AVpSAIVSCLLGPER 51
hydrolase family protein
KKPDPAIpYNLAAETLGVDPSK 46
125 gi|15236678 | Ascorbate peroxidase 4 (APX4) 16 45 GGPIpSYADIIQLAGQSAVK 92 N
127 gi[15229095 | ATPCB/ATPERX34/PERX34/PRX | 13 29 NVGLDRPSDLVALpSGGHTFGK 66

CB (peroxidase 34)
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149 gi|8778996 Contains similarity to ferredoxin- 16 33 DPNApTVIMLATGTGIAPFR 58
NADP+ reductase
152 0i[15226610 | ATPDIL2-1/MEE30/UNE5 11 39 DLDDFVpSFINEK 55
181 gi|15229806 | 2-Cys peroxiredoxin 13 42 EVVIQHPSTINNLGIGR 54
pSGGCGDLNYPLISDVTK 78
184 gi[15223049 | Ascorbate peroxidase 1 (APX1) 12 30 ELLpSGEKEGLLQLVSDK 66 v
185 gi|11761812 | Glutathione dependent 13 40 AEpTEDVIAGWRPK 51 N
dehydroascorbate reductase
204 0i|20197312 | Glutathione S-transferase 6 18 52 AlpTQYLAEEYSEK 59
(GST®)
GMFGMpTTDPAAVQELEGK 77
QEAHLALNPFGQIPALEDGDLpPTL | 35
FESR
205 0i|15228407 | Manganese superoxide dismutase | 10 37 LVVDpTTANQDPLVTK 58
1 (Sen GpSLGSAIDAHFGSLEGLVK 103 J
HHQAYVTNpYNNALEQLDQAVNK | 79 J
213 gi[3273753 Copper/zinc SOD 7 34 GGHELpSLTTGNAGGR 34 \/
215 gi|15231718 | Peroxiredoxin type 2, putative 17 50 VLNLEEGGAFpTNSSAEDMLK 94 N
LPDpSTLSYLDPSTGDVK 75
pTILFAVPGAFTPTCSSQK 73
216 gi|1061036 Glutathione peroxidase 15 39 VDVNGPpSTAPIYEFLK 31 N
226 gi|15230982 | Perodoxin Q, putative, antioxidant 10 42 AGAEVIGIpSGDDSASHK 55 N
(ATPRXQ)
223 gi|15242674 | Glutaredoxin, putative 10 54 LVPLLpTEAGAIGK 64
pTVPNVFIGGNHIGGCDA 59
Membrane and transport (10)
104 gi|15218382 | PATELLIN 1 transporter (PATL1) 24 37 EVpTIPTPVAEKEEVAAPVSDEK 65 B
VEEEKDAVPAAEEEKpSSEAAPV | 38 \
ETK
115 gi|7525040 ATP synthase CF1 beta subunit 31 50 TNPpTTSNPEVSIR 61 B
VGLpTALTMAEYFR 45 \/
IVGEEHYEpTAQQVK 38 J
116 0i|7525018 ATP synthase CF1 alpha subunit 42 45 LIEpSPAPGIISR 59 R
EApYPGDVFYLHSR 59 \/
EQHpTLIIYDDLSK 69 \/
190 gi|1755154 Germin-like protein 8 29 GDpSMVFPQGLLHFQLNSGK 93 N
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191 gi|1143394 V-type proton ATPase 16 43 IDYpSMQLNASR 38
pSNDPHGLHCSGGVVLASR 67
192 gi[15242210 | Porin, putative 10 36 VSTDSpSLLTTLTFDEPAPGLK 81
193 gi[15232074 | Porin, putative 11 46 FpSITTFSPAGVAITSTGTK 38
194 gi|15240765 Porin, putative 14 51 LNNHGpTLGALLQHEVLPR 78
218 0i[15240623 | Immunophilin 24 47 GGpSFEGDDKEFFK 61
124 gi|15236211 Vacuolar membrane ATPase 10 10 63 IpPSKDVVEMLLK 32
(VMAT10)
KLEEpTSGDSGANVK 54
LEQEpTDTKIEQLK 26
Protein synthesis and translation (13)
133 gi|23397095 | Putative chloroplast translation 28 46 TpTLTAALTMALASIGSSVAK 112
elongation factor EF-Tu precursor
134 gi|7572940 Ribosomal protein L1 protein 20 42 EpYDVNTAISLLK 62
pSAHICSSMGPSIK 43
pSAGADIVGSDDLIEQIK 82
158 0i|30692346 | Ribosomal protein S1 (RPS1) 14 28 SpSAYLSVEQACIHR 77
170 0i[25299531 | Probable elongation factor 1 beta 9 41 XETGMIKPGMVVpTFAPTGLTTEV 48
171 gi|30687350 glongation factor 1B alpha subunit | 7 28 AVpTFSDLHTEEGVK 82
172 gi|15239877 | Elongation factor 1B beta subunit 7 27 IPFVPIpSGFEGDNMIER 24
188 gi|11277801 Ribosomal recycling factor, 23 46 LpSEDNVKDLSSDLQK 41
chloroplast precursor (RRF)
195 gi|18398753 | 60S ribosomal protein L9 8 44 pTALSHVDNLISGVTR 78
189 gi|11277801 RRF (Ribosomal recycling factor, 23 46 LpSEDNVKDLSSDLQK 41
chloroplast precursor)
196 gi[15242436 | 40S ribosomal protein S15 7 27 HGRPGVGATHSSR 45
GVDLDALLDMSTDDLVK 34
200 gi|15228098 | 60S ribosomal protein L12 10 48 VpTVVPSAAALVIK 46
VpTGGEVGAASSLAPK 44
HNGNIpSFDDVTEIAR 63
207 gi[12322730 | Putative elongation factor P (EF-P) | 8 31 DGpSQFVFMDLTTYEETR 74
220 i|468773 Ribosomal protein L12 7 22 VTVVPSAAALVIK 60

Signaling (12)
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153 gi|18399423 | Protein phosphatase (PP2C) 17 59 PYLQTNLFDNILK 41
159 0i[15242753 | Adenosine kinase 1 (ADK1) 24 51 pSLIANLSAANCYK 32
167 gi|15235363 | Plasma membrane polypeptide 17 29 pTFDESKETINK 71 v
family protein (DREPP)
VpSVFLPEEVKTK 49
VVEpTYEATSAEVK 37 3
AEEPAKpTEEPAK 35 3
PTEEPAKTEGTSGEKEEIVEETK 89 3
ﬁVSEApSSSFGAGYVAGPVTFI EE | 155
169 gi[1522987 14-3-3 protein GF14 chi isoform 10 38 EAAPAAAKPADEQQpS 44
173 0i|18421762 | 14-3-3 protein GRF3 isoform 7 23 DNLTLWTpSDMTDEAGDEIK 38
176 gi|166717 14-3-3 protein GF14 psi isoform 12 29 SASDIApTAELAPTHPIR 75
178 gi|15218740 Extra.cellular dermal glycoprotein, 7 11 pTLPVPASVVFDLGGR 56 v
putative
206 i|7671458 14-3-3 like protein AFT1 12 42 LLDpSHLIPSAGASESK 46
222 0i|15228674 | Rotamase cyp 5 (ROC 5) 14 54 VFFDMSLpSGTPIGR 48 N
225 gi|16398 Nucleoside diphosphate kinase 7 37 NVIHGpSDSVESAR 31 v
229 gi[15227956 | Parvulin 1 (PIN1AT) 10 57 VGDIpSDIVDTDSGVHIIIK 66 N
230 0i|15242724 | Legume lectin family protein 19 44 KPLIVAHLDLpSK 65 N
Hormone and vitamin biosynthesis (2)
161 gi|15239735 | Thiazole biosynthetic enzyme 17 29 HAALFTpSTIMSK 38
Ty IVVpSSCGHDGPFGATGVK 75
165 gi|15220770 | ACC oxidase 2 (ACO2) 6 27 AHpTDAGGIILLFQDDK 76 N
NASAVpTELNPTAAVETF 47 J
Nucleotide biosynthesis (3)
119 gi|15235865 | Pyrimidin 4 (PYR4) 8 15 EGpSVGATVTPQHLLLNR 61 N
120 gi|3850621 Putative RNA binding protein 19 40 GKLEpTESLLQSK 37 B
131 0i|1529384 Putative mRNA binding protein 10 27 SpTEQPPHVEGDAVK 32
AVPIPGpSGLQLTNISHVR 62
Cell rescue and defense (7)
113 0i|984052 Thioglucoside glucohydrolase 2 15 25 DFLpSQGVRPSALK 39
(TGG2)
148 gi[15232129 | PROHIBITIN 4 7 16 AEGEpSEAAQLISDATAK 67 N
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174 0i[15233357 | FIBRILLIN (FIB) 10 39 AEIpSELITQLESK 42
175 0i[15228198 | PYK-10-BINDING PROTEIN 1 12 35 pSPEEVTGEEHGK 57
(EFD VpYVGQAQDGISAVK 44
GANLWDDGpSTHDAVTK 68
TpSDVIGSDEGTHFTLQVK 98
QTpSPPFGLEAGTVFELK 82
208 gi|18405982 Aviru_lence-responsive protein, 6 23 pTVEVVLTDTSEKK 43
putative
209 gi[15242451 | Avirulence-responsive protein- 4 23 IPEIVPSATLPGFK 36
related
212 gi|18399630 | Cysteine protenase inhibitor 8 42 SNpSLFPYELLEVVHAK 72
Amino acid biosynthesis and metabolism (10)
101 gi|5238686 Cobalamin independent 32 41 pYGAGIGPGVYDIHSPR 102
methionine synthase (ATCIMS)
GMLpTGPVTILNWSFVR 37
ALGVDpTVPVLVGPVSYLLLSK 48
109 014532594 | Dihydroxyacid dehydratase, 17 21 VpSDAVPFLADLKPSGK 42
putative
110 gi|4467128 Putative aminoacylase 15 19 pTSKPEIFPASTDAR 50
118 0i|15229033 | S-adenosylmethionine synthetase | 119 46 NGpTCPWLRPDGK 46
2 (e VLVNIEQQpSPDIAQGVHGHLTK 49
\léHTVLIpSTQHDETVTNDEIAADL 108
121 gi|11074031 Cytosolic O-acetylserine 23 30 pYLSTVLFDDTR 47
3 (thiol)lyase
IGFpSMISDAEKK 35
IDGFVpSGIGTGGTITGAGK 85
136 gi|531555 Aspartate aminotransferase 20 40 VVIpSSPTWGNHK 40
IGAINVVCSpSADAATR 38
141 gi[18404496 | Binding/catalytic/coenzyme 22 46 ALDLApSKPEGTGTPTK 47
pndng ALDLApSKPEGTGTPTKDFK 48
154 0i|80490 Cysteine synthase 20 31 pYLSTVLFDATR 43
IHYEpTTGPEIWK 37
IDGFVpSGIGTGGTITGAGK 65
155 gil[11131561 | Cysteine synthase 12 33 IGFpSMISDAEQK 32
211 gi|15225026 | Alanine glyoxylate 10 22 ALpSLPTGLGIVCASPK 67

aminotransferase (AGT)
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Cell wall biosynthesis (1)

135

0i[15225605

Endo-xyloglucan transferase
(EXGTA-1)

12

35

LpYSSLWNADDWATR

83

Circadian rhythm (1)

217

gi[15226605

ATGRP7

49

SGGGGGYSGGGGpSYGGGGGR

62

1005

1006

1007
1008

1009

1010
1011
1012

1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029

1030

1 — Total number of peptides (phosphorylated and non-phosphorylated) matched to the protein.

2 — Percentage (%) of the protein sequence covered by all matching peptides (phosphorylated and non-

phosphorylated).

3 — Phosphorylated serine, threonine and tyrosine residues are marked pS, pT and pY, respectively.

4— Check marks indicate phosphopeptides that were also detected in F4 without using IMAC enrichment.

The 11 phosphoproteins identified in the F4 that were not identified after IMAC are listed in
Supplementary Table S2.

5 — Rubisco phosphopeptides for which MS/MS spectra are shown in Figure 5.
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1031  Supplementary Table S2: Arabidopsis thaliana leaf phosphoproteins identified in the
1032  supernatant (F4) following PEG fractionation but only prior to IMAC enrichment.

Gene locus Protein names CVv Phosphopeptides sequences lon
(%) score
gi[18396217 General regulatory factor 7 (GRF7) 56 EApSKHEPEEGKPAETGQ 44
gi|15221850 (S)-2-hydroxyacid oxidase 49 QLDYVPApPTISALEEVVK 40
gi|15221850 F12M16.14 46 pTQDGGTEVVEAK 70
gi|30678347 Carbonic anhydrase 1 (CA1) 46 pYGGVGAAIEYAVLHLK 72
VIpSELGDSAFEDQCGR 94
EAVNVpSLANLLTYPFVR 49
i[18408627 Haloacid dehydrogenase-like 47 AVpSAIVSCLLGPER 51
hydrolase family protein
KKPDPAIpYNLAAETLGVDPSK 46
gi|15242753 Adenosine kinase (ADK1) 54 GELVpSDDLVVGIIDEAMNKPK 45
gi|15228869 Copper chaperone (CCH) 57 VEpTVTETKTEAETK 52
gi|7658343 Unknown protein (13384-11892) 60 pSLGLDKDLSAALLGPR 82
LAEGpTDITSAALLGPR 72
KVVIFGLPGAYpTGVCSQQHVPSYK 32
0i|15233985 ATP synthase delta chain 40 QLEDIASQLELGEIQLApT 85
SSSLQHSHTpSNFLNVLVDANR 48
gi|15236930 Vistitone reductase-related 36 LAGQDANVTTVPVpSVLR 51
gi|15241338 3-isopropylmalate dehydrogenase 31 ANPLApPTILSAAMILLK 52
1033
1034
1035
1036
1037
1038
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Supplementary Figure S2
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Supplementary Figure S4
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