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Abstract

Labeling peptides with isobaric tags is a popular strategy in quantitative bottom-up proteomics. In 

this study, we labeled six breast tumor cell lysates (1.34 mg proteins per channel) using 10-plex 

tandem mass tag reagents and analyzed the samples on a Q Exactive HF Quadrupole-Orbitrap 

mass spectrometer. We identified a total of 8706 proteins and 28186 phosphopeptides, including 

7394 proteins and 23739 phosphosites common to all channels. The majority of technical 

replicates correlated with a R2 ≥ 0.98, indicating minimum variability was introduced after 

labeling. Unsupervised hierarchical clustering of phosphopeptide datasets successfully classified 

the breast tumor samples into Her2 (epidermal growth factor receptor 2) positive and Her2 

negative groups, whereas mRNA abundance did not. The tyrosine phosphorylation levels of 

receptor tyrosine kinases, phosphoinositide-3-kinase, protein kinase C delta and Src homology 2, 

among others, were significantly higher in the Her2 positive than the Her2 negative group. Despite 

ratio compression in MS2-based experiments, we demonstrated the ratios calculated using an MS2 

method are highly correlated (R2 > 0.65) with ratios obtained using MS3-based quantitation (using 
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a Thermo Orbitrap Fusion mass spectrometer) with reduced ratio suppression. Given the deep 

coverage of global and phosphoproteomes, our data show that MS2-based quantitation using TMT 

can be successfully used for large-scale multiplexed quantitative proteomics.
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Introduction

Mass spectrometry (MS)-based proteomics is a popular tool for proteome wide quantitative 

profiling of differentially regulated proteins and post-translational modifications1,2. 

Numerous techniques have been employed to increase multiplexing with the benefits of 

improved throughput and reduced variation3–5. These techniques require the incorporation 

of stable isotopes into peptides, and the quantitative information can then be derived from 

either MS1 or MS2 spectra.

Stable isotope labeling with amino acids in cell culture (SILAC) experiments6 can provide 

accurate relative quantitation for proteins and peptides because samples are mixed early in 

the workflow, so the variability contributed by sample preparation is minimized7. However, 

the SILAC approach provides limited options for multiplexing (usually up to 3-plex in a 

single experiment) and is not easily adapted for tissue sample analysis. Moreover, SILAC 

increases spectral complexity as multiple isotopic clusters are created for each peptide, 

causing a redundancy in peptide identifications and reduced sampling depth. NeuCode 

(Neutron encoding) SILAC has the potential to increase multiplexing to 12 or more8 with 

few or no increase in MS1 spectral complexity for peptides. However, NeuCode requires 

very high resolution mass spectrometers (usually 500,000 or more) and the labeling amino 

acids are not commercially available.

Isobaric labels such as iTRAQ4 (isobaric tags for relative and absolute quantification) and 

TMT5 (tandem mass tags) are chemically conjugated to the primary amines of peptides after 

tryptic digestion and are compatible with samples from multiple sources. Each label contains 

a reporter group, a balance group, and a peptide reactive group4,5. After peptides are labeled, 

a given peptide has the same mass no matter which label is added, because the balance 

group compensates for the mass differences present in the reporter group. Thus, there is no 

splitting of MS signal despite multiple forms of the peptide label. The quantitative 

information is revealed in the MS/MS scan, where the reporter group is generated upon 

fragmentation.

The multiplexing capacity of TMT reagents has been expanded from 6-plex to 10-plex9,10. 

The 10-plex reagents, like NeuCode, exploits the mass difference (6 mDa) between the 

isotopic pairs such as 15N and 14N, and 13C and 12C. Thus, four additional 6-mDa-spaced 

reporter ions were added to the 1-Da-spaced TMT 6-plex10 reagents. To distinguish the 

reporter ions with such a small mass difference, a relatively high resolution mass 
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spectrometer (approximately 60,000 at m/z 200) such as the Q Exactive High Field (HF) 

instrument is required.

One potential problem with this approach is that when complex mixtures are analyzed, 

peptides selected for fragmentation are typically co-fragmented with co-eluting peptides. 

Therefore, reporter ion intensity contains the information from both target and co-

fragmented ions, leading to ratio compression or distortion11–14. Applying triple-stage MS 

(MS3) can overcome ratio distortion 11. In MS3-based quantitation experiment, ions in the 

MS2 spectrum are re-isolated for fragmentation. The resulting reporter ions in the MS3 

spectrum were almost exclusively derived from the target peptide. Despite the improvement 

on quantitation accuracy, the MS3 method has a lower sensitivity, slower data acquisition 

speed and requires an Orbitrap Fusion for analysis11,13.

To our knowledge no study has been done to evaluate the performance of the Q Exactive HF 

on samples labeled with TMT 10plex samples.

In this study, we performed global proteomic and phosphoproteomic analysis of six breast 

cancer cell lysates using TMT10plex labeling reagents and a Q Exactive HF mass 

spectrometer read-out. Our goal was to evaluate the performance of the Q Exactive HF using 

MS2-based quantitation on TMT10plex samples with respect to proteome and 

phosphoproteome coverage and ratio compression. We identified and quantified over 7300 

proteins and 23,000 phosphorylation sites common in all samples, which is, to the best of 

our knowledge, the deepest proteome and phosphoproteome coverage using TMT labeling to 

date. The quantitation results correlated very well with MS3 data obtained with an Orbitrap 

Fusion instrument. Despite ratio compression, our data obtained from MS2 quantitation 

allowed us to identify relevant biological pathways and differentially regulated proteins.

Methods

Experimental setup for quantitative global/phosphoproteomic analysis of breast cancer 
cell lines

To characterize the performance of MS2-based quantitation on TMT labeled samples, we 

collected breast cancer cell line samples and quantitatively analyzed the global- and 

phosphoproteome by Q Exactive HF quadrupole-Orbitrap mass spectrometry. Seven breast 

cancer cell lines were cultured in standard culture media. The cell line names and 

characteristics are listed in Table 115, but sample preparation, mass spectrometry and data 

analysis were performed in a blinded fashion without prior knowledge of this information.

About 1.34 mg of total protein was extracted for each channel for global and 

phosphoproteome analysis. We used TMT10plex™ isobaric label reagent to label each 

channel (please see TMT-labeling section for details) after protein extraction and trypsin 

digestion to increase accuracy of relative quantitation and to multiplex the analysis to 

minimize mass spectrometry analysis time. Due to low protein yields, we combined cell 

lysates from SKBR3 and CAMA1 and designated it as SKBR3/CAMA1. SKBR3/CAMA1’s 

characteristics were assigned accordingly (Table 1). Four cell lines (AU565, T47D, 

HCC1954, and HCC1500) were each labeled in two different channels to measure the 
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technical reproducibility and two cell lines (MDA-MB-231 and SKBR3/CAMA1) were each 

labeled in one channel (Figure 1 and Table 1). The labeling efficiency in each channel was 

above 99% (see TMT labeling section below). We then combined labeled samples in equal 

amounts. Half (6.7 mg) of the mixed peptides was fractionated using off-line basic pH 

Reversed-Phase (BPRP) chromatography. After saving a small aliquot (5%) from each 

fraction for global proteome analysis, we passed the rest through titanium dioxide (TiO2) 

StageTips to enrich phosphopeptides. Peptides eluted from TiO2 StageTips were analyzed by 

LC-MS/MS (Q Exactive HF)16. The other 6.7 mg were first immunoprecipitated with anti-

pY antibodies to enrich tyrosine phosphorylated (pY) peptides. We further enriched the pY 

peptides using TiO2 StageTips.

Cell culture and protein extraction

Breast cancer cell lines were maintained in T75 flasks at 37 °C in a humidified atmosphere 

of 5% CO2 and 95% air. AU565, T47D, HCC1954 and HCC1500 cells were grown in 

RPMI; MDA-MB-231 and CAMA1 cells in DMEM; and SKBR3 in McCoy’s medium. All 

media contained 10% FBS.

To prepare lysates, 108 cells were collected at near-confluence using Gibco TrypLE Express 

(Cat#12605-010). After spinning cells down at 1500 rpm for 10 minutes at 4°C, we washed 

the pellet with cold PBS and spun down the cells again. The extraction buffer was Sigma 

RIPA Buffer (Cat#R0278) containing a dissolved Roche Protease Inhibitor Cocktail Tablet 

(Cat#11836145001). Proteins were extracted for 30 min at 4 °C. Cell debris was removed by 

centrifugation at 12,000 × g for 20 min at 4 °C. The supernatant fluid was collected and the 

buffer was exchanged to 6M guanidine hydrochloride using a 10K MWCO Millipore 

Amicon Filter (Cat#UFC901024) and then concentrated to about 2mL. Protein 

concentrations were determined using the Bio-Rad Bradford assay (Cat#500-0006) and 

lysates subsequently adjusted to 5 mg/mL.

Enzymatic digestion

Proteins were reduced by incubation with 5 mM dithiothreitol (DTT) at room temperature 

for 30 min and then alkylated with 15 mM iodoacetamide for 30 min at room temperature in 

the dark. Iodoacetamide was quenched with an additional 5 mM DTT. 2.1 mg of each 

sample were transferred into fresh tubes and diluted to 2 M GuHCl with 75 mM HEPES, pH 

= 8.8, 3 mM CaCl2. Lysyl endopeptidase (lysC, Wako Chemicals USA, Inc.) was added at 

1:100 (wt:wt) enzyme:substrate. After 6 hours at room temperature, samples were diluted 

six-fold with 50 mM HEPES, pH = 8.8, 1 mM CaCl2 and sequencing grade modified trypsin 

(Promega) was added at the same ratio. Digestion was allowed to proceed overnight at 37°C. 

Digests were acidified by the addition of 10% trifluoracetic acid (TFA) to 0.5% final 

concentration and the peptides were desalted on 100 µg tC18 Sep-Pak cartridges (Waters) 

and dried in a centrifugal evaporator.

TMT-labeling

Peptides were resuspended in 2.5 ml of 0.2 M HEPES buffer, pH 8.5. TMT10plex amino 

reactive reagents (5 mg per vial) (Thermo Fisher Scientific) were resuspended in 100 µl of 

anhydrous acetonitrile (ACN) and all 100 µl of each reagent was added to each sample and 

Huang et al. Page 4

J Proteome Res. Author manuscript; available in PMC 2018 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mixed briefly on a vortexer. Reactions were allowed to proceed at room temperature for 1 hr, 

and then quenched by the addition of 200 µl of 5% hydroxylamine for 15 min and then 

acidified by the addition of 400 µl 100% FA. A small aliquot from each reaction was 

desalted on a StageTip, analyzed by LC-MS/MS on Q Exactive High Field Orbitrap, and 

searched in MaxQuant using its corresponding TMT label as variable modifications on N-

terminus and lysine. The percentage of peptides with either N-terminal or lysine TMT labels 

was calculated, representing the labeling efficiency in each channel. To ensure equal 

amounts of labeled peptides from each channel are mixed together, we employed a two-step 

mixing strategy. In the first step, a small (~ 5 µl) and identical volume of peptides from each 

channel was mixed and analyzed, and the value of the median ratio (defined by the median 

of the ratios of all peptide intensities of one channel over their corresponding peptide 

average intensities of all channels) for each channel was determined as the correction factor. 

In the second step, we mixed the rest of the peptides by adjusting their volume using the 

correction factors. In this way, we were able to achieve a median ratio ranging from 0.97 to 

1.02. Then, the mixture of reaction products from 10 TMT channels were desalted on a Sep-

Pak tC18 1 cc Vac Cartridge (Waters, #WAT03820). Eluted peptides were separated into two 

equal aliquots, dried, and stored at −20°C.

Peptide pre-fractionation by high pH reverse phase chromatography

Half of the TMT-labeled peptides were resuspended in 1.5 ml buffer A (5% ACN, 10 mM 

NH4HCO3, pH 8). Because the loading capacity of the column was inadequate to fractionate 

the entire sample, the peptides were separated using three runs, 500 µl load each, of high-pH 

reverse-phase HPLC. Separations were performed using an Agilent 1100 pump and a 4.6 

mm × 250 mm 300Extend-C18, 5 µm column (Agilent) with a 50 min gradient from 18% to 

38% buffer B (90% ACN, 10 mM NH4HCO3, pH 8) at a flow rate of 0.8 ml/min. Fractions 

were collected over 45 min at 28 s intervals beginning 5 min after the start of the gradient in 

96-well plates collecting in rows. For each HPLC run, our goal was to obtain 12 fractions, 

with each fraction less complex than the starting material yet containing peptides with 

similar overall hydrophobicity profiles as the starting material. We did this by pooling 8 non-

adjacent fractions that were evenly distributed throughout the 96-well plate (i.e. every 12th 

fraction) into 12 pooled fractions. For example, pool 1 was composed of fractions 1,13, 25, 

37, 49, 61, 73, and 85; pool 2 contained fractions 2, 14, 26, 38, 50, 62, 74, and 86, etc. As a 

result, overall proteomic depth of coverage was maximized because each of the 12 LC-

MS/MS runs contained a different set of peptides, with these peptides evenly distributed 

over the elution profiles within each run17‥ The corresponding column pools from each of 

the three plates were also pooled to generate 12 final fractions. 5% of each pooled fraction 

was removed and desalted on StageTips for global protein abundance analysis18. The 

samples for global protein abundance analysis were further separated into two equal 

aliquots: one for MS2-based quantitation and the other for MS3-based quantitation.

TiO2 enrichment

To enrich for phosphopeptides, we used a protocol that we reported earlier with some 

modifications19. Briefly, after removing 5% from each fraction for global protein abundance 

analysis, the rest was reconstituted in 3% trifluoroacetic acid (TFA)/60% acetonitrile, passed 

through a spinnable StageTip with TiO2 beads (GL Sciences, Inc. Japan)18. The TiO2 beads 
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were washed once with 3% TFA/80% acetonitrile, once with 3% TFA/30% acetonitrile, and 

once with 0.1% TFA/80% acetonitrile. Phosphopeptides were eluted from the beads with 3% 

ammonia hydrate (pH 10, diluted from a 28% ammonia–water solution) and 1.5% ammonia 

hydrate/50% acetonitrile. The eluted peptides were dried in a Speedvac and reconstitute in 

5% formic acid prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

analysis. These samples were further separated into two equal aliquots: one for MS2-based 

quantitation and the other for MS3-based quantitation.

Anti-pY Peptide IP

The other half of unfractionated TMT-labeled peptides were first desalted on a Sep-Pak tC18 

1 cc Vac Cartridge (Waters, #WAT03820) and then reconstituted in 50 mM Tris-HCl pH 7.5. 

The anti-pY antibody PY99 agarose conjugate (Santa Cruz, sc-7020 AC) was used to pull 

down pY peptides from the mixture. PY99 agarose conjugate (80 µL slurry with 25% 

agarose) was added to ~ 6.7 mg peptides for IP at 4 °C for 2 hours with rotation. After IP the 

beads were washed four times with 500 µL of 50 mM Tris-HCl pH 8.0 and twice with 500 

µL of water. Peptides were eluted twice from beads by incubation with 50 µL of 0.2% TFA 

at room temperature for 10 min. A TiO2 enrichment step was added to the method we 

reported previously20. The eluted peptides were dried in a Speedvac and reconstitute in 5% 

formic acid prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

analysis using the MS2 method.

LC-MS/MS Analysis of TMT samples using MS2

Online chromatography was performed with a Thermo Easy nLC 1000 ultra-high-pressure 

HPLC system (Thermo Fisher Scientific) coupled online to a Q Exactive HF with a 

NanoFlex source (Thermo Fisher Scientific). Analytical columns (~ 15 cm long and 75 µm 

inner diameter) were packed in-house with ReproSil-Pur C18 AQ 3 µM reversed phase resin 

(Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). The analytical column was placed in 

a column heater (Sonation GmbH, Biberach, Germany) regulated to a temperature of 45 °C. 

A peptide mixture was loaded onto the analytical column with buffer A (0.1% formic acid) 

at a maximum back-pressure of 300 bar and separated with a linear gradient of 3% to 32% 

buffer B (100% ACN and 0.1% formic acid) at a flow rate of 250 nL/min over 110 min.

Each of the 12 pools from BPRP-TiO2 and the single pool from pY-TiO2 were analyzed by 

1D online LC-MS2. MS data were acquired using a data-dependent top-10 method, 

dynamically choosing the most abundant not-yet-sequenced precursor ions from the survey 

scans (300–1750 Th). Peptide fragmentation was performed via higher energy collisional 

dissociation with a target value of 1 × 105 ions determined with predictive automatic gain 

control. Isolation of precursors was performed with a window of 1 Th. Survey scans were 

acquired at a resolution of 120,000 at m/z 200. Resolution for HCD spectra was set to 

60,000 at m/z 200 with a maximum ion injection time of 128 ms. The normalized collision 

energy was 35. The “underfill ratio,” specifying the minimum percentage of the target ion 

value likely to be reached at the maximum fill time, was defined as 0.1%. We excluded 

precursor ions with single, unassigned, or seven and higher charge states from fragmentation 

selection. Dynamic exclusion time was set at 30 second.
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LC-MS3 analysis of TMT samples

For protein abundance analysis, each fraction from BPRP was analyzed on a Thermo 

Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) equipped with an Easy 

nLC-1000 UHPLC (Thermo Fisher Scientific). Peptides were separated with a gradient of 

5–23% ACN in 0.125% FA over 155 min and introduced into the mass spectrometer by 

nano-electrospray as they eluted off a self-packed 40 cm, 75 µm (ID) reverse-phase column 

packed with 1.8 µm, 120 Å pore size, C18 resin (Sepax Technologies, Newark, DE). They 

were detected using a data-dependent Top10-MS2/MS3, ‘multi-notch’ method11,13. For each 

cycle, one full MS scan was acquired in the Orbitrap at a resolution of 120,000 with 

automatic gain control (AGC) target of 5 × 105 maximum ion accumulation time of 100 ms. 

Each full scan was followed by the selection of the most intense ions, up to 10, for collision-

induced dissociation (CID) and MS2 analysis in the linear ion trap for peptide identification 

using an AGC target of 5 × 103 and a maximum ion accumulation time of 150 ms. Ions 

selected for MS2 analysis were excluded from reanalysis for 60 s. Ions with +1 or 

unassigned charge were also excluded from analysis. A single MS3 scan was performed for 

each MS2 scan selecting up to the 10 most intense ions from the MS2 for fragmentation in 

the HCD cell using an AGC of 5 × 104 and maximum accumulation time of 150 ms. The 

resultant fragment ions were detected in the Orbitrap at a resolution of 60,000 at m/z 200.

For phosphopeptide analysis by MS3 on the Orbitrap Fusion, samples were analyzed with a 

similar method incorporating the following changes. The gradient time was reduced to 115 

min. The MS2 AGC target was set at 1 × 104 and the MS2 ion accumulation time was set at 

250 ms. The MS3 ion accumulation time was also increased to 250 ms.

Data analysis

All data were analyzed with the MaxQuant proteomics data analysis workflow (version 

1.5.2.8.) with the Andromeda search engine21,22. The type of LC-MS run was set to 

“Reporter ion MS2” with “10plex TMT” as isobaric labels for the Q Exactive MS2 data and 

“Reporter ion MS3” with “10plex TMT” for the Fusion MS3 data. Reporter ion mass 

tolerance was 0.01 Da. The false discovery rate was set to 1% for protein, peptide spectrum 

match, and site decoy fraction levels. Peptides were required to have a minimum length of 

eight amino acids and a maximum mass of 4600 Da. MaxQuant was used to score 

fragmentation scans for identification based on a search with an allowed mass deviation of 

the precursor ion of up to 4.5 ppm after time-dependent mass calibration. The allowed 

fragment mass deviation was 20 ppm. MS2 spectra were used by Andromeda to search the 

Uniprot human database (downloaded on 07/08/2015; 146, 740 entries) combined with 262 

common contaminants. Enzyme specificity was set as C-terminal to arginine and lysine, 

including those followed by proline, and a maximum of two missed cleavages were allowed. 

We set carbamidomethylation of cysteine as a fixed modification and N-terminal protein 

acetylation and oxidation (M) as variable modifications, and phospho (STY) was set as a 

variable modification for the phosphorylation enriched samples. The reporter ion intensities 

are intensities multiplied by injection time (to obtain the total signal) for each isobaric 

labeling channel summed over all MS/MS spectra matching to the protein group 23. We did 

not apply any filters or methods of normalization because the two-step mixing strategy 

ensures samples from each channel were mixed at equal amounts. Further downstream 

Huang et al. Page 7

J Proteome Res. Author manuscript; available in PMC 2018 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis of the results was performed in the R scripting and statistical environment. 

Hierarchical clustering was performed using that function in Biobase package from 

Bioconductor24. The Limma package was applied for differential expression analysis of the 

pY-IP data25. The basic statistics used for significance analysis is the moderated t-

statistics26. Benjamini-Hochberg correction was used to calculate the adjusted p-

values.Correction for contamination of the TMT labels as suggested by Werner et al.10 did 

not have a significant effect on our results so were not included in our analyses.

Experimental setup for quantitative global/phospho- proteomic analysis of breast cancer 
cell lines

To characterize the performance of MS2-based quantitation on TMT labeled samples, we 

collected breast cancer cell line samples and quantitatively analyzed the global- and 

phosphoproteome by Q Exactive HF quadrupole-Orbitrap mass spectrometry. Seven breast 

cancer cell lines were cultured in standard culture media. The cell line names and 

characteristics are listed in Table 115, but sample preparation, mass spectrometry and data 

analysis were performed in a blinded fashion without prior knowledge of this information.

About 1.34 mg of total protein was extracted for each channel for global and 

phosphoproteome analysis. We used TMT10plex™ isobaric label reagent to label each 

channel after protein extraction and trypsin digestion to increase accuracy of relative 

quantitation and to multiplex the analysis to minimize mass spectrometry analysis time. Due 

to low protein yields, we combined cell lysates from SKBR3 and CAMA1 and designated it 

as SKBR3/CAMA1. SKBR3/CAMA1’s characteristics were assigned accordingly (Table 1). 

Four cell lines (AU565, T47D, HCC1954, and HCC1500) were each labeled in two different 

channels to measure the technical reproducibility and two cell lines (MDA-MB-231 and 

SKBR3/CAMA1) were each labeled in one channel (Figure 1 and Table 1). The labeling 

efficiency in each channel was above 99% (see TMT labeling section above). We then 

combined labeled samples in equal amounts. Half (6.7 mg) of the mixed peptides was 

fractionated using off-line basic pH Reversed-Phase (BPRP) chromatography. After saving a 

small aliquot (5%) from each fraction for global proteome analysis, we passed the rest 

through titanium dioxide (TiO2) StageTips to enrich phosphopeptides. Peptides eluted from 

TiO2 StageTips were analyzed by LC-MS/MS (Q Exactive HF)16. The other 6.7 mg were 

first immunoprecipitated with anti-pY antibodies to enrich tyrosine phosphorylated (pY) 

peptides. We further enriched the pY peptides using TiO2 StageTips.

Results

Protein and phosphosite identification and quantitation

With MS2-based quantitation, we were able to identify 85821 peptides, which belong to 

8706 unique protein groups (1% FDR) (Table 2). Of the identified proteins, 7394 out of the 

8706 (85%) were quantified in all ten channels (Table S1). A total of 28186 phosphopeptides 

(23739 is common in all 10 channels, Table S2) were identified after the TiO2 enrichment, 

mapping to 5339 proteins, at a false discovery rate of 1%. A subset of these, 19093, were 

high confidence sites with a localization score > 0.75. Of these high confidence sites, 16499 

(86.7%) were phosphorylated on serine, 2349 (12.3%) on threonine, and 245 (1.3%) on 
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tyrosine. After pY peptide IP, we identified 936 phosphorylation sites (93% phosphorylated 

on tyrosine, and 7% on serine or threonine), among which 845 were quantified in all 

channels (Table S3). 824 sites were high confidence with a localization score > 0.75. As 

expected, the majority (93%) of phosphopeptides from the pY-IP were phosphorylated on 

tyrosine.

pY sites

The pY-IP experiment identified 821 pY sites (in addition to 78 pS sites and 37 pT sites) 

(Table 3), which is more than double the number of pY sites identified after TiO2 

enrichment (373 pY sites). Only 21 pY sites were identified in both experiments (Figure 

2A). To understand why the overlap was so small, we performed motif analysis of residues 

surrounding pY sites using motif-X 27,28. The occurrence of motifs from pY sites identified 

through TiO2 enrichment (Table S4) or pY sites identified through pY-IP (Table S5) 

experiment were compared with the occurrence of these motifs in the total human proteome. 

The significant motifs (P-value cutoff = 1 × 10−6) are shown in Figure 2B and 2C.

The pY sites enriched by TiO2 alone tended to contain polar residues, aspartic acid (D) at −2 

or +3 positions, or serine (S) at +5 or −2 positions (Figure 2B). In contrast, the pY sites 

captured by pY99 antibody followed by TiO2 tended to have basic polar residues, arginine 

(R) and lysine (K), predominantly at the positive positions. The drastic differences in motifs 

enriched by TiO2 or pY-IP experiments probably explained the small overlap between two 

pY sites dataset. We suspect pY99 antibody was either developed using a pY peptide epitope 

with arginine or lysine in the sequence or the arginine and lysine help balance the negative 

charge of tyrosine phosphorylation and facilitate the binding of pY-containing peptides to 

the pY99 antibody.

Correlation between technical replicates

One of the advantages of isobaric labeling is the improvement of experimental 

reproducibility because the samples are mixed relatively early in sample preparation, before 

peptide fractionation/enrichment and LC-MS/MS analysis. To assess the reproducibility of 

our TMT workflow, we labeled tryptic peptides from the same cell line (AU565, T47D, 

HCC1954, and HCC1500) in two different isobaric channels (Table 1). After the database 

search, we plotted the log10 intensity in one channel against the log10 intensity in the 

repeated channel. As shown in Figure 3, the intensities of the peptides, proteins, and TiO2 

enriched peptides are very well correlated (with R2 > 0.98). This result suggests minimal 

measurement variability occurred after sample labeling. From Figure 3, we can see that the 

peptide and pSTY data have slightly higher R2 than pY-IP data. This is likely due to the fact 

that there were more measurements for each peptide or pSTY site than for each pY-IP site.

Hierarchical clustering of MS2 data

Hierarchical clustering can be a useful data mining approach for grouping samples blindly 

according to their expression profiles, without prior knowledge of the underlying biology. 

This may be useful for the study of complex biological systems, such as characterizing 

tumor samples for clinical diagnostics.
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In our hierarchical clustering analysis, the log2 intensities of the top 10% proteins (Figure 

4A, Table S7) , TiO2-enriched phosphopeptides (Figure 4B, Table S8), and pY-IP-enriched 

phosphopeptides with the highest variances (Figure 4C, Table S9) were used respectively. 

The sample clusters generated by TiO2-enriched phosphopeptides and pY-IP-enriched 

phosphopeptides relative amounts were identical. Technical replicates were tightly linked 

together and six breast cancer samples are divided into two groups, with T47D, MDA-

MB-231, and HCC1500 in one group and HCC1954, SKBR3/CAMA1, and AU565 in the 

other group. The clustering results clearly separated Her2 positive and Her2 negative 

samples into two distinct groups (Table 1). Changing clustering methods (ward.D2, 

complete linkage, and average linkage) produced the same clustering results, suggesting the 

separation was strong and stable (Figure S2 and S3).

Even though the protein expression dataset generated different clusters (Figure 4A) 

compared to the two phosphopeptide datasets (Figure 4B and 4C), the technical replicates 

still clustered together. We also noticed that clustering results from the protein dataset were 

not stable because the complete linkage clustering method separated the samples in a 

different way compared to the ward.D2 and average methods. Compared to global protein 

expression analysis, phosphoproteomics provides additional information about which 

protein or pathway might be activated by a given process or condition. This is because a 

change in phosphorylation status almost always reflects a change in protein activity.

Neve and colleagues published a dataset containing the gene expression profiles of 51 

human breast cancer cell lines15. We selected the top 10% of the gene expression profiles 

with the highest variances and performed hierarchical clustering analysis (Table S10). As 

shown in Figure 4D, while these cell lines clustered into basal-like and luminal expression 

subsets, they did not cluster based on Her2 status, suggesting that the phosphopeptide 

datasets are better suited to segregate Her2+ and Her2- cell lines.

Significant proteins and pathway analysis

Her2 is a member of the human epidermal growth factor receptor (HER) family29. Abnormal 

activation of signaling pathways downstream of Her2, such as PI3K or mitogen-activated 

protein kinases (MAPK), plays an important role in breast cancer biology. Since Her2 is a 

tyrosine kinase, we asked which tyrosine phosphorylation events are happening in the Her2 

positive group but not other breast cancer cell lines. We applied the Limma package for 

differential expression analysis of the pY-IP data25. The basic statistic used for significance 

analysis is the moderated t-statistic and the p-values were adjusted for multiple hypothesis 

testing (Benjamini and Hochberg method). Among 785 quantified pY IP sites, 234 showed 

differential phosphorylation status with adjusted p-values less than 0.05 (Figure 5A). 

Ingenuity pathway analysis revealed that the ErbB signaling pathway was among the top 

canonical pathways involving these sites, with ERBB2, ERBB3, PIK3R3, PRKCD, and 

SHC1 activated by at least 2.5-fold (Figure 5B). The data for all phosphorylation sites 

plotted in Figure 5 can be found in Supplementary Table S7.

Notably, some of the pY sites used to identify ERBB2, SHC1, PRKCD, EGFR, MARK1, 

GAB1, GAREM were indeed regulatory sites. For example, Tyr-877 in ERBB2 has been 

shown to regulate the intrinsic kinase activity of ERBB2 30. SHC1 Tyr-349 and Tyr-350 are 
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important for ERBB2-induced mammary tumor outgrowth and angiogenesis 31. 

Phosphorylation of PRKCD at Tyr-334 leads to enhanced PRKCD autophosphorylation at 

Thr-507, which is located at PRKCD activation loop 32. Tyr-1173 is a prominent 

autophosphorylation site at the extreme C terminus of EGFR and is also important for 

SHP-1 binding, which participates in modulating of EGFR signaling 33. The 

phosphorylation of Tyr-187 on MARK1 (downstream of EGFR/Her2 signaling pathway) is 

required for its activation 34. The phosphorylation of Tyr-627 of GAB1 confers binding and 

activation of the tyrosine phosphatase SHP2 35. Tyr-453 in GAREM is critical for binding of 

SHP2 to GAREM in MARK1 activation upon EGF stimulation 36. The other pY sites were 

identified only by proteomic discovery-mode mass spectrometry with no known function 37.

Ratio comparison between MS2 and MS3

While MS2 and MS3 methods have been evaluated on their accuracy using the two-

proteome model 11, we are not aware of a study that examines how the ratios calculated from 

both methods are correlated. To do that, we analyzed the global proteome samples and TiO2-

enriched samples on both Q Exactive HF using MS2 for quantitation and Orbitrap Fusion 

using MS3 for quantitation. We first calculated the ratios of individual peptides or 

phosphopeptides (MDA-MB-231 over SKBR3/CAMA1, T47D over HCC1954, and AU565 

over HCC1500) intensity and then plotted the MS2 log2 ratios against MS3 log 2 ratios 

(Figure 6). Consistent with previous studies11,13,38,39, the ratios derived from MS2 spectra 

are compressed compared to those derived from MS3 spectra, presumably due to co-

fragmenting peptides. The slope of the linear regression (on a log2 scale) is about 1.4 for 

peptides and 1.5 for phosphopeptides. However, the ratios have a square of the correlation 

coefficient of around 0.7 (R2 ~ 0.7), indicating a strong correlation between ratios derived 

from MS2 and MS3 spectra.

Compared to the MS2 method, the MS3 experiments generated slightly lower proteomic 

coverage (69,205 peptides and 7,394 proteins quantified in all TMT channels by MS2 

compared to 47,620 peptides and 6,359 proteins quantified by MS3) and phosphoproteomic 

coverage (23,739 TiO2-enriched phosphopeptides quantified in all TMT channels by MS2 

compared to 8,792 by MS3). Greater coverage for MS2 was expected due to the requirement 

for longer ion acquisition times due to less sensitivity in MS3. However, a major caveat 

applies to this comparison of depth of coverage because the measurements were performed 

in different laboratories using different HPLC systems.

Discussion

In this study, we used TMT isobaric labeling and mass spectrometry to analyze six breast 

cancer samples. We were able to identify 8706 proteins, with quantitative information 

available for 69205 peptides (Table S6). We also identified 28186 and quantified 23739 

phosphorylation sites across all 10 channels. We compared the phosphoproteome coverage 

in this study to previously published TMT labeling studies (Table 4). With substantially less 

starting material and shorter-duration LC-MS/MS runs, we quantified at least 40% more 

phosphorylation sites 40–42. To our knowledge, this study represents the deepest coverage of 

the cellular phosphoproteome using MS2 based quantitation to date.
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The small overlap of pY sites identified in TiO2 enrichment and pY-IP suggests both 

methods should be used to achieve high pY sites coverage. We also found that TiO2 and 

pY99 pY-IP enriched pY peptides have distinct characteristics. Tinti et al. used peptide 

microarray technology to characterize the pY peptides captured by 4G10, pY20, and p-

TYR-100 antibodies43. They also observed different anti-pY antibodies have distinct 

sequence context preferences. This information suggests that combining multiple anti-pY 

antibodies for pY-IP might achieve better pY site coverage. Ratio compression represents a 

limitation for MS2 based quantitation, as the true ratio is often suppressed by co-fragmented 

ions. As a result, several MS3-based methods have been developed to overcome this 

problem. Ting and colleagues used a standard MS3-based method to select the most intense 

fragment ion from MS2 for MS3 fragmentation11. This strategy can be very effective for 

reducing the interference effect. However, the proteome coverage is compromised due to a 

loss of sensitivity and reduced acquisition speed. The MultiNotch MS3 method was later 

introduced to improve the sensitivity by selecting multiple MS2 ions for simultaneous MS3 

fragmentation13 by synchronous precursor selection (SPS) utilizing an intensity-based rank 

order when selecting MS2 fragment ions. As expected, increasing the number of MS2 ions 

for fragmentation slightly decreased the quantitation accuracy compared to standard single 

precursor MS3 strategies38. Despite the improvement in sensitivity of MS3 analysis afforded 

by MultiNotch, the reduced acquisition speed still limits the depth of coverage of MS3 

methods.

In spite of ratio suppression, MS2 and MS3-derived ratios for protein and phosphorylation 

levels were well correlated in our experiments. The data demonstrate the utility of MS2-

based TMT for multiplexed analysis of large numbers of samples with deep coverage and 

sufficient accuracy for meaningful biological classification and identification of key 

pathways.

Conclusion

In summary, we show here that TMT 10plex isobaric labeling and Q Exactive HF 

quadrupole-Orbitrap mass spectrometry is a powerful combination for comparative 

proteomics. With an integrated workflow to capture both global proteome and 

phosphoproteome, to our knowledge this study provides the deepest TMT-based 

phosphoproteome coverage to date. The hierarchical clustering analysis of the 

phosphoproteome dataset successfully distinguished the Her2 positive and Her2 negative 

samples. Despite intrinsic ratio compression with the MS2 method, the strong ratio 

correlation between the MS2 method and MS3 method supports the adoption of the 

workflow for large-scale comparative proteomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagram showing the workflow used in this study. The protein extracts from 6 

breast cancer cell lysates were digested and peptides were labeled with TMT10plex 

reagents. Half of the combined labeled peptides (6.7 mg) were fractionated by basic pH 

reversed-phase HPLC and the other half (6.7 mg) were immunoprecipitated using anti-

tyrosine antibody. Phosphopeptides were enriched by TiO2 StageTips and analyzed by LC-

MS/MS.
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Figure 2. 
(A) Venn diagram showing the overlap of phosphotyrosine-containing peptides enriched by 

TiO2 alone or pY antibody IP followed by TiO2. (B) and (C) TiO2- and pY99-enriched pY/ 

TiO2 peptide motifs determined by the Motif-X algorithm.
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Figure 3. 
Scatterplots reflecting correlation of peptide, protein, and phosphopeptide intensities in 

technical replicates. The AU565, T47D, HCC1954, and HCC1500-derived samples were 

labeled in two different channels. The log10-transformed MS/MS signal intensities in one 

channel were plotted against the log10-transformed intensities in the second channel for 

each sample. The red line represented the linear regression with its formula showed on the 

bottom right corner of the plot. The R-squared value of the fitted regression line was labeled 

on the top left corner of each plot.
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Figure 4. 
Hierarchical clustering analysis (ward.D2 method) of (A) protein, (B) TiO2- enriched 

phosphopeptide, (C) pY-IP enriched phosphopeptide, and (D) gene expression (Neve, et al.) 

datasets. The colors in each heatmap represented the relative abundance, with a red, yellow, 

and green cell symbolizing high, medium, and low abundance respectively. Each sample was 

color-coded based on its Her2 status (red: Her2+; blue: Her2-). The top 10% observations 

with the highest variances in (A) protein, (B) TiO2- enriched phosphopeptide, and (D) gene 

expression datasets were selected for the clustering analysis. The entire pY-IP enriched 

phosphopeptide dataset was used for the clustering analysis.
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Figure 5. 
(A) A volcano plot of the log2 ratio of the averages of Her2 positive cell line- derived pY-IP 

enriched phosphopeptide intensities to the corresponding averages from Her2 negative cell 

lines plotted against the adjusted p value (probability that the ratio being different from 1 is 

due to random chance). Phosphosites with adjusted p value less than 0.005 were denoted in 

red. Selected phosphosites were labeled with their gene names. (B) Ingenuity pathway 

analysis suggested the ErbB signaling pathway was highly enriched. Proteins with a higher 

phosphorylation level at any site in this pathway were highlighted in red.
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Figure 6. 
Scatterplots comparing log2 ratios calculated in MS2-based and MS3-based analyses. The 

common peptide or phosphopeptide ratios of MDA-MB-231 to SKBR3/CAMA1, T47D to 

HCC1954, and AU565 to HCC1500 cell lines were first calculated. The transformed log2 

ratios from the MS2-based method were plotted against the log2 ratios from the MS3-based 

method. The red line represents the linear regression, with the slope providing an estimate of 

the relative ratio compression in the two methods.
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Table 2

Summary of total peptides, proteins, and phosphopeptides that were identified and quantified in this study

Identification Quantified in
all channels

Localization
prob >= 0.75

Quantified in all channels
& Localization prob >=

0.75

Peptide 85821 69205

Protein 8706 7394

pSTY
(TiO2) 28186 23739 19093 19023

pY-IP 936 845 824 785
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Table 3

Summary of phosphotyrosine peptides identified and quantified in this study

pY source Identification Quantified in
all channels

Localization
prob >= 0.75

Quantified in all channels
& Localization prob >=

0.75

TiO2 373 327 245 243

pY-IP 821 761 769 731
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