Phosphoproteomics in Medicago truncatula roots
SUPPLEMANTAL INFORMATION
Supplemental Methods

Chemicals and Supplies 

C18 resin (5 μm pore size), anhydrous methanol, and acetyl chloride ampoules were purchased from Alltech (Deerfield, IL).  Inline MicroFilters and MicroTight column unions, fittings, and sleeves were purchased from Upchurch Scientific (Oak Harbor, WA).  Fused-silica capillary tubing was purchased from Polymicro Technologies (Phoenix, AZ).  SelfPack POROS 20 MC Metal Chelate Affinity Packing resin was purchased from Applied Biosystems (Foster City, CA).  SepPak tC18 catridges were purchased from Waters (Milford, MA).  A Poly SULFOETHYL A column (200 x 9.4 mm, 5 mm, 200 Å) was purchased from PolyLC (Columbia, MD). PhosSTOP phosphatase inhibitor tablets and Complete Mini, EDTA-free protease inhibitor cocktail tablets were purchased from Roche (Mannheim, Germany).  Trypsin Gold and Sequencing Grade Modified Trypsin were purchased from Promega (Madison, WI).  Lysl endopeptidase (LysC) was purchased from Wako Chemicals (Richmond, VA).  Endoproteinases ArgC, AspN, and GluC were purchased from Roche (Penzberg, Germany).  LITHISIL lithium silicate was purchased from PQ Corporation (Valley Forge, PA). Formic acid and trifluoroacetic acid ampoules were purchased from Thermo Scientific (Rockford, IL).  All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Whole Cell Protein Isolation

Proteins were isolated from Medicago truncatula Jemalong A17 root tissue by previously described procedures, modified for phosphoproteomics (Gallardo, 2006).  Briefly, fresh root tissue (~10 g) was harvested by snap-freezing in liquid nitrogen, followed by grinding and sonication in ice-cold 50 mM TRIS pH 7.5, 230 mM sorbitol, 3 mM EDTA, 10 mM KCl, supplemented with 1 mM PMSF, 25 mM NaF, 50 mM Na pyrophosphate, and 1 mM ammonium molybdate (extraction buffer).  The suspension was filtered through Miracloth and the filtrate centrifuged for 20 min at 12,000 × g.  The resulting supernatant was centrifuged again for 20 min at 16,000 × g and the final supernatant collected.  Proteins were precipitated using chloroform and methanol as described previously (Wessel and Flugge, 1984), and the pellet was washed three times with 80% acetone, and dried.

Membrane Protein Isolation 

Membranes were isolated and purified by previously described procedures, which were modified for phosphoproteomics 
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(Lefebvre et al., 2007)
.  All steps were performed at 4 °C.  The harvested roots (~120 g) were twice rinsed in aeroponic medium and homogenized in three volumes of homogenization buffer containing 230 mM sorbitol, 50 mM Tris-HCl pH 7.5, 10 mM KCl, 3 mM EGTA, 20 mM ß-mercaptoethanol, 1 mM phenylmethylsulfonylfluoride (PMSF) and the phosphatase inhibitors 25 mM NaF, 50 mM NaP2O7, 1 mM ammonium molybdate, and 2 mM Na3VO4.  The homogenate was filtrated over four layers of Miracloth and the resulting filtrate was centrifuged at 100,000 × g for 1 hr.  The pellet was resuspended with a Potter homogenizer in 330 mM sorbitol, 5 mM KCl, 5 mM K2HPO4 pH 7.8, protease inhibitors (Roche, Complete mini EDTA-free) and phosphatase inhibitors (Roche, PhosSTOP) (resuspension buffer).  The resuspended material was further purified on a two-phase system by adding it to ten volumes of the phase solution consisting of 6.2% (w/w) PEG3350 and 6.2% (w/w) Dextran T-500 and resuspension buffer (Larsson et al., 1987).  After thoroughly mixing, phases were separated by settling down the mixture for 30 min.  The upper phase containing the plasma membrane was diluted with three volumes of TBS (140 mM NaCl, 3 mM KCl, 25 mM Tris-HCl pH 7.5 and 1 mM PMSF) and centrifuged at 100,000 × g for 1 hr.  The lower phase containing the endomembranes was diluted with fifteen volumes of TBS and additionally centrifuged at 100,000 × g for 1 hr.  Both pellets were resuspended with a Potter in resuspension buffer.  The resuspended 100,000 × g pellet of the upper phase was put on a second two-phase system and after spinning the second upper phase the pellet was resuspended in three volumes of TBS.  For the removal of PEG remnants, the first resuspended pellet of the lower phase and the second resuspended upper phase pellet were diluted in TBS with protease and phosphatase inhibitors and centrifuged.  To determine the enrichment for plasma membranes throughout the isolation and purification process, 50–100 µL sample was taken after every step and vanadate-sensitive H+-ATPase activity was monitored as a plasma membrane marker as was previously described (Schaller and DeWitt, 1995).  Protein concentration was determined via Bradford assay.  Both the plasma membrane and endomembranes fractions were utilized for tandem MS analysis.
Protein Digestion

Proteins isolated from whole-cell lysates (~2.5 mg for digestion with LysC, ArgC, AspN or GluC; ~10 mg for digestion with trypsin) or membrane purifications (to be digested with trypsin) were re-solubilized in 50 mM Tris, pH 8.0, 1mM CaCl2 (or 100 mM Tris pH 7.8, 10 mM CaCl2, 0.5 mM EDTA for ArgC digestion specifically) containing 6 M urea and protease and phosphatase inhibitor tablets.  Protein concentration was determined via the BCA assay (except for membrane fractions, see above).  The proteins were reduced with 2 mM DTT at 37 °C for 30 min, alkylated with 5 mM iodoacetamide for 30 min at room temperature (RT) in the dark, and quenched with a final concentration of 7 mM DTT.  The urea concentration was adjusted by dilution (6 M for LysC; 1.5 M for trypsin, ArgC or AspN; 2 M for GluC), and the protein incubated with protease using appropriate enzyme to substrate ratios (1:100 for LysC and trypsin; 1:167 for ArgC; 1:416 for AspN; 1:80 for GluC), temperatures (37 °C for LysC, trypsin, ArgC and AspN; RT for GluC) and incubation times (overnight for LysC, ArgC, AspN and GluC; 45 min for trypsin).  The resulting peptides were desalted using tC18 SepPak cartridges.  Peptides from the trypsin digestion specifically were subjected to strong cation exchange (SCX) to separate the sample into 14 fractions as described previously (Swaney et al., 2009) and all fractions lyophilized and desalted again with SepPak cartridges. 

Phosphopeptide Enrichment 

Phosphopeptides were enriched using immobilized metal affinity chromatography (IMAC) as described previously (Swaney et al., 2009).  Briefly, peptides were reacted with a mixture of 2 M methanolic acid (~1 mL per mg of protein digested), generated by the drop-wise addition 160 μl acetyl chloride per mL of anhydrous methanol (prepared 5 min before use), to form O-methyl esters on acidic side chains and the carboxyl terminus.  The samples were sonicated in 15 min intervals over the course of a two hours reaction at room temperature.  The peptides were dried using a SpeedVac and resuspended in 100 μl of a 1:1:1 mixture of methanol:acetonitrile:water in 0.01% acetic acid, pH 3.4 (reconstitution buffer, RB).  Samples were then subjected to IMAC to enrich for phosphopeptides 
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(Ficarro et al., 2002; Ndassa et al., 2006)
.  A fused silica column (530 µm inner diameter × 15 cm) packed with POROS MC-20 resin was stripped with 100 µL of 40 mM ETDA (pH ~5–8) at a flow rate of 20 µL/min, washed with 100 µL nanopure water at 20 µL/min, and charged with 140 µL 100 mM FeCl3 at 20 µL/min.  The column was then equilibrated with 100 µL RB at 20 µL/min prior to sample loading.  The sample was then loaded at a flow rate of ~2 µL/min until only ~5 µL remained.  The IMAC column was then washed with 10 µL RB at 2 µL/min, 100 µL RB at 20 µL/min, 20 µL salt solution 1 (42 mM NaCl in 50% acetonitrile, 15% methanol, and 35% water, all in 0.01% acetic acid) at 20 µL/min, and 20 µL salt solution 2 (50 mM NaCl in 75% acetonitrile, 10% methanol, and 15% water, all in 0.01% acetic acid) at 20 µL/min.  After equilibrating the IMAC column with 40 µL 0.02% formic acid at 20 µL/min, peptides were eluted with 100 µL of 50 mM sodium phosphate (pH 8.0) at 20 µL/min.  The eluate was quickly acidified to a final concentration of 1% formic acid, to achieve a final pH of ~2–3.

nHPLC-tandem mass spectrometry 

A nanoACQUITY UPLC system (Waters Corporation) was used to load IMAC-eluted peptides onto a C18 precolumn (75 µm inner diameter × 5 cm) for concentrating and desalting followed by a C18 analytical column (50 µm inner diameter × 12 cm).  Both precolumns and analytical columns were made in-house as described previously (Ficarro et al., 2009).  The peptides were separated over a linear gradient of 2–30% acetonitrile in 0.2% formic acid over 80 minutes at a flow rate of 300 nL/min followed by isocratic elution at 70% acetonitrile in 0.2% formic acid.  Eluted peptides were subjected to electrospray ionization (Fenn et al., 1989) and online infusion into an ETD-enabled LTQ Orbitrap 
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(McAlister et al., 2008)
.  High mass accuracy MS1 survey scans of peptide cations were performed in the orbitrap, and the eight most abundant peaks were selected for MS/MS interrogation in LTQ.  ETD and CAD were utilized together in each chromatographic run in a decision tree-driven fashion (Swaney et al., 2008), except for several runs for LysC-generated peptides where only ETD was used.  Dynamic exclusion was enabled for 45 s to reduce sampling redundancy and allow for the sequencing of low level peptides.  MS/MS was always performed in the LTQ. 

Phosphopeptide identification  

The protein database was created by combining files containing annotated Medicago truncatula protein sequences (Mt3.0_proteins_20090702_NAMED.fa) made available by the International Medicago Genome Annotation Group (IMGAG v3.0), as well as all Medicago truncatula, sequences available through NCBI (Mt_NCBI.fasta) and UniProt (Mt_UniProt.fasta) as of August, 2009.  Annotations for several additional Medicago truncatula protein sequences were added from a list generated internally by the Wisconsin Medicago Group (Mt_WMG.fasta).  Redundancy in the protein database was removed using custom software developed in-house, which merged protein descriptions for identical sequences (as well as subsequences) from the different databases together to avoid losing any annotation information.  The target database (54,628 unique entries) was reversed using custom software written in-house based on that described previously (Elias and Gygi, 2007).  After ETD spectral pre-processing was performed as described previously (Good et al., 2009), the tandem MS spectra were searched against the concatenated target-decoy database using the Open Mass Spectrometry Search Algorithm (OMSSA) (Geer et al., 2004).  OMSSA parameters included fixed modifications of +57 Da on cysteine (carbamidomethylation), +14 Da on glutamic acid, aspartic acid, and the carboxy terminus.  Variable modifications considered were +16 Da on methionine (oxidation), and +80 (phosphorylation) on serine, threonine, and tyrosine.  A fragment ion mass tolerance of 0.5 Da and a precursor mass tolerance of 4.0 Da were used for searches.  Unique peptide identifications were optimized to 1% false discovery rate (FDR) on the basis of expectation value score and precursor mass accuracy (Elias and Gygi, 2007), with a value of ±2 ppm serving as an optimal  corrected mass accuracy threshold.  Phosphinator software was utilized as described previously for determining phosphoryl group localization, with a fragment mass tolerance of 0.5 and relative ion intensity thresholds of 0.5 % for CAD and 0.8% for ETD (Swaney et al., 2009).

Motif Analysis

Motif analysis for the M.  truncatula phosphopeptides having at least one phosphoryl group localized was carried out using version 2.0 of motif-x (Schwartz and Gygi, 2005).  The database used for OMSSA searches was also utilized as the background for the M. truncatula phosphopeptide motif analysis, using a search width of 15 residues.  Motif analysis was also performed for phosphopeptides with at least one phosphoryl group localized from our previous study of human embryonic stem cells (Swaney et al., 2009) and from the PhosPhAt 2.2 database (http://phosphat.mpimp-golm.mpg.de/app.html) of all published Arabidopsis thaliana phosphopeptides (Heazlewood et al., 2008) using the IPI Human and IPI Arabidopsis protein databases as the background for each analysis respectively.  All motifs were extracted at a significance of p < 10–6 and an occurrence threshold of 20 was used for phosphorylation of serine, threonine, and tyrosine in all organisms analyzed.  All motifs present in the M. truncatula data were assessed with respect to their presence or absence in the motif analysis of the Arabidopsis and human data sets.
REFERENCES
Elias JE, Gygi SP (2007) Target-decoy search strategy for increased confidence in large-scale protein identifications by mass spectrometry. Nat Methods 4: 207-214

Fenn JB, Mann M, Meng CK, Wong SF, Whitehouse CM (1989) Electrospray ionization for mass spectrometry of large biomolecules. Science 246: 64-71

Ficarro SB, McCleland ML, Stukenberg PT, Burke DJ, Ross MM, Shabanowitz J, Hunt DF, White FM (2002) Phosphoproteome analysis by mass spectrometry and its application to Saccharomyces cerevisiae. Nat Biotechnol 20: 301-305

Ficarro SB, Zhang Y, Lu Y, Moghimi AR, Askenazi M, Hyatt E, Smith ED, Boyer L, Schlaeger TM, Luckey CJ, Marto JA (2009) Improved electrospray ionization efficiency compensates for diminished chromatographic resolution and enables proteomics analysis of tyrosine signaling in embryonic stem cells. Anal Chem 81: 3440-3447

Gallardo K, Lesignor, C., Darmency, M., Burstin, J., Thompson, R., Rochat, C., Boutin, J., Kuester, H., Buitink, J., Leprince, O., Limami, A., Grusak, M.A. (2006) Seed biology of Medicago truncatula. . In U Mathesius, ed, The Medicago truncatula Handbook. The Samuel Roberts Noble Foundation., Ardmore, OK

Geer LY, Markey SP, Kowalak JA, Wagner L, Xu M, Maynard DM, Yang X, Shi W, Bryant SH (2004) Open mass spectrometry search algorithm. J Proteome Res 3: 958-964

Good DM, Wenger CD, McAlister GC, Bai DL, Hunt DF, Coon JJ (2009) Post-Acquisition ETD Spectral Processing for Increased Peptide Identifications. J Am Soc Mass Spectrom 

Heazlewood JL, Durek P, Hummel J, Selbig J, Weckwerth W, Walther D, Schulze WX (2008) PhosPhAt: a database of phosphorylation sites in Arabidopsis thaliana and a plant-specific phosphorylation site predictor. Nucleic Acids Res 36: D1015-1021

Larsson C, Widell S, Kjellbom P (1987) Preparation of High-Purity Plasma-Membranes. Methods in Enzymology 148: 558-568

Lefebvre B, Furt F, Hartmann MA, Michaelson LV, Carde JP, Sargueil-Boiron F, Rossignol M, Napier JA, Cullimore J, Bessoule JJ, Mongrand S (2007) Characterization of lipid rafts from Medicago truncatula root plasma membranes: a proteomic study reveals the presence of a raft-associated redox system. Plant Physiol 144: 402-418

McAlister GC, Berggren WT, Griep-Raming J, Horning S, Makarov A, Phanstiel D, Stafford G, Swaney DL, Syka JE, Zabrouskov V, Coon JJ (2008) A proteomics grade electron transfer dissociation-enabled hybrid linear ion trap-orbitrap mass spectrometer. J Proteome Res 7: 3127-3136

Ndassa YM, Orsi C, Marto JA, Chen S, Ross MM (2006) Improved immobilized metal affinity chromatography for large-scale phosphoproteomics applications. J Proteome Res 5: 2789-2799

Schaller GE, DeWitt ND (1995) Analysis of the H(+)-ATPase and other proteins of the Arabidopsis plasma membrane. Methods Cell Biol 50: 129-148

Schwartz D, Gygi SP (2005) An iterative statistical approach to the identification of protein phosphorylation motifs from large-scale data sets. Nat Biotechnol 23: 1391-1398

Swaney DL, McAlister GC, Coon JJ (2008) Decision tree-driven tandem mass spectrometry for shotgun proteomics. Nat Methods 5: 959-964

Swaney DL, Wenger CD, Thomson JA, Coon JJ (2009) Human embryonic stem cell phosphoproteome revealed by electron transfer dissociation tandem mass spectrometry. Proc Natl Acad Sci U S A 106: 995-1000

Wessel D, Flugge UI (1984) A method for the quantitative recovery of protein in dilute solution in the presence of detergents and lipids. Anal Biochem 138: 141-143




Supplemental TABLES AND FIGURES
Table SI.  All phosphopeptides identified in Medicago truncatula roots grouped by the parsimonious protein groups to which they map (see the Excel spreadsheet “Grimsrud_2009_TableS1.xls”).  As peptides can match to multiple proteins, the data is organized by protein groups containing all the proteins which are indistinguishable based on the sequenced peptides that identify them (often duplicates or sequences with high homology).  The "PROTEIN GROUP NAME" is an arbitrary designation given to all protein groups to help with organization.  For each protein group there is a "REPRESENTATIVE PROTEIN DESCRIPTION" from one of the proteins in the group, followed by the "PROTEIN DESCRIPTION" for each protein in the group, with the corresponding “PEPTIDE” identified by the OMSSA search.  The header at the top describing the cells is three-tiered to account for the hierarchy of Protein Group>Protein>Peptide. Most headers are fairly self explanatory.  Briefly, "PROTEIN SEQUENCE" displays the entire sequence from proteins to which identified phosphopeptides match, along with the corresponding "PROTEIN DESCRIPTION".  The “Best Sequence(s)” indicates the output from the phosphorylation site localization program Phosphinator.  If all the phosphoryl groups were not localized, the multiple possible localizations are separated by “/”. “Sequence Correct?” indicates whether the Phosphinator output was in agreement with the OMSSA output and “Modifications Localized in Best Sequence?” indicates whether all phosphoryl groups were localized by Phosphinator.  “CONSENSUS SEQUENCE” displays the peptide sequence with only localized sites of phosphorylation shown. 
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Figure S1.  All probability log-based logos (pLOGos) of motifs extracted using motif-x version 2.0.  The statistical significance of motifs identified by performing phosphorylation motif analysis on Medicago truncatula phosphopeptides with localized phosphoryl groups using version 2.0 of motif-x is depicted graphically.  The taller a residue is, the more statistically significant it is. Residues over the midline are overrepresented, while those below the midline are underrepresented.  The bottoms of the most significant residues are closest to the midline.  The red horizontal line represents the 0.01 statistical significance threshold, and the blue line represents the significance threshold used to fix positions within the motif.  The last three motifs represent the pLOGos for the phosphorylated serine, threonine, and tyrosine peptide sequences that could not be placed into one of the 38 extracted motif classes.
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