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ABSTRACT  

We established a workflow for highly sensitive multiplexed quantitative phosphoproteomics 

using a nano-scale solid-phase tandem mass tag (TMT) labeling reactor. Phosphopeptides 

were firstly enriched by titanium oxide chromatography and then labeled with isobaric TMT 

reagents in a StageTip packed with hydrophobic polymer-based sorbents. We found that TMT-

labeled singly phosphorylated peptides tend to flow through the titanium oxide column. 

Therefore, TMT labeling should be performed after the enrichment step from tryptic peptides, 

resulting in the need for micro-scale reaction with small amounts of phosphopeptides. Using 

an optimized protocol for tens to hundreds of nanograms of phosphopeptides, we obtained a 

nearly 10-fold increase in sensitivity compared to the conventional solution-based TMT 

protocol. We demonstrate that this nano-scale phosphoproteomics protocol works for 50 μg 

of HeLa proteins treated with selumetinib, and we successfully quantified the selumetinib-

regulated phosphorylated sites on a proteome scale. The MS raw data files have been 

deposited with the ProteomeXchange Consortium via the jPOST partner repository (http:// 

jpostdb.org) with the data set identifier PXD025536. 
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INTRODUCTION 

Protein phosphorylation is well known as a pivotal factor in intracellular signal transduction 

pathways that regulate various cell functions, such as cell growth, metabolism, and 

apoptosis.1,2 Therefore, in-depth analysis of the entire phosphoproteome of interest is 

indispensable to clarify the dynamics of complex cellular signaling networks, as well as to 

understand disease mechanisms and the modes of action of drugs. Recent advances in mass 

spectrometry (MS)-based phosphoproteomics have made it possible to identify tens of 

thousands of phosphopeptides from complex biological samples. This is due to the improved 

dynamic range, scan speed, and sensitivity in MS,3–6 as well as the improved performance of 

LC with the use of columns packed with sub-2 micron silica particles,7–9 monolithic silica 

columns,10–12 and pillar array columns13,14 for high-resolution separations. The ability to enrich 

phosphopeptides by metal affinity chromatography using immobilized metal ions or metal 

oxide particles has also made a significant contribution.15–19  

   Quantitative proteomics via isobaric chemical tags such as tandem mass tag (TMT) is 

attractive due to its sample multiplexing capability, high precision, and high throughput.20 

Isobaric labeling approaches enable parallel quantitation through monitoring the reporter 

product ions generated from the isobaric precursor ions of multiplexed samples. Although the 

quantitative accuracy was low in early studies because of the co-isolation of non-targeted 

precursor ions, this issue has been solved via several approaches, such as the introduction of 

MS3 scan21,22 in combination with a real-time search strategy23, and/or ion mobility 

spectrometry.24–26 Another advantage of isobaric labeling is that multiplexing samples provides 

increased sensitivity for precursor and product ions, including peptide sequence information. 

Furthermore, the detection sensitivity of peptides from a small amount of sample can be 

improved by using a carrier sample containing sufficient amounts of the target peptides.27,28 

However, the spiking amount of carrier peptides should be determined after consideration of 

the dynamic range of the instrument,29 and care should be taken in handling small amounts of 

samples before the isobaric labeling reaction. 

   In multiplexed quantitative phosphoproteomics studies using TMT reagents, the labeling 

reaction is often performed before phosphopeptide enrichment in order to reduce the technical 

variation between samples.30,31 However, peptide modification with TMT changes the chemical 

properties, and, in our experience, causes selectivity changes in TiO2 chromatography for 

phosphopeptide enrichment. In fact, two papers have reported low recovery of TMT-labeled 

phosphopeptides in TiO2 chromatography.32,33 However, the reasons for the low recovery have 

not been established yet. In addition, this strategy needs relatively large amounts of the 

expensive TMT reagents for unphosphorylated peptides, since the content of 

phosphopeptides is generally less than 1% in the digest of mammalian proteomics samples. 

https://paperpile.com/c/oeB2mr/DKE03+hSw1g
https://paperpile.com/c/oeB2mr/QlNf5+v4tqq+hbHcj+ZAbiW
https://paperpile.com/c/oeB2mr/GNHt8+QpadB+5HSI1
https://paperpile.com/c/oeB2mr/P9QBF+znbu6+QSRfy
https://paperpile.com/c/oeB2mr/gBpxb+NhqoO
https://paperpile.com/c/oeB2mr/ESYLS+RQnMv+4BDul+QzCRe+P45Cx
https://paperpile.com/c/oeB2mr/EvGDg
https://paperpile.com/c/oeB2mr/qw7Ur+VUY6a
https://paperpile.com/c/oeB2mr/TD70T
https://paperpile.com/c/oeB2mr/nfe2Z+RHiF7+fLKKZ
https://paperpile.com/c/oeB2mr/Kll2h+2SAIi
https://paperpile.com/c/oeB2mr/FZwJm
https://paperpile.com/c/oeB2mr/MfYnf+KajDn
https://paperpile.com/c/oeB2mr/Uqei4+BrpSo
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Even with an optimized TMT labeling protocol that reduces the amount of TMT reagents used, 

large-scale phosphoproteomics experiments can be very costly.34  On the other hand, 

enrichment of phosphopeptides followed by TMT labeling reduces the amount of TMT reagent 

needed, but requires highly reproducible steps for both phosphopeptide enrichment and TMT 

labeling.35,36 When the starting sample is small (less than 100 µg), the amount of enriched 

phosphopeptides will be on the sub-microgram scale, and it is difficult to label such small 

amounts of peptide with TMT using standard in-solution-based protocols. It has been reported 

that solid-phase TMT labeling of peptides using a reversed-phase solid-phase extraction 

(SPE) column is more sensitive than conventional solution-phase TMT labeling.37–40 With 

careful optimization, 1-2 μg of peptides can be labeled with TMT on the solid phase,38,39 but 

the applicability of such micro-scale solid-phase labeling to phosphopeptides has not been 

evaluated yet.  

   Here we systematically evaluated the influence of TMT modification on phosphopeptide 

enrichment by TiO2 chromatography. We established a reproducible and sensitive 

phosphoproteomics workflow in which the TMT labeling reaction is conducted after the 

phosphopeptide enrichment step, by utilizing a StageTip-based solid-phase reactor. The 

reaction pH, reversed-phase sorbent, and ion-pairing reagent were all found to be critical for 

the successful labeling of phosphopeptides. As a benchmark experiment, we profiled 

phosphoproteomic changes of HeLa cells in response to MKK1/2 inhibitor (selumetinib) 

treatment. About 10,000 unique phosphopeptides were quantified from 50 µg aliquots of 

starting material in triplicate analyses. 

 

 

EXPERIMENTAL SECTION 

Materials. 

Titanium dioxide (TiO2, titania) particles (Titansphere, particle size: 10 μm), Empore SDB-

XC, C18 and C8 membrane disks, InertSep RP-C18, InertSep PLS-2, and InertSep RP-1 

particles were obtained from GL Sciences (Tokyo, Japan). Sep-Pak tC18 and Oasis HLB 

beads were purchased from Waters (Milford, MA). Sequencing-grade modified trypsin was 

purchased from Promega (Madison, WI). Selumetinib was purchased from Selleck Chemicals 

(Houston, TX). MS-grade Lys-C (lysyl endopeptidase), DL-lactic acid, and all other chemicals 

were purchased from Fujifilm Wako (Osaka, Japan). Water was purified by a Millipore Milli-Q 

system (Bedford, MA). 

 

Preparation of HeLa Cells. 

https://paperpile.com/c/oeB2mr/XJOXx
https://paperpile.com/c/oeB2mr/JX6e+0E1n
https://paperpile.com/c/oeB2mr/wsCEk+C004Q+ZKXva+DIAlp
https://paperpile.com/c/oeB2mr/C004Q+ZKXva
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HeLa cells were cultured to 80% confluence in DMEM containing 10% FBS in 15 cm 

diameter dishes. Cells were washed twice with ice-cold PBS, collected using a cell scraper, 

and pelleted by centrifugation. For selumetinib treatment, the medium was changed to DMEM 

containing 0.1% FBS after the cells had reached 80% confluence, then after incubation for 24 

h, the cells were treated with selumetinib (10 μM) or vehicle DMSO for 30 min, followed by 

EGF (150 ng/mL) stimulation for 15 min. 

The proteins were extracted as described previously.41 In short, the cell pellets were 

suspended in 1 mL of buffer (12 mM sodium deoxycholate, 12 mM sodium lauroyl sarcosinate 

in 100 mM Tris-HCl, pH 9.0), containing protein phosphatase inhibitor cocktail 1 and 2 (Sigma) 

and protease inhibitors (Sigma). The cells were incubated on a heating block at 95 °C for 5 

min and then sonicated for 20 min. The extracted proteins were quantified with a BCA Protein 

Assay Kit, reduced with 10 mM dithiothreitol (DTT) for 30 min, alkylated with 50 mM 

iodoacetamide (IAA) for 30 min in the dark, diluted 5-fold with 50 mM ammonium bicarbonate, 

and digested with Lys-C for 3 h at room temperature and with trypsin overnight at room 

temperature. After digestion, 1 mL of ethyl acetate was added and the mixture was acidified 

with 0.5% trifluoroacetic acid (TFA) (final concentration). The samples were agitated for 2 min 

and centrifuged at 15,800g for 2 min to completely separate the aqueous and organic phases. 

The aqueous phase was collected and desalted using StageTips42 with SDB-XC Empore disk 

membranes. 

 

Phosphopeptide Enrichment. 

Metal oxide chromatographic (MOC) tips were prepared as described previously.43 Briefly, 

C8 StageTips packed with titania beads (0.5 mg/50 μg of digests) were equilibrated with 80% 

acetonitrile (ACN) containing 0.1% TFA and 300 mg/mL lactic acid as a selectivity enhancer 

(solution A). The digested samples (50 μg/50 μL) were diluted with an equal amount of solution 

A and loaded onto the MOC tips. After washes with solution A and 80% ACN with 0.1% TFA, 

phosphopeptides were eluted with 0.5% piperidine. The eluate was acidified by adding 10% 

TFA to the final concentration of 0.1% and desalted using SDB-XC StageTips. For solid-phase 

TMT labeling, 10% TFA was replaced with 10% heptafluorobutyric acid (HFBA) and the 

mixture was loaded onto the StageTip-based micro-reactor. 

 

Solution-Phase TMT Labeling. 

Digested peptides or enriched phosphopeptides were dried and resuspended in 200 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 8.5, mixed with TMTzero or 

TMT10plex label reagent dissolved in acetonitrile, and left to incubate for 1 h at room 

temperature. The reactions were quenched by the addition of hydroxylamine to give a final 

concentration of 0.33%. Then the samples were acidified, diluted to make the acetonitrile 

https://paperpile.com/c/oeB2mr/M8Iry
https://paperpile.com/c/oeB2mr/Kwplc
https://paperpile.com/c/oeB2mr/jRn06
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concentration less than 5%, and desalted using SDB-XC StageTips. Aliquots of 50 μg digest 

were labeled in a final volume of 55 μL, consisting of 50 μL of the sample in the buffer and 5 

μL of 100 μg TMT reagent in ACN. Samples after phosphopeptide enrichment were labeled in 

a final volume of 10 μL consisting of 5 μL of the sample in the buffer and 5 μL of ACN with 25 

μg TMT reagent. 

 

Solid-Phase TMT Labeling. 

SDB-XC StageTips packed with chromatographic sorbent (0.5 mg) were activated with 

80% acetonitrile (ACN) with 0.1% TFA and equilibrated with 5% ACN with 0.1% TFA. Then 

the phosphopeptides were loaded onto each tip and washed with a 50 mM phosphate buffer 

(pH 6.5). TMT reagent was dissolved in ACN and diluted with 50 mM phosphate buffer to 

reduce the acetonitrile content to less than 5% in order to avoid peptide elution. 10 μL of this 

TMT solution (10 μg/10 μL) was loaded onto each tip. Samples were left on the reactor tip for 

1 hour at RT. During incubation, the particles were kept wet. After 1 h, the reactor tip was 

washed with 5% ACN with 0.1% TFA and the peptides were eluted with 80% ACN with 0.1% 

TFA. 

 

NanoLC/MS/MS Analyses. 

NanoLC/MS/MS analyses of synthetic phosphopeptides were performed on an LTQ 

(Thermo Fisher Scientific, Bremen, Germany) connected to a Thermo Ultimate 3000 nanoflow 

pump and an HTC-PAL autosampler (CTC Analytics, Zwingen, Switzerland). For HeLa 

proteome analysis, a Q Exactive mass spectrometer (Thermo Scientific) equipped with an 

UltiMate 3000 RSLCnano pump and an HTC-PAL autosampler was employed. A 15 cm 

column with a 100 μm inner diameter in-house-packed with 3 μm reversed-phase silica beads 

(ReproSil-Pur C18-AQ, Dr. Maisch) was used for method evaluation. The mobile phases 

consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid and 80% acetonitrile. A 20 min or 

65 min linear gradient ranging from 5% to 40% B was employed. The spray voltage was set 

to 2400 V and the heated capillary temperature was set to 240 °C. The injection volume was 

5 μL, and the flow rate was 500 nL/min. The top 10 precursor ions were selected in each MS 

scan for subsequent MS/MS scans. Full scan resolution was set to 70,000 at m/z 200. The 

mass range was set to 300-1500. The resolution and AGC target for MS2 scans were set at 

35,000 and 1e5, respectively. Isolation width was set at 1.4 Th. The normalized collision 

energy was set at 33. Only charge states 2-5 were targeted for MS2. All data were acquired 

in profile mode using positive polarity, and the lock mass function was used to obtain constant 

mass accuracy during the analysis.44 

A MonoCap C18 High Resolution 2000 (100 μm i.d., 200 cm) (GL Sciences) was employed 

for single-shot in-depth phosphoproteome analysis, under essentially the same conditions as 

https://paperpile.com/c/oeB2mr/bLNec
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described above, but with the following changes: 480 min linear gradient ranging from 5% to 

40% B, spray voltage 3200 V, MS1 mass range 350-1500, normalized collision energy 32, 

and dynamic exclusion 40 sec. 

 

Database Searching for Method Evaluation. 

Peptides and proteins were identified by means of automated database searching using 

Mascot v2.5 (Matrix Science, London) against UniprotKB/Swissprot release 2015_01 or 

2016_03 with a precursor mass tolerance of 5 ppm, a fragment ion mass tolerance of 0.02 Da, 

and strict Trypsin/P specificity allowing for up to 2 missed cleavages. Carbamidomethyl (C), 

TMT or TMT6plex (K), and TMT or TMT6plex (N-Term) were set as fixed modifications. 

Oxidation (M) and phosphorylation (STY) were allowed as variable modifications. For checking 

labeling efficiency, carbamidomethyl (C) was set as a fixed modification, and oxidation (M), 

phosphorylation (STY), TMT (K), and TMT (N-Term) were allowed as variable modifications. 

Peptides were considered identified if the Mascot score was over the 95% confidence limit (p 

< 0.05) for each peptide.  

 

Database Searching for Differential Analysis of Selumetinib-treated HeLa Cells. 

Peptides and proteins were identified by means of automated database searching using 

Mascot v2.7 against UniprotKB/Swissprot release 2019_10 with a precursor mass tolerance 

of 5 ppm, a fragment ion mass tolerance of 0.02 Da, and strict Trypsin/P specificity allowing 

for up to 2 missed cleavages. Carbamidomethyl (C), TMT6plex (K), and TMT6plex (N-Term) 

were set as fixed modifications. Oxidation (M) and phosphorylation (STY) were allowed as 

variable modifications. Percolator45 on Proteome Discoverer (version 2.1) was used for 

validation of peptide spectrum matches (PSMs) and peptide groups with a 1% false discovery 

rate (FDR) based on q values. PhosphoRS (ptmRS)46 was utilized to evaluate phosphorylation 

site localization confidence. 

 

Data availability 

The MS raw data and analysis files have been deposited with the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org) via the jPOST partner 

repository47,48 (https:// jpostdb.org) with the data set identifier PXD025536. 

 

 

 

 

 

 

https://paperpile.com/c/oeB2mr/6VWwR
https://paperpile.com/c/oeB2mr/0H56E
https://paperpile.com/c/oeB2mr/WdElg+Yib4w


8 

 

■ RESULTS AND DISCUSSION 

Combining TMT labeling with TiO2-based phosphopeptide enrichment  

In phosphoproteomics studies, quantitative tag labeling such as TMT is often performed 

prior to the enrichment of phosphopeptides to account for operational variability. However, the 

effect of chemical labeling on the enrichment process of phosphopeptides with TiO2 

chromatography has not been systematically studied; when a new labeling reagent such as 

TMTpro49 is introduced, the enrichment process of phosphopeptides needs to be re-examined. 

On the other hand, chemical labeling after phosphopeptide enrichment eliminates the need 

for reexamination. In addition, the amount of peptide can be significantly reduced, and the cost 

of labeling reagents can be reduced accordingly. In order to determine whether 

phosphopeptide enrichment or TMT labeling should be done first when analyzing relatively 

small samples, the following experiment was performed. First, 50 μg of digested peptide was 

labeled with 100 μg of TMT in solution, and phosphopeptides were enriched from the TMT-

labeled digest (TMT-TiO2).  Next, phosphopeptides were enriched from 50 μg of peptides and 

labeled with 25 μg of TMT in solution (TiO2-TMT). Each sample enriched with 

phosphopeptides was labeled with a different TMT tag, mixed in equal amounts, and analyzed 

by nanoLC/MS/MS (Figure 1A). 

Figure 1B shows the distribution of the reporter ion intensities of quantified 

phosphopeptides. The TiO2-TMT strategy outperformed the TMT-TiO2 strategy in terms of the 

recovery of phosphopeptides, despite the smaller-scale TMT labeling reaction in the TiO2-TMT 

strategy, which often leads to loss of samples. The TiO2-TMT strategy gave 5.4-fold higher 

signals for reporter ions on average. We examined the reasons for the low recovery in the 

TMT-TiO2 workflow and found that the intensity ratios between the two approaches were 

correlated with the number of phosphorylation sites per peptide (Figure 1C left). The same 

tendency was observed for the number of acidic residues (Glu, Asp) per peptide (Figure 1C 

right), suggesting that TMT-labeled phosphopeptides need more acidic residues than 

unlabeled ones in order to be enriched by TiO2 chromatography. To verify if TMT-labeled 

phosphopeptides have weaker affinity for TiO2, we prepared phosphopeptide samples with 

and without TMT, collected both flow-through and elution fractions of TiO2 chromatography, 

and analyzed them using nanoLC/MS/MS. As a result, approximately 10% of TMT-labeled 

phosphopeptides were in the flow-through fraction whereas less than 1% of unlabeled 

phosphopeptides were found in the flow-through fraction (Figure S1), indicating that the low 

recovery in the TMT-TiO2 workflow was caused by the weaker affinity of TMT-labeled 

phosphopeptides for TiO2 beads. This may be due to the undesirable charge enhancement 

effect of the TMT-tag50, in which the tertiary amino group of TMT may form an intramolecular 

salt bridge with phosphate and inhibit the interaction between phosphate and TiO2 beads. We 

also compared the reproducibility of these two strategies in triplicate analyses. To our surprise, 

https://paperpile.com/c/oeB2mr/jkSqf
https://paperpile.com/c/oeB2mr/olKoq
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the reproducibility of the TiO2-TMT strategy was superior to that of the TMT-TiO2 strategy. 

More than 90% of quantified phosphopeptides in the TiO2-TMT strategy have a relative 

standard deviation value of less than 20%, indicating that technical variation in the 

phosphopeptide enrichment procedure doesn’t significantly affect the quantitation (Figure 1D). 

The lower reproducibility of the TMT-TiO2 strategy might be due to the lower signal intensity 

of reporter ions. From these results, we conclude that TMT labeling should be performed after 

phosphopeptide enrichment to minimize sample loss, especially for small amounts of samples. 

 

Development of solid-phase TMT labeling protocol for small amounts of 

phosphopeptides 

Since the elution buffer for TiO2 chromatography is not compatible with the TMT labeling 

buffer, a buffer exchange step is required before the labeling reaction. To avoid potential loss 

of phosphopeptides, we examined the use of a single StageTip-based reversed-phase column 

as a desalting device as well as a solid phase reactor for nanogram-scale amounts of 

phosphopeptides. 

First, we optimized the pH condition for the StageTip-based reaction. 20 pmol (less than 

25 ng) of a model synthetic phosphopeptide (YLpSFTPPEK) was labeled with 10 μg of 

TMTzero reagent using a StageTip packed with C18 membrane as a reactor. At pH 4.5, about 

30% of the peptide was unlabeled, and 60% had only one of the two amino groups labeled 

with TMT, whereas at pH 6.5, more than 95% of the peptide was completely labeled (Fig. 2A). 

Fig. 2B shows the chromatogram of the reaction samples at pH 4.5 and 6.5. A doublet peak 

corresponding to the partially labeled peptide was observed in the extracted ion chromatogram 

(XIC) at pH 4.5, indicating the presence of both N-terminal and lysine-labeled peptides. On 

the other hand, at pH 6.5, a single peak corresponding to the completely labeled peptide was 

predominantly observed even when the same amount of TMT reagent was used. Although 

several groups have employed pH 4.5 for solid-phase TMT labeling for larger-scale reactions 

such as 1 μg of peptides with 40 μg TMT,37,38 we found that pH 4.5 was too low to label a 

nanogram-scale amount of peptides with TMT reagents. Based on these results, we chose pH 

6.5 for further investigation, using as little TMT reagent as possible. 

Second, we investigated chromatographic sorbents for solid-phase labeling. Reversed-

phase C18-silica gel (Sep-Pak tC18) as well as a variety of polymer-based sorbents were 

evaluated. Phosphopeptides enriched from 50 μg of HeLa digests were labeled with 10 μg of 

TMTzero. Among the five materials examined, C18-silica and C18-modified poly(styrene-

divinylbenzene) co-polymer particles (C18-polymer, InertSep RP-C18) gave higher labeling 

efficiency, while other polymer particles without the C18 moiety were not effective (Figure 3A). 

To examine the reason for the lower labeling efficiency, we further focused on unlabeled 

phosphopeptides and found that these phosphopeptides are more hydrophilic, based on the 

https://paperpile.com/c/oeB2mr/C004Q+wsCEk
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peptide grand average of hydropathicity index (GRAVY index51) (Figure 3B), suggesting that 

these hydrophilic phosphopeptides were not completely trapped at the inlet of the StageTip 

column when the sorbents were insufficiently hydrophobic to concentrate them within a narrow 

sample band. Therefore, the C18-polymer sorbent, which is expected to have the most 

hydrophobic character, gave the best results in terms of the labeling efficiency among these 

5 sorbents. Notably, C18-polymer also gave the best results in terms of the number of 

identified phosphopeptides (Figure 3C). Thus, we chose the StageTip packed with this C18-

polymer sorbent for further analysis (Figure S2). 

We also compared our StageTip-based protocol with the conventional in-solution protocol 

using phosphopeptides with a wide range of hydrophobicity to examine whether any bias is 

introduced. As a result, our StageTip-based protocol gave 1.26 times better results than the 

in-solution protocol on average (Figure 4A), while the first-eluted fraction gave worse results 

in the StageTip protocol than in the in-solution protocol, as shown in Figure 4B. It has already 

been reported that lower recovery of hydrophilic peptides was observed when a solid-phase 

cartridge was used.37,52 To improve the recovery of these hydrophilic phosphopeptides, the 

use of more hydrophobic ion-pairing reagents than TFA as loading buffer additives for 

StageTip was investigated.53,54 We selected HFBA based on its strong hydrophobicity and 

compatibility with LC/MS, and compared it with the original TFA-StageTip protocol as well as 

the in-solution protocol. As a result, this HFBA-StageTip protocol gave 1.71 times higher 

signals than the in-solution protocol on average (Figure 4A). Even for the first-eluted fraction, 

the HFBA protocol gave comparable results with the in-solution protocol (Figure 4C). Moreover, 

HFBA also increased the recovery of hydrophobic phosphopeptides (Figure 4D), possibly by 

preventing adsorption of phosphopeptides on the plastic labware, because HFBA has a 

stronger surface activity than TFA.55 We further confirmed the linearity range of the optimized 

method using phosphopeptides enriched from 1 - 100 μg of HeLa proteins (Figure S3). 

Considering that the content of phosphopeptides is approximately 0.5% of the total tryptic 

peptides from HeLa cells (estimated by nanoLC/UV214nm, data not shown), this method can 

be used for the analysis of 5 – 500 ng of phosphopeptides. We concluded that the use of 

StageTip with C18-polymer sorbent together with HFBA as the loading buffer additive, 

operated at pH 6.5, is the optimum condition for StageTip-based nano-scale solid-phase 

labeling of phosphopeptides. We also confirmed that this protocol is compatible with newly 

commercialized TMTpro reagents (Figure S4).  

 

Phosphoproteome Analysis of Selumetinib-treated HeLa cells. 

To demonstrate the utility of the established nano-scale TMT labeling strategy, we applied 

it to phosphoproteome profiling of selumetinib-treated HeLa cells. In triplicate nanoLC/MS/MS 

runs utilizing a two-meter-long monolithic silica capillary column with an 8-hour gradient, we 

https://paperpile.com/c/oeB2mr/p8F8P
https://paperpile.com/c/oeB2mr/wsCEk
https://paperpile.com/c/oeB2mr/kYpH1
https://paperpile.com/c/oeB2mr/gTc5D+TbGd4
https://paperpile.com/c/oeB2mr/ejbZz
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successfully quantified 9,822 phosphopeptides enriched from 50 μg of HeLa cell whole digests 

per TMT channel (Figure 5A). The required TMT reagent amount was 10 μg per channel and 

10-plexed TMT reagents were used (selumetinib-treated, n = 5 and DMSO-treated, n = 5). 

The quantified phosphopeptides are summarized in Supplemental Table S1. From these 

phosphopeptides, peptides with phosphosite localization probability > 75% (n = 7,524) were 

used for further analysis, resulting in the identification of 7428 Class I phosphosites56. Using 

Perseus software, we identified 305 phosphopeptides that were significantly downregulated 

by selumetinib treatment57 (Figure 5B). Approximately 4% of all phosphopeptides showed a 

significant decrease (Figure 5B and Table S1). 

Selumetinib is known to inhibit the activity of MAP kinase kinase 1 and 2 (MKK1/2), and 

thus inhibits the activity of their downstream extracellular signal-related kinases 1 and 2 

(ERK1/2)58. A previous phosphoproteomics study on melanoma cells found that MKK1/2 

inhibitor treatment resulted in almost the same phosphoproteome changes as ERK1/2 inhibitor 

treatment59. This indicates that there are almost no branched pathways at the level of MKK1/2. 

In our study, phosphopeptides corresponding to the regulatory site of ERK1/2, and the known 

downstream substrates of ERK1/2 such as MYC, STMN1, and RPS6KA1 showed a significant 

decrease upon selumetinib treatment. In addition, nucleoporin complex members, which were 

previously shown to be phosphorylated in an ERK-dependent manner,60,61 also showed a 

decrease upon selumetinib treatment (Figure S5).  

Next, we performed Kinase Set Enrichment Analysis (KSEA)62. Kinase–substrate links 

were assigned based on the kinase substrate dataset from PhosphoSitePlus. As expected, 

KSEA showed downregulation of MKK1, ERK2, and RPS6KA1. Interestingly, some kinases, 

such as MTOR and CDK4, were activated after selumetinib treatment. It has been reported 

that the PI3K/MTOR pathway is activated after MAPK pathway inhibition in some cell lines,63,64 

and the co-inhibition of MAPK and MTOR showed synergistic effects65. MEK/CDK4,6 co-

inhibition is also effective in some melanomas66. Collectively, our results successfully re-

capture the major kinase activity changes caused by the drug treatment. Thus, overall, this 

strategy enables phosphoproteomic profiling of the kinase inhibitor with minimal amounts of 

phosphopeptides and TMT reagents. 

  

■ CONCLUSIONS 

We developed a new strategy for highly sensitive phosphoproteome analysis using nano-

scale solid-phase TMT labeling after phosphopeptide enrichment. The appropriate choice of 

reaction pH, reversed-phase sorbent, and ion-pairing reagent is the key to the successful 

labeling of phosphopeptides on the solid-phase micro-reactor. Our method requires only a tiny 

amount of TMT reagents for labeling phosphopeptides without loss of sensitivity, owing to the 

use of highly sensitive StageTip-based isobaric labeling technology after phosphopeptide 

https://paperpile.com/c/oeB2mr/lCO1b
https://paperpile.com/c/oeB2mr/TLhac
https://paperpile.com/c/oeB2mr/yNDj9
https://paperpile.com/c/oeB2mr/7j32j
https://paperpile.com/c/oeB2mr/aKQa0+PaCl8
https://paperpile.com/c/oeB2mr/x7QMv
https://paperpile.com/c/oeB2mr/itpBW+L4eKi
https://paperpile.com/c/oeB2mr/7IfQY
https://paperpile.com/c/oeB2mr/kgZgh
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enrichment. We envision that the present strategy will be useful for large-scale 

phosphoproteomics studies with nanogram-scale TMT labeling. 
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■ ASSOCIATED CONTENT 
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Figure 1. Combining TMT labeling with TiO2-based phosphopeptide enrichment 

workflow. 

(A) Schematic representation of the workflow. TMT-labeled phosphopeptides from both 

methods were mixed in equal amounts and analyzed by LC/MS/MS. (B) Distribution of reporter 

ion intensities of identified phosphopeptides. TMT quantitation was performed only when the 

signals were detected in all 6 TMT channels.  The box itself spans the interquartile range. The 

whiskers represent 5% and 95% quantiles. The thick horizontal line in each box indicates the 

median. (C) Relationship between reporter ion intensity ratios and the number of 

phosphorylations or acidic residues (Glu, Asp) on each phosphopeptide. The mono-

phosphorylated peptides were harder to capture in the TMT-TiO2 workflow. The box itself 

spans the interquartile range. The whiskers represent 5% and 95% quantiles. The thick 

horizontal line in each box indicates the median. (D) Frequency distribution of relative standard 

deviation (RSD) of identified phosphopeptide reporter ion intensities.  

 

Figure 2. pH optimization of StageTip-based solid-phase TMT reaction. 

(A) Peak area ratio of a synthetic phosphopeptide, YLpSFTPPEK. The peptide was 

categorized into three classes according to the number of TMT-tags. Not labeled: The peptide 

with no TMT-tag. Partially labeled: The peptide with a TMT-tag, but either the lysine side chain 

or peptide N-terminus is not labeled. Fully labeled: The peptide completely labeled with TMT. 

(B) Extracted ion chromatogram of synthetic phosphopeptide in each category. 

 

Figure 3. Sorbent optimization for StageTip-based solid-phase TMT labeling. 

(A) Screening of reversed-phase particles for solid-phase labeling. Each sorbent was 

evaluated in duplicate experiments. The sum of the phosphopeptide peak area is shown. Not 

labeled: The peptide with no TMT-tag. Partially labeled: The peptide with a TMT-tag but either 

the lysine side chain or peptide N-terminus is not labeled. Fully labeled: The peptide 

completely labeled with TMT. (B) GRAVY index distribution of identified phosphopeptides 

labeled with or without TMT from 5 different sorbents. (C) Phosphopeptide ID numbers from 

solid-phase labeling using different sorbents. Error bars show the standard deviation (n = 3). 

 

Figure 4. Ion-pairing reagent optimization for StageTip-based solid-phase TMT labeling. 

(A) Comparison of distributions of reporter ion intensity ratios between solution-phase and 

solid-phase labeling method with each ion-pairing reagent (n = 5, average). The box itself 

spans the interquartile range. The whiskers represent 5% and 95% quantiles. The thick 

horizontal line in each box indicates the median. (B-D) Relationship between reporter ion 

intensity ratio of phosphopeptides and their elution ACN composition in gradient analysis. (B) 
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Comparison between solid-phase TMT labeling with TFA and solution-phase labeling. (C) 

Comparison between solid-phase TMT labeling with HFBA and solution-phase labeling. (D) 

Comparison between solid-phase TMT labeling with HFBA and solid-phase TMT labeling with 

TFA. The box itself spans the interquartile range. The whiskers represent 5% and 95% 

quantiles. The thick horizontal line in each box indicates the median.  

 

Figure 5. Differential analysis of selumetinib-treated HeLa phosphoproteomes. 

(A) Schematic representation of the workflow. Control and selumetinib-treated HeLa cells were 

stimulated with EGF (15 min) and collected. After protein digestion, phosphopeptide 

enrichment and solid-phase TMT labeling, samples were analyzed in triplicate LC/MS/MS runs. 

(B) Phosphoproteome differential analysis. The plot shows the intensity ratio and the p-value 

of the identified phosphopeptides (n = 7524). 305 and 165 phosphopeptides showed 

significant down- and up-regulation, respectively (highlighted in blue/red: S0 = 0.05 and FDR 

= 0.01, n = 5). (C) The result of Kinase-Set Enrichment Analysis (KSEA). All identified 

phosphopeptides (n=7524) were utilized for the analysis. The z-scores of kinases with four 

and more substrates are shown. A negative score corresponds to a decrease of the kinase 

activity. The kinases with |z-score| > 1 are colored blue/red. 
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Figure S1. Recovery of TMT-labeled phosphopeptides in TiO2-based phosphopeptide 
enrichment. 
Analysis of the flow-through fraction from TiO2-based phosphopeptide enrichment. Tandem 

phosphopeptide enrichment experiments were performed to analyze phosphopeptides in the 

flow-through fraction. The peak areas of identified phosphopeptides were compared between 

eluted and flow-through fractions. 

 



 
 
Figure S2. Photograph of a StageTip used for solid-phase TMT labeling. 
  



 
 
Figure S3. Applicable range of peptide amounts in the optimized solid-phase TMT labeling 

method.  Phosphopeptides were enriched by TiO2 chromatography from HeLa digests, and 

were divided into the amounts indicated in (A). After labeling with TMT10plex reagents by the 

optimized solid-phase TMT labeling method. The indicated amounts of peptides were mixed 

and analyzed by LC/MS/MS. An Orbitrap Exploris 480 mass spectrometer equipped with 

FAIMS pro and an UltiMate 3000 RSLCnano pump (Thermo Fisher Scientific) was employed 

for the analysis. (B) The bar chart shows the number of quantifiable phosphopeptides. 

Phosphopeptides from 1 μg with peaks detected in all ten reporter ion channels were 

considered as quantifiable. Phosphopeptides from 5 μg, 10 μg, and 50 μg with eight reporter 

ions (127C, 128N, 128C, 129N, 129C, 130N, 130C, and 131), six reporter ions (128C, 129N, 

129C, 130N, 130C, and 131), and four reporter ions (129C, 130N,130C, and 131), respectively 

were considered quantifiable. (C) The box plot shows the upper quartile, median, and lower 

quartile for the TMT reporter ion intensity ratios to channel 131. Outliers were identified using 

box-plot statistics (threshold: 1.5 x the interquartile range (IQR)). Dashed lines represent 

expected ratios. The phosphopeptides quantifiable from 1 μg were plotted.   



 
 

  

Figure S4. Labeling efficiency of solid-phase TMTpro labeling. 
The bar graph showed the peak area ratio of TMTpro-labeled phosphopeptides from HeLa 

cell digests using the optimized solid-phase TMT labeling protocol. The samples were 

prepared in triplicate. The peptide was categorized into three classes according to the number 

of TMT-tags. Not labeled: The peptide with no TMT-tag. Partially labeled: The peptide with a 

TMT-tag but either the lysine side chain or peptide N-terminus is not labeled. Fully labeled: 

The peptide completely labeled with TMT. Over 98% of the phosphopeptide peak area was 

due to fully labeled peptides. 
 
  



 
Figure S5. STRING network analysis of proteins having decreased phosphopeptides 
upon selumetinib treatment. 
STRING network (v11.0) of high-confidence interactions (minimum confidence score of 0.700) 

among proteins with decreased phosphosites upon selumetinib treatment. Colors on nodes 

indicate the clusters based on STRING MCL clustering (inflation parameter: 1.6). 

Disconnected nodes are not shown.   
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