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Abstract

The development of the TMTpro-16plex series expanded the breadth of commercial isobaric 

tagging reagents by nearly 50% over classic TMT-11plex. In addition to the described 16plex 

reagents, the proline-based TMTpro molecule can accommodate two additional combinations of 

heavy carbon and nitrogen isotopes. Here, we introduce the final two labeling reagents, 

TMTpro-134C and TMTpro-135N, which permit the simultaneous global protein profiling of 18 

samples with essentially no missing values. For example, six conditions with three biological 

replicates can now be perfectly accommodated. We showcase the 18plex reagent set by profiling 

the proteome and phosphoproteome of a pair of isogenic mammary epithelial cell lines under three 

conditions in triplicate. We compare the depth and quantitative performance of this data set with a 

TMTpro-16plex experiment in which two samples were omitted. Our analysis revealed similar 

numbers of quantified peptides and proteins, with high quantitative correlation. We interrogated 

further the TMTpro-18plex data set by highlighting changes in protein abundance profiles under 

different conditions in the isogenic cell lines. We conclude that TMTpro-18plex further expands 

the sample multiplexing landscape, allowing for complex and innovative experimental designs.

Graphical Abstract
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INTRODUCTION

Isobaric tagging reagents, such as tandem mass tags (TMT), permit the multiplexed sample 

profiling of protein abundance using mass spectrometry-based proteomic techniques.1 These 

tags consist of an amine reactive group, as well as a variable mass, isotope-encoded reporter 

ion group and a corresponding mass normalization group. The structure and nominal mass 

of each amine-reactive TMT reagent are identical. So, labeled peptides co-elute 

chromatographically and appear as one peak at the MS1 stage, while their fragmentation 

Li et al. Page 2

J Proteome Res. Author manuscript; available in PMC 2022 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during an MS2 or MS3 event generates reporter ion peaks of different masses, which are 

used for quantification across samples.1 Sample multiplexing reduces data acquisition time 

and decreases missing values across experiments. As such, a key advancement in the 

technology is the increase in multiplexing capacity.

The feasibility to distribute heavy isotopes across the reporter ion and mass normalization 

groups sets the limit for the final multiplexing capability of these isobaric labels. The 

TMTpro-16plex isobaric reagent set has been released.2,3 However, it was noted that two 

additional reagents (TMTpro-134C and TMTpro-135N) could be synthesized.2 These 

reagents would not technically be isobaric with the other 16 and would require further 

investigation into their potential use alongside the 16plex reagents. While their molecular 

structure would be identical to that of the TMTpro-16plex set (and labeled peptides co-elute 

by reversed-phase chromatography), the two additional reagents would have one less 15N 

atom and one more 13C atom per tag, resulting in a tiny net mass shift of +6 mDa (0.0063 

Da). This shift is the same as the mass difference between TMT-131C and TMT-10plex 

reagents.

PTEN (phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase) is a dual specificity 

phosphatase that dephosphorylates protein and phosphoinositide substrates and functions as 

a tumor suppressor by negatively regulating the PI3K signaling pathway.4 Specifically, 

PTEN dephosphorylates phosphatidylinositol(3,4,5)-trisphosphate (PIP3) which results in 

the biphosphate product PIP2. This mechanism inhibits multiple signaling outputs, including 

most notably the AKT signaling pathway that regulates cellular processes including cell 

growth, apoptosis, and migration.5 Moreover, PTEN is altered in a wide range of human 

cancers, including, prostate cancer, glioblastoma, endometrial cancer, and breast cancer.6,7

Here, we have evaluated the feasibility of including the 17th and 18th TMTpro reagents in 

sample multiplexing studies. Six conditions with three replicates are perfectly 

accommodated. To test this, we compared the mammary epithelial cell line MCF10A with 

and without a biallelic PTEN gene deletion for protein expression and phosphorylation 

changes after three treatments [KIN-193, BYL-719, or dimethyl sulfoxide (DMSO)]. We 

show that the 6 mDa mass difference is negligible for routine global proteome and 

phosphoproteome profiling and fully compatible with existing streamlined (SL)-TMT8 

workflows. We conclude that TMTpro-134C and TMTpro-135N can be seamlessly 

integrated into the current TMTpro isobaric series to expand further the breadth of isobaric 

tagging experiments.

METHODS

Cell Culture and Drug Treatment

MCF10A-sgAAVS1 (control MCF10A) and MCF10A-sgPTEN (MCF10A PTEN−/−) cell 

lines were gifts from Yubao Wang (Dana Farber Cancer Institute, Boston, MA). The parental 

MCF10A used to create the CRISPR-Cas9 knock out cell lines was purchased from ATCC 

(CRL-10317). The sgRNA sequences targeting adeno-associated virus integration site 1 

(AAVS1) and human PTEN are sgAAVS1: 5′-GTCCCCTCCACCCCACAGTG-3′ and 
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sgPTEN: 5′-TCATCTGGATTATAGACCAG-3′. We used the sgRNA targeting AAVS1 as 

negative control because it causes no phenotypic changes.9,10

Cells were counted with the Countess Automated Cell Counter (C10281, Invitrogen) and an 

equal number of control MCF10A and MCF10A PTEN−/− cells were seeded into 10 cm 

dishes to approximately 70% confluence in complete medium [DMEM/F12+GlutaMAX-1 

(10565-018, GIBCO) supplemented with 5% horse serum (16050-114, GIBCO), 20 ng/mL 

epidermal growth factor (E9644, Sigma-Aldrich), 10 μg/mL insulin (12585-014, GIBCO), 

0.5 μg/mL hydrocortisone (H0888, Sigma-Aldrich), 0.1 μg/mL cholera toxin (C8052, 

Sigma-Aldrich), and 1% penicillin–streptomycin (15140, GIBCO)]. After 16 h, complete 

medium was removed and cells were washed with phosphate-buffered saline (PBS) once, 

then starvation medium [DMEM/F12+GlutaMAX-1 (10565-018, GIBCO)] supplemented 

with 0.5 μg/mL hydrocortisone (H0888, Sigma-Aldrich), 0.1 μg/mL cholera toxin (C8052, 

Sigma-Aldrich) and 1% penicillin–streptomycin (15140, GIBCO) was added. After 24 h 

starvation, BYL-719 (CAS 1217486-61-7, MedChemexpress) or KIN-193 (CAS 

1173900-33-8, MedChemexpress) was added at a final concentration of 1 μM for 24 h. An 

equal volume of DMSO was added to control groups for 24 h. After treatment, cells were 

washed thrice with PBS, then harvested and lysed by scraping into 8 M urea lysis buffer (8 

M urea, 200 mM EPPS, pH 8.5) with protease (11836170001, Roche) and phosphatase 

inhibitors (04906837001, Roche). Cell extracts were syringe-lysed and sonicated. Protein 

concentration was determined with BCA assays.

Western Blotting

Proteins were loaded onto a 10% SDS-PAGE gel and separated using Tris-glycine SDS-

PAGE running buffer. PageRuler Plus pre-stained protein ladder (26619, ThermoFisher 

Scientific) was used to indicate the molecular weight of target proteins. After 

electrophoresis, proteins were transferred to 0.45 μM nitrocellulose membranes (1620115, 

BioRad) with Towbin transfer buffer. Membranes were blocked with 5% bovine serum 

albumin and then incubated with corresponding primary antibodies. Membranes were then 

washed with Tris-buffered saline with 0.5% Tween 20 and incubated with IRDye secondary 

antibodies. Membranes were scanned and images were collected on an Odyssey CLX 

(LICOR) imaging system. Membranes were stripped with ReBlot Plus strong antibody 

stripping solution (2504, Millipore) for the detection of other targets, if necessary. Anti-IRS1 

(2390), anti-IRS2 (3089), and anti-PTEN (9559) antibodies were purchased from Cell 

Signaling Technology. Anti-β-actin (A5441) and anti-Vinculin (V9131) antibodies were 

purchased from Sigma-Aldrich.

Mass Spectrometry Sample Preparation

Samples were reduced with 5 mM TCEP for 30 min, alkylated with 10 mM iodoacetamide 

for 30 min in the dark and then quenched with 10 mM DTT for 15 min at room temperature. 

The streamlined (SL)-TMT protocol was used for sample preparation.8 The SL-TMT 

protocol requires minimal individual sample processing and permits the seamless addition of 

a phosphopeptide enrichment step (“mini-phos”) with little deviation from the standard 

TMT sample preparation or the deep proteome analysis.8 Briefly, 100 μg of protein lysate 

were chloroform–methanol-precipitated and reconstituted in 100 μL of 200 mM EPPS (pH 
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8.5). The samples were digested by Lys-C overnight at room temperature and then with 

trypsin for 6 h at 37 °C, both at a 1:100 protease-to-protein ratio.

Peptides corresponding to 50 μg of protein were labeled with TMTpro reagents in the 

presence of 29% acetonitrile for 90 min at room temperature (see Figure 2A for the 

experimental layout). Two microliters of each sample were pooled, desalted, and analyzed 

on a Q Exactive mass spectrometer (ThermoFisher Scientific) to check labeling efficiency. 

After labeling efficiency was verified, samples were quenched by adding 5% hydroxylamine 

and pooled. Pooled samples were then desalted with 100 mg Sep-Pak solid-phase extraction 

columns. Pierce High-Select Fe-NTA phosphopeptide enrichment kit (A32992, 

ThermoFisher Scientific) was used to enrich phosphopeptides from the pooled samples 

following manufacturer’s instruction in a “mini-phos” format.8 Unbound fractions were 

desalted and then fractionated with basic-pH reversed-phase chromatography. Fractions 

were collected in a 96-well plate and combined for a total of 24 fractions prior to desalting 

and subsequent LC–MS/MS analysis.

Mass Spectrometry Analysis

Data were collected on an Orbitrap Eclipse mass spectrometer (ThermoFisher Scientific) 

coupled to a Proxeon EASY-nLC 1200 LC pump (ThermoFisher Scientific). Fractionated 

peptides were separated using a 90 min gradient at 525 nL/min on a 35 cm column (i.d. 100 

μm, Accucore, 2.6 μm, 150 Å) packed in-house. High-field asymmetric-waveform ion 

mobility spectrometry (FAIMS) was enabled during data acquisition with compensation 

voltages set as −40, −60, and −80 V.11 MS1 data were collected in the Orbitrap (60,000 

resolution; maximum injection time 50 ms; AGC 4 × 105). Charge states between 2 and 5 

were required for MS2 analysis, and a 120 s dynamic exclusion window was used. Cycle 

time was set at 1.2 s. MS2 scans were performed in the ion trap with CID fragmentation 

(isolation window 0.5 Da; Turbo; NCE 35%; maximum injection time 35 ms; AGC 1 × 104). 

An on-line real-time search algorithm (Orbiter) was used to trigger MS3 scans for 

quantification.12 MS3 scans were collected in the Orbitrap using a resolution of 50,000, 

NCE of 45%, maximum injection time of 150 ms, and AGC of 1.5 × 105. The close out was 

set at two peptides per protein per fraction.12

Phosphorylated peptides were separated using a 150 min gradient at 520 nL/min on a 35 cm 

column (i.d. 100 μm, Accucore, 2.6 μm, 150 Å) packed in-house. FAIMS was enabled 

during data acquisition with compensation voltages set as −40, −60, and −80 V for the first 

shot and −45 and −65 V for the second shot.11 MS1 data were collected in the Orbitrap 

(120,000 resolution; maximum injection time 50 ms; AGC 4 × 105). Charge states between 2 

and 5 were required for MS2 analysis, and a 90 s dynamic exclusion window was used. 

Cycle time was set at 1.25 s. MS2 scans were performed in the Orbitrap with HCD 

fragmentation (isolation window 0.5 Da; 50,000 resolution; NCE 36%; maximum injection 

time 250 ms; AGC 1.5 × 105).

Mass Spectrometry Data Analysis

Raw files were converted to mzXML, and monoisotopic peaks were re-assigned using 

Monocle.13 The protein database included all human entries from Uniprot (downloaded on 
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02/15/2020). The database was concatenated with one composed of all protein sequences in 

the reversed order. Common contaminant proteins (e.g., trypsin and keratins) were appended 

as well. Searches were performed using the comet search algorithm. We used a 50 ppm 

precursor ion tolerance and 0.9 Da product ion tolerance for MS2 scans collected in the ion 

trap and 0.02 Da product ion tolerance for MS2 scans collected in the Orbitrap. TMTpro on 

lysine residues and peptide N-termini (+304.2071 Da) and carbamidomethylation of cysteine 

residues (+57.0215 Da) were set as static modifications (except when testing for labeling 

efficiency, in which the TMTpro modification was set to variable), while oxidation of 

methionine residues (+15.9949 Da) was set as a variable modification. For phosphorylated 

peptide analysis, +79.9663 Da was set as a variable modification on serine, threonine, and 

tyrosine residues.

Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR).14 PSM 

filtering was performed using linear discriminant analysis (LDA) as described previously,15 

while considering the following parameters: comet log expect, different sequence delta 

comet log expect (percent difference between the first hit and the next hit with a different 

peptide sequence), missed cleavages, peptide length, charge state, precursor mass accuracy, 

and fraction of ions matched. Only phosphorylated peptides were considered in LDA for 

phosphorylated peptide analysis. Each run was filtered separately. Protein-level FDR was 

subsequently estimated. The posterior probabilities reported by the LDA model for each 

peptide were multiplied to give a protein-level probability estimate. Proteins were filtered to 

the target 1% FDR level across the entire combined data set using the picked FDR method.16

Phosphorylation site localization was determined using the AScore algorithm.17 

Phosphorylation sites with an AScore higher than 13 were reported. The reporter ion masses 

for TMTpro-134C (134.154557) and TMTpro-135N (135.151592) were added to the list of 

TMTpro-16plex reporter ions. For reporter ion quantification, a 0.003 Da window around 

the theoretical m/z of each reporter ion was scanned, and the most intense m/z was used. 

Isotopic impurities of TMTpro-134C and TMTpro-135N (Table S4) were appended to the 

table of TMTpro-16plex isotopic impurities (ThermoFisher, product number: A44520R, lot 

number: VI313212). Reporter ion intensities were adjusted to correct for the isotopic 

impurities of the different TMTpro reagents according to manufacturer specifications. 

Peptides were filtered to include only those with a summed signal-to-noise (SN) ≥ 160 

across 16 TMTpro channels or ≥180 across 18 TMTpro channels. The SN cutoff (set at an 

average of greater than 10 SN units per channel) can remove peptide measurements having 

high variability.18 An extra filter of an isolation specificity (“isolation purity”) of at least 0.7 

in the MS1 isolation window was applied for the phosphorylated peptide analysis. For each 

protein or phosphorylation site, the filtered peptide TMTpro SN values were summed to 

generate protein or phosphorylation site quantification values. To control for different total 

protein loading within a TMTpro experiment, the summed protein quantities of each channel 

were adjusted to be equal within the experiment. Phosphorylation site quantities of each 

channel were also adjusted with respective normalization factors generated in the protein 

data normalization process. For each protein or phosphorylation site within a TMTpro 

experiment, the SN was scaled to sum to 100 for subsequent analyses unless stated 

otherwise.
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Bioinformatics Analysis

Protein data from the analysis of 24 fractions (2 h proteome) were used for the comparison 

between TMTpro16 and TMTpro18 experiments (Figures 2 and S2), as well as the 

biological analysis in Figures 3 and S3. Hierarchical clustering analysis (HCA) was 

performed with the R package pheatmap (distance measure: Euclidean distance; clustering 

method: complete). Only samples in both TMTpro16 and TMTpro18 experiments were 

included in HCA. For each protein within the TMTpro18 experiment, the SN of the 16 

samples in both experiments was scaled to sum to 100 to compare with the TMTpro16 

experiment in HCA. Gene ontology enrichment analysis was performed with DAVID (6.8).
19 Significance analysis of microarray (SAM) was performed with R package samr.20 

Significant proteins were filtered at 1% FDR. Then, an additional fold change cutoff of 1.4 

was applied.

Data Availability

The mass spectrometry data have been deposited in the ProteomeXchange Consortium with 

the data set identifier PXD024275.

RESULTS AND DISCUSSION

TMTpro-134C and TMTpro-135N Complete the Set of 18 Heavy Isotope-Labeled TMTpro 
Tags

The commercial release of TMTpro-16plex offered unprecedented sample multiplexing 

capacity integrated into the SL-TMT workflow. The expansion to 16 samples represented a 

nearly 50% increase in multiplexing capability over the original TMT-6/10/11plex reagents. 

Higher multiplexing capability reduces data acquisition time and results in fewer missing 

values across experiments, thereby increasing efficiency without loss in quantitative 

performance. The unreleased TMTpro reagents (TMTpro-134C and TMTpro-135N) have a 

molecular structure identical to the TMTpro-16plex set but differ in their number of 13C and 
15N heavy isotopes (Figure 1). Specifically, the isobaric TMTpro-16plex molecular 

composition included seven 13C and two 15N heavy isotopes distributed across the reporter 

ion and mass normalization region of each reagent, while the two additional reagents had 

eight 13C and only one 15N heavy isotopes. As such, the masses of the additional two tags 

were increased by 6 mDa.

We posited that the 6 mDa deviation of the TMTpro tag would not hinder peptide 

identification or quantification. With respect to identification, the resolution necessary to 

identify a 6 mDa shift is >133,000 at 400 m/z for a doubly-charged ion. In a routine 

multiplexed isobaric tag-based whole proteome analysis, the typical resolution setting for the 

MS1 scan is generally 60,000 or 120,000. As tryptic peptides have charge states of generally 

2+ or higher, it is conceivable that the 6 mDa difference between tag isotopologues was 

beyond the actual resolution value at a given peptide’s m/z and thus negligible. To support 

this claim, we created a multiple experiment acquisition method in which we analyzed a 

sample labeled with all 18 TMTpro reagents. The unfractionated sample was arranged as the 

TMTpro18 experiment (as in Figure 2A). We used MS1 resolution settings of 30,000, 

60,000, 120,000, and 500,000 and collected the data in profile mode (i.e., without 
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centroiding). We selected one doubly-charged peptide (ALVILAK) from the whole 

proteome mixture and extracted the ion peaks for all resolution settings used. We noted that 

a single peak was observed at resolution setting of 30,000 (Figure S1A), 60,000 (Figure 

S1B), and 120,000 (Figure S1C). On certain peptides, such as a doubly-charged lysine-

terminating peptide (which binds up two TMTpro molecules, as in the ALVILAK peptide), 

two peaks could be observed (depending on coalescence) using the resolution setting of 

500,000 (Figure S1D). However, the resulting mass shift is small and should not affect 

protein identification for typical operating conditions and data analysis workflows.

Similarly, we anticipated that the two additional labels would not adversely impact 

quantitative performance. TMTpro reporter ions are quantified typically using either high-

resolution MS2 or SPS-MS3 methods. The minimum isolation window setting for either 

scan type is 0.4 Th, which is well above the 6 mDa difference regardless of peptide mass. 

Moreover, the 6 mDa mass difference is located on the mass normalizer region and not on 

the reporter ion, so no deviation of reporter ion measurement is expected. As such, we 

anticipate no distortion of relative protein abundance ratios with the addition of the 

TMTpro-134C and TMTpro-135N reagents to the isobaric TMTpro-16plex reagent set. We 

next set out to examine the performance using full data sets which included the new 17th 

and 18th labels of the TMTpro reagent set.

Data set Depth and Quantitative Precision of TMTpro-18plex Mirrors that of TMTpro-16plex

We showcase the TMTpro-18plex reagents by investigating the effects of two PI3K inhibitor 

treatments (KIN-193 and BYL-719) and DMSO on two mammary epithelial cell lines 

(control MCF10A and MCF10A PTEN−/−) (Figure 2A). BYL-719 and KIN-193 

preferentially inhibit the kinases p110α and p110β, respectively. p110α and p110β are 

catalytic subunits of PI3K that convert PIP2 to PIP3. PI3K-mediated PIP3 production 

promotes the activation of the downstream AKT/mTOR pathway.6,7 These kinases act in 

opposition to the action of PTEN that dephosphorylates PIP3 and converts it to PIP2 (Figure 

2B). We assembled an 18plex experiment to compare the global proteomic and 

phosphoproteomic alterations resulting from the treatment of control MCF10A and isogenic 

PTEN−/− cell lines. Six total conditions were investigated in biological triplicate, which 

included each cell line treated with each drug and DMSO, for a total of 18 samples. We also 

assembled a 16plex experiment for comparison of depth and quantitative performance. For 

the 16plex experiment, we omitted one treatment of KIN-193 from each cell line (Figure 

2A). We staggered the isobaric labels such that no triplicates across the two multiplexed 

experiments had identical labels. Pooled samples were fractionated, and each concatenated 

super-fraction was analyzed during a 90 min gradient on a FAIMS-equipped11,21 Orbitrap 

Eclipse mass spectrometer22 using real-time database searching.12,23 Each super-fraction 

was concatenated from the fractionation of the pooled samples into a 96-well plate 

(collecting every 12th sample).24 We assembled the data as both 1- and 2 h proteome data 

sets for the TMTpro18 experiment. The 1 h proteome consisted of 12 non-adjacent super-

fractions (1.5 h analyses × 12 fractions/18 samples = 1 h per proteome), while the 2 h 

proteome consisted of those 12 super-fractions plus the remaining 12 super-fractions (1.5 h 

× 24 fractions/18 samples = 2 h per proteome).
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We first evaluated overall proteome depth between the 16plex and 18plex experiments. 

Proteome depth was remarkably similar between the two data sets (Figure 2C). For the 1 h 

proteome analysis, we collected ~410,000 MS2 and triggered ~90,000 MS3 spectra for 

quantification. In total, ~7,800 proteins were quantified from ~50,000 quantified peptides. 

Note that across the 18 samples for the 1 h per proteome, essentially no missing values were 

present. The peptide quantitative matrix was made up of nearly 1 million abundance 

measurements which were combined to ~141,000 protein measurements (Figure 2D). As 

expected, proteome depth increased when all 24 fractions were analyzed for the 2 h per 

proteome data set. More than 8,600 proteins were present in the final quantitative matrix. To 

emphasize further the similarities in depth between 16 and 18plex workflows, we compared 

the number of MS2 spectra, peptide-spectrum-matches, MS3 spectra, peptides, and proteins, 

as well as success rate (MS2 spectra matched/acquired), for each fraction (Figure S2A). The 

median values for each of these parameters were similar.

To evaluate if the new reagents caused any bias in quantification, we performed 

unsupervised hierarchical clustering on the TMTpro reporter ion relative abundance values 

(Figure 2E). We observed that pairs of samples originating from the same cell line and 

receiving the same treatment clustered despite using different TMTpro labels (the labels 

were staggered, as illustrated in Figure 2A). The samples were further grouped by treatment 

and cell line. This clustering analysis indicated that the quantitative performance of the 

TMTpro-134C and TMTpro-135N was consistent with the other 16 reagents. Finally, we 

noted that the some of the KIN-193-treated samples clustered closely with the DMSO 

treatment. This was likely a result of KIN-193 treatment not triggering marked protein 

abundance alterations (discussed later in Figure 3).

Next, we examined the precision of replicate measurements using the coefficient of variation 

(CV) as a measure of the reproducibility. We found that overall, the median of measured 

%CV for all conditions was ~6% in the protein data, showing very low variance across 

replicates regardless of experiment (Figure S2B). Of particular interest were the DMSO 

channels of the control MCF10A cells. As we staggered the labels (Figure 2A), the last three 

channels from the TMTpro16 experiment were labeled with the TMTpro-133N, 

TMTpro-133C, and TMTpro-134N reagents, whereas those for the TMTpro18 experiment 

were labeled with the TMTpro-134N, TMTpro-134C, and TMTpro-135N reagents. As such, 

the last triplicate condition of the TMTpro18 experiment incorporated the two new labels. 

We noted no difference in the %CV for this condition (Figure S2C). This finding supported 

further our claim that these two additional labels were virtually indistinguishable from the 

16 isobaric TMTpro labels when profiling protein abundance with the SL-TMT protocol. 

Similarly low variance across replicates was also observed in the phosphorylation data 

(Figure S2D,E).

Finally, we examined the correlation of the log2 fold changes in protein relative abundance 

values of the MCF10A PTEN−/− versus control cells for the two data sets (n = 7,923). We 

focused on the differences between the two cell lines treated with DMSO, as the TMTpro 

channels for the control MCF10A cells treated with DMSO were labeled with the 

TMTpro-134N reagent along with the two new tags. We plotted the log 2 fold change of the 

average reporter ion relative abundance of the three replicates from each data set (Figure 
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2F). The data were strongly correlated between the TMTpro18 and TMTpro16 data sets with 

a Pearson coefficient of 0.9. In all, our data revealed consistency in both the proteome depth 

and the quantitative performance with the addition of the TMTpro-134C and TMTpro-135N 

reagents as the 17th and 18th channels to the isobaric TMTpro16-plex reagent set.

Along with the whole proteome analysis, we performed a “mini-phos” analysis, as outlined 

in the SL-TMT protocol.8 Here, data were collected with two consecutive analyses each for 

2.5 h. The analyses differed from each other with respect to the FAIMS compensation 

voltages (CV) (one method with CV = −45 and −65 V and the second with CV = −40, −60 

and −80 V) in effort to select for complementary peptide populations via gas-phase 

separation. In total, the 5 h analysis yielded quantitative measurements for 7,600 and 7,293 

localized phosphorylation events for the TMTpro18 and TMTpro16 experiments, 

respectively (Figure 2B). These values represent a modest number of phosphorylation sites, 

in light of recent large-scale studies.25-28 However, we began with only 900 μg of peptide 

and acquired 136,800 phosphorylation site measurements (18 samples × 7,600 sites) with 

only 5 h of analysis time. Likewise, additional sample preparation time for the “mini-phos” 

analysis was minimal as the protocol was performed in under 1 h and was integrated into the 

SL-TMT protocol. As in the whole proteome workflow, the TMTpro-134C and 

TMTpro-135N reagents can be seamlessly incorporated into phosphorylation profiling or the 

analysis of virtually any other post-translational modification.

TMTpro-18plex Experiment Recapitulated Known Alterations in Protein Abundance and 
Phosphorylation Events in Control and PTEN−/− Cells upon Treatment with Two Inhibitors

We next sought to interrogate the data set further to examine how a pair of isogenic 

mammary epithelial cell lines responded to treatment with two drugs. We investigated how 

well these alterations in protein abundance recapitulated known effects on the abundance of 

certain proteins and associated phosphorylation events related to the PTEN/PI3K/AKT 

signaling pathway (Figure 3). We first focused on the proteome abundance alterations 

related to insulin receptor substrate, as it was well known that the activation of the AKT 

signaling triggers a feedback mechanism that decreases IRS2 (insulin receptor substrate 2) 

expression levels.29,30 In agreement with previous studies, our data showed a decrease of 

IRS2 (Figure 3A) in MCF10A PTEN−/− cells, and subsequently, the expected induction of 

IRS1 (insulin receptor substrate 1) and IRS2 (Figure 3B) upon inhibition of p110α by 

BYL-719. We validated these mass spectrometry results by Western blotting in an 

independent experiment (Figures 3A,B, S4). Likewise, the loss of PTEN function results in 

the accumulation of activated AKT, which induces the phosphorylation of several sites 

within RPS6 (S235, S236, S240, S244 and S247).6,7,31 Indeed, RPS6 phosphorylation 

increased in MCF10A PTEN−/− cells (Figures 3C, S3A) and was inhibited by BYL-719 

(Figures 3D, S3A).

In addition, we used our proteome-wide data set to determine the overall effect of each drug 

on a given cell line, which we illustrated by a series of volcano plots [showing −log 10 (p-

value) versus the log 2 fold change] (Figure 3E-I). When we compared MCF10A PTEN−/− 

versus control MCF10A cells, we noted 269 proteins were significantly down-regulated and 

186 proteins were significantly up-regulated (1% FDR and a minimum of 40% change). 
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Among these proteins, PDK4 (pyruvate dehydrogenase lipoamide kinase isozyme 4) and 

INSR (insulin receptor) were down-regulated, while CCND1 (Cyclin D1) was up-regulated 

in MCF10A PTEN−/− cells, as expected30,32,33 (Figure 3E). Using gene ontology analysis, 

we determined that regulated proteins in MCF10APTEN−/− cells were mostly enriched in 

extracellular matrix-related categories (e.g., cell adhesion and extracellular region), 

reflecting the known roles of PTEN in cell migration and epithelial–mesenchymal 

transition7 (Figure S3B).

We also examined the effect of PI3K inhibition (24 h) on protein expression changes in the 

two cell lines (Figure 3F-I). Inhibition of p110α by BYL-719 (Figure 3F) displayed the 

largest effect on the proteome, but only in control MCF10A cells, as reflected by a higher 

number of significantly regulated proteins and overall greater fold changes in control 

MCF10A cells. These large protein abundance alterations demonstrated that p110α likely 

played a prominent role in the PI3K signaling pathway in control MCF10A cells.6 We also 

observed that the inhibition of p110α by BYL-719 exerted a more profound impact on 

control MCF10A cells than on MCF10A PTEN−/− cells (Figure 3H), which agreed well 

with the accepted notion that the loss of PTEN confers resistance to inhibition by p110α.34 

Additionally, KIN-193 (p110β inhibitor) had little effect on the protein profiles of either cell 

line (Figure 3G,I). These data were consistent with previous data that emphasized that the 

loss of PTEN alone in vitro was not sufficient to render cells p110β-dependent.35

CONCLUSIONS

The (phospho)proteome-wide protein expression responses to BYL-719 and KIN-193 in 

control and isogenic MCF10A PTEN−/− cells have not been reported previously. This data 

set could provide valuable information for developing a better understanding of PTEN/

PI3K/AKT signaling, the mechanisms related to BYL-719 resistance, and the effect of 

PTEN loss.

With this experiment, we have shown that the TMTpro-134C and TMTpro-135N reagents 

can be added to the current set of TMTpro isobaric tags to generate a TMTpro-18plex 

reagent set without sacrificing proteome depth or quantitative performance. The true power 

of sample multiplexing was the ability to analyze data within a closed experimental system 

with essentially no missing values. Here, we examined six conditions in triplicate. However, 

many other experimental arrangements can be devised. For instance, one cell line can be 

treated with 18 different perturbations or drug concentrations, or an 18-point time course can 

be acquired. Flexibility in replicates was also possible with the 18-plex with sample layouts 

of 9 × 2, 3 × 3 × 2, and 6 × 3, among other potential experimental arrangements. We also 

noted that the TMTpro18-plex reagent set incorporated ten reagents that are 1 Da apart and 

thus can be used for isobaric tag-based analyses in mass spectrometers not capable of 

resolving the full 18 reagents, such as an ion trap36,37 or a TIMS-TOF38,39 instrument. 

Advantages of the TMTpro-18plex reagents also include its commercial availability and 

seamless integration into current TMTpro workflows. In all, our data demonstrated that the 

TMTpro-18plex has expanded further the sample multiplexing landscape while preserving 

high-quality protein quantification, thereby facilitating innovative experimental designs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures and heavy isotope positions of the TMTpro-134C and TMTpro-135N 

reagents. The full set of TMTpro-18plex reagents is shown on the right. The TMTpro-134C 

and TMTpro-135N reagents have the same chemical structure as isobaric TMTpro-16plex 

reagents (TMTpro-126 is shown as an example). However, the two new reagents differ from 

the TMTpro-16plex reagents in the number of 13C and 15N atoms. The TMTpro-16plex 

reagents incorporate seven 13C and two 15N atoms, while the two additional reagents 

incorporate eight 13C and only one 15N atoms that are distributed across the reporter ion and 

mass normalization region of each reagent. This arrangement enables the complete 

utilization of the positions in the reporter ion group, creating the 17th and 18th channels in 

the TMTpro-18plex reagent set.
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Figure 2. 
TMTpro-18plex reagents facilitate proteome analysis at an effective rate of 1 h per 

proteome. (A) Set of 18 samples of drug-treated control MCF10A and MCF10A PTEN−/− 

cell lines was used to benchmark the TMTpro-18plex reagents. The cell lines were treated 

with a PI3K inhibitor (BYL-719 or KIN-193) or DMSO, in biological triplicate (n = 3). 

Samples were prepared following the SL-TMT protocol using 50 μg protein and labeling 

with either the full 18 reagents or only 16 reagents as indicated. Peptides were fractionated 

and then concatenated into 24 “super” fractions. Fractionated samples were analyzed with 

FAIMS and real-time search-synchronous-precursor-selection-MS3 on an Orbitrap Eclipse 

mass spectrometer. An equal amount of fractionated peptide was analyzed in both 

experiments. (B) PI3K overview. KIN-193 and BYL-719 inhibit the kinases p110α and 

p110β, respectively. p110α and p110β are catalytic subunits of PI3K. PI3K-mediated PIP3 

production leads to the activation of the downstream AKT/mTOR pathway. (C) Data set 

overview. Analysis of 12 fractions (1 h per proteome) or 24 fractions (2 h per proteome) 

yielded ~7.8k and ~8.6k quantified proteins in both experiments, respectively. A total 

amount of 900 and 800 μg of peptide was used to enrich phosphorylated peptides in the 18- 

and 16-plex experiments, respectively. The numbers of localized and quantified 

phosphorylation sites are reported (AScore > 13). (D) 1 h human cell line proteome. The 

TMTpro-18plex reagents facilitated the collection of a 1 h per proteome analysis that 

included ~1 million peptide measurements and ~141,000 protein measurements across 18 

samples without missing values. (E) HCA of the protein data; (F) log 2 protein fold changes 

between the two cell lines treated with DMSO in both experiments showed good agreement.
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Figure 3. 
Overview of alterations in protein abundance and phosphorylation levels in control and 

PTEN−/− cells upon treatment with two PI3K inhibitors. (A) Absence of PTEN and down-

regulation of IRS2 in MCF10A PTEN−/− cells, and the equivalent expression level of IRS1 

in both cell lines were recapitulated by the mass spectrometry data. Welch’s t-test p-values 

are shown as different colored dots to provide an estimate of the significance. (B) IRS1 and 

IRS2 were upregulated after BYL-719 treatment in both cell lines. IRS2 was also up-

regulated under KIN-193 treatment in both cell lines. (C,D) Two doubly-phosphorylated 

RPS6 peptides and one triply phosphorylated RPS6 peptide were quantified. These 

phosphorylation events were upregulated in MCF10A PTEN−/− cells and were inhibited by 

BYL-719 and KIN-193 to a different extent in both cell lines. (E) Volcano plot showing 

protein expression level differences between control and PTEN−/− cells. SAM was used to 

evaluate up- or down-regulated proteins. Negative log 10-transformed estimated p-values for 

each protein from the SAM analysis are shown on the y-axis. Significant proteins were 

filtered at 1% FDR and a minimum of 40% change. Numbers on the plot indicate 

significantly up-regulated (red) and down-regulated (cyan) proteins in MCF10A PTEN−/− 

cells. (F–I) Volcano plots showing the protein level comparison between DMSO and 24 h 

drug treatment in both cell lines. Numbers on the plot indicate significantly up-regulated 

(red) and down-regulated (cyan) proteins. Inhibition of p110β by KIN-193 caused only 

minor protein perturbations compared with the inhibition of p110α by BYL-719 in both cell 

lines. PTEN knockout conferred p110α inhibitor BYL-719 resistance, as protein level 

changes by BYL-719 were not changed in the PTEN knockout.
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