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Abstract

Mass spectrometry-based proteomics has experienced an unprecedented advance in 

comprehensive analysis of proteins and posttranslational modifications, with particular technical 

progress in liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) and 

isobaric labeling multiplexing capacity. Here we introduce a deep proteomics profiling protocol 

that combines 10-plex tandem mass tag (TMT) labeling with an optimized LC-MS/MS platform to 

quantitate whole proteome and phosphoproteome. The major steps include protein extraction and 

digestion, TMT labeling, two dimensional liquid chromatography, TiO2-mediated phosphopeptide 

enrichment, high resolution mass spectrometry, and computational data processing. This protocol 

routinely leads to confident quantification of more than 10,000 proteins and approximately 30,000 

phosphosites in mammalian samples. Quality control steps are implemented for troubleshooting 

and evaluating experimental variation. Such a multiplexed robust method provides a powerful tool 

for dissecting proteomic signatures at the systems level in a variety of complex samples, ranging 

from cell culture, animal tissues to human clinical specimens.
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Introduction

The development of next generation sequencing technologies ushers in a new era in studying 

biological systems and human disease, in which high throughput measurements of the 
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genome, transcriptome, proteome, metabolome, and other molecular landscapes becomes 

possible. In the proteomics field, technical progress over the past years has led to a major 

advance in mass spectrometry-based quantitative analysis, particularly in the isobaric 

labeling multiplexing capability combined with extensive liquid chromatography and mass 

spectrometry, which emerges as a mainstream approach for profiling proteins and 

posttranslational modifications in highly complex protein samples (Altelaar et al., 2013; 

Azimifar et al., 2014; Bensimon et al., 2012; Geyer et al., 2016; Hein et al., 2015; Kim et al., 

2014; Wilhelm et al., 2014).

Multiplexed isobaric labeling methods (e.g., iTRAQ and TMT) have significantly improved 

the throughput of proteomics (Everley et al., 2013; McAlister et al., 2012; Pagala et al., 

2015), although traditional quantification methods (e.g. label free quantification and SILAC) 

have provided successful examples (Bai et al., 2014; Bai et al., 2013; Kim et al., 2014; 

Thongboonkerd et al., 2014). For example, 10 protein samples can be analyzed together in 

one batch by the TMT 10-plex reagents. These structurally identical TMT tags bear the same 

overall mass, but heavy isotopes are differentially distributed on carbon or nitrogen atoms 

(Fig. 1). Therefore, each tag generates a unique reporter ion during MS/MS fragmentation, 

enabling relative quantification of the 10 samples by distinct reporter ions. The TMT 

strategy is commonly applied in dissecting biological pathways and cellular processes 

(Churchman et al., 2015; Mertz et al., 2015; Wang et al., 2016).

In addition, significant technical improvement has been made to enhance LC-MS/MS 

systems. The first-dimensional separation of peptides using LC with high orthogonal 

resolution is critical in this type of shotgun proteomics (Xu et al., 2009). High-pH reversed-

phase liquid chromatography (RPLC) provides better performance than the conventional 

strong cation-exchange chromatography. Combined with the second dimension of low-pH 

RPLC, the system improves both analytical dynamic range and protein coverage, yielding 

impressive results in whole proteome and phosphoproteome analyses (Batth et al., 2014; 

Song et al., 2010; Wang et al., 2015; Yang et al., 2012). For analyzing protein 

posttranslational modifications, affinity enrichment is critical as modified proteins are 

normally present in low stoichiometry. Phosphopeptide enrichment by titanium dioxide 

(TiO2) has been demonstrated to be a selective, efficient, and reproducible method, and is 

widely used (Beltran and Cutillas, 2012; Tan et al., 2015; Thingholm and Larsen, 2016). 

Other technical advances include small C18 particles (1.9 μm) and extended long column 

(~1 meter) (Wang et al., 2015). Other notable improvements are new versions of mass 

spectrometers with rapid scan rates, high sensitivity and high resolution (Hebert et al., 

2014), and revised bioinformatics pipelines for MS data mining (Wang et al., 2014).

Here, we describe a detailed protocol that incorporates the newly updated methodologies 

with modifications to improve sensitivity and throughput. The protocol includes protein 

extraction and digestion, TMT 10-plex labeling, basic pH and acid pH RPLC fractionation, 

phosphopeptide enrichment, high resolution MS detection, and MS data processing (Fig. 2). 

When analyzing a range of samples (e.g. cell culture, animal tissues and clinical specimens), 

we routinely identify and quantify over 10,000 proteins and ~30,000 phosphosites with high 

confidence from protein samples (0.1–1 mg of protein per sample). Moreover, we implement 

several quality control steps for troubleshooting and evaluating experimental variation.
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Sample preparation by harvesting cells and tissues

In this protocol, TMT 10-plex™ isobaric label reagent set (Thermo Scientific) is used for the 

proteome or phosphoproteome quantification of 10 samples simultaneously. One mg protein 

(100 μg per sample) is recommended as starting material for whole proteome quantification, 

although the analysis may be performed with as low as 100 μg protein (10 μg per sample). 

For phosphoproteome quantification, 10 mg of proteins are typically used (1 mg per sample) 

due to the low stoichiometry of phosphorylation. Approximately 1 mg of proteins can be 

extracted from 10 million mammalian cells on a 15-cm plate with 80% confluence, while the 

protein yield of tissues is 5–10% of the weight. Considering that protein content varies in 

different samples, a pilot experiment is often carried out to examine protein yield. Moreover, 

the samples should be harvested by the identical manner in the shortest period of time to 

minimize variation.

1. Suspension cell harvest: collect cells in 15-ml tubes, wash twice with 10 ml ice 

cold phosphate-buffered saline (PBS), transfer into 1.5-ml tubes and centrifuge 

to remove supernatant completely.

2. Adherent cell harvest: wash twice with 10 ml ice cold PBS, scrape and collect 

cells in PBS, transfer to 1.5-ml tubes and remove PBS by centrifugation. Store 

cell pellets at −80°C until lysis. Alternatively, the adherent cells can be lysed on 

plate by directly adding lysis buffer (see below) on the plate after wash. The on-

plate lysis is highly recommended for collecting adherent cell samples during 

phosphoproteome analysis because it is critical to minimize phosphoproteome 

perturbation during the harvest, given that phosphorylation is highly sensitive to 

cellular condition changes. To maintain the desired concentration of lysis buffer, 

the PBS in the wash steps should be removed completely.

3. Tissue collection: collect tissues in 1.5 ml tubes, weigh and keep tissues in liquid 

nitrogen immediately after dissection and store at −80°C. For the 10 samples, the 

tissue sizes and anatomic regions should be similar to reduce sample 

heterogeneity. For possible blood contamination, the samples should be rinsed 

with ice cold PBS, as highly abundant blood proteins negatively affect protein 

quantification and downstream data analysis.

Protein extraction, quality control western blotting, in-solution digestion 

and peptide purification

The lysis buffer used in this protocol contains 50 mM HEPES, pH 8.5, 8 M urea and 0.5% 

sodium deoxycholate. For phosphoproteome analysis, 1X PhosSTOP phosphatase inhibitor 

cocktail (Roche) is added. Handling each of the 10 samples the same way during any step 

before the pooling of TMT labeled samples is critical to reduce variation. Incomplete sample 

lysis and partial protein denaturation affect protein digestion efficiency. Therefore, it is 

important to maintain 8 M urea concentration by considering that the urea itself occupies 

volume (100 mg of urea occupies ~73 μl in solution), and the volume of cell pellets or 

tissues should also be taken into account as well.
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1. Add appropriate amount of lysis buffer to cell pellets or tissues (e.g. 10: 1 

volume ratio between buffer and samples) to achieve a final protein 

concentration of 5–10 mg/ml. For on-plate lysis of adherent cells, add lysis 

buffer on plate, scrape and collect the cells to 1.5-ml tubes. Add in ~20% of the 

final volume of glass beads (1 mm diameter, Sigma).

2. Cap the tubes tightly, lyse the samples in Bullet Blender (Next Advance) at 4°C 

(speed 8, 30 sec on and 5 sec off for 5 cycles) until the samples are 

homogenized. Alternatively, the samples may be lysed by vortex for 30 sec at 

room temperature (RT) with 30 sec cooling in between on ice for ~10 cycles. The 

exact lysis condition may vary upon samples.

3. Mix the lysate well without centrifugation and make at least 3 aliquots: two 

small aliquots (~15 μl) for measuring protein concentration and positive control 

validation by western blotting, and the remaining large aliquot for the proteomics 

analysis.

Note 1: The insoluble debris is kept in the final aliquot, which allow the 

digestion of insoluble proteins (Pirmoradian et al., 2013).

Note 2: One small aliquot of each sample is used to test for predicted protein 

changes before proteomics analysis that is time consuming and expensive. 

Perform western blotting analysis on these samples to confirm positive and 

negative control proteins that behave the way anticipated. This quality control 

step also allows the detection of possible mislabeling or other sample issues 

during sample preparation (Fig. 3).

4. Measure protein concentration by a standard BCA protein assay (Thermo 

Scientific) or by a Coomassie stained short SDS gel (10%) (Xu et al., 2009) with 

bovine serum albumin (BSA) as a standard.

5. Add 10% acetonitrile (ACN) and LysC (Wako) at an enzyme-to-substrate ratio of 

1:100 (w/w) to digest proteins under highly denaturing conditions at RT for 2 h 

(Pagala et al., 2015). Also add dithiothreitol (DTT) to 1 mM to reduce disulfide 

bonds in proteins.

6. Dilute samples to 2 M urea with 50 mM HEPES (pH 8.5) and further digest 

samples with trypsin (Promega) at RT for 3 h or overnight. The trypsin to protein 

ratio is 1:50 (w/w).

7. Further reduce peptides by adding DTT to 1 mM for 2 h at RT.

8. Add iodoacetamide (IAA) to 10 mM at RT for 30 min in the dark to alkylate 

Cys-containing peptides.

9. Quench unreacted IAA by adding DTT to 30 mM and incubate for 30 min at RT.

10. Terminate the digestion reaction by adding trifluoroacetic acid (TFA) to 1% and 

check pH by applying a small drop of the solution to pH paper. The pH should be 

~2 to 3.

11. Centrifuge at 20,000 × g at RT for 10 min and collect the supernatant.
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12. Choose the size of C18 desalting cartridge: either an excessive or limited amount 

of resin may lead to low recovery of peptides during desalting. The size of C18 

cartridge should be selected based on the amount of input material. Cartridge 

capacities are about 3–5% of the sorbent weight (Villen and Gygi, 2008), 

alternatively we use 1 μl of C18 resin for every 10 μg of peptides as our criteria 

(Pagala et al., 2015).

13. Wash cartridge with 5X bed volumes of methanol, 5X bed volumes of 60% 

ACN/0.1%TFA and condition cartridge with at least of 5X bed volumes of 0.1% 

TFA.

14. Load sample on cartridge and wash cartridge with at least 5X bed volumes of 

0.1% TFA, elute with 5X bed volumes of 60% ACN/0.1%TFA.

15. Dry the eluted peptides by Speedvac and store at −80 °C until further analysis.

TMT labeling of peptides

Isobaric labeling (e.g. TMT and iTRAQ) has become a versatile technique in relative protein 

quantification by examining up to 10 biological samples simultaneously in a single run. It 

provides a fast and easy way for protein quantification with high throughput. To achieve an 

accurate quantification result, the TMT labeling efficiency should be examined to ensure all 

samples are fully labeled by TMT. This is a critical step as the amount of TMT label used, 

alterations in pH, or incorrect protein quantitation can lead to inefficient labelling and thus 

negatively alter all downstream results. In addition, a premix ratio test should be performed 

to determine the correct ratio for equal mixing before pooling for the remainder of the 

protocol. Again this is extremely important as pipetting errors can occur along the way that 

will change concentrations. The premix ratio test is the best way to assure that the amount of 

each of the 10 samples used for the final mix are all at an equal ratio.

1. Resuspend each desalted peptide sample in 50 mM HEPES buffer (pH 8.5), keep 

~ 1 μg of each unlabeled sample for later TMT labeling efficiency test.

Note: pH value should be checked by pH paper. Sample may be acidic if not 

dried completely after desalting which will affect the labeling efficiency.

2. Reconstitute TMT reagents in anhydrous acetonitrile and label peptide samples 

by following the manufacture’s instruction and incubate at RT for 1 h.

3. Test labeling efficiency: desalt ~1 μg of each TMT labeled and unlabeled 

samples by Ziptips (Millipore) and analyze TMT labeled samples and unlabeled 

samples by LC-MS/MS. In a completely TMT labeled sample, the unlabeled 

peptide should not be detected in the labeled samples (Fig. 4).

4. If fully labeled, quench the reaction by adding 8 μl of 5% hydroxylamine and 

incubate for 15 min.

5. Premix ratio test: mix a small aliquot of each TMT labeled sample, desalt and 

analyze by LC-MS/MS to determine the global peptide ratio of all 10 samples.

6. Equally mix 10 samples based on the result of the premix ratio test.
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Note: The premix ratio test determines which of the 10 samples has the lowest 

amount of peptides. Use this sample as the baseline to adjust the amounts of 

other 9 samples.

7. Desalt the pooled TMT labeled samples by C18 cartridge to remove byproducts 

of the quenching reaction.

Offline basic pH RPLC fractionation

The number of peptides or proteins that can be identified in one single conventional LC-

MS/MS analysis is limited due to sample complexity (dynamic range and number of 

peptides) even with the latest platform. Several peptide fractionation approaches, such as 

strong cation exchange (SCX) and hydrophilic interaction chromatography (HILIC), have 

been applied before standard acidic pH reversed-phase LC-MS/MS analysis to reduce 

sample complexity. Recently, high pH RPLC has become favored due to its high resolving 

power and its salt-free solvent system making it compatible with the downstream acidic pH 

RPLC-MS/MS analysis (Batth et al., 2014).

1. Set up an XBridge C18 column (4.6 mm × 25 cm, 3.5 μm particle size, Waters) 

by Agilent 1220 infinity pump for fractionation.

2. Install a 100 μl loop for whole proteome analysis and a 1 ml loop for 

phosphoproteome analysis. Wash the loop with 3X loop volume of methanol, 

water and buffer A (10 mM Ammonium formate, pH 8.0) sequentially.

3. Wash the column with 100 μl equally mixed isopropanol, methanol, acetonitrile 

and water and equilibrate the column in 95% buffer A for 1 h.

4. Solubilize the desalted pooled TMT-labeled peptide sample in buffer A. The 

sample volume should not be bigger than 70% of the loop volume. Verify the 

sample pH ~8.0. If still acidic then use ammonium hydroxide to adjust pH to 8.0.

5. Fractionate whole proteome sample using the following gradient with buffer B 

(buffer A plus 90% ACN): 15%–20% for 15 min, 20%–35% for 100 min and 

35%–50% for 30 min. The fraction collector (FC 203B, Gilson) is set to collect 

fractions every 2 min including loading time. Alternatively, fractionate 

phosphoproteome sample in 1 h gradient from 15% to 45% buffer B and collect 

fractions every min. The flow rate for both runs is 0.4 ml/min.

6. For whole proteome samples, ~40 fractions (every other fraction, a total of 80 

fractions) are selected and dried by Speedvac and used for LC-MS/MS analysis. 

If ultra-deep proteome coverage is required, all 80 fractions are analyzed. For 

phosphoproteome samples, dry all fractions (~40 fractions in total) for TiO2 

phosphopeptide enrichment.

TiO2 phosphopeptide enrichment

TiO2 phosphopeptide enrichment is dependent on the affinity binding of a phosphate group 

to TiO2 through co-ordinate bonds. The nonspecific binding of carboxyl groups is reduced 

by the addition of competitors, such as 2, 5-dihydroxybenzoic acid, glutamic acid, and lactic 
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acid. Previously, we presented a refined TiO2 phosphopeptide enrichment protocol using a 

low concentration of phosphate as an additive to improve selectivity. Compared with other 

non-phosphopeptide competitor, phosphate is easy to prepare, effective and robust while 

giving similar or higher selectivity. Due to the hydrophilicity of phosphopeptides, there are 

more phosphopeptides eluted in the early basic pH RPLC fractions compared with later 

fractions. Therefore, slightly lower concentrations of phosphate and increased amounts of 

TiO2 beads are used in early fractions.

1. Reconstitute each dried peptide fraction in binding buffer (65% ACN, 2% TFA, 1 

μg/μl).

2. Add KH2PO4 to 0.5 mM for first 5 fractions and 1 mM for other fractions.

3. Weigh TiO2 beads: 1 mg TiO2 beads/fraction for first 20 fractions, 0.7 mg/

fraction for fractions 21–35 and 0.5 mg/fraction for all remaining fractions.

4. Wash TiO2 beads twice with washing buffer (65% ACN, 0.1% TFA, 200 μl per 

mg beads) and mix with the peptide solution of the fractions.

5. Incubate the samples by end-over-end rotation at RT for 20 min.

6. Briefly centrifuge to collect the beads to the bottom of tube, transfer the 

supernatant to another tube which can be used for consecutive phosphopeptide 

enrichment if desired.

Note: The supernatant contains non-phosphopeptides that can be used for whole 

proteome TMT analysis if desired.

7. Wash phosphopeptide-bound beads twice with wash buffer (200 μl per mg 

beads), resuspend into 50 μl of wash buffer and transfer beads to a C18 StageTip 

(Thermo Fisher Scientific) sitting on the top of a 2-ml centrifuge tube. Collect 

residual beads in the incubation tube by adding another 50 μl of wash buffer and 

transferring to the StageTip as well.

8. Centrifuge StageTip to remove the wash buffer, and elute the phosphopeptides 

with 20 μl of elution buffer (15% NH4OH, 40% ACN, pH =~11). The eluents are 

dried to completeness rapidly.

9. Dissolve the enriched phosphopeptides in 5% formic acid (FA) immediately 

prior to LC-MS/MS analysis to minimize sample loss.

Acidic pH RPLC-MS/MS analysis

During TMT based quantification, peptide ions are indistinguishable in survey MS spectra 

but are usually quantified based on the intensity of reporter ions after the peptide ion is 

fragmented and analyzed in MS/MS spectra. A common limitation is that the TMT report 

ion ratios may be suppressed due to the coelution of TMT-labeled ions, and the co-isolation 

and co-fragmentation of these interfering ions (Ting et al., 2011). Several strategies have 

been detailed recently to address the ratio suppression effect. One is to narrow ion isolation 

window (Savitski et al., 2011). In regards to this, mass spectrometers with quadrupole mass 

filters (e.g. Q Exactive HF and Orbitrap Fusion Lumos) have higher isolation efficiency at 
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narrower mass windows than instruments using waveform based isolation such as the linear 

ion trap (e.g. Orbitrap Elite and Velos). Alternatively, MS-based separation, such as gas-

phase purification (Wenger et al., 2011) and MultiNotch MS3 method (McAlister et al., 

2014), enables more accurate quantifications, but the loss of spectral identifications can be 

significant. Another approach is to reduce sample complexity by extensive fractionation, 

including multi-dimensional LC, small C18 particles and long gradients {Zhou, 2013 

#7941). In this protocol, we combine offline basic pH RPLC, high resolving power acidic 

pH RPLC and MS/MS quantification method using optimized isolation width to reduce ratio 

suppression without diminishing the number of identified peptides or proteins.

To sufficiently resolve near-isobaric reporter ions of some 10-plex TMT reagents (6.32 mDa 

difference), MS/MS resolution must be at least 30,000 at 400 m/z. Higher energy collision 

dissociation (HCD) is used for TMT10-plex reporter ion fragmentation. Electron transfer 

dissociation (ETD) is not recommended for TMT10-plex reagents because ETD cleavage 

sites are different from HCD and this results in reporter ion overlap. The mass spectrometer 

used in this protocol is Q Exactive HF (Thermo Scientific).

1. Pack empty columns (New objective, 75 μm ID for whole proteome sample and 

50 μm ID for phosphoproteome samples) with 1.9 μm C18 resin (Dr. Maisch 

GmbH, Germany) to ~30 cm length. Bed volume of the two columns is 1.3 μl 

and 0.6 μl respectively. Heat the columns at 65 °C by a butterfly portfolio heater 

(Phoenix S&T) to reduce backpressure.

2. Prepare buffer A (5% dimethyl sulfoxide, 0.2% formic acid) and buffer B (buffer 

A plus 65% ACN) and wash the columns thoroughly with 95% buffer B and 

equilibrate in 95% buffer A.

3. Examine the quality of the LC-MS/MS system by two runs using 100 ng of rat 

brain peptides before analyzing precious TMT labeled samples. The following 

parameters should be monitored and evaluated: survey MS signal intensity, 

quality of MS/MS spectra, peak width, overall retention time, the pressure of LC 

system as well as the run-to-run variability. Clean, calibrate and tune MS 

instrument regularly and use fresh LC buffers to improve the performance of the 

system.

4. For whole proteome samples: reconstitute the dried peptides in 5% FA, load ~0.2 

μg on the column and elute by 15–45% of buffer B gradient in 150 min (~0.3 

μl/min flow rate). Adjust the gradient slightly for early and late basic pH RPLC 

fractions. The mass spectrometer is operated in data-dependent mode with a 

survey scan in Orbitrap (60,000 resolution, 1 × 106 AGC target and 50 ms 

maximal ion time) and 20 MS/MS high resolution scans (60,000 resolution, 1 × 

105 AGC target, ~100 ms maximal ion time, 31 HCD normalized collision 

energy, 0.4 m/z isolation window, and 20 s dynamic exclusion).

5. For phosphoproteome samples: resuspend the dried phosphopeptides in 2 μl of 

5% FA, load all on the column and elute with 9–35% of buffer B in 200 min and 

35–65% buffer B for 40 min (0.15 μl/min flow rate). Adjust the gradient slightly 

for early and late basic pH RPLC fractions. Mass spectrometer setting is the 
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same as the above except larger isolation window to improve sensitivity (1 m/z 
isolation width with 0.3 m/z offset).

MS Data analysis

1. Database search: The MS/MS raw files are processed by the SEQUEST 

algorithm (Eng et al., 1994), or the newly developed tag-based hybrid search 

engine JUMP (Wang et al., 2014). Pattern-based database search (e.g. 

SEQUEST) and tag-based de novo sequencing (e.g. PEAKS but with limited 

sensitivity) are common computer algorithms. The JUMP algorithm combines 

pattern matching and de novo sequencing to score putative peptides, and shows 

better sensitivity and specificity. The search is typically against the UniProt 

human database (or other appropriate species specific database) concatenated 

with a reverse protein sequence decoy database. Briefly, the spectra are converted 

to mzXML files and then JUMP first performs preprocessing of precursor ions 

and MS/MS spectra to generate tags and then does MS/MS pattern matching 

against a database and provides a ranking score (J score). The target-decoy 

strategy is used to evaluate false discovery rate (FDR) of peptide and protein 

identification (Peng et al., 2003). Searches were performed using a 10 ppm mass 

tolerance for precursor ions and fragment ions, fully tryptic restriction with two 

maximal missed cleavages, three maximal modification sites, and the assignment 

of a, b, and y ions. TMT tags on Lys residues and N termini (+229.162932 Da) 

and carbamidomethylation of Cys residues (+57.021 Da) are used for static 

modifications. Dynamic modifications include Met oxidation (+15.99492 Da) 

and Ser/Thr/Tyr phosphorylation (+79.96633, only for phosphoproteome data).

2. Data filtering for whole proteome data: To remove false positive matches and 

low quality peptide spectrum matches (PSM), the assigned peptides are filtered 

by minimal peptide length (7 amino acid), m/z accuracy (e.g., 5 ppm) and 

matching scores (J score and deltaCn). The peptides are then divided into groups 

according to peptide length, trypticity, and charge state, and then further filtered 

by matching scores to reduce protein FDR to below 1%. For proteins identified 

by a single spectral count, higher matching scores are required. If peptides are 

shared by multiple members of a protein family, the matched protein members 

are clustered into one group. According to the parsimony principle, the group is 

represented by the protein with the highest number of assigned peptides and 

other proteins matched by unique peptides.

3. Data filtering for phosphoproteome data is similar to whole proteome data except 

peptide FDR is used as a cutoff as opposed to protein FDR.

4. To evaluate the confidence of assigned phosphosites in peptides, we used the 

concept of the phosphoRS algorithm (Taus et al., 2011). Another available option 

to evaluate phosphosite localization is the Ascore algorithm (Beausoleil et al., 

2006).

5. Quantification: proteins or phosphopeptides are quantified by summing reporter 

ion counts across all matched PSMs using an in-house program in the JUMP 
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software suite. Briefly, for each identified PSM, TMT reporter ion intensities are 

extracted and corrected based on isotopic distribution of labeling reagents. For 

example, the TMT126 reagent generates 91.8% 126 m/z reporter ion, 7.9% 127C 

m/z reporter ion, and 0.3% of 128C m/z reporter ion. PSMs with zero intensities 

are recorded but not used for further calculation. PSMs with low intensities are 

filtered by user-defined thresholds. High noise PSMs are also discarded by 

percentage of precursor ion in the isolation window of the survey scan (e.g. at 

least 80%). Then the average of all 10 reporter ions are used to calculate a 

relative signal between each reporter ion and the average. The relative signals of 

PSMs are summed for identified proteins or phosphopeptides. Finally, these 

relative signals are converted to absolute signals by multiplying the averaged 

reporter ion intensity of the top 3 PSMs in corresponding proteins or 

phosphopeptides.

6. The protein or phosphopeptide quantification values are exported in Excel for 

further analysis. In general, the method of analysis of variance (ANOVA) is used 

to identify proteins or phosphopeptides that are differentially expressed.

Proteomics results and selected validation

In the table of proteome data, the following information is exported for each quantified 

protein: protein accession number, protein annotation, gene name, PSM number, total 

peptide number, unique peptide number, percentage of coverage, matching scores (J score 

and deltaJn) of the top scored peptide, and the final reporter ion intensities of each protein. 

The phosphoproteome data is quantified at phosphopeptide level, including the related 

protein information (protein accession number, protein annotation and gene name), the 

phosphopeptide’s PSM number, phosphosite ambiguity score (e.g. from phosphoRS or 

Ascore), and reporter ion intensities.

To differentiate experimental variance from biological alteration, the biological replicates 

are compared as a null experiment (Fig. 5). The log2 ratio distribution of the null 

comparison is closer to zero compared with that of case-control comparison, indicating that 

the biological alteration of the case-control comparison is larger than experimental variance.

Although the data processing can significantly reduce false positives in the steps of 

identification and quantification, we cannot completely eliminate false results, and find that 

there are more false positives in the group of proteins or peptides identified by only one 

single peptide. Inaccuracy in quantification also exists due to low intensity, errors in data 

processing (e.g. missing reporter ions due to irregular mass shift), peptide sharing, and 

ambiguity of phosphosite assignment. Therefore, it is highly recommend that extra 

validation steps are applied to confirm the MS data. (1) Manually examine the MS/MS 

spectra of proteins or phosphosite of interest to validate the peptide sequence and TMT 

reporter ion quantification. (2) Use known protein or phosphosite quantification data to 

confirm MS results. (3) Verify protein or phosphosite changes by antibody-based approaches 

(e.g., Western blotting and immunohistochemistry). (4) Chemically synthesize the peptides 

of interest, and then use them as internal standards to confirm the identification of native 
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peptides. Their MS/MS patterns and retention time during LC-MS/MS should be identical. 

(5) Verify protein changes by targeted MS strategy approaches. At least one if not multiple 

methods of validation need to be performed before proceeding with time-consuming 

biological experiments for testing derived hypothesis.

Conclusions and discussion

Here we describe a high throughput protocol for quantification of proteins and 

posttranslational modifications by isobaric labeling. In this routine protocol, from 10 protein 

samples analyzed in a batch, we analyze over 10,000 proteins and ~30,000 phosphosites 

with high consistency. In this protocol, phosphopeptides are enriched after labeling to reduce 

variance. However, for some protein modifications (e.g. ubiquitination), if the TMT 

conjugation interferes with the enrichment process, the enrichment has to be carried out 

before the isobaric labeling (Kim et al., 2011). With slight procedure rearrangement, this 

protocol can be widely used as a general proteomics approach to the study of proteins and 

multiple modifications. In summary, the protocol here provides a powerful technique to 

obtain deep protein coverage and alleviate ratio suppression during quantification. Such 

comprehensive proteomics analysis can be integrated with genomics, transcriptomics, and 

possibly metabolomics, for comprehensive understanding of biological systems and novel 

discoveries of molecular mechanisms, biomarkers and therapeutic targets in human disease 

{Li, 2016 #7939;Yuan, 2014 #7940;Wang, 2016 #9;Zhou, 2013 #7941;Nesvizhskii, 2014 

#7942;Fagerberg, 2014 #7943}.
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Fig. 1. 
TMT10-plex reagents. (A) TMT reagents label amine-reactive group (e.g. Lys residues and 

the amino termini of peptides). (B) The 10 reagents in the TMT10-plex kit (asterisks 

indicate the positions of 13C and 15N heavy isotopes). (C) TMT reporter ions in an MS/MS 

spectrum. The intensities of these reporters are used for protein quantitation.
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Fig. 2. 
Workflow of TMT-LC/LC-MS/MS for profiling whole proteome and phosphoproteome. (A) 

The analysis scheme. (B) Basic pH RPLC fractionation for whole proteome analysis. (C) 

Basic pH RPLC fractionation for phosphoproteome analysis.
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Fig. 3. 
Quality control analysis of one batch of 10 samples by Western blotting analysis. Protein A 

is a positive control protein expressed at a higher level in samples 6–10. Protein B is a 

loading control showing no difference in the samples.
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Fig. 4. 
Labeling efficiency analysis. (A) An unlabeled peptide of strong intensity at retention time 

of 7.4 min during LC-MS/MS. (B) Complete absence of the same peptide at 7.2 min and the 

presence of the labeled peptide at 8.2 min, indicating fully TMT labeling.
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Fig. 5. 
Analysis of experimental variance and control-case comparison. Distribution of log2 ratios 

between biological replicates (null experiment) and the control-case comparison.

Bai et al. Page 19

Methods Enzymol. Author manuscript; available in PMC 2017 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Sample preparation by harvesting cells and tissues
	Protein extraction, quality control western blotting, in-solution digestion and peptide purification
	TMT labeling of peptides
	Offline basic pH RPLC fractionation
	TiO2 phosphopeptide enrichment
	Acidic pH RPLC-MS/MS analysis
	MS Data analysis
	Proteomics results and selected validation
	Conclusions and discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

