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Abstract

The study of cellular signaling remains a significant challenge for translational and clinical 

research. In particular, robust and accurate methods for quantitative phosphoproteomics in tissues 

and tumors represent significant hurdles for such efforts. In the present work, we design, 

implement and validate a method for single-stage phosphopeptide enrichment and stable isotope 

chemical tagging, or SPECHT, that enables the use of iTRAQ, TMT and/or reductive dimethyl-

labeling strategies to be applied to phosphoproteomics experiments performed on primary tissue. 

We develop and validate our approach using reductive dimethyl-labeling and HeLa cells in 

culture, and find these results indistinguishable from data generated from more traditional SILAC-

labeled HeLa cells mixed at the cell level. We apply the SPECHT approach to the quantitative 

analysis of insulin signaling in a murine myotube cell line and muscle tissue, identify known as 

well as new phosphorylation events, and validate these phosphorylation sites using phospho-

specific antibodies. Taken together, our work validates chemical tagging post-single-stage 

phosphoenrichment as a general strategy for studying cellular signaling in primary tissues.

Introduction

Protein phosphorylation is an essential regulatory mechanism that controls most cellular 

processes including, but not limited to cell division, apoptosis, response to extracellular 

signals, and growth factor stimulation. Advances in proteomics and mass spectrometry 
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approaches have made the proteome-wide analysis of phosphorylation signaling feasible, 

and have helped to overcome many obstacles in phosphopeptide detection due to low 

abundance, signal suppression, and poor ionization efficiency1.

Furthermore, introduction of stable isotope labeling in culture (SILAC)2 has made the 

quantitative comparison of changes in phosphorylation site abundance in cell culture 

systems possible with high quantitative accuracy and reproducibility by reducing pre-

analytical quantitative variability after cell harvesting and during sample manipulation. In 

SILAC, proteins are metabolically labeled in cell culture by the replacing naturally-

occurring “light” amino acids with their “heavy” version (most commonly using arginine 

and lysine) in the media. After metabolic incorporation of the heavy amino acids for six to 

eight cellular doublings, cellular proteins are labeled by more than 98% in most cell lines 

commonly used in biomedical research. Comparison of cellular conditions via protein or 

phosphorylation site abundance is subsequently accomplished by mixing equal amounts of 

differentially treated “heavy” and “light” cells and subjecting them to standard proteomics 

or phosphoproteomics workflows3. This approach is widely used and benefits from the early 

introduction of the isotope labels into the proteomics workflow, which leads to improved 

robustness of quantification by reducing the impact of experimental errors introduced 

downstream of label introduction. However, SILAC is limited to cells that can be grown in 

culture for at least six doublings and incorporate heavy amino acids. Primary human cells 

are not amenable to this approach, nor are mouse tissues without complicated methods to 

raise them on expensive and highly specialized diets4, 5. Other organisms, including many 

model fungi and bacteria, require additional manipulation to produce auxotrophs that 

function correctly in the SILAC scheme. While Super-SILAC is emerging as an alternative 

quantification strategy6, 7, this approach relies on the extent to which the target organism or 

tissue type can be matched with closely related cell lines in terms of abundance profiles of 

their protein and post-translational modifications. Alternatively, quantification can be 

carried out by chemical labeling using iTRAQ8, TMT9 reagents or reductive dimethyl-

labeling10, 11, each with its own set of advantages and disadvantages. While quantification 

by iTRAQ or TMT is performed on the MS2 or MS3 level 12, quantification by reductive 

dimethyl-labeling occurs on the MS level in the same manner as SILAC and can be 

performed on a broader range of mass spectrometers. Of particular note, however, is that the 

input required in comprehensive phosphoproteomics experiments (~ 5 milligram protein 

digest per condition13) greatly exceeds the capacity of a single iTRAQ/TMT labeling 

reaction, requiring many aliquots of reagent and thus rendering such experiments very costly 

and, for many laboratories, impractical to perform on a routine basis. This has led to the 

development of post-enrichment labeling strategies that focus instead on labeling 

phosphopeptides after isolation14, 15.

Here, we extend such approaches by combining a rapid, single-stage phosphopeptide 

enrichment procedure and chemical labeling post-enrichment using reductive dimethyl-

labeling and directly compare our results to traditional SILAC. We call our method 

SPECHT (single stage phosphopeptide enrichment and stable isotope chemical tagging). We 

begin by testing this approach on complex peptide mixtures from HeLa cells and C2C12 

murine myotubes and comparing these results to phosphopeptide quantification by SILAC 

labeling. We demonstrate that our approach yields highly reproducible phosphopeptide 
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quantification results from whole cell lysates. We then apply this approach to quantify the 

effects of low-dose insulin stimulation on the mouse muscle phosphoproteome and validate 

our observations by Western blot analysis.

Materials and methods

Materials

Modified trypsin was from Promega (Madison, WI). Urea, Tris-HCl, CaCl2, ammonium 

bicarbonate (NH4HCO3), sodium fluoride (NaF), potassium chloride (KCl), potassium 

phosphate (KH2PO4), phosphoric acid, sodium ortho-vanadate, sodium molybdate, sodium 

tartrate, beta-glycerophosphate, DL-dithiothreitol, iodoacetamide, formaldehyde, 

formaldehyde-13C d2, sodium cyanoborohydride, triethyl ammonium bicarbonate (TEAB) 

were from Sigma-Aldrich (St. Louis, MO). Acetonitrile (ACN), trifluoroacetic acid (TFA) 

and water were from Honeywell Burdick and Jackson (Morristown, NH). Methanol was 

from ThermoFisher Scientific (Waltham, MA). High-purity formic acid was from EMD 

Millipore (Billerica, MA). Sodium cyanoborodeuteride, U-13C6, U-15N2 – lysine & U-13C6, 

U-15N4 arginine were from Cambridge Isotope Laboratories (Tewksbury, MA) . SepPak C18 

solid-phase extraction cartridges and Oasis HLB vacuum extraction plates were from Waters 

Corporation (Milford, MA). Lactic acid was from Lee BioSolutions, Inc (St. Louis, MO). 

TiO2 beads were from GL Sciences (Tokyo, Japan). Dulbecco’s modified Eagle’s medium 

(DMEM), PBS, penicillin and streptomycin were from Cellgro Mediatech Inc (Manassas, 

VA). SILAC DMEM (without arginine and lysine amino acids) was acquired from 

Invitrogen, Lifetechnologies (Grand Island, NY). Fetal bovine serum (FBS) and dialyzed 

fetal bovine serum (dFBS) were purchased from Hyclone, ThermoFisher Scientific 

(Waltham, MA).

Cells

C2C12 and HeLa cells were grown as adherent cultures in DMEM supplemented with 10% 

FBS and penicillin and streptomycin or SILAC DMEM supplemented with 10% dFBS, 

heavy and light arginine and lysine, and penicillin and streptomycin, respectively. For HeLa 

cells, DMEM was supplemented with 100 mg/L heavy or light arginine and lysine. For 

C2C12 cells, DMEM was supplemented with 84 mg/L heavy or light arginine and 146 mg/L 

heavy or light lysine. For SILAC labeling, cells were grown for at least 6 doublings and 

incorporation of heavy amino acids and arginine to proline conversion was determined. 

HeLa cells were collected, washed with PBS and frozen in liquid nitrogen. C2C12 

myoblasts were differentiated into myotubes by culture of confluent cells in DMEM with 

10% dialyzed horse serum for six days. C2C12 myotubes were serum starved for 2 hrs, 

followed by stimulation with 160 nM insulin for 10 min, washed with PBS, and processed 

for trypsin digestion.

Mice

C57BL/6J female mice were obtained from Jackson Laboratories (Bar Harbor, ME) and 

used at 9 weeks of age. For three days prior to the experiment the mice were given a 

peritoneal needle insertion in mid-afternoon in order to acclimate them to the subsequent 

treatment. On the fourth day, mice were fasted from 8 AM till 2 PM and then given either an 
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intraperitoneal injection of 0.75 U insulin per kg of body weight in phosphate-buffered 

saline or a mock injection of phosphate-buffered saline (control mice). After 15 min each 

mouse was sacrificed by cervical dislocation and the blood glucose concentration quickly 

measured from a tail nick with a OneTouch Ultra glucometer from Lifescan (Milpitas, CA). 

Immediately thereafter both quadriceps muscles were rapidly dissected and immediately 

frozen in liquid nitrogen. Three mice were used for each condition. The blood glucose levels 

of the three control mice were 171, 174, and 173 mg/deciliter, whereas those of the insulin-

treated mice were 121, 122, and 117 mg/deciliter, indicative of the expected glucose-

lowering response to the insulin injection.

Sample prepration

The two frozen quadriceps from each mouse (about 250 mg tissue) were homogenized 

together in 4 ml ice-cold lysis buffer ((8 M urea, 25 mM Tris-HCl pH 8.6, 150 mM NaCl, 

phosphatase inhibitors (2.5 mM beta-glycerophosphate, 1 mM sodium fluoride, 1 mM 

sodium orthovanadate, 1 mM sodium molybdate, 1 mM sodium tartrate) and protease 

inhibitors (1 mini-Complete EDTA-free tablet per 10 ml lysis buffer; Roche Life Sciences 

(Indianapolis, IN)) by means of an Ultra-turrax polytron. The homogenates of the 

quadriceps from the three control mice were pooled to yield one combined control 

homogenate. SDS samples for immunoblotting were prepared from a small portion of the 

control homogenate and from the homogenates of the quadriceps from each of the three 

insulin-treated mice. HeLa cells were thawed on ice and lysed in the same lysis buffer and 

sonicated three times for 15 sec each with intermittent cooling on ice. C2C12 cells were 

lysed by scraping in lysis buffer and sonicating three times for 15 sec each with intermittent 

cooling on ice. Muscle and cell lysates were centrifuged at 15,000 × g for 30 min at 4 °C. 

The supernatants were transferred to a new tube and the protein concentration was 

determined using a BCA assay (Pierce/ThermoFisher Scientific, Waltham, MA). For 

reduction, DTT was added to the lysates to a final concentration of 5 mM and incubated for 

30 min at 55 °C. Afterwards, lysates were cooled to room temperate and alkylated with 15 

mM iodoacetamide at room temperature for 45 min. The alkylation was then quenched by 

the addition of an additional 5 mM DTT. After 6-fold dilution with 25 mM Tris-HCl pH 8 

and 1 mM CaCl2, the samples were digested overnight at 37 °C with 2.5% (w/w) trypsin. 

The next day, the digest was stopped by the addition of 0.25% TFA (final v/v), centrifuged 

at 3500 × g for 30 min at room temperature to pellet precipitated lipids. Muscle digests were 

desalted on a 500 mg (sorbent weight) SPE C18 cartridge (Grace, Columbia, MD). C2C12 

and HeLa peptides were desalted on a 60 mg OASIS C18 desalting plate. Desalted peptides 

were lyophilized and stored at −80 °C until further use.

Phosphopeptide Enrichment

Phosphopeptide purification was performed as previously described1. Briefly, peptides were 

resuspended in 2M lactic acid in 50% ACN (“binding solution”). One milligram of C2C12 

or HeLa peptides or two milligrams of SILAC labeled C2C12 or HeLa peptides were 

resuspended in 100 μl and 200 μl of binding solution, respectively. Twenty milligrams of 

mouse peptides were resuspended in 1300 μl of binding solution. Twenty mg of TiO2 beads 

were added to the C2C12 peptides, SILAC C2C12 peptides, HeLa peptides, SILAC HeLa 

peptides or mouse peptides, and vortexed by affixing to the top of a vortex mixer on the 
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highest speed setting at room temperature for 1 h. Afterwards, the beads were washed twice 

with binding solution and three times with 100 μl 50% ACN / 0.1% TFA. Peptides were 

eluted twice with 50 mM KH2PO4 (adjusted to pH 10 with ammonium hydroxide). Peptide 

elutions were combined, quenched with 50% ACN / 5% formic acid, dried and desalted on a 

μHLB OASIS C18 desalting plate (Waters Corporation, Milford, MA). The liquid eluate 

from the μHLB OASIS plate (~100 μl) was transferred to either 500 μl Eppendorf tubes (for 

reductive dimethyl labeling) or deactivated glass micro inserts (Agilent, Santa Clara, CA) 

(for SILAC), dried by vacuum centrifugation and analyzed by LC-MS/MS.

Reductive dimethyl-labeling

Reductive dimethyl-labeling was performed essentially as described 11, with the following 

scale: fifty micrograms of peptide and phosphopeptide (~1% phosphopeptide yield from 

enrichment of 5 mg of protein digest) samples for reductive dimethyl labeling were 

resuspended in 200 μl 100 mM TEAB by vortexing. For “light” labeling, 1.4 μl of 37% 

formaldehyde was added to the sample followed by vortexing and addition of 8 μl of 0.6 M 

cyanoborohydride. For “heavy” labeling, 2 μl of 30% formaldehyde-13C d2 was added to the 

sample followed by vortexing and addition of 8 μl of 0.6 M cyanoborodeuteride. Samples 

were incubated at room temperature for 1 hr. Afterwards reactions were quenched by the 

addition of 20 μl of 2% NH3 solution, followed by vortexing, and incubation for 5 min at 

room temperature. Reactions were further quenched by the addition of 32 μl of 5% formic 

acid, followed by vortexing and 5 min incubation at room temperature. Heavy and light 

samples were mixed, acidified with 12 μl of 20% TFA and desalted. For larger peptide 

amounts, the protocol was scaled accordingly.

Strong cation exchange chromatography (SCX)

Mouse phosphopeptides were resuspended in SCX buffer A (7 mM KH2PO4, pH 2.65 / 30% 

ACN) and separated per injection on a 2.1 mm ID × 200 mm long SCX column (Luna SCX) 

(Phenomenex, Torrance, CA) as previously described1, using a gradient of 0 to 10 % SCX 

buffer B (350 mM KCl / 7 mM KH2PO4, pH 2.65 / 30% ACN) over 10 minutes, 10% to 

17% SCX buffer B over 17 minutes, 17% to 32% SCX buffer B over 13 minutes, 32% to 

60% SCX buffer B over 10 minutes, 60% to 100% SCX buffer B over 2 minutes, holding at 

100% SCX buffer B for 5 minutes, from 100% to 0% SCX buffer B over 2 minutes, and 

equilibration at 0% SCX buffer B for 65 minutes, all at a flow rate of 0.2 ml/min, after a full 

blank injection of the same program was run to equilibrate the column. 24 fractions were 

collected from the onset of the void volume (2.2 minutes) until the elution of strongly basic 

peptides in the 100% SCX buffer B wash (52 minutes), at 2.075-minute intervals. After 

separation, the SCX fractions were dried and desalted using a μHLB OASIS C18 96-well 

desalting plate and manifold (Waters Corporation, Milford, MA). Fractions 1 and 2, 3-7, 12 

and 13, 14 and 15, 16 and 17, 18-20, 21 and 22, 23 and 24 were combined, Fractions 8, 9, 

10, 11 were analyzed individually.

Phosphotyrosine immunoaffinity purification

Labeled phosphopeptides were resuspended in 100 μl IP buffer (50 mM Tris-HCL pH 7.5, 

50 mM NaCl) and 10 μg PY99 antibody (Santa Cruz) on agarose beads and 10 μg P-Tyr-100 

(Cell Signaling Technology, Beverly, MA) bound to protein G-Sepharose beads were added 
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and incubated overnight at 4 °C while rotating. Beads were washed four times with IP 

buffer, eluted twice with 50 μl 0.1% TFA for 3 min at room temperature each, desalted and 

dried by vacuum centrifugation. Dried peptides were analyzed by LC-MS/MS.

LC-MS/MS Analysis

LC-MS/MS analysis for mouse and HeLa peptides was performed on a LTQ-Orbitrap mass 

spectrometer (ThermoFisher Scientific, Bremen, Germany) equipped with an Agilent 1100 

capillary HPLC, FAMOS autosampler (LC Packings, San Francisco, CA) and nanospray 

source (Thermo Fisher Scientific). Peptides were redissolved in 5% ACN / 1% formic acid 

and loaded onto an in-house packed polymer-fritted 16 trap column at 2.5 μl/min (1.5 cm 

length, 100 μm inner diameter, ReproSil, C18 AQ 5 μm 200 Å pore (Dr. Maisch, 

Ammerbuch, Germany)) vented to waste via a microtee. The peptides were eluted by split-

flow at ~800 – 1000 psi head pressure from the trap and across a fritless analytical resolving 

column (18 cm length, 100 μm inner diameter, ReproSil, C18 AQ 3 μm 200 Å pore) pulled 

in-house (Sutter P-2000, Sutter Instruments, San Francisco, CA) with a 50 min gradient of 

5-30% LC-MS buffer B (LC-MS buffer A: 0.0625% formic acid, 3% ACN; LC-MS buffer 

B: 0.0625% formic acid, 95% ACN). An LTQ-Orbitrap (LTQ Orbitrap MS control software 

v. 2.5.5, build 4 (06/20/08); previously tuned and calibrated per instrument manufacturer’s 

guidelines using caffeine, MRFA, and UltraMark “CalMix”) method consisting of one 

Orbitrap survey scan (AGC Orbitrap target value: 700K; R = 60K; maximum ion time: 800 

milliseconds; mass range: 400 to 1400 m/z; Orbitrap “preview” mode enabled; lock mass17 

set to background ion 445.120025) was collected, followed by ten data-dependent tandem 

mass spectra on the top ten most abundant precursor ions ((isolation width: 1.6 m/z; CID 

relative collision energy (RCE): 35%; MS1 signal threshold: 12,500; AGC LTQ target 

value: 3,500; maximum MS/MS ion time: 125 milliseconds; dynamic exclusion: repeat 

count of 1, exclusion list size of 500 (max), 24 seconds wide in time, +/− 20 ppm wide in 

m/z; doubly- and triply-charged precursors only; no neutral-loss dependent or multi-stage 

activation methods were employed18).

LC-MS/MS analysis for C2C12 peptides was performed on a Q-Exactive Plus mass 

spectrometer (ThermoFisher Scientific, Bremen, Germany) equipped with an Easy-nLC 

1000 uHPLC system (ThermoFisher Scientific) and nanospray source (ThermoFisher 

Scientific). Peptides were redissolved in 5% ACN / 1% formic acid and loaded onto a trap 

column at 2500 nl/min (1.5 cm length, 100 μm inner diameter, ReproSil, C18 AQ 5 μm 200 

Å pore (Dr. Maisch, Ammerbuch, Germany)) vented to waste via a micro-tee and eluted 

across a fritless analytical resolving column (35 cm length, 100 μm inner diameter, 

ReproSil, C18 AQ 3 μm 200 Å pore) pulled in-house (Sutter P-2000, Sutter Instruments, San 

Francisco, CA) with a 60 min gradient of 5-30% LC-MS buffer B (LC-MS buffer A: 

0.0625% formic acid, 3% ACN; LC-MS buffer B: 0.0625% formic acid, 95% ACN). A Q-

Exactive plus (Q-Exactive plus control software v. 2.3, build 1765) previously tuned and 

calibrated per instrument manufacturer’s guidelines using LTQ Velos ESI positive ion 

calibration solution (Pierce, ThermoFisher Scientific (Waltham, MA)) method consisting of 

one Orbitrap survey scan (AGC Orbitrap target value: 1e6; R = 70K; maximum ion time: 

100 milliseconds; mass range: 350 to 1500 m/z; lock mass17 set to background ion 

445.120029) was collected, followed by ten data-dependent tandem mass spectra on the top 
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ten most abundant precursor ions ((isolation width: 1.2 m/z; HCD collision energy (NCE): 

26; MS1 signal threshold: 2e4; AGC MS2 target value: 1e5; maximum MS/MS ion time: 75 

milliseconds; dynamic exclusion: repeat count of 1, maximum exclusion list size , 20 

seconds wide in time, +/− 20 ppm wide in m/z; doubly- and triply-charged precursors only).

Peptide spectral matching and bioinformatics

Raw data were converted to mzXML and .dta files using established Trans-Proteomic 

Pipeline tools19 and searched using SEQUEST20, 21 (ThermoFisher Scientific, San Jose, 

CA) or Comet 22 against a target-decoy (reversed)23 version of the human (UniProt; 

downloaded 9/2010; 74,338 total (forward & reverse) proteins) or mouse (UniPROT; 

downloaded 2/2013, 33,180 total (forward & reverse) proteins) proteome sequence database 

with a precursor mass tolerance of +/− 1 Da and requiring fully tryptic peptides with up to 

two mis-cleavages, carbamidomethylcysteine (+ 57.02146 Da), and dimethylation (+ 

28.03130) at peptide amino-terminus and lysines as fixed modifications. Oxidized 

methionine (+ 15.99491), phosphorylated (+ 79.96633) serine, threonine and tyrosine, and 

heavy dimethyl label (+ 8.04437) were considered as variable modifications. Comet 

searches were performed on all Q Exactive Plus data, using an MS2 bin width of 0.02 m/z, 

no offset. The resulting peptide spectral matches were filtered to < 1% false discovery rate 

(FDR), based on reverse-hit counting and cutoffs of mass measurement accuracy (MMA) 

within −/+ 3ppm and appropriate dCn and XCorr values for +2 and +3-charge state peptides 

to achieve < 1% FDR on a per fraction basis using the calculation (2 × # of decoy PMSs) / 

total PSMs. The exact cutoffs for each LC-MS run are in the individual Supplementary Data 

Tables, under the “searches” tab. LC-MS/MS spectra were aligned on a per fraction basis for 

MassChroQ-based smart-acquisition peptide identification and quantification24. Probability 

of phosphorylation site localization was determined by PhosphoRS25. Log2 ratio distribution 

offsets from 0 were determined assuming a normal Gaussian distribution of the log2 ratio 

distribution using Sigma Plot for each replicated and log2 ratios were adjusted for the 

distribution offset. For plotting, distributions were normalized to 100% area under the curve 

and five point smoothened. Student’s T-tests were performed using Excel. F-test statistics 

were obtained via single factor ANOVA performed in Excel at a significance level (alpha) 

of 0.05. Kolmogorov-Smirnov tests were performed in Prism (v. 6.02) at a significance level 

of 0.05. For motif analysis, phosphopeptides up-or down-regulated by 1.5-fold and a p-value 

< 0.05 were included in the using Motif-X26 analysis. Motif-X analysis was performed using 

standard parameters (width of 13, occurrences of 20, and significance of 0.000001). For 

pathway analysis, UniProt ID and log2 ratio of phosphopeptides were entered into Pathway 

Studio 9, Desktop edition software and the analysis was performed according to program 

instructions.

Immunoblotting

Immunoblotting was performed as described27. Lysates of muscle homogenates were 

quantified by BCA protein assay and 10 μg (1/3) and 30 μg (3/3) of each sample was loaded 

onto the SDS-PAGE gel. The following phosphosite-specific antibodies were purchased 

from Cell Signaling Technology (Beverly, MA) (protein, site, catalog number): ATP citrate 

lysase, 455, 4331; eukaryotic elongation factor 2, 57, 2331; ribosomal S6 protein, 240 and 

244, 5364; Akt, 308, 2695; Akt, 473, 9271; 70 kD ribosomal S6 kinase, 389, 9205; AMP-
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dependent protein kinase, 172, 2535. The phosphosite-specific antibody for Ser79 on acetyl 

CoA carboxylase was from Millipore (product number 07-303) (Billerica, MA).

Results and Discussion

Phosphopeptide quantification by reductive dimethyl-labeling and SILAC

In peptide digests of human cells, only 1- 1.5% of all cellular peptides are phosphorylated, 

and comprehensive phosphoproteomics characterization requires several milligrams of 

peptide input 13. In SILAC-based quantitative phosphoproteomics experiments, isotopic 

labeling is achieved during cell culture, such that milligram quantities of protein can be 

labeled in a relatively cost-effective manner, making this approach very practical and 

popular for the analysis of cellular signaling in cell culture in vitro. When working with 

animal or human tissues, the use of SILAC becomes more complicated; for proteomics 

experiments in tissues, chemical labeling strategies such as iTRAQ and TMT and reductive 

dimethyl labeling are most commonly employed to encode isotopes into specific samples. 

However, due to the relatively high costs of iTRAQ, TMT, application of these approaches 

for phosphoproteomics experiments is much more feasible on the phosphopeptide level.

To determine the quantitative accuracy and reproducibility of post-enrichment chemical 

labeling of phosphopeptides, we compared post-phosphopeptide enrichment reductive 

dimethyl-labeling to traditional SILAC using our previously established, single-stage 

approach for phosphopeptide purification from whole cell lysate digests1. For SILAC 

quantification, HeLa cells were grown for six doublings in SILAC media, equal numbers of 

heavy and light cells were mixed, split into aliquots (5 million cells), and trypsin digested 

(Figure 1A). Phosphopeptides were enriched from two milligrams of total cellular peptides 

using titanium dioxide microspheres and lactic acid and analyzed by LC-MS/MS. For 

quantification by reductive dimethyl-labeling, HeLa cells were grown in regular media, 

harvested, split into equal aliquots (2.5 million cells each), and trypsin digested as before 

(Figure 1B). After digestion, phosphopeptides were enriched from one milligram of total 

cellular peptides using titanium dioxide microspheres and lactic acid, labeled using heavy 

and light reductive dimethyl-labeling chemistry11, mixed, and analyzed by LC-MS/MS.

To assess the reproducibility of phosphopeptide enrichment followed by reductive dimethyl-

labeling, we compared biological and technical replicates (Figure 1C). Biological replicates 

were derived from six HeLa cell pellets from individually grown and harvested cell cultures 

that were digested separately and individually underwent phosphopeptide enrichment 

followed by reductive dimethyl-labeling and LC-MS/MS analysis, while the technical 

replicates represent re-injections of the same amount of one of these biological replicate 

samples. For the biological replicates, we identified and quantified 2238, 2201, and 2239 

peptides in a 90 min LC-MS/MS analysis on an LTQ-Orbitrap mass spectrometer of which 

2045, 2057, and 2030 were phosphorylated, respectively (Supplemental Table 1; columns 

DMB1, DMB2, and DMB3/T1). The phosphopeptide selectivity of quantified peptides was 

91.3%, 93.5%, and 90.7%, respectively. For the technical replicates, we re-injected the third 

biological replicate two more times and identified and confidently quantified 2254 and 2235 

peptides of which 2047 and 2021 were phosphopeptides, respectively (Supplemental Table 
1; columns DMB3/T2 and DMB3/T3). The selectivity of quantified phosphopeptides for 
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the additional technical replicates was 90.8% and 90.4%, respectively. Importantly, 

statistical analysis of the underlying variance and distributions of the heavy to light 

phosphopeptide log2 ratios were indistinguishable between these biological and technical 

replicates (F-test: p-value = 0.97, F = 0.12 < Fcrit = 2.37; pairwise Kolmogorov-Smirnov 

tests: all p-values > 0.48) (Figure 1C).

Next, we compared the quantitative precision of post-enrichment reductive dimethyl-

labeling and SILAC (Figure 1D). For the SILAC samples, three individual HeLa cell 

cultures were grown in either heavy or light media, mixed, and digested. Phosphopeptides 

were individually enriched and analyzed by LC-MS/MS on an LTQ-Orbitrap mass 

spectrometer. In 90 minute LC-MS/MS analyses, we identified and quantified 1756, 1860, 

and 1765 peptides of which 1650, 1642, and 1650 were phosphorylated, respectively 

(Supplemental Table 2). The phosphopeptide selectivity of quantified peptides was 93.9%, 

88.3%, and 93.5%, respectively. The variance and distributions of the heavy to light 

phosphopeptide log2 ratios were statistically indistinguishable between biological replicates 

quantified by either post-enrichment reductive dimethyl-labeling or SILAC (F-test: p-value 

= 0.95, F = 0.227 < Fcrit = 2.215; pairwise Kolmogorov-Smirnov tests: all p-values > 0.12). 

Pearson correlation analysis of average SILAC and reductive dimethyl-labeling log2 ratios 

of phosphopeptides identified and quantified by both labeling strategies confirmed the 

expected independent relationship of two normally distributed datasets with a certain degree 

of noisiness (Figure S1).

Quantitative phosphoproteomics of insulin-treated murine myotubes

To compare post-enrichment chemical labeling and SILAC workflows on a sample with 

biologically significant fold-changes, we treated murine C2C12 myotubes with 160 nM 

insulin. C2C12 myotubes were serum starved for 2 hours before treatment with or without 

insulin for 10 minutes, with biological triplicates for each chemical and SILAC labeling 

experiment. After insulin treatment, C2C12 cells were harvested in lysis buffer and protein 

concentration was determined. Clarified C2C12 cell homogenates from insulin-treated 

SILAC-labeled cells were mixed with unlabeled, untreated cells. Separately, clarified 

C2C12 cell homogenates from plates of insulin-treated and untreated, unlabeled cells were 

individually reduced and alkylated, and trypsin digested. Phosphopeptides were enriched 

from 1 milligram of total peptides from unlabeled treated C2C12 cells, 1 milligram of 

unlabeled untreated C2C12 cells, and 2 milligrams of combined treated and untreated 

SILAC-labeled C2C12 cells by single-stage enrichment. After phosphopeptide isolation, 

phosphopeptides from insulin-treated C2C12 cells were reductive dimethyl-labeled heavy, 

while phosphopeptides from control-treated C2C12 cells were reductive dimethyl-labeled 

light and mixed, resulting in an equivalent amount of total phosphopeptides as the SILAC-

labeled sample. Phosphopeptides were analyzed by LC-MS/MS on a Q-Exactive Plus mass 

spectrometer.

For the SILAC labeling biological replicates, we identified and quantified in a 90 min LC-

MS/MS analysis 2449, 2949, and 2488 peptides of which 2437, 2937, and 2470 were 

phosphorylated, respectively (Supplemental Table 3; columns SILAC1, SILAC2 and 

SILAC3). The phosphopeptide selectivity of quantified peptides was 99.5%, 99.6%, and 
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99.3%, respectively. For the reductive dimethyl-labeling biological replicates, we identified 

and quantified 2972, 3015, and 3092 peptides in a 90 min LC-MS/MS analysis, of which 

2962, 3006, and 3084 were quantified, respectively (Supplemental Table 3; columns 
DM1, DM2 and DM3). The phosphopeptide selectivity of quantified peptides was 99.7%, 

99.7%, and 99.8%, respectively inreductive dimethyl-labeling biological replicates. 

Statistical analysis of the heavy to light phosphopeptide log2 ratios of stimulated C2C12 cell 

peptides quantified by reductive dimethyl-labeling versus SILAC showed that while there 

were no significant differences in the underlying variance between the two analytical 

approaches (F-test: p-value = 0.9, F = 0.322 < Fcrit = 2.215), two of the three replicates 

produced distributions of ratios that were found to be statistically different between the two 

methods by Kolmogorov-Smirnov testing (SILAC 1 vs. DM 1: p-value < 0.0001; SILAC 2 

vs. DM 2: p-value = 0.16; SILAC 3 vs. DM 3: p-value = 0.0008) (Figure 2A).

Next, we established statistical significance of the fold-changes in heavy/light peptide 

abundances by calculating the p-value of the log2 ratios of phosphopeptides by Student’s T-

Test. For reductive dimethyl-labeling we found that 25% of phosphopeptides (732 

phosphopeptides) had a p-value of below 0.1, while in the SILAC labeling sample 41% 

(1032 phosphopeptides) of phosphopeptides has a p-value of below 0.1 (Figure 2B), 

indicating that the quantitative precision of post-enrichment reductive dimethyl-labeling is 

good, but not as good as SILAC. In this example, each individual plate of C2C12 myotubes 

is induced to differentiate in vitro prior to protein harvesting and labeling by reductive 

dimethylation; we surmise that this additional biological manipulation prior to labeling leads 

to the statistical differences observed by Kolmogorov-Smirnov testing and reduction in 

number of phosphopeptides with significant differences by Student’s T-testing. Pearson 

correlation analysis of averaged phosphopeptide log2 ratios identified and quantified 

between reductive dimethyl-labeling and SILAC samples confirmed the moderate 

reproducibility of phosphopeptide quantification between the two methods (p-value < 0.05: 

R2 = 0.7095) (Figure 2C). These analyses indicate that single-stage phosphopeptide 

enrichment followed by reductive dimethyl-labeling can be considered reproducible and 

accurate approach for identifying significant changes in phosphopeptide abundance in 

cellular signaling, albeit not as reliable as SILAC.

Quantitative phosphoproteomics of insulin-treated mouse skeletal muscle tissue

To test the post-enrichment chemical labeling workflow in a challenging biological scenario, 

we performed experiments to determine the short-term effects of stimulation with a 

physiologically relevant concentration of insulin on mouse skeletal muscle in vivo. To lower 

endogenous insulin levels, mice were fasted for 6 h and then injected with either insulin in 

PBS or PBS only. The amount of insulin used was sufficient to lower blood glucose from a 

high physiological to a lower physiological value without causing a precipitous drop in 

blood glucose, which would have led to the release of counter-regulatory catecholamines 

and activation of other signaling pathways in muscle. Fifteen minutes after insulin or control 

injection, the mice were sacrificed and the quadriceps muscles were removed and snap 

frozen. In total, three mice were treated with insulin, and three mice were control-treated. 

Muscle tissue was homogenized in lysis buffer, reduced and alkylated, and trypsin digested. 

The muscle homogenates from the three control-treated mice were combined in order to 
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reduce mouse-to-mouse variation in the samples from the control condition, and then used in 

20 mg aliquots. Phosphopeptides were enriched from 20 mg of total peptides from each of 

the muscle homogenates of the three insulin-treated mice, as well as from the three aliquots 

of peptides from the combined control-treated mice (total of six individual phosphopeptide 

enrichments) by single-stage enrichment (Figure S2). After phosphopeptide isolation, 

phosphopeptides from insulin-treated mice were reductive dimethyl-labeled heavy, while 

phosphopeptides from control-treated mice were reductive dimethyl-labeled light, mixed, 

and separated using strong-cation exchange (SCX) chromatography and collected into 

fractions. This process was repeated for each of the three insulin-treated mice.

Using this approach, we were able to identify and quantify 6582 phosphopeptides that 

mapped to 5706 unique phosphorylation sites on 1520 proteins in the three biological 

replicates (Supplementary Table 4). The phosphopeptide selectivity of quantified peptides 

was 63.9%, 64.9% and 64.9% in the biological replicates respectively. The phosphopeptide 

enrichment selectivity in these experiments was lower than previously observed in analyses 

of HeLa or C2C12 cell culture samples. We believe that this is due to the lower total amount 

of phosphorylated peptides in the muscle tissue digest compared to digest of HeLa or C2C12 

cells, resulting in increased unspecific binding. Furthermore, muscle tissue is contains a 

small number of very highly abundant proteins, which contain acidic peptides that can are 

enriched by titanium dioxide microspheres. For instance, peptides from the large and highly 

abundant protein Titin (35,213 amino acid) constitute 20.8% of all identified non-

phosphorylated peptides (Supplementary Table 4). We assessed the overall variance of 

log2 ratios of phosphopeptides from insulin-versus control-treated mice and found that they 

not statistically different (F-test: p-value = 0.81, F = 0.442 < Fcrit = 2.996) (Figure 3A). We 

also determined the p-value by Student’s T-Test of the log2 ratios of phosphopeptides 

identified in at least two of the three replicates and found that 38% of phosphopeptides 

(2388 phosphopeptides) had a p-value of below 0.1 (Figure 3B).

Pearson correlation analysis of phosphopeptide log2 ratios with a p-value < 0.1 (Students T-

Test) further confirmed the reproducibility of phosphospeptide quantification (mouse 1 

versus 2 R2 = 0.90, mouse 1 versus 3 R2 = 0.85, and mouse 2 versus 3 R2 = 0.87) (Figure 
3C, Figure S3). All together, these analyses demonstrate that single-stage phosphopeptide 

enrichment followed by reductive dimethyl-labeling is a highly reproducible and accurate 

approach for phosphopeptide quantification that can be applied to animal tissues.

Although we did not expect changes in protein abundance, as very little protein turnover is 

likely to occur within the 15 minute insulin treatment timeframe, we wanted to confirm this. 

To do so, 100 μg of total peptides from control-treated mice were reductive dimethyl-labeled 

light, while total peptides from insulin-treated mice were reductive dimethyl-labeled heavy, 

mixed, and separated using strong-cation exchange (SCX) chromatography and collected 

into fractions. This process was repeated for each of the three insulin-treated mice. Using 

this approach, we were able to identify and quantify a total of 1345 proteins 

(Supplementary Table 5). We compared the log2 ratio distribution of the heavy-to-light 

peptides of the insulin-versus control-treated mice and found that they were statistically 

similar (F-test: p-value = 0.55, F = 0.582 < Fcrit = 2.998) (Figure S4A). We also 

determined the p-value of the log2 ratios of proteins identified in at least two of the three 
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replicates by Student’s T-Test and found that 32.2% of proteins (432proteins) had a p-value 

of below 0.1 (Figure S4B). Pearson correlation analysis of peptide log2 ratios with a p-value 

< 0.1 further confirmed the reproducibility of protein quantification (mouse 1 versus 2 R2 = 

0.92, mouse 1 versus 3 R2 = 0.89, and mouse 2 versus 3 R2 = 0.92) (Figure S4C). As 

expected, most proteins did not display a significant fold-change in abundance, only 3.5% of 

proteins (15 proteins) were significantly upregulated and 3% of proteins (13 proteins) were 

significantly downregulated by 2.5-fold or more and with p-values less than 0.1, none of 

which affected phosphopeptide changes observed in this study. Downregulated proteins 

included ribosomal proteins (RL22 and RL23A), Keratin (KT33B), Collagen alpha-1 

(CO2A1), and heat shock protein beta-7 (HSPB7), We found that six types of Keratin 

(KT33A, KRT36, K1C10, K1C40, KRT81, KRT86) and metabolic enzymes including 

NADH dehydrogenase (NDUA1) and maleylacetoacetate isomerase (MAAI) were 

upregulated, some of which may be contaminants differentially introduced during sample 

handling.

Independent biological validation by Western blot analysis

To independently validate the results from mass spectrometry, we immunoblotted the 

control and insulin quadricep samples for several phosphosites for which phosphosite-

specific antibodies are available. By mass spectrometry, insulin treatment increased the 

phosphorylation on Ser455 of ATP citrate lyase (ACLY), a known insulin-responsive site28, 

and Ser79 of acetyl CoA carboxylase (ACACA), a site previously not known to respond to 

insulin29,by 5.4 and 2.8 fold, respectively, whereas there was almost no change in the 

phosphorylation of Thr57 on eukaryotic elongation factor 2 (EF2). In agreement, the 

immunoblots for the ACLY and ACACA phosphosites showed markedly stronger signals 

for the insulin samples compared to that for the control sample, whereas the signals for the 

EF2 phosphosite of the insulin samples was the same as that of the control sample (Figure 
4). By mass spectrometry, another phosphopeptide that increased markedly with insulin was 

the peptide from the ribosomal S6 protein (RS6) doubly phosphorylated on Ser234 or 

Ser235 and Ser240 (5.1 fold increase). In this case we immunoblotted with an available 

phosphosite-specific antibody that is reactive with the peptide phosphorylated at both 

Ser240 and Ser244. Two of the three insulin samples showed a substantial increase in signal, 

but the third one did not (Figure 4). Since in this case the reductive dimethyl-labeling 

results did not provide a measure of the relative extent of phosphorylation on Ser244, we 

cannot determine whether there is a discrepancy between the results of mass spectrometry 

and immunoblotting.

The coverage of sites expected to be phosphorylated in response to insulin was not 

complete. For example, we did not detect the phosphorylated sites known to be required for 

activation of the insulin receptor, Akt kinase, or the 70 kD ribosomal S6 kinase. Failure to 

detect phosphorylation on these sites by mass spectrometry can be attributed to both the low 

abundance of these phosphopeptides and the difficulty to analyze tryptic peptides that span 

these sites. In order to check for activation of the Akt and 70 kD ribosomal S6 kinase, we 

immunoblotted for phosphorylation of Thr308 and Ser473 on Akt and for Thr389 on S6 

kinase. The two activating sites on Akt showed approximately a three-fold increase in 

phosphorylation in response to insulin (Figure 4). The results with Thr389 on S6 kinase 

Kettenbach et al. Page 12

J Proteomics. Author manuscript; available in PMC 2016 January 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



varied, with mouse I1 showing a modest increase, mouse I2 showing a large increase, and 

mouse I3 showing an intermediate increase (Figure 4). We also immunoblotted for 

phosphorylation of Thr172 on the AMPK, which is the activating phosphorylation for this 

kinase. AMPK is not activated by insulin30, and in fact phosphorylation of Thr172 

decreased slightly in response to insulin (Figure 4).

Bioinfomatic analysis of insulin-regulated phosphorylation sites

To determine statistical significance and fold-change cut-offs for the insulin-regulated 

phosphoproteome, we re-organized our data as a volcano plot by plotting the negative log10 

of the p-value as determined by Students T-Test against the averaged log2 ratio of the 

phosphopeptide (Figure S5). Based on this analysis, 266 phosphopeptides were up-

regulated upon insulin stimulation by 1.5- fold or more with a p-value of less than 0.05, 

while 189 phosphopeptides were down-regulated upon insulin stimulation by 1.5-fold or 

more with a p-value of less than 0.05. Motif analysis on phosphopeptides upregulated 1.5-

fold or more revealed RxxpS and pSP motifs (Figure S6), which are likely due to the 

activation of Akt and ERK signaling pathways by insulin stimulation. Note the enrichment 

of arginine in the −5 position, which is consistent with the RxRxxpS substrate preference 

motifs of Akt. Akt typically phosphorylates Ser or Thr in the RXRXXS/T motif, but there 

are also known substrates with the shortened RXXS/T motif31. ERK phosphorylates Ser and 

Thr residues in the sequence S/TP32.

Using Pathway Studio software, we performed pathway analysis on proteins that contained 

phosphorylation sites that changed by a factor of 1.5 in response to insulin and were 

quantified with a p-value of less than 0.05 as determined by Student’s T-Test. We found 

enrichment of proteins implicated in insulin signaling33, 34, in which phosphorylation levels 

increased with insulin treatment (Figure 5, Supplemental Table 6). These include insulin 

receptor (INSR), insulin receptor substrate (IRS), phosphatidylinositol-3-kinase (PI3K), Akt, 

tuberous sclerosis complex (TSC), mTOR, mitogen-activated kinase protein kinases 

(MAP3K, MAP4K), 90 kD ribosomal protein S6 kinase (RPS6K), and ERK 1/3.

The early steps in insulin signaling, which are well established24,25, are outlined in Figure 
S7. Binding of insulin to its receptor (INSR) results in its autophosphorylation and 

activation. The INSR then phosphorylates the insulin receptor substrates (IRS1, IRS2) on 

multiple tyrosines. The phosphorylated tyrosines on the IRSs then bind specific SH2 

domains in various signaling and adaptor proteins. Activation of two major kinase pathways 

ensues. One pathway is that leading to the activation of the protein kinase Akt. The tyrosine-

phosphorylated IRSs bind the SH2 domains on the enzyme phosphatidylinositol 3-kinase 

(PI3K), leading to its activation and the generation of phosphatidylinositol 3,4,5-

trisphosphate in the plasma membrane. This elevation of this lipid triggers the 

phosphorylation of the kinase Akt on Ser308 by the kinase PDK and on Ser473 by the 

kinase mTorc2. These two phosphorylations activate Akt. A key substrate of Akt is the 

tuberous sclerosis complex (TSC). Phosphorylation of TSC inhibits its GTPase-activating 

activity toward the small G protein Rheb. As a result the kinase mTorc1 is activated. 

mTorc1 in turn phosphorylates the 70 kD ribosomal S6 kinase (S6K) on Thr389, thereby 

activating it.
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The second major kinase pathway is the one that leads to the activation of the extracellular 

signal-regulated kinase (ERK). Tyrosine phosphorylated IRS binds the complex Grb2-Sos 

via the SH2 domain on Grb2. This association activates the guanine nucleotide exchange 

activity of Sos toward the small G protein Ras. Ras in its GTP form activates the kinase Raf, 

which phosphorylates and thereby activates the kinase MEK. MEK in turn phosphorylates 

ERK on Thr203 and Tyr205, causing its activation.

The results of our phosphoproteomic analysis show a number of the expected insulin-

stimulated phosphorylation sites. In the early part of the signaling pathways IRS1 Tyr891 

and phosphatidylinositol 3-kinase (PI3K) regulatory subunit (P85A) Tyr580, two sites 

known to be phosphorylated by the insulin receptor35, 36, increased by 2.3- and 2.8-fold, 

respectively. In the case of the Akt kinase pathway, two known sites of Akt phosphorylation, 

Ser324 on TBC1D4 and Thr247 on AKTS137, 38, were elevated by 2- and 2.5-fold, 

respectively. Moreover, downstream of Akt, Ser184 of AKTS1, which is a known site for 

the mTORC1 kinase39, exhibited a 3.5-fold increase in response to insulin. In the case of the 

ERK pathway, activation of both ERK1 (MK03) and ERK2 (MK01) was shown by the 2-

fold increase in the phosphorylation on the activation sites Thr203/Tyr205 (Thr183/Tyr185 

of ERK2).

In addition to the activation of Akt and ERK kinase by insulin, several of the sites that show 

increased phosphorylation suggest that the cyclic AMP-dependent protein kinase (PKA) 

may also have been activated. Ser492 of perilipin (PLIN1) is an established sites of PKA 

phosphorylation40. Its phosphorylation increased by 2.3- fold in response to insulin. Also, 

Ser80 of protein phosphatase 2A regulatory subunit B56 delta (PPP2R5d) and Ser16 of heat 

shock protein B6 (HSPB6) are known PKA sites41, 42. The amounts of diphosphorylated 

peptides containing these sites increased by 9.2- and 6.7-fold, respectively. All these sites 

are in the motif RRXS/T, which is characteristic for PKA43. It is possible that these sites 

were phosphorylated by Akt, rather than PKA, since the PKA motif falls within the short 

Akt motif. But another possibility is that in response to the falling blood glucose level the 

counterregulatory release of catecholamines occurred and activated adenylate cyclase, 

leading to the elevation of cyclic AMP and activation of PKA44. Even though the blood 

glucose level in our mice after insulin treatment was reduced from about 170 to only about 

120 mg per deciliter and blood catecholamines do not increase until the blood glucose level 

falls below about 80 mg per deciliter in C57BL/6 mice44, it may be that catecholamine 

release from the sympathetic nervous system occurred following this 50 mg per deciliter 

decrease in blood glucose level44. Since activation of PKA does not involve phosphorylation 

of a regulatory site on the kinase, it was not possible to assess directly its activation by 

immunoblotting. In the future, in order to avoid any counterregulatory response due to 

decreasing blood glucose, it may necessary to treat mice with insulin by means of the 

hyperinsulinemic euglycemic clamp44.

Besides the 266 phosphopeptides that increased in phosphorylation by 1.5-fold or more in 

response to insulin, another 189 phosphopeptides decreased in phosphorylation by 1.5-fold 

or more in response to insulin. There are at least three routes by which such decreases can 

occur. First, insulin treatment can inactivate kinases. For example, Akt phosphorylation of 

glycogen synthetase kinase-3A (GSK3A) on Ser21 inactivates it and so leads to 

Kettenbach et al. Page 14

J Proteomics. Author manuscript; available in PMC 2016 January 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



dephosphorylation of sites phosphorylated by GSK345. Although we did not detect 

phosphorylation on Ser21 of GSK3A, we did find a 36 % decrease in the peptide containing 

three sites phosphorylated by GSK3A on glycogen synthase (GYS1, Ser641,645, and 

649)45. Second, insulin treatment may cause the activation of certain protein phosphatases 

and thereby result in dephosphorylation at specific sites. In this regard we found that the 

regulatory subunit 12A of protein phosphatase 1 (MYPT1) increased in phosphorylation by 

1.9-fold on Ser693, and the regulatory subunit 12B (MYPT2) increased 3-fold on Ser29, as 

well as showing a 2.1-fold increase in the peptides phosphorylated on Ser502 and Ser503. 

These insulin-stimulated phosphorylations have been previously described, and their effect 

on phosphatase activity is now under investigation46-48. The third route for a decrease in 

amount of a phosphopeptide is that a second site on it undergoes insulin-stimulated 

phosphorylation. In several instances the occurrence of this route was evident by detecting 

the peptide with the additional phosphorylation and finding an increase in it. For example, 

the peptide from IRS1 monophosphorylated on Ser343 decreased by 35 % while this peptide 

doubly phosphorylated on Ser343 and Ser324 increased by 3-fold. Since most of the 

phosphopeptides that decreased in amount in response to insulin contained one or more 

nonphosphorylated Ser or Thr, this explanation may apply to a number of the 

phosphopeptides that decreased in abundance.

A number of the phosphopeptides that increased by 2-fold or more in amount were derived 

from proteins of the contractile apparatus. These include the Ca pump (AT2A1), titin 

(TITIN), actinin-3 (ACTN3), the voltage-dependent Ca channel (CAC1S), obscurin 

(OBSCN), nebulin (A2AQA9), myomesin 2 (Q14B15), myotilin (MYOTI), tropomyosin-1 

(TPM1), and myosins 1, 4, and 6 (MYH1, MYH4, MYH6). Among these phosphosites the 

only one that has been previously investigated is Ser283 on tropomyosin-1. The 

phosphorylation of this site is downstream of ERK via an intermediate kinase49; it has the 

effect of slowing myofibril relaxation50. There are also a number of phosphopeptides from 

some of these proteins and other proteins of the contractile apparatus that decreased by 50 % 

or more in response to insulin. These findings thus suggest that acute insulin treatment may 

modify various aspects of muscle contraction. This possibility is one that should be 

examined in the future.

Conclusions

In this study we have combined our methodology for isolation of phosphopeptides for mass 

spectrometry with chemical tagging for quantification of peptides by mass spectrometry to 

quantify changes in the phosphoproteome in a tissue. We have applied this method to 

examine the effect of insulin treatment on the phosphoproteome in mouse muscle and shown 

that it reproducibly identifies a substantial number of phosphosites that change in response 

to insulin. The method can easily be applied to assessing the effect of any agent upon the 

phosphoproteome in any tissue in a whole animal. Thus, we anticipate its broad and general 

application to the analysis of cellular signaling in translational and clinical medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We develop post-phosphoenrichment chemical labeling for quantitative 

proteomics

• We validate the performance of post-enrichment labeling against SILAC in 

culture

• We apply the method to the analysis of insulin-dependent signaling in murine 

muscle

• Our results show successful quantification of signaling in animal tissues
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Significance

Through the use of a quantitatively reproducible, proteome-wide phosphopeptide 

enrichment strategy, we demonstrated the feasibility of post-phosphopeptide purification 

chemical labeling and tagging as an enabling approach for quantitative 

phosphoproteomics of primary tissues. Using reductive dimethyl labeling as a 

generalized chemical tagging strategy, we compared the performance of post-

phosphopeptide purification chemical tagging to the well established community 

standard, SILAC, in insulin-stimulated tissue culture cells. We then extended our method 

to the analysis of low-dose insulin signaling in murine muscle tissue, and report on the 

analytical and biological significance of our results.
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Figure 1. Assessment of post-phosphopeptide enrichment chemical tagging
A, SILAC scheme. HeLa cells were metabolically labeled with light (orange) and heavy 

(green) amino acids in cell culture. Labeled cells were mixed, trypsin-digested, 

phosphopeptides were enriched using titanium dioxide microspheres, and analyzed by LC-

MS/MS. B, Reductive dimethyl-labeling scheme. HeLa cells were trypsin digested, and 

phosphopeptides were enriched using titanium dioxide microspheres. Phosphopeptides were 

labeled separately using heavy and light reductive dimethyl-labeling chemistry, mixed, and 

analyzed by LC-MS/MS. C, Log2 ratio distribution of biological (DM1-3) and technical 

(DMT1-3) replicates of phosphopeptides labeled by reductive dimethyl-labeling chemistry. 

D, Log2 ratio distribution of biological replicates of phosphopeptides labeled by reductive 

dimethyl-labeling chemistry (DM1-3) and SILAC (SILAC1-3).
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Figure 2. Application to insulin signaling in the murine myoblast cell line C2C12
A, Labeling scheme and log2 ratio distribution of phosphopeptides from insulin versus 

control-treated C2C12 cells. C2C12 cells were metabolically labeled with light (orange) and 

heavy (green) amino acids in cell culture. For reductive dimethyl-labeling, C2C12 cells 

grown in light SILAC media were treated with insulin or not for 10 min. For SILAC 

labeling, heavy-labeled C2C12 cells were treated with insulin for 10 min, while light-labeled 

C2C12 cells were left untreated. B. Distribution of p-values as determined by Students T-

Test of phosphopeptides identified in each of the triplicate SILAC or reductive dimethyl-

labeling analysis. C, Pearson correlation analysis of log2 ratios of phosphopeptides 

quantified in all six analyses with a p-value < 0.05 (Students T-Test).
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Figure 3. Application to insulin signaling in murine skeletal muscle tissue
A, Log2 ratio distribution of phosphopeptides from insulin versus control-treated mice. Total 

numbers of phosphopeptides identified in each experiment are indicated. B. Distribution of 

p-values (Students T-Test) of phosphopeptides quantified in the three analyses. C, Pearson 

correlation analysis of phosphopeptide log2 ratios quantified in all three analysis with a p-

value < 0.1 (Students T-Test) identified in all three experiments.
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Figure 4. Validation of mass spectrometry results
Western blot analysis of important phosphorylation sites in insulin signaling in control and 

insulin-stimulated mice.
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Figure 5. Bioinformatic analysis of insulin-regulated phosphorylation sites
Pathway analysis on protein complexes containing phosphorylation sites that were 

quantified with p-value < 0.05 (Students T-Test) using Pathway Studio software. 

Phosphoproteins identified in this study and their degrees of regulation are shown in color; 

other proteins in the pathway are shown in gray.
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