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 Phosphorylation of proteins is a crucial mechanism for regulating cell signaling processes 
and critically involved in essentially all physiological and pathological processes. 
Phosphorylation-mediated signaling processes are often deregulated in diseases, such as 
cancer. Monitoring protein phosphorylation in a given cell or tissue is vital for a better 
understanding of biological mechanisms underlying physiological and pathological 
processes. 

  Phosphoproteomics: Methods and Protocols  presents protocols and strategies for identifi ca-
tion, evaluation, and quantitation of protein phosphorylation on Tyr, Ser, and Thr residues. 
This volume summarizes protocols focusing on techniques for the specifi c enrichment of 
phosphopeptides and phosphoproteins; different labeling strategies for quantitative phos-
phoproteomics; high-throughput mass spectrometry-based phosphoproteome analyses and 
phospho fl ow cytometry; and bioinformatics strategies for phosphoproteomics data analysis 
and integration. Furthermore, several protocols concentrate on the identifi cation of kinase- 
substrate relationships by both high- and low-throughput approaches. In addition to 
detailed protocols, a number of reviews summarize various enrichment strategies as well as 
bioinformatics tools for phosphosite and kinase motif prediction and highlight the potential 
use of those methods in various contexts. 

  Phosphoproteomics: Methods and Protocols  is targeted towards scientists who wish to 
identify the specifi c role of phosphorylated proteins in a given biological context by provid-
ing a great overview of suitable methods currently used in the fi eld. It is written for a broad 
audience ranging from researchers who are unfamiliar with proteomic techniques to those 
with more experience in the fi eld. This volume highlights phosphoproteomics methods and 
technologies that are widely used and have been well established and furthermore features 
several protocols that pinpoint new directions in the phosphoproteomics fi eld. Those range 
from the high-throughput predictions of kinase-substrate relationships to strategies for 
quantitative phosphoproteomics in tissue samples and meaningful interpretation of large- 
scale phosphoproteomics analyses using bioinformatics tools.  

     Copenhagen, Denmark     Louise     von     Stechow     

  Pref ace    
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Chapter 1

Thiol-ene-Enabled Detection of Thiophosphorylation 
as a Labeling Strategy for Phosphoproteins

Kaelyn E. Wilke and Erin E. Carlson

Abstract

The adenosine triphosphate (ATP) analogue adenosine 5′-O-(3-thiotriphosphate) (ATPγS) has been 
applied as a tool to study kinase-substrate phosphorylation. Not only does the transfer of a thiophosphate 
group represent a unique modification amid the phosphoproteome, but it can also be stable to phospha-
tase activity. However, detection of this species is complicated due to the similar chemical reactivity of 
thiophosphate and proteinaceous thiols. Here, we describe a novel method for detection of protein thio-
phosphorylation utilizing the thiol-ene reaction. By first chemoselectively capping protein thiols through 
radical chemistry, kinase-catalyzed thiophosphorylation can be visualized specifically.

Key words Kinase, Substrate, Phosphoprotein, Thiophosphorylation, Thiol-ene, Thiol capping, ATPγS

1 Introduction

Kinase-mediated thiophosphorylation has been established as an 
alternative method for studying phosphoproteins where adenosine 
5′-O-(3-thiotriphosphate) (ATPγS) is used in place of the native 
co-substrate, adenosine triphosphate (ATP). With use of this mol-
ecule, kinases catalyze the transfer of a thiophosphoryl group to 
their substrates [1–3]. Because ATPγS is a non-endogenous nucle-
otide, its turnover yields new, atypically modified substrates among 
the vast phosphoproteome that includes steady-state phosphory-
lated proteins [4]. Using mutant kinases that accept modified 
ATPγS analogues, this strategy has been successful for the identifi-
cation of direct kinase-substrate pairs in complex milieus [1, 2, 5–
7]. Additionally, thiophosphorylated proteins are resistant to 
phosphatase activity, conferring added stability to this covalent 
modification [8, 9]. Thus, the thiophosphate provides a handle for 
identification of posttranslationally modified biomolecules.

Thiophosphorylated substrates and the copious cysteine 
nucleophiles in protein mixtures share similar reactivities, making 
it challenging to specifically isolate thiophosphorylated species. 
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Efforts have been made to improve strategies to differentiate thio-
phosphates from cysteines, which include alkylation of thiophos-
phates at low pH [4, 10], selective hydrolysis of the P–S 
thiophosphate bond [11, 12], and immunoaffinity chromatogra-
phy of alkylated substrates [1]. Here, we describe a protocol that 
uses thiol-ene chemistry to chemoselectively cap proteinaceous 
thiols, enabling the specific tagging of thiophosphates [13]. The 
thiol-ene reaction proceeds by a radical-based mechanism and can 
chemically distinguish thiols from thiophosphates by differences in 
the electronics and pKa values of the two functional groups. 
Photoinitiation instigates the homolytic cleavage of thiol S–H 
bonds; the resulting sulfur radicals are successively coupled to an 
alkene, “capping” the thiols. We selected lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) as the photoinitiator and allyl 
alcohol (“ene”) as the capping reagent for our studies, largely due 
to the water solubility of these reagents (see Fig. 1). After the thiol- 
ene reaction has blocked cysteine residues, the preserved thiophos-
phates are tagged with a fluorescent iodoacetamide reagent by 
nucleophilic displacement. Labeling experiments using our thiol- 
ene protocol (see Fig. 2) successfully visualized thiophosphoryla-
tion between JNK1/ATF-2, p38α/MBP, and Src 
autothiophosphorylation. Substrate detection limits mirrored 
those of previous studies and were linear with concentration. In 
addition, we determined that the thiol-ene reaction blocks over 
85 % of protein thiols [13]. While this protocol focuses on 
 fluorescence, other iodoacetamide variants (i.e., biotinylated) 
could be used to enrich or detect thiophosphoproteins [4, 10].

Fig. 1 Thiol-ene reaction mechanism for cysteine capping: Upon irradiation with 365 nm light, the photoinitiator 
LAP dissociates into two radical species (1) that initiate a radical chain reaction through homolysis of thiol S–H 
bonds (2). The generated thiyl radicals react with allyl alcohol (the “ene”) (3), and the chain reaction propagates 
to generate new thiyl and ene radicals, for which one example is shown (4). The process continues until two 
free-radical species couple, resulting in termination (5) (refs. 17, 22). In this way, cysteine residues are capped

Kaelyn E. Wilke and Erin E. Carlson
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2 Materials

Prepare all solutions using Milli-Q purified water. Those described 
under components for thiophosphorylation (see Subheading 2.3) 
and thiol-ene chemistry (see Subheading 2.4) should be prepared 
fresh daily and stored on ice until use. Follow all disposal regula-
tions upon discarding waste. Volumes provided in the protocol are 
sufficient for 15 reactions to load a single 15-well protein gel.

 1. Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8.
 2. Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8.
 3. Ammonium persulfate: 10 % (w/v) solution in water. After 

preparation, store at 4 °C, and use within 1 week.
 4. N,N,N,N′-tetramethylethylenediamine (TEMED). Store at 4 °C.
 5. Acrylamide/Bis-acrylamide (29:1): 40 % solution (see Note 1).
 6. Empty gel cassettes, mini, 1.5 mm.
 7. Empty gel cassette combs, mini, 1.5 mm, 15 well.
 8. XCell SureLock Mini-Cell electrophoresis chamber.
 9. SDS-PAGE running buffer: 10× buffer. Dilute tenfold to 

achieve 1× buffer.

2.1 Sodium Dodecyl 
Sulfate Polyacrylamide 
Gel

Fig. 2 Thiol-ene-enabled detection of thiophosphorylated substrates: The proteome of interest is first reacted 
with ATPγS, which kinases utilize to thiophosphorylate their substrates. Urea denatures the proteins to expose 
cysteine residues. Using the thiol-ene reaction, both reduced and oxidized thiols are chemoselectively capped. 
Lastly, a fluorescent tag reacts with the thiophosphates by nucleophilic displacement. In-gel fluorescence 
detection illuminates thiophosphoproteins only, in comparison to Coomassie staining in which all proteins are 
visualized

Thiol-ene-Enabled Detection of Thiophosphorylation as a Labeling Strategy…
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 10. 2× SDS-PAGE sample loading buffer: 125 mM Tris–HCl, 
pH 6.8, 20 % glycerol (v/v), 4 % SDS (w/v), 5 % BME (v/v), 
and 0.2 % bromophenol blue (w/v). Store aliquots at 
−20 °C. Thaw completely prior to use.

 11. Benchmark protein ladder.
 12. Plastic tray large enough to wash 8 cm × 8 cm gel.
 13. Kimwipes.
 14. 50 mL Falcon tubes.

 1. Escherichia coli K12 (see Note 2).
 2. Sterile lysogeny broth (LB).
 3. Sterile test tubes.
 4. Microcentrifuge tubes.
 5. Centrifuge.
 6. Microcentrifuge.
 7. Sonifier.

 1. Reaction buffer: 50 mM Tris–HCl, pH 7.8, 200 mM KCl, 
5 mM MgCl2. Prepare a 5× reaction buffer (250 mM Tris–
HCl, pH 7.8, 1 M KCl, 25 mM MgCl2). As needed, dilute 
10.0 mL of the 5× buffer with 40.0 mL water. Adjust pH back 
to 7.8 using hydrochloric acid (HCl) or potassium hydroxide 
(KOH) if necessary. Sterile filter using a pore size of 0.22 μm.

 2. Purified kinase and corresponding substrate can be purchased 
from various vendors (see Note 3).

 3. ATPγS (tetralithium salt) (Tocris Bioscience): Store reagent 
bottle at −20 °C. To prepare a 25 mM working stock solution, 
mix 0.7 mg with 51.2 μL reaction buffer. Confirm the concen-
tration by spectrophotometry (see Note 4).

 4. Nucleotide competitor: ATP or adenosine diphosphate (ADP) 
(see Note 5). Prepare a saturating concentration to compete 
with ATPγS in the final reactions (see Note 6).

 5. Mini microcentrifuge for quick spins, such as the Galaxy 
Ministar.

 1. 16.7 M urea: Dissolve 801.0 mg urea in 800 μL reaction 
buffer.

 2. 125 mM lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP): Synthesize LAP according to Fairbanks et al. (ref. 14) 
(see Note 7). Dissolve 1.4 mg in 39.0 μL reaction buffer.

 3. 10 M allyl alcohol (“ene”): Mix 34.0 μL allyl alcohol (see Note 
8) with 16.0 μL reaction buffer.

2.2 Background 
Proteome

2.3 Thiophos
phorylation

2.4 Thiolene 
Reaction
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 4. 250 mM glutathione: Dissolve 19.2 mg reduced glutathione 
in 250 μL reaction buffer.

 5. UV lamp: Lamp capable of irradiation at 365 nm (see Note 9).

 1. Trichloroacetic acid (TCA; 100 % w/v): Chill ~100 μL on ice 
(see Note 10).

 2. Methanol: Chill ~800 μL on ice.
 3. Acetone: Chill ~6 mL on ice.

 1. Dimethyl sulfoxide (DMSO).
 2. BODIPY-iodoacetamide: Prepare at least 300 μL of 1 μM 

BODIPY-iodoacetamide by diluting a DMSO freezer stock 
(see Note 11) with reaction buffer (see Note 12).

 1. Fluorescence gel scanner (see Note 13).
 2. Gel quantitation software (see Note 14).
 3. Coomassie stain: 0.1 % (w/v) Coomassie Brilliant Blue R-250, 

10 % acetic acid, 40 % methanol, and 50 % water.
 4. Destain: 10 % acetic acid, 40 % methanol, and 50 % water.

3 Methods

Carry out procedures at room temperature unless otherwise 
specified.

 1. In a conical tube, prepare a 12.5 % resolving gel by adding 
3 mL resolving buffer, 3.75 mL acrylamide solution, 5.25 mL 
water, 42 μL ammonium persulfate, and 21 μL TEMED (see 
Note 15). Invert 15–20 times to mix, avoiding bubbles. Into 
a cassette or plates/spacers with dimensions of 
8 cm × 8 cm × 1.5 mm, pour the gel solution, but leave about 
20 % of the upper space for a stacking gel (see Note 16). 
Overlay the gel solution with 100 % ethanol. Allow gel to 
polymerize for 1 h.

 2. Once polymerized, pour off ethanol. Rinse the top of the 
resolving gel with water three times. Use strips of paper towel 
to dry between the plates and the top of the gel.

 3. In a conical tube, prepare the 4.5 % stacking gel by adding 
2.5 mL stacking buffer, 1.1 mL acrylamide solution, 6.4 mL 
water, 30 μL ammonium persulfate, and 10 μL TEMED. Mix 
gently by inverting 15–20 times. Pour mixture over the top of 
the resolving gel to fill the remaining space in the cassette. 
Carefully insert a 15-well comb so as not to introduce air bub-
bles. Stacking gel will polymerize in 2–3 h (see Note 17).

2.5 Protein 
Precipitation

2.6 Thiophosphate 
Tagging

2.7 Protein Detection

3.1 SDSPAGE 
Preparation

Thiol-ene-Enabled Detection of Thiophosphorylation as a Labeling Strategy…
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 1. Grow E. coli K12 cells in 5 mL lysogeny broth (LB) to mid-log 
phase.

 2. Collect cells by centrifugation at 4000 × g for 5 min.
 3. Resuspend cells in 1 mL reaction buffer to wash them, and 

transfer to microcentrifuge tube. Centrifuge to pellet cells, and 
wash once more. Resuspend cells in 300 μL reaction buffer.

 4. Lyse cells using a Branson Sonifier 250 with 1/8 in. tapered 
microtip (power setting 3, 30 % duty cycle, 5 min on ice).

 5. Collect the soluble proteome by centrifugation at 21,000 × g 
for 10 min at 4 °C.

 6. Transfer supernatant to a new tube and measure the concen-
tration in mg/mL on a NanoDrop spectrophotometer. Adjust 
the concentration to 5–10 mg/mL with reaction buffer (see 
Note 18).

 1. For each reaction in a microcentrifuge tube, mix 0.1–3 μg 
kinase, 5–10 μg substrate, and 1 μL of 25 mM ATPγS (see 
Note 19) to a final volume of 5 μL in reaction buffer. If a com-
petitor is to be analyzed, include that in the 5 μL volume (see 
Note 20). Mix using a vortex mixer, and collect the reaction 
solution at the bottom of the tube with a mini microcentrifuge 
(see Note 21).

 2. Incubate reactions at 37 °C for 12 h (see Note 22).

 1. Set reactions on bench to bring back to room temperature.
 2. Add 20 μg background proteome (see Note 23) and 18 μL 

16.7 M urea (see Note 24) to a total volume of 30 μL in reac-
tion buffer. Mix well by vortex mixer, centrifuge for 1–2 s, and 
let incubate at room temperature for 10 min.

 3. Add 10 μL 250 mM reduced glutathione (see Note 25), 2 μL 
125 mM LAP (see Note 26), and 1 μL 10 M allyl alcohol (see 
Note 27). Add reaction buffer (in this case, 7 μL) to bring to 
a final volume of 50 μL (see Note 28). Mix well by vortex 
mixer, and centrifuge for 1–2 s.

 4. Using the UV lamp (see Note 29), irradiate samples at 365 nm 
for 20 min on ice (see Note 30).

 1. On ice, add 5 μL cold TCA to each sample. Vortex, and incu-
bate on ice for 10 min.

 2. Centrifuge samples at 4 °C for 10 min at 20,000 × g. Discard 
the supernatant (see Note 31).

 3. Add 40 μL cold methanol to wash pellets. Mix well by vortex 
mixer, and centrifuge samples at 4 °C for 10 min at 20,000 × g. 
Discard the supernatant.

3.2 Preparation 
of Background 
Proteome

3.3 KinaseCatalyzed 
Thiopho 
sphorylation of 
Substrates

3.4 Thiolene 
Reaction for Selective 
Capping of Thiols

3.5 Protein 
Precipitation
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 4. Add 350 μL acetone to wash away methanol. Mix well by vor-
tex mixer, and centrifuge samples at 4 °C for 10 min at 
20,000 × g. Discard the supernatant (see Note 32).

 5. Set tubes upside down on a paper towel to dry at room tem-
perature for 30 min.

 1. Add 15 μL of 1 μM BODIPY-iodoacetamide to each sample 
(see Note 33). Mix well by vortex mixer, and centrifuge for 
1–2 s. Incubate reactions at room temperature for 1 h in the 
dark to prevent photobleaching.

 2. Quench reactions with 5 μL 2× SDS-PAGE sample loading 
buffer. Mix by vortex mixer, and centrifuge for 1–2 s.

 3. Heat samples to 95 °C for 5 min. Cool to room temperature, 
and mix well again.

 1. Load 16 μL of each sample onto the SDS-PAGE gel (see Note 
34). Add 8 μL Benchmark Protein Ladder to one lane.

 2. Run at 180 V, 400 mA, and 60 W for 1 h or until dye front 
reaches the bottom of the gel.

 3. Pry open gel cassette plates, and cut the corner closest to lane 
1. Trim off the dye front (see Note 35), and transfer gel to a 
tray containing water. Wash the gel by rocking back and forth, 
and replace the tray with fresh water three times to remove 
SDS.

 1. Scan the gel using a fluorescence gel imager. If using a Typhoon 
Variable Mode Imager (see Note 13), select the 526 nm short- 
pass filter to detect BODIPY fluorescence (λex 504 nm, λem 
514 nm). Set the photomultiplier tube (PMT) to 525 V (see 
Note 36) and the scan resolution to 50 μm.

 2. Using image-analysis software, integrate the density of the flu-
orescent gel bands, which represent kinase-catalyzed thiophos-
phorylated substrates (see Note 37).

 3. After fluorescence imaging, place the gel in a tray with just 
enough Coomassie stain to cover it, and incubate with agita-
tion for 10 min. Discard stain.

 4. Fill the tray with destain, and incubate with agitation for 
30 min (see Note 38). Discard destain.

 5. Fill the tray with water, and incubate with agitation overnight. 
The next day, analyze the material (see Note 39) visualized by 
Coomassie to ensure that protein was evenly loaded onto the 
gel in all lanes (see Note 40) (see Fig. 3).

3.6 Protein 
Thiophosphate 
Tagging

3.7 SDSPAGE

3.8 InGel 
Fluorescence 
Detection
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4 Notes

 1. Use caution when handling the acrylamide solution. It is a 
toxic reagent and suspected carcinogen. Wear personal protec-
tive equipment (PPE) when preparing gels.

Fig. 3 Fluorescent labeling of thiophosphorylated JNK1 (a), p38α MAPK (b), and Src (c): (a and b) The serine/
threonine kinase-substrate pairs JNK1-ATF2 and p38α-MBP were incubated with ATPγS (80 ng kinase, 8 μg 
substrate). In-gel fluorescence detection of the BODIPY fluorophore in the absence (lane 1) or presence (lane 
2) of treatment with the thiol-ene reagents. Substrate labeling is abolished in the absence of ATPγS (lane 4) 
or kinase (lane 5), as well as when preincubated with ATP (lane 6; 100 mM) (see Note 20). Lane 3 in 
panel (a) contains lysozyme (14 kDa), which was required to facilitate effective protein precipitation in the 
absence of substrate ATF2. (c) The autophosphorylating tyrosine kinase Src was also examined (2.4 μg). 
Coomassie staining showed even protein loading (see Note 40). Reprinted with permission from Garber, 
K. C. A., and Carlson, E. E. (2013) Thiol-ene enabled detection of thiophosphorylated kinase substrates. ACS 
Chem. Biol. 8, 1671–1676. Copyright 2013 American Chemical Society [13]

Kaelyn E. Wilke and Erin E. Carlson
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 2. Any cell lysate will be appropriate. We have used both bacterial 
(E. coli K12) and eukaryotic (human breast tumor cell line 
MCF-7) cell lysates. The preparation of E. coli proteome is 
provided.

 3. Examples of kinase-substrate pairs include the following: 
JNK1 (kinase)/ATF-2 (substrate); p38α (kinase)/MBP (sub-
strate); Src (autokinase). If provided as a lyophilized powder, 
follow vendor data sheets and certificates of analysis for recon-
stitution instructions. Avoid repeated freezing and thawing; 
storing as small aliquots will minimize this.

 4. Using the UV–Vis option on a NanoDrop spectrophotometer, 
measure the absorbance of the ATPγS solution at 259 nm, using 
reaction buffer as a blank. A millimolar ATPγS stock solution is 
too concentrated to fall within the linear range of the instru-
ment, and the resulting spectrum will appear jagged due to satu-
ration. To accurately measure, prepare 1:100 and 1:1000 
dilutions of the stock in reaction buffer. Measure each at 259 nm. 
Using the extinction coefficient (15,400 M−1 cm−1) and Beer’s 
law (1), solve for the concentration of the diluted ATPγS solu-
tions and original working stock. Beer’s law is defined as

 A = ec  (1)

where A is the absorbance, ε is the extinction coefficient, c 
is the molar concentration, and l is the pathlength in centime-
ter. Note that the NanoDrop pathlength will be 1.0 mm (not 
1.0 cm). If the solution is not 25 mM, adjust reagents or later 
volumes to accommodate the actual concentration. This will 
be used to prepare a final concentration of 5 mM in the 
reactions.

 5. Various nucleotide analogues that are commercially available 
could be used as competitors. We commonly use ATP and 
ADP. Likewise, if specific inhibitors exist for a kinase-substrate 
pair, those could also be used.

 6. We have found an ATP concentration 20-fold that of ATPγS 
to be sufficient. Confirm ATP concentration as done with 
ATPγS (see Note 3) (e = - -15 400 1 1, M cm ).

 7. Store LAP at −80 °C under dry conditions. Transferring small 
amounts into tubes and noting the mass of LAP in each can 
make solution preparation faster later.

 8. Allyl alcohol is a liquid with a density of 0.854 g/mL. This 
reagent comes with a SureSeal to prevent contamination by 
oxygen and water. To remove reagent from bottle, first flush 
an inlet line and needle with argon for 1–2 min. Insert into 
septum at a low argon flow rate. Insert a syringe into the bot-
tle, and remove 5–10 mL allyl alcohol. Aliquot into tubes, and 
store in a container with desiccant at −80 °C until needed. 

Thiol-ene-Enabled Detection of Thiophosphorylation as a Labeling Strategy…
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Note that allyl alcohol is hazardous (flammable and toxic). 
Follow appropriate precautions, and wear PPE.

 9. We use a UVP Black-Ray UV Bench Lamp XX-15L, 365 nm, 
115 V, 60 Hz, 0.68 Amps, 15 W.

 10. TCA is hazardous and corrosive, so proper PPE should be 
adhered when handling acid.

 11. Prepare the BODIPY-iodoacetamide stock by reconstituting 
the vial’s entire 5 mg contents in 480 μL DMSO to make a 
25 mM stock. Keep dry, protect from light, and store at 
−80 °C. Preparing aliquots can prevent repeated freeze-thaw 
cycles.

 12. DMSO may adhere to pipette tips. When pipetting up DMSO 
solutions, place tip just on the surface of the liquid, and avoid 
submerging tip largely into the solution.

 13. We use the Typhoon Variable Mode Imager 9210.
 14. We use ImageJ (NIH). This can be downloaded from the fol-

lowing website: http://imagej.nih.gov/ij/ (ref. 15).
 15. This recipe is for a 12.5 % resolving gel, which should ade-

quately separate proteins with molecular weights ranging from 
14 to 200 kDa. However, be sure to adjust the gel percentage 
if proteins of other sizes are to be analyzed or if resolution at 
high molecular weights is not sufficient.

 16. Gel recipe scales up well if several gels are needed.
 17. If multiple gels are prepared, wrap them in wet paper towels. 

Store in zip-top bags with extra water at 4 °C.
 18. To prepare background proteome for multiple experiments, 

larger cultures can be grown and cell pellet stored as aliquots 
at −80 °C until needed.

 19. A final concentration of 5 mM ATPγS is desired.
 20. A sample utilizing a competitor (see Note 5) is an appropriate 

negative control. At the end of the experiment, lack of a fluo-
rescent band for this sample will ensure that detection of the 
thiophosphorylation labeling was dependent on activity rather 
than a result of nonspecific labeling.

 21. Because the reactions employ small volumes, it is important to 
collect the liquid that scatters on the inside of the tubes after 
vortexing. Use a small microcentrifuge to spin for 1–2 s.

 22. In our original studies we incubated proteins with ATPγS for 
approximately 12 h, which we suggest to start. Later experi-
ments in our laboratory with other proteins have had success-
ful labeling in as short as 1 h, so incubation may be optimized 
depending on the goal of the experiment and for different 
proteins.

Kaelyn E. Wilke and Erin E. Carlson
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 23. The added protein concentration from the background pro-
teome facilitates protein precipitation (see Subheading 3.5) 
and deters nonspecific fluorophore labeling of kinase and sub-
strate (see Subheading 3.6).

 24. A concentration of 6 M urea is desired at a final volume of 
50 μL after the remaining thiol-ene reagents have been added 
(see Subheading 3.4, step 3). The urea-induced denaturation 
helps expose buried thiols. The addition of reducing agent is 
not necessary as thiol-ene chemistry effectively modifies both 
reduced and oxidized (i.e., disulfide) thiols (refs. 16, 17).

 25. A concentration of 50 mM glutathione is desired in a final 
50 μL volume. The procedure was optimized to include gluta-
thione because it was found to help minimize side reactions 
and cross-linking due to the thiol-ene chemistry.

 26. A concentration of 5 mM LAP is desired in a final 50 μL vol-
ume. While many photoinitiators exist, LAP was selected 
because it is soluble in aqueous solutions (refs. 13, 14). 
Additionally, LAP had been successful in other protein-based 
thiol- ene experiments (refs. 18–20).

 27. Allyl alcohol was chosen as the “ene” for its water solubility. A 
final concentration of 200 mM is desired in 50 μL.

 28. Reagents must be added individually if performing controls 
(e.g., excluding single reagents). However, if each sample is to 
contain all reagents, it may be easier to prepare a “master mix” 
containing background proteome, urea, glutathione, LAP, 
allyl alcohol, and reaction buffer (see Subheading 3.4, steps 2 
and 3). Therefore, only one pipetted volume from this “mas-
ter mix” needs to be added per sample.

 29. Situate microcentrifuge tubes on their sides and close to the 
bulb of the lamp (within 2–3 cm). It is important to keep the 
tubes of equal distance from the light source to ensure that 
light-mediated activation is consistent among samples. If using 
a lamp of lower wattage, additional irradiation time may be 
necessary.

 30. We have found that adding the “ene” in two separate steps, 
followed by irradiation each time, yields more successful thiol 
capping. In this case, add 0.5 μL allyl alcohol, mix, and irradi-
ate for 10 min. Subsequently add the remaining 0.5 μL allyl 
alcohol, mix, and irradiate for another 10 min.

 31. The acid will precipitate proteins, which collect as a pellet dur-
ing centrifugation. Unreacted ATPγS, hydrolyzed thiophos-
phate, and glutathione will remain in the supernatant for 
removal. Supernatant can be poured out of the microcentri-
fuge tube or can be carefully pipetted off by placing the tip on 
the side of the tube opposite from the pellet.

Thiol-ene-Enabled Detection of Thiophosphorylation as a Labeling Strategy…



14

 32. The pellet will be visible after TCA precipitation. After the 
acetone wash, however, it will be difficult to see. To remove all 
acetone, tubes can be turned over and tapped on a paper 
towel.

 33. We also tried thiophosphate tagging with BODIPY-maleimide; 
however, the iodoacetamide reagent yielded cleaner gel bands.

 34. This corresponds to approximately 0.08–2.4 μg kinase and 
4–8 μg substrate per lane. It may help to pipette up and down 
prior to transferring 16 μL from the tube to the well in case 
proteins have settled on the bottom of the tube.

 35. Excess fluorophore will migrate close to the dye front. If left 
untrimmed, this will add a lot of fluorescent background to 
the bottom of the gel during imaging.

 36. The PMT voltage can be increased to improve signal 
collection.

 37. Background should be subtracted to discount background 
fluorescence. Additionally, the brightness and contrast can be 
adjusted to visually improve the signal-to-noise ratio. However, 
any changes must be made to the entire gel image such that 
each lane is comparable. If there is heavy fluorescence smear-
ing in the gel lanes, one of the following may be helpful: 
decrease the concentration of BODIPY-iodoacetamide used 
to label thiophosphorylated proteins, load less sample on the 
gel, or decrease the PMT voltage on the gel imager.

 38. Putting a few Kimwipes in the tray will help soak up Coomassie 
from the gel during the destaining process.

 39. The Benchmark Protein Ladder will only be visible by 
Coomassie staining. Other protocols have established the 
preparation of fluorescent molecular weight markers if that is 
desired (ref. 21).

 40. The fluorescent bands indicate activity due to the detection of 
thiophosphorylation. However, fluorescence intensity can also 
be affected by the amount of protein loaded. Coomassie stain-
ing is important as it confirms that differences in fluorescence 
intensity between samples can be attributed to changes in 
activity and not protein level.
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    Chapter 2   

 Phosphopeptide Detection with Biotin-Labeled Phos-tag       

     Emiko     Kinoshita-Kikuta    ,     Eiji     Kinoshita     , and     Tohru     Koike     

  Abstract 

   Protein kinases are widely considered to be invaluable target enzymes for drug discovery and for diagnos-
ing diseases and assessing their prognosis. Effective analytical techniques for measuring the activities of 
cellular protein kinases are therefore required for studies in the fi eld of phosphoproteomics. We have 
recently developed a highly sensitive microarray-based technique for tracing the activities of protein 
kinases. A series of peptides that are specifi c substrates of various protein kinases are immobilized on a glass 
slide and subjected to phosphorylation by cell lysates. The resulting phosphorylated forms of the various 
peptides are then selectively and simultaneously detected by using a phosphate-binding tag molecule, 
biotin-labeled Phos-tag, bound to horseradish peroxidase-conjugated streptavidin. Enhanced chemilumi-
nescence signals can then be readily detected by using an automatic image analyzer. In this chapter, we 
describe a standard protocol for detecting phosphopeptides by biotin-labeled Phos-tag. We also describe a 
microarray system for high-throughput profi ling of intracellular protein kinase activities. The Phos-tag- 
based method is expected to be useful in the rapid detection of the complex range of phosphorylation 
reactions involved in cellular signaling events, and it has potential applications in high-throughput screen-
ing of kinase activators or inhibitors.  

  Key words      Phos-tag    ,    Biotin    ,    Protein kinase    ,   Peptide  ,    Microarray    ,    Phosphorylation    ,    High-throughput 
profi ling    ,    Enhanced chemiluminescence    

1      Introduction 

  Protein kinase   s   are ubiquitous catalytic enzymes that rapidly mod-
ify their substrate proteins by transferring negatively charged phos-
phate groups from  ATP   to serine, threonine, tyrosine, or, less 
commonly, other residues in the proteins [ 1 ]. The phosphoryla-
tion reactions cause functional alterations in their targets by chang-
ing their enzymatic activity, localization, or specifi city of binding to 
other proteins [ 2 ,  3 ]. More than 500 protein kinase genes are 
known to be present in the human genome [ 4 ]. According to 
PhosphoSitePlus (  http://www.phosphosite.org/homeAction.
do    ), a Web site produced by Cell  Signaling   Technology, Inc. 
(Danvers, MA, USA), there are more than 100,000 phosphoryla-
tion sites present in human proteins. As a result, up to 80 % of all 

http://www.phosphosite.org/homeAction.do
http://www.phosphosite.org/homeAction.do
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human proteins (the proteome) can be modifi ed by various activi-
ties of protein kinases (the kinome). This posttranslational modifi -
cation dramatically enhances the diversity of genetically encoded 
proteins and it provides precise control of many important cellular 
processes, including signal transduction, gene expression, cell cycle 
progression, cytoskeletal regulation, and energy metabolism. 
Dysregulation in kinase activities has been implicated as a key fac-
tor in the etiology of many human diseases, such as cancers [ 5 ], 
immune infl ammation [ 6 ], and neurodegenerative disorders [ 7 ]. 

 Effective methods for tracing kinase activities are therefore 
very important in achieving an understanding of the molecular ori-
gins of various diseases and, potentially, in developing tools for 
therapeutic intervention [ 8 ]. A widely used method for the detec-
tion of kinase activities is the incorporation of a radioisotope label, 
such as  32 P or  33 P, into the phosphorylated targets. The phosphory-
lation status of the target can then be identifi ed and quantifi ed by 
measuring its radioactivity. Non-radioisotope-based methods for 
profi ling of phosphorylation reactions by using polyclonal and 
monoclonal antibodies against phosphorylated amino acid residues 
are also well established. These methods can be applied in conjunc-
tion with many of the standard biochemical analytical techniques, 
such as fi lter-binding assays, gel-based autoradiography and immu-
noblotting assays, or enzyme-linked immunosorbent assays. 
However, these methods have the disadvantages of providing low 
throughputs and of requiring complex procedures. 

 The large-scale identifi cation of protein phosphorylation has 
recently become possible as a result of dramatic advances in mass 
spectrometry (MS)-based methods of shotgun proteomics, cou-
pled with improvements in MS instrumentation and the develop-
ment of better procedures for the enrichment of phosphopeptides 
[ 9 ]. MS-based techniques also provide several strategies, such as 
isotope-coded affi nity tag (ICAT), isobaric tags for relative and 
absolute quantitation ( iTRAQ  ), or stable isotope labeling by amino 
acids in cell culture ( SILAC  ), for the quantitative analysis of phos-
phorylation, particularly the quantitative determination of levels of 
phosphorylation of individual residues in peptide digests. However, 
these techniques require expensive instrumentation and involve 
complicated procedures for sample preparation through enrich-
ment of phosphopeptides after enzymatic digestion. 

 With regard to the analysis of activities of cellular protein 
kinases, approaches based on a so-called kinomics microarray, con-
sisting of a series of peptides that are specifi c substrates of various 
protein kinases, provide high-throughput, cost-effective, and con-
venient solutions for taking panoramic snapshots of signal trans-
duction by means of phosphorylation reactions [ 10 ,  11 ]. A number 
of such peptide microarrays, including PepChip (Pepscan 
Therapeutics, Lelystad, Netherlands), PepStar (JPT Peptide 
Technologies GmbH, Berlin, Germany), PamChip (PamGene, 
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Cambridge, MA, USA), and CelluSpots (Intavis Bioanalytical 
Instruments AG, Cologne, Germany), are commercially available, 
and these have been successfully used in studies on the kinomics of 
cultured cell lines and clinical tissue samples. Levels of 
 phosphorylation of the various substrates immobilized on the 
microarrays have generally been determined by means of conven-
tional radioisotope- or antibody-based probing methods. Although 
microarray- based kinomics techniques are inferior to conventional 
MS-based kinomics techniques in terms of quantitative evaluation, 
the array technique has unique advantages in terms of its simplicity 
and its high throughput. It is therefore especially suited to practical 
analyses of the effects of drugs on the kinome [ 12 ]. 

 We have developed a technology known as  Phos-tag   to permit 
the analysis of phosphorylated biomolecules. Our Phos-tag technol-
ogy utilizes a novel phosphate-binding tag molecule, Phos-tag that 
is capable of capturing phosphate monoester dianions (R-OPO 3  2− ) 
in aqueous solutions of neutral pH [ 13 ]. The Phos- tag technology 
has made contributions to the development of several procedures for 
research on the phosphoproteome, including an immobilized metal 
(zinc)-affi nity chromatography technique for the separation and 
enrichment of phosphopeptides and phosphoproteins [ 14 – 18 ] and 
a phosphate-affi nity electrophoresis technique for the detection of 
changes in the mobilities of phosphoproteins in comparison with 
those of their nonphosphorylated counterparts [ 19 – 29 ]. These 
techniques use various derivatives of the original Phos-tag molecule. 
Among these derivatives, biotin- labeled Phos-tag {Phos-tag  Biotin  ; 
Phos-tag = 1,3-bis[bis(pyridin-2- ylmethyl)amino]propan-2-olato 
dizinc(II) complex} has been developed as a novel phosphate-affi n-
ity probe that has various applications in determining the phosphor-
ylation status of a wide range of peptides and proteins [ 29 – 31 ] ( see  
Fig.  1a ). Compared with conventional radioisotope- or antibody-
based probing methods, our established applications using Phos-tag 
Biotin offer the following basic advantages.

     1.    The use of radioactive materials is unnecessary.   
   2.    Because the binding specifi city of the  Phos-tag   molecule is 

independent of the type of amino acid residue, comprehensive 
detection of phosphorylation reactions is possible.   

   3.    The application in Western blotting can be succeeded by other 
downstream procedures, such as antibody reprobing, MS anal-
ysis, or Edman sequencing.    

  We recently demonstrated some useful improvements in 
techniques for the detection of phosphopeptides and phospho-
proteins through the use of a newly synthesized biotin-labeled 
derivative of  Phos-tag   that contains an oligomer of 12 molecules 
of ethylene glycol [PEG12; dodeca(ethylene glycol)] as a long 
hydrophilic spacer between a biotin moiety and the Phos-tag 

Phosphopeptide Detection with Biotin-Labeled Phos-tag



20

moiety ( Phos-tag Biotin BTL-111  ) ( see  Fig.  1b ) [ 32 ]. Because 
the long spacer confers greater fl exibility to the phosphate-affi n-
ity Phos-tag moiety, this derivate can access phosphorylated tar-
gets more readily, thereby permitting a wider range of applications 
in specifi c detections of protein phosphorylation, including 
microarray-based techniques [ 33 – 35 ]. The advanced Phos-tag-
based techniques are therefore expected to permit more-sensitive 
screening to provide information that might be capable of resolv-
ing the nature of complex cellular signaling networks, leading to 
improved drug discovery and diagnoses of diseases and assess-
ments of their prognoses. Here, we introduce a standard protocol 

  Fig. 1    ( a ) Schematic representation of enhanced chemiluminescence ( ECL  ) detection of phosphorylated pep-
tides or proteins on a peptide-microarray format or a protein-blotting membrane, respectively, by using  Phos- 
tag      Biotin  . The phosphorylated targets were probed by using the complex of Phos-tag Biotin with  HRP  -conjugated 
streptavidin, and then the Phos-tag-bound targets were detected by an ECL system. ( b ) Superimposed images 
of the complex of a biotin moiety and a streptavidin monomer, and the newly synthesized derivative BTL-111. 
For reference, the structure of the conventional derivative BTL-104 is also shown. The introduction of the long 
hydrophilic spacer [PEG12; dodeca(ethylene glycol)] increases the fl exibility of the phosphate-affi nity moiety 
of Phos-tag, resulting in a greater sensitivity in the detection of phosphopeptides or phosphoproteins       
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for detection of phosphopeptides by using Phos-tag  Biotin   BTL-
111 and CelluSpots, a commercially available microarray system, 
for high-throughput profi ling of the kinome activities.  

2    Materials ( See   Note 1 ) 

       1.    Culture medium for DLD-1 cells: Dulbecco’s modifi ed Eagle 
medium ( DMEM  ), 10 % (v/v) fetal bovine serum, 100 U/mL 
penicillin, and 100 μg/mL streptomycin. Store at 4 °C.   

   2.    Culture medium for  SW480 cell   s   and  A431 cell   s  : RPMI1640 
medium, 10 % (v/v)  FBS  , 100 U/mL penicillin, and 100 μg/
mL streptomycin. Store at 4 °C.   

   3.    1.0 mg/mL epidermal growth factor ( EGF  ) solution for stim-
ulation of  A431 cell   s  . Store at −20 °C.   

   4.    Washing Buffer A (Tris-buffered saline; TBS): 10 mM Tris–
HCl (pH 7.5) ( see   Note 2 ) and 0.1 M NaCl. Store at room 
temperature.   

   5.     Radioimmunoprecipitation Assay (RIPA) Buffer  : 50 mM Tris–
HCl (pH 7.4), 0.15 M NaCl, 0.25 % (w/v) sodium deoxycho-
late, 1.0 % (v/v) Nonidet P-40, 1.0 mM  EDTA  . Store at room 
temperature.   

   6.    Lysis Buffer A: RIPA buffer, 1.0 mM phenylmethanesulfonyl 
fl uoride, 1 μg/mL aprotinin, 1 μg/mL leupeptin, 1 μg/mL 
pepstatin A, 1 μg/mL leupeptin, 1.0 mM Na 3 VO 4 , and 
1.0 mM NaF. The lysis buffer should be prepared freshly as 
required and stored on ice before use.   

   7.    Benchtop centrifuge.   
   8.    1.5-mL microtubes.   
   9.    Protein concentration measurement reagent (e.g., Bio-Rad 

protein assay).      

       1.    Culture medium for   Escherichia coli    JM109 cells:  Luria–Bertani   
( LB  ) broth sterilized by autoclaving. Store at 4 °C.   

   2.    Washing Buffer B: 50 mM NaH 2 PO 4 –NaOH (pH 8.0) ( see  
 Note 3 ), 0.3 M NaCl. Store at room temperature.   

   3.    Lysis Buffer B: Washing Buffer B, 10 mg/mL lysozyme. The 
lysis buffer should be freshly prepared as required and stored 
on ice before use.   

   4.    13-mL plastic centrifuge tube.   
   5.    1.5-mL microtubes.   
   6.    Benchtop centrifuge.   
   7.    Probe sonicator.   
   8.    Protein concentration measurement reagent (e.g., Bio-Rad 

protein assay).      

2.1  Preparation 
of Lysates of Human 
Cell Lines

2.2  Lysate 
Preparation 
of   Escherichia coli    
JM109 Strain
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       1.     Peptide microarray  : CelluSpots ( see   Note 4 ). Store CelluSpots 
arrays in a cool, dry, dark place at 4 °C ( see   Note 5 ).   

   2.    TBS-T buffer: 10 mM of Tris–HCl (pH 7.5), 0.1 M NaCl, 
0.1 % (v/v) poly(oxyethylene) sorbitan monolaurate(Tween). 
Store at room temperature.   

   3.    Blocking Buffer: TBS-T, 10 % (w/v) bovine serum albumin. 
The solution should be freshly prepared as required.   

   4.    Washing Buffer C: TBS-T, 1.0 M NaOAc and 1.0 % (w/v) 
 BSA  . The solution should be freshly prepared as required.   

   5.    Kinome Reaction Buffer for Tyr kinase substrate arrays: 60 mM 
 HEPES  –NaOH, pH 7.5, 10 mM MgCl 2 , 0.3 mM Na 3 VO 4 , 
2.5 mM dithiothreitol ( DTT  ), 10 mM β-glycerophosphate, 
0.2 mM  ATP  , 1.0 % (w/v)  BSA  , and 300 μg/mL human cell 
lysate (or 520 μg/mL bacterial cell lysate) ( see   Note 6 ). If 
required, add 0.1 μM  Src kinase   inhibitor I [6,7- dimethoxy- N 
-(4-phenoxyphenyl)quinazolin-4-amine] to the reaction buf-
fer containing the lysate of  EGF  -stimulated  A431 cell   s  . All 
reaction buffers should be prepared freshly as required and 
stored on ice before use.   

   6.    Kinome Reaction Buffer for Ser/Thr kinase substrate arrays: 
25 mM Tris–HCl (pH 7.5), 10 mM MgCl 2 , 0.1 mM Na 3 VO 4 , 
2.0 mM  DTT  , 5.0 mM β-glycerophosphate, 0.2 mM  ATP  , 
1.0 % (w/v)  BSA  , and 300 μg/mL human cell lysate (or 
520 μg/mL bacterial cell lysate). All reaction buffers should be 
prepared freshly as required and stored on ice before use.   

   7.    90-mm culture dishes.   
   8.    Orbital shaker.   
   9.    Transparent polypropylene.      

       1.    Solution A (TBS-T buffer): ( see  Subheading 2.3.2).   
   2.    Solution B ( Phos-tag    Biotin   solution): 1.0 mM  Phos-tag 

Biotin BTL-111   solution is commercially available from Wako 
Pure Chemical Industries Ltd.. Store in a dark place at 
4 °C. The Phos-tag Biotin solution is stable for at least 6 
months under these conditions.   

   3.    Solution C [Zinc(II) chloride solution]: 1.0 mM solution of 
ZnCl 2  (e.g., Nacalai Tesque) ( see   Note 7 ). Store at room 
temperature.   

   4.    Solution D [horseradish peroxidase ( HRP  )-conjugated strep-
tavidin solution]: HRP–streptavidin conjugate solution from 
GE Healthcare Bio-Sciences. Store in a dark place at 4 °C.   

   5.    Solution E (4:1 complex of  Phos-tag    Biotin   and  HRP  - 
conjugated  streptavidin solution): Mix 469 μL of Solution A, 
10 μL of Solution B, 20 μL of Solution C, and 1 μL of Solution 

2.3  On-Chip Kinome 
Reactions

2.4  Phosphate- 
Affi nity Probing 
with  Phos-tag  
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D in a 1.5-mL microtube (fi nal volume 500 μL) ( see   Note 8 ) 
and then allow to stand for 30 min at room temperature.   

   6.    Solution F (phosphate-affi nity probing solution): Transfer 
Solution E (500 μL) to a centrifugal fi lter device cup (e.g., 
Spin-X UF 500 Concentrator, 50 K MWCO PES, Corning) 
and centrifuge at 14,000 ×  g  for 20 min at room temperature 
to remove the excess Zn(II)– Phos-tag    Biotin   complex ( see  
 Note 9 ). Dilute the remaining solution (<10 μL) in the cup 
with 15 mL of a Washing Buffer C solution ( see  Subheading 
2.3.4). Solution F should be freshly prepared as required.   

   7.    Plastic bag.   
   8.    Transparent polypropylene.      

       1.     Enhanced chemiluminescence   ( ECL  ) detection reagent: 
Lumigen ECL Ultra. Store in a dark place at 4 °C.   

   2.    Image analyzer: LAS 3000 image analyzer (Fujifi lm, Tokyo, 
Japan).       

3    Methods 

       1.    To prepare a lysate from DLD-1 cells, incubate the cells (10 7  
cells) on a 90-mm culture dish under a humidifi ed atmosphere 
of 5 % CO 2  and 95 % air at 37 °C overnight (16–24 h), i.e., 
until all cells have attached to the culture dish.   

   2.    To prepare a lysate from  SW480 cell   s   and  A431 cell   s  , incubate 
each cell line (10 7  cells) separately in a 90-mm culture dish 
with RPMI1640 medium under a humidifi ed atmosphere of 
5 % CO 2  and 95 % air at 37 °C overnight (16–24 h), i.e., until 
all cells have attached to the culture dish.   

   3.    Treat the  A431 cell   s   with 250 ng/mL (fi nal concentration) of 
 EGF   for 0 min (no treatment) or 5 min.   

   4.    Gently wash the cells attached to the dish twice with 5 mL of 
Washing Buffer A.   

   5.    Lyse the cells by adding 0.5 mL of Lysis Buffer A to each cul-
ture dish.   

   6.    Scrape the lysed cells off and transfer the lysate sample solution 
to a 1.5-mL microtube.   

   7.    Measure protein concentration using Bio-Rad protein assay.   
   8.    Centrifuge at 14,000 ×  g  for 10 min at 4 °C.   
   9.    Transfer the supernatant to a new 1.5-mL microtube and 

dilute it with an appropriate amount of fresh Lysis Buffer A 
to give a lysate sample with a protein concentration of 
2.0 mg/mL.   

2.5  Enhanced 
 Chemiluminescence   
Detection Reagent 
and Equipment

3.1  Preparation 
of Lysates 
from Human Cell Lines
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   10.    Mix well and immediately divide into several 50 μL aliquots in 
1.5-mL microtubes kept on ice.   

   11.    Store the aliquots (each 50 μL) of the resulting solution at 
−80 °C until required.      

       1.    To prepare a lysate from bacterial JM109 cells, incubate 4 μL 
of competent cells in a 13-mL plastic centrifuge tube with 
4 mL of  LB   Broth medium at 37 °C overnight (16 h).   

   2.    Centrifuge at 1500 ×  g  for 3 min at room temperature.   
   3.    Wash the collected cells by suspending them in 0.5 mL of 

Washing Buffer B and centrifuging at 1500 ×  g  for 3 min at 
room temperature.   

   4.    Suspend the collected cells in 0.5 mL of Lysis Buffer B and 
allow the mixture to stand on ice for 30 min.   

   5.    Sonicate the mixture on ice until it becomes clear and centri-
fuge at 14,000 ×  g  for 10 min at 4 °C.   

   6.    Measure protein concentration using Bio-Rad protein assay.   
   7.    Transfer the supernatant to a 1.5-mL microtube and dilute it 

with an appropriate amount of fresh Lysis Buffer B to give a 
lysate sample with a protein concentration of 2.5 mg/mL.   

   8.    Mix well and immediately divide into several 50 μL aliquots in 
1.5-mL microtubes kept on ice.   

   9.    Store the 50 μL aliquots of the resulting solution at −80 °C 
until required.      

       1.    To prevent nonspecifi c binding, block the peptide microarrays 
by immersing each glass slide in 10 mL of Blocking Buffer in a 
90-mm culture dish for 4 h at room temperature (or overnight 
at 4 °C) with gentle shaking on an orbital shaker ( see   Note 10  
and Fig.  2a , left-hand panel).

       2.    Wash the arrays twice by immersing each glass slide in 10 mL 
of Washing Buffer C in a 90-mm culture dish for 5 min at 
room temperature on an orbital shaker.   

   3.    With a pipette, drop 200 μL of the Kinome Reaction Buffer 
containing the human cell lysate onto the arrays on the slide ( see  
 Note 11 ); in the case of the bacterial lysate, 240 μL is used.   

   4.    Cover the glass slide with a thin, fl at, and rectangular 
(~120 × 100 mm) piece of transparent polypropylene sheet to 
prevent the reaction solution from drying, and then incubate 
the slide at room temperature for 1 h.   

   5.    After incubation, carefully remove the cover sheet.   
   6.    Wash the arrays twice by immersing each glass slide in 10 mL 

of Washing Buffer C in a 90-mm culture dish for 5 min at 
room temperature on an orbital shaker.      

3.2  Preparation 
of a Lysate 
from Bacterial JM109 
Cells

3.3  On-Chip Kinome 
Reactions
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       1.    After washing, independently incubate each glass slide with 
5 mL of Solution F in a plastic bag. Gently rock the bag on an 
orbital shaker for 30 min at room temperature.   

   2.    Carefully remove the glass slide from the bag and wash it twice 
by immersing it in 10 mL of Washing Buffer C in a 90-mm 
culture dish for 5 min at room temperature on an orbital shaker.   

   3.    For  ECL   detection, treat each glass slide with an appropriate 
amount of the ECL reagent according to the manufacturer’s 
instructions.   

   4.    Detect the  ECL   signals by using the LAS 3000 image analyzer 
( see  Figs.  2  and  3 ) ( see   Note 12 ).

3.4  Phosphate- 
Affi nity Probing 
with  Phos-tag   
and for Detecting 
 Phosphopeptides  

  Fig. 2     High-throughput profi ling   of kinome activities by using a peptide microarray system. ( a ) Comparative data 
obtained by probing with  HRP  -conjugated streptavidin (HRP–SA) only ( left ), with the complex of BTL-111 and 
HRP–SA ( center ), and with the complex of BTL-104 and HRP–SA ( right ). The locations of control spots of phos-
phopeptides (spots #M22 and #O2) are shown in the  center panel . We fi rst probed the peptide microarray before 
the kinome reaction by using HRP–SA only. This resulted in the detection of many false-positive  ECL   signals ( left-
hand panel ). To overcome this problem, we incorporated a blocking treatment. We then compared the potency of 
BTL-111 and BTL-104 with respect to the specifi c detection of control phosphopeptides after the blocking treat-
ment. The comparative results showed that BTL-111 permitted the specifi c detection of the control phosphopep-
tides ( center panel ), whereas the conventional BTL-104 derivative did not do so ( right-hand panel ). The result for 
BTL-104 indicated that the presence of the blocking protein on the array surface interfered with access to the 
target by BTL-104. We concluded that the presence of a long spacer in BTL-111 is very important for capturing 
phosphorylated targets without steric hindrance in this microarray application. Profi ling of kinome activities by 
using the Tyr kinase substrate arrays (YKS-I) ( b ) and Ser/Thr kinase substrate arrays (STKS-II) ( c ) for cell lysates 
of human colorectal adenocarcinoma SW480 ( left ), human DLD-1 ( center ), and bacterial   Escherichia coli    (JM109 
strain). After the blocking treatment with  BSA  , the samples of the two human cell lysates (60 μg proteins each) 
and the bacterial lysate (125 μg proteins) were independently applied to the peptide microarray. For both biologi-
cal species, BTL-111 was suitable for performing high-throughput assays with highly selective and sensitive 
detection of kinome activities. The bacterial sample showed fewer Tyr kinase activities than did the human 
samples. This refl ects the expression level of the eukaryotic-like Tyr kinase family in the bacterial cell. Reproduced 
from ref.  32  with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim       
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4            Notes 

     1.    All reagents and solvents used are purchased at the highest 
commercial quality available and used without further purifi -
cation. All aqueous solutions are prepared by using deionized 
and distilled water.   

   2.     Hydrochloric acid   (HCl) is dangerously irritating to the skin, 
eyes, and mucous membranes. When handing this chemical, 
work in a chemical fume hood and wear gloves, eye protec-
tion, and a mask.   

   3.    Sodium hydroxide (NaOH) is dangerously irritating to the 
skin and eyes. When handing this chemical, wear gloves and 
eye protection.   

   4.    Each CelluSpots kinase substrate array [Tyr Kinase Substrate I 
(YKS-I) or Se/Thr Kinase Substrates II (STKS-II)] consists of 
384 peptide–cellulose conjugate spots printed in duplicate on 
a glass slide (76 × 26 mm). Those include four control spots 
consisting of two types of phosphopeptide, one with phos-
phorylated Ser/Thr residues (spot #M22) and one with a 
phosphorylated Tyr residue (spot #O2). The three- dimensional 

  Fig. 3     High-throughput profi ling   of intracellular Tyr kinase activities of  EGF  -stimulated  A431 cell   s   by using 
YKS-I arrays. ( a ) The images of detections from lysates before (control, −) and after (+) EGF stimulation are 
shown in the  left-hand  and  center panels , respectively. The two images are superimposed in the  right-hand 
panel . The  ECL   signals from the control spots #M22 and #O2 were used to normalize the two different ECL 
images. The image obtained by detection using the lysate before EGF stimulation is represented by  green color  
and the image obtained by detection using the lysate after EGF stimulation is represented by  magenta color . 
When these two images were superimposed, overlapping spots appeared  white  in the resulting image. ( b ) The 
images from lysate samples before (control, −) and after (+) treatment with  Src kinase   inhibitor I are shown in 
the  left-hand  and  center panels , respectively. The two images are superimposed in the  right-hand panel . The 
images obtained by detection using the lysates treated with or without the inhibitor are represented by  green  
and  magenta colors , respectively.  Green  and  magenta colors  indicate increases and decreases in kinome 
activities after treatment with the inhibitor, respectively. Reproduced from ref.  32  with permission from WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim       
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layer of the conjugates holds up to 1000 times more peptide 
in a given area compared with monolayer deposition, resulting 
in high sensitivity of detection.   

   5.    The manufacturer’s instructions state that the arrays are stable 
for at least 3 months under these conditions. The array surface 
is stable under incubation conditions, but is sensitive to 
mechanical stress and should not be touched or wiped.   

   6.    The optimal concentration of cell lysates to achieve suffi cient 
detection should be determined.   

   7.    Zinc(II) nitrate solution [10 mM Zn(NO 3 ) 2 ·6H 2 O in distilled 
water] is a suitable substitute. Because ZnCl 2  and Zn(NO 3 ) 2  
are deliquescent salts, the solutions should be prepared by 
using fresh products from newly opened bottles. Aqueous 
solutions of ZnCl 2  or Zn(NO 3 ) 2  are stable for at least 6 
months.   

   8.    The commercially available Solution B and Solution D are 
used as received.   

   9.     Phos-tag    Biotin   in Solution B (10 μL) is present in a large 
excess compared with  HRP  -conjugated streptavidin in 
Solution D (1 μL). We obtained the same result by using a 
smaller amount of Phos-tag Biotin (e.g., 1 μL of Solution B). 
The volume of Solution B (1–10 μL) can be adjusted appro-
priately to obtain the required sensitivity or to reduce expense. 
If the volume of Solution B is decreased from 10 to 1 μL, 
there is no need to adjust the volumes of the other solutions.   

   10.    If the blocking treatment is omitted, many false-positive  ECL   
signals can be detected ( see  Fig.  2a , left-hand panel). As men-
tioned above, the CelluSpots are microarrays of cellulose- 
conjugated peptides spotted on the planar surface of a glass 
slide to form a three-dimensional layer. Presumably, nonspe-
cifi c interactions between the cellulose and  HRP  -conjugated 
streptavidin are responsible for the false-positive signals.   

   11.    The peptide-spotted area should be totally covered by the 
Kinome Reaction Buffer. When the solution is dropped by a 
pipette, the tip of pipette should not contact the surface of the 
array.   

   12.    Fluorescence-based macroarray methods using  Phos-tag   
 Biotin   have also been developed by other groups [ 36 – 38 ].         
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    Chapter 3   

 Phosphopeptide Enrichment by Covalent Chromatography 
After Solid Phase Derivatization of Protein Digests 
on Reversed Phase Supports       

     Heinz     Nika    ,     Ruth     Hogue     Angeletti    , and     David     H.     Hawke      

  Abstract 

   The isolation of the phosphopeptide constituents from phosphoprotein digests is prerequisite to facilitate 
the mass spectrometric characterization of phosphorylation events. Here, we describe a chemical pro-
teomics approach which combines solid phase derivatization of phosphoprotein digests with phosphopep-
tide enrichment by covalent chromatography. The use of the solid phase support for derivatization ensures 
for speed and completeness of reactions. The isolates proved highly suitable for mapping of the sites of 
phosphorylation by collisionally induced dissociation (CID). The method combines robustness with 
simplicity of operation using equipment available in biological laboratories, and may be readily extended 
to map the sites of O-glycosylation.  

  Key words      Mass spectrometry    ,    β-elimination  / Michael addition    ,    Reversed phase support    ,    Multi-step 
solid-phase derivatization    ,    Phosphopeptide    enrich   ment    ,    Covalent chromatograph   y    ,    Phosphorylation   
site determination  

1      Introduction 

 Protein phosphorylation is recognized as a critical event in modu-
lation of cellular processes including cellular signaling, cell cycle 
progression and differentiation [ 1 ]. 

 Therefore, the determination of phosphorylation sites by mass 
spectrometry (MS) has become increasingly important. However, 
these efforts are challenged by the ionization ineffi ciency of the 
phosphopeptides, their low stoichiometry and the limited informa-
tion content of the tandem MS ( MS/MS  ) spectra due to neutral 
loss of the phosphate group upon collision induced dissociation 
( CID  ).  Immobilized metal ion affi nity chromatograph   y   ( IMAC  ) 
and titanium dioxide ( TiO 2   ) chromatography are frequently used 
techniques to address these problems by phosphopeptide enrich-
ment [ 2 ,  3 ]. In many instances these methods had been ineffi cient 
due to co-adsorption of non-phosphorylated (acidic) peptides. 
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TiO 2  chromatography has been shown to poorly enrich phospho-
peptides derived from basophilic kinase substrates. Although the 
above strategies afford improved phosphopeptide detection, issues 
still persist with regard to intrinsic instability of phosphate groups 
often rendering site mapping subject to ambiguity under the con-
ditions of CID. 

  β-elimination   of phosphate from serine and threonine residues 
coupled with  Michael addition   ( BEMAD  ) provides for a chemical 
strategy to enrich phosphopeptides from unfractionated protein 
digests. This approach has been successfully adopted by several 
laboratories to map phosphorylation events in isolated proteins 
and on the proteome-wide scale [ 4 – 9 ] and has also been exploited 
to enrich for proteolytic fragments bearing O - linked β-N - 
acetylglucosamine (O-GlcNAc) [ 10 ]. In this strategy, dithiothrei-
tol ( DTT  ) was used as nucleophile in the Michael addition reaction. 
The thiol adducts were then captured by thiol-disulfi de  interchange 
on activated Thiol Sepharose, and reductively released from the 
affi nity support; a procedure based on the concept of covalent 
chromatography [ 5 ]. Differentiation between phosphorylation 
and O-glycosylation was afforded by enzymatic dephosphorylation 
which renders the phosphopeptide component in the mixture 
insensitive to enrichment [ 10 ]. The nucleophilic substitution of 
the phosphorylated (glycosylated) residues precluded neutral loss 
of phosphate (glycan); the preferential pathway of fragmentation 
by  CID  . In consequence, the isolates sequenced noticeably more 
informatively than their native counterparts facilitating phosphory-
lation site determination. However, the application of the method 
to the characterization of the phosphoproteome of human whole 
saliva revealed that the enriched fractions contained mostly singly 
phosphorylated peptides [ 9 ]. We encountered the same complica-
tion in attempts to isolate the DTT adduct of the tetraphosphory-
lated peptide of  β-casein   [ 11 ]. We found that cross-link formation 
between the adjacent phosphosites through intramolecular Michael 
addition rendered the peptide inert to enrichment by covalent 
chromatography. This observation strongly suggests that this class 
of hyper-phosphorylated peptides, accounting for ~37 % of phos-
phopeptides in eukaryotic proteins, is in general excluded from 
isolation by the dithiol-based affi nity enrichment approach [ 12 ]. 
Notably, the phosphoramidate chemistry (PAC) used for large-
scale phosphopeptide isolation from digests of  Drosophila melano-
gaster  Kc167 cells also exhibited a strong bias against the selection 
of multiply phosphorylated peptides [ 13 ]. In addition, this method 
regenerates the original phosphopeptides rendering site mapping 
subject to ambiguity under the conditions of CID. These short-
comings prompted us as to devise an alternative strategy and 
the method that evolved from these efforts is the subject of the 
protocol [ 11 ]. 

Heinz Nika et al.
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 The method’s work-fl ow and a schematic depiction of the 
structure of the analyte and its derivatives are illustrated in Fig.  1a, b , 
respectively. In this protocol the phosphoprotein digest is extracted 
on a  ZipTip C18  pipette tip   (SPE) and submitted in situ to sequen-
tial performic acid oxidation, acetylation and  BEMAD   using 
2-aminoethanethiol as nucleophile. The amine-protection step 
renders the amino groups of the  Michael addition   products (i.e. 
the  N -acetyl  S -2-aminoethyl-/β-methyl- S -2-aminoethylcysteine 
derivatives) as the sole targets for subsequent acylation with sulfo-
succinimidyl-2-(biotinamido)-ethyl-1, 3- dithiopropionate (Sulfo-
NHS-SS- Biotin  ). In this sequence of solid phase reactions, denoted 
as N-thiolation, the biotinylated digest is then exposed to hydrox-
ylamine for reversal of hydroxyl group acylation followed by reduc-
tive release of the disulfi de- linked biotinamido moiety from the 
conjugates. The Michael addition derivatives, selectively thiolated 
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3. BEMAD 

4. N-Thiolation

Ac-----CH----------COOH

H2N-----CH----------COOH              H2N----COOH

2
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  Fig. 1    ( a ) Work-fl ow for  Phosphopeptide   Enrichment. The reaction steps are numbered and highlighted with 
boxes. The digest is extracted on a  ZipTip C18  pipette tip   (SPE), carried through the sample preparation scheme 
and submitted to covalent chromatography. Non-bound material is removed by a solvent wash. The disulfi de- 
bonded phosphopeptide analogs are reductively released from the affi nity support and collected in the fl ow- 
through fraction.  BEMAD   designates  β-elimination   with  Michael addition  . Flow path modifi cation accommodating 
digests recovered from in-gel oxidized protein is indicated by  stippled arrows . ( b ) Schematic representation of 
the analyte and its derivatives. The affi nity tag is  underlined . Ac and THIOL-SEP denote acetyl group and 
activate- Thiol Sepharose, respectively. Non-phosphorylated peptides are highlighted in  italics . ( c ) Schematic 
representation of solid phase sample handling steps. After solid phase extraction (SPE) the analyte is desalted. 
Then the ZipTip is briefl y fl ushed with reagent, loaded with reagent and incubated while immersed in reagent. 
In this manner reagents are exchanged between the reaction steps in situ eliminating intermittent sample 
transfer. The reaction cycle is concluded by a solvent wash prior to product elution       
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in this manner, are then enriched by covalent chromatography, 
reductively released from the affi nity support and collected in the 
fl ow-through fraction. Co-isolation of cysteinyl peptides is pre-
vented by the initial reaction step which converts cysteine to its 
sulfonic acid analog, thereby making cysteinyl peptides insensitive 
toward BEMAD. Alternatively, gel-separated protein can be oxidized 
and digested in the gel matrix [ 11 ]. In this way the reactivity of 
cysteine toward BEMAD is arrested prior to adsorption of the 
digest on the reversed phase support.

   Figure  1c  depicts the handling steps employed to carry the 
digest through the sample preparation method. After SPE the 
immobilized digest is desalted, briefl y fl ushed with reagent which is 
then loaded onto the reversed phase support. In the process of 
adsorption the analyte is concentrated on the solid phase typically 
by a factor of 100 or more relative to solutions of the same original 
concentration [ 14 ]. As a result, chemistries proceed on the solid 
phase at higher effi ciency and faster kinetics than in solution provid-
ing a signifi cant advantage when dilute samples known to react 
poorly in solution are processed by this technique. In the process of 
serial derivatization reagents are exchanged in situ thereby eliminat-
ing intermittent sample transfer. In consequence, the derivatives are 
carried through the multi-step sample preparation scheme with 
minimal loss; a task that in general has met with moderate success 
when sequential derivatization is carried out in the solution phase; 
the predominant reaction format in proteomics studies [ 15 ]. It is 
noteworthy that modern analytical sample preparation techniques 
for the reasons outlined above are almost exclusively based on solid 
phase derivatization and have found widespread use for automated, 
high-throughput trace analysis of bioorganic compounds in toxi-
cology, environmental, and pharmaceutical studies [ 14 ].  

2    Materials 

 Prepare all solutions using ultrapure water with 18 MΏ cm resistiv-
ity at 25 °C. Unless stated otherwise prepare reagent solutions 
fresh for daily use. Reagents should be of analytical grade. 

       1.    10 % gels of 1 mm thickness (Criterion Tris–HCl Precast gel, 
133 × 87 mm, 18 wells, Bio-Rad, Hercules, CA) or alterna-
tively Criterion Tris–HCl Precast 10–20 % gradient gels (same 
dimensions as the continuous gels).   

   2.    GelCode Blue Stain Reagent (Pierce Corp., Rockford, IL), a 
 Coomassie   blue-based reagent.   

   3.    Gel Destaining Solution: 25 mM ammonium bicarbonate, 
50 % aqueous acetonitrile. Prepare a 0.25 M ammonium bicar-
bonate stock solution. Dissolve 179.6 mg of ammonium bicar-

2.1  Gel- 
Electrophoresis 
and In-Gel Protein 
Digestion Reagent/
Solvent Setup
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bonate in 10 mL water. Mix 1 mL 0.25 M stock solution with 
5 mL acetonitrile and 4 mL of water. Store the Destaining 
Solution at 4 °C.   

   4.    Disulfi de Reductant: 2 mM tris [2-carboxyethyl] phosphine 
hydrochloride ( TCEP  ), 25 mM ammonium bicarbonate. 
Prepare a 25 mM ammonium bicarbonate solution by diluting 
the 0.25 M stock solution with water in a 1:10 ratio. Add 8 μL 
of the 0.5 M TCEP stock solution (Bond Breaker TCEP solu-
tion, Pierce Corp, Rockford, IL) to 1992 μL 25 mM ammo-
nium bicarbonate. Store reagent at 4 °C.   

   5.    Digestion Buffer: 25 mM ammonium bicarbonate, 0.01 % of 
  N -octyl glucoside   ( OGS  ) (Roche Diagnostics, Indianapolis, 
IN). Dissolve 20 mg OGS in 1 mL 25 mM ammonium 
 bicarbonate. Add 10 μL of the 2 % OGS stock solution to 
1990 μL 25 mM ammonium bicarbonate. Store buffer at 4 °C.   

   6.    Enzyme Solution: Sequencing grade modifi ed tryp-
sin (Promega, Madison, WI), 25 mM ammonium carbonate, 
0.01 %  OGS  . Dissolve 25 μg of enzyme in 2 mL digestion buf-
fer (12.5 ng/μL). Store enzyme solution in 100 μL aliquots at 
−20 °C. The enzyme remains active under this condition for 
several months.   

   7.    Peptide Extraction Solvent: 0.1 %  TFA  . Prepare a 1 % aqueous 
TFA stock solution by mixing 10 μL of neat TFA with 990 μL 
water. Prepare 0.1 % TFA by diluting the stock solution with 
water in 1:10 ratio. Store solvent at 4 °C.      

       1.    Performic Acid Oxidation Reagent: 0.3 % performic acid. 
Prepare reagent by mixing 30 % aqueous hydrogen peroxide 
with 96 % formic acid (5:95, v/v). Leave the reagent at room 
temperature for at least 30 min ( see   Note 1 ). Dilute with water 
at a 1:5 ratio to a fi nal concentration of 0.3 % (pH 3.1). Store 
reagent at 4 °C for up to 1 h.   

   2.    Acetylation Reagent: 20 mM of  N -hydroxy sulfosuccinimide 
ester of acetic acid, 20 mM sodium phosphate (pH 8.0). 
Prepare a 0.25 M sodium phosphate buffer stock solution. 
Dissolve 3.45 g of NaH 2 PO 4 ⋅H 2 O in 50 ml water (0.5 M 
Solution A). Dissolve 9.95 g of Na 2 HPO 4 ⋅12H 2 O in 50 ml 
water (0.5 M Solution B). Complete dissolution may require 
heating and vigorous stirring. Mix 23.7 ml Solution B with 
1.3 ml Solution A and add 25 ml of water. Store the 0.25 M 
phosphate buffer stock solution at 4 °C. Mix 0.8 ml of the 
stock solution with 9.2 ml of water to give a fi nal concentra-
tion of 20 mM sodium phosphate. Dissolve 5.2 mg Sulfo-NHS 
acetate (Pierce Corp., Rockford, IL) in 1 mL 20 mM sodium 
phosphate ( see   Note 2 ).   

2.2  Solid Phase 
Derivatization 
Reagent/Solvent Setup
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   3.    Concurrent  BEMAD   Reagent: 66 mM barium hydroxide, 
33 mM  2-aminoethanethiol hydrochloride   (pH 12.3). Prepare 
a 100 mM barium hydroxide stock solution by dissolving 
31.54 mg of barium hydroxide octahydrate (Sigma-Aldrich, 
Milwaukee, WI) in 1 mL water ( see   Note 3 ). Prepare a 100 mM 
2-aminoethanethiol hydrochloride stock solution by dissolving 
11.36 mg of 2-aminoethanethiol hydrochloride (Sigma-
Aldrich, Milwaukee, WI) in 1 mL water. Mix the barium 
hydroxide solution with the 2-aminoethanethiol hydrochlo-
ride solution in a ratio of 2:1. Store reagent at room tempera-
ture for daily use.   

   4.    Consecutive  BEMAD   Reagents:

    (a)      β-elimination   Base: 50 mM barium hydroxide. Dilute 
100 mM barium hydroxide with water in a 1:1 ratio. Store 
reagent at room temperature for daily use.   

   (b)     Michael Addition Reagent: 100 mM  2-aminoethanethiol 
hydrochloride  , 75 mM barium hydroxide (pH 10.6). Mix 
100 mM barium hydroxide with 400 mM 2-aminoethane-
thiol hydrochloride (45.44 mg/mL) in a 3:1 ratio. Store 
reagent at room temperature for daily use.    

      5.    Biotinylation Reagent: 20 mM Sulfo-NHS-SS- Biotin   (Pierce 
Corp., Rockford, IL), 20 mM sodium phosphate (pH 8.0). 
Dissolve 6 mg Sulfo-NHS-SS-Biotin in 1 mL 20 mM sodium 
phosphate ( see   Note 4 ).   

   6.    O-deacylation Reagent: 2 % hydroxylamine hydrochloride 
(Pierce Corp., Rockford, IL), 1 M sodium carbonate (pH 9.4). 
Prepare a 1 M sodium carbonate solution by dissolving 
105.9 mg sodium carbonate in 1 mL water. Dissolve 20 mg 
hydroxylamine hydrochloride in 1 mL 1 M sodium carbonate. 
Store reagent at room temperature for daily use.   

   7.    Disulfi de Reductant: 5 mM  TCEP  , 20 mM sodium phosphate 
(pH 8.0). Add 20 μL of the 0.5 M TCEP stock solution to 
980 μL of 20 mM sodium phosphate (pH 8.0). Store reagent 
at room temperature for daily use.   

   8.    Sample Cleanup Solution: 2 mM ethylenediaminetetraacetic 
acid ( EDTA  ). Dissolve 7.3 mg EDTA in 10 mL water. Store 
the solution at 4 °C.   

   9.    Sample Cleanup Solvent: 0.1 %  TFA  . Prepare a 1 % TFA stock 
solution by mixing 10 μL of neat TFA with 990 μL water. 
Prepare 0.1 % TFA by diluting the stock solution with water in 
1:10 ratio. Store solvent at 4 °C.   

   10.    Sample Eluate: 50 % aqueous acetonitrile, 0.1 %  TFA  , 0.01 % 
 OGS  . Mix 390 μL water with 500 μL acetonitrile and 100 μL 
1 % TFA. Add 10 μL 2 % OGS. Store eluate at 4 °C.      

Heinz Nika et al.
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       1.    Activated-Thiol Sepharose 4B Gel: Weigh 1 g of activated-
Thiol Sepharose 4B (GE Healthcare, Piscataway, NJ) and place 
the medium into a scintillation glass vial or equivalent. Add 
10 ml water. Mix gently. The resin swells within 10 min and 
should give a ~4 ml settled medium. Wash medium in an 
appropriate glass fi lter funnel by vacuum fi ltration with a total 
of 150 ml of water added in 15 ml aliquots. Suspend medium 
in 10 ml of 10 % aqueous ethanol with gentle agitation, trans-
fer medium to a 10 ml scintillation glass vial or equivalent. 
Store medium at 4 °C for at least 2 weeks ( see   Note 5 ).   

   2.    Affi nity Coupling Buffer: 50 mM sodium phosphate, 2 mM 
 EDTA   (pH 8.0). Add to a 15 mL Falcon tube 2 mL 0.25 M 
sodium phosphate stock solution and 8 mL water. Add 7.3 mg 
EDTA. Vortex vigorously to facilitate dissolution. Store the 
Coupling Buffer at 4 °C.   

   3.    Disulfi de Reductant: 50 mM sodium phosphate, 5 mM  TCEP   
(pH 8.0). Add to a 15 mL Falcon tube 0.5 mL of the 0.25 M 
sodium phosphate stock solution, 1.975 mL water and 25 μL 
0.5 M TCEP. Store the reductant at 4 °C.   

   4.    Resin Wash Solvent A: 60 % acetonitrile, 0.1 %.  TFA  . Prepare 
a 10 % TFA stock solution by adding 0.1 mL neat TFA to 
0.9 mL water. Mix 6 ml acetonitrile with 3.9 mL water and 
0.1 ml 10 % TFA. Store solvent at 4 °C.   

   5.    Resin Wash Solvent B: 80 % acetonitrile, 0.1 %  TFA  . Mix 8 mL 
of acetonitrile with 1.9 mL water and 0.1 mL 10 % TFA. Store 
solvent at 4 °C.   

   6.    α-cyano-4-hyroxycinnamic acid (Agilent Technologies, Palo 
Alto, CA), 0.1 %  TFA  . Add 10 μL 1 % aqueous TFA to 90 μL 
matrix.      

       1.    Bovine α-S1 and  β-casein  .   
   2.    Test peptides: DAM1 phosphopeptide SFVLNPTNIGMp

SKSSQGHVTK (AnaSpec, San Jose, CA); angiotensin I 
 peptide DRVYIHPFHL (Sigma-Aldrich, St. Louis, MO); cys-
teinyl peptide Somatostatin CKNFFWKT,  m/z  1073.2 (Sigma- 
Aldrich, St. Louis, MO).      

       1.    Gilson pipettor P20, model Pipetman classic, 2–20 μL dis-
placement or equivalent.   

   2.    Bench top centrifuge Eppendorf 5415 D or equivalent.   
   3.    Rotary mixer.   
   4.    Modular block heater.   
   5.    Thermomixer.   
   6.    Savant SpeedVac concentrator.   

2.3  Affi nity 
Purifi cation Reagent/
Solvent Setup

2.4  Test Analysis 
and Diagnostic Test

2.5  Equipment
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   7.     MALDI  - TOF mass spectrometer   (Voyager DE STR, Applied 
Biosystems, CA) or equivalent.   

   8.     MALDI  -TOF/TOF mass  spectrometer   (4800 Proteomics 
Analyzer, Applied Biosystems, CA) or equivalent.   

   9.    Spectra were analyzed using Data Explorer (Applied Biosystems, 
version 4.8).      

       1.     ZipTip C18  pipette tip   s   (0.6 μL bed volume, Millipore Corp., 
Billerica, MA) or with ZipTip µ-C18  pipette tips (0.2 μL bed 
volume) for solid phase reactions.   

   2.    Eppendorf LoBind microcentrifuge tubes (0.5, 1.5, and 
2 mL).   

   3.    Eppendorf pipette tips.   
   4.    Spin Columns-Screw Caps, 0.8 mL internal volume (Pierce 

Corp, Rockford, IL).       

3    Methods 

   After sodium dodecylsulfate-polyacrylamide electrophoresis ( SDS- 
PAGE    ) and gel staining ( see   Note 6 ), carry out all manipulations in 
a laminar fl ow-vented hood or equivalent. Wear gloves at all times 
to prevent keratin contamination.

    1.    Run your protein sample on a gel.   
   2.    Stain using Colloidal  Coomassie   using instructions supplied 

by the manufacturer (most dye-stains will work).   
   3.    Excise protein band from the stained gel using a clean 

scalpel.   
   4.    Cut band into ~1 × 1 mm wide pieces and transfer to a 0.5 mL 

centrifuge tube.   
   5.    Set thermomixer to an agitation speed of 500 rpm.   
   6.    Incubate gel pieces twice with 200 μl of the Destaining 

Solution for 30 min at 37 °C; discard supernatant.   
   7.    Dry gel band briefl y in a SpeedVac.   
   8.    Add 100 μL of the reductant and incubate for 15 min at 37 °C 

( see   Note 7 ).   
   9.    Remove supernatant.   
   10.    Dehydrate the gel pieces for 10 min in 100 μL of acetonitrile. 

Discard supernatant and briefl y dry the gel in a SpeedVac.   
   11.    Rehydrate gel pieces at room temperature in 20 μL Promega- 

modifi ed trypsin solution (12.5 ng/μL). Discard the remain-
der of the enzyme solution.   

2.6  Other Materials

3.1  In-Gel Digestion

Heinz Nika et al.
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   12.    After 30 min add 40 μL 25 mM ammonium bicarbonate and 
incubate for 18 h at 37 °C.   

   13.    After incubation, add 50 μl 0.1 %  TFA   and collect supernatant 
in a 1.5 mL centrifuge tube (Extract 1). Prior to collection of 
the extract place 35 μL of 0.1 % TFA into the centrifuge tube. 
Mark the liquid level. Empty the tube.   

   14.    Add 50 μl 0.1 %  TFA   to the gel pieces and incubate for 30 min 
at 37 °C (Extract 2).   

   15.    Transfer Extract 2 to the collection tube.   
   16.    Reduce the extracts in volume to 35 μL by SpeedVac evapora-

tion ( see   Note 8 ).   
   17.    Add 5 μL of 10 %  TFA  . Proceed with sample binding.    

         1.    Wet the  ZipTip C18  pipette tip   six times with 10 μL of methanol 
followed by six 10 μL washes with 0.1 %  TFA   according to the 
manufacturer’s instructions. Critical! Do not allow the ZipTip 
to dry before sample loading. Should this inadvertently occur, 
condition a new ZipTip and proceed immediately with the 
next step. Aspirate the acidifi ed sample in 10 μL aliquots onto 
the ZipTip and dispense into a 0.5 ml microfuge tube. Transfer 
the partially stripped peptide solution back in this manner into 
the original collection tube. Repeat this alternating enrichment 
cycle fi ve times to maximize peptide recovery. Then wash the 
ZipTip with 50 μL 0.1 % TFA by passing the solvent in ten 
aliquots over the resin. Critical! After the desalting step do not 
allow the ZipTip to de-wet. Proceed immediately to the per-
formic acid oxidation step or aspirate 10 μL 0.1 % TFA onto 
the ZipTip for the purpose of temporary storage ( see   Note 9 ). 
Prepare model peptide solutions at a concentration of 2 pmol/
μL in 1 % aqueous TFA, 0.01 %  OGS  . Transfer the solutions in 
fi ve10 μL aliquots to 0.5 mL centrifuge tubes. Bind peptides 
to the support using up to ten sample aspiration/dispense 
cycles. Wash ZipTips with 50 μL 0.1 % TFA. Proceed with the 
experiments described under Subheading  3.6  or store the 
ZipTips temporarily in 0.1 % TFA until use.      

      With the exceptions noted below the  ZipTip C18  pipette tip   is inter-
mittently desalted. Then the ZipTip is fl ushed twice with reagents. 
After this resin conditioning step, the reagents are loaded onto the 
support from the 60 μL that had been placed into 0.5 mL micro-
centrifuge tubes. Critical! Leave the ZipTip immersed in reagents 
during the incubations. Do not allow the ZipTip to dry during 
intermittent sample handling. If the ZipTip is inadvertently allowed 
to de-wet prior to reagent loading repeat the resin conditioning 
step. Agitation during incubations is not required. Use the modu-
lar block heater or equivalent device.

3.2  Sample Binding 
to the Reversed Phase 
Support

3.3  Solid Phase 
Derivatization

Phosphopeptide Enrichment by Covalent Chromatography After Solid Phase…



40

    1.    Flush the ZipTip to waste with 10 μL of the oxidant. Repeat 
this step. Load 10 μL of the oxidant onto the support. Allow 
reaction to proceed for 1 h at 4 °C. Halt the reaction by pass-
ing 100 μL of 0.1 %  TFA   in ten aliquots over the resin.   

   2.    Condition the desalted ZipTip twice with 10 μL of the sulfo- 
NHS acetate reagent. Load 10 μL of reagent onto the support. 
Allow reaction to proceed for 20 min at 55 °C.   

   3.    Flush the ZipTip twice with 10 μL of the  BEMAD   reagent 
mixture. Load 10 μL of the reagent mixture onto the support 
and allow the concurrent reaction to proceed for 1 h at 
37 °C. Wash the ZipTip ten times with 10 μL 0.1 %  TFA  . 
Implement the consecutive BEMAD reaction mode as follows: 
( see   Note 10 ). Condition the ZipTip twice with 10 μL 
 β-elimination   Base. Aspirate 10 μL reagent onto the ZipTip. 
Incubate for 30 min at 55 °C. Flush the ZipTip twice with 
10 μL Michael Addition Reagent. Aspirate 10 μL of reagent 
onto the ZipTip and allow the addition reaction to proceed for 
2 h at 55 °C. Desalt the ZipTip by passing 100 μL of 0.1 % 
TFA in 10 μL aliquots over the resin.  Pause point.  The ZipTip 
may be stored overnight in 0.1 % TFA at −21 °C.   

   4.    Condition the desalted ZipTip twice with 10 μL of the sulfo-
NHS- SS- Biotin   Reagent. Load 10 μL of reagent onto the sup-
port. Incubate for 30 min at room temperature.   

   5.    Flush the ZipTip twice with 10 μL of the hydroxylamine solu-
tion. Load 10 μL of reagent onto the ZipTip and allow the 
reaction to proceed for 15 min at 37 °C. Wash the resin ten 
times with 10 μL of 0.1 %  TFA   and then fi ve times with 10 μL 
of water.  Pause point.  The ZipTip may be stored overnight in 
0.1 % TFA at −21 °C.   

   6.    Condition the desalted ZipTip twice with 10 μL of the reduc-
tant. Aspirate 10 μL of the reductant onto the support. 
Incubate for 15 min at 37 °C. Wash the ZipTip ten times with 
10 μL 2 mM aqueous  EDTA   and then ten times with 10 μL of 
0.1 %  TFA  . Critical! This stringent purifi cation step is required 
for thorough removal the reductant. Residual  TCEP   would 
diminish the binding capacity of the affi nity support. Store the 
ZipTip at 4 °C in 0.1 % TFA while proceeding to  step 9 , 
Subheading  3.4 .    

            1.    Place the spin column in a 2 ml centrifuge tube. Add 200 μL 
of acetonitrile and centrifuge at 209 ×  g  for 1 min.   

   2.    Let the activated-Thiol Sepharose gel, stored at 4 °C in 10 mL 
10 % aqueous ethanol, assume room temperature.   

   3.    Adjust the liquid level in the storage container (i.e., the scintil-
lation tube) to one third of the height of the settled gel.   

3.4  Covalent 
Chromatography
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   4.    Swirl the container slightly to suspend the medium. Pipette 
100 μl of the slurry into the spin column. To facilitate pipet-
ting, shorten a 200 μL pipette tip by ~2 mm using a clean 
razor blade.   

   5.    Centrifuge at 209 ×  g  for 1 min.   
   6.    Suspend the medium pellet in 200 μl of Coupling Buffer and 

centrifuge at 209 ×  g  for 1 min.   
   7.    Seal spin column with the plastic plug supplied by the manu-

facturer. Ensure that the plug is properly seated to avoid leaks.   
   8.    Insert spin column into a 1.5 mL centrifuge tube.   
   9.    Elute the digest from the ZipTip (set aside in  step 6 , 

Subheading  3.3 ) with 10 μL 50 % acetonitrile, 0.1 %  TFA  , 
0.01 %  OGS   into a 0.5 mL centrifuge tube. Place 1 μL of the 
eluent onto the  MALDI   target. Immediately add 40 μl 
Coupling Buffer to the remainder. Mix. Checkpoint! Analyze 
the aliquot along with the material recovered in  steps 25  and 
 26 , Subheading  3.4  ( see   Note 11 ).   

   10.    Transfer the mixture to the spin column. Swirl the spin column 
gently to suspend the medium pellet.   

   11.    Attach screw cap and secure the spin column to the centrifuge 
tube with a piece of Parafi lm.   

   12.    End over end incubate the sample for 1 h at room temperature 
in the rotary mixer.   

   13.    Remove plug from the spin column and centrifuge at 209 ×  g  
for 1 min. Mark the liquid level (~50 μL) on the collection 
tube.   

   14.    Place 50 μl of Coupling Buffer into the spin column, suspend 
the pellet, and centrifuge at 209 ×  g  for 1 min.   

   15.    Place 50 μl 60 % aqueous acetonitrile, 0.1 %  TFA   into the spin 
column, suspend the pellet with agitation, and centrifuge at 
209 ×  g  for 1 min.   

   16.    Place 50 μl 80 % aqueous acetonitrile, 0.1 %  TFA   into the spin 
column, suspend the pellet with agitation and centrifuge at 
209 ×  g  for 1 min ( see   Note 12 ).   

   17.    Reduce the volume of the collected fractions by SpeedVac 
evaporation to the level indicated on the collection tube. Add 
5 μL of 15 %  TFA  . Store sample in 0.1 % TFA at 4 °C.   

   18.    Insert the spin column into a 1.5 mL centrifuge tube.   
   19.    Place 50 μl Coupling Buffer into to the spin columns to neu-

tralize residual acid. Centrifuge at 209 ×  g  for 1 min; discard 
the fl ow-through.   

   20.    Seal the spin column and suspend the medium pellet with 
50 μl of the reductant. Attach screw cap. Place the spin column 
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into a 1.5 ml centrifuge tube and secure the spin column to 
the centrifuge tube with a piece of Parafi lm.   

   21.    With end-over-end mixing, incubate for 30 min at room 
temperature.   

   22.    Unplug the spin column and centrifuge at 209 ×  g  for 1 min. 
Mark the liquid level on the collection tube (~50 μL).   

   23.    Wash the affi nity resin consecutively with the organic solvents 
as described above.   

   24.    Reduce volume of the collected fractions by SpeedVac evapo-
ration to the level indicated on the collection tube ( see  
 Note 13 ). Add 5 μL of 15 %  TFA  .   

   25.    Bind the material to a  ZipTip C18  pipette tip  , pass 100 μL 0.1 % 
 TFA   in 10 μL portions over the resin and elute with 5–10 μL 
50 % aqueous acetonitrile, 0.1 % TFA, 0.01 %  OGS  . Subject 
1 μL of the eluate to  MALDI   MS analysis ( see   Note 14 ).   

   26.    Concentrate the material (i.e. the non-phosphorylated pep-
tides) kept in temporary storage ( step 17 , Subheading  3.4 ) on 
a  ZipTip C18  pipette tip  . Process the ZipTip for  MALDI   MS 
analysis as described above.      

     To exemplify the performance of the sample preparation/covalent 
chromatographic system an in-gel digest prepared from an equi-
molar mixture of bovine α-S1 and  β-casein   (25 pmol) was  examined. 
The results from this experiment that demonstrate the successful 
implementation of the method are shown in Fig.  2a–c  [ 11 ]. 
On the basis of the known protein sequences the ions at  m/z  
1770.3,  m/z  2103.2, and  m/z  3432.6 are recognized as the 
 N -acetyl thiol derivatives of the α-S1 monophosphorylated frag-
ment - 121 VPQLEIVPNpSAEER 134 , of the miscleavage product 
 119 YKVPQLEIVPNpSAEER 134  and of the tetraphosphorylated 
fragment of β-casein- 16 RELEELNVPGEIVEpSLpSpSpSEESITR 40   , 
respectively which proved impervious to enrichment by the dithiol-
based affi nity approach ( see  Fig.  2c ). Ions which would indicate 
incomplete acetylation were not observed in the spectrum of the 
starting material ( see  Fig.  2a , arrow heads). The ions at  m/z  2060.3 
and at  m/z  2390.4 matched in mass to the oxidized counterparts 
of fragments harboring methionine. Non-phosphorylated peptides 
were nearly exclusively found in the solvent wash providing evi-
dence that these peptides were effectively depleted from the affi nity 
support ( see  Fig.  2b ). The data provide a general means for method 
trouble shooting. Tests proposed to survey the individual reaction 
steps in detail for potential complications are described below.

   The results of the application of the method to a digest pre-
pared by in solution digestion of 2 pmol α-S1 casein are shown in 
Fig.  2c , inset ( see   Note 15 ). The high quality of the spectrum 
produced from the isolate suggests that sub-picomole quantities of 

3.5  Anticipated 
Results 
and Diagnostic tests

3.5.1  Application 
of Method to Model Protein
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digest should be amenable to the chemical approach. This precept 
is supported by the fi nding that femtomole amounts of model pep-
tides can be successfully carried through the reaction schemes [ 11 ]. 
See below.  

    Phosphorylation   site determination by  CID   in native phosphopep-
tides often fails due to lack of informative sequence information 
because gas-phase cleavage of the phosphodiester bond dominates 
over peptide backbone fragmentation. As previously noted the 
substitution of the labile phosphate group blocks this preferential 
dissociation event. In consequence; the sequence information con-
tent is in general improved facilitating phosphorylation site deter-
mination. Representative  MALDI  -TOF/TOF data obtained from 
the α-S1 casein tryptic isolate at  m/z  1770.3 which reflect this ben-
efit are illustrated in Fig.  3 . The resultant product ion spectrum 
displayed a nearly uninterrupted y ion series produced in high 
abundance. The location of the modification could be readily iden-
tified by the unique residue mass of 234 Da of the fragment ion y5 
and hence serine in position 130 was recognized as the site of 

3.5.2   Phosphorylation   
Site Determination by 
 MALDI  - TOF / TOF MS
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  Fig. 2    Application of method to a tryptic in-gel digest prepared from equimolar mixture of 25 pmol of bovine 
α-S1 and  β-casein  .  MALDI    MS spectra   of ( a ) digest after preconditioning reactions; ( b ) solvent wash; ( c ) reduc-
tively released fraction. The phosphopeptides are recognized at  m/z  1770.3,  m/z  2103.2, and  m/z  3432.6 as 
the α-S1 casein fragments  121 VPQLEIVPpSAEER 134  and  119 YKVPQLEIVPNpSAEER 134  and the β-casein fragment 
 16 RELEELNVPGEIVEpSLpSpSpSEESITR 40 , respectively. The fragment of β-casein and of α-S1casein targeted by 
oxidation is denoted by  arrow  and  asterisk , respectively.  Inset  in ( c ),  right margin  shows expanded section of 
spectrum containing the tetraphosphorylated peptide. ~2 pmol of digest were applied to the target.  Inset  in ( c ), 
 left margin  shows expanded section of spectrum containing the α-S1 miscleavage product selected from 
2 pmol of α-S1 digest. ~200 fmol of isolate were applied to the target       
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phosphorylation. Substituted phosphothreonine is recognized by 
its characteristic signature mass of 248 Da. The label remained sta-
ble under the condition of CID.

         The tests are intended to monitor the effi ciency of the individual 
reaction steps of the sample preparation method. In this way chem-
istry defi ciency can be readily identifi ed and remedies implemented 
to ensure that the fi nal reaction products are formed to near 
completion.

    1.    Test #1. Performic acid oxidation/acetylation/ BEMAD  . 
Optimal formation of the intermediates and the fi nal reaction 
product is desirable to ensure for method selectivity and to 
maximize the recovery of the  Michael addition   product. The 
data obtained from the application of the protocol described in 
 steps 1 – 3,  Subheading  3.3  using DAM1 phosphopeptide 

3.6  Diagnostic Tests
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  Fig. 3     Phosphorylation   site determination by  MALDI   tandem MS. MALDI-TOF/TOF 
spectrum of thiol derivative at  m/z  1770.3 enriched from α-S1/ β-casein   tryptic 
digest. The derivatization discriminates the site of phosphorylation as the unique 
residue mass of 234 Da contained in the product ion y5  highlighted in italics  as 
is y4 which is contiguous to the modifi cation. The presence of this ion pair 
enables unambiguous assignment of serine in position 130 as the site of phos-
phorylation. ~ 2 pmol of isolate were applied to the target       
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SFVLNPTNIGMpSKSSQGHVTK,  m/z  2312.5 as test peptide 
are shown in Fig.  4a–d . Accordingly, the peptide was fully 
oxidized ( see  Fig.  4b ), its primary amino groups were effec-
tively acetylated ( see  Fig.  4c ) and BEMAD resulted in nearly 
quantitative formation of the  N -acetyl  S -2-aminoethylcysteine 
adduct concomitant with complete O-acylation reversal ( see  
Fig.  4d ). Incompleteness of oxidation was observed only when 
the reagent was not allowed to be fully formed ( see   Note 1 ). 
Partial acetylation was strictly avoided by the immediate use of 
freshly prepared reagent ( see   Note 2 ). We have not encoun-
tered any complications during method optimization associ-
ated with BEMAD with respect to effi ciency of derivatization 
or potential chemistry side reactions [ 11 ]. Inset shows the 
spectrum of the Michael addition product produced from 
300 fmol of starting material. Consistent with previous results, 
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  Fig. 4    Diagnostics test #1.  MALDI    MS spectra   of ( a ) native DAM1 phosphopeptide 
SFVLNPTNIGMpSKSSQGHVTK,  m/z  2312.5 (20 pm); ( b ) after oxidation; ( c ) after 
acetylation; ( d ) after  BEMAD  .  Cross arrows  denote mass shifts.  Arrow  and  aster-
isk  designate sulfoxide derivative and O-acylation product, respectively. ~2 pmol 
of peptide were applied to the target.  Inset  shows experiment at 300 fmol sam-
ple load using a μ- C18  ZipTip from which the product was deposited in matrix onto 
the target       
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the data show that low-level amounts of phosphopeptide 
expected to occur in in vivo phosphorylated samples can be 
carried undiluted through the serial reaction scheme [ 11 ] ( see  
 Note 16 ).

       2.    Test #2. Another key feature of the sample preparation method 
is the N-thiolation sequence of serial reactions which imparts 
the affi nity label onto the analyte. Results from the application 
of the N-thiolation procedure to the model peptide angioten-
sin I-DRVYIHPFHL,  m/z  1296.5 are shown in Fig.  5a–d . 
Under the conditions described in  steps 4 – 6,  Subheading  3.3 , 
the peptide was conjugated with Sulfo-NHS-SS-biotin to near 
completion ( see  Fig.  5b ), its O-acylation product effectively 
hydrolyzed by hydroxylamine ( see  Fig.  5c ), and the thiol- 
functionalized peptide analog produced in nearly quantitative 
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  Fig. 5    Diagnostic test #2.  MALDI    MS spectra   of ( a ) native angiotensin I DRVYIHPFHL,  m/z  1296.9 (20 pm); ( b ) 
after biotinylation; ( c ) after O-deacylation; ( d ) after disulfi de reduction.  Cross arrows  indicate mass shifts. 
 Arrow  denotes O-acylated peptide.  In-boxed area  shows sulfone derivative of thiolated angiotensin. ~2 pmol 
of peptide were applied to the target.  Inset  shows experiment at 500 fmol sample load using a μ- C18  ZipTip 
from which the product was deposited in matrix onto the target       
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yield ( see  Fig.  5d ). Inset shows the spectrum of the thiolated 
product produced from 500 fmol of starting material high-
lighting the advantage of solid phase reaction format to thio-
late sub- picomole amounts of material. Failure to appreciate 
the recommendation with regard to the use of the NHS-ester 
reagent may lead to incomplete N-thiolation. As a result, the 
population of non-reacted  Michael addition   products would 
be subject to depletion from the affi nity support resulting in 
diminished recovery of the isolates.

       3.    Test #3. The capability of the covalent chromatographic sys-
tem to reversibly capture the analyte at high effi ciency has 
been previously demonstrated with the cysteinyl peptide 
Somatostatin CKNFFWKT,  m/z  1073.2 [ 11 ]. Results from 
such experiment are shown in Fig.  6a–c . Fractions collected 
before and after the reduction step were analyzed by  MALDI   
MS along with the unprocessed sample. The MALDI  MS spec-
tra   show that the signals produced from the starting material 
( see  Fig.  6a ) and from the reductively retrieved peptide ( see  
Fig.  6c ) were of comparable abundance. <10 % of the starting 
material was found in the initial fl ow-through fraction indicating 
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  Fig. 6    Diagnostic test #3. Validation of analyte capture/release effi ciency by 
covalent chromatography using the somatostatin fragment 3–10 (CKNFFWKT, 
 m/z  1073.2) as test peptide.  MALDI    MS spectra   of ( a ) starting material (5 pmol); 
( b ) peptide recovered from the fl ow-through fraction; ( c ) peptide reductively 
released from the affi nity support. ~1 pmol of peptide was analyzed. For MALDI 
MS, 80 laser shots acquired from eight different spot positions were summed for 
each spectrum       
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that a ~90 % coupling/release effi ciency was achieved ( see  
Fig.  6b ). Variations between replicate experiments were <5 %. 
As noted, storage of the medium in the presence of bacterio-
statics should be avoided as these agents impair the capture 
effi ciency of the medium.

4            Notes 

     1.    To avoid incomplete oxidation make sure that the mixture is 
left standing for at least 30 min prior to dilution to allow the 
reagent to be fully formed.   

   2.    NHS-ester reagents in general have a half-life of 1 h at pH 8.0 
and 25 °C. To ensure for completeness of reaction do not 
store the freshly prepared Sulfo-NHS acetate solution for 
more than 10 min prior to use. NHS-ester reagents are mois-
ture sensitive. To prevent decomposition let the reagent equil-
ibrate in the closed container from its low storage temperature 
(i.e., −20 °C) to room temperature. Obviously, do not prepare 
reagent in amine-containing buffers.   

   3.    Grind barium hydroxide octahydrate crystals to a fi ne powder 
in a standard porcelain mortar. Transfer 31.54 mg of the 
chemical to a 1.5 mL microcentrifuge tube. Add 1 ml water 
and vortex vigorously for ~2 min to facilitate dissolution. 
Centrifuge for 1 min at 1811 ×  g  to remove carbonate 
precipitates.   

   4.    Considerations with regard to the proper use of Sulfo-NHS- 
SS- Biotin   are as described in  Note 3 .   

   5.    Do not add bacteriostatics such as sodium azide, merthiolate, 
or phenyl mercuric salts to the gel. These agents diminish the 
medium’s binding capacity.   

   6.    We used GelCode Blue Stain Reagent. We have thus far not 
employed other more sensitive non-covalent staining meth-
ods. We refer the reader to the report of Granvogl and cowork-
ers in which the use of those methods is reviewed in ref.  17 .   

   7.    Standard protein in-gel digestion and in solution digestion 
protocols recommend alkylation after cystine reduction to 
promote the accessibility of the substrate to digestion. 
However, alkylated cysteinyl peptides are subject to  BEMAD   
resulting in their co-isolation. This complication is addressed 
in our sample preparation method by post-digestion perfor-
mic oxidation which renders cysteine inert toward 
BEMAD. Optionally, the solid phase oxidation step can be 
replaced by in-gel performic acid oxidation. The protein is 
then digested by the protease in the gel matrix. Gel extracts 
are bound to the reversed phase support and subsequently 
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subjected to acetylation ( see  Fig.  1 ). An effective gel-based 
procedure which we developed is found in the literature [ 11 ].   

   8.    Monitor the progress of solvent evaporation. Do not dry the 
sample below the level indicated on the collection tube 
(~35 μL). Further solvent evaporation may cause substantial 
adsorptive peptide loss especially as seen with low-level sam-
ples up to 50 % or more of the starting solution [ 16 ].   

   9.    The ZipTip de-wets in <2 min and should therefore be imme-
diately processed for derivatization. Optionally, the ZipTip 
can be temporarily stored in 0.1 %  TFA   at 4 °C preferably for 
<60 min or at room temperature for <30 min. To this purpose 
place 60 μL 0.1 % TFA into 0.5 mL microcentrifuge tubes. 
Aspirate 10 μL of solvent onto the ZipTips. Leave the ZipTips 
immersed in solvent during storage.   

   10.    Under the condition of concurrent  BEMAD   phosphothreonyl 
peptides are recalcitrant to derivatization as are phosphoseryl/
threonyl peptides in which the phosphorylated residue is posi-
tioned adjacent to proline. The consecutive reaction mode has 
to be used to ensure effi cient conversion of this class of phos-
phopeptides. During incubation air-induced carbonate pre-
cipitation typically occurs which has no impact on the effi ciency 
of derivatization.   

   11.     MALDI   MS of the eluent furnishes the mass map of the start-
ing material presented to covalent chromatography. Deviations 
from the anticipated result shown in Fig.  2a  are typically due 
to incomplete digestion and/or incomplete derivatization. Do 
not refreeze the remainder of the enzyme solution for further 
use. Repeated thawing and freezing may impair enzyme activ-
ity. The presence of satellite peaks would indicate incom-
pleteness of oxidation and/or acetylation. Remedies for these 
complications are discussed under Subheading  3.6 .   

   12.    Make sure that the affi nity resin is properly washed to avoid 
cross contamination of the enriched fraction with non- 
phosphorylated peptides. Repeat the organic solvent wash if 
this problem persists.   

   13.    To avoid adsorptive sample loss of the isolate do not dry the 
sample below the level marked on the collection tube (~50 μL) 
[ 16 ].   

   14.    We recommend the use of ZipTipμ- C18  pipette tips to recover 
phosphopeptide isolates enriched from low-level digests. With 
μ-tips the isolates can be deposited in 0.5 μL matrix directly on 
the  MALDI  -target. In this manner, femtomole mass detection 
can be readily achieved ( see  Figs.  2  and  5 , insets).   

   15.    In-solution tryptic digestion was performed in 40 μL of 
25 mM ammonium bicarbonate/0.01 %  OGS   at an enzyme to 
substrate ratio of 1:100. After 18 h incubation at 37 °C, the 
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digest was acidifi ed with 5 μL of 10 %  TFA   prior to solid phase 
immobilization.   

   16.    Any other medium-size phosphoseryl peptide containing 
methionine may be used as test peptide.         
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Chapter 4

Peptide Labeling Using Isobaric Tagging Reagents 
for Quantitative Phosphoproteomics

Lei Cheng, Trairak Pisitkun, Mark A. Knepper, and Jason D. Hoffert

Abstract

Isobaric tagging reagents have become an invaluable tool for multiplexed quantitative proteomic analysis. 
These reagents can label multiple, distinct peptide samples from virtually any source material (e.g., tissue, 
cell line, purified proteins), allowing users the opportunity to assess changes in peptide abundances across 
many different time points or experimental conditions. Here, we describe the application of isobaric pep-
tide labeling, specifically 8plex isobaric tags for relative and absolute quantitation (8plex iTRAQ), for 
quantitative phosphoproteomic analysis of cultured cells or tissue suspensions. For this particular protocol, 
labeled samples are pooled, fractionated by strong cation exchange chromatography, enriched for phos-
phopeptides, and analyzed by tandem mass spectrometry (LC-MS/MS) for both peptide identification 
and quantitation.

Key words IMAC, Isobaric tags, Isotopic labeling, iTRAQ, LC-MS/MS, Mass spectrometry, 
Multiplexing, Phosphopeptide, Phosphoproteomics, Reporter ion, TMT

1 Introduction

Reversible protein phosphorylation is a key post-translational 
modification responsible for various cellular regulatory mecha-
nisms. Protein phosphorylation studies are challenging since phos-
phorylated proteins are often low in abundance and of low 
stoichiometry. Moreover, phosphorylated peptides from a mixture 
often exhibit low ionization efficiencies during LC-MS/MS analy-
sis due to ion suppression effects. Thus, careful sample prepara-
tion, adequate sample amount, and efficient phosphopeptide 
enrichment steps are basic requirements for any successful phos-
phoproteomic analysis.

Phosphopeptide enrichment methods are widely adapted to 
the “bottom up” proteomics approach which is characterized by 
proteolytic digestion of proteins into peptide fragments prior to 
analysis by mass spectrometry. Immobilized metal affinity chroma-
tography (IMAC) is based on the affinity of the negatively charged 
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phosphate groups on phosphopeptides for a positively charged 
metal ion column matrix, and it remains the most widely used 
method for affinity enrichment [1–3]. However, metal oxides, 
especially titanium dioxide (TiO2), are common alternatives to 
IMAC and often can isolate unique subsets of phosphopeptides 
not enriched by other methods [4, 5].

Novel MS acquisition techniques have also spurred growth in 
the field of phosphoproteomics. Techniques such as neutral loss 
scanning, precursor ion scanning, and multi-stage activation 
(MSA) have been successfully applied to the routine identification 
of protein phosphorylation from complex biological samples [6–8]. 
New fragmentation methods including HCD, ECD, and ETD 
have also been utilized for protein phosphorylation analysis, which 
has allowed better fragmentation of the phosphorylated peptides, 
improved assignment of phosphorylation sites, and increased the 
sensitivity of MS-based protein phosphorylation analysis [9–11].

One of the breakthroughs in the field of proteomics has been 
the development of a vast array of quantitative methods. These 
include various label-free methods, stable isotope labeling, and 
targeted quantification techniques. All methods are applicable to 
phosphoproteomics, and quantitative phosphoproteomics has 
become an important method for measuring changes in protein 
phosphorylation on a global scale. Stable isotope labeling 
approaches generally produce more reliable quantification results 
compared to label-free quantification. Stable isotope labeling strat-
egies include stable isotope labeling by amino acids in cell culture 
(SILAC), dimethyl labeling, and the use of isobaric tagging 
reagents such as isobaric tags for relative and absolute quantitation 
(iTRAQ) and the tandem mass tagging (TMT) approach. Although 
all three methods have their strengths and weaknesses, a recent 
study indicates that all three can reach a similar level of sensitivity 
based on the number of identified proteins using a classical (MS2- 
based) shotgun approach [12]. SILAC and dimethyl labeling strat-
egies quantify peptides at the MS1 level. The more differential 
labels are used, the more complex the MS1 spectra will be. Thus, 
normally only two or three differential labels are used. The isobaric 
tagging strategy, on the other hand, quantifies peptides at the MS2 
level. Differentially labeled peptides will have the same m/z (at the 
MS1 level) and will be selected for MS2 analysis at the same time. 
Therefore isobaric labeling can allow quantitative comparison of 
up to ten different peptide samples, e.g.,using the commercially 
available TMT 10plex kit. It is worth noting reports of the use of 
hyperplexing (i.e., 18-plex), as well as a more recent 54-plex tech-
nique, which have greatly enhanced the capacity for sample multi-
plexing with isobaric reagents [13, 14]. In addition to the advantage 
provided by multiplexing, isobaric tagging approaches are rela-
tively easy to perform. Furthermore, these approaches can be 
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adapted to label virtually any sample type (e.g., cell line, tissue, or 
purified proteins).

The isobaric tagging approach is based on the covalent label-
ing of the N-terminus and side-chain primary amines of peptides 
with tags of varying masses through NHS-ester chemistry, fol-
lowed by MS analysis [15, 16]. The structure of each reagent con-
sists of three distinct regions: (1) a cleavable reporter group of a 
specific mass for peptide quantitation (113, 114, 115, 116, 117, 
118, 119, and 121 Da in the case of 8plex iTRAQ), (2) a mass 
normalizer or “balancer” region that makes each tag isobaric, and 
(3) an amine reactive group that will covalently attach the tag to 
the peptide (see Fig. 1). Relative quantification of a peptide is based 
on different reporter ions generated in the low mass area of its 
MS2 spectra (see Fig. 2). Due to the small size of the reporter ions, 
iTRAQ is compatible only with wider mass range instruments such 
as triple quadrupole and the Orbitrap generation of mass spec-
trometers, not with traditional ion traps. The signals of these 
reporter ions normally do not interfere with b and y ions used for 
peptide identification. Peptide samples to be labeled with isobaric 
tagging reagents should be free of the following: thiols, high con-
centrations of detergents or denaturants, and chemicals/buffers 
with primary amines other than the analyte of interest. Primary 
amines can react with the isobaric tagging reagents resulting in 
insufficient labeling of sample peptides. Equal amounts of labeled 
samples are then pooled, fractionated and enriched for phospho-
peptides, and followed by LC-MS/MS analysis. The same peptide 
from differentially labeled samples will still possess the same mass, 
i.e., the original mass plus the mass of the isobaric tag less one pro-
ton due to conjugation (+304 Da in the case of 8plex iTRAQ). 
Thus, the isobaric tagging approach does not lead to more com-
plex MS1 spectra as the differentially labeled peptides co-elute 
from the HPLC prior to MS analysis. During LC-MS analysis, 
these peptides are co-isolated for MS/MS fragmentation, where 
they generate the same b and y ion series for peptide identification 
while the relative quantification information is retained in the 
ratios of the reporter ion series. The fact that isobaric tagging 
reagents allow multiplexing is advantageous for research projects 
involving a time course design, e.g., monitoring changes in protein 
expression or changes in the level of various post-translational 
modifications following hormone stimulation across different time 
points or biological conditions. The labeling step for the isobaric 
tagging approach is performed after protein digestion, thus any 
variability in sample handling prior to sample pooling will increase 
the quantification biases. A normalization procedure can be 
adapted to correct for these quantification errors (see protocol 
below). Once the labeled peptides are pooled, further experimental 
biases will be minimized. For phosphoproteomics workflows in 
particular, the fractionation step as well as the phosphopeptide 
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Fig. 1 Chemical structures of isobaric tagging reagents. The general structure for 
both 8plex iTRAQ (a) and 6plex TMT (b) tags consists of an MS-cleavable reporter 
group, a balancer group of variable sizes to make the tag isobaric, and a peptide 
reactive group for labeling. Asterisks indicate positions of 13C and 15N heavy iso-
tope substitutions which are used to generate reporter ions of various sizes. 
Vertical dashed lines indicate bonds that break during labeling (right-hand lines) 
and bonds that break during MS fragmentation (left-hand lines). Note: the struc-
ture of the 8plex iTRAQ balancer group is not yet published
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enrichment step should not introduce additional quantification 
errors since the samples should have already been pooled before 
these steps. There are currently two types of iTRAQ reagents avail-
able: 4plex and 8plex. With the 4plex reagent, up to four different 
biological conditions can be investigated at the same time; and 
with the 8plex reagent, up to eight. The 4plex and 8plex reagents 
have different structures in the balancer group region; however, 
they show only slight differences in sensitivity. There was an initial 
report that showed that 4plex kits may generate higher numbers of 
protein identifications compared to 8-plex kits [17]. However, it 
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Fig. 2 Experimental workflow for iTRAQ-based quantitative phosphoproteomic analysis. Cultured cells/tissue 
suspensions are treated with or without hormone for the indicated times followed by lysis in 8 M urea. Protein 
lysates are then digested with trypsin, desalted, and labeled with 8plex iTRAQ reagents. Strong cation exchange 
chromatography (SCX) stratifies the sample into 20 fractions followed by either immobilized metal affinity 
chromatography (IMAC) or metal oxide affinity chromatography (MOAC), which will enrich each fraction for 
phosphopeptides. Phosphopeptides are analyzed by tandem mass spectrometry (LC-MS/MS) in which the 
fragmentation is performed by higher energy collision induced dissociation (HCD), and the mass-to-charge 
ratio (m/z) and intensity of corresponding peptide ions are measured by an orbitrap-based mass spectrometer. 
In the MS2 spectrum, the pattern of b and y ions allows for phosphopeptide identification through database 
searching (black peaks), while the intensities of the iTRAQ reporter ions allow for relative quantification of 
phosphopeptide abundances across the eight different experimental conditions (colored peaks)
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was later shown that 8plex iTRAQ provides more consistent 
 quantification ratios compared to 4plex, and provides comparable 
total identifications while allowing more experimental conditions 
to be investigated in a large scale proteomics study [18].

One common problem encountered during LC-MS/MS anal-
ysis of iTRAQ or TMT labeled complex samples is the co-isolation 
of contaminant ions with similar m/z values and elution times. 
This means that for a given peptide, the reporter ion ratios in its 
corresponding MS2 spectrum do not reflect the true quantification 
ratios for that peptide, but instead reflect the sum of all reporter 
ion intensities produced by that peptide and from all other con-
taminating peptides co-isolated with the peptide of interest. This 
phenomenon is often referred to as “isolation interference” or 
“ratio compression,” as it tends to compress peptide quantitation 
ratios toward unity (i.e., 1). The problem can be partially alleviated 
by performing fractionation at the peptide level using techniques 
such as SCX or HILIC chromatography. Fractionation reduces the 
complexity of the original sample and is usually based on an alter-
native peptide separation strategy other than C18 (normally the 
method of choice for HPLC separation coupled to MS analysis). 
At the data analysis level, software such as Proteome Discoverer 
(Thermo Scientific) can calculate isolation interference scores 
based on the unassigned peaks and their intensities presented in 
MS2 spectra. Using an appropriate isolation interference score cut-
off, users can filter large-scale iTRAQ quantification data with 
more reliable results. At the MS acquisition level, two MS tech-
niques have been adopted for overcoming the ratio compression 
problem: gas phase fractionation [19] and MS3 acquisition [20]. 
Gas phase fractionation uses the proton-transfer ion-ion reactions 
(PTR) to reduce the precursor ion charge state and gets rid of con-
taminating ions with different charge states. MS3 acquisition pro-
vides an additional isolation and fragmentation event that helps 
minimize the interference problem. However, it was noted that the 
MS3 method suffered from reduced sensitivity. To overcome issues 
with sensitivity, a relatively recent approach was developed called 
Synchronous Precursor Selection (MultiNotch) MS3 which allows 
isolation of multiple MS2 product ions simultaneously, helping to 
increase the intensity of reporter ions in MS3 spectra and improv-
ing sensitivity, precision, and accuracy in MS quantification [21].

In this chapter we will introduce a standard workflow for 8plex 
iTRAQ labeling of peptides isolated from mammalian cells or tis-
sue suspensions for multiplexed quantitative phosphoproteomic 
analysis. A similar workflow was recently used to successfully probe 
the phosphorylation dynamics of the vasopressin V2 receptor sig-
naling pathway in mammalian kidney [22].

Lei Cheng et al.
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2 Materials

Note: All reagents including water, acetonitrile, and isopropanol 
should be HPLC-grade or higher.

 1. Cells.
 2. Hormone for stimulation (For example: vasopressin).
 3. Cell Lysis Buffer, 8 M urea, 50 mM Tris–HCl, 75 mM NaCl, 

1× Halt Protease and Phosphatase Inhibitor Cocktail.
 4. Benchtop Centrifuge.
 5. Probe sonicator (Misonix 3000 or equivalent).
 6. Reagents for protein assay (e.g., BCA assay).
 7. 1.5 ml microcentrifuge tubes.

 1. 50 mM Ammonium Bicarbonate (AmBic) Buffer, 0.2 g 
ammonium bicarbonate in 50 ml HPLC-grade water.

 2. 250 mM Dithiothreitol (DTT) stock, 7.7 mg DTT in 200 μl 
AmBic.

 3. 250 mM Iodoacetamide stock, 9.3 mg iodoacetamide in 
200 μl AmBic.

 4. 1 μg/μl Trypsin stock, 100 μg Trypsin Gold in 100 μl of 
50 mM acetic acid. Keep on ice until ready to use, then freeze 
the unused portion at −20 °C.

 5. 100 % Formic Acid.
 6. Benchtop Centrifuge.
 7. pH meter or pH paper.
 8. Waters Oasis HLB 1 cc Desalting Cartridges (WAT094225 or 

equivalent).
 9. 100 % Acetonitrile (ACN).
 10. Water (LC/MS grade).
 11. Savant SC100 SpeedVac with RT490 Refrigerated 

Condensation Trap.

 1. iTRAQ 8plex Multi-plex Kit (AB SCIEX): 5× 1-U vials of 
each iTRAQ 8plex reagent (i.e., 113, 114, 115, 116, 117, 
118, 119, and 121), Dissolution Buffer pH 8.5 (0.5 M trieth-
ylammonium bicarbonate, TEAB), and isopropanol. 
Important note: The denaturant, reducing reagent, and cyste-
ine-blocking reagent vials provided with this kit are not used in 
this protocol.

 2. 100 % Formic Acid.
 3. Savant SC100 SpeedVac with RT490 Refrigerated 

Condensation Trap.

2.1 Preparation 
of Cell Lysates

2.2 In-Solution 
Protease Digestion

2.3 iTRAQ Labeling

Peptide Labeling Using Isobaric Tagging Reagents for Quantitative Phosphoproteomics
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 4. pH meter or pH paper.
 5. 15 ml conical tubes.

 1. PolySulfoethyl A SCX column (4.6 mm ID × 20 cm length, 
5-μm particle size, 300-Å pore size; PolyLC).

 2. SCX Buffer A, 5 mM KH2PO4/25 % ACN, pH 2.67. Dissolve 
0.68 g KH2PO4 in 747 ml LC-MS/MS grade water. Monitoring 
with a pH meter and with constant mixing, add ~2.5–3 ml of 
1 N HCl to bring pH to 2.67. Add 250 ml 100 % ACN and mix.

 3. SCX Buffer B, 5 mM KH2PO4/500 mM KCl/25 %ACN, 
pH 2.67. Dissolve 0.68 g KH2PO4 and 37.29 g KCl in 747 ml 
LC-MS/MS grade water. Monitoring with a pH meter and with 
constant mixing, add ~2.5–3 ml of 1 N HCl to bring pH to 2.67. 
Add 250 ml 100 % ACN and mix.

 4. HPLC system (Agilent HP1100 System or equivalent).
 5. Waters Oasis HLB cartridge.

 1. Pierce Fe-NTA Phosphopeptide Enrichment Kit (Pierce/
Thermo).

 2. Pierce Graphite Spin Columns (Pierce/Thermo).

 1. Eksigent Nanoflow LC system connected to an LTQ Orbitrap 
Velos mass spectrometer or an equivalent LC-MS/MS 
system.

 2. MS Buffer A: 0.1 % formic acid in water.
 3. MS Buffer B: 0.1 % formic acid in acetonitrile.

 1. Proteome Discoverer Software (or equivalent)

3 Methods

 1. Incubate cell line/tissue suspensions with hormone/reagent 
of choice for the appropriate amounts of time. The amount of 
protein for each sample should be at least 100 μg (optimally 
500 μg) for each desired experimental condition. A typical 8 
plex iTRAQ time course experimental design is provided in 
Fig. 2 (see Note 1).

 2. Following incubation, briefly spin samples at 10,000 × g for 
30 s to pellet the cells and remove the supernatant.

 3. Resuspend cell pellets in 150 μl of Cell Lysis Buffer in a 1.5 ml 
microcentrifuge tube.

2.4 Sample 
Fractionation by 
Strong Cation 
Exchange 
Chromatography

2.5 Phosphopeptide 
Enrichment

2.6 LC-MS/MS 
Analysis

2.7 Phosphopeptide 
Identification (Protein 
Database Searching)

3.1 Preparation 
of Cell Lysates
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 4. Place samples in a small container of wet ice. Sonicate imme-
diately using a Misonix probe sonicator or equivalent for 
1 min, setting 1, with 0.5 s bursts.

 5. Spin at >10,000 × g for 10 min in a benchtop centrifuge to 
pellet cellular debris. Transfer the supernatants to new micro-
centrifuge tubes.

 6. Perform a protein assay (e.g., BCA assay). The samples should 
contain at least 100 μg (optimally 500 μg) of protein and the 
concentration should be approximately 4 μg/μl (see Note 2).

 1. Reduce the samples by adding DTT to a final concentration of 
10 mM. Incubate 1 h at 37 °C.

 2. Alkylate the samples by adding iodoacetamide to a final con-
centration of 40 mM. Incubate 1 h, no longer. (Protect sam-
ple from light.)

 3. Quench the excess iodoacetamide by adding another 40 mM 
DTT. Incubate for at least 15 min at room temperature.

 4. Dilute the samples to <1 M urea with 50 mM AmBic.
 5. Add trypsin at a trypsin-to-protein ratio of 1:20 to 1:100 

(weight: weight). Ideally, the final trypsin concentration in the 
sample should be ≥12 ng/μl. Incubate at 37 °C for 16 h.

 6. Terminate the reaction by adding 100 % formic acid to a final 
concentration of 0.5 %.

 7. Spin the samples at ≥16,000 × g for 20 min at 4 °C in a bench-
top centrifuge to pellet any insoluble material. Transfer the 
supernatants to fresh tubes. Check that the pH is <4.0.

 8. Desalt the samples using a Waters Oasis HLB cartridge (see 
Note 3).

 (a) Condition the cartridge with 1 ml of 100 % ACN.
 (b) Equilibrate with 1 ml of 0.1 % formic acid.
 (c)  Slowly apply the peptide sample to the cartridge (1 drop 

every 3 s).
 (d)  Wash the cartridge three times with 1 ml of 0.1 % formic 

acid.
 (e)  Elute the desalted peptides slowly using 1 ml of 0.1 % 

formic acid/50 % ACN.
 (f)  Vacuum-concentrate the samples down to <10 μl using a 

SpeedVac.

At any step in the protocol that includes vacuum concentration of 
peptides, samples can be stored at ≤ −20 °C.

Vacuum concentration using a SpeedVac is often a slow process, 
especially for larger volumes or less volatile liquids. For convenience, 
samples can be safely left overnight in the SpeedVac without compro-
mising the integrity of the peptide sample.

3.2 In-Solution 
Protease Digestion
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(Note: The following protocol is for labeling 500 μg of peptide per 
iTRAQ channel. At least 100 μg of peptide per iTRAQ channel 
should be used. Please scale the amount of each reagent accordingly.)

 1. Bring iTRAQ reagent vials, Dissolution Buffer, and isopropa-
nol to room temperature (see Note 4).

 2. Preparation of iTRAQ reagents.

 (a)  Briefly spin iTRAQ reagent vials to bring the liquid to the 
bottom of tube.

 (b) Add 70 μl of isopropanol to each vial. Vortex and spin.
 (c)  Combine the contents of the five duplicate iTRAQ reagent 

vials into a single vial for each reagent. Each iTRAQ 
reagent vial should now contain approximately 350–370 μl 
of reagent.

 (d) Vortex the tubes and spin again.
 3. Resuspend the peptide samples in 150 μl of iTRAQ Dissolution 

Buffer.
 4. Add the total contents of each iTRAQ reagent vial to each 

sample according to your particular experimental design (An 
example is provided in Fig. 2). Vortex briefly to mix (see Note 5).

 5. Incubate for 2 h at room temperature.
 6. Quench the reaction by adding formic acid to a final concen-

tration of 0.5 %. Samples can be stored at −80 °C if necessary 
before proceeding with the rest of the protocol.

 7. Vacuum-concentrate the samples to <50 μl to remove the 
majority of isopropanol. Important: Avoid letting samples dry 
completely or they will be difficult to resuspend during the 
next step.

 8. Resuspend each sample in 500 μl of 0.5 % formic acid.
 9. Combine all 8 iTRAQ-labeled samples into a single 15 ml 

conical tube. Check that the pH is <4.0.
 10. Divide the sample equally across four desalting cartridges. 

Desalt the sample as in step 8, Subheading 3.2. Vacuum- 
concentrate the sample to a volume <10 μl.

 1. Resuspend the sample in 300 μl of SCX Buffer A. Check that 
the pH is 2.6–3.0.

 2. Load the sample onto a conditioned PolySulfoethyl A SCX 
column attached to an HPLC system (Agilent HP1100 System 
or equivalent).

 3. Run at a flow rate of 1 ml/min using the following gradient: 
100 % buffer A and 0 % buffer B for 2 min; 0–14 % buffer B 
for 33 min; 14–100 % buffer B for 1 min; 100 % buffer B held 
for 4 min.

3.3 iTRAQ Labeling

3.4 Sample 
Fractionation by 
Strong Cation 
Exchange 
Chromatography
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 4. Collect fractions every 1.5 min. Based on the chromatographic 
profile at 214 nm, pool the samples down to 20 fractions (see 
Note 6).

 5. Vacuum-concentrate the samples to a volume <10 μl. 
Resuspend samples in 0.1 % formic acid (see Note 7). Check 
that the pH is <4.0.

 6. Desalt each fraction using a Waters Oasis HLB cartridge and 
reduce volume to <10 μl by vacuum-concentration (see step 8, 
Subheading 3.2).

 1. Process all 20 SCX fractions by immobilized metal affinity 
chromatography (IMAC) or metal oxide affinity chromatogra-
phy (MOAC) to enrich for phosphopeptides (see Note 8).

 2. For IMAC, resuspend the labeled peptide samples in 200 μl of 
Binding Buffer (Pierce Fe-NTA Phosphopeptide Enrichment 
Kit).

 3. Add sample to a Fe-NTA spin column and incubate for 20 min 
at room temperature with end-over-end rotation. Centrifuge 
the column at 1000 × g for 1 min. Discard the flow-through. 
Transfer column to a new tube.

 4. Add 100 μl of Wash Buffer A to the spin column and gently 
mix the contents by tapping the side of the column. Do not 
pipette up and down.

 5. Centrifuge the column at 1000 × g for 1 min. Discard the 
flow-through.

 6. Repeat steps 4 and 5 once.
 7. Add 100 μl of Wash Buffer B to the spin column and gently 

mix the contents as before.
 8. Centrifuge the column at 1000 × g for 1 min. Discard the 

flow-through.
 9. Repeat steps 7 and 8 once.
 10. Add 100 μl of ultrapure water to the column and gently mix. 

Centrifuge the column at 1000 × g for 1 min. Discard the 
flow-through.

 11. Transfer the column to a new collection tube and add 50 μl of 
Elution Buffer directly to the resin. Incubate for 5 min at 
room temperature.

 12. Centrifuge the column at 1000 × g for 1 min. Retain eluate for 
analysis.

 13. Repeat steps 11 and 12, Subheading 3.5, two additional times 
and pool the elution fractions.

 14. Acidify the pooled elution by adding 200 μl of 2.5 % TFA.
 15. Desalt samples using Pierce Graphite Spin Columns prior to 

analysis by mass spectrometry.

3.5 Phosphopeptide 
Enrichment
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 1. Resuspend the desalted, phosphopeptide-enriched samples in 
20 μl of 0.1 % formic acid.

 2. Inject 10 μl of each sample onto an Eksigent Nanoflow LC 
system connected to an LTQ Orbitrap Velos mass spectrome-
ter or an equivalent LC-MS/MS system (see Note 9). Save the 
other half of each sample for a subsequent LC-MS/MS run.

 3. The following MS instrument parameters should be used: 
peptides ionized via a nano-spray ion source; MS run time of 
65 min; spectra recorded in data-dependent acquisition mode 
with the dynamic exclusion option enabled; each survey MS 
scan followed by Higher Energy Collision Induced Dissociation 
(HCD) fragmentation of the top six most abundant precursor 
ions; both survey MS as well as MS2 scans acquired by the 
Orbitrap mass analyzer with a resolution of 30,000 and 7500 
at m/z of 400 for MS and MS2 scans, respectively. For more 
effective fragmentation of iTRAQ-labeled peptides, set the 
normalized collision energy to 45 % (i.e., 10–15 % higher than 
for native peptides) or use a stepped normalized collisional 
energy scheme during HCD [23]. To minimize isolation 
interference, the precursor isolation window should be set to 
as narrow a width as possible (given that the sensitivity is not 
compromised). We recommend an isolation window of 3 m/z 
(i.e., ±1.5 m/z).

 1. Search MS2 spectra (RAW files) using Proteome Discoverer 
Software running the Sequest search algorithm on a concate-
nated database containing both forward and reversed comple-
ment sequences from the latest version of the NCBI Refseq 
Protein Database from the appropriate species. Append a list 
of common contaminating proteins (e.g., porcine trypsin and 
human keratin) (http://www.thegpm.org/crap/) (see Note 10).

 2. The following MS search parameters are recommended: pre-
cursor ion tolerance set to 25 ppm; fragment ion tolerance set 
to 0.05 Da; three missed trypsin cleavages; static modifica-
tions are carbamidomethylation of cysteine (+57.021 Da) and 
iTRAQ 8plex modification of lysine and peptide N-termini 
(+304.205 Da); variable modifications are oxidation of methi-
onine (+15.995 Da), phosphorylation of serine, threonine, 
and tyrosine (+79.966 Da), and iTRAQ 8plex modification of 
tyrosine (+304.205 Da); target-decoy filter set to a 1 % false 
discovery rate (FDR) at the peptide level; known contaminant 
ions should be excluded. In addition, each batch of iTRAQ 
reagents contains trace levels of isotopic impurities. Thus, 
users should also set the isotope correction factors based on the 
values provided in the certificate of analysis that comes with 
each iTRAQ kit.

3.6 LC-MS/MS 
Analysis

3.7 Phosphopeptide 
Identification (Protein 
Database Searching)
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 3. Phosphorylation sites should be assigned using a phosphoryla-
tion site assignment algorithm such as PhosphoRS (provided 
with Proteome Discoverer Software), PhosSA [24], or Ascore 
[25] (see Note 11).

 4. Phosphopeptides that match to more than one protein iso-
form should be identified using programs such as MassSieve 
[26] and ProMatch [27]. Although it is not necessary to elim-
inate these peptide IDs from further analysis, iTRAQ quanti-
fication values obtained from these “ambiguous” peptides 
may reflect average peptide abundances from multiple protein 
isoforms that may be present in the sample.

 1. MS2 iTRAQ reporter ion intensities for phosphopeptides that 
possess the same linear amino acid sequence as well as the 
same site(s) of modification (including all types of modifica-
tions, not just phosphorylation) should be summed for each 
individual iTRAQ channel (see Note 12).

 2. The desired relative abundance ratios are then calculated for 
each phosphopeptide (see the experimental design in Fig. 2).
For an arbitrary peptide X:
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 3. These values are then normalized using a global correction 
factor based on the ratio of the summed reporter ion intensi-
ties of all peptides in each corresponding iTRAQ channel.
If the summation of all reporter ion intensities for all peptides in 
each channel are:
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and the normalized abundance ratio for peptide X is:
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3.8 Phosphopeptide 
Quantification

Peptide Labeling Using Isobaric Tagging Reagents for Quantitative Phosphoproteomics



66

 4. The final step is to take the log2 of this normalized ratio.

 log . .2 1 95 0 963( ) =  

 5. The log2 normalized ratio is then used to calculate the mean 
and standard deviation of the relative abundance of each pep-
tide among all biological replicates (see Note 13).

 6. A one-sample t-test can be used to calculate a p-value for each 
peptide. Specifically, all log2 normalized ratios for a given pep-
tide are compared to a hypothetical mean of 0 [i.e., log2(1) = 0 
is equivalent to a fold change of 1, or no change].

 7. To correct for the higher number of false positive hits pro-
duced by multiple testing (i.e., thousands of peptides are 
routinely analyzed in a single data set), we recommend the use 
of a multiple testing correction method. The Benjamini and 
Hochberg (BH) False Discovery Rate [28] is relatively easy to 
calculate and represents an acceptable tradeoff between sensi-
tivity and specificity (see Note 14). To calculate:

 (a)  Rank the p-value of each peptide from smallest to largest. 
The smallest p-value has a rank of r = 1, the next has a rank 
of r = 2, etc.

 (b)  Compare each peptide’s p-value to (r/n) Q, where n is the 
total number of peptides and Q is the chosen FDR (usually 
0.05 or less).

 (c)  A p-value is considered significant (i.e., passed the FDR 
filter) if p < (r/n)Q.

 (d)  For a list of ten peptides that will be filtered for a FDR (Q) 
value of 0.05 or 5 %, see the example below. In this case, 
only the top three peptides will pass the BH 5 % filter 
[p < (r/n)Q].

Peptide Rank (r ) p-value (r/n)Q

Peptide 1 1 0.001 0.005

Peptide 2 2 0.002 0.010

Peptide 3 3 0.011 0.015

Peptide 4 4 0.077 0.020

Peptide 5 5 0.210 0.025

Peptide 6 6 0.350 0.030

Peptide 7 7 0.410 0.035

Peptide 8 8 0.650 0.040

Peptide 9 9 0.740 0.045

Peptide 10 10 0.920 0.050

Lei Cheng et al.
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4 Notes

 1. The experimental design in Fig. 2 describes a generic time 
course analysis of the effects of a hormone on global protein 
phosphorylation. The time points can be altered depending 
on the choice of hormone/drug as well as the system being 
studied. It is recommended that the length of each hormone 
treatment has its own time-matched control to account for 
fluctuations in basal phosphorylation levels with time. An 
alternative use of the 8plex iTRAQ methodology would be a 
dose-response assay to determine the effects of different 
concentrations of a hormone/drug on global protein 
phosphorylation.

 2. If the sample is too diluted, you will need to concentrate the 
sample. We recommend a centrifugal filtration unit such as a 
Microcon YM-10 from Millipore.

 3. We recommend using an HLB 1 cc/30 mg cartridge 
(WAT094225 or equivalent) which has a 1–5 mg peptide 
binding capacity. As gravity elution is not practical, a 5 cc 
syringe mounted on a luer adaptor (WAT054260) is recom-
mended for controlled positive displacement of buffers and 
sample.

 4. The iTRAQ 8plex Multi-plex Kit provides five 1-U tubes of 
each of eight different iTRAQ reagents (i.e., 113, 114, 115, 
116, 117, 118, 119, and 121). Each unit can label up to 
100 μg of peptide sample. Therefore, you will need all five 
vials of each reagent to label 500 μg of peptide sample for each 
experimental condition.

 5. After adding the iTRAQ reagent to your sample, check that 
the pH is between 8.0 and 8.5 to ensure efficient labeling. 
Other requirements for efficient labeling include avoiding 
buffers with primary amines (e.g., ammonium bicarbonate 
and Tris), a Dissolution Buffer concentration of 120–150 mM, 
an organic concentration >65 %, an iTRAQ reagent concen-
tration of 40 mM ± 5 %, and a peptide concentration of 
0.5–1 mg/ml.

 6. Due to the presence of negatively charged phosphate groups, 
phosphopeptides will not bind as strongly as unphosphory-
lated peptides to the negatively charged SCX resin. Thus, the 
majority of phosphopeptides will elute in earlier SCX fractions, 
while unphosphorylated peptides will tend to elute later. 
However, due to the presence of missed trypsin cleavages and 
other factors, phosphopeptides can be distributed across all 
SCX fractions.

 7. iTRAQ-labeled peptides are larger and more hydrophobic 
than their unlabeled peptide counterparts. Adding 3–5 % ACN 
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to resuspend dried peptides following the labeling reaction 
may increase recovery.

 8. We use the Fe-NTA Phosphopeptide Enrichment Kit, although 
Ga+3-based IMAC or TiO2-based enrichment are both viable 
alternatives. If you choose the Fe-NTA method, we recom-
mend that the final desalting step is done using Pierce Graphite 
Spin Columns.

 9. The LC portion of this particular LC-MS/MS setup uses a 
C18 pre-column for desalting. The captured peptides are then 
directed to a PicoFrit reversed-phase analytical column.

 10. Besides Sequest, other algorithms that can be used to search 
phosphoproteomic data include Mascot, InsPecT, and 
X!Tandem. Also, besides searching the RefSeq protein data-
base, other protein databases (e.g., Swiss-Prot) can be used.

 11. As phosphopeptides often contain multiple serine, threonine, 
and tyrosine residues, it is of critical importance to verify that 
the site(s) of phosphorylation reported by the initial search 
algorithm are correct or if an alternative phosphorylation con-
figuration is more likely. Search engines such as Sequest are 
not designed for this purpose and often report incorrect phos-
phorylation sites.

 12. This method ensures that the more intense spectra (i.e., the 
ones that often have more accurate reporter ion intensities) 
contribute more to the final calculated ratio.

 13. We recommend replicating each experimental condition at 
least three times (biological replicates are preferable to techni-
cal replicates) to obtain the most accurate quantitation values 
and for proper statistical analyses.

 14. Other multiple testing correction methods include Bonferroni, 
Bonferroni Step-Down, and Westfall and Young Permutation. 
These methods are more stringent (i.e., they will produce a 
lower number of false positives and a higher  number of false 
negatives) which will reduce the sensitivity of the analysis.
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    Chapter 5   

 Identifi cation of Direct Kinase Substrates Using Analogue- 
Sensitive Alleles       

     Daniel     A.     Rothenberg    ,     Elizabeth     A.     Gordon    ,     Forest     M.     White    , 
and     Sebastian     Lourido      

  Abstract 

   Identifying the substrates of protein kinases remains a major obstacle in the elucidation of eukaryotic 
signaling pathways. Promiscuity among kinases and their substrates coupled with the extraordinary plasticity 
of phosphorylation networks renders traditional genetic approaches or small-molecule inhibitors problem-
atic when trying to determine the direct substrates of an individual kinase. Here we describe methods to 
label, enrich, and identify the direct substrates of analogue-sensitive kinases by exploiting their steric 
complementarity to artifi cial ATP analogues. Using calcium-dependent protein kinases of  Toxoplasma 
gondii  as a model for these approaches, this protocol brings together numerous advances that enable label-
ing of kinase targets in semi-permeabilized cells, quantifi cation of direct labeling over background, and 
highly specifi c enrichment of targeted phosphopeptides.  

  Key words     AS kinase  ,    SILAC    ,    IMAC    ,    LC    MS/MS    ,    Toxoplasmosis    ,    Quantitative   analysis  

1      Introduction 

 Traditionally, kinase-substrate interactions have been determined 
using in vitro kinase assays consisting of purifi ed or recombinant 
kinases, their substrates, and cofactors necessary for activity. These 
kinase assays are typically limited to one putative kinase-substrate 
interaction at a time, require a priori knowledge, and therefore 
preclude the discovery of novel substrates on a large scale. Through 
the use of protein microarrays, it is now possible to perform kinase 
assays on thousands of proteins simultaneously, which has led to 
the identifi cation of dozens of novel putative substrates for selected 
kinases [ 1 ]. Unfortunately, in vitro kinase assays, in either tradi-
tional or microarray format, lose the specifi city conferred by cellular 
context, including subcellular localization, interaction with other 
kinases and phosphatases, and many other factors that constrain kinase 
activity and give rise to the regulatory networks observed in vivo. 
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In contrast, various phosphoproteomic approaches have been 
developed to enrich for phosphopeptides from whole-cell lysates, 
in an attempt to characterize the signaling states of living cells. 
Among these techniques, immobilized metal affi nity chromatogra-
phy ( IMAC  ) and metal-oxide affi nity chromatography ( MOAC  ; 
e.g.,  TiO 2   ) have functioned as robust and effective methods for 
enriching phosphopeptides, which are typically found at sub-stoi-
chiometric abundance compared to their non- phosphorylated 
counterparts [ 2 ,  3 ]. These mass spectrometry (MS)-based phos-
phoproteomics approaches have enabled the rapid, in-depth inves-
tigation of protein phosphorylation-mediated signaling networks 
in a diverse array of biological systems. One key advantage of these 
MS-based techniques is the identifi cation of the exact phosphory-
lation sites on a given protein, thereby enabling functional investi-
gation of each site through site-directed mutagenesis. Moreover, 
site specifi city allows for analysis of the dataset to identify motifs 
enriched in the sequences surrounding the phosphorylation sites. 
When compared against databases of known kinase motifs, this 
latter information can function as a fi ngerprint of protein kinase 
activity in the biological sample. Additionally, phosphoproteomics 
can reveal the network-wide effects of manipulating the expression 
or activation state of a given protein kinase, including altered phos-
phorylation sites on direct kinase substrates and indirect effects 
resulting from downstream pathways and feedback networks. The 
limitations of these global approaches lie in the complexity of 
the phosphoproteome, which frequently obscures low-abundance 
peptides and precludes identifi cation of the kinase(s) responsible 
for a specifi c phosphorylation event. 

 To address these challenges, chemical-genetic approaches pio-
neered by Kevan Shokat’s lab distinguish the activity of specifi c 
kinases through genetic manipulation of the kinase to engineer ste-
ric complementarity to synthetic  ATP    analogue   s   [ 4 ]. The large 
hydrophobic residue(s) occupying the gatekeeper position in the 
nucleotide-binding pocket of most kinases provide strict selectivity 
for ATP. Mutation of the gatekeeper to a glycine or alanine pre-
serves activity in most kinases while providing complementarity 
to N 6 -substituted (bulky) ATP analogues. Kinases with expanded 
ATP-binding pockets have been termed analogue sensitive (AS) 
given their susceptibility to bulky pyrazolo [3,4-d] pyrimidine (PP) 
derivatives [ 5 ]. Most recently, bulky  ATPγS   analogues, containing 
a γ-thiophosphate as well as the N 6 -substituent, have been used in 
conjunction with AS-kinase alleles. This combination leads to the 
thiophosphorylation of substrates by the kinase of interest, thereby 
enabling their subsequent enrichment through thiol-specifi c chem-
istry [ 6 – 8 ]. 

 This protocol focuses on the calcium-dependent protein 
kinases ( CDPKs  ) of the parasite   Toxoplasma gondii    as a test case for 
the identifi cation of kinase substrates through AS-kinase alleles. 

Daniel A. Rothenberg et al.



73

 T. gondii  is a widely distributed apicomplexan parasite that infects 
nearly a quarter of the world’s population, although its pathogen-
esis is mainly restricted to immune-compromised individuals and 
the developing fetus [ 9 ]. Due to its ease of culture and genetic 
tractability,  T. gondii  has emerged as a model system for the phylum 
that includes the etiological agents of malaria. CDPKs have been 
shown to be essential regulators of parasite development, motility, 
and invasion [ 10 ]. Because they are absent from the mammalian 
host, CDPKs have also garnered attention as potential therapeutic 
targets [ 11 – 14 ]. In  T. gondii  one of these kinases, TgCDPK1, has 
a small gatekeeper (Gly 128 ) and is therefore naturally susceptible to 
bulky PP derivatives [ 11 ,  12 ,  15 ] and able to utilize bulky  ATPγS   
analogues, like 6-Fu-ATPγS [KTPγS; 16]. This gatekeeper can be 
mutated to a larger residue (Gly 128 Met), which preserves kinase 
activity but renders the kinases insensitive to the inhibitors and 
unable to utilize the bulky artifi cial substrates. Comparison of the 
wild-type and mutant strains has been previously used to identify 
proteins thiophosphorylated by TgCDPK1 in parasite lysates [ 16 ]. 
In the current protocol, we combine this approach with a novel 
semi-permeabilization strategy that utilizes the pore-forming toxin 
aerolysin to introduce KTPγS into parasites, without disrupting 
the cellular ultrastructure. Additionally, through the use of stable 
isotope labeling with amino acids in cell culture [ SILAC  ;  17 ], we 
can quantitatively compare thiophosphorylation in strains bearing 
the different kinase alleles and thereby distinguish TgCDPK1 targets 
from background utilization of the analogue. We also describe 
highly effective methods of enriching for thiophosphorylated pep-
tides, including in-column elution and cleanup, and immobilized 
metal ion affi nity chromatography ( IMAC  ), which coupled with 
mass spectrometry provides a sensitive means of identifying the 
thiophosphorylated proteins and the exact modifi ed residue(s) [ 7 ]. 
The workfl ow for the indicated protocol is illustrated in Fig.  1 .

   These methods are generalizable to a variety of cell-based sys-
tems, and we have attempted to highlight key steps that should be 

day 1 day 2 day 3

store at
-80°C

detergent or 
freeze/thaw lysis

calibrate
SILAC

day 4

SILAC
labeling

semi-
permeabilization

kinase
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& digestion

desalting &
lyophylization

thiophosphate
capture
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mass

spectrometry
analysis &
validation
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alkylation &
western blot
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  Fig. 1    Workfl ow for the identifi cation of AS-kinase substrates through thiophosphorylation. Alternative steps 
are illustrated with  dotted lines . A general timeline for the experiments is shown below the diagram; o.n., 
overnight incubation       
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optimized for other kinases and other organisms. The approaches 
described below will enable the discovery of new substrates and 
account for the effects of subcellular localization on kinase func-
tion and specifi city.  

2    Materials 

       1.     SILAC   media:  DMEM   for SILAC supplemented with 0.1 mg/
ml  l -lysine [ 12 C 6  14 N 2  (light),  13 C 6  14 N 2  (medium) or  13 C 6  15 N 2  
(heavy)], 0.1 mg/ml  l -arginine [ 12 C 6  14 N 4  (light),  13 C 6  14 N 4  
(medium) or  13 C 6  15 N 4  (heavy)], 0.23 mg/ml  l -proline, 10 % 
dialyzed  FBS   for SILAC.   

   2.     Human foreskin fi broblast   s   (SCRC-1041; ATCC, Manassas, 
VA) grown in  DMEM   supplemented with 10 %  FBS  .   

   3.    T12.5 and T175 tissue culture fl asks.   
   4.    Dulbecco’s phosphate-buffered saline ( PBS  ).   
   5.    Intracellular buffer (IB; 10×): 1.37 M KCl, 50 mM NaCl, 

100 mM MgCl 2 , 200 mM  HEPES   (pH 7.4). Diluted tenfold 
in MilliQ water for use with cells (1× IB).      

       1.     Aerolysin  :  HIS-tagged proaerolysin  , purifi ed as previously 
described [ 18 ], and stored in 50 mM Tris (pH 7.5), 300 mM 
NaCl, 10 % (v/v) glycerol at −80 °C. Dilute to 6 μg/ml in IB 
prior to use.   

   2.    Kinase buffer: 1× IB, 4 mM CaEGTA ( see   Note 1 ), 1 mM 
GTP, 100 μM  ATP  , 10 μM KTPγS (6-Fu- ATPγS  ; BioLog, 
Bremen, Germany), 1× Halt protease/phosphatase inhibitor 
cocktail.      

       1.    Lysis buffer: 1× IB, 1 %  Triton X  -100, 10 mM  EGTA  , 1× Halt 
protease/phosphatase inhibitor cocktail.   

   2.    DC Protein Assay.   
   3.     Methanol  .   
   4.     Chloroform  .   
   5.    8 M urea dissolved in water.   
   6.    1 M  TCEP   solution in water. Store single-use aliquots at 

−80 °C, for up to 6 months.   
   7.    Digest buffer: 100 mM ammonium acetate (pH 8.9), 1 mM 

CaCl 2 . Add 2 mM  TCEP   immediately before digest.   
   8.     Trypsin   Gold, mass spectrometry grade.      

       1.    50 mM p-nitrobenzyl mesylate.   
   2.    Reagents and equipment for  SDS-PAGE   and Western 

blotting.   
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   3.    Anti-thiophosphate ester antibody (ab92570, Abcam, 
Cambridge, MA).      

       1.     C18 Sep-Pak Cartridge   s  .   
   2.    Glacial acetic acid.   
   3.    0.1 % acetic acid.   
   4.    90 % acetonitrile/0.1 % acetic acid.   
   5.    50 % acetonitrile/0.1 % acetic acid.   
   6.    Vacuum centrifuge.      

       1.    530 μm i.d. 700 μm o.d. fused silica capillary.   
   2.     Kasil   1 (potassium silicate solution).   
   3.    Formamide.   
   4.    Tefl on tubing (PTFE 0.011 inch i.d., 0.0625 o.d.)   
   5.    Hand drill with 72-gauge bit.      

       1.    100 μm i.d. 360 μm o.d. fused silica capillary.   
   2.    POROS R2 10 μm beads.   
   3.    Small magnetic stir bar.   
   4.    Angiotensin peptide diluted in 0.1 % acetic acid.      

       1.    Thiophosphate binding buffer: 25 mM  HEPES   (pH 7.0), 50 % 
acetonitrile, 2 mM  TCEP   (added immediately before use).   

   2.    SulfoLink Coupling Resin.   
   3.     Bovine serum albumin   ( BSA  ).      

       1.    SulfoLink Quenching Buffer: 25 mM  HEPES   (pH 8.5), 50 % 
acetonitrile, 5 mM  DTT   (added immediately before use).   

   2.    5 % formic acid.   
   3.    Oxidizing elution buffer: 2 mg/ml potassium monopersul-

fate, prepared immediately before use.   
   4.    Tabletop centrifuge.   
   5.    Sample rotator.      

       1.    Immobilized metal affi nity chromatography ( IMAC  ) column: 
 see  ref.  20  for details on preparing and testing IMAC columns.   

   2.     EDTA   rinse: 100 mM EDTA (pH 8.9).   
   3.    Iron chloride: 100 mM iron (III) chloride.   
   4.    70 % acetonitrile/0.2 M acetic acid.   
   5.    Organic rinse: 25 % acetonitrile, 1 % acetic acid, 100 mM 

NaCl.   
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   6.    Autosampler vials.   
   7.     IMAC   elution buffer: 250 mM NaH 2 PO 4  (pH 8.9).      

       1.     HPLC   aqueous solvent: 0.2 M acetic acid in ultrapure water.   
   2.     HPLC   organic solvent: 70 % acetonitrile, 0.2 M acetic acid in 

ultrapure water.   
   3.    Thermo Scientifi c Easy-nLC 100 in conjunction with a 

 Thermo Scientifi c Q-Exactive ion trap mass spectrometer  .   
   4.     MASCOT Distiller   version 2.5 in conjunction with MASCOT 

Server version 2.4 (Matrix Science, Boston, MA).   
   5.    Computer-assisted manual validation (CAMV) [ 21 ].       

3    Methods 

       1.     T. gondii  CDPK1 G  and CDPK1 M  [ 22 ] are grown on a 2-day 
cycle in confl uent monolayers of human foreskin fi broblasts. 
To label, grow parasites for three passages in the presence of 
the appropriate  SILAC   media. This is achieved by rinsing the 
recipient monolayer with  PBS  , before adding the SILAC 
media and suffi cient parasites to achieve complete lysis of the 
monolayer in 2 days. For the fi nal passage, inoculate two T175 
fl asks per strain.   

   2.    Harvest the parasites by resuspending the media from fully 
lysed T175 fl asks, and removing cell debris by fi ltration 
through 3 μm fi lters. Rinse fi lters with cold 1× IB.   

   3.    Pellet parasites by centrifugation, 10 min, 400 ×  g , 4 °C, and 
resuspend each strain in 10 ml 1× ICB. Pellet again and resus-
pend each strain in 400 μl 1× ICB ( see   Note 2 ).      

       1.    Add 400 μl of aerolysin solution to each sample and incubate 
for 10 min at 37 °C ( see   Note 3 ).   

   2.    Add 800 μl of kinase buffer to each sample and incubate for 
30 min at 30 °C.   

   3.    Pellet parasites by centrifugation, 10 min, 400 ×  g , 4 °C, and 
remove supernatant. Keep pellets on ice and immediately pro-
ceed to lysis and protein precipitation.      

       1.    Add 250 μl of cold lysis buffer to each sample and resuspend 
the parasite pellets. Remove 5 μl of each sample for analysis 
(continued in Subheading  3.4 ).   

   2.    Use 5 μl of each sample for protein quantitation using the DC 
protein assay following the manufacturer’s instructions.   

   3.    To each sample, add 800 μl methanol and 200 μl chloroform 
and vortex.   
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   4.    Add 600 μl dH 2 O, vortex, and centrifuge at maximum speed, 
5 min, 4 °C.   

   5.    Remove the upper (aqueous) layer, without disrupting the 
protein precipitate in the interphase.   

   6.    Add 375 μl methanol, vortex, and centrifuge at maximum 
speed, 15 min, 4 °C.   

   7.    Carefully remove liquid and allow protein to air-dry for 
15 min.   

   8.    Resuspend each pellet in 200 μl 8 M urea, and combine equal 
amounts of each sample according to the protein quantitation 
( see   Note 4 ).   

   9.    Add 5 volumes (~2 ml) of trypsin digest buffer and 20 μg of 
 Trypsin   Gold per mg of protein. Digest rotating overnight, at 
room temperature.      

        1.    For analysis, add 35 μl of 1× IB to each sample and 1.6 μl 
50 mM PNBM (2 mM fi nal).   

   2.    Incubate for 2 h at room temperature, before resolving samples 
by  SDS-PAGE  .   

   3.    Blot and probe with rabbit-anti-thiophosphate ester antibody 
and an appropriate loading control.      

       1.    Acidify the digested sample with glacial acetic acid to 10 %. 
Spin down and remove any debris that may be present to pre-
vent clogging of the Sep-Pak cartridges.   

   2.    Obtain C18 Sep-Pak cartridges. Sep-Pak light cartridges may 
be used for samples up to 1 mg total protein. Sep-Pak plus 
cartridges should be used for samples up to 4 mg total 
protein.   

   3.    Wash the Sep-Pak cartridge with 10 ml 0.1 % acetic acid at a 
fl ow rate of 2 ml/min.   

   4.    Equilibrate the Sep-Pak cartridges with 10 ml 90 % acetoni-
trile/0.1 % acetic acid at a fl ow rate of 2 ml/min.   

   5.    Wash the Sep-Pak cartridges with 10 ml 0.1 % acetic acid at a 
fl ow rate of 2 ml/min.   

   6.    Load the digested samples at a fl ow rate of 0.5 ml/min.   
   7.    Wash the loaded Sep-Pak cartridges with 10 ml 0.1 % acetic 

acid at a fl ow rate of 2 ml/min.   
   8.    Elute the peptides into a clean conical tube with 5 ml 50 % 

acetonitrile/0.1 % acetic acid at a fl ow rate of 1 ml/min.   
   9.    Reduce the total volume of each sample to less than 1 ml in a 

vacuum centrifuge.   
   10.    Snap freeze the sample by immersing in liquid nitrogen for 

10 min.   
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   11.    Lyophilize the sample overnight, refreezing the sample if it 
thaws during lyophilization ( see   Note 5 ).      

       1.    Resuspend the lyophilized peptides in an appropriate volume 
of thiophosphate-binding buffer supplemented with 25 μg/
ml bovine serum albumin ( BSA  ). The fi nal pH of the peptides 
should be ~5.5 ( see   Note 6 ).   

   2.    Transfer SulfoLink bead slurry to a microcentrifuge tube. 
25 μL of bead slurry should be used per 1 mg of protein in the 
original lysate, up to 100 μl of slurry ( see   Note 7 ).   

   3.    Wash the SulfoLink beads twice in 500 μl binding buffer, and 
once with binding buffer supplemented with 25 μg/ml  BSA  , 
each time for 5 min rotating in the dark. Pellet beads by 
centrifugation at 100 ×  g  for 10 s and carefully remove 
supernatant.   

   4.    Apply resuspended peptides to SulfoLink beads and allow 
thiophosphate capture to take place overnight rotating at 
room temperature in the dark.      

        1.    Cut 35 cm length of 530 μm i.d. fused silica capillary.   
   2.    Combine 80 μl  Kasil   and 20 μl formamide, vortex, and centri-

fuge for 30 s at maximum speed.   
   3.    Draw up 1–2 cm of material from the center of the frit solu-

tion by capillary action.   
   4.    Bake frit in oven at 80 °C for 15 min to ensure complete 

polymerization.   
   5.    Wash frit by fl owing acetonitrile over frit at very low pressure 

to prevent spraying out of column.   
   6.    Using a hand drill with 72-gauge bit, drill out one side of a 

2.5 cm piece of Tefl on tubing to form a seal with the 530 μm 
capillary. Remove the debris and widen the other side of the 
connector by pushing 360 μm OD fused silica capillary 
through the connector.   

   7.    Attach the connector to the fritted end of the capillary ( see  
 Note 8 ) .       

        1.    Cut a 25 cm length of 100 μm i.d. capillary   
   2.    Combine 100 μl  Kasil   and 20 μL formamide, vortex, and 

centrifuge for 30 s at maximum speed.   
   3.    Draw up 1 cm of solution by capillary action.   
   4.    Bake frit in oven at 80 °C for 15 min to ensure complete 

polymerization.   
   5.    Wash by fl owing acetonitrile over frit at very low pressure.   

3.6  Thiophosphate 
Capture

3.7  Preparation 
of Large Fritted 
Capillary

3.8  Preparation 
of R2 Column

Daniel A. Rothenberg et al.



79

   6.    Suspend POROS R2 beads in 80 % acetonitrile/20 % isopro-
panol with a magnetic stir bar.   

   7.    Load POROS R2 beads into capillary at 500 psi until 10 cm 
of beads are packed.   

   8.    Wash column with 0.1 % acetic acid for 10 min at 100–200 psi.   
   9.    Load 5 pmol angiotensin peptide in 0.1 % acetic acid.   
   10.    Place column on  HPLC   and run a 20-min gradient from 0 to 

70 % acetonitrile/0.2 M acetic acid to condition the column.   
   11.    Run another gradient over the column immediately before use.      

       1.    Pellet the beads by centrifugation for 30 s at 100 ×  g , and 
remove supernatant ( see   Note 9 ).   

   2.    Wash beads with 500 μl binding buffer twice for 5 min rotat-
ing in the dark.   

   3.    Wash beads with 500 μl quenching buffer for 5 min rotating 
in the dark ( see   Note 10 ).   

   4.    Wash beads with 500 μl binding buffer for 5 min rotating.   
   5.    Wash beads with 500 μl 5 % formic acid, incubating for 5 min 

without rotating ( see   Note 11 ).   
   6.    Wash the beads with 500 μl binding buffer for 5 min rotating.   
   7.    Resuspend the beads in 1 ml binding buffer and transfer to a 

2 ml glass vial with a magnetic stir bar. Use a magnetic stir 
plate to keep the beads in suspension for subsequent steps.   

   8.    Use helium pressure device to load the beads into the large 
fritted capillary ( see  Subheading  3.7 ), periodically adding 
binding buffer to prevent the beads from running dry. 
Continue until more than 90 % of the beads have been loaded. 
Reduce the dead space in the capillary by trimming to 3 cm 
below the end of the bead pack.   

   9.    Wash the beads with 0.1 % acetic acid for 5 min at a fl ow rate 
of 200 μl/min.   

   10.    Attach R2 column ( see  Subheading  3.8 ) to the SulfoLink 
column using the Tefl on connector.   

   11.    Adjust the pressure to achieve a fl ow rate of 4 μl/min using 
0.1 % acetic acid.   

   12.    Replace the 0.1 % acetic acid with the oxidizing elution buffer 
for 10 min to elute the peptides onto the R2 column.   

   13.    Replace the oxidizing elution buffer with 0.1 % acetic acid and 
wash the column for at least 25 min ( see   Note 12 ) .    

   14.    Remove the R2 column from the Tefl on connector and dis-
card the SulfoLink column. Rinse the R2 column with 0.1 % 
acetic acid for 5 min at 150 psi to remove residual Oxone prior 
to  IMAC   enrichment.      
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       1.    Prepare an  IMAC   column for metal affi nity enrichment of 
phosphopeptides. The preparation and testing of IMAC columns 
are discussed in detail in ref.  20 .   

   2.    Rinse the  IMAC   column with  EDTA   for 10 min at a fl ow rate 
of 12 μl/min.   

   3.    Wash the  IMAC   column with MilliQ water for 10 min at a 
fl ow rate of 12 μl/min.   

   4.    Load the  IMAC   column with iron chloride at a rate of 12 μl/
min for 30 min ( see   Note 13 ).   

   5.    Rinse the  IMAC   column with 0.1 % acetic acid for 10 min at a 
fl ow rate of 12 μl/min.   

   6.    Attach the bottom of the  IMAC   column to the top of the R2 
column using a Tefl on connector. Using 0.1 % acetic acid, 
adjust the fl ow rate to less than 1 μl/min.   

   7.    Replace 0.1 % acetic acid with 70 % acetonitrile/0.2 M acetic 
acid and elute the peptides onto the  IMAC   column with a 
total volume of 10 μl ( see   Note 14 ) .  Discard the R2 column.   

   8.    Wash the  IMAC   column with organic rinse for 10 min at a 
fl ow rate of 12 μl/min.   

   9.    Wash the column for 10 min with 0.1 % acetic acid at a fl ow 
rate of 12 μl/min.   

   10.    Obtain a fresh autosampler vial and place it inverted on top of 
the  IMAC   column ( see   Note 15 ).   

   11.    Elute phosphopeptides into the autosampler vial with 40 μl of 
 IMAC   elution buffer at a fl ow rate of 4 μl/min ( see   Note 16 ).      

       1.    Analyze peptides eluted from the  IMAC   column by  LC  - MS/
MS   using reverse-phase chromatography performed in-line 
with a Q Exactive mass spectrometer ( see   Note 17 ). To pre-
vent phosphate salt ions from contaminating the sample, the 
pre- column should be washed extensively with 0.2 M acetic 
acid following sample loading.   

   2.    Elute peptides using a 120-min gradient (0–70 % acetonitrile 
in 0.2 M acetic acid).   

   3.    Acquire data using the mass spectrometer in data-dependent 
acquisition mode. Typical settings include one full-scan mass 
spectrum followed by ten tandem mass spectra, using an inten-
sity threshold of 3.3 × 10 3 . Automatic gain control target value 
and maximum fi ll times are typically set to 3 × 10 6  and 50 ms 
for the full-scan mass spectra, and 1 × 10 5  and 300 ms for the 
tandem mass spectra.      

       1.    Load MS data fi le into  MASCOT Distiller   and search using 
MASCOT Server using the following search parameters: type 
of search,  MS/MS   Ion Search; quantitation,  SILAC   K+6 R+6 
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[MD] (2 component SILAC); enzyme, trypsin; variable modi-
fi cations, dioxidation (M), oxidation (M), phospho (STY), 
label, 13C(6) (K), label, 13C(6) (R); mass values, monoiso-
topic; protein mass, unrestricted; peptide mass tolerance, ± 10 
ppm; fragment mass tolerance, ± 0.8 Da; max missed cleav-
ages, 2; instrument type, ESI-FTICR.   

   2.    All tandem mass spectra of potential kinase substrates should 
be manually validated to confi rm identity of the phosphory-
lated peptide and phosphorylation site, using a minimum 
MASCOT score cutoff of 25 [ 26 ]. Use CAMV to facilitate 
this process [ 21 ]. Use the  SILAC   ratios to establish a thresh-
old for determining kinase substrates ( see   Note 18 ).       

4    Notes 

     1.    CaEGTA is prepared as previously described [ 19 ] and under 
the given reaction conditions should achieve ~20 μM free 
Ca 2+ .   

   2.    Note that some kinases will require stimulation of the cells 
prior to harvesting to achieve full activity, as is the case with 
mammalian ERK2 [ 7 ]. Alternatively, cells can by lysed via two 
freeze/thaw cycles. Using this protocol, cells are scraped in 
residual  PBS   following aspiration and collected into a micro-
centrifuge tube. The cells are alternated between 1 min sub-
merged in liquid nitrogen and thawing in a 56 °C water bath. 
The lysate can then be diluted in kinase buffer. Freeze/thaw 
lysis removes the need for methanol/chloroform extraction 
later in the protocol.   

   3.    It is also possible to add aerolysin to cells at 4 °C, wash away 
the unbound toxin, and then allow permeabilization to occur 
at 37 °C.   

   4.    Typical yields from two completely lysed T175 fl asks range 
between 1 and 1.5 mg of total protein.   

   5.    Lyophilized peptides may be stored at −80 °C for several 
months.   

   6.    The p K  a  of  O -methyl thiophosphate is 1.67, while the p K  a  of 
cysteines ranges from 8.0 to 8.3 depending on the local environ-
ment. Multiple groups have reported that performing the thio-
phosphate capture at an acidic pH increases selectivity for 
thiophosphate in the presence of free cysteines [ 23 ,  24 ]. However, 
we have not been able to observe a pH-dependent change in 
selectivity between thiophosphate and cysteine capture.   

   7.    The SulfoLink beads consist of light and air-sensitive iodoace-
tyl groups conjugated to an agarose scaffold. Light exposure 
should be limited by wrapping tubes in aluminum foil until 
the quenching step .    
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   8.    Optional: To test the integrity of the frit, following the aceto-
nitrile wash, suspend fresh SulfoLink beads in binding buffer 
and load into the 530 μm capillary and look for packing near 
the frit. Once bead packing is observed, fl ip the column upside 
down and use acetonitrile to push the beads out of the 
column.   

   9.    Analyze a dilution of the supernatant by mass spectrometry to 
establish the ratio at which the different strains were combined 
by comparing the  SILAC   ratios of diagnostic abundant pep-
tides, as previously performed for  iTRAQ  -labeled samples [ 25 ].   

   10.    From this point onward, the beads no longer have to be 
treated as light sensitive since the free iodoacetyl groups will 
have been quenched.   

   11.    Do not rotate during this incubation since it will decrease the 
pelleting effi ciency of the beads.   

   12.    It is important to fl ush the entire length of the column to wash 
all the eluted peptides into the R2 column. The length of this 
wash can be adjusted as necessary based on the length of the 
SulfoLink column.   

   13.    Optionally, reverse the direction of the  IMAC   column and 
load with iron chloride for an additional 10 min.   

   14.    A slow fl ow rate is critical to ensure that phosphopeptides 
eluted from the R2 column have time to bind to the  IMAC   
column.   

   15.    The elution buffer will collect at the bottom of the vial. If you 
are worried about spilling your sample, you may attach a short 
piece of empty capillary to the top of the  IMAC   column and 
use that to direct the elution to an upright autosampler vial.   

   16.    The  IMAC   column can be rinsed with MilliQ water or stored 
as is.   

   17.    The  LC  - MS/MS   protocol will depend on your particular 
equipment and confi guration. We recommend consulting an 
experienced mass spectrometry facility about how to analyze 
your sample.   

   18.    We set our threshold at three standard deviations above the 
mean for non-phosphorylated peptides.         
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    Chapter 6   

 Quantitative Analysis of Tissue Samples by Combining 
iTRAQ Isobaric Labeling with Selected/Multiple Reaction 
Monitoring (SRM/MRM)       

     Ryohei     Narumi     and     Takeshi     Tomonaga      

  Abstract 

   Mass spectrometry-based phosphoproteomics is an indispensible technique used in the discovery and 
 quantifi cation of phosphorylation events on proteins in biological samples. The application of this technique 
to tissue samples is especially useful for the discovery of biomarkers as well as biological studies. We herein 
describe the application of a large-scale phosphoproteome analysis and SRM/MRM-based quantitation to 
develop a strategy for the systematic discovery and validation of biomarkers using tissue samples.  

  Key words      Phosphoproteome    ,    iTRAQ    ,    SRM    ,    MRM    ,    IMAC    

1      Introduction 

 Advances have recently occurred in mass spectrometry-based 
phosphoproteomics due to improvements in both phosphopep-
tide enrichment [ 1 ] and isotope labeling [ 2 ,  3 ] technologies. 
Therefore, it is now possible not only to identify several thousand 
phosphopeptides within one large-scale analysis [ 4 – 8 ], but also to 
accurately quantify these phosphopeptides [ 9 – 12 ]. 

 A common technique for phosphopeptide enrichment is 
immobilized metal ion affi nity chromatography ( IMAC  ), in which 
metal ions are chelated to nitrilotriacetic acid- or iminodiacetic 
acid-coated beads, thereby forming a stationary phase to which 
negatively charged phosphopeptides in a mobile phase can bind 
[ 1 ].  Phosphopeptides   in a peptide mixture prepared from biologi-
cal samples by enzymatic digestion show increased affi nity for the 
IMAC resin. 

 Isotope labeling techniques have been classifi ed into two 
groups: metabolic labeling such as  SILAC   (stable isotope labeling 
by amino acids in a cell culture) [ 2 ] and chemical labeling such as 
 iTRAQ   (isobaric tags for relative and absolute quantifi cation) [ 3 ]. 
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Chemical labeling techniques are particularly useful for quantita-
tively comparing proteomes between tissue samples (for example 
obtained from human patients). Thereagainst, metabolic labeling 
cannot be applied to the tissue samples, in which protein synthesis 
does not occur preventing the replacement of the amino acids in 
the proteins with isotope-labeled ones [ 13 ,  14 ]. Moreover, large- 
scale phosphoproteome analyses can be performed by combining 
chemical labeling with the phosphopeptide enrichment techniques, 
and have recently been applied to the discovery of biomarkers 
using tissue samples [ 15 ]. 

 On the other hand, extensive validation for tens or hundreds 
of biomarker candidates identifi ed by a large-scale phosphopro-
teome analysis is needed prior to their application as biomarkers. 
A targeted proteomic approach using selected reaction monitoring 
( SRM  ) or multiple reaction monitoring ( MRM  ) [ 16 ] is more 
appropriate for the validation of these candidates than an antibody- 
based approach. Antibodies with suffi cient specifi city and sensitiv-
ity for this validation are commonly not available, especially for 
phosphoproteins, and the high cost and long development time 
required to generate high-quality reagents are limiting factors. 
SRM can quantify target proteins without antibodies by monitor-
ing the ions matching the precursor-product ion pair of  m / z  (SRM 
transition) of the target peptides. SRM using stable isotope pep-
tides was recently used to validate candidate protein biomarkers in 
human tissue samples [ 13 – 15 ]. 

 We herein describe the application of a large-scale phospho-
proteome analysis and  SRM  -based quantitation to develop a strat-
egy for the systematic discovery and validation of biomarkers using 
tissue samples. We fi rst identify differentially expressed phospho-
peptides using  IMAC   coupled with the  iTRAQ   technique. The 
phosphopeptides identifi ed are then validated by the SRM analysis. 
This systematic approach has enormous potential for the discovery 
of  bona fi de  disease biomarkers ( see  Fig.  1 ).

2       Materials 

       1.    Phase-transfer surfactant A (PTS-A) buffer: 50 mM ammo-
nium bicarbonate. Dissolve 1.0 g ammonium bicarbonate in 
250 mL water.   

   2.    Phase-transfer surfactant B (PTS-B) buffer: PTS-A buffer, 
12 mM sodium deoxycholate, 12 mM sodium  N -lauroyl 
sarcosinate.   

   3.    Lysis buffer: PTS-B buffer, 1×  PhosSTOP phosphatase inhibi-
tor cocktail  . Prepare the lysis buffer just before the experiment, 
and use it for the day.   

2.1  Homogenizing 
Tissue Samples 
and Enzymatic 
Digestion ( See   Note 1 )

Ryohei Narumi and Takeshi Tomonaga
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   4.     LysC   stock solution: 1 μg/μL Lysyl endopeptidase (LysC). 
Dissolve lyophilized LysC in water ( see   Note 2 ). Store at 
−80°C.   

   5.     Trypsin   stock solution: 1 μg/μL Trypsin. Dissolve lyophilized 
trypsin in 10 mM HCl ( see   Note 3 ). Store at −80°C.   

   6.     Dithiothreitol   ( DTT  ) solution (×10): 100 mM DTT. Weigh 
DTT powder and transfer it to a centrifuge tube. Store at 4 °C 
until it is used. Add 65 μL of PTS-A buffer to 1 mg of DTT 
and dissolve immediately prior to use.   

SCX-Chromatography

Phosphopeptide enrichment
(Fe-IMAC)

LC-MS/MS 
(iTRAQ analysis)

114 115 116 117

Tryptic digestion

Standard Individuals

Standard Individuals 

……
……

Standard Individuals

Mix

iTRAQ labeling

Protein

Peptide

Phosphopeptide

Tissue samples

Isotope-labeled
phosphopeptides

LC-SRM/MS

Individual

Individual

Individual

Add

2 mg 2 mg 2 mg 2 mg

2 mg 2 mg 2 mg 2 mg

0.5 mg

0.5 mg

< 20 µg < 3 µg< 20 µg < 20 µg < 20 µg

< 80 µg

  Fig. 1    Two workfl ows of  iTRAQ   analysis ( left  ) and  SRM   analysis ( right  ) are shown. In the iTRAQ analysis, 
Standard, which is a mixture of all analytical samples, and three individual samples are each processed into 
peptides and applied to Fe- IMAC   to enrich the phosphopeptides. The resulting samples are labeled by iTRAQ 
reagents and followed by mixing the four samples. The mixture is fractionated by  SCX   chromatography and 
each fraction is analyzed by  LC  - MS/MS  . In the SRM analysis, the individual sample is processed into peptides 
and followed by adding of a mixture of the isotope labeled peptides of targeted phosphorylation sites. The 
resulting sample is applied to Fe-IMAC to enrich the phosphopeptides and analyzed by SRM analysis       
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   7.     Iodoacetamide   (IAA) solution (×10): 500 mM IAA. Weigh 
IAA powder and transfer it to a centrifuge tube. Store at 4 °C 
in the dark until it is used. Add 10.8 μL of PTS-A buffer to 
1 mg of IAA and dissolve immediately prior to use.   

   8.    DC Protein Assay Kit.   
   9.    Tissue grinder.   
   10.    Liquid nitrogen.   
   11.    Phosphate-buffered saline ( PBS  ) buffer.   
   12.     Bovine serum albumin   ( BSA  ), e.g., Pierce BSA Protein Assay 

Standards.   
   13.    Benchtop centrifuge.   
   14.    Sonicator, e.g., Bioruptor-UCD-250 (Cosmo Bio Japan).   
   15.    Speed Vac.   
   16.    100 % Ethylacetate (sequence grade).   
   17.    100 %  Trifl uoroacetic acid   ( TFA  ) ( HPLC   grade).   
   18.    1.5 mL microtubes.      

       1.    47 mm Empore™ C18 disk (3 M).   
   2.    200 μL pipet tips.   
   3.     Methanol   ( LC  -MS grade).   
   4.    80 % acetonitrile, 0.1 %  TFA  : Mix acetonitrile ( LC  -MS grade), 

distilled water (LC-MS grade), and TFA ( HPLC   grade).   
   5.    2 % acetonitrile, 0.1 %  TFA  .   
   6.    60 % acetonitrile, 0.1 %  TFA  .      

       1.    ProBond™ Nickel-Chelating Resin (Life Technology).   
   2.    50 mM  EDTA  -2Na in water.   
   3.    0.1 % acetate: Dilute acetate 1000 times in water.   
   4.    100 mM FeCl 3  in 0.1 % acetate.   
   5.    2 %  Acetonitrile  , 0.1 %  TFA  .   
   6.    60 %  Acetonitrile  , 0.1 %  TFA  .   
   7.    1 % Phosphate: Dilute phosphoric acid ( HPLC   grade, 85 %) 

85 times with water.      

       1.     iTRAQ   reagents: Isobaric tags for relative and absolute quan-
tifi cation (iTRAQ) reagents (4 plex) (Applied Biosystems).   

   2.    1.0 M  Triethylammonium bicarbonate  .   
   3.    Ethanol.   
   4.    pH strips.   
   5.    Benchtop centrifuge.   
   6.    1.5 mL microtubes.   
   7.    Speed Vac.      

2.2  Desalting 
Peptide Mixtures 
by C18 Stage Tip 
( See   Note 4 )

2.3   IMAC  

2.4   iTRAQ   Labeling

Ryohei Narumi and Takeshi Tomonaga
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       1.    Strong cation-exchange ( SCX  ) buffer A: 25 % acetonitrile, 
10 mM H 3 PO 4  (pH 3). Mix 250 mL of acetonitrile ( HPLC   
grade), approximately 650 mL of water, and 685 μL of phos-
phoric acid (HPLC grade, 85 %). Adjust to pH 3.0 by adding 
KOH solution (approximately 1.0 mL of 50 % KOH) and to 
1 L with water.   

   2.     SCX   buffer B: 25 % acetonitrile, 10 mM H 3 PO 4  (pH 3), 1 M 
KCl. Mix 250 mL of acetonitrile ( HPLC   grade), approximately 
650 mL of water, 685 μL of phosphoric acid (HPLC grade, 
85 %), and 74.55 g of KCl. Adjust to pH 3.0 by adding KOH 
solution (approximately 1.0 mL of 50 % KOH) and to 1 L with 
water.   

   3.     HPLC   system, e.g., Prominence UFLC (Shimadzu, Japan).   
   4.     SCX   column, e.g., 50 mm × 2.1 mm, 5 μm, 300 Å, ZORBAX 

300SCX (Agilent Technology).   
   5.    Sample vial/sample plate for  HPLC   system.   
   6.    1.5 mL microtubes.      

       1.    Buffer-A: 0.1 % formic acid, 2 % acetonitrile.   
   2.    Buffer-B: 0.1 % formic acid, 90 % acetonitrile.   
   3.     Stable isotope-labeled peptide   s   ( SI peptide   s  ) (crude grade) 

(Thermo Fisher Scientifi c) ( see   Note 5 ). Dissolve 1 μg/μL of 
the peptide in water. Store at −80 °C.   

   4.    Sample vial/sample plate for MS analysis.   
   5.    Mass spectrometer for  iTRAQ   analysis, e.g., LTQ-Orbitrap 

Velos mass spectrometer (Thermo Scientifi c).   
   6.    Mass spectrometer for  SRM   analysis, e.g., TSQ Vantage triple- 

quadruple mass spectrometer (Thermo Scientifi c).   
   7.    Nano- LC   system, e.g., nano-Advance UHPLC system (Bruker 

Daltonics).   
   8.    Analytical column, e.g., a self-made ESI column ( see   Note 6 ).   
   9.    Trap column, e.g., L-column2 ODS (Chemicals Evaluation 

and Research Institute, Japan).   
   10.    Software for  iTRAQ  -based MS analysis, e.g., Mascot (Matrix 

Science), which is used to identify protein and phosphoryla-
tion site and  Proteome Discover   er   1.3 (Thermo Scientifi c), 
which is a platform to analyze qualitative and quantitative 
data of the identifi ed proteins and phosphorylated peptides 
( see   Note 7 ).   

   11.    Software for  SRM  /MS analysis, e.g., Pinpoint (Thermo 
Scientifi c), software to obtain the peak areas (quantitative data 
of targeted peptides) from the raw data of SRM analysis as well 
as to develop the SRM methods.   

2.5  Strong Cation- 
Exchange 
Chromatography

2.6   iTRAQ  -Based 
or  SRM   Mass 
Spectrometry Analysis

Phosphoproteomics of Tissue Samples by iTRAQ and SRM/MRM Approaches
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   12.    2 % acetonitrile, 0.1 %  TFA  .   
   13.    2 % acetonitrile, 0.1 %  TFA  , 25 μg/mL  EDTA  .   
   14.    1 pmol/μL  BSA   digest solution.       

3    Methods 

       1.    Chill the stainless tissue pulverizer in liquid nitrogen. Place a 
piece of frozen tissue in the chilled device and pulverize the 
tissue by striking the device with a mallet several times.   

   2.    Check how small the particles are that the tissue has been 
crushed into. Rearrange the particles with a chilled spoon and 
keep striking the device again until there are no large pieces left 
in the particles.   

   3.    Transfer the grinded tissue into the chilled tube. Store at 
−80 °C.      

       1.    Place part of the grinded tissue into a microcentrifuge tube 
and weigh the amount required for analysis. In our case, at 
least 40 mg of tissue was used to obtain at least 3.17 mg pro-
tein ( see   Note 8 ). If the degree of contamination by blood is 
predicted to be high, wash the sample by adding an appropri-
ate volume of  PBS  , spin down the pellet, and discard the 
supernatant.   

   2.    Add cold lysis buffer, approximately 15 μL per 1 mg of tissue 
(e.g., for 40 mg of tissue, add 600 μL) ( see   Note 9 ). Suspend 
the grinded tissue lightly by pipetting.   

   3.    Immediately homogenize the tissue by sonication, which is 
performed by placing the tubes containing the sample into an 
ice- water bath in the Bioruptor-UCD-250 and sonicating for 
10 min (30 s on/30 s off) several times in the device with the 
amplitude set to 250 W ( see   Note 10 ).   

   4.    Centrifuge the sample at 100,000 ×  g  for 30 min at 4 °C. Collect 
the supernatant into a new tube. Place a small amount of the 
sample into another tube to determine the protein concentra-
tion. Store the remainder at −80 °C.   

   5.    Dilute the sample for determining the protein concentration 
several times with TBS. The protein concentration is deter-
mined by a DC protein assay kit using  BSA   as the standard.      

       1.    Add the protein extract to a new tube: 2 mg protein from indi-
vidual tissue sample and 2 mg protein from standard mixture 
for  iTRAQ   analysis and 500 μg protein from individual tissue 
sample for  SRM   analysis. Dilute the protein with the lysis 
 buffer to a concentration that is constant between all samples 
( see   Note 11 ).   

3.1  Grinding Frozen 
Tissues

3.2  Homogenizing 
Tissue

3.3  Protein Digestion

Ryohei Narumi and Takeshi Tomonaga
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   2.    Reduce cysteine residues in the proteins in the homogenate 
with 10 mM  DTT   for 30 min at 37 °C.   

   3.    Alkylate the residues with 50 mM IAA for 30 min at 37 °C in 
the dark.   

   4.    Dilute the sample fi ve times with PTS-A buffer.   
   5.    Digest the proteins by 1:100 (w/w)  LysC   for 8 h at 37 °C.   
   6.    Sequentially digest the sample by 1:100 (w/w) trypsin for 

12 h at 37 °C.   
   7.    Add an equal volume of ethyl acetate to the resulting peptide 

mixture. Acidify the sample by adding 1/200 volume of  TFA   
(i.e., 0.5 % TFA) in order to transfer the detergents from the 
lysis buffer into the ethyl acetate layer while the peptides exist 
in the water layer. Mix the ethyl acetate layer and water layers 
well by vortexing the tube. Centrifuge the tube at 10,000 ×  g  
for 10 min at room temperature to separate both layers. 
Discard the upper ethyl acetate layer.   

   8.    Dry the resulting peptide mixture using Speed Vac.   
   9.    Store at −80 °C until starting the following enrichment of 

phosphopeptides.      

       1.    Suspend Probond™ nickel-chelating resin in 20 % ethanol. 
Transfer the resin to empty spin columns ( see   Note 12 ). 
Centrifuge the resin at 150 ×  g  for 2 min. Discard the 
fl ow-through.   

   2.    Add 50 mM  EDTA  -Na solution (3 mL of the solution per 
1 mL of the resin) to the resin in the column and centrifuge at 
150 ×  g  for 2 min to release the nickel ions from the resin. 
Repeat this step twice more ( see   Note 13 ).   

   3.    Add water (3 mL of water per 1 mL of the resin) to the resin 
in the column and centrifuge at 150 ×  g  for 2 min. Discard the 
fl ow-through.   

   4.    Add 1 % acetate solution (3 mL of the solution per 1 mL of the 
resin) to the resin in the column and centrifuge at 150 ×  g  for 
2 min. Discard the fl ow-through. Repeat this step once more.   

   5.    Add 100 mM FeCl 3  in 0.1 % acetic acid (2 mL of the solution 
per 1 mL of the resin) to the resin in the column and centri-
fuge at 150 ×  g  for 2 min to chelate iron ions to the resin. 
Repeat this step once more.   

   6.    Add 1 % acetate solution (3 mL of the solution per 1 mL of the 
resin) to the resin in the column and centrifuge at 150 ×  g  for 
2 min to wash the resin. Repeat this step twice more.   

   7.    Add 60 % acetonitrile and 0.1 %  TFA   (3 mL of the solution per 
1 mL of the resin) to the resin in the column and centrifuge at 
150 ×  g  for 2 min. Discard the fl ow-through. Repeat this step 
once more.   

3.4  Preparing 
Fe- IMAC   Resin

Phosphoproteomics of Tissue Samples by iTRAQ and SRM/MRM Approaches
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   8.    Add 60 % acetonitrile and 0.1 %  TFA   to the resin with the 
 bottom end of the column plugged and then suspend and 
transfer the resulting Fe- IMAC   resins to a tube ( see   Note 14 ).      

       1.    Dissolve the peptide mixture prepared from the tissue sample 
in 60 % acetonitrile and 0.1 %  TFA  .   

   2.    Add Fe- IMAC   resin (1 mg of the resin for 2 mg of protein) 
into an empty spin column. Centrifuge at 150 ×  g  for 2 min to 
discard the fl ow-through.   

   3.    Add 60 % acetonitrile and 0.1 %  TFA   to the resin in the 
 column. Centrifuge at 150 ×  g  for 2 min. Discard the 
fl ow-through.   

   4.    Load the peptide mixture in 60 % acetonitrile and 0.1 %  TFA   
to the resin in the column. Centrifuge at 150 ×  g  for 2 min. 
Discard the fl ow-through.   

   5.    Add 60 % acetonitrile and 0.1 %  TFA   (3 mL of the solution per 
1 mL of the resin) to the resin in the column and centrifuge at 
150 ×  g  for 2 min to wash off the non- phosphopeptides. Repeat 
this step twice more.   

   6.    Add 2 % acetonitrile and 0.1 %  TFA   (3 mL of the solution per 
1 mL of the resin) to the resin in the column. Centrifuge at 
150 ×  g  for 2 min. Discard the fl ow-through.   

   7.    Add 1 % phosphate solution (1 mL of the solution per 1 mL of 
the resin) to the resin in the column and centrifuge at 150 ×  g  
for 2 min. Collect the eluate into a tube. Repeat this step once 
more and then collect the second eluate into the same tube.   

   8.    Desalt the eluate with a disposable solid-phase extraction 
(SPE) device such as Sep-Pak C18 or C18 Stage Tip.   

   9.    Dry the sample using Speed Vac.   
   10.    Store at −80 °C until  iTRAQ   labeling.      

       1.    Dissolve the sample enriched by  IMAC   in 30 μL of 1.0 M 
 triethylammonium bicarbonate solution.   

   2.    Return the  iTRAQ   reagent to room temperature and then add 
70 μL of ethanol to each iTRAQ reagent vial.   

   3.    Vortex each vial for 1 min to dissolve the  iTRAQ   reagent and 
then spin down.   

   4.    Transfer one  iTRAQ   reagent to one sample tube ( see   Note 15 ). 
Vortex each tube to mix and then spin down.   

   5.    Incubate the tubes at room temperature for 1 h.   
   6.    Terminate the reaction by adding an equal volume of water. 

Vortex each tube to mix and then spin down.   

3.5  Enrichment 
of  Phosphopeptides   
for the Large-Scale 
Analysis ( iTRAQ   
Analysis)

3.6  Labeling 
of  Phosphopeptides   by 
 iTRAQ   Reagents

Ryohei Narumi and Takeshi Tomonaga
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   7.    Combine all of the  iTRAQ  -labeled samples in a new tube. 
Vortex the tube to mix and then spin down.   

   8.    Dry the resulting mixture using Speed Vac.   
   9.    Dissolve the sample in 2 % acetonitrile and 0.1 %  TFA  , and 

then check the pH. If the sample is not acidic, acidify by add-
ing TFA. After acidifying, desalt the sample with a disposable 
SPE device such as C18 Stage Tip.   

   10.    Dry the sample using Speed Vac.   
   11.    Store at −80 °C until  SCX   fractionation.      

       1.    Dissolve the  iTRAQ  -labeled sample in  SCX   Buffer A 
( see   Note 16 ).   

   2.    Fractionate the sample using an  HPLC   system fi t with an  SCX   
column. Separate the sample using a gradient of SCX Buffers A 
and B and sequentially collect the eluted sample in microfuge 
tubes every 1 min ( see   Note 17 ).   

   3.    Dry the fractions collected every 1 min using Speed Vac.   
   4.    Decrease the number of the fractions for the subsequent MS 

analysis by combining the fractions collected every 1 min based 
on the peak intensity on the  HPLC   chromatogram ( see   Note 
18  and Fig.  2 ).

       5.    Desalt the combined fractions with a disposable SPE device 
such as C18 Stage Tip.   

   6.    Elute the sample into a sample vial for MS analysis and then 
dry it using Speed Vac.   

   7.    Store at −80 °C until MS analysis.      

       1.    Add 10 μL of 2 % acetonitrile and 0.1 %  TFA   to each sample 
vial.   

   2.    Vortex each vial for 1 min to dissolve the fractionated peptides 
and then spin down.   

   3.    Set the operating parameters of the mass spectrometer for 
 iTRAQ   analysis ( see   Note 19 ).   

   4.    Analyze each sample by  LC  - MS/MS   ( see   Note 20 ).   
   5.    Apply the acquired raw fi le to the search software such as 

MASCOT to identify and quantify the phosphopeptides ( see  
 Note 21 ).   

   6.    Select the phosphopeptide that has to be validated in the sub-
sequent  SRM   analysis by quantitatively comparing the identi-
fi ed phosphopeptides.      

3.7  Strong Cation- 
Exchange 
Chromatography

3.8  Comprehensive 
Analysis by  LC  - MS/MS  

Phosphoproteomics of Tissue Samples by iTRAQ and SRM/MRM Approaches
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  Fig. 2    A  SCX   chromatography from our study is shown in ( a ). The black trace is the result of  iTRAQ  -labeled 
phosphopeptides, which was prepared as indicated in Fig.  1 . The gray trace is the baseline. The eluate of 
the chromatography was fractionated into 75 fractions every 1 min ( b ). The fractions were separated into nine 
groups (Group-A–I) in a manner dependent on the intensity in the chromatogram as shown in ( a ) and ( b ). The 
eight groups other than the group-F have low intensities and so all fractions of their groups are each combined 
into a single fraction       
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       1.    Prepare a homogenate by processing tissue samples according 
to the “Homogenizing Tissue” section.   

   2.    Digest the homogenate according to “Protein Digestion” sec-
tion,  steps 1  and  6 , and prepare the peptide mixture from 
which the detergent has not yet been removed.   

   3.    Add all  SI peptide   s   to each sample ( see   Notes 23  and  24 ).   
   4.    Extract the peptides from the sample according to  steps 7 – 9  

in “Protein Digestion” section.   
   5.    Desalt the resulting sample with a disposable SPE device such 

as C18 Stage Tip.   
   6.    Prepare the  IMAC  -C18 Stage Tip by packing 2 layers of C18 

resin at the end of a 200 μL pipet tip and then loading 50 μL 
of Fe-IMAC resin on the C18 resin. Stick the IMAC-C18 
Stage Tip to the microcentrifuge tube with a hole made in the 
center of the lid and remove the solution by centrifugation at 
800 ×  g  for 2 min.   

   7.    Load the desalted sample in 60 % acetonitrile and 0.1 %  TFA   
to the  IMAC  -C18 Stage Tip and then centrifuge at 600 ×  g  for 
5 min.   

   8.    Add 200 μL of 60 % acetonitrile and 0.1 %  TFA   to the 
 IMAC  - C18  Stage Tip and then centrifuge at 800 ×  g  for 4 min 
to wash non-phosphopeptides off the IMAC resin. Repeat this 
step twice more.   

   9.    Add 200 μL of 0.1 %  TFA   to the  IMAC  -C18 Stage Tip and 
then centrifuge at 800 ×  g  for 4 min to equilibrate the C18 
resin under the IMAC resin.   

   10.    Add 100 μL of 1 % phosphate to the  IMAC  -C18 Stage Tip and 
then centrifuge at 800 ×  g  for 2 min to release the phosphopep-
tides from the IMAC resin and then bind them to the C18 
resin. Repeat this step once more.   

   11.    Add 200 μL of 0.1 %  TFA   to the  IMAC  -C18 Stage Tip and 
then centrifuge at 2,300 ×  g  for 2 min to wash the C18 resin.   

   12.    Elute the phosphopeptides bound to the C18 resin to a sample 
tube using 60 μL of 60 % acetonitrile and 0.1 %  TFA  .   

   13.    Dry the sample using Speed Vac.   
   14.    Store it at −80 °C until MS analysis.      

       1.    Analyze a mixture of the stable isotope-labeled peptide ( SI 
peptide   s  ), which has the same sequence as the phosphopeptide 
selected in the former comprehensive analysis, by  LC  - MS/MS  .   

   2.    Create a primary method for the subsequent  SRM   analysis by 
analyzing the acquired MS data ( see   Note 25 ) and selecting 
the precursor ions of each target observed with a strong sig-
nal intensity (doubly, triply, or higher charged ions) and the 

3.9  Sample 
Preparation for  SRM   
Analysis (for 
up to 100 μg 
of Proteins 
( See   Note 22 )

3.10  Targeted 
Analysis by  LC  - SRM  /
MS
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product ions generated from the precursor ion with a strong 
signal intensity ( see   Note 26 ).   

   3.    Optimize the parameters ( m / z  of product ions and CE) of the 
 SRM   method by  LC  -SRM/MS ( see   Note 27 ).   

   4.    Add 10 μL of 2 % acetonitrile, 0.1 %  TFA  , and 25 μg/mL 
 EDTA   to each sample.   

   5.    Vortex each vial for 1 min to dissolve the fractionated peptides 
and then spin down.   

   6.    Set the optimized  SRM   method and other operating parame-
ters for the SRM analysis ( see   Note 28 ).   

   7.    Analyze each sample by  LC  - SRM  /MS ( see   Note 29 ).   
   8.    Apply the acquired raw data to the software for quantifi cation 

( see   Note 30 ). Quantitatively compare the target peptides 
between the samples by calculating the peak area in a chro-
matogram of each  SRM   transition and then normalizing the 
values of the endogenous targeted peptides to those of the 
corresponding  SI peptide   s  .       

4    Notes 

     1.    The procedures used for homogenizing tissue samples and enzy-
matic digestion are based on phase transfer surfactant (PTS)-
aided trypsin digestion as described in a previous study [ 17 ].   

   2.    Add 1 mL of water to a bottle containing 1 g of lyophilized 
 LysC  .   

   3.    Add 100 μL of 10 mM HCl to a bottle containing 100 μg of 
lyophilized trypsin.   

   4.    Peptide mixtures are desalted using C18 Stage Tip or another 
solid-phase extraction (SPE) device such as Oasis 
HLB. Desalting by C18 Stage Tip is performed as described in 
a previous study [ 18 ]. Briefl y, a small 47 mm Empore™ C18 
disk is stamped out using a blunt-ended syringe needle (16 G), 
and then the layers are placed in a 200 μL pipet tip by pushing 
them from the top of the tip using a plunger.  Methanol   (for 
swelling), 80 % acetonitrile, 0.1 %  TFA   (for washing), and 2 % 
acetonitrile and 0.1 % TFA (for equilibrating) are passed 
through by centrifugation the C18 resin in this order. After the 
sample is passed through to absorb the peptides to the C18 
resin, 2 % acetonitrile, and 0.1 % TFA (for washing) is passed 
through. Elution of the peptide mixture is performed by 60 % 
acetonitrile and 0.1 % TFA. Loading capacity is 20 μg per layer 
of C18 resin. The volume of all solutions is 20 μL per layer of 
C18 resin. When another SPE device is used, desalting is per-
formed according to the instructions of each manufacturer.   
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   5.    We mostly replace lysine or arginine at the C-terminal of target 
peptides with isotope-labeled lysine (13C6, 15 N2) or arginine 
(13C6, 15 N4) in order to make y-ions heavier. When the 
amino acid at the C-terminal is not lysine or arginine (e.g., the 
C-terminal of a protein), we replace the other amino acids 
(e.g., alanine) at or near the C-terminal with the other isotope- 
labeled one (e.g., Alanine-13C3–15 N1).   

   6.    We make an ESI column by packing C18 particles by a capil-
lary column packer into a glass capillary needle (200 mm 
length × 100 μm for the inner diameter) which is made by laser 
puller.   

   7.    By using  Proteome Discover   er   1.3, we obtain the list in which 
there are the identifi ed phosphopeptides associated with quan-
titative data (quantitative values obtained from  iTRAQ  - 
reporter  ions) and qualitative data (Mascot ion score and 
probability of phosphorylation sites). We export the list into an 
excel fi le and follow by editing it (fi ltering the phosphopep-
tides by score and merging the results of multiple analysis).   

   8.    In our study, we need 2 mg protein +0.67 mg protein (to make 
standard mixture) for  iTRAQ   analysis and 0.5 mg protein for 
 SRM   analysis prepared from each sample. To obtain enough 
amount of protein, we use more than 40 mg of tissue if possible.   

   9.    By adding the buffer to samples at this ratio, we can generally 
obtain a solution containing 5–15 mg of proteins per mL.   

   10.    After several rounds of sonication, we examine the contents in 
the tubes in order to check the residual pieces of the tissue. If 
the tissues are completely dissolved, we stop the sonication. If 
not, a few rounds of sonication are additionally performed 
until the size of residual tissues remains the same. At this stage, 
we consider the proteins to be suffi ciently extracted from the 
tissue and stop the sonication.   

   11.    We use 2 mg of protein from individual tissue sample and 2 mg 
of protein from standard mixture for  iTRAQ   analysis and 
500 μg protein from individual tissue sample for  SRM   analysis. 
The reasons for the amounts of the protein used are as follows. 
Maximum amount of peptides to load on our  LC  - MS  system 
is 2–3 μg considering the separation ability of our analytical 
column with an inner diameter of 100 μm and the robustness 
of the LC-MS systems. As shown in Figs.  1  and  2 , less than 
80 μg phosphopeptide is estimated to be obtained for iTRAQ 
analysis after phosphopeptide enrichment and less than 3 μg 
phosphopeptide in each combined fraction after  SCX   chroma-
tography because the amount of phosphoprotein is estimated 
to be 1 % of the total protein (also accounting for sample loss 
during our procedures). Similarly, in case of SRM analysis, we 
estimate less than 3 μg phosphopeptide to be obtained after 
phosphopeptide enrichment.   
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   12.    The ProBond resin is initially provided as 50 % slurry in 20 % 
ethanol. We use 1 mL of the resin (or 2 mL of the suspension) 
for up to 2 mg of proteins.   

   13.    When nickel ions are released from the resin by  EDTA   and 
washed away, the color of the resins turns from blue to white. 
If the nickel ions are not released suffi ciently based on the 
color of the resins, repeat this step once more.   

   14.    We store the Fe- IMAC   resin as 50 % slurry at 4 °C and use it 
within 1 week.   

   15.    When we quantitatively compare more than 4 samples by 
 iTRAQ   analysis, we use iTRAQ 115, 116, and 117 to label 
individual samples and iTRAQ 114 as the reference sample. 
This reference sample is the mixture of an aliquot of all samples 
and is used as the standard in all iTRAQ experiments.   

   16.    The volume of  SCX   buffer A needed to dissolve the sample 
depends on the  HPLC   systems used. We dissolve the sample in 
110 μL of SCX buffer A according to the maximum volume 
(100 μL) of the autosampler in our HPLC system. 100 μL of 
the sample is loaded onto the HPLC equipment. The remain-
der (10 μL) is used to assess  iTRAQ   labeling by MS analysis.   

   17.    We use a fl ow rate of 200 μL/min and four-step linear gradient 
for the separation, as follows: 0 % B for 30 min, 0–10 % B in 
15 min, 10–25 % B in 10 min, 25–40 % B in 5 min, 40–100 % 
B in 5 min, and 100 % B for 10 min.   

   18.    We combine the 75 fractions collected every 1 min into 30 
fractions. The fl ow-through fraction is not combined in case 
polymer-like contaminants are found in it. If the fractions col-
lected every 1 min are collected at the time when the peak 
intensities are lower in the  HPLC   chromatogram, a larger 
number of samples is combined. If the fractions are collected 
when the peak intensities are higher, we combine a few frac-
tions or use it for MS analysis as a single fraction ( see  Fig.  2 ).   

   19.    When we perform  iTRAQ   analysis using the LTQ-Orbitrap XL 
or Velos mass spectrometer, the operating parameters are set as 
follows: full MS scans are performed in the orbitrap mass ana-
lyzer (scan range 350–1500  m / z , with 30 K FWHM resolution 
at 400  m / z ). The three (LTQ XL) or fi ve (LTQ Velos) most 
intense precursor ions are selected for the  MS/MS   scans. MS/
MS scans are performed using collision-induced dissociation 
( CID  ) and higher energy collision-induced dissociation ( HCD  , 
7500 FWHM resolution at 400  m / z ) for each precursor ion. 
Collision energy is set to 35 % for CID and 50 % for HCD. 
A dynamic exclusion option is implemented with a repeat count 
of 1 and exclusion duration of 60 s. The values of automated 
gain control (AGC) are set to 5.00e+05 for full MS, 1.00e+04 
for CID MS/MS, and 5.00e+04 for HCD MS/MS.   
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   20.    We analyze the fractionated peptides using an LTQ-Orbitrap 
XL or Velos mass spectrometer equipped with a nano  HPLC   
system and HTC-PAL autosampler. The analytical column is 
self-made by packing C18 particles (L-column2 ODS, 3 μm) 
into a self-pulled needle (200 mm length × 100 μm for the 
inner diameter). The mobile phases consist of buffers A (0.1 % 
formic acid, 2 % acetonitrile) and B (0.1 % formic acid, 90 % 
acetonitrile). Samples are loaded onto the trap column. The 
nano  LC   gradient is delivered at 500 nL/min and consists of a 
linear gradient of Buffer B developed from 5 to 30 % B in 
135 min. A spray voltage of 2000 V is applied.   

   21.    To identify the phosphopeptides, the  CID   and  HCD   raw spec-
tra are extracted and searched separately against the forward and 
reverse-decoy human IPI database (version 3.68) using 
 Proteome Discover   er   1.3 and Mascot v2.2. The precursor mass 
tolerance is set to 3 ppm and a fragment ion mass tolerance is set 
to 0.6 Da for CID and 0.01 Da for HCD. The search parame-
ters allow for one missed cleavage for trypsin, fi xed modifi ca-
tions (carbamidomethylation at cysteine and  iTRAQ   labeling at 
lysine and the N-terminal residue), and variable modifi cations 
(oxidation at methionine, iTRAQ labeling at tyrosine, and phos-
phorylation at serine, threonine, and tyrosine). The score thresh-
old for peptide identifi cation is set at 1 % false-discovery rates 
( FDR  ). Peptides identifi ed at a threshold with 5 % FDR are also 
accepted in cases in which the peptide with the same sequence is 
identifi ed at a threshold with 1 % FDR in any three other iTRAQ 
experiments. To quantify the phosphopeptides, we obtain the 
iTRAQ quantitation values automatically calculated from the 
intensity of the iTRAQ reporter ions in the HCD scans using 
the Proteome Discoverer 1.3.  Quantitation   of peptides identi-
fi ed from CID scans is performed using the reporter ion infor-
mation extracted from the HCD spectra of the same precursor 
peptide. In cases in which peptides with the same sequence are 
identifi ed repeatedly from different precursor peptides in the 
same iTRAQ experiment, the median of their quantitation val-
ues is calculated. The iTRAQ quantitation values of individual 
samples (iTRAQ 115, 116, and 117) are normalized with the 
values of the reference sample (iTRAQ 114) in each iTRAQ 
experiment for comparisons among all of iTRAQ experiments.   

   22.    We use tissue samples containing 500 μg of proteins for  SRM  - 
based  validation of the results of our large-scale phosphopro-
teome analysis. Each homogenate containing 500 μg of 
proteins is equally divided into fi ve tubes, and processing is 
then performed according to the protocol.   

   23.    In the case of crude  SI peptide   s  , the purities are very differ-
ent between the products especially for phosphopeptides. 
In addition, the ionization effi ciency depends on peptide 

Phosphoproteomics of Tissue Samples by iTRAQ and SRM/MRM Approaches



100

sequences. As a result, the signal intensities of SI peptides 
can be very different. To maintain the robustness of the 
experimental system, the signal intensity of each SI peptide 
should be checked by  LC  - MS/MS   before mixing and then 
the amount of each SI peptide added should be modifi ed 
based on the signal intensity.   

   24.    When we perform serial dilutions of the SI peptides for the 
addition of small amounts of peptides, we perform the dilution 
with a 1 pmol/μL  BSA   digest solution to prevent adsorption.   

   25.    The  SRM   method consists of SRM transitions, which mean 
pairs of  m / z  of the precursor/product ions, the collision ener-
gies (CEs), and retention time of the nano  HPLC  .   

   26.    In our case, the  SI peptide   mixture is analyzed by  LC  - MS/MS   
using LTQ-Orbitrap XL ( CID   mode) and the msf fi le is gener-
ated using  Proteome Discover   er   and Mascot. The msf fi le is 
opened with Pinpoint software (version 2.3.0, Thermo 
Scientifi c) and the list of MS/MS fragment ions derived from 
SI- peptides is generated. A total of multiple product ions 
(4–10 product ions) are selected for the  SRM   transitions of 
each target peptide based on the following criteria: y-ion series, 
strong ion intensity, at least 2 amino acids in length, and no 
neutral loss fragment.   

   27.    At fi rst, we optimize collision energy (CE) for every  SRM   tran-
sition around the theoretical value calculated according to the 
formulas; CE = 0.044 ×  m / z  +5.5 for doubly charged precursor 
ions, and CE = 0.051 ×  m / z  + 0.55 for triply charged precursor 
ions. In cases in which the theoretical value is over 35 eV, the 
value is set to 35 eV. After this optimization, the 4 most intense 
transitions are selected for each target peptide.   

   28.    In addition to the  SRM   method (SRM transitions, CE, and the 
retention time for the each target peptide), the parameters of 
the instrument are set as follows; a scan width of 0.002  m / z , 
Q1 resolution of 0.7 FWHM, cycle time of 1 s, and gas pres-
sure of 1.8 mTorr. Data are acquired in the time-scheduled 
SRM mode (retention time window: 8 min).   

   29.    We use the TSQ-Vantage triple quadruple mass spectrometer 
equipped with the  LC   system described above. The nanoLC 
gradient is delivered at 300 nL/min and consists of a linear 
gradient of mobile phase B developed from 5 to 23 % B in 
45 min. A spray voltage of 1800 V is applied.   

   30.    We use Pinpoint, software for the analysis of  SRM   data. SRM 
transitions with more than 1 × 10 3  ion intensity at the peak are 
used for quantitation. We check that the ratios among the peak 
areas of individual SRM transitions for each targeted phospho-
peptide are comparable to those of the corresponding  SI 
peptide  .         
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    Chapter 7   

 Enrichment Strategies in Phosphoproteomics       

     Alexander     Leitner      

  Abstract 

   The comprehensive study of the phosphoproteome is heavily dependent on appropriate enrichment strate-
gies that are most often, but not exclusively, carried out on the peptide level. In this chapter, I give an 
overview of the most widely used techniques. In addition to dedicated antibodies, phosphopeptides are 
enriched by their selective interaction with metals in the form of chelated metal ions or metal oxides. The 
negative charge of the phosphate group is also exploited in a variety of chromatographic fractionation 
methods that include different types of ion exchange chromatography, hydrophilic interaction chromatog-
raphy (HILIC), and electrostatic repulsion HILIC (ERLIC) chromatography. Selected examples from the 
literature will demonstrate how a combination of these techniques with current high-performance mass 
spectrometry enables the identifi cation of thousands of phosphorylation sites from various sample types.  

  Key words      Phosphopeptide    enrich   ment    ,   Fractionation  ,   Sample preparation  ,    Mass spectrometry    

1      Introduction 

 Recently, two high-profi le reports from two independent consortia 
have reported the completion of drafts of the human proteome 
[ 1 ,  2 ]. Regardless of whether one agrees that this milestone has 
actually been achieved or not, the enormous methodological and 
technological advances in recent years have made it possible to 
profi le many proteomes to a considerable depth. Although similar 
advances have been made in the area of profi ling posttranslational 
modifi cations ( PTM  ), it is evident that the community is still quite 
far from reporting the comprehensive characterization of any PTM 
in a biological system. However, protein phosphorylation is quite 
likely the most widely studied of such modifi cations, and its huge 
importance for a variety of biological processes has fueled the 
development of an extensive suite of analytical methodologies. 

 The current state of phosphoproteomics allows the identifi ca-
tion of serine, threonine and tyrosine phosphorylation to an 
unprecedented depth [ 3 – 6 ]. This, in turn, has allowed new insights 
into the organization of signaling transduction pathways and other 
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processes mediated by phosphorylation [ 7 – 9 ]. In addition, other 
types of phosphorylation, for example on histidine or arginine resi-
dues, are becoming more accessible due to newly generated anti-
bodies and analytical workfl ows (see below). In combination with 
the increased sensitivity and sequencing speeds of mass spectrom-
eters, the analysis of samples of limited availability, such as tissue 
biopsies, is within reach. This means that aberrant signaling path-
ways cannot only be studied on a system-wide level in samples 
derived from cell culture, but eventually directly from patient- 
derived tissue specimens. 

 To achieve this, the phosphoproteomic workfl ow needs to deal 
with some well-known challenges of analyzing phosphopeptides by 
mass spectrometry:

 ●    Proteins with important roles in signaling pathways are fre-
quently less abundant.  

 ●    Phosphorylation   is often substoichiometric, and modifi ed pep-
tides have to be detected in an excess number of unphosphory-
lated peptides.  

 ●    Phosphopeptides   may have altered physicochemical properties 
(such as hydrophilicity or proton affi nity) that are relevant for 
their identifi cation by  LC  -MS, although these effects cannot 
be generalized.  

 ●    Phosphopeptides   may show unfavorable fragmentation behav-
ior in collision-induced dissociation ( CID  ), the most common 
tandem mass spectrometry technique.    

 Effi cient sample preparation protocols can help to overcome 
many, but not all of these challenges. Here, I will discuss the most 
relevant enrichment and fractionation methods that are currently 
used in large scale phosphoproteomics projects ( see  Subheading  3 ). 
Detailed protocols for several of these methods are presented in 
the following chapters of this volume, and they are cross- referenced. 
To put these experimental strategies into a better context, I will 
also give a brief overview of mass spectrometric methodology 
related to phosphorylation profi ling in Subheading  2 . Again, a 
number of these methods are covered in detailed protocols later in 
this book. Finally, I will illustrate what can be achieved by the intel-
ligent combination of optimized enrichment methods and power-
ful downstream MS analysis with selected applications taken from 
the recent literature that are highlighted in Subheading  4 .  

2     Large-Scale Analysis of Protein  Phosphorylation   by Mass Spectrometry 

 Although the mass spectrometric analysis of phosphopeptides 
shares many conceptual similarities with that of unmodifi ed pep-
tides, particular properties of phosphopeptides make it more chal-
lenging. The expanding capabilities of mass spectrometers have led 

Alexander Leitner



107

to the introduction of new acquisition schemes dedicated to 
phosphopeptide analysis. As mentioned above, many diffi culties 
with phosphopeptide analysis result from their low abundance, or 
the low abundance of the phosphoproteins themselves, which can 
be dealt with by enrichment strategies described in the following 
section. 

 The remaining challenges are mainly related to the fragmenta-
tion properties of phosphopeptides in tandem mass spectrometry 
experiments.  CID   remains the predominant fragmentation method 
in mass spectrometry, whereby the carbon-nitrogen bond of the 
peptide bond is cleaved upon collision with gas molecules. 
Unfortunately, peptides phosphorylated on serine or threonine 
(but not tyrosine) residues are known to undergo a preferential 
loss of the phosphate group upon CID, resulting in a net loss of 
approximately 98 Da, corresponding to H 3 PO 4 . This effect is par-
ticularly dominant in ion trap CID (itCID), where the low-energy 
resonance excitation process favors energetically labile bonds [ 10 ,  11 ]. 
In extreme cases, the predominant neutral loss results in strong 
suppression of the desired fragmentation of the peptide backbone 
that leads to the formation of series of b and y ions, making 
sequence assignment impossible. To overcome this limitation, a 
number of modifi ed or alternative fragmentation methods have 
been proposed. For example, a consecutive stage of fragmentation 
(MS 3 ) in instruments equipped with an ion trap analyzer can target 
the neutral loss product, although this complicates data analysis 
and compromises scan speed and sensitivity. Multi-stage activation 
(MSA) is a related concept, but avoids the additional isolation step 
by consecutive activation of the precursor and putative neutral loss 
products. MS 3  and MSA strategies are discussed in more details 
elsewhere [ 5 ,  11 ]. Fortunately, the increased dynamic range of 
modern (linear) ion trap analyzers has made it increasingly possible 
to generate good-quality CID- MS/MS   data even in the presence 
of dominant neutral loss signals. 

 In recent years, instruments that employ collision cell  CID   
(ccCID) have again experienced increased popularity. This is due 
to the availability of faster quadrupole-time-of-fl ight (Q-TOF) 
instruments and the introduction of ccCID on Orbitrap-type 
instruments, where it is called higher energy collisional dissociation 
( HCD  ). Conceptually, ccCID (or beam-type CID, as it is also 
called) is very similar to trap CID, leading to cleavage of the amide 
bond to yield b and y ions, although it differs in the time scale of 
energy deposition and energy range [ 10 ]. Practically, ccCID spec-
tra of phosphopeptide show less dominant neutral loss and a stron-
ger preference for y ion series, due to consecutive fragmentation of 
the more labile b ions. 

 Another alternative is the use of the electron-based dissocia-
tion techniques, electron capture dissociation (ECD), and electron 
transfer dissociation ( ETD  ). Both methods result in cleavage of the 
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backbone N-C α  bond, either after the capture of a free electron 
(in ECD) or transfer of an electron from a donor molecule (in ETD). 
While ECD is practically restricted to expensive and not widely 
available ion cyclotron resonance mass spectrometers, ETD is 
commercially implemented on both linear ion trap-Orbitrap and 
Q-TOF hybrid instruments. Because of the fundamental differ-
ences in the fragmentation mechanisms compared to  CID  , ECD 
and ETD result in the formation of c and z ion series instead of b 
and y ions. Furthermore, the activation process does not lead to a 
preferential neutral loss from phosphorylated side chains. 
Therefore, ECD/ETD spectra typically result in more bond cleav-
ages in phosphopeptides than the corresponding CID spectra. The 
main practical drawbacks of electron-based fragmentation of phos-
phopeptides, however, are the low fragmentation effi ciency, result-
ing in lower sensitivity, and the relatively long activation times 
(especially compared to ccCID in modern instruments [ 5 ]). 

 The second level of complexity when dealing with the mass 
spectrometric identifi cation of phosphopeptides is related to the 
exact localization of the phosphorylation site(s) in the peptide 
[ 12 ]. While all fragment ions can contribute to the assignment of 
the main peptide sequence, pinpointing the precise location of the 
phosphorylation site requires high-quality  MS/MS   data. This is 
because frequently there are many potential phosphorylation sites 
within the peptide sequence, and in the “worst” case (two adjacent 
residues being potential modifi cation sites), cleavage of a particular 
bond (namely between these residues) is required to exactly local-
ize the modifi cation. 

 The challenges of MS and  MS/MS   analysis of phosphopep-
tides discussed above mean that any phosphoproteomic workfl ow 
will benefi t from samples that are enriched in phosphopeptides. 
This will increase the relative abundance of the actual targets of 
interest in the sample and decrease the overall sample complexity, 
thereby allowing for more fl exibility in the mass spectrometric 
strategy.  

3     Overview of Enrichment and Fractionation Concepts in  Phosphoproteomics   

   Broadly speaking, dedicated phosphoproteomic sample prepara-
tion methods may be classifi ed according to several criteria ( see  
Fig.  1 ). First, they can be performed at the protein or at the pep-
tide level. However, performing generic, sequence-independent 
enrichment methods at the protein level is not very effective—
more than 50 % of all human proteins have already been found to 
be phosphorylated at some point [ 2 ]. Thus, a method that would 
indiscriminately enrich all phosphorylated proteins from a sample 
would not result in a substantial reduction of sample complexity. 
Therefore, protein-level enrichment is ideally performed using 
motif-specifi c antibodies directed at a specifi c phosphorylation site.

3.1  Overview
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   To achieve a more comprehensive coverage, targeting the 
(phospho)peptide level is a more promising and practical approach. 
For this purpose, a number of different methods are available that 
exploit different recognition concepts ( see  Fig.  1 ). Some of them 
are more specifi c and used in a stepwise procedure (that is, binding 
and elution), and are summarized under the term  enrichment 
methods  in the following. Other methods cannot discriminate as 
effi ciently between phosphopeptides and unphosphorylated pep-
tides, and are commonly performed in the form of column liquid 
chromatography, whereby multiple fractions are collected for further 

  Fig. 1    Overview of analytical strategies in phosphoproteomics       
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analysis. These methods are therefore classifi ed as  fractionation 
methods . In comprehensive experimental designs, fractionation and 
enrichment methods are often combined ( see  Subheading  3.8 ). 

 The most common enrichment methods introduced in the 
following involve immunoprecipitation using specifi c antibodies 
( see  Subheading  3.2 ) and interaction with chelated metal ions 
(immobilized metal affi nity chromatography ( IMAC  ),  see  
Subheading  3.3 ) or covalent metal oxides (metal oxide affi nity 
chromatography ( MOAC  ),  see  Subheading  3.4 ). Chromatographic 
fractionation methods may involve ion-exchange chromatography 
( see  Subheading  3.5 ) and hydrophilic interaction chromatography 
( HILIC  ) or its variant ERLIC (electrostatic repulsion HILIC), 
both of which will be discussed in Subheading  3.6 . Finally, other 
methods such as precipitation methods or methods involving the 
chemical derivatization of the phosphate group are summarized in 
Subheading  3.7 , although they are not widely used for the 
proteome- wide study of phosphorylation.  

    The generation of high-quality antibodies that recognize phos-
phorylated residues in a sequence-independent context has proven 
challenging, with phosphotyrosine (pTyr) as a notable example. 
pTyr-containing peptides can be enriched with high specifi city, 
which is necessary to deal with the low abundance of such peptides 
that leads to their underrepresentation even when conventional 
phospho-specifi c enrichment methods are being employed [ 13 ,  14 ]. 
The practical limitation of pTyr profi ling is the required amount of 
starting material—at least several mg of protein are needed to 
achieve adequate coverage, and some large-scale studies have used 
double-digit mg levels to obtain suffi cient peptide amounts for 
mass spectrometric detection. An alternative recognition concept 
directed towards pTyr residues involves the use of SH2 domains. 

 Dedicated antibodies are also promising for the analysis of His 
phosphorylation, although the recently developed, relatively spe-
cifi c anti-pHis antibodies [ 15 ] still reported substantial cross- 
reactivity with pTyr.  

     IMAC   is the oldest affi nity chromatography technique that takes 
advantage of the interaction between the phosphate group and 
metals. In this case the metal is present in the form of a chelated 
metal ion that is non-covalently attached to a matrix via a chelating 
group such as nitrilotriacetate or iminodiacetate. Originally, the 
material was (and still is) used for purifi cation of His-tagged pro-
teins, and the application to the purifi cation of phosphoproteins 
and peptides emerged only later [ 16 ,  17 ]. Currently, Fe 3+ -IMAC is 
the most commonly used variant, and a large variety of IMAC 
materials are commercially available. The most signifi cant draw-
back of conventional IMAC materials is the relatively low enrichment 
specifi city (in comparison to metal oxides), because non-phos-
phorylated peptides with multiply acidic residues tend to show 
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strong nonspecifi c binding. Dedicated optimization of the enrichment 
protocol can improve the specifi city of the approach, if desired. 
Alternatively, new-generation mass spectrometers with high 
sequencing speed are better able to deal with a larger fraction of 
non-phosphorylated peptides. Due to its ease of use and the avail-
ability of robust protocols, these methods continue to be widely 
applied alone or as part of multidimensional strategies [ 3 – 6 ]. 
A respective protocol is given in Chapter   8     by Thingholm and Larsen. 

 Recent notable innovations related to  IMAC   materials use dif-
ferent matrices for chelation. The Ti 4+ -IMAC material introduced 
by Zou and co-workers [ 18 ,  19 ] uses a phosphonate moiety for 
immobilization, and Ti 4+  is used as the metal cation. This material 
has shown impressive performance in recent large-scale applica-
tions ( see  Subheading  4 ). Tao and co-workers have introduced a 
dendrimer IMAC material [ 20 ,  21 ]. Dendrimers are soluble high-
molecular- weight polymers that allow for improved binding kinet-
ics and straightforward isolation via ultrafi ltration. The latter study 
[ 21 ] also demonstrated the complementarity of IMAC materials 
with different chelated metals, in this case Ti and Zr. A similar 
approach, but using conventional Ga 3+ - and Fe 3+ -IMAC matrices, 
was followed by Chen and co-workers [ 22 ]. They could show that 
multiply phosphorylated peptides and phosphopeptides carrying 
additional acidic residues could be preferentially enriched on the 
weaker affi nity Ga 3+  material, while other singly phosphorylated 
peptides could be subsequently captured on the Fe 3+  beads.  

     MOAC   is based on the interaction of the negatively charged phos-
phate with metal in the form of covalent oxides. The interaction 
mechanisms are assumed to consist of both ion exchange mecha-
nisms and Lewis acid/base interactions, but have not been thor-
oughly characterized for large biomolecules such as peptides. 
Historically, titanium dioxide (titania,  TiO 2   ) has been the fi rst 
metal oxide to be used for the purpose of phosphopeptide enrich-
ment [ 23 ,  24 ], although in recent years many other oxides have 
been found to exhibit specifi c affi nity towards phosphopeptides to 
some degree. These include oxides of zirconium, aluminum, iron, 
or tin, just to name a few (for a detailed overview, see [ 25 ]). Due 
to their commercial availability, TiO 2  and ZrO 2  are predominantly 
used, with the majority of published protocols relying on titania 
(see also protocols by Thingholm and Larsen and Batth et al. in 
Chapters   9     and   12    ). Many nanoscale metal oxide materials have 
also been prepared and applied to more or less complex mixtures 
( see  review Chapter   13     by Batalha et al.). 

 A generic  MOAC   protocol consists of the binding of peptides 
under strongly acidic conditions, followed by washing steps to 
reduce nonspecifi cally bound material, and an elution step under 
alkaline conditions. Over the years, a huge number of variations of 
this protocol have been introduced. Most of them use different 
binding and washing conditions. 

3.4  Metal Oxide 
Affi nity 
Chromatography
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 Although  MOAC   is generally assumed to be more specifi c 
towards the binding of phosphopeptides than  IMAC  , nonspecifi c 
binding can be further optimized by controlling the loading step. 
For example, a pH of 2.7 or lower is commonly used to protonate 
the side chains of aspartic and glutamic acid residues, thereby reduc-
ing their tendency for ionic interactions. Further increase of specifi c-
ity is possible by working either at very low pH using high 
concentration of strong acids such as 5 % trifl uoroacetic acid, or by 
using hydroxy acids that compete with non-phosphopeptides for 
low affi nity binding sites. These additives include  2,5- dihydroxybenzoic 
acid   [ 24 ], lactic acid [ 26 ], and glycerol [ 27 ], among others. 

 Elution from the metal oxides is usually performed with a 
diluted ammonium hydroxide solution, although some groups 
have reported improved recoveries of very strongly bound phos-
phopeptides by adding phosphate salts or performing additional 
elution using organic amines [ 28 ]. 

 The combination of binding and elution conditions, but also 
the specifi c type of material [ 29 ] and the peptide-to-bead ratio 
[ 30 ] have all been found to contribute to the performance of the 
method in terms of specifi city and bias towards mono- and poly- 
phosphorylated peptides. A modifi ed  TiO 2    enrichment protocol to 
study arginine phosphorylation has recently been introduced [ 31 ], 
whereby peptide binding is carried out at a higher pH to avoid 
degradation of this acid-labile modifi cation.  

    Both strong cation-exchange ( SCX  , [ 32 ,  33 ]) and strong anion- 
exchange (SAX, [ 34 ]) chromatography have been used to partially 
separate phosphopeptides from their non-phosphorylated counter-
parts, with SCX being more frequently used. The underlying 
separation principle is simple: In SCX, the strongly acidic phos-
phopeptides interact poorly with the anionic stationary phase and 
elute early from the column. In SAX, the opposite mechanisms is 
at play and phosphopeptides are retained more strongly on the 
cationic stationary phase. 

 In both cases, the separation is based on the different solution 
charge state of tryptic peptides and phosphopeptides. If Asp and 
Glu side chains are protonated at low pH, a typical tryptic, 
 unphosphorylated peptide is expected to have a charge state of at 
least +2 (C-terminal Arg or Lys and N-terminal amine group). 
This charge state is reduced to +1 by addition of a negatively 
charged phosphate group. Addition of further phosphates in 
multiply phosphorylated peptides may extend the charge separa-
tion. However, there are also several cases where this ideal charge 
state difference does not hold. For example, N-terminally blocked 
(e.g.,  N -acetylated) peptides or peptides carrying other acidic 
modifi cations also have lower charge states, while missed cleavage 
sites may cause higher charge states even for phosphopeptides. 
In practice, this results in a reduced discrimination of ion exchange-
based chromatographic separation. This effect and the overall relatively 
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low separation effi ciency of ion-exchange chromatography make 
this method a better choice for integration in a multidimensional 
method for phosphoproteome analysis ( see  Subheading  3.8 ).  

    Recently, variants of hydrophilic interaction chromatography have 
been increasingly adopted and have been used as a more powerful 
substitute for  SCX   or SAX chromatography.  HILIC   is a variation 
of normal-mode chromatography in which a polar stationary phase 
and a non-polar or less polar mobile phase are used [ 35 ,  36 ]. 
In contrast to traditional normal-phase chromatography, an 
aqueous- organic mobile-phase mixture is used, typically a mixture 
of acetonitrile and water, where in contrast to reversed-phase  LC   
the gradient elution is performed with decreasing acetonitrile con-
centration. Therefore, analytes are separated according to their 
hydrophilicity, with the more polar compounds eluting later. 
 Phosphopeptides   should therefore be enriched at the end of the 
gradient. 

 ERLIC is a variation of the  HILIC   method that uses an elec-
trostatic repulsion effect to generate enhanced separation between 
phospho- and non-phosphopeptides [ 37 ]. For this purpose, an 
ion-exchange column is operated in a highly organic mobile phase 
(therefore resembling HILIC mode), so that several retention 
mechanisms—electrostatic attraction, hydrophilic interaction, and 
electrostatic repulsion are at play.  Phosphopeptides   are retained 
strongly under low pH, high acetonitrile conditions.  

    Different other recognition principles have been used to enrich 
phosphopeptides. For example, inorganic phosphates are known to 
form very insoluble salts with some counterions such as barium or 
calcium. This concept has been extended to phosphopeptide pre-
cipitation with Ca 2+  [ 38 ], Ba 2+  [ 39 ], or cations of the lanthanide 
group [ 40 ]. The insoluble precipitates are simply isolated by centrifu-
gation and redissolved before  LC  -MS analysis. 

 Derivatization or tagging methods involve the chemical modi-
fi cation of the phosphate group to allow the introduction of affi n-
ity tags or the covalent binding to a stationary phase. The main 
concepts introduced for this purpose (reviewed in [ 41 ]) include 
the formation of phosphoamidates and the  β-elimination   of the 
phosphate group in phospho-Ser (pSer) and phospho-Thr (pThr) 
residues. The phosphoamidate chemistry is able to convert pSer, 
pThr, and pTyr peptides, but involves a multi-step reaction scheme 
to ensure specifi city. Its application was restricted to a few studies 
from the Aebersold laboratory [ 42 ,  43 ]. 

 β-Elimination is more commonly used and is based on the 
removal of the phosphate group from serine and threonine resi-
dues under strongly alkaline conditions. The resulting double 
bond in the dehydroamino acid residues can be reacted with vari-
ous reagents in a  Michael addition  . However, reaction conditions 
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must be carefully optimized to avoid side reactions. A variety of 
different protocols have been proposed in the literature, most 
recently, the Angeletti group has studied experimental parameters 
in detail in several studies [ 44 ,  45 ], which were, however, restricted 
to less complex samples (see also protocol by Nika et al. in Chapter   3    ). 

 In addition to  IMAC   and  MOAC   materials, several other 
sorbents have been proposed for phosphopeptide enrichment, 
although many of them have only been evaluated in proof-of- 
principle experiments. Hydroxyl phosphates such as hydroxyapa-
tite, Ca 5 (PO 4 ) 3 (OH) [ 46 ], and Fe 5 (PO 4 ) 4 (OH) 3  [ 47 ] were shown 
to bind phosphopeptides preferentially, as were zirconium arsenate- 
modifi ed nanoparticles [ 48 ] and a SnO 2 -ZnSn(OH) 6  hybrid mate-
rial [ 49 ]. Lanthanide [ 50 ] and yttrium [ 51 ] phosphates have also 
been proposed as affi nity materials. Moreover, boron nitride [ 52 , 
 53 ] has been proposed for the retention of very hydrophilic phos-
phopeptides, similar to  HILIC   materials.  

     The different characteristics of the various methods introduced 
above and their (partial) complementarity have led to the develop-
ment of multidimensional methods for phosphoproteomics. These 
integrated methods also address the point that a phosphopeptide 
mixture will remain highly complex even after a single enrichment 
step to an extent that often surpasses the sequencing capacity of 
current mass spectrometers. Thus, if suffi cient amounts of starting 
material are available, various combinations of enrichment and 
fractionation strategies can be envisaged. 

 In the classical  two-dimensional  setup one of the less specifi c 
chromatographic fractionation procedures ( SCX  , SAX,  HILIC  , 
ERLIC) as the fi rst stage may be combined with a metal affi nity 
enrichment step (either  IMAC   or  MOAC  ) as the second  dimension. 
Although this is the most commonly used scenario, the inverse 
strategy may be more practical [ 54 ]. This is because phosphopep-
tides can be very unevenly distributed in different chromatographic 
fractions and using the same second-dimension enrichment proto-
col for all of them may sacrifi ce some of the performance. 

 Alternatively,  sequential  elution methods such as  SIMAC   
(sequential elution from  IMAC  , [ 55 ], see protocol by Thingholm 
and Larsen in Chapter   10    ) may use two specifi c procedures in suc-
cession whereby the unbound fraction of the fi rst stage is used as 
the starting material for the second stage. In the SIMAC method, 
a partial separation of singly and multiply phosphorylated peptides 
is achieved by the preferential elution of mono-phosphorylated 
peptides from an IMAC resin and the subsequent re-binding on 
 TiO 2   . Multiply phosphorylated peptides, on the other hand, are 
directly eluted from the IMAC resin. SIMAC has also been inte-
grated into the multidimensional  TiSH   method that combines tita-
nia enrichment, SIMAC and  HILIC   fractionation ([ 56 ], See also 
protocol by Engholm-Keller and Larsen et al. in Chapter   11    ). 

3.8  Multidimensional 
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 A third option is the  parallel  processing of peptide mixtures 
using complementary methods. This is particularly relevant for the 
comprehensive profi ling of tyrosine phosphorylation, because the 
low abundance of pTyr-containing peptides usually leads to their 
underrepresentation even in phosphoenriched samples. Therefore, 
the majority of the sample is usually dedicated to enrichment with 
pTyr antibodies, while the rest is processed using metal affi nity 
methods. 

 Finally, enrichment methods that integrate the profi ling of dif-
ferent types of PTMs have also been described recently [ 57 – 59 ]. 
This opens up interesting perspectives into the regulation of bio-
logical signal processing using different types of modifi cations 
(“ PTM   cross talk,” [ 60 ]).   

4      Selected Applications 

 As outlined in the previous section, many different techniques for 
phosphoproteomics are employed at the sample processing stage. 
Picking the most suitable tool (or more often, a combination of 
tools) is therefore not an easy task. The rapid pace of instrument 
development and the diversity in methods (both experimental and 
computational) and sample types being analyzed do not allow for 
a straightforward comparison. Published reports may differ sub-
stantially in important parameters such as the number of fractions 
analyzed, total analysis time, number of  MS/MS   spectra, fragmen-
tation method, database search engine, statistical thresholds, and 
many more. It is therefore unrealistic to highlight the “best” meth-
ods for the proteome-wide analysis of phosphorylation; instead I 
opted to highlight a few notable contributions to the fi eld that 
have occurred over the last few years. This list ( see  Table  1 ) is by no 
means exhaustive and should not be seen as a comprehensive 
review of the fi eld.  Quantitative   data (number of identifi cations) 
were taken directly from the papers and may be reported at differ-
ent levels (phosphopeptides, phosphorylation sites) and at differ-
ent levels of statistical confi dence.

   Over the course of roughly a decade, the fi eld has moved from 
the identifi cation of several hundred to tens of thousands of phos-
phopeptides in a single study. For example, the work by Ficarro 
et al. [ 61 ], who identifi ed 386 phosphorylation sites on 216 pep-
tides in yeast, was a substantial achievement at the time. For this 
the authors used single-stage  IMAC   enrichment after methyl ester-
ifi cation to reduce nonspecifi c binding and MS analysis on a low- 
resolution ion trap. Only a few years later, in 2006, Olsen et al. 
[ 33 ] already reported the identifi cation of 6600 phosphorylation 
sites on more than 2200 proteins from  EGF  -treated  HeLa   cells. 
This study used  SCX   fractionation followed by  TiO 2    enrichment 
and analysis of the fractions on a linear ion trap-Fourier transform 
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    Table 1  
  Selected examples of phosphoproteomic studies from the recent literature (since 2010) that reported 
the identifi cation of more than 5000 phosphopeptides or phosphorylation sites   

 Reference  Sample 
 Enrichment and 
fractionation 

  Mass 
spectrometry   
platform  Identifi cations (*) 

 Engholm-Keller 
et al. [ 56 ] 

 Rat cell line 
(INS-1) 

  TiO 2 /   SIMAC/   HILIC    LTQ OT Velos 
( HCD)   

 Up to 7072 
phosphopeptides 

 Fukuda 
et al. [ 27 ] 

 Human cell line 
(PC3) 

  HILIC/   TiO 2     Q Exactive 
( HCD)   

 Up to 6841 
phosphopeptides, 2387 
proteins 

 Hennrich 
et al. [ 63 ] 

 Human cell line 
(HEK293) 

  SCX/  WAX  LTQ OT Velos 
( HCD)   

 Up to 11010 peptides 

 Hennrich 
et al. [ 64 ] 

 Human cell line 
( HeLa)   

  SCX   (at pH 1 and 
pH 3) 

 LTQ OT Velos 
( HCD,   
 ETD)   

 9673 phosphopeptides 

 Huttlin 
et al. [ 65 ] 

 Mouse 
(9 tissues) 

  SCX/  Fe 3+ - IMAC    LTQ OT Velos 
( CID)   

 35965 phosphorylation 
sites, 6296 proteins 

 Iesmantavicius 
et al. [ 59 ] 

 Yeast   TiO 2 /   SCX   and 
anti-Gly-Gly- 
antibody/SCX in 
parallel 

 Q Exactive 
( HCD)   

 8961 phosphorylation 
sites, 2498 
ubiquitination sites 

 Lundby 
et al. [ 66 ] 

 Rat (14 organs 
and tissues) 

  TiO 2     LTQ OT Velos 
( HCD)   

 Total 31480 
phosphorylation sites, 
7280 proteins 

 Meijer 
et al. [ 67 ] 

 Human cell line 
(HUVEC) 

  SCX/  Ti 4+ - IMAC    LTQ OT Velos 
( HCD,   
 ETD)   

 19859 phosphopeptides, 
17278 phosphorylation 
sites, 4594 proteins 

 Mertins 
et al. [ 57 ] 

 Human cell line 
(Jurkat) 

 Fe 3+ - IMAC/  anti-GG- 
antibody/anti-KAc 
antibody 

 Q Exactive 
( HCD)   

 Up to 20800 
phosphorylation sites, 
15408 ubiquitination 
sites, 3190 KAc sites 

 Monetti 
et al. [ 68 ] 

 Mouse liver   SCX/   TiO 2     LTQ OT Velos 
( HCD)   

 Up to 20491 
phosphorylation sites 

 Nagaraj 
et al. [ 69 ] 

 Human cell line 
( HeLa)   

  SCX/   TiO 2     LTQ OT Velos 
( HCD   or 
 CID)   

 Up to 9668 high-
confi dence 
phosphorylation sites 

 Olsen 
et al. [ 70 ] 

 Human cell line 
( HeLa)   

  SCX/   TiO 2    and others  LTQ Orbitrap 
(MSA) 

 20443 phosphorylation 
sites, 6027 proteins 

 Phanstiel 
et al. [ 71 ] 

 Human stem 
cells 

  SCX/  Fe 3+ - IMAC    LTQ OT Velos  19122 phosphorylation 
sites 

 Rigbolt et al. 
2011 [ 72 ] 

 Human stem 
cells 

  SCX/   TiO 2    and others  LTQ Orbitrap 
and others 

 23522 phosphorylation 
sites, 6521 proteins 

(continued)

Alexander Leitner



117

 Reference  Sample 
 Enrichment and 
fractionation 

  Mass 
spectrometry   
platform  Identifi cations (*) 

 Yi et al. [ 73 ]  Human stem 
cells 

  SCX/  Fe 3+ - IMAC    LTQ OT Velos 
( CID)   

 11131 phosphorylation 
sites, 2567 proteins 

 Yue et al. [ 74 ]  Human cell line 
(MCF-10A) 

 Multi-step 
 IMAC/  high-pH 
reversed-phase 
fractionation 

 Q Exactive 
( HCD)   

 8969 phosphopeptides 

 Zarei et al. 
2012 [75] 

 Human cell line 
( HeLa)   

 ERLIC/ SCX   +  TiO 2    
in different set-ups 

 LTQ Orbitrap 
XL ( CID)   

 Up to 13585 
phosphopeptides 

 Zhou et al. 
2013 [76] 

 Human cell line 
( HeLa,   K562) 

  SCX/  Ti 4+ -
 IMAC/   HILIC   in 
different set-ups 

 LTQ OT Velos 
( HCD,   
 ETD)   

 Up to 22148 
phosphopeptides, 
18055 phosphorylation 
sites, 4708 proteins 

  Studies are sorted alphabetically after the fi rst author. Abbreviations:   CID    collision-induced dissociation,  ERLIC  elec-
trostatic repulsion hydrophilic interaction chromatography,   ETD    electron transfer dissociation,   HCD    higher collisional 
energy dissociation,   HILIC    hydrophilic interaction chromatography,   IMAC    immobilized metal ion affi nity chromatog-
raphy,  KAc  acetyl-lysine,  MSA  multistage activation,  OT  Orbitrap,   SCX    strong cation exchange,   SIMAC    sequential 
elution from IMAC,  WAX  weak anion exchange. (*) “up to” means that numbers depend on actual sample, degree of 
fractionation, etc.  

Table 1
(continued)

ion cyclotron resonance mass spectrometer. Therefore, a combina-
tion of increased analysis time, a faster scanning and more sensitive 
instrument, and of course the application to a different organism 
with a signifi cantly higher number of phosphorylation events 
resulted in more comprehensive phosphoproteome coverage. 

 More recently, different comprehensive studies have allowed 
the identifi cation of more than 10,000 phosphopeptides or phos-
phorylation sites from various sample types. Some of the key 
method parameters of such studies are compared and summarized 
in Table  1 , although for more specifi c information the readers are 
referred to the original articles. A few common concepts become 
obvious upon comparison of the different approaches. First of all, 
all studies used Orbitrap mass spectrometers of various generations 
[ 62 ], highlighting the Orbitrap as the instrument platform of 
choice for phosphoproteomics, similar to general proteomics 
methods. Secondly,  SCX   is widely used in combination with  IMAC   
or  TiO 2   - MOAC  , despite its known limitations, especially the lim-
ited chromatographic resolution of the technique. However, alter-
native workfl ows such as  HILIC   and ERLIC are also capable of 
achieving similar numbers of identifi cations, and even single-stage 
enrichment methods are highly promising. 
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 While the numbers reported from the sophisticated studies 
summarized here are certainly impressive, it has to be mentioned 
that such results are achievable if large sample amounts (frequently 
in the mg range) and, frequently, considerable instrument time (>1 
day) are available for each sample. In contrast, emerging clinical 
applications of phosphoproteomic methods will require substan-
tially higher sample throughput, making extensive fractionation 
impractical. In addition, the limited sample amounts require the 
development of optimized sample preparation procedures, espe-
cially those that minimize sample handling. For example, Zou and 
co-workers recently introduced an integrated method combining 
sequential protein digestion, differential stable isotope labeling, 
and Ti 4+ - IMAC   enrichment of phosphopeptides in the same tube 
for the processing of small amounts of tissue lysates [ 77 ].  

5    Conclusion and Outlook 

 The biological relevance of protein phosphorylation and the suc-
cessful application of mass spectrometry-based proteomics work-
fl ows have resulted in a wide variety of methods and protocols that 
can be used to study the phosphoproteome. Although the majority 
of methods are directed to the analysis of serine and threonine (and 
to some extent, tyrosine) phosphorylation, less abundant targets 
are gaining increasing interest. Considering the ever improving 
performance of mass spectrometers, it is reasonable to expect that 
in the coming years the phosphoproteome can be probed to an 
even greater depth. Robust and reproducible enrichment methods 
will contribute to an increased application of phosphoproteomics 
also for biomedical and clinical applications, where sample amounts 
are frequently very limited.     
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    Chapter 8   

 Phosphopeptide Enrichment by Immobilized Metal Affi nity 
Chromatography       

     Tine     E.     Thingholm     and     Martin     R.     Larsen      

  Abstract 

   Immobilized metal affi nity chromatography (IMAC) has been the method of choice for phosphopeptide 
enrichment prior to mass spectrometric analysis for many years and it is still used extensively in many labo-
ratories. Using the affi nity of negatively charged phosphate groups towards positively charged metal ions 
such as Fe 3+ , Ga 3+ , Al 3+ , Zr 4+ , and Ti 4+  has made it possible to enrich phosphorylated peptides from peptide 
samples. However, the selectivity of most of the metal ions is limited, when working with highly complex 
samples, e.g., whole-cell extracts, resulting in contamination from nonspecifi c binding of non- 
phosphorylated peptides. This problem is mainly caused by highly acidic peptides that also share high 
binding affi nity towards these metal ions. By lowering the pH of the loading buffer nonspecifi c binding 
can be reduced signifi cantly, however with the risk of reducing specifi c binding capacity. After binding, the 
enriched phosphopeptides are released from the metal ions using alkaline buffers of pH 10–11, EDTA, or 
phosphate-containing buffers. 

 Here we describe a protocol for IMAC using Fe 3+  for phosphopeptide enrichment. The principles are 
illustrated on a semi-complex peptide mixture.  

  Key words     Protein phosphorylation  ,    Phosphopeptide    enrich   ment    ,   Immobilized metal affi nity chro-
matography  ,    Mass spectrometry    

1      Introduction 

 A widely used affi nity enrichment technique for phosphorylated 
peptides is the use of metal ions for the binding of negatively 
charged phosphopeptides (e.g., immobilized metal affi nity chro-
matography,  IMAC  ). The affi nity of proteins and peptides for 
metal ions due to certain amino acids (mainly histidine and cyste-
ine residues) have been used for the purifi cation of entire proteins 
[ 1 ,  2 ], but the binding of phosphoproteins and phosphoamino 
acids to metal ions, introduced by Andersson and Porath [ 3 ], gave 
the technique an extra dimension. With the work performed by 
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Neville, D. C. et al. [ 4 ] on phosphopeptides from digested pro-
teins the technique was further developed for the use on samples of 
low amount of starting material. The IMAC technique has since 
then been used extensively for enrichment of phosphorylated 
peptides prior to mass spectrometric analysis [ 5 – 10 ]. 

 The technique improves identifi cation of phosphopeptides 
from complex biological mixtures [ 8 – 10 ]. However, non- 
phosphorylated peptides containing multiple acidic amino acid 
residues co-purify with the phosphopeptides in  IMAC  . This causes 
unwanted high levels of non-phosphorylated peptides which ion-
ize much better than phosphorylated peptides. Therefore, in order 
to decrease the number of non-phosphorylated peptides in large- 
scale phosphoproteomic studies O-methylesterifi cation of the 
acidic amino acid residues has been shown to decrease the co- 
purifi cation of acidic peptides [ 9 ]. This step, however, may intro-
duce undesirable side reactions and loss of peptides due to 
adsorptive losses from extensive lyophilization [ 11 ]. Another pos-
sibility is to lower the complexity of the samples by performing 
pre-fractionation of the peptide mixture prior to IMAC using for 
example isoelectric focusing (e.g., [ 12 ]), ion-exchange chroma-
tography (e.g., [ 8 ]), or hydrophilic interaction liquid chromatog-
raphy ( HILIC  ) [ 13 ] prior to MS analysis. 

 In 1996 Saha and co-workers published results showing that 
the p K a value of phosphoric acid decreased to 1.1 upon methyla-
tion [ 14 ]. As the addition of an organic group decreases the p K a 
value of phosphoric acid, it would be a reasonable assumption that 
the p K a values of phosphopeptides would be signifi cantly lower 
than that of phosphoric acid due to the organic environment pro-
vided by the surrounding amino acids. By decreasing the pH of the 
loading conditions to below 1.9, more acidic peptides in a sample 
will become neutralized while phosphopeptides will retain their 
negative charges and their binding affi nity towards the metal ions. 
By loading the sample in 0.1 %  TFA   and 50 % acetonitrile, the level 
of nonspecifi c binding to the  IMAC   material is signifi cantly reduced 
[ 15 ]. Recently, an IMAC-Ti 4+  resin has been designed [ 16 ,  17 ], 
which apparently has similar high tolerance towards acidic solu-
tions and low nonspecifi c binding [ 18 ] compared to the  TiO 2    
enrichment described in Chapter   9    . 

  Phosphopeptides   are subsequently eluted from the  IMAC   
material using alkaline buffers such as ammonia water (pH 10–11). 
Alternatively, phosphopeptides can be eluted with  EDTA   [ 19 ], 
highly acidic solutions [ 20 ] or solutions including phosphate or 
phosphoric acid [ 15 ,  21 ]. The eluted phosphopeptides should be 
desalted and concentrated by reversed phase micro-columns prior 
to downstream analysis.  
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2    Materials 

       1.    Transferrin (human) was a gift from ACE Biosciences 
A/S. Serum albumin (bovine), beta-lactoglobulin (bovine), 
carbonic anhydrase (bovine), beta-casein (bovine), alpha-
casein (bovine), ovalbumin (chicken), ribonuclease B (bovine 
pancreas), alcohol dehydrogenase (Baker yeast), myoglobin 
(whale skeletal muscle), lysozyme (chicken), and alpha-amy-
lase (bacillus species) were from Sigma (St. Louis. MO, US).      

       1.     Ammonium bicarbonate  .   
   2.     Dithiothreitol   ( DTT  ).   
   3.     Iodoacetamide  .   
   4.    Modifi ed trypsin.      

       1.    Iron-coated PHOS-select™ metal chelate beads (Sigma®), 
stored at −20° (or other  IMAC   material with similar capacity).   

   2.     IMAC   loading buffer: 0.1 % trifl uoroacetic acid ( TFA  ), Protein 
Sequencer Grade, 50 % acetonitrile,  HPLC   grade.   

   3.    GELoader tips (Eppendorf (20 μL) or Bio-Rad (200 μL)).   
   4.    Low-binding microcentrifuge tubes 1.7 mL.   
   5.    1–5 mL disposable syringes fi tted to GELoader tip or p200 

tips by using a pipette tip cut in both ends.   
   6.     IMAC   Elution Buffer: 1 % ammonia water (40 μL ammonia 

solution (25 %), 980 μL UHQ water (pH ~11)), make fresh as 
required.   

   7.    Formic acid.   
   8.    Milli-Q water (UHQ water) ( see   Notes 1  and  2 ).      

       1.    POROS Oligo R3 reversed-phase material (PerSeptive 
Biosystems, Framingham, MA, US).   

   2.    GELoader tip (Eppendorf, Hamburg, Germany) or p200 
pipette tips.   

   3.    Syringe for  HPLC   loading (P/N 038250, N25/500- LC   PKT 
5, SGE, Ringwood, Victoria, Australia).   

   4.    RP loading buffer: 0.1 %  TFA  .   
   5.    RP elution buffer (for  LC  -ESI  MS/MS   analysis): 70 % aceto-

nitrile, 0.1 %  TFA  .   
   6.    2,5-Dihydroxybenzoic acid ( DHB  ) elution buffer (for  MALDI   

MS analysis): 20 mg/mL DHB in 50 % acetonitrile, 0.1 % 
 TFA  , 1 % ortho-phosphoric acid.      

       1.    Tabletop centrifuge.   
   2.    pH meter.   

2.1  Model Proteins

2.2  Reduction, 
Alkylation, 
and Digestion 
of Model Proteins

2.3  Immobilized 
Metal Ion Affi nity 
Chromatography

2.4  Reversed-Phase 
(RP) Chromatography

2.5  Other Materials
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   3.    Thermomixer.   
   4.    Shaker.   
   5.    Vacuum centrifuge.      

       1.    Mass spectrometer capable of performing  MS/MS  —prefer-
entially a high-resolution/high-mass-accuracy instrument 
(Q-TOFs or Orbitrap-based mass spectrometer) interfaced to 
a nanoHPLC with a 50–100 μm i.d. RP capillary column 
setup for highly sensitive online peptide separation.   

   2.    Software for processing of raw mass spectrometry data fi les 
and generation of peak lists for searching against a protein 
database (e.g.,  Uniprot  ) Analysis software such as Mascot/
Mascot Distiller (Matrix Science, London, UK) (data from 
most vendors and instruments),  Proteome Discover   er   
(ThermoScientifi c, Bremen, Germany) (data from Thermo 
instruments),  MaxQuant   [ 15 ] (high-resolution data from 
Thermo Orbitrap instruments and certain Bruker and ABSciex 
Q-TOFs) and the TransProteomicPipeline [ 16 ] (vendor 
independent).       

3    Methods 

 The principle of the protocol shown in this chapter is illustrated 
using a semi-complex peptide mixture originating from tryptic 
digestions of 12 standard proteins (model proteins) ( see   Notes 3  
and  4 ). The  IMAC   purifi cation method is a simple and “easy-to-
 do” method. The buffers used for batch incubation with IMAC 
material should contain 0.1 %  TFA   and 50 % acetonitrile to opti-
mize adsorption of phosphopeptides to the IMAC beads and 
reduce nonspecifi c binding [ 15 ]. The commonly used ammonium 
bicarbonate buffer should be avoided ( see   Note 5 ). 

       1.    Dissolve each protein in 50 mM triethylammonium bicarbon-
ate ( TEAB  ), pH 7.8, and 10 mM  DTT   and incubate at 37 °C 
for 1 h. After reduction, add 20 mM iodoacetamide and incu-
bate the samples at room temperature for 1 h in the dark.   

   2.    Digest each protein using trypsin (1–2 % w/w) at 37 °C for 
12 h.   

   3.    Quench the reaction by adding formic acid to a fi nal concen-
tration of 2 %.      

       1.    When working with low amounts of sample use less  IMAC   
beads to reduce the level of nonspecifi c binding from non- 
phosphorylated peptides. For 1 pmol tryptic digest use 7 μL 
IMAC beads. For more complex samples, where more mate-
rial is available, more IMAC beads should be used. In the 

2.6  Analysis by Mass 
Spectrometry

3.1  Model Proteins 
and Peptide Mixture

3.2  Batch Incubation 
with  IMAC   Beads
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following we will illustrate the method for 1 pmol tryptic 
digest of the protein mixture.   

   2.    Transfer 7 μL  IMAC   beads to a fresh 1.7 mL low binding 
microcentrifuge tube.   

   3.    Wash the  IMAC   beads twice using 50 μL IMAC Loading 
Buffer ( see   Note 6 ).   

   4.    Resuspend the beads in 40 μL  IMAC   Loading Buffer and add 
the sample ( see   Note 7 ).   

   5.    Incubate the sample with  IMAC   beads in a Thermomixer for 
30 min at room temperature.      

       1.    Squeeze the tip of a GELoader tip to prevent the  IMAC   beads 
from leaking.   

   2.    Pack the beads in the constricted end of the GELoader tip by 
application of air pressure forming an  IMAC   micro-column 
[ 22 ] ( see  Fig.  1 ). For larger amount of IMAC beads and more 
complex mixtures a p200 GELoader tip is recommended.

       3.    Wash the  IMAC   column using 40 μL IMAC Loading Buffer.      

       1.    Elute the phosphorylated peptides bound to the  IMAC   micro- 
column using 30 μL of IMAC elution buffer ( see  Fig.  2 ). It is 
important that this step is performed slowly (~1 drop/s). 
(N.B. For  MALDI   MS analysis the peptides can be eluted off 
the IMAC micro-column directly onto the MALDI target 
using 1 μL  DHB   solution. After crystallization the sample is 
ready for MALDI MS analysis) ( see   Note 8 ).

       2.    For  LC  -ESI  MS/MS   analysis the  IMAC   eluent should be 
acidifi ed using 100 % formic acid (pH should be ~2–3) and 
desalted/concentrated using reversed-phase micro-columns.      

   Use RP GELoader tip micro-columns of ~6–10 mm or p200 
pipette tips micro-columns (1–2 cm) depending on the amount of 
material to be purifi ed. Here, it is illustrated for a GELoader tip 
micro-column.

    1.    Suspend Poros Oligo R3 reversed-phase (RP) material in 
200 μL 100 % acetonitrile.   

   2.    Squeeze the tip of a GELoader tip to prevent the RP beads 
from leaking ( see  Fig.  1 ).   

   3.    Pack the beads in the constricted end of the GELoader tip by 
application of air pressure forming a micro-column [ 22 ].   

   4.    Load the acidifi ed phosphopeptide sample slowly onto the RP 
micro-column (~1 drop/s).   

   5.    Wash the RP micro-column using 30 μL RP loading buffer.   

3.3  Packing 
the  IMAC   
Micro-Column

3.4  Elution 
of Phosphorylated 
Peptides 
from the  IMAC   
Micro-Column

3.5  Poros Oligo R3 
Reversed-Phase (RP) 
Micro- Column 
Desalting/
Concentration 
of the Sample
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  Fig. 1    The principle of making  IMAC   micro-columns for a complex sample. The constricted end of a 200 μL 
GELoader tip is squeezed to prevent the IMAC beads from leaking. This is done by pressing the tip of a pen onto 
the end of the GELoader tip ( a ). Cut the top of the GELoader tip to make a plastic syringe fi t into the opening 
( b ). Load the IMAC beads onto the GELoader tip ( c ). Pack the IMAC beads to form an IMAC micro-column by 
applying air pressure using a 1 mL plastic syringe ( d ). The packed IMAC micro-column ( e ). The principle for a 
simple sample is the same, however, using a 20 μL Eppendorf GELoader tip instead of a 200 μL GELoader tip. 
This fi gure is taken from [ 25 ]       
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   6.    Elute the phosphopeptides from the RP micro-column using 
20 μL RP Elution Buffer, followed by lyophilization of the 
phosphopeptides. (N.B. For  MALDI   MS analysis the peptides 
can be eluted off the GELoader tip RP micro-column directly 
onto the MALDI target using 1 μL  DHB   solution. After crys-
tallization the sample is ready for MALDI MS analysis.)   

   7.    Redissolve the dried phosphopeptides in 0.5 μL 100 % formic 
acid and dilute immediately to 10 μL with UHQ water. The 
sample is then ready for  LC  -ESI- MS/MS   analysis.      

   For  LC  - MS/MS   analysis of purifi ed phosphopeptides a standard 
strategy as described below can be used. A typical nanoLC setup 
would include a 0.075 mm × 200 mm analytical column packed 
with 3 μm RP resin interfaced with a high-resolution/mass accu-
racy mass spectrometer as described in our original paper [ 23 ]. The 
number of phosphopeptides identifi ed in the analysis can be 
increased by maximizing the resolution of the nanoLC separation 
via longer columns (e.g., 50 cm) and smaller chromatographic 
particle sizes (e.g., 1.9 μm). Alternatively, a two column system can 
be utilized using a 0.1 mm × 20 mm pre-column packed with RP 
resin (3–5 μm) combined with an analytical column as described 
above. A two-column system is described below.

3.6   μHPLC Tandem 
Mass Spectrometry 
( LC  - MS/MS  ) Analysis

Packing beads in
GELoader tip

Incubation 30 min

P

P

Mixing IMAC beads
and peptide sample

P

P

P

P

Basic elution (pH 11.3)

  Fig. 2    Illustration of the  IMAC   strategy       
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    1.    The phosphopeptides are redissolved in 0.1 %  TFA   and loaded 
onto a pre-column as described above using a μHPLC system 
(e.g., Dionex or EASY- LC  ) at a loading speed of 5 μL/min.   

   2.    The phosphopeptides are eluted directly onto the analytical 
column (e.g., 0.075 mm × 200 mm) using a gradient (60–
120 min) from 0 to 35 % B-Buffer (e.g., A-Buffer: 0.1 % for-
mic acid; B-Buffer: 90 % acetonitrile, 0.1 %  TFA  ) at an elution 
speed of 2–300 nL/min.   

   3.    The phosphopeptides are eluted directly into a tandem mass 
spectrometer and analyzed by Data Dependent Analysis.    
   LC  -ESI- MS/MS   analysis of multi-phosphorylated peptides is 

improved by redissolving the phosphopeptides by sonication in an 
 EDTA   containing buffer prior to LC-ESI-MS/MS analysis [ 24 ]. 

 An example of the results obtained when using this procedure 
for a relative low complexity sample is shown in Fig.  3 . The fi gure 
illustrates the analysis of 1 pmol peptide mixture by  MALDI   MS as 
a dried droplet without  IMAC   enrichment (a), the MALDI MS 
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  Fig. 3    Results obtained from 1 pmol peptide mixture using the  IMAC   strategy. ( a )  MALDI   MS peptide mass map 
of the direct analysis of the tryptic peptides. ( b ) MALDI MS peptide mass map of phosphopeptides purifi ed by 
IMAC from the standard peptides mixture using 0.1 M acetic acid and 30 % acetonitrile (pH 2.9) as loading 
buffer. ( c ) MALDI MS peptide mass map of phosphopeptides purifi ed by IMAC from the standard peptides 
mixture using 0.1 %  TFA   and 50 % acetonitrile (pH 1.8) as loading buffer. The number of phosphate groups on 
the individual phosphopeptides is indicated by “#P.”  Asterisk  indicates the metastable loss of phosphoric acid       
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peptide mass map obtained from 1 pmol peptide mixture after 
IMAC phosphopeptide enrichment using 0.1 M acetic acid (b) or 
0.1 %  TFA   (c) as loading buffer ( see   Notes 9  and  10 ). For analysis 
of this sample using  LC  -ESI- MS/MS   the above strategy can be 
used ( see   Note 11 ).

4        Notes 

     1.    It is important to obtain the highest purity of all chemicals 
used.   

   2.    All solutions should be prepared in UHQ water.   
   3.    Always start by testing the method using a model peptide mix-

ture. It is important to freshly prepare the peptide mixture as 
peptides bind to the surface of the plastic tubes in which they 
are stored. In addition, avoid transferring the peptide sample 
between different tubes to minimize adsorptive losses of the 
sample.   

   4.    The peptide mixture used for the experiment illustrated in this 
chapter contained peptides originating from tryptic digestions 
of 1 pmol of each of the 12 proteins.   

   5.    If the sample has been pre-suspended in another buffer check 
whether the buffer may interfere with  IMAC   binding [ 19 ]. 
For example, the use of the widely used ammonium bicar-
bonate buffer reduces the binding of phosphopeptides to 
IMAC material up to 75 %, presumable due to shielding of the 
phosphate groups which prevent interaction with the IMAC 
resin (Larsen MR unpublished results). Alternatively, triethyl-
ammonium bicarbonate ( TEAB  ) should be used. If the sample 
contains other reagents, which interfere with IMAC binding, 
dilute the samples suffi ciently to reduce the concentration of 
these reagents or the samples should be desalted. If there is 
 EDTA   present in the sample the peptides have to be purifi ed 
using reversed phase chromatography prior to IMAC. Always 
test the pH value of the sample before IMAC batch incuba-
tion. The pH value should be approximately 1.7.   

   6.    The PhosSelect  IMAC   beads are very fragile, so high-speed 
mixing should be avoided in all steps.   

   7.    When working with larger amounts of  IMAC   beads remember 
to also increase the incubation, washing and elution volumes.   

   8.    When working with larger amounts of material it is better to 
elute the phosphopeptides using  IMAC   elution buffer fol-
lowed by acidifi cation and reversed phase chromatography, 
since 1 μL  DHB   buffer will not be suffi cient to elute all 
phosphopeptides and  LC  - MS/MS   cannot be performed in 
the presence of DHB. In addition, the sample may be too 
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concentrated for MS analysis and only a fraction of the eluent 
needs to be analyzed.   

   9.    The results obtained using this protocol will differ according 
to the mass spectrometer used for the analysis of the phospho-
peptides, not only between  MALDI   MS and ESI MS but also 
within different MALDI MS instruments, depending on laser 
optics, laser frequency, instrumental confi guration, sensitivity, 
etc.   

   10.    The exact binding affi nity of the  IMAC   beads is not known; 
however, the amount of nonspecifi c binding from 
 non- phosphorylated peptides is very dependent on the ratio 
between amount of sample and IMAC beads. It may be neces-
sary to optimize the ratio for different samples.   

   11.    Analysis of multiply phosphorylated peptides using  LC  -
ESI - MS  /MS   can be complicated and peptides with >3 phos-
phate groups are rarely observed using this method. Thus 
 MALDI   MS analysis of known phosphopeptides is a better 
choice for setting up and testing methods for phosphopeptide 
enrichment.         
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    Chapter 9   

 The Use of Titanium Dioxide for Selective Enrichment 
of Phosphorylated Peptides       

     Tine     E.     Thingholm     and     Martin     R.     Larsen      

  Abstract 

   Titanium dioxide (TiO 2 ) has very high affi nity for phosphopeptides and in recent years it has become one 
of the most popular methods for phosphopeptide enrichment from complex biological samples. Peptide 
loading onto TiO 2  resin in a highly acidic environment in the presence of 2,5-dihydroxybenzoic acid 
(DHB), phthalic acid, lactic acid, or glycolic acid has been shown to improve selectivity signifi cantly by 
reducing unspecifi c binding of non-phosphorylated peptides. The phosphopeptides bound to the TiO 2  are 
subsequently eluted from the chromatographic material using an alkaline buffer. TiO 2  chromatography is 
extremely tolerant towards most buffers used in biological experiments, highly robust and as such it has 
become the method of choice in large-scale phosphoproteomics. Here we describe a batch mode protocol 
for phosphopeptide enrichment using TiO 2  chromatographic material followed by desalting and concen-
tration of the sample by reversed phase micro-columns prior to downstream MS and LC-MS/MS 
analysis.  

  Key words     Protein phosphorylation  ,    Phosphopeptide    enrich   ment    ,    Titanium dioxide   chromatography  , 
   Mass spectrometry    

1      Introduction 

 For some years the adsorption of proteins to titanium dioxide 
( TiO 2   ) fi lms has been studied with the aim of determining a 
method for pursuing bioelectrochemical studies of protein func-
tions [ 1 ]. More interestingly for phosphoproteomic studies, TiO 2  
has been shown to have affi nity for phosphate ions from aqueous 
solutions [ 2 ,  3 ] and recently, TiO 2  chromatography has been 
adapted as an effi cient alternative to already existing methods for 
phosphopeptide enrichment from complex samples. In 2004 
several groups introduced the enrichment of phosphopeptides 
using TiO 2  material in combination with mass spectrometric (MS) 
analysis [ 4 – 6 ]. For example, Pinkse and coworkers described the 
ability of TiO 2  to selectively bind phosphorylated peptides using an 
online two-dimensional liquid chromatography ( LC  ) MS setup 
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with spherical particles of TiO 2  (Titansphere) as the fi rst dimension 
and reversed phase (RP) material as the second dimension [ 5 ]. The 
sample was loaded onto a TiO 2  column in acidic conditions (pH 
2.9) to promote the binding of phosphopeptides to the TiO 2  
particles. The unbound non-phosphorylated peptides were trapped 
on the RP column. After elution from the RP column the non- 
phosphorylated peptides were analyzed using nanoLC-ESI- MS/MS  . 
The phosphopeptides were subsequently eluted from the TiO 2  
column using an alkaline buffer (pH 9.0), concentrated on the 
RP pre-column and analyzed using nanoLC-ESI-MS/MS [ 5 ]. 
However, the buffers used for these initial TiO 2  enrichments all 
resulted in signifi cant binding of non-phosphopeptides. In 2005, 
we introduced an offl ine setup for TiO 2  chromatography in which 
much stronger buffer conditions were applied and included the use 
of  2,5-dihydroxybenzoic acid   ( DHB  ) and high concentration of 
trifl uoroacetic acid ( TFA  ) in the loading buffer, which signifi cantly 
reduced unspecifi c binding from non-phosphorylated peptides 
[ 7 ]. In addition, ammonia solution at even higher pH (pH 11.3) 
was shown to elute phosphorylated peptides from the TiO 2  
column more effi ciently than pH 9 and thereby improve phospho-
peptide recovery [ 7 ]. Due to problems associated with the use of 
high amount of DHB, such as polymerization and contamination 
of the LC system we investigated other multifunctional acids such 
as phthalic acid [ 8 ] and glycolic acid [ 9 ] and found the latter to be 
ideal for large-scale phosphoproteomic studies. 

 The high selectivity of  TiO 2    towards phosphorylated peptides 
makes it a powerful tool for phosphoproteomic studies, also when 
used in combination with other phosphopeptide enrichment meth-
ods such as Immobilized Metal Affi nity Chromatography ( IMAC  ) 
( see  Chapter   8    ) termed  Sequential elution from IMAC   ( SIMAC  ) 
[ 10 ] ( see  Chapter   10    ) or  TiSH   [ 11 ] ( see  Chapter   11    ) methods. 
In addition, TiO 2  chromatography of phosphorylated peptides is 
extremely tolerant towards most buffers and salts used in biochem-
istry and cell biology laboratories [ 9 ]. The offl ine setup is simple 
and fast, and does not require expensive equipment.  

2    Materials 

       1.    Transferrin (human) was a gift from ACE Biosciences 
A/S. Serum albumin (bovine), α-lactoglobulin (bovine), car-
bonic anhydrase (bovine), α-casein (bovine), β-casein (bovine), 
ovalbumin (chicken), ribonuclease B (bovine), alcohol dehy-
drogenase (Baker’s yeast), myoglobin (whale skeletal muscle), 
lysozyme (chicken), α-amylase ( Bacillus  species) were from 
Sigma (St. Louis. MO, USA). Of these 12 proteins 3 are phos-
phorylated: α-casein, β-casein, and ovalbumin, yielding about 
15 phosphorylated peptides depending on the purity of the 
batches.      

2.1  Model Proteins

Tine E. Thingholm and Martin R. Larsen
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       1.     Triethylammonium bicarbonate  .   
   2.     Dithiothreitol   ( DTT  ).   
   3.     Iodoacetamide  .   
   4.    Modifi ed trypsin.   
   5.     Acetone  .      

       1.     Titanium dioxide   ( TiO 2   ) beads (Titansphere, 5 μm, GL 
sciences Inc.).   

   2.    Low-binding microcentrifuge tubes 1.7 mL.   
   3.     Acetonitrile  ,  HPLC   Grade.   
   4.     TiO 2    Loading Buffer: 1 M glycolic acid in 5 % trifl uoroacetic 

acid ( TFA  ), 80 % acetonitrile.   
   5.     TiO 2    Washing Buffer 1: 1 %  TFA  , 80 % acetonitrile.   
   6.     TiO 2    Washing Buffer 2: 0.1 %  TFA  , 10 % acetonitrile.   
   7.     TiO 2    Elution Buffer: 1 % ammonia water (40 μL ammonia 

Solution (25 %) in 960 μL UHQ water).   
   8.    Formic acid.   
   9.    Milli-Q water (UHQ water) ( see   Notes 1  and  2 ).   
   10.    PhosStop.      

       1.    POROS Oligo R3 reversed phase material (PerSeptive 
Biosystems, Framingham, MA, USA).   

   2.    GELoader tips (Eppendorf, Hamburg, Germany) or p200 
pipette tips depending on the size of the column needed.   

   3.    3 M Empore C18 disk (3 M, Bioanalytical Technologies, St. 
Paul, MN, USA).   

   4.    1–5 mL disposable syringes fi tted to GeLoader tip or p200 
tips by using a pipette tip cut in both ends.   

   5.    RP Washing Buffer: 0.1 %  TFA  .   
   6.    RP Elution Buffer (for  LC  -ESI  MS/MS   analysis): 70 % aceto-

nitrile, 0.1 %  TFA  .   
   7.     2,5-dihydroxybenzoic acid   ( DHB  ) Elution Buffer (for 

 MALDI   MS analysis): 20 mg/mL DHB in 50 % acetonitrile, 
1 % ortho- phosphoric acid.      

       1.    Tabletop centrifuge.   
   2.    pH meter.   
   3.    Thermomixer.   
   4.    Shaker.   
   5.    Vacuum centrifuge.      

2.2  Reduction, 
Alkylation, 
and Digestion 
of Model Proteins

2.3  Cell Lysis 
and Titanium Dioxide 
( TiO 2   ) Chromatography

2.4  Reversed Phase 
(RP) Micro-columns

2.5  Other Materials
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       1.    Mass spectrometer capable of performing  MS/MS  —preferen-
tially a high-resolution/high mass accuracy instrument 
(Q-TOFs (Waters, ABSciex, Bruker, and Agilent) or Orbitrap 
based mass spectrometer (Thermo Fisher Scientifi c)) inter-
faced to a nanoHPLC (e.g., Dionex 3000 ultimate  LC   system 
(Thermo Fisher Scientifi c)) with a 50–100 μm i.d. RP capil-
lary column setup for highly sensitive online peptide separa-
tion can be used. For simpler samples a  MALDI   MS instrument 
can be used (e.g., Bruker Ultrafl ex (Bruker Daltonics, Bremen, 
Germany)).   

   2.    Software for processing of raw mass spectrometry data fi les 
and generation of peak lists for searching against a protein 
database (e.g.,  Uniprot  ) Analysis software such as Mascot/
Mascot Distiller (Matrix Science, London, UK) (data from 
most vendors and instruments),  Proteome Discover   er   
(Thermo Scientifi c, Bremen, Germany) (data from Thermo 
instruments),  MaxQuant   [ 15 ] (high resolution data from 
Thermo Orbitrap instruments and certain Bruker and ABSciex 
Q-TOFs) and the TransProteomicPipeline [ 16 ] (vendor 
independent).       

3    Methods 

 The principle of the  TiO 2    method described in this chapter is illus-
trated by the purifi cation of phosphopeptides from a peptide mix-
ture originating from tryptic digestions of 12 standard proteins 
(Model proteins) and from 150 μg of tryptic peptides from a  HeLa   
cell lysate ( see   Notes 3  and  4 ). 

 The  TiO 2    purifi cation method is simple and straightforward. It 
is fast and effi cient for enrichment of phosphopeptides even from 
highly complex samples (e.g., [ 11 ,  12 ]) ( see   Note 5 ). The experi-
mental setup of the method is illustrated in Fig.  1 . For illustrating 
the anticipated results, fi rst a peptide mixture originating from 
tryptic digestions of 12 standard proteins was subjected to TiO 2 . 
Secondly, the TiO 2  procedure was applied to 150 μg of tryptic 
peptides derived from a  HeLa   cell lysate.

         1.    Dissolve each protein in 50 mM triethylammonium bicarbon-
ate ( TEAB  ), pH 7.8, 10 mM  DTT   and incubate at 37 °C for 
1 h. After reduction, add 20 mM iodoacetamide and incubate 
the samples at room temperature for 1 h in the dark.   

   2.    Digest each protein using trypsin (1–2 % w/w) at 37 °C for 12 h.   
   3.    Lyse  HeLa   cells in 6 M urea, 2 M thiourea containing phos-

phatase inhibitors. Precipitate the proteins using 10 volume 
excess of ice-cold acetone and incubate overnight at −20 °C. 
Centrifuge the sample at 14,000 ×  g  and wash the pellet twice 
with ice-cold acetone. Redissolve the pellet in 50 μL 6 M urea, 

2.6  Analysis by Mass 
Spectrometry

3.1  Digestion 
of Model Proteins 
and the  HeLa   Cell 
Lysate
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2 M thiourea, 10 mM  DTT   containing 1 μg endoproteinase 
Lys-C and incubate at room temperature for 2 h. After incu-
bation dilute the sample 10× with 50 mM  TEAB  , pH 7.8 
containing 20 mM iodoacetamide and incubate for 1 h in the 
dark at room temperature. After incubation, add trypsin 
(1–2 % w/w) and incubate the sample overnight at room 
temperature.      

       1.    Add acetonitrile,  TFA  , and glycolic acid to your peptide mix-
ture to obtain  TiO 2    Loading Buffer conditions (80 % acetoni-
trile, 5 % TFA, and 1 M glycolic acid) ( see   Note 6 ) or dilute 
the sample at least 10× with the TiO 2  Loading Buffer.   

   2.    Add 0.6 mg  TiO 2    beads per 100 μg peptide solution ( see  
 Note 7 ).   

3.2  Batch Mode  TiO 2    
 Phosphopeptide   
Purifi cation

P

P

P

P

PP

Phosphopeptides

Peptide mixture in 
TiO2 loading buffer

Basic elution (pH 11.3)

+
TiO2 Beads

P

P

P

Supernatant

MALDI-MS or 
LC-ESI MS/MS analysis

Wash:
- Loading Buffer
- Washing Solution 1
- Washing Solution 2

  Fig. 1    The strategy used for the enrichment of phosphopeptides using  TiO 2    mate-
rial. The peptide sample is diluted with the TiO 2  Buffer and TiO 2  beads are added. 
The sample is incubated for 5–10 min. The TiO 2  beads are washed with washing 
solutions and fi nally the phosphopeptides are eluted from the TiO 2  material using 
basic elution conditions       
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   3.    Place the tubes on a shaker (highest shaking) at room tempera-
ture for 5–10 min.   

   4.    After incubation centrifuge to pellet the beads (table centri-
fuge <15 s).   

   5.    Transfer the supernatant to another low-binding tube and 
incubate it for a second round of incubation with 0.3 mg  TiO 2    
beads. This step may be repeated more times in order to 
recover as many phosphopeptides as possible.   

   6.    Pool the  TiO 2    beads from the 2–3 incubations using 100 μL 
Loading Buffer and transfer them to a new low-binding micro-
centrifuge tube ( see   Note 8 ).   

   7.    Vortex the solution for 10 s and then centrifuge to pellet the 
beads. Remove the supernatant.   

   8.    Wash the beads with 70–100 μL ( see   Note 9 ) Washing Buffer 
1—mix for 10 s and then centrifuge to pellet the beads.   

   9.    Wash the beads with 70–100 μL Washing Buffer 2—mix for 
10 s and then centrifuge to pellet the beads. This step is impor-
tant to remove peptides that bind in a  HILIC   mode to  TiO 2    
( see   Note 10 ).   

   10.    Dry the beads for 5–10 min in the vacuum centrifuge or on 
the table for 30 min.   

   11.    Elute the phosphopeptides with 100–200 μL Elution Buffer—
mix well and leave the solution on a shaker for 10 min to allow 
an effi cient elution.   

   12.    Centrifuge the solution for 1 min and pass the supernatant 
( TiO 2   -eluate) over a small stage tip fi lter [ 13 ] (C8 stage tip) 
into a new low-binding tube to recover the liquid without 
TiO 2  beads.   

   13.    Wash the beads with 30 μL Elution Buffer and pool the wash 
with the  TiO 2   -eluate from the previous step.   

   14.    Elute potential bound peptides from the C8 fi lter with 5 μL 
30 % acetonitrile and pool with the  TiO 2   -eluate from  steps 12  
to  13 .   

   15.    Lyophilize the eluted peptides ( see   Note 11 ) or acidify the 
eluate with 1 μL  Formic Acid   per 10 μL eluate for direct 
cleanup of the phosphopeptides using RP material prior to 
downstream analyses (e.g.,  HILIC   fractionation [ 11 ]).      

   Use RP GELoader tip micro-columns of ~6–10 mm or p200 
pipette tips micro-columns (1–2 cm) depending on the amount of 
material to be purifi ed. Here, it is illustrated for the p200 pipette 
tip.

    1.    Suspend Poros Oligo R3 reversed phase (RP) material in 
200 μL 100 % acetonitrile.   

3.3  Poros Oligo R3 
Reversed Phase (RP) 
Micro- column 
Desalting/
Concentration 
of the Sample
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   2.    Prepare a p200 pipette tip micro-column by stamping out a 
small plug of C 18  material from a 3 M Empore™ C 18  extraction 
disk and place it in the constricted end of the tip.   

   3.    Pack Poros Oligo R3 RP beads on top of the p200 stage tip 
until the size of the column is 1–2 cm.   

   4.    Load the acidifi ed phosphopeptide sample slowly onto the RP 
micro-column (~1 drop/s).   

   5.    Wash the RP micro-column using 60 μL RP Washing Buffer.   
   6.    Elute the phosphopeptides from the RP micro-column using 

40–60 μL RP Elution Buffer, followed by lyophilization of the 
phosphopeptides (N.B. For  MALDI   MS analysis the peptides 
can be eluted off the GeLoader tip RP micro-column directly 
onto the MALDI target using 1 μL  DHB   solution. After crys-
tallization the sample is ready for MALDI MS analysis).   

   7.    Redissolve the lyophilized phosphopeptides in 0.5 μL 100 % 
formic acid and dilute immediately to 10 μL with UHQ water. 
The sample is then ready for  LC  -ESI-MS n  analysis.      

   For  LC  - MS/MS   analysis of purifi ed phosphopeptides a standard 
strategy as described below can be used. A typical nanoLC setup 
would include a 0.075 mm × 200 mm analytical column packed 
with 3 μm RP resin interfaced with a high resolution/mass accu-
racy mass spectrometer as described in our original paper [ 11 ]. The 
number of phosphopeptides identifi ed in the analysis can be 
increased by maximizing the resolution of the nanoLC separation 
via longer columns (e.g., 50 cm) and smaller chromatographic par-
ticle sizes (e.g., 1.9 μm). Alternatively, a two column system can be 
utilized using a 0.1 mm × 20 mm pre-column packed with RP resin 
(3–5 μm) combined with an analytical column as described above. 
A two column system is described below.

    1.    The phosphopeptides are redissolved in 0.1 %  TFA   and loaded 
onto a pre-column as described above using a μHPLC system 
(e.g., Dionex or EASY- LC  ) at a loading speed of 5 μL/min.   

   2.    The phosphopeptides are eluted directly onto the analytical 
column (e.g., 0.075 mm × 200 mm) using a gradient (60–
120 min) from 0 to 35 % B-Buffer (e.g., A-Buffer: 0.1 % for-
mic acid; B-Buffer: 90 % acetonitrile, 0.1 %  TFA  ) at an elution 
speed of 2–300 nL/min.   

   3.    The phosphopeptides are eluted directly into a tandem mass 
spectrometer and analyzed by Data Dependent Analysis.    
   LC  -ESI-MS n  analysis of multi-phosphorylated peptides can be 

improved by redissolving the phosphopeptides by sonication in an 
 EDTA   containing buffer prior to LC-ESI-MS n  analysis [ 14 ] ( see  
 Note 12 ). 

3.4   μHPLC Tandem 
Mass Spectrometry 
( LC  - MS/MS  ) Analysis
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 An example of the results obtained by  TiO 2    chromatography is 
shown in Fig.  2 . The fi gure shows the  MALDI   MS results obtained 
on a Bruker Ultrafl ex from a dried droplet sample preparation of 
0.25 pmol peptide mixture without phosphopeptide enrichment 
(Fig.  2a ). The MALDI MS peptide mass map of the TiO 2  enriched 
phosphopeptides from 0.25 pmol of peptide mixture is shown in 
(Fig.  2b ). The unique tolerance towards biological buffers is illus-
trated by the enrichment of phosphopeptides from the peptide 
mixture in the presence of 50 mM  EDTA   which will normally strip 
the iron from the chromatographic material used in  IMAC  . The 
MALDI MS peptide mass map is shown in (Fig.  2c ). The phospho-
peptides are illustrated in (Fig.  2c ) by asterisks ( see   Note 13 ).

   An example of the results obtained using the present protocol 
for enrichment of phosphopeptides from a total of 150 μg peptides 
derived by tryptic digestion from a  HeLa   cell lysate is shown in 
Fig.  3 . The enriched phosphopeptides were separated on a Dionex 
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  Fig. 2    Results obtained from 1 pmol peptide mixture using the  TiO 2    strategy. ( a )  MALDI   MS peptide mass map 
of the direct analysis of the tryptic peptides. ( b ) MALDI MS peptide mass map of phosphopeptides purifi ed by 
TiO 2  from the standard peptides mixture dissolved in 0.1 %  TFA  . ( c ) MALDI MS peptide mass map of phospho-
peptides purifi ed by TiO 2  from the standard peptides mixture dissolved in 5 % SDS and 25 mM  EDTA  . ( d ) MALDI 
MS peptide mass map of phosphopeptides purifi ed by TiO 2  from the standard peptides mixture dissolved in 
1 M KCl and 25 mM EDTA. The number of phosphate groups on the individual phosphopeptides is indicated by 
“#P”.  Asterisk  indicates the metastable loss of phosphoric acid       
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3000 ultimate  LC   system using homemade RP capillary columns 
(20–25 cm) directly into a Q-Exactive Plus MS instrument from 
Thermo Fisher Scientifi c. The peptides were separated using a 
90 min gradient from 0 to 25 % B Buffer (90 % acetonitrile in 
0.1 % formic acid). The MS instrument was set to isolate and frag-
ment 12 parent ions per MS cycle (MS and  MS/MS   resolution was 
set to 70,000 and 35,000 at 200  m / z , respectively; MS and MS/
MS AGC target was 1E6 and 5E4, respectively; normalized colli-
sion energy was 30; isolation window was 1.5 Da). Here a total of 
3370 unique phosphopeptides were identifi ed from the 150 μg of 
starting material, using the  Proteome Discover   er   1.4.1.14 
(SwissProt_2014_04 (20,340 entries)) with an enrichment per-
centage of about 88 % phosphopeptides ( see  Fig.  3a ). Of these, 
2634 were singly phosphorylated and 735 had two or more phos-
phate groups ( see  Fig.  3b ).

4        Notes 

     1.    It is important to obtain the highest purity of all chemicals 
used.   

   2.    All solutions should be prepared in UHQ water.   
   3.    Always start by testing the method using a model peptide mix-

ture. It is important to freshly prepare the peptide mixture as 
peptides bind to the surface of the plastic tubes in which they 
are stored. In addition, avoid transferring the peptide sample 
between different tubes to minimize adsorptive losses of the 
sample to the plastic surfaces.   
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  Fig. 3    Results obtained from the enrichment of phosphorylated peptides from acetone precipitated proteins 
from  HeLa   cells using  TiO 2    chromatography. ( a ) Overview of the number of peptide spectral matches (PSMs) 
and unique phosphopeptides identifi ed in the TiO 2  enriched fraction. ( b ) Percentage distribution of the number 
of phosphate groups on the phosphopeptides identifi ed in the TiO 2  enriched fraction       
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   4.    The peptide mixtures used for the experiments illustrated in 
this chapter contained peptides originating from tryptic 
 digestions of 1 pmol of each of 12 standard proteins and of 
150 μg of a  HeLa   cell lysate. Experiments have shown that the 
presented method is sensitive down to the low femtomole 
level [ 8 ].   

   5.    Frequently, the  TiO 2    enrichment method described here is 
combined with either peptide pre- or post-fractionation meth-
ods such as strong cation exchange ( SCX  ) (e.g., [ 15 ,  16 ]) or 
Hydrophilic Interaction Liquid Chromatography ( HILIC  ) 
(e.g., [ 11 ,  12 ,  17 ]) in order to increase the phosphopeptide 
coverage in large-scale phosphoproteomic studies.   

   6.    If you have 100 μL peptide sample, you can add 50 μL water, 
50 μL 100 %  TFA  , 800 μL acetonitrile, and 76 mg glycolic 
acid to obtain the proper  TiO 2    Loading Buffer conditions.   

   7.    The optimal amount of  TiO 2    beads to use in order to reduce 
nonspecifi c binding and optimize phosphopeptide yield is 
0.6 mg TiO 2  per 100 μg of peptide starting material ( see  [ 11 ] 
for further information). This will of course change depending 
on the source of biological material used as TiO 2  selectively 
enriches other biomolecules (reviewed in [ 18 ]) such as 
sialylated glycopeptides [ 19 ] and acidic lipids [ 20 ] commonly 
found in membrane fractions.   

   8.    The transfer to a new tube is performed due to the fact that 
peptides stick to plastic and can be eluted from the plastic sur-
face in the last elution step resulting in contamination with 
non-modifi ed peptides.   

   9.    For large-scale analysis, where more  TiO 2    beads are used, 
larger volumes of the buffers should be used.   

   10.     TiO 2    is an effi cient  HILIC   material and hydrophilic peptides 
can bind to the material when loaded in high organic solvent. 
The inclusion of 5 %  TFA   and 1 M glycolic acid should pre-
vent most hydrophilic non-modifi ed peptides from binding; 
however, some can still be found in the elution from TiO 2 . 
Therefore in order to eliminate any binding from non- 
phosphorylated hydrophilic peptides this last Washing Buffer 
is important. For membrane preparations the last washing 
supernatant will contain neutral glycopeptides which can then 
be analyzed further.   

   11.    If ammonia is left in the solution, it will interfere with degly-
cosylation procedures (membrane fractions) or a subsequent 
 SIMAC   purifi cation [ 11 ].   

   12.     Titanium dioxide   was originally thought to have a preference 
for mono-phosphorylated peptides likely due to the fact that it 
is diffi cult to elute multi-phosphorylated peptides from the 
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 TiO 2    micro-column once they have bound [ 9 ], as performed 
in the original  DHB   TiO 2  procedure [ 7 ]. However, since the 
procedure is now performed in batch mode the elution takes 
longer time and plenty of multi-phosphorylated peptides can 
be eluted with the TiO 2  Elution Buffer described here [ 11 ]. 
The combination of sequential elution from Immobilized 
Metal Affi nity Chromatography ( IMAC  ) and TiO 2  has made it 
possible to enrich for mono- as well as multi-phosphorylated 
peptides as described in the  SIMAC   protocol in Chapter   10    .   

   13.    The results obtained using this protocol will differ according 
to the mass spectrometer used for the analysis of the phos-
phopeptides, not only between  MALDI   MS and ESI MS but 
also within different MALDI MS instruments, depending on 
laser optics, laser frequency, instrumental confi guration, sen-
sitivity, etc.         
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    Chapter 10   

  S equential Elution from  IMAC  (SIMAC): An Effi cient Method 
for Enrichment and Separation of Mono- and 
Multi- phosphorylated Peptides       

     Tine     E.     Thingholm     and     Martin     R.     Larsen      

  Abstract 

   Phosphoproteomics relies on methods for effi cient purifi cation and sequencing of phosphopeptides from 
highly complex biological systems, especially when using low amounts of starting material. Current meth-
ods for phosphopeptide enrichment, e.g., Immobilized Metal ion Affi nity Chromatography and titanium 
dioxide chromatography provide varying degrees of selectivity and specifi city for phosphopeptide enrich-
ment. The number of multi-phosphorylated peptides identifi ed in most published studies is rather low. 
Here we describe a protocol for a strategy that separates mono-phosphorylated peptides from multiply 
phosphorylated peptides using Sequential elution from Immobilized Metal ion Affi nity Chromatography. 
The method relies on the initial enrichment and separation of mono- and multi-phosphorylated peptides 
using Immobilized Metal ion Affi nity Chromatography and a subsequent enrichment of the mono- 
phosphorylated peptides using titanium dioxide chromatography. The two separate phosphopeptide frac-
tions are then subsequently analyzed by mass spectrometric methods optimized for mono-phosphorylated 
and multi-phosphorylated peptides, respectively, resulting in improved identifi cation of especially multi- 
phosphorylated peptides from a minimum amount of starting material.  

  Key words      Phosphopeptide    enrich   ment    ,   Multi-phosphorylated peptides  ,   Immobilized metal affi nity 
chromatography  ,   Sequential elution  ,    Titanium dioxide   chromatography  ,    Mass spectrometry    

1      Introduction 

 Several techniques exist for phosphopeptide enrichment prior to 
mass spectrometric analysis. Today the most commonly used meth-
ods are Immobilized Metal Affi nity Chromatography ( IMAC  ) 
[ 1 – 3 ] and titanium dioxide ( TiO 2   ) chromatography [ 4 – 7 ] ( see  
Chapters   8     and   9    ). Recent studies comparing three different phos-
phopeptide enrichment methods including phosphoramidate 
chemistry (PAC) [ 8 ], IMAC and TiO 2  chromatography showed 
that each method isolated distinct, partially overlapping segments 
of a phosphoproteome, whereas none of the tested methods was 
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able to provide a whole phosphoproteome [ 9 ]. This is in itself not 
surprising as the three different methods apply completely differ-
ent chemistries for phosphopeptide capture, numerous protocols 
for IMAC and TiO 2  exist and the purifi cation effi ciency can be very 
variable for both IMAC and TiO 2  depending on the person who is 
performing the analysis. 

 One of the challenges in large-scale phosphoproteomics is the 
analysis of multi-phosphorylated peptides. Multi-phosphorylated 
peptides are in general suppressed in the ionization process in the 
mass spectrometric (MS) analysis in the presence of mono- or non- 
phosphorylated peptides and therefore the chance to detect them 
by tandem MS ( MS/MS  ) analysis is limited. In addition, most mass 
spectrometers are only able to perform a limited number of MS/
MS in a given time period resulting in the negligence of the less 
abundant multi-phosphorylated peptides. Furthermore, in collision 
induced dissociation ( CID  ) the major fragmentation pathway is the 
loss of phosphoric acid usually resulting in poor peptide backbone 
fragmentation. Consequently, little sequence  information and lower 
identifi cation rates are obtained. This is especially evident for multi-
phosphorylated peptides which lose more phosphoric acid mole-
cules. Several other kind of fragmentation methods exist which can 
increase the identifi cation of multi-phosphorylated peptides. 
Optimized phosphorylation-directed multistage tandem MS 
(pdMS 3 ) [ 10 ,  11 ], multistage activation (MSA) [ 12 ], higher energy 
collision dissociation ( HCD  ) [ 13 ] or Electron capture/transfer dis-
sociation (ECD/ ETD  ) [ 14 ,  15 ] could provide better identifi cation 
for multi-phosphorylated peptides. However, in order to set up the 
special experimental parameters optimal for analysis of multi-phos-
phorylated peptides, such as normalized collision energy, fragmen-
tation time and number of ions used for fragmentation, the 
multi-phosphorylated peptides have to be separated from the 
mono-phosphorylated peptides prior to  LC  -MS/MS analysis. 

 Previously, we developed a method for separation of mono- 
phosphorylated peptides from multiply phosphorylated peptides 
where we are using   S equential elution from  IMAC    ( SIMAC  ) [ 11 ]. 
In this strategy the peptide mixture is incubated with  IMAC   beads, 
which have a stronger selectivity for multi-phosphorylated pep-
tides than for mono-phosphorylated peptides [ 16 ]. After incuba-
tion, the sample is split in three “elution” fractions ( see  Fig.  1 ); an 
IMAC fl ow-through fraction, an acidic (1 %  TFA  ) fraction and a 
basic (pH 11.3) fraction. The IMAC fl ow-through and acidic frac-
tions which contain predominantly mono-phosphorylated and a 
signifi cant number of non-phosphorylated peptides are further 
submitted to  TiO 2    chromatography to achieve pure phosphory-
lated fractions prior to tandem MS analysis. Alternatively, the two 
fractions can be pooled prior to TiO 2  enrichment. The basic frac-
tion is analyzed directly by  MS/MS   analysis without further TiO 2  
purifi cation, as this sample in general is relative free of non- 
phosphorylated peptides.
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    SIMAC   greatly improves the number of phosphorylation sites 
identifi ed even from very low amounts of starting material and 
offers a way to identify and characterize multi-phosphorylated pep-
tides at large-scale levels [ 11 ] ( see  also Chapter   11    ).  

2    Materials 

       1.    Transferrin (human) was a gift from ACE Biosciences 
A/S. Serum albumin (bovine), beta-lactoglobulin (bovine), 
carbonic anhydrase (bovine), beta-casein (bovine), alpha-
casein (bovine), ovalbumin (chicken), ribonuclease B (bovine 

2.1  Model Proteins

Incubation
(30 min)P

P

Mixing IMAC beads 
and peptide sample

P

P

P

P

Acid Elution
(1% TFA, pH 1.0)

P

P

Unbound 
(IMAC Flow-through)

+ IMAC wash

P

P

P

P

Base Elution
(NH4OH, pH 11.3)

TiO2 chromatography

TiO2 chromatography 

  Fig. 1    The  SIMAC   strategy used for the enrichment and separation of mono- from 
multi-phosphorylated peptides. The peptide sample is mixed with the  IMAC   
beads and incubated for 30 min in a Thermomixer at room temperature. After 
incubation, the beads are packed into a GELoader tip forming an IMAC micro- 
column. The IMAC fl ow-through is collected and further enriched using  TiO 2    
chromatography. The mono-phosphorylated peptides are eluted from the IMAC 
micro-column using acidic elution conditions (1 %  TFA  , pH 1.0) and for complex 
samples this eluate is also further enriched using TiO 2  chromatography or com-
bined with the IMAC-FT prior to TiO 2  enrichment. The multi-phosphorylated pep-
tides are subsequently eluted from the IMAC micro-column using basic elution 
conditions (ammonia water, pH 11.3). The Figure is taken from [ 25 ]       
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pancreas), alcohol dehydrogenase (Baker yeast), myoglobin 
(whale skeletal muscle), lysozyme (chicken), and alpha-amylase 
(bacillus species) were from Sigma (St. Louis. MO, USA).      

       1.     Triethylammonium bicarbonate  .   
   2.     Dithiothreitol   ( DTT  ).   
   3.     Iodoacetamide  .   
   4.    Modifi ed trypsin.   
   5.     Acetone  .      

        1.    Lysis Buffer: 6 M urea, 2 M thiourea, 1× PhosSTOP phospha-
tase inhibitors.   

   2.     Dithiothreitol   ( DTT  ).   
   3.     Iodoacetamide  .   
   4.    Endoproteinase Lys-C.   
   5.     Triethylammonium bicarbonate  .   
   6.    Modifi ed trypsin.   
   7.    PhosStop.      

       1.    Iron-coated PHOS-select™ metal chelate beads (Sigma ® ), 
stored at −20 °C.   

   2.     IMAC   Loading Buffer: 0.1 % trifl uoroacetic acid ( TFA  ), 
Protein Sequencer Grade, 50 % acetonitrile,  HPLC   Grade.   

   3.    GELoader tips (Eppendorf (20 μL) or Bio-Rad (200 μL)).   
   4.    Low-binding microcentrifuge tubes 1.7 mL.   
   5.    1–5 mL disposable syringes fi tted to GeLoader tip or p200 tips 

by using a pipette tip cut in both ends.   
   6.     IMAC   Elution Buffer 1: 1 %  TFA  , 20 % acetonitrile.   
   7.     IMAC   Elution Buffer 2: 1 % ammonia water (40 μL ammonia 

solution (25 %), 980 μL UHQ water (pH ~ 11)), make fresh as 
required.   

   8.    Formic acid.   

   9.    Milli-Q water (UHQ water) ( see   Notes 1  and  2 ).        

     1.     Titanium dioxide   ( TiO 2   ) beads (Titansphere, 5 μm, GL sci-
ences Inc.).   

   2.    Low-binding microcentrifuge tubes 1.7 mL.   
   3.    3 M Empore C8 disk (3 M, Bioanalytical Technologies, St. 

Paul, MN, USA).   
   4.     Acetonitrile  ,  HPLC   Grade.   
   5.     TiO 2    Loading Buffer: 1 M glycolic acid in 5 % trifl uoroacetic 

acid ( TFA  ), 80 % acetonitrile.   

2.2  Reduction, 
Alkylation, 
and Digestion 
of Proteins

2.3  Reduction, 
Alkylation, 
and Digestion of  HeLa   
Proteins

2.4  Immobilized 
Metal ion Affi nity 
Chromatography 
( IMAC  )

2.5  Titanium Dioxide 
( TiO 2   ) Chromatography
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   6.     TiO 2    Washing Buffer 1: 1 %  TFA  , 80 % acetonitrile.   
   7.     TiO 2    Washing Buffer 2: 0.1 %  TFA  , 10 % acetonitrile.   
   8.     TiO 2    Elution Buffer: 1 % ammonia water (40 μL ammonia solu-

tion (25 %) in 960 μL UHQ water).   

   9.    Formic acid.        

     1.    POROS Oligo R3 reversed phase material (PerSeptive 
Biosystems, Framingham, MA, USA).   

   2.    GELoader tips (Eppendorf, Hamburg, Germany) or p200 
pipette tips depending on the size of the column needed.   

   3.    3 M Empore C18 disk (3 M, Bioanalytical Technologies, St. 
Paul, MN, USA).   

   4.    1–5 mL disposable syringes fi tted to GeLoader tip or p200 tips 
by using a pipette tip cut in both ends.   

   5.    RP Washing Buffer: 0.1 %  TFA  .   
   6.    RP Elution Buffer (for  LC  -ESI  MS/MS   analysis): 70 % aceto-

nitrile, 0.1 %  TFA  .   
   7.     2,5-dihydroxybenzoic acid   ( DHB  ) Elution Buffer (for  MALDI   

MS analysis): 20 mg/mL DHB in 50 % acetonitrile, 1 % ortho- 
phosphoric acid.      

       1.    Tabletop centrifuge.   
   2.    pH meter.   
   3.    Thermomixer.   
   4.    Shaker.   
   5.    Vacuum centrifuge.      

       1.    Mass spectrometer capable of performing  MS/MS  —preferen-
tially a high-resolution/high mass accuracy instrument (Q-TOFs 
(Waters, ABSciex, Bruker, and Agilent) or Orbitrap based mass 
spectrometer (Thermo Fisher Scientifi c)) interfaced to a 
nanoHPLC (e.g., Dionex 3000 ultimate  LC   system (Thermo 
Fisher Scientifi c)) with a 50–100 μm i.d. RP capillary column 
setup for highly sensitive online peptide separation can be used. 
For simpler samples a  MALDI   MS instrument can be used (e.g., 
Bruker Ultrafl ex (Bruker Daltonics, Bremen, Germany)).   

   2.    Software for processing of raw mass spectrometry data fi les and 
generation of peak lists for searching against a protein database 
(e.g.,  Uniprot  ) Analysis software such as Mascot/Mascot 
Distiller (Matrix Science, London, UK) (data from most ven-
dors and instruments),  Proteome Discover   er   (Thermo Scientifi c, 
Bremen, Germany) (data from Thermo instruments), 
 MaxQuant   [ 15 ] (high resolution data from Thermo Orbitrap 
instruments and certain Bruker and ABSciex Q-TOFs) and the 
TransProteomicPipeline [ 16 ] (vendor independent).       

2.6  Reversed Phase 
(RP) Micro-columns

2.7  Other Materials

2.8  Analysis by Mass 
Spectrometry
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3    Methods 

 The principle of the  SIMAC   method is illustrated in this chapter 
fi rstly using a peptide mixture originating from tryptic digestions 
of 12 standard proteins (Model proteins) ( see   Notes 3  and  4 ). The 
protocol is then applied to enrich for phosphorylated peptides 
from whole cell lysates from 150 μg of proteins from  HeLa   cells. 

 The  SIMAC   purifi cation method is a simple and very straight-
forward method. It is fast and effi cient for enrichment of phospho-
peptides from even highly complex samples [ 17 ,  18 ]. The 
experimental setup of the method is illustrated in Fig.  1 . 

       1.    Dissolve each protein in 50 mM triethylammonium bicarbonate 
( TEAB  ), pH 7.8, 10 mM  DTT   and incubate at 37 °C at 1 h. 
After reduction, add 20 mM iodoacetamide and incubate the 
samples at room temperature for 1 h in the dark.   

   2.    Digest each protein using trypsin (1–2 % w/w) at 37 °C for 
12 h.   

   3.    Lyse  HeLa   cells in 6 M  Urea  , 2 M ThioUrea containing phos-
phatase inhibitors (PhosStop). Precipitate proteins using 10 
volume excess of ice-cold acetone and incubate over night at 
−20 °C. Centrifuge the sample at 14,000 ×  g  and wash the pellet 
twice with ice-cold acetone. Redissolve the pellet in 50 μL 6 M 
urea, 2 M thiourea, 10 mM  DTT   containing 1 μg endoprotein-
ase Lys-C and incubate at room temperature for 2 h. After incu-
bation, dilute the sample 10× with 50 mM  TEAB  , pH 7.8 
containing 20 mM iodoacetamide and incubate for 1 h in the 
dark at room temperature. After incubation, add trypsin (1–2 % 
w/w) and place the sample at room temperature overnight.      

   Always adjust the amount of  IMAC   beads to the amount of sample 
in order to reduce the level of nonspecifi c binding from non- 
phosphorylated peptides. For 1 pmol tryptic digest use 7 μL IMAC 
beads ( see  Chapter   8    ). For more complex samples where more 
material is available, more IMAC beads should be used. This sec-
tion is describing a protocol for using 150 μg tryptic digest from 
 HeLa   cells.

    1.    Transfer 50 μL  IMAC   beads to a fresh low-binding microcen-
trifuge tube 1.7 mL.   

   2.    Wash the  IMAC   beads twice using 200 μL IMAC Loading 
Buffer ( see   Note 5 ).   

   3.    Resuspend the beads in 200 μL  IMAC   Loading Buffer and 
add the sample ( see   Note 6 ).   

   4.    Incubate the sample with  IMAC   beads in a Thermomixer for 
30 min at room temperature.   

3.1  Digestion 
of Model Proteins 
and the  HeLa   Cell 
Lysate

3.2  Batch Mode 
Sequential Enrichment 
and Separation 
with  IMAC   Beads
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   5.    Generate an  IMAC   micro-column essentially as described in 
Chapter   10    .   

   6.    Squeeze the tip of a 200 μL GELoader tip to prevent the 
 IMAC   beads from leaking.   

   7.    After incubation, pack the beads in the constricted end of the 
GELoader tip by application of air pressure forming an  IMAC   
micro-column [ 19 ].   

   8.    It is critical to collect the  IMAC   fl ow-through (FT) in a new 
1.7 mL low-binding microcentrifuge tube for further enrich-
ment by  TiO 2    chromatography ( see  Subheading  3.3 ).   

   9.    Wash the  IMAC   column using 70 μL IMAC Loading Buffer.   
   10.    Elute the mono-phosphorylated peptides bound to the  IMAC   

beads using 80 μL of IMAC Elution Buffer 1. Collect the elu-
ate into the IMAC-FT tube. The IMAC-FT and 1 %  TFA   elu-
tion fractions can be analyzed separately.   

   11.    Pool the eluate with the  IMAC  -FT to obtain the  SIMAC  - 
mono  fraction and lyophilize it prior to  TiO 2    enrichment ( see  
Subheading  3.3 ).   

   12.    Elute the multi-phosphorylated peptides bound to the  IMAC   
micro-column using 80 μL of IMAC Elution Buffer 2 directly 
into a p200 pipette tip containing a Poros Oligo R3 microcol-
umn (approximately 1 cm long).   

   13.    Acidify with 100 % formic acid, typically 1 μL per 10 μL eluate 
(pH should be ~2–3), and 5 μL 100 %  TFA  , and desalt/con-
centrate the eluted multi-phosphorylated peptides on the 
Poros Oligo R3 micro-column ( see  Subheading  3.4 ).   

   14.    Elute the peptides from the column using 60 μL RP Elution 
Buffer into a fresh 1.7 mL low binding microcentrifuge tube.   

   15.    Lyophilize the sample prior to  LC  - MS/MS  .    

           1.    Add acetonitrile,  TFA  , and glycolic acid to the  SIMAC  -mono 
peptide fraction to obtain  TiO 2    Loading Buffer conditions 
(80 % acetonitrile, 5 % TFA, and 1 M glycolic acid) ( see   Note 
7 ) or dilute the sample at least 10× with the TiO 2  Loading 
Buffer.   

   2.    Add 0.6 mg  TiO 2    beads per 100 μg peptide solution ( see   Note 8 ).   
   3.    Place the tubes on a shaker (highest shaking) at room tem-

perature for 5–10 min.   
   4.    After incubation, centrifuge to pellet the beads (table centri-

fuge <15 s).   
   5.    Transfer the supernatant to another low-binding tube and 

incubate it with another round of  TiO 2    beads using half of the 
amount of TiO 2  beads as used in the fi rst incubation. This can 
be repeated to recover larger amounts of phosphopeptides.   

3.3   TiO 2    Batch Mode 
Purifi cation 
of the “Mono”-
Phosphorylated 
Peptides
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   6.    Pool the  TiO 2    beads from the incubations using 100 μL 
Loading Buffer and transfer the solution to a new low-binding 
microcentrifuge tube ( see   Note 9 ).   

   7.    Vortex the solution for 10 s and then centrifuge in a table 
centrifuge to pellet the beads. Remove the supernatant.   

   8.    Wash the beads with 70–100 μL ( see   Note 10 ) Washing Buffer 
1, mix for 10 s and then centrifuge to pellet the beads.   

   9.    Wash the beads with 70–100 μL Washing Buffer 2, mix for 
10 s and then centrifuge to pellet the beads. This step is impor-
tant to remove peptides that bind to  TiO 2    in a  HILIC   mode 
( see   Note 11 ).   

   10.    Dry the beads for 5–10 min in the vacuum centrifuge or on 
the table.   

   11.    Elute the phosphopeptides with 100–200 μL Elution Buffer—
mix well and leave the solution on a shaker for 10 min to allow 
an effi cient elution.   

   12.    Centrifuge the solution for 1 min and pass the supernatant 
over a small stage tip fi lter [ 20 ] (C8 stage tip) into a new low- 
binding tube to recover the liquid without any  TiO 2    beads.   

   13.    Wash the beads with 30 μL Elution Buffer and pool the wash 
(eluate) with the eluate from the previous step.   

   14.    Elute potential bound peptides from the C8 fi lter with 5 μL 
30 % acetonitrile and pool with the eluate from  steps 12  to 
 13 .   

   15.    Lyophilize the eluted peptides or acidify the eluate with 1 μL 
formic acid per 10 μL eluate for direct cleanup of the phos-
phopeptides using RP material prior to downstream analyses 
as described for the multi-phosphorylated peptides above ( see  
Subheading  3.4 ) (e.g.,  HILIC   fractionation [ 17 ]).      

     Use GELoader tip micro-columns of ~6–10 mm or p200 pipette 
tips micro-columns (1–2 cm) depending on the amount of mate-
rial to be purifi ed. Here, it is illustrated for the p200 pipette tip 
(150 μg peptides from  HeLa   cell lysate).

    1.    Suspend Poros Oligo R3 reversed phase (RP) material in 200 μL 
100 % acetonitrile.   

   2.    Prepare a p200 pipette tip micro-column by stamping out a 
small plug of C 18  material from a 3 M Empore™ C 18  extraction 
disk and place it in the constricted end of the tip.   

   3.    Pack Poros Oligo R3 RP beads on top of the p200 stage tip 
until the size of the column is 1–2 cm.   

   4.    Load the acidifi ed phosphopeptide sample slowly onto the RP 
micro-column (~1 drop/s).   

3.4  Poros Oligo R3 
Reversed Phase (RP) 
Micro- column 
Desalting/
Concentration 
of the Sample
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   5.    Wash the RP micro-column using 60 μL RP Washing Buffer.   
   6.    Elute the phosphopeptides from the RP micro-column using 

40–60 μL RP Elution Buffer, followed by lyophilization of the 
phosphopeptides. (N.B. For  MALDI   MS analysis the peptides 
can be eluted off the GeLoader tip RP micro-column directly 
onto the MALDI target using 1 μL  DHB   solution. After crys-
tallization the sample is ready for MALDI MS analysis).   

   7.    Redissolve the lyophilized phosphopeptides in 0.5 μL 100 % 
formic acid and dilute immediately to 10 μL with UHQ water. 
The sample is then ready for  LC  -ESI-MS n  analysis.    

     For  LC  - MS/MS   analysis of purifi ed phosphopeptides a standard 
strategy as described below can be used. A typical nanoLC setup 
would include a 0.075 mm × 200 mm analytical column packed 
with 3 μm RP resin interfaced with a high resolution/mass accu-
racy mass spectrometer as described in our original paper [ 17 ]. The 
number of phosphopeptides identifi ed in the analysis can be 
increased by maximizing the resolution of the nanoLC separation 
via longer columns (e.g., 50 cm) and smaller chromatographic par-
ticle sizes (e.g., 1.9 μm). Alternatively, a two column system can be 
utilized using a 0.1 mm × 20 mm pre-column packed with RP resin 
(3–5 μm) combined with an analytical column as described above. 
A two column system is described below.

    1.    The phosphopeptides are redissolved in 0.1 %  TFA   and loaded 
onto a pre-column as described above using a μHPLC system 
(e.g., Dionex or EASY- LC  ) at a loading speed of 5 μL/min.   

   2.    The phosphopeptides are eluted directly onto the analytical col-
umn (e.g., 0.075 mm × 200 mm) using a gradient (60–120 min) 
from 0 to 35 % B-Buffer (e.g., A-Buffer: 0.1 % formic acid; 
B-Buffer: 90 % acetonitrile, 0.1 %  TFA  ) at an elution speed of 
2–300 nL/min.   

   3.    The phosphopeptides are eluted directly into a tandem mass 
spectrometer and analyzed by Data Dependent Analysis.    

   LC  -ESI- MS/MS   analysis of multi-phosphorylated peptides is 
improved by redissolving the phosphopeptides by sonication in an 
 EDTA   containing buffer prior to LC-ESI-MS/MS analysis [ 21 ]. 

 An example of the results obtained by the  SIMAC   method 
using a relatively low complexity sample consisting of tryptic pep-
tides derived from 12 standard proteins is shown in Fig.  2 . The 
Figure shows the  MALDI   MS results obtained on a Bruker Ultrafl ex 
from a direct analysis of 1 pmol of the tryptic digest (Fig.  2a ), the 
MALDI MS peptide mass map from the purifi cation of the  IMAC   
fl ow-through from 1 pmol peptide mixture using  TiO 2    chromatog-
raphy (Fig.  2b ), the MALDI MS peptide mass map of the mono-
phosphorylated peptides eluted from the IMAC material using 1 % 

3.5   μHPLC Tandem 
Mass Spectrometry 
( LC  - MS/MS  ) Analysis
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  Fig. 2    Results obtained from 1 pmol peptide mixture using the  SIMAC   strategy. ( a )  MALDI   MS peptide mass 
map of the direct analysis of the tryptic peptides. ( b ) MALDI MS peptide mass map of peptides identifi ed from 
the  IMAC   fl ow-through after further enrichment using  TiO 2    chromatography. ( c ) MALDI MS peptide mass map 
of peptides eluted from the IMAC micro-column using 1 %  TFA  . ( d ) MALDI MS peptide mass map of peptides 
eluted from the IMAC microcolumn using ammonia water (pH 11.30). The number of phosphate groups on the 
individual phosphopeptides is indicated by “#P”.  Asterisk  indicates the metastable loss of phosphoric acid       

 TFA   (Fig.  2c ) and the MALDI MS peptide mass map obtained 
from the basic elution from the IMAC material (Fig.  2d ). The 
phosphopeptides are illustrated by #P ( see   Note 12 ).

   An example of the results obtained using the present  SIMAC   
protocol for enrichment of phosphopeptides from a total of 150 μg 
peptides derived by tryptic digestion from a  HeLa   cell lysate is 
shown in Fig.  3 . The enriched phosphopeptides were separated on 
a Dionex 3000 ultimate  LC   system using a homemade RP capillary 
column (25 cm) directly into a Q-Exactive Plus ESI- MS/MS   
instrument. The peptides were separated using a 90 min gradient 
from 0 to 25 % B Buffer (90 % acetonitrile in 0.1 % formic acid). 
The MS instrument was set to isolate and fragment 12 parent ions 
per MS cycle (MS and MS/MS resolution was set to 70,000 and 
35,000 at 200  m / z , respectively; MS and MS/MS AGC target was 
1E6 and 5E4, respectively; normalized collision energy was 30; 
isolation window was 1.5 Da). Here a total of 3370 unique phos-
phopeptides were identifi ed from the 150 μg of starting material, 
using the  Proteome Discover   er   1.4.1.14 (SwissProt_2014_04 
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(20340 entries)) with an enrichment percentage of about 88 % 
phosphopeptides using  TiO 2    only ( see  Fig.  3a ). When SIMAC was 
applied to the same sample a total of 5337 unique phosphopep-
tides (enrichment percentage 89 %) could be identifi ed, whereof 
3804 and 2499 were identifi ed in the SIMAC mono and multi 
fractions, respectively. Of these, only 966 unique phosphopeptides 
were shared between the two fractions ( see  Fig.  3b ) indicating a 
good separation. When looking at the number of phosphate groups 
on the unique phosphopeptides identifi ed in each fraction a clear 
enrichment of multi-phosphorylated peptides could be seen when 
using the SIMAC procedure, as the SIMAC multi fraction con-
tained 56.5 % phosphopeptides ( see  Fig.  3d ) with 2 or more 
 phosphate groups compared to only 14 % in the mono fraction 
(Fig.  3c ) and 22 % in the TiO 2  enrichment ( see  Chapter   9    ). In total 
the SIMAC procedure resulted in the identifi cation of 31 % multi- 
phosphorylated peptides.
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  Fig. 3    Results obtained from the enrichment of phosphorylated peptides from acetone precipitated proteins 
from  HeLa   cells using  TiO 2    chromatography or  SIMAC  . ( a ) Overview of the number of unique phosphopeptides 
identifi ed in the TiO 2  and SIMAC experiments. ( b ) Venn diagram showing the overlap between the SIMAC mono 
and multi fractions. ( c ) Percentage distribution of the number of phosphate groups on the phosphopeptides 
identifi ed in the SIMAC mono fraction. ( d ) Percentage distribution of the number of phosphate groups on the 
phosphopeptides identifi ed in the SIMAC multi fraction       
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4        Notes 

     1.    It is important to obtain the highest purity of all chemicals 
used.   

   2.    All solutions should be prepared in UHQ water.   
   3.    Always start by testing the method using a model peptide mix-

ture. It is important to freshly prepare the peptide mixture as 
peptides bind to the surface of the plastic tubes in which they 
are stored. In addition, avoid transferring the peptide sample 
to different tubes to minimize adsorptive losses of the 
sample.   

   4.    The peptide mixture used for the experiment illustrated in this 
chapter contained peptides originating from tryptic digestions 
of 1 pmol of each of the 12 proteins. Experiments have shown 
that the presented method is sensitive down to the low femto-
mole level [ 11 ].   

   5.    The PhosSelect  IMAC   beads are very fragile so high speed 
mixing should be avoided in any steps.   

   6.    The sample should be diluted in  IMAC   Loading Buffer or for 
larger volume add 100 %  TFA   and 100 % acetonitrile to make 
the sample up to the IMAC Loading Buffer. The total volume 
should not exceed 300 μL.   

   7.    If you have 100 μL peptide sample, you can add 50 μL water, 
50 μL 100 %  TFA  , 800 μL acetonitrile, and 76 mg glycolic 
acid to make the sample up to the proper  TiO 2    Loading Buffer.   

   8.    The optimal amount of  TiO 2    beads to add to the sample in 
order to reduce non-specifi c binding and optimize phospho-
peptide yield is 0.6 mg TiO 2  per 100 μg of peptide starting 
material ( see  [ 17 ] for further information). This will of course 
change depending on the source of biological material used as 
TiO 2  selectively enriches other biomolecules (reviewed in 
[ 22 ]) such as sialylated glycopeptides [ 23 ] and acidic lipids 
[ 24 ] commonly found in membrane fractions.   

   9.    The transfer to a new tube is performed due to the fact that 
peptides stick to plastic and can be eluted from the plastic sur-
face in the last elution step resulting in contamination with 
non-modifi ed peptides.   

   10.    For larger scale analysis, where more  TiO 2    beads are used, 
larger volumes of the buffers should be used.   

   11.     TiO 2    is an effi cient  HILIC   material and hydrophilic peptides 
can bind to the material when loaded in high organic solvent. 
The inclusion of 5 %  TFA   and 1 M glycolic acid should pre-
vent most hydrophilic non-modifi ed peptides from binding, 
however, some can still be found in the eluates from TiO 2 . 

Tine E. Thingholm and Martin R. Larsen



159

Therefore in order to eliminate any binding from non- 
modifi ed hydrophilic peptides this last Washing Buffer is 
important. For membrane preparations the last washing super-
natant will contain neutral glycopeptides which can then be 
analyzed further.   

   12.    The results obtained using this protocol will differ according to 
the mass spectrometer used for the analysis of the phosphopep-
tides, not only between  MALDI   MS and ESI MS but also within 
different MALDI MS instruments, depending on laser optics, 
laser frequency, instrumental Confi guration, sensitivity, etc.         
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    Chapter 11   

 Improving the Phosphoproteome Coverage for Limited 
Sample Amounts Using TiO 2 -SIMAC-HILIC (TiSH) 
Phosphopeptide Enrichment and Fractionation       

     Kasper     Engholm-Keller     and     Martin     R.     Larsen      

  Abstract 

   Obtaining high phosphoproteome coverage requires specifi c enrichment of phosphorylated peptides from 
the often extremely complex peptide mixtures generated by proteolytic digestion of biological samples, as 
well as extensive chromatographic fractionation prior to liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) analysis. Due to the sample loss resulting from fractionation, this procedure is mainly 
performed when large quantities of sample are available. To make large-scale phosphoproteomics applica-
ble to smaller amounts of protein we have recently combined highly specifi c TiO 2 -based phosphopeptide 
enrichment with sequential elution from immobilized metal affi nity chromatography (SIMAC) for 
 fractionation of mono- and multi-phosphorylated peptides prior to capillary scale hydrophilic interaction 
liquid chromatography (HILIC) based fractionation of monophosphorylated peptides. In the following 
protocol we describe the procedure step by step to allow for comprehensive coverage of the phosphopro-
teome utilizing only a few hundred micrograms of protein.  

  Key words      Phosphopeptide    ,    Phosphoproteomics    ,   Protein phosphorylation  ,    TiO 2     ,   Capillary  HPLC    , 
   HILIC    ,    TiSH    ,   Enrichment  ,   Fractionation  

1       Introduction 

  Mass spectrometry   (MS)-based proteomics have improved tremen-
dously within the last decade, leading to a rapid progression in our 
knowledge of cellular signaling processes. Particularly in the fi eld of 
post-translational modifi cations (PTMs), MS has become an indis-
pensable tool for large-scale characterization and quantifi cation of 
protein phosphorylation, glycosylation, ubiquitination, acetylation, 
etc. As a result of the generally low stoichiometry of these PTMs, 
specifi c enrichment steps are absolutely necessary to achieve ade-
quate coverage of the modifi ed sites in the samples of interest. 
While immobilized metal affi nity chromatography ( IMAC  ) initially 
was the method of choice for phosphopeptide enrichment [ 1 ,  2 ], 
 TiO 2   -based enrichment strategies [ 3 – 7 ] have in many laboratories 
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become the de facto standard in phosphoproteomics due to their 
high specifi city and robustness towards detergents and salts [ 8 ]. 
Furthermore, the combination of the two enrichment techniques 
(in a procedure called “  S equential elution from  IMAC   ”— SIMAC  ) 
has been shown to facilitate separation of mono- and multi-phos-
phorylated peptides [ 9 ]. However, in spite of increasingly sensitive 
and fast MS instruments facilitating identifi cation of thousands of 
phosphorylation sites in a few hours, sample complexity still poses a 
challenge in the quest for achieving a complete coverage of the cel-
lular phosphoproteome. Five years ago hydrophilic interaction liq-
uid chromatography ( HILIC  ) was introduced as a prefractionation 
step in large-scale phosphoproteomics [ 10 ] and is now, along with 
strong cation exchange and high pH reversed phase chromatogra-
phy, commonly used as the fi rst dimension of fractionation prior to 
reversed phase (RP) nanoLC- MS/MS   analysis of phosphopeptides. 
Amongst the advantages of HILIC are a salt-free buffer system and 
high orthogonality with the second dimension RP  LC   separation 
[ 11 ]. However, HILIC has been shown to deliver a lower resolu-
tion for multi-phosphorylated peptides than for singly phosphory-
lated species [ 12 ,  13 ]. Furthermore, as the fi rst dimension of 
chromatography traditionally has been performed prior to phos-
phopeptide enrichment, the process of enriching all the collected 
fractions lowers the throughput of the setup. Moreover, fractionat-
ing the small amounts of purifi ed phosphopeptides using standard 
 HPLC   columns (2–4.6 mm i.d.) can lead to higher phosphopep-
tide losses due to adsorption to column and plastic surfaces. 
Performing peptide fractionation prior to phosphopeptide enrich-
ment can also complicate the experimental workfl ow if the highest 
possible specifi city is aspired: The ratio of TiO 2  beads to peptide 
starting material is very important for obtaining a selective purifi ca-
tion of phosphopeptides and the addition of too much TiO 2  resin 
to a peptide fraction of unknown quantity will lead to a signifi cant 
co-purifi cation of non-modifi ed peptides [ 12 ,  14 ]. 

 To circumvent these drawbacks, while still utilizing the 
advantages of  TiO 2   ,  SIMAC  , and  HILIC  , we have combined 
all three enrichment/fractionation methods into an integrated 
method dubbed  TiSH  —  Ti O 2 - S IMAC- H ILIC   [ 12 ] ( see  Fig.  1 ). 
The TISH- strategy relies on a TiO 2 -based pre-enrichment step, 
removing most non-phosphorylated peptides prior to separation 
of mono- and multi-phosphorylated peptides. The sample contain-
ing multi- phosphorylated peptides is less complex and contains a 
smaller amount of peptide and is therefore analyzed directly by RP 
nanoLC- MS/MS  . The sample containing mono-phosphorylated 
peptides is fractionated using capillary scale HILIC (320 μm i.d. 
in-house made column ( see  Fig.  2 )). Fraction collection is 
performed directly into a 96-well microplate, in which the samples 
can be dried by vacuum centrifugation and dissolved in an RP com-
patible buffer and directly analyzed by nanoLC-MS/MS. Using 
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this setup, 6600 unique phosphopeptides could be identifi ed in 
a quantitative duplex dimethylation experiment with starting 
amounts of 300 μg of insulinoma cell line protein per condition, 
which was analyzed on an LTQ-Orbitrap Velos using a standard 
(0.075 mm × 20 mm column) nanoLC setup [ 12 ].

    The exact procedure for cell lysis and protein extraction is 
highly dependent on the nature and amount of biological sample. 
The lysis and digestion procedure presented here is suited for low 
to medium amounts (100 μg to 2 mg protein) of soft tissue or 
cultured cells and is focused on minimizing sample losses by avoiding 
protein precipitation steps etc., but can be substituted with other 
lysis/extraction protocols if necessary as  TiO 2   -based phosphopep-
tide enrichment is highly robust towards various salts, buffers and 
denaturing reagents [ 8 ]. 
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  Fig. 1    Outline of the overall  TiSH   phosphopeptide enrichment and fractionation strategy. After an initial inte-
grated homogenization/lysis-protein denaturation of the tissue or cells, the protein sample is reduced and 
alkylated prior to proteolytic digestion using endoproteinase Lys-C, followed by tryptic proteolysis. The result-
ing peptides are subjected to an initial  TiO 2    enrichment to remove most non-phosphorylated peptides before 
the  SIMAC   fractionation of mono-phosphorylated and multi-phosphorylated peptides. While the latter are ana-
lyzed directly by  LC  - MS/MS  , the mono-phosphorylated peptides are further fractionated using capillary  HILIC   
before LC-MS/MS analysis       
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 When processing protein amounts outside the 0.1–2 mg range, 
adjusting the quantities of chromatographic resin/columns, vol-
umes, etc. is necessary for optimal effi ciency and specifi city of the 
protocol. For a simpler and faster procedure, the protocol can be 
performed without the  SIMAC   mono-/multi-phosphopeptide 
fractionation step, but will potentially result in a lower number of 
multi-phosphorylated peptide identifi cations.  

2     Materials 

 All solutions are prepared using ultrapure water and analytical 
grade chemical reagents. To minimize protein and peptide adsorp-
tion to plastics surfaces, all microcentrifuge tubes and tips should 
be of the “low-binding” type. 

Helium gas
pressure

(~100 bar)

320 µm i.d. fused silica
capillary tubing

455 µm i.d. PEEK
sleeve

Microfilter
assemblyCapillary

tubing

Micro stir bar

Ferrule

Glass vial

Filter holder

0.5 µm PEEK
filter

End fitting

End fitting

455 µm i.d. PEEK
sleeve

Microfilter
assembly

HILIC resin slurry

Magnetic
stirrer

  Fig. 2    Schematic illustration of the in-house made capillary  HILIC   column and the column packing process. The 
column consists of a 0.5 μm PEEK micro fi lter connected to a 320 μm i.d. fused silica capillary using a 455 μm 
i.d. sleeve. The column is packed with the TSKGel Amide-80 HILIC resin slurry from a vial in a high-pressure 
packing device into which the upstream end of the fused silica capillary is inserted. A magnetic stirrer under-
neath the device and a micro stir bar in the vial keeps the resin in suspension and by applying a helium gas 
pressure (~100 bar) to the device, forcing the slurry into the capillary, the resin is trapped by the micro fi lter 
and the column packed. When the column has packed to the desired length, the pressure can be released very 
slowly, and the column removed and attached to the capillary  HPLC   system       
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       1.    Ultrapure water (18 MΩ-cm).   
   2.    8 M urea.   
   3.     Phosphatase   Inhibitor Solution.   
   4.    1 M dithiothreitol ( DTT  ).   
   5.    0.5 M iodoacetamide (IAA).   
   6.    Ultrasound probe sonicator with micro probe (e.g., Branson 

250A Sonifi er Ultrasonic Processor Cell Disruptor with 
Micro Tip).   

   7.    1 M triethyl ammonium bicarbonate ( TEAB  ) ( see   Note 1 ).   
   8.    Protein concentration measurement method such as amino 

acid composition analysis or other technique capable of mea-
suring low microgram amounts of protein/peptides such as 
the Pierce Micro BCA Protein Assay Kit (Thermo Fisher 
Scientifi c) ( see   Note 2 ).   

   9.    0.05 AU/μL endoproteinase Lys-C in H 2 O.   
   10.    1 μg/μL Sequencing Grade Modifi ed  Trypsin   in 50 mM 

 TEAB   ( see   Note 3 ).   
   11.    10 % trifl uoroacetic acid ( TFA  ).      

       1.    Ultrapure water (18 MΩ-cm).   
   2.     Acetonitrile   (ACN,  HPLC   grade).   
   3.     Trifl uoroacetic acid   ( TFA  ).   
   4.     Methanol   (MeOH).   
   5.    Titansphere 5 μm  TiO 2    resin (GL Sciences).   
   6.     Glycolic acid  .   
   7.     Ammonium hydroxide   25 % (NH 4 OH).   
   8.     TiO 2    Loading Buffer: 1 M glycolic acid in 80 % ACN, 5 % 

 TFA  .   
   9.     TiO 2    Washing Buffer 1: 80 % ACN, 1 %  TFA  .   
   10.     TiO 2    Washing Buffer 2: 20 % ACN, 0.2 %  TFA  .   
   11.     TiO 2    Elution Buffer: 1 % NH 4 OH, pH 11.      

       1.    PhosphoSelect  IMAC   resin (Sigma-Aldrich).   
   2.    200 μL gel loader tips.   
   3.    1 mL plastic syringe with home-made adaptor facilitating 

attachment to gel loader tip.   
   4.    Formic acid (FA).   
   5.    Titansphere 5 μm  TiO 2    resin (reuse beads from phosphopep-

tide pre-enrichment) ( see  Subheading  3.2 ,  step 9 ).   
   6.     Trifl uoroacetic acid   ( TFA  ).   
   7.     Acetonitrile   (ACN,  HPLC   grade).   

2.1  Cell Lysis, 
Protein Extraction 
and Digestion

2.2   Phosphopeptide   
Pre-enrichment

2.3  Separation 
of Multi- and Mono- 
phosphorylated 
Peptides Using 
Sequential Elution 
from  IMAC   ( SIMAC  )
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   8.     SIMAC   Loading Buffer: 50 % ACN, 0.1 %  TFA  .   
   9.     SIMAC   Acid Elution Buffer: 20 % ACN, 1 %  TFA   ( see   Note 4 ).   
   10.     SIMAC   Basic Elution Buffer: 1 % NH 4 OH, pH 11.   
   11.    pH meter with micro pH electrode.   
   12.    Gauge 25 blunt  HPLC   syringe needle.   
   13.    POROS Oligo R3 (Life Technologies).   
   14.    3 M Empore C18 extraction disc (3 M).   
   15.    Reversed Phase (RP) Conditioning/Elution Buffer: 70 % 

ACN, 0.1 %  TFA  .   
   16.    Reversed Phase (RP) Washing Buffer: 0.1 %  TFA  .   
   17.    Vacuum centrifuge.      

       1.    Sep-Pak C18 Plus Light cartridge (Waters).   
   2.    Reversed Phase (RP) Conditioning/Elution Buffer: 70 % 

ACN, 0.1 %  TFA  .   
   3.    Reversed Phase (RP) Washing Buffer: 0.1 %  TFA  .      

       1.    TSKGel Amide 80 3 μm  HILIC   resin (Tosoh Bioscience, from 
 HPLC   column).   

   2.     Methanol   (MeOH).   
   3.    Polyether ether ketone (PEEK) inline microfi lter (Upchurch 

Scientifi c).   
   4.    MicroTight Sleeve Black (F-186), 455 μm i.d. (Upchurch 

Scientifi c).   
   5.    0.32 mm (inner diameter (i.d.))/0.435 mm (outer diameter 

(o.d.)) fused silica capillary tubing (Polymicro Technologies).   
   6.    Vertical high-pressure capillary column packing device (e.g. 

Nanobaume (Western Fluidics) or PC77 Pressure Injection 
Cell (Next Advance, Inc.)).   

   7.    Vespel ferrule (0.5 mm (i.d.) × 3.2 mm (o.d.) × 3.7 mm) (SGE 
Analytical Science).   

   8.    2 mL glass vial.   
   9.    Micro stir bar.   
   10.    Magnetic stirrer.   
   11.    Compressed helium.      

        1.    Capillary fl ow (1–20 μL/min) high-performance liquid chro-
matography system with UV detector. In this protocol an 
Agilent 1200 (Agilent Technologies) equipped with an autos-
ampler with a 40 μL loop, a UV detector with an 80 nL fl ow 
cell and a micro fraction collector was used.   

   2.    In-house made 0.32 × 20 mm 3 μm resin TSKGel Amide 80 
 HILIC   capillary column.   

2.4  Desalting 
of Non- phosphorylated 
Peptides

2.5  Packing 
of Hydrophilic 
Interaction Liquid 
Chromatography 
( HILIC  ) 
Capillary Column

2.6  Peptide 
Fractionation via 
Hydrophilic Interaction 
Liquid 
Chromatography 
( HILIC  )
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   3.     Dimethyl sulfoxide   ( DMSO  ).   
   4.    Ultrapure water (18 MΩ-cm).   
   5.     Acetonitrile   (ACN,  HPLC   grade).   
   6.     Trifl uoroacetic acid   ( TFA  ).   
   7.     HILIC   Solvent A: 0.1 %  TFA  .   
   8.     HILIC   Solvent B: 90 % ACN, 0.1 %  TFA  .      

       1.    Mass spectrometer capable of performing  MS/MS  —preferen-
tially a high-resolution/high mass accuracy instrument (recent 
Q-TOF, or Orbitrap based mass spectrometer) interfaced to a 
nanoHPLC with a 50–100 μm i.d. RP capillary column setup 
for highly sensitive online peptide separation.   

   2.    Software for processing of raw mass spectrometry data fi les and 
generation of peak lists for searching against a protein data-
base (e.g.  Uniprot  ) such as Mascot/Mascot Distiller (Matrix 
Science, London, UK) (data from most vendors and instru-
ments),  Proteome Discover   er   (Thermo Scientifi c, Bremen, 
Germany) (data from Thermo instruments),  MaxQuant   
[ 15 ] (high resolution data from Thermo Orbitrap instru-
ments and certain Bruker and ABSciex Q-TOFs) and the 
TransProteomicPipeline [ 16 ] (vendor independent).       

3     Methods 

       1.    Prepare lysis buffer by making an 8 M urea solution in 50 mM 
 TEAB   and add phosphatase inhibitors to a 1× fi nal concentra-
tion. Add the minimum amount of lysis buffer necessary for 
full lysis of the cells on ice. Keeping the volume down is impor-
tant as the sample has to be diluted to ≤1 M urea (≥8× dilu-
tion) prior to tryptic digestion. Vortex extensively until a clear 
solution is obtained.   

   2.    If sample volume is large enough to allow for sonication: 
Sonicate the sample for 3 × 10 s (with 10 s breaks for the sam-
ple to cool) on ice ( see   Note 5 ) at the highest intensity possible 
without causing the sample to foam.   

   3.    Measure protein concentration of a small aliquot of the sample 
while keeping the rest of the sample on ice to reduce endoge-
nous protease activity.   

   4.    Perform combined reduction of protein disulfi de bonds and 
Lys-C proteolysis by adding 1 M  DTT   to a fi nal concentration 
of 10 mM and Lys-C (0.05 AU Lys-C per 100–300 μg) to the 
sample and incubate at room temperature ( see   Note 5 ) for 3 h.   

   5.    Alkylate reduced cysteine residues by adding 0.5 M IAA to a 
fi nal concentration of 20 mM, incubating the sample in the 
dark at room temperature for 20 min.   

2.7  Analysis by Mass 
Spectrometry

3.1  Cell Lysis, 
Protein Extraction 
and Digestion
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   6.    Dilute the sample 8× in 50 mM  TEAB   to a fi nal concentration 
of 1 M urea.   

   7.    Optional—if no sonication was performed in  step 2 : Sonicate 
the sample on ice ( see   Note 5 ).   

   8.    Add trypsin in a 1:50 trypsin–protein ratio and incubate the 
sample at room temperature ( see   Note 5 ) overnight.   

   9.    At this step the sample(s) can be subjected to chemical stable 
isotope labeling such as reductive dimethylation [ 17 ],  iTRAQ   
[ 18 ] or  TMT   [ 19 ] for relative quantifi cation ( see   Note 1 ).   

   10.    Adjust the sample to a pH of below 3 using 10 %  TFA   or FA, 
centrifuge the sample at 14,000 ×  g  to precipitate lipids and 
transfer the supernatant to a new 1.5 mL microcentrifuge tube.   

   11.    Optionally, at this step a fraction of the sample can be removed 
for later  LC  - MS/MS   analysis if protein-level identifi cation/
quantifi cation is required. Alternatively, non- phosphorylated 
peptides can be obtained from the  TiO 2    pre-enrichment fl ow-
through fraction ( see  Subheading  3.4  and  Note 6 ).      

               1.    Adjust the peptide sample to 1 M glycolic acid in 80 % ACN, 
5 %  TFA  . For example, if the sample is present in 150 μL add 
50 μL 100 % TFA, 800 μL ACN and 76.05 mg of glycolic acid 
( see   Note 7 ). Vortex to dissolve the glycolic acid.   

   2.    Add  TiO 2    resin—0.6 mg per 100 μg of peptide—and incu-
bate under vigorous shaking for 10 min. Pellet the resin by 
brief centrifugation (2000 ×  g  for 1 min) and transfer the 
supernatant to a new tube (Optional: If enriching for other 
PTMs after phosphopeptide enrichment or analysis of the non- 
modifi ed peptides, save the fl ow-through for later desalting in 
Subheading  3.4 ).   

   3.    Optional second incubation for improved recovery of phos-
phopeptides: Add  TiO 2    resin—0.3 mg per 100 μg of peptide—
to the supernatant in the new tube and incubate under vigorous 
shaking for 10 min. Pellet the resin by brief centrifugation 
(2000 ×  g  for 1 min) and transfer the supernatant containing 
non-phosphorylated peptides to a new tube (can be stored at 
−80 °C or directly subjected to vacuum centrifugation prior to 
desalting)—( see   Note 6  and Subheading  3.4 ).   

   4.    Add 500 μL of  TiO 2    Loading Buffer to the fi rst tube contain-
ing the TiO 2  resin and mix by vortexing. If a second incuba-
tion was performed ( step 3 ), transfer the suspension to the 
tube containing the TiO 2  resin and transfer the resin pool to a 
new 1.5 mL micro centrifuge tube to leave behind non- 
phosphorylated peptides absorbed to the tube.   

   5.    Vortex briefl y and pellet the resin by brief centrifugation 
(2000 ×  g  for 1 min). Discard the supernatant.   

3.2   TiO 2    
Pre-enrichment
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   6.    Wash the resin in 500 μL  TiO 2    Washing Buffer 1, vortex briefl y, 
and pellet the resin by brief centrifugation (2000 ×  g  for 1 min). 
Discard the supernatant.   

   7.    Wash the resin in 500 μL  TiO 2    Washing Buffer 2, vortex briefl y, 
and pellet the resin by brief centrifugation (2000 ×  g  for 1 min). 
Discard the supernatant, and dry the resin briefl y in a vacuum 
centrifuge to evaporate residual acidic buffer.   

   8.    Elute the phosphorylated peptides off the  TiO 2    resin by adding 
100 μL TiO 2  Elution Buffer to the resin, and incubate the 
slurry with mixing for 15 min followed by 1 min of  centrifugation 
at 14,000 ×  g  ( see   Note 8 ). Transfer as much supernatant as pos-
sible to a new tube without aspirating any beads.   

   9.    Add another 40 μL of  TiO 2    Elution Buffer and 10 μL ACN to 
the resin, mix briefl y and pellet the resin by centrifugation for 
1 min at 14,000 ×  g . Aspirate as much of the supernatant as 
possible without disturbing the resin and pool the liquid with 
the fi rst eluate ( see   Note 9 ). Wash the TiO 2  resin in 500 μL 
TiO 2  Washing Buffer 1, vortex briefl y, and pellet the resin by 
brief centrifugation (2000 ×  g  for 1 min). Discard the superna-
tant and save the resin for the later TiO 2  enrichment step 
( see   Note 10 ).   

   10.    Dry the eluate to completeness in a vacuum centrifuge 
( see   Note 11 ).      

       1.    Redissolve the phosphopeptide sample in fi rst 0.5 μL 100 % 
FA, followed by 200 μL 50 % ACN, 0.1 %  TFA   and adjust it to 
pH 1.8 with 10 % TFA, ideally measuring the pH using a micro 
electrode pH meter.   

   2.    Wash 60 μL of  IMAC   slurry by adding 200 μL  SIMAC   Washing 
Buffer. Pellet the resin by centrifugation at 2000 ×  g  for 15 s, 
discard the liquid and repeat the washing step. After having 
removed the liquid from the resin, add the phosphopeptide 
sample to the resin.   

   3.    Incubate the sample under continuous shaking for 30 min at 
room temperature to allow the phosphopeptides to bind the 
 IMAC   resin. Prepare 200 μL gel loader tips by constricting the 
end of the tip to make it retain the IMAC resin. After incuba-
tion, centrifuge briefl y and transfer most of the supernatant to 
a new 1.5 mL tube without disturbing the resin pellet and 
resuspend the beads in the leftover sample. Transfer the slurry 
to the gel loader tip. Push the liquid through the tip by apply-
ing air pressure using a plastic syringe and collect the fl ow- 
through, containing some mono-phosphorylated as well as 
non-phosphorylated peptides, in the same 1.5 mL tube con-
taining the IMAC fl ow-through. Make sure that there are no 
beads in the fl ow-though ( see   Note 12 ).   

3.3  Separation 
of Multi- and Mono- 
phosphorylated 
Peptides Using 
Sequential Elution 
from  IMAC   ( SIMAC  )
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   4.    Wash the  IMAC   column formed in the constricted end of the 
tip with 70 μL  SIMAC   Washing Buffer, washing off non- 
phosphorylated peptides as well as weakly binding mono- 
phosphorylated peptides and collect the wash in the tube 
containing the fl ow-through from  step 3 .   

   5.    Elute the remaining mono-phosphorylated peptides slowly off 
the  IMAC   column (1 droplet/s ( see   Note 13 )) by adding 
70 μL  SIMAC   Acid Elution Buffer ( see   Note 4 ) to the column 
and applying air pressure using the syringe—pool this eluate 
with the fl ow-through/wash from  step 4  resulting in a 
 combined mono-phosphorylated peptide sample. Make sure 
no IMAC resin is present in sample ( see   Note 12 ).   

   6.    Slowly elute the multi-phosphorylated peptides off the  IMAC   
resin into a microcentrifuge tube by adding 100 μL of  SIMAC   
Basic Elution Buffer to the column and applying air pressure 
via the syringe. Make sure no IMAC beads are present in the 
eluate ( see   Note 12 ) and acidify the sample with 10 μL 100 % 
FA. Save the sample for later concentration/desalting prior to 
 LC  - MS/MS   analysis.   

   7.    Adjust the sample containing mono-phosphorylated peptides 
from  step 5  to 80 % ACN, 1 %  TFA   and incubate it under 
vigorous shaking for 10 min with the same amount of  TiO 2    
as used in the pre-enrichment procedure ( see  Subheading  3.2 , 
 step 2 ). The TiO 2  resin from Subheading  3.2 ,  step 9  can be 
reused (after regeneration) in this step ( see   Note 10 ).   

   8.    After incubation, pellet the beads by centrifugation at 2000 ×  g  
for 1 min and transfer the supernatant to another tube (save 
the resin). Optional second enrichment (for improved recov-
ery): The supernatant can be incubated with the same amount 
of  TiO 2    resin as in Subheading  3.2 ,  step 3  for an additional 
10 min under vigorous shaking. The resin used in 
Subheading  3.2 ,  step 3  can be reused (after regeneration) ( see  
 Note 10 ).   

   9.    After the second incubation, pellet the resin by centrifuga-
tion at 2000 ×  g  for 1 min, and discard the supernatant. Add 
300 μL 50 % ACN, 0.1 %  TFA   to each of the resin-containing 
tubes, vortex briefl y and combine the two slurries. Pellet the 
resin by centrifugation at 2000 ×  g  for 1 min and discard the 
supernatant.   

   10.    Dry the  TiO 2    resin for 5 min in a vacuum centrifuge to remove 
leftover Washing Buffer and elute the mono-phosphorylated 
peptides by adding 100 μL TiO 2  Elution Buffer to the tube. 
Vortex briefl y and incubate under continuous shaking for 
15 min. Pellet the resin by centrifugation at 14,000 ×  g  for 
1 min and transfer the eluate to another tube without disturb-
ing the resin bed. Add another 50 μL of TiO 2  Elution Buffer 
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to the resin, briefl y vortex, centrifuge again at 14,000 ×  g  for 
1 min. Combine the second eluate with the fi rst one without 
disturbing the resin bed. Make sure that no resin is present in 
the eluate as described in Subheading  3.2 ,  step 9 . Acidify the 
sample with 15 μL 100 % FA.   

   11.    Prior to fractionation of the mono-phosphorylated peptides by 
 HILIC   and  LC  - MS/MS   analysis of the multi- phosphorylated 
peptides both samples are desalted on homemade POROS R3 
RP micro-columns (~1–2 cm long) packed in a 200 μL pipette 
tip constricted with a plug of 3 M Empore C18 disc.   

   12.    Before applying the sample, wash the column in 100 μL RP 
Conditioning/Elution Buffer, followed by 100 μL RP Washing 
Buffer. Load the sample onto the column by applying air pres-
sure, wash it with 100 μL RP Washing Buffer and elute off the 
phosphopeptides with 100 μL RP Conditioning/Elution 
Buffer into a new tube. Dry the phosphopeptides sample to 
completion in a vacuum centrifuge and store at −20 °C until 
time of fractionation/analysis.      

          1.    This step is optional depending on whether analysis of other 
post-translational modifi cations or the non-modifi ed peptides 
is required; e.g. lysine acetylated peptides can be immunopre-
cipitated after desalting of the non-phosphorylated peptide 
sample. The Sep-Pak C18 Plus Light has a capacity of a least 
1–2 mg peptide.   

   2.    Dry the samples from Subheading  3.2 ,  step 2  to completeness 
in a vacuum centrifuge and dissolve the peptides in 3 mL 
0.1 %  TFA  .   

   3.    Wash the Sep-Pak cartridge with 3 mL RP Conditioning/
Elution Buffer followed by washing with 5 mL of RP Washing 
Buffer.   

   4.    Load the peptide solution onto the cartridge slowly (1 drop/s) 
and discard the fl ow-through. Wash the cartridge with 5 mL 
RP Washing Buffer. Flush the cartridge with air, removing the 
solvent completely.   

   5.    Elute the peptides using 1 mL of RP Conditioning/Elution 
Buffer slowly (1 drop/s) into a new tube. Dry the sample by 
vacuum centrifugation and store at −20 °C until further use.      

       1.    Make a 0.5 mL 5–10 % slurry of  HILIC   resin in 100 % MeOH 
in a glass vial and sonicate it for 5 min in a sonicator bath, add 
the micro stir bar, and place it in the column packing device 
( see  Fig.  2 ).   

   2.    Cut a ~25 cm piece of 0.32 mm i.d. capillary tubing and attach 
the micro fi lter via the sleeve. Insert the other end of the capil-
lary through the ferrule and attach it to the column packing 

3.4  Desalting 
of Non- phosphorylated 
Peptides

3.5  Packing 
of Hydrophilic 
Interaction Liquid 
Chromatography 
( HILIC  ) 
Capillary Column
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device ( see  Fig.  2 ). Connect the packing device to the com-
pressed helium supply and adjust the pressure to 100 bars. 
Leave the column packing with magnetic stirring on overnight 
or until the column has packed. Leave to dry, as releasing the 
pressure from a wet column can lead to back-fl ow of the resin.   

   3.    Release the pressure very slowly, remove the column from the 
packing device and connect it to the capillary  HPLC   system.      

   The capacity of the  HILIC   column used in this protocol 
(0.32 × 200 mm) is at least 10–20 μg of peptide, corresponding to 
phosphopeptides originating from approximately 1–2 mg protein 
lysate. If larger amounts of sample are available, scale up the HILIC 
column and fl ow rate of the  HPLC   run.

    1.    Dissolve the mono-phosphorylated peptide sample in 0.2 μL 
50 %  DMSO   ( see   Note 14 ). Add 3.6 μL H 2 O, followed by 
0.4 μL 10 %  TFA  , and fi nally slowly add 36 μL ACN ( see   Note 
14 ). Centrifuge the sample at 14,000 ×  g  for 3 min to precipi-
tate any undissolved material.   

   2.    Load the supernatant onto the  HILIC   column at a fl ow rate of 
12 μL/min for 10 min, followed by separation of the phos-
phopeptides at a fl ow rate of 6 μL/min with an increasing 
aqueous gradient from 100 to 60 % B over 40 min. Collect 
1 min fractions throughout the gradient into a 96-well microti-
ter plate.   

   3.    Combine the fractions based on UV absorption at 214 nm to 
obtain a number of samples in the plate (typically 10–15—
depending on time available for  LC  - MS/MS   analysis) contain-
ing similar amounts of phosphopeptides ( see   Note 15 ). Dry 
the sample plate by vacuum centrifugation and dissolve the 
samples in 0.3 μL 100 % FA followed by 4.7 μL H 2 O (for a 
5 μL nanoLC-MS/MS injection).    

         1.    Analyze the samples by RP nanoLC- MS/MS  . A typical 
nanoLC setup would include a 0.075 mm × 20 mm analytical 
column packed with 3 μm RP resin interfaced with a high 
resolution/mass accuracy mass spectrometer as described in 
our original paper [ 12 ]. The number of phosphopeptides 
identifi ed in the analysis can be increased by maximizing the 
resolution of the nanoLC separation via longer columns (e.g. 
50 cm) and smaller chromatographic particle sizes (e.g. 
1.9 μm) using a nanoLC system capable of operating at 800–
1000 bar. Depending on the speed of mass spectrometer, time 
available for  LC  -MS/MS analysis, complexity of the sample 
and length of nanoLC column, the samples should be ana-
lyzed using an increasing gradient of ACN from 0 to 30–35 % 
over 1–4 h.   

3.6  Peptide 
Fractionation via  HILIC  

3.7  Analysis by Mass 
Spectrometry
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   2.    Perform phosphopeptide identifi cation and quantifi cation 
using an appropriate software tool to generate peak lists from 
the raw mass spectrometry data and search it against a species-
specifi c protein database using a database search engine ( see  
Subheading  2.6 ,  item 2 ). The anticipated results of the enrich-
ment/fractionation strategy after  LC  - MS/MS   analysis and 
data processing/database searching are shown in Fig.  3 . Most 
of the multi-phosphorylated peptides (77 %) are identifi ed 
from the  SIMAC   pH 11 fraction, with only 3 % of the phos-
phopeptides identifi ed in the  HILIC   fractions being multi-
phosphorylated. The multi-phosphopeptide specifi city of the 
SIMAC pH 11 fraction is 70 %, with most mono-phosphory-
lated peptides identifi ed in this fraction being very acidic, caus-
ing them to be retained to a similar degree as the 
multi-phosphorylated peptides. Overall, a phosphopeptide 
enrichment specifi city of 95 % can be expected.

4             Notes 

     1.    Triethyl ammonium bicarbonate should be employed instead 
of the more commonly used ammonium bicarbonate (ABC) as 
 IMAC   is sensitive to ammonium ions (Larsen MR, unpub-
lished results), and  TEAB   is more volatile than ABC. 
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  Fig. 3    Anticipated result of the  TiSH   enrichment-fractionation strategy after  LC  - MS/MS   of the phosphopeptide 
samples. Overall, the phosphopeptide enrichment specifi city is around 95 %. About 70 % of the phosphopep-
tides identifi ed in the  SIMAC   pH 11 are multi-phosphorylated, while 77 % of the multi-phosphorylated peptides 
identifi ed in the experiment originated from this fraction       
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Furthermore, in contrast to TEAB, ABC will interfere with the 
amine-reactive chemical labeling utilized for relative quantifi -
cation via stable isotope labeling.   

   2.    Amino acid composition analysis after protein acid hydrolysis is 
the most accurate protein concentration measurement method 
[ 20 ], but requires specialized equipment and might not be 
available to most researchers. An alternative method requiring 
only a spectrophotometer is the Micro BCA Protein Assay Kit. 
However, it is important to ensure that the assay used is com-
patible with the components of the lysis buffer or at least 
diluted to a compatible concentration prior to the assay. 
Furthermore, the protein concentration reference standards 
should be diluted in the lysis buffer to include the same con-
centration of potential interfering compounds contained in the 
sample.   

   3.    A recent study [ 21 ] has shown TrypZean—a recombinant 
bovine trypsin expressed in corn—to be a very cost-effective 
and specifi c alternative to the commonly used sequencing/
mass spectrometry grade trypsin.   

   4.    Degradation over time or batch-to-batch variation of the 
 IMAC   resin can change the affi nity of the resin towards phos-
phopeptides. It has been reported that changing the mono- 
phosphopeptide Elution Buffer to 20 % ACN, 2 %  TFA   is 
required to achieve a specifi c multiphosphopeptide enrichment 
(unpublished results, K. Engholm-Keller (Children’s Medical 
Research Institute, Sydney, Australia), A. Liberski and 
J. Graumann (Weill Cornell Medical College in Qatar, Doha, 
Qatar)). Optimally the enrichment should be tested using 1, 
1.5 and 2 % TFA prior to performing the experiment.   

   5.    Primary amines in proteins (N-terminals and lysines) are prone 
to carbamylation by isocyanate, which urea is in equilibrium 
with in aqueous solutions. This process is temperature depen-
dent and while reduction and tryptic digestion is usually per-
formed at 56 °C and 37 °C, respectively, carbamylation is 
reduced to low levels at room temperature [ 22 ] without sig-
nifi cantly diminishing the effi ciency of the reactions. 
Alternatively, to avoid carbamylation, 6 M guanidine hydro-
chloride can be used as a denaturing agent instead of urea [ 22 ].   

   6.    When performing quantitative phosphoproteomics, changes in 
protein level due to protein expression, subcellular location 
etc. can affect the relative levels of phosphorylated peptides 
quantifi ed by  LC  - MS/MS   after phosphopeptide enrichment. 
For samples in which such protein changes occur, phospho- 
level normalization based on protein level changes is 
necessary.   
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   7.    Keep the total volume of the sample suspended in Loading 
Buffer at a level proportional to the sample amount (a few mL 
for 1–2 mg of peptide). Very diluted samples will require lon-
ger loading time than specifi ed in this protocol.   

   8.    The centrifugation is performed at 14,000 ×  g  as the  TiO 2    resin 
is harder to pellet in aqueous buffers due to the surface ten-
sion/viscosity.   

   9.    Contaminating resin in the eluate can reduce phosphopeptide 
recovery as the phosphopeptides can re-adsorb to the resin 
when the eluate is acidifi ed prior to  SIMAC   or RP desalting. 
To check for potential resin contamination of the eluate, the 
tube can be centrifuged for 1 min at 14,000 ×  g —if any pellet 
is visible, transfer the liquid to another tube.   

   10.    The  TiO 2    resin from the pre-enrichment steps (Subheading  3.2 , 
 steps 2  and  3 ) can be regenerated and reused in the later TiO 2  
enrichment steps: Incubate the resin in 50 % ACN, 0.1 %  TFA   
for 10 min after elution, centrifuge the beads at 2000 ×  g  for 
15 s and remove the supernatant.   

   11.    The sample is dried to remove ammonia, which can interfere 
with the  IMAC  -based phosphopeptide enrichment in  SIMAC  .   

   12.    Ensure that no  IMAC   resin is present in the fl ow-through. 
This can be done by loading the fl ow-through onto the col-
umn again, collecting the fl ow-through. For the eluate beads 
can be removed by centrifugation at 14,000 ×  g  for 1 min fol-
lowed by transfer of the supernatant to a new tube if an IMAC 
resin pellet appears.   

   13.    Performing the 20 % ACN, 1 %  TFA   elution too fast will lead 
to mono-phosphorylated peptides in the pH 11 fraction as 
these species will not have been fully washed off prior to the 
pH 11 elution—too slowly and multiphosphorylated peptides 
can be eluted off the column, reducing the recovery in the pH 
11 fraction.   

   14.    In our original protocol, the phosphopeptide sample was dis-
solved sequentially in 10 %  TFA  , H 2 O and fi nally ACN and not 
dissolved in  DMSO   prior to adjustment to  HILIC   solvent B 
conditions. However, including DMSO has later been showed 
to improve the solubility of large phosphopeptides and 
N-linked glycopeptides (unpublished results, M.R. Larsen 
(University of Southern Denmark)). Directly trying to dissolve 
the sample in 90 % ACN, 0.1 % TFA will lead to large losses of 
phosphopeptides not being solubilized [ 12 ].   

   15.    The fl ow-trough from the column during loading most often 
does not contain phosphopeptides and can usually be 
discarded.         
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    Chapter 12   

 Offl ine High pH Reversed-Phase Peptide Fractionation 
for Deep Phosphoproteome Coverage       

     Tanveer     S.     Batth     and     Jesper     V.     Olsen      

  Abstract 

   Protein phosphorylation, a process in which kinases modify serines, threonines, and tyrosines with 
 phosphoryl groups is of major importance in eukaryotic biology. Protein phosphorylation events are key 
initiators of signaling responses which determine cellular outcomes after environmental and metabolic 
stimuli, and are thus highly regulated. Therefore, studying the mechanism of regulation by phosphoryla-
tion, and pinpointing the exact site of phosphorylation on proteins is of high importance. This protocol 
describes in detail a phosphoproteomics workfl ow for ultra-deep coverage by fractionating peptide mix-
tures based on high pH (basic) reversed-phase chromatography prior to phosphopeptide enrichment and 
mass spectrometric analysis. Peptides are separated on a C 18  reversed-phase column under basic conditions 
and fractions collected in timed intervals followed by concatenation of the fractions. Each Fraction is sub-
sequently enriched for phosphopeptides using TiO 2  followed by LC/MS analysis.  

  Key words      Phosphoproteomics    ,   High pH  ,   Reversed-phase  ,    Phosphorylation    ,    Phosphopeptide   
 enrich   ment    ,   Fractionation  

1      Introduction 

 Protein phosphorylation is a pivotal post-translational modifi ca-
tion involved in regulating virtually all cellular processes. Site- 
specifi c phosphorylation often functions as a cellular switch, which 
can alter the activity of a protein, change its subcellular localization 
or interaction partners, as well as mark proteins for degradation 
[ 1 ]. The temporal and spatial distribution of protein phosphoryla-
tion in a cell is controlled by the action of protein kinases and 
counteracted by protein phosphatases in an interplay that is tightly 
regulated in healthy cells under physiological conditions [ 2 – 4 ]. 
However, misregulation of this cellular control as a result of 
genomic mutations, DNA damage, and other factors often leads to 
diseases such as cancer [ 4 ]. Understanding the regulation and 
dynamics of protein phosphorylation in health and disease is there-
fore of great importance. Although many different analytical 
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 strategies exist for investigation of the phosphoproteome, 
 enrichment and fractionation is usually required for deep coverage. 
This is due to the high dynamic range and complexity of eukary-
otic phosphoproteomes as well as generally low stoichiometry of 
phosphorylation sites and hence low abundance of phosphopep-
tides in total cell digests. We recently described an offl ine peptide 
fractionation method as a powerful tool to improve depth and cov-
erage in phosphoproteome analyses [ 5 ]. The method relies on 
fractionating tryptic peptides on a hydrophobic C 18  column under 
basic conditions (pH > 8). Although several methods and strategies 
exist for fractionating peptides, high pH reversed-phase fraction-
ation has shown great promise in recent years due to its high sepa-
ration and resolving power compared to standard methods such as 
those based on ion exchange or hydrophilic interaction chroma-
tography [ 6 ]. Fractionation based on high pH reversed-phase 
requires concatenation of fractions from different parts of the 
 elution gradient to be orthogonal with downstream low pH 
reversed-phase separation in tandem with mass spectrometry anal-
ysis [ 7 ]. Following collection and concatenation of fractions, phos-
phopeptides are enriched using titanium dioxide beads [ 8 ]. 
Depending on starting amounts, it is possible to map close to 
40,000 phosphopeptides within 24 h of mass spectrometric analy-
sis time using this technique.  

2    Materials 

 All buffers are made with sequencing grade chemicals and ultra-
pure water (Milli-Q). 

       1.    Eukaryotic cells (adherent or suspension) grown in large 
amounts ( see   Note 1 ).   

   2.    Cell lysis buffer such as RIPA, urea, or guanidinium hydro-
chloride ( see   Note 2 ).   

   3.     Acetone  .   
   4.     Bradford   or other protein concentration determination assay.   
   5.    Reducing reagents such as tris(2-carboxyethyl)phosphine 

( TCEP  ) or dithiothreitol ( DTT  ) ( see   Note 3 ).   
   6.    Alkylation reagent chloroacetamide ( CAA  ).   
   7.    Lys-C and trypsin.      

       1.    Tryptic digested peptide mixture in basic condition ( see   Note 4 ).   
   2.     BSA   or other peptide standard mixture.   
   3.    Buffer A, 5 mM ammonium hydroxide ( see   Note 5 ).   
   4.    Buffer B, 90 % acetonitrile, 5 mM ammonium hydroxide.   
   5.    Optional Buffer C for compatible  LC   systems ( see   Note 6 ).      

2.1  Cell Lysis 
and Digestion

2.2  Buffers 
for Fractionation
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       1.    High pH Compatible C 18  reversed-phase column, 4.6 mm 
ID × 250 mm ( see   Note 7 ).   

   2.     High performance liquid chromatograph   y   ( HPLC  ) system 
compatible up to 400 bars (5800 psi) with auto sampler, UV 
detector, pressure sensor, and fraction collector ( see   Note 6 ) is 
recommended.   

   3.    96 deep well plates.      

       1.     Titanium dioxide   ( TiO 2   ) beads.   
   2.     2,5-dihydroxybenzoic acid   (20 mg/ml) in 80 % ACN, 1 %  TFA  .   
   3.    C8 STAGE tip and C18 STAGE tip.   
   4.     Trifl uoroacetic acid   ( TFA  ).   
   5.    5 % ammonium hydroxide (NH 4 OH).   
   6.    20 % ammonium hydroxide (NH 4 OH), 25 % acetonitrile.      

       1.    Capillary (75 μm internal diameter, 15 cm length) column 
packed with 3 μm or smaller C 18  beads.   

   2.    Nano- LC   system compatible up to 280 bars (for 15 cm 
 column), coupled to MS.   

   3.    High performance mass spectrometers capable of MS analysis 
at high resolution (>10,000) such as Orbitrap Q-Exactive 
(Thermo Fischer) or time of fl ight instruments such as 5600 
Q-TOF (AB Sciex).       

3    Methods 

       1.    Lyse cells using RIPA, urea or guanidinium hydrochloride 
( see   Note 2 ).   

   2.    If using RIPA buffer, acetone precipitate proteins, centrifuge 
to remove acetone and resuspend protein pellet in urea or 
 guanidinium hydrochloride.   

   3.    Determine protein concentration using  Bradford   or other pro-
tein assay.   

   4.    Reduce proteins with  DTT   (1 mM) or  TCEP   (5 mM) for 
30 min at RT.   

   5.    Alkylate cysteines with  CAA   (5 mM) at RT in the dark. This 
can be done simultaneously in combination with  TCEP   
( see   Note 3 ).   

   6.    Add Lys-C (1:100 protease–protein ratio) at room tempera-
ture for 4 h.   

   7.    Dilute urea to >2 M (>1 M for guanidinium hydrochloride) 
with 50 mM ammonium bicarbonate buffer.   

   8.    Add trypsin (1:50 protease–protein ratio), digest overnight 
at 37 °C.      

2.3  Fractionation 
and Concatenation

2.4   Phosphopeptide   
Enrichment and STAGE 
Tipping

2.5  Nano-Liquid 
Chromatography 
(nLC) and Mass 
Spectrometer (MS)

3.1  Cell Lysis 
and  Protease    Trypsin   
Digestion
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       1.    Tryptic peptide mixture should be prepared and desalted on 
reversed-phase C 18  cartridges such as C 18  sep-pak to remove 
salts prior to fractionation. Cell lysis additives (such as deter-
gents), which can interfere with fractionation and other down-
stream analysis must be removed.   

   2.    Speedvac peptide mixture to evaporate acetonitrile ( see   Note 8 ).   
   3.    Add Buffer A to the sample to bring it to roughly same starting 

condition (i.e., pH and mobile phase additives such as ammo-
nium hydroxide similar to running buffers) as  LC  . Sample vol-
ume should be kept below the injection maximum of the LC 
system autosampler and injection loop.   

   4.    Prepare  BSA   peptide mixture in a similar fashion.      

        1.    Prepare column by connecting to  HPLC   system.   
   2.    Depending on the internal diameter of the column and manu-

facturer instructions, run Buffer A with recommended optimal 
fl ow rate ( see   Notes 6  and  9 ).   

   3.    Monitor peptide elution by UV at absorbance 214 nm wave-
length, which is specifi c for peptide bonds. Absorbance at 260 
and 280 nm may also be used however they are not as 
accurate.   

   4.    Monitor column pressure over time so that it reaches a stable 
baseline ( see   Note 9 ).   

   5.    Maintain fl ow rate on the column until a stable UV baseline is 
observed and expected column pressure is achieved. This may 
take several minutes depending on column condition and 
equilibration ( see   Note 9 ).      

   Please note that elevated column temperatures for separation at 
high pH are detrimental for column bed material. We therefore 
recommend performing fractionation at ambient temperatures 
(~25 °C).  See  Fig.  1  for example of typical gradient used for 
fractionation.

     1.    Design a gradient starting from low Buffer B composition 
(0–5 %) to 25 % in 60–90 min ( see   Note 10 ).   

   2.    The next part of the gradient should go from 25 to 40 % Buffer 
B in 5–10 min.   

   3.    Add a quick ramp up to 60–70 % B in 5 min. At this point the 
fraction collection can be stopped.   

   4.    Maintain gradient at high Buffer B for up to 5 min before 
ramping back down to 0–5 % Buffer B.   

   5.    Hold at low Buffer B for 5–10 min to allow for column 
re-equilibration.    

3.2  Sample 
Preparation 
for Fractionation

3.3  High 
Pressure Liquid 
Chromatography 
Preparation ( HPLC  )

3.4  Gradient Design
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      Before and after fractionating peptide mixtures at high pH, it is 
recommended to determine the condition of the column using a 
standardized peptide mixture. Steps for determining column con-
dition and separation capacity using bovine albumin ( BSA  ) peptide 
mixture are recommended below. Each run should be monitored 
using UV absorbance and pressure. BSA sample does not need to 
be fraction collected and can be sent to waste.

    1.    Design gradient using buffers without ammonium hydroxide 
for analysis of  BSA   peptides. Start from 5 % B to 30 % B in 
20–30 min.   

   2.    Ramp B from 30 to 40 % in 5 min.   
   3.    Ramp B from 40 to 60 % in 2 min, hold for 2–5 min.   
   4.    Decrease B from 60 to 5 % in 2 min.   
   5.    Maintain at 5 % B for 5–10 min.   
   6.    Inject 10–100 μg of  BSA   peptides onto column using described 

gradient.   
   7.    Determine baseline and peak conditions using UV trace 

( see   Note 11 ).    

     Please note that it is recommended to fi rst run a  BSA   mixture prior 
to running fractionating on a new column ( see  Subheading  3.5 ).

    1.    Prepare sample for injection onto the column using auto- 
sampler or with an additional line ( see   Note 12 ). Inject volume 
based on sample concentration and column capacity (roughly 
5–8 mg for 4.6 mm ID × 250 mm C 18  columns).   

   2.    Run program with gradient described in Subheading  3.3 .   

3.5  Determining 
Column Condition

3.6  Sample Injection 
and Fraction 
Collection

  Fig. 1    Fractionation gradient of Buffer B concentration is overlapped with the UV 
total ion chromatogram (TIC)       
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   3.    Collect fractions every 30–60 s in a deep well plate or 
Eppendorf tubes, depending on fraction collector and rack 
type ( see   Note 13 ).   

   4.    Store samples at 4 °C or proceed to next step (samples can be 
stored for up to 2 weeks).    

         1.    Prepare samples for concatenation by fi rst pooling fl ow-
through region as one pre-concatenated fraction ( see  Fig.  2 ).

       2.    Concatenate to 10–15 fractions ( see  Figs.  2  and  3 ).
       3.    Although not necessary some fractions such as the fi rst fraction 

have larger volumes that can be decreased by drying in a speed-
vac ( see   Note 14 ).      

   In order to extend the life of the fractionation column some steps 
are recommended below ( see   Note 15 ).

    1.    After running the fractionation gradient a post wash method is 
recommended with buffers containing no ammonium hydrox-
ide and only water and acetonitrile as Buffers A and B.   

   2.    Design a wash gradient which ramps Buffer B (acetonitrile) 
from 5 to 90 % in 15–20 min where it should be held for 
5–10 min.   

   3.    Ramp B down to 5 % in 5 min.   
   4.    Repeat  steps 2  and  3 .   
   5.    End step with 50–70 % B running at low fl ow rates (0.05–

0.100 μl/min) where the column can sit idle. If column is not 
to be used for long periods of time it is recommended to cap 
and store the column (see next step).   

   6.    Cap column from one side and let pressure build up slightly 
while low fl ow is still running.   

   7.    Quickly remove column from the other side and cap column 
for storage.    

3.7  Fraction 
Concatenation

3.8  Post 
Fractionation 
Column Care

  Fig. 2    Basic workfl ow for fractionation with high pH reversed-phase is presented. Tryptic peptides are fraction-
ated on a reversed-phase C 18  column using high pH buffers. The fractions are then concatenated to mix differ-
ent parts of the gradient so they are orthogonal to downstream  LC  /MS analysis at low pH. Fractions are then 
enriched for phosphopeptides and analyzed via LC/MS       
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       The following steps are an outline for preparation of fractions for 
enrichment of phosphopeptides with titanium dioxide ( TiO 2   ) 
beads.

    1.    Measure peptide concentration of each fraction using  A  280  
nanodrop or other estimation methods compatible with pep-
tides such as Lowry assay.   

   2.    Bring the fractionated peptide solution to conditions compat-
ible with enrichment method. For  TiO 2    enrichment, add ace-
tonitrile to 60–80 % and trifl uoroacetic acid ( TFA  ) to a fi nal 
concentration of 5–6 %.   

   3.    Samples may also be stored in this condition at −20 °C for 
several days up to a few weeks.    

     We recommend fractionating peptide mixtures prior to enrichment 
of phosphopeptides. The resultant reduction in sample complexity 
leads to more effi cient enrichment of phosphopeptide mixtures 
and thus deeper coverage. The method described below is for 
enrichment using titanium dioxide beads ( MOAC  ), please consult 

3.9  Preparing 
Fractions 
for  Phosphopeptide   
Enrichment

3.10  Enrichment 
of  Phosphopeptides   
and Preparation 
for  LC  /MS Analysis

  Fig. 3    Strategy for double incubation of fractions with  TiO 2    beads is presented. 
After each fraction is enriched for phosphopeptides, the supernatants are pooled 
together for double TiO 2  enrichment       
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manufacturer protocols for different enrichment strategies such as 
 IMAC  .

    1.    Weigh  TiO 2    beads (1:2 peptide–bead ratio) and resuspend in 
 DHB   buffer (we recommend 10 μl DHB buffer per milligram 
of TiO 2  beads). Incubate for 20 min while rotating or 
shaking.   

   2.    Add  TiO 2    bead solution to the fractionated peptide solution at 
a ratio of 2 mg beads (20 μl of TiO 2 — DHB   solution in this 
case) per milligram of peptides.   

   3.    Incubate fractions with  TiO 2    beads for 30 min at room tem-
perature on a sample rotator.   

   4.    Centrifuge fractions to form a pellet with  TiO 2    beads. Do not 
discard supernatant if performing proteomics analysis. Also 
keep the supernatant if performing another enrichment round 
to recover multiphosphorylated peptides as described in 
Subheading  3.9 ,  steps 6  and  7 .   

   5.    Resuspend pellet with 100 μl of 50 % acetonitrile and 5 %  TFA  .   
   6.    After centrifugation pool supernatants together into 1–3 frac-

tions ( see  Fig.  2 ).   
   7.    Perform Subheading  3.9 ,  steps 2 – 5  on the pooled fractions to 

enrich pooled fractions again for phosphopeptides leading to a 
higher recovery of multiply phosphorylated peptides.   

   8.    Load beads suspended in 100 μl of 50 % acetonitrile and 5 % 
 TFA   on C 8  STAGE tip.   

   9.    Centrifuge 3 min at 800 ×  g  to remove buffer followed by 
washing with 30 % acetonitrile, 1 %  TFA   (add additional cen-
trifugation time, if not all the buffer has washed through the 
STAGE tip).   

   10.    Centrifuge to remove buffer followed by washing with 60 % 
acetonitrile with 1 %  TFA  . Elute with 20 μl 5 % NH 4 OH, fol-
lowed by 20 μl of 20 % NH 4 OH with 25 % acetonitrile into a 
new tube.   

   11.    Evaporate (not to dryness) samples in speedvac for 15 min 
at 45 °C.   

   12.    Resuspend samples in acidic buffer (1 %  TFA  , 2 % acetonitrile).   
   13.    Prepare C18 STAGE tip by washing/centrifuging for 2 min at 

800 ×  g  each with methanol (20 μl), 80 % acetonitrile with 
0.1 %  TFA   (20 μl), 3 % acetonitrile, 0.1 % TFA (40 μl). Last 
wash might require additional centrifugation time.   

   14.    Load samples on C18 STAGE tip, centrifuge at 800 ×  g  until 
the sample is washed through and wash with 3 % acetonitrile 
with 1 %  TFA   (samples can be stored in this condition).   

   15.    Elute samples with buffers containing 40–60 % acetonitrile, 
0.1 %  TFA  . Speedvac and resuspend in Buffer A.    
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     Prior to  LC  /MS analysis it is important to have a method ready for 
phosphoproteome analysis. The details described below are for a 
Q-Exactive mass spectrometer coupled to a nanoLC system. For 
different systems we recommend consulting manufacturer settings 
or published literature for guidance. For phosphopeptide analysis, 
we have modifi ed the method for sensitive analysis; this is due to 
the fact that sample complexity is reduced in fractionated and 
phospho-enriched samples where quality of the fragment  HCD   
(high collisional dissociation) spectrum is favored over sequencing 
speed [ 9 ].

    1.    Design a  LC   method with nLC gradient of 60 min or more. If 
not limited by instrument time we recommend 120 min.   

   2.    Include ramp up to 80 % Buffer B (80 % acetonitrile) and back 
down to 5 % B (starting conditions of  LC   method).   

   3.    Injection volume should be kept to 5 μl or below for each 
sample ( see   Note 16 ).   

   4.    Design a top 10 method on the Q-Exactive with 70,000 MS 
resolution and 35,000 dd-ms2 resolution.   

   5.    The scan range for the MS should be set to 400–1600  m / z , for 
dd-ms2 fi xed fi rst mass should be set to 100  m / z .   

   6.    Maximum injection time for the MS should be 20 ms, injec-
tion time for dd-ms2 should be 108 ms so it is in parallel with 
the Orbitrap transient at 35,000 resolution.   

   7.    Automatic gain control AGC target for MS should be set to 
1e6 or higher, for dd-ms2 it should be 10× lower (100,000 in 
this case).   

   8.    Quadrupole isolation window (width) should be set to 1  m / z  
(but not lower)—2  m / z  (not higher).   

   9.    Normalized collisional energy should be set to a value between 
25 and 30 (should be higher for phosphopeptides), we recom-
mend 28 as safe median.   

   10.    Dynamic exclusion should be set to 30 s.   
   11.    Run samples with this method.    

     After raw fi les have been collected, use  LC  /MS data analysis soft-
ware of your choice. It is recommended to use software packages 
which can perform data analysis for post-translational modifi ca-
tions. Software packages such as  MaxQuant   (Mann Lab,   www.
maxquant.org    ), Mascot (Matrix Science), and  Proteome 
Discover   er   (Thermo Scientifi c) are good options. When perform-
ing analysis with the software package it is important to specify 
phosphorylation modifi cation of serine, threonine, and tyrosine as 
variable modifi cations. Additionally, we also recommend the addi-
tion of protein acetyl-n terminus, methionine oxidation as variable 
modifi cation. Since cysteines are modifi ed to completion using 

3.11   LC  /MS

3.12  Data Analysis
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alkylating reagent ( CAA   in our case) it is important to set that as 
a fi xed modifi cation (carbamidomethylation for CAA). If using a 
different alkylating reagent, it is important to specify the correct 
fi xed modifi cation. When using high resolution mass spectrome-
ters, it is important to limit the parts per million tolerance at the 
MS and  MS/MS   levels in order to increase the confi dence for 
peptide hits. This is important for  PTM   analysis where proper 
localization and peptide sequence coverage of the modifi cation is 
very important for site localization. When searching against the 
FASTA database of your organism, it is crucial that peptide false 
discovery rate is set to 1 % or lower. Vendor instructions for each 
software packages as well as published literature can aid in select-
ing proper parameters for each software package [ 10 ].   

4    Notes 

     1.    The shown experiments were done with tryptic digests of 
whole cell lysates from mammalian  HeLa   cervix carcinoma 
cells. Cells were serum starved overnight in  DMEM   and stim-
ulated for 10 min with serum prior to cell lysis.   

   2.    There are various options available for lysing cells. Lysis buffer 
containing detergents such as SDS require additional steps for 
removal prior to  LC  /MS analysis. We recommend  guanidinium 
hydrochloride in place of urea as it does not lead to additional 
peptide modifi cations (such as carbamylation) even at elevated 
temperatures. For the purpose of this chapter, workfl ow based 
on RIPA based lysis is presented.   

   3.    We recommend  TCEP   instead of  DTT   as reducing agent since 
it allows for the reduction and alkylation step (with  CAA  ) to be 
done simultaneously. Additionally, TCEP lacks a strong odor 
unlike DTT ( see  Chapter   17     for more details).   

   4.    It is important to have peptide mixtures in buffer conditions 
similar to starting condition of the  LC   gradient. For example if 
the gradient starts at pH 10 with buffer A, it is recommended to 
reconstitute the peptide mixture in Buffer A or add Buffer A to 
the sample so the pH is similar. This is to allow for proper peptide 
hydrophobic interaction in similar conditions as the column.   

   5.    Addition of buffers such as ammonium formate is not recom-
mended since they have been shown to cause column degrada-
tion in combination with high pH [ 5 ,  11 ]. At 5 mM ammonium 
hydroxide the pH value is roughly 10.5, due to the absence of 
any buffer ions the pH value does not drop or increase much 
in the range of 1–5 mM. Ammonia dissolved up to 25 % will 
have a concentration of roughly 14–14.5 N. We recommend 
monitoring pH with pH meter or strips, buffers should be 
exchanged every few weeks.   
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   6.    For  HPLC   systems with quaternary pumps (systems in which 
four different lines can be operated simultaneously), we rec-
ommend allocating line A to pure water (Milli-Q grade), line 
B to pure acetonitrile, and line C to higher concentration of 
ammonium hydroxide (10–50 mM). In this case line C would 
be running constantly at 10 % of total fl ow rate to dilute the 
concentration of the ammonium hydroxide to a fi nal concen-
tration of 1–5 mM. These systems are recommended as line C 
can be shut off after the fraction collection period and the col-
umn washed without ammonium hydroxide.   

   7.    It is important to determine buffer compatibility of columns 
with manufacturers. We recommend columns with small bead 
sizes (<5 μM) as they better separate peptides with small peak 
widths. Columns with smaller internal diameters (<4.6 mm) 
will require smaller loading amounts of tryptic peptides. In all 
cases we recommend column lengths of 250 mm since that is 
suffi cient for effi cient separation using long gradients. Columns 
with bigger internal diameters will require the  HPLC   to han-
dle higher backpressure. We also recommend addition of a 
guard column with guard cartridges as they can extend the 
lifespan of the column without affecting separation. The prin-
ciple of the guard is that the sample is loaded onto the guard 
column and separated on the main column during the gradi-
ent. This prevents larger moieties from affecting the main col-
umn and reducing the amount of particulates which may 
accumulate on the main column. This increases the lifespan of 
the main separation analytical column since guard cartridges 
are easily replaceable. This solution is furthermore economi-
cally favorable as the cost-benefi t of including a replaceable 
guard column before the separation column can prevent fre-
quent replacement of the analytical column, which is many- 
fold more expensive than guard column cartridges.   

   8.    It is important that acetonitrile in the sample is removed prior 
to injection onto the column as it can prevent effi cient hydro-
phobic interactions and broaden peaks as they elute. Typically 
30–60 min of drying at 45–60 °C is suffi cient to remove ace-
tonitrile. This can also be assessed by eye especially if peptides 
were eluted off a Sep-Pak in 50 % acetonitrile. The fi nal vol-
ume after drying in a speedvac should be half or less of the 
starting volume since acetonitrile is more volatile compared to 
water and will dry off faster. It is possible to dry samples for 
longer periods of time or even to dryness and resuspend in 
starting buffer with desired volume (we do not however, rec-
ommend this since reconstituting peptides can lead to loss of 
certain peptides and highly acidic buffers are required to resus-
pend dried peptides, thus making the starting conditions 
incompatible with high pH, therefore we suggest drying to 
low volumes but not dryness).   
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   9.    For 4.6 mm ID × 250 mm C 18  columns fl ow rates of 1 ml/min 
are recommended. Typical pressure range when running at 
1 ml/min (with low organic) is 150–250 bars depending on 
bead material. Consult column manufacturer guidelines for 
further assistance. Instructions for fl ow rates are usually avail-
able from column manufacturer which we highly recommend 
consulting before operating the  HPLC   with column. Typically 
manufactured columns are shipped capped with high organic 
buffer in the column. It is important that the user recognizes 
this and washes the column with starting condition of low 
Buffer B and high Buffer A for several minutes and column 
volumes. Additionally monitoring the UV and pressure base-
line can help determine when the column has reached equili-
bration as the column has lower backpressure with higher 
organic solvent. Running the column with several short empty 
runs with a quick gradient to high organic and back to low 
organic can help acclimate the column to running buffers for 
peptide separation. We do not recommend fractionating a pep-
tide mixture on a new column for the fi rst run.   

   10.     Phosphopeptides   typically elute earlier in the acetonitrile gra-
dient compared to normal peptides at high pH due to 
 phosphate groups carrying negative charges and preventing 
hydrophobic interactions with the column [ 12 ]. Therefore 
most of the separation is likely to occur earlier in the gradient 
(up to 20 % acetonitrile) and thus the gradient length should 
refl ect this when separating phosphopeptides.   

   11.    It is recommended to run  BSA   peptide mixtures using this 
method before running any fractions on the column. 
Advantages of this are to determine the column deterioration 
and condition since fractionation at high pH may adversely 
affect the separation effi ciency of the column [ 5 ,  11 ]. UV trace 
of the BSA peptides should be sharp, symmetrical, and the 
peak width should be small. Several peaks should also be sepa-
rated across the gradient giving the user an idea of the hydro-
phobic separation. Under ideal conditions, the UV trace of 
peptide mixtures should not deviate much from the fi rst few 
BSA runs and after fractionation of several samples. By having 
a standard to base the condition of the column, determining 
column lifespan as well as discarding the column when unfi t 
for proper separations is possible.   

   12.    If the available injection loop of the auto-sampler is small and 
limits the injection volume other methods of injection of the 
sample onto the column should be utilized. We recommend 
injection loops of 500 μl or more. In cases where a larger loop 
is not present or the fi nal volume is too high, it is possible to 
inject with an extra line or pump if present. However this runs 
the risk of contaminating your  HPLC   system with sample and 
is not recommended.   

Tanveer S. Batth and Jesper V. Olsen



191

   13.    96 deep well plates are recommended as they hold 2 ml per 
well and allow for longer gradient times for collection. Most 
fraction racks for Eppendorf or other tubes are limited in the 
number of tubes they may hold. It is recommended to select 
correct settings for rack type and tubes using the  LC   control 
software.   

   14.    It might be necessary to speedvac fractions if performing pro-
teomics analysis in which small amounts can be taken out (i.e., 
if 2 mg of peptides are fractionated in ten fractions with basic 
reversed-phase, one can expect 200 μg per fraction, from which 
only 1 % (2 μg) of the fraction would theoretically be required 
for proteomics analysis since the injection amounts for nano-
 LC   columns coupled to MS are typically within this range). It 
is recommended to determine the concentration using 
Nanodrop  A  280 . Depending on gradient length and number of 
fractions, the fraction volume can vary from 5 to 15 ml.   

   15.    Monitor wash method with UV and pressure changes, UV 
absorbance counts should be low relative to UV trace of 
 previous sample. This can be helpful in determining the 
amount of residual sample if some persists.   

   16.    The higher the injection volume, the longer the loading of the 
sample onto the nano column takes. For a typical 15 cm nano 
column (precolumn) on a standard  LC   (maximum 300 bars), 
injecting 5 μl of sample at maximum pressure can take from 20 to 
30 min. This is reduced with nLC systems which are UPLC (high 
pressure compatible LCs) which can tolerate up to 1000 bars.         
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    Chapter 13   

 Phosphopeptide Enrichment Using Various Magnetic 
Nanocomposites: An Overview       

     Íris     L.     Batalha      and     Ana     Cecília     A.     Roque      

  Abstract 

   Magnetic nanocomposites are hybrid structures consisting of an iron oxide (Fe 3 O 4 /γ-Fe 2 O 3 ) superpara-
magnetic core and a coating shell which presents affi nity for a specifi c target molecule. Within the scope of 
phosphopeptide enrichment, the magnetic core is usually fi rst functionalized with an intermediate layer of 
silica or carbon to improve dispersibility and increase specifi c area, and then with an outer layer of a 
phosphate-affi nity material. Fe 3 O 4 -coating materials include metal oxides, rare earth metal-based com-
pounds, immobilized-metal ions, polymers, and many others. This chapter provides a generic overview of 
the different materials that can be found in literature and their advantages and drawbacks.  

  Key words      Magnetic nanocomposite   s    ,    Phosphopeptide    enrich   ment    ,   Affi nity  ,    Hybrid material   s    

1      Introduction 

  Phosphorylation   is a dynamic, abundant, and highly studied post-
translational modifi cation of proteins, affecting approximately 
one-third of all proteins at any particular time [ 1 ]. It is involved in 
the regulation of a variety of cellular processes, such as cell cycle 
control, DNA damage responses, transcription, protein traffi cking, 
metabolism, and programmed cell death [ 2 ,  1 ]. In the human pro-
teome, phosphorylation occurs predominantly in serine (≈90 %), 
followed by threonine (≈10 %) and tyrosine (≈0.05 %), although 
the relative abundances of these residues depend on the methodol-
ogy used for the quantifi cation of phosphorylation events [ 3 ,  4 ]. 

  Phosphorylation   events are key players in cellular signaling, 
being involved in the occurrence of many human diseases, such as 
cancer [ 5 ], Alzheimer’s [ 6 ], Parkinson’s [ 7 ], cardiovascular dis-
eases [ 8 ], schizophrenia [ 9 ], and many others. The accurate iden-
tifi cation of phosphorylated proteins, determination of their 
phosphorylation sites and quantifi cation of stoichiometry, and 
monitoring of temporal dynamics of protein phosphorylation in 
response to cellular perturbations, are fundamental to understand 
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the mechanisms behind disease pathologies and inspire the devel-
opment of novel biomarkers and therapeutic agents [ 10 ]. 

 During the last decades, mass spectrometry (MS) has been the 
basis of enormous scientifi c breakthroughs and it has been playing a 
central role in the profi ling of protein phosphorylation [ 3 ,  11 ,  12 ]. 
However, as phosphopeptides have comparably low ionization effi -
ciencies and are usually present in sub-stoichiometric concentra-
tions in biological samples, an enrichment step is required prior to 
MS analysis [ 13 ,  14 ]. 

 A great number of enrichment methods have been reported in 
recent years, namely immunoprecipitation, immobilized metal 
affi nity chromatography ( IMAC  ), metal oxide affi nity chromatog-
raphy ( MOAC  ), ion-exchange chromatography, chemical tagging 
and use of phosphate-affi nity ligands [ 15 ]. 

 Ion-exchange methodologies (strong ion exchange ( SCX  ) or 
strong anion exchange (SAX)) usually require high amounts of 
starting material and prolonged analysis times, due to the presence 
of multiple fractions [ 10 ]. In addition, due to the nonspecifi c 
adsorption behavior of SCX and SAX, these methods are more 
commonly used as pre-fractionation techniques in combination 
with other methods such as reversed phase- LC  ,  IMAC   or  MOAC   
[ 16 – 18 ]. Recently, a mixed-bed resin comprising a blend of anion 
and cation exchangers (ACE) has been reported to increase phos-
phopeptide identifi cation by 94 % when compared to SCX [ 19 ]. 

 Methods based on the chemical modifi cation of the phosphate 
group are usually labor-intensive and implicate several reaction 
steps, which makes them less useful for routine utilization [ 20 ]. 

  Phospho-specifi c antibodies   are expensive and diffi cult to pro-
duce due to the low immunogenicity of the phosphate group and 
its susceptibility to cleavage during the immunization process [ 21 ]. 
Nonetheless, antiphosphotyrosine antibodies have been success-
fully used for the detection of a variety of phosphorylated proteins, 
in contrast with antiphosphoserine and antiphosphothreonine 
antibodies, which are still far less specifi c [ 10 ,  15 ,  22 ]. 

 Metal chelating methodologies include  IMAC  ,  MOAC  , and 
some new metal chelating ligands (e.g., Phos-Tag™) ( see  Chapter 
  3    ). These methods are based on the coordination of the negatively 
charged phosphate group to positively charged metal ions, a main 
disadvantage being the nonspecifi c binding of acidic peptides to the 
metal-chelating resins [ 22 ]. Different research groups have been 
trying to circumvent this problem.  O -methyl esterifi cation of the 
carboxylic acid groups is a common approach, but has some limita-
tions associated with the occurrence of side reactions and incom-
plete derivatization of the carboxylic groups [ 23 – 25 ]. Larsen and 
coworkers introduced a competitive binder—2,5-dihydroxy ben-
zoic acid (2,5- DHB  )—in buffers to reduce the nonspecifi c binding 
of acidic peptides to  TiO 2    microcolumns [ 25 ]. Ye and coworkers 
developed an optimized Fe(III) nitrilotriacetic acid (NTA) IMAC 
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protocol by using 60 % (v/v) acetonitrile (ACN) in loading and 
washing buffers, since ACN has different effects on the degree of 
ionization of phosphate and carboxylic acid moieties [ 26 ]. 

  Hybrid material   s  , which combine distinct properties of various 
materials, have been proven exquisitely effi cient in the selective 
binding of phosphorylated peptides. In particular, composite 
materials in the nanomolar range (nanocomposites) present higher 
surface area to volume ratios, providing superior surface function-
alization [ 27 ,  28 ]. This chapter will explore the application of dif-
ferent classes of nanocomposites in the phosphoproteomics fi eld.  

2    Magnetic Nanocomposites 

 As mentioned previously, metal oxides can be used to enrich phos-
phorylated species in peptide samples. Among them, iron oxide 
nanoparticles (MNPs) present unique properties, such as super-
paramagnetism, high magnetic susceptibility, high coercivity, and 
low Curie temperature [ 29 ]. Bare MNPs have been reported to 
selectively bind phosphorylated peptides from tryptic digests con-
taining 1 pmol  β-casein  , cytochrome c, bovine serum albumin 
( BSA  ), and horse heart myoglobin. However, this was only 
observed when the iron oxide was in the form of magnetite 
(Fe 3 O 4 ), as maghemite (γ-Fe 2 O 3 ) beads did not facilitate phospho-
peptide binding. The reasons behind the superior performance of 
Fe 3 O 4  over γ-Fe 2 O 3  are not yet fully understood, but have been 
speculated to be related to structural differences and magnetic 
properties of those materials [ 30 ]. 

 In addition to their easy manipulation by an external magnetic 
fi eld, their surface can be functionalized with a variety of organic 
and inorganic materials, which not only protect them against oxi-
dation and erosion by acids and bases, but also tailor their surface 
in terms of charge, hydrophobicity, and chemical functionality [ 31 , 
 32 ]. The process of phosphopeptide enrichment using magnetic 
nanocomposites is illustrated in Fig.  1 .

        TiO 2    was the first metal oxide to be reported for the enrichment of 
phosphorylated peptides. TiO 2 -based materials are commercially 
available and TiO 2 -based protocols are common practice in many 
laboratories, due to their simplicity and efficiency ( see  Table  1 ) ( see  
Chapters   9    ,   12    ,   17    ). Chen and Chen used a two-step sol–gel pro-
cess to produce TiO 2 -coated MNPs (Fe 3 O 4 @TiO 2 ) combining the 
convenient separation ability of MNPs with the phosphopeptide 
trapping capacity of TiO 2 . In addition, Fe 3 O 4 @TiO 2  magnetic nan-
oparticles were effectively used as surface-assisted laser desorption/
ionization (SALDI) MS matrices [ 33 ]. However, they obtained 
composite materials of ill-defined structure, which compromised 
their bias towards phosphorylated peptides, as nonspecific binding 

2.1  Metal Oxide- 
Based Magnetic 
Nanocomposites

2.1.1  Titanium Dioxide 
( TiO 2   )
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of acidic peptides was also observed. Later on, Li and coworkers 
addressed this issue by coating the particles with a carbon layer 
in an intermediate reaction step in order to reduce nonspecific 
adsorption. Their three-step synthesis route consisted of: (1) syn-
thesis of MNPs via solvothermal reaction; (2) MNPs coating with 
a thin layer of carbon (≈20 nm thickness); and (3) absorption of 
nanosized titanium oligomers and conversion into titanium by cal-
cination [ 34 ,  35 ].

   In 2010, Lu and coworkers reported the synthesis of self- 
assembled mesoporous  TiO 2    nanocrystal structures with high 
adsorption capacity, low detection limit (10 fmol for a  β-casein   
tryptic digest), high selectivity, high water dispersibility, and high 
chemical and mechanical stability. The process of fabrication of 
these mesoporous nanocrystal clusters consists of the synthesis and 
self-assembly of TiO 2  nanocrystals; coating with a thin layer of sil-
ica to avoid aggregation; calcination at high temperatures to 
improve mechanical stability and remove organic surfactants; and 
silica removal by etching. One of the advantages of this self- 
assembly process is that multiple components may be added to the 
clusters, which was demonstrated by the successful fabrication of 
γ-Fe 2 O 3 /TiO 2  composite clusters to facilitate separation. Both 
TiO 2  and γ-Fe 2 O 3 /TiO 2  colloidal nanocrystal clusters presented 
similar hydrodynamic diameters between 50 and 200 nm [ 36 ].  

   A fast method using ZrO 2 -coated MNPs as concentrating probes was 
developed to enrich samples in phosphopeptides in only 30 s employ-
ing vigorous mixing by pipetting. In addition, these particles can 
function as microwave absorbers and facilitate enzymatic digestion 
(digestion time ≈15 s sonication + 1 min microwave heating) [ 37 ]. 

2.1.2  Zirconium Dioxide 
(ZrO 2 )

  Fig. 1    Enrichment of phosphorylated peptides using magnetic nanocomposites: (1) incubation of magnetic 
nanocomposites with tryptic protein digest samples; (2) magnetic separation of phosphopeptide-bound mag-
netic nanocomposites; (3) washing step to remove nonspecifi cally adsorbed non-phosphorylated peptides; 
(4a) phosphopeptide-bound magnetic nanocomposites can be spotted onto a  MALDI   target and directly ana-
lyzed by MS or (4b) phosphopeptides may be eluted from particles and analyzed either by MALDI or ESI MS       
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 MNPs coated with both  TiO 2    and ZrO 2  (Fe 3 O 4 @TiO 2 -ZrO 2 ) 
present improved phosphopeptide trapping ability when compared 
to Fe 3 O 4 @TiO 2  or Fe 3 O 4 @ZrO 2  alone and effi ciently enrich sam-
ples in both mono- and multi-phosphorylated peptides [ 38 ]. These 
metal oxides have complementary properties: ZrO 2  is more selec-
tive towards mono-phosphorylated peptides whereas TiO 2  prefer-
entially binds to multi-phosphorylated peptides [ 39 ]. 

    Table 1  
  Commercially available magnetic nanocomposites for phosphopeptide and phosphoprotein 
enrichment   

 Affi nity ligand  Kit  Highlights  Company 

  TiO 2      TiO 2    Mag 
Sepharose™ 

 –  Parallel handling of 
samples—processing of 6 
samples in <1 h 

 GE Healthcare Life 
Sciences 

   www.gelifesciences.com/     

  TiO 2     Phos-trap™  –  Allows to enrich 1–96 
samples at a time in <10 min 

 PerkinElmer 
   www.perkinelmer.com     

  TiO 2     Pierce Magnetic 
Titanium 
Dioxide 
 Phosphopeptide   
Enrichment Kit 

 –  Processing of 1–96 samples 
in ≈15 min 

 Thermo Scientifi c Pierce 
   www.piercenet.com/     

 –  Enrichment of less than 
100 fmol phosphoprotein 

 –  1000 Greater sensitivity 
than traditional  IMAC   

 N.A.  Captivate™ 
Microscale 
 Phosphopeptide   
Isolation Kit 

 –  Binding capacity of 
1–2 pmol/μg ferrofl uid 

 Life Technologies 
   www.lifetechnologies.

com/      –  Distinction between pSer, 
pThr, and pTyr due to 
selective 
 β-elimination/  addition 
modifi cation reactions 

 N.A.  TALON ®  PMAC  –  Non-denaturing protocol 
allows phosphoprotein 
enrichment maintaining 
protein conformation and 
solubility 

 Clontech 
   www.clontech.com/     

 –  Allows enrichment from any 
cell or tissue sample 

 Ti 4+ -Polyamidoamine 
generation 4 
dendrimer 

  PolyMAC-  Ti  –  Digested complex cell 
lysates from DG-75 B-cell 
lymphoma cells reveal that 
 PolyMAC   identifi ed a higher 
number of phosphosites and 
presented higher enrichment 
selectivity 

 Tymora 
   tymora-analytical.com/     

   N.A.  not available  

Magnetic Nanocomposites for Phosphopeptide Enrichment

http://www.gelifesciences.com/
http://www.perkinelmer.com/
http://www.piercenet.com/
http://www.lifetechnologies.com/
http://www.lifetechnologies.com/
http://www.clontech.com/
http://tymora-analytical.com/


198

 Very recently, yolk-shell magnetic supraparticles coated with 
ZrO 2  (MSP@ZrO 2 ) have been reported to selectively enrich phos-
phopeptides both from standard phosphoprotein tryptic digests 
and biological samples [ 40 ]. Supraparticles are originated from the 
assembly of MNPs and have enhanced magnetic responsiveness 
and preserved superparamagnetism [ 41 ]. The yolk-shell architec-
ture consists of nanoparticle core inside a hollow shell, presenting 
low mass density which improves dispersibility and enhances the 
adsorbing effi ciency of phosphopeptides when compared to solid 
Fe 3 O 4 @ZrO 2  microspheres ( see  Fig.  2 ) [ 40 ]. A total of 33 
 phosphopeptides containing 49 phosphorylation sites mapped to 
33 phosphoproteins were identifi ed in human saliva, which was a 
better result when compared to zinc oxide (ZnO)-coated MNPs. 
Nonetheless, ZnO-coated MNPs presented a detection limit 3 
orders of magnitude lower (2.5 fmol for  β-casein   tryptic digest) 
and an enrichment time 60 times lower than the yolk-shell MSP@
ZrO 2  [ 40 ,  42 ]. In addition,  TiO 2   -coated MNPs presented similar 
phosphopeptide trapping performance as ZnO-coated MNPs for 
the same human saliva tryptic digest [ 42 ].

      Al 2 O 3 -coated magnetic beads have been described in literature as 
effective phosphopeptide affi nity and sensing tools. Al 2 O 3 -coated 
MNPs have trapping capacities of 60 μg of phosphopeptides per 
milligram of particles, and a detection limit of 25 fmol for human 
protein phosphatase inhibitor 1 (PPI 1) tryptic digest. The entire 
process of enrichment and  MALDI   MS analysis takes approxi-
mately 5 min [ 43 ]. Al 2 O 3 -coated MNPs modifi ed with a fl uoro-
phore—ribofl avin-5′-monophosphate (RFMP-Fe 3 O 4 @Al 2 O 3 ) have 
been used as affi nity and sensing probes for phosphorylated fi bri-
nopeptide A, a peptide which exists in elevated levels in patients 
with gastric and ovarian cancers and is known to exist in phos-
phorylated form to an extent of 20–30 % in human blood. RFMP 
molecules immobilized at the surface of the particles exchange 
with phosphorylated fi brinopeptide A in solution, allowing the 

2.1.3  Aluminum Oxide 
(Al 2 O 3 )

  Fig. 2    Synthesis of yolk–shell MSP@ZrO 2 . Magnetic supraparticles synthesized by a solvothermal reaction are 
modifi ed with a polymeric layer of polymethylacrylic acid (PMAA), followed by functionalization with Zr(OH) 4 . 
Calcination of MSP@PMAA@PMAA-Zr(OH) 4  removes the polymeric layer and leads to the formation of hollow 
crystalline ZrO 2  spheres with movable MSP core       
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quantitative analysis of the solution by fl uorescence spectroscopy. 
Particles with the trapped phosphorylated peptide may subse-
quently be analyzed qualitatively by mass spectrometry [ 44 ].  

   Niobium pentoxide (Nb 2 O 5 ) effi ciently enriches phosphopeptides 
from standard tryptic protein mixtures and cellular lysates with 
50 % overlap in peptide sequence when compared to  TiO 2   , which 
translates into a high degree of orthogonality between both metal 
oxides. In addition, Nb 2 O 5  and TiO 2  presented similar recovery 
effi ciencies of phosphopeptides between 50 and 100 % [ 45 ]. 
Nb 2 O 5 -coated MNPs are able to trap phosphorylated peptides 
from tryptic digests of caseins, serum and cell lysate in only 1 min 
using microwave heating and with a detection limit of 5 fmol [ 46 ]. 

 Tantalum pentoxide (Ta 2 O 5 )-coated MNPs present divergent 
phosphopeptide trapping selectivity when compared to  TiO 2   - 
coated  MNPs, with a larger number of unique phosphopeptides 
being identifi ed by Ta 2 O 5 -coated MNPs [ 47 ]. The addition of 2,5- 
DHB      to the loading solution contributes to the enhanced selectiv-
ity towards phosphorylated species, a concept that had been 
introduced by Larsen and coworkers [ 25 ,  47 ]. 

 Other metal oxides, such as gallium oxide (Ga 2 O 3 ) [ 48 ] and 
tin dioxide (SnO 2 ) [ 49 ], have also been combined with Fe 3 O 4  and 
used in phosphoproteomic experiments. 

 The sensitivity and enrichment time of different metal oxide- 
coated MNPs are presented in Table  2 . However, it should be 
taken into consideration that this comparison between different 
materials is not always straightforward, as experiments are not 
always performed in the same conditions and in some cases use dif-
ferent instrumentation. One interesting detail to point out is that 
Fe 3 O 4  magnetic particles are excellent microwave absorbers. 
Microwave heating can be applied both during tryptic digestion 
and enrichment steps, which in addition to the ease of separation 
of MNPs makes the entire process extremely time-effi cient.

       Due to the strong affi nity between rare earth metal ions and phos-
phate moieties, a variety of different materials based on this type of 
metals have been developed for phosphopeptide enrichment. Rare 
metal ions (hard acids) are able to coordinate oxygen atoms (hard 
bases) of phosphate groups through mono- or multi-dentate 
bonds, which make the phosphorous atoms more electropositive 
and more susceptible to nucleophilic attack by hydroxyl groups. 
This process results in the cleavage of phosphate-ester bonds and 
consequent dephosphorylation of the peptides [ 50 ]. 

 Very recently, rare earth vanadate-coated MNPs (γ-Fe 2 O 3 @
REVO 4 ; RE = Sm, Dy, Ho) were used for the fi rst time to enrich 
phosphorylated peptides from tryptic digests of standard pro-
teins and human serum. The three rare earth metals tested pre-
sented similar morphologies, saturation magnetization values, and 

2.1.4  Other Metal Oxides

2.2  Rare Earth 
Metal-Based Magnetic 
Nanocomposites

Magnetic Nanocomposites for Phosphopeptide Enrichment
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selectivity towards phosphorylated peptides. The sensitivity was 
slightly worse for γ-Fe 2 O 3 @HoVO 4  (200 fmol for a  β-casein   tryptic 
digest) when compared to γ-Fe 2 O 3 @SmVO 4  and γ-Fe 2 O 3 @DyVO 4  
(100 fmol). Particles could be used up to fi ve times without signifi -
cant loss of binding capacity or selectivity [ 50 ]. 

 Rare earth metal oxides, such as CeO 2 , are also starting to be 
explored in the fi eld of phosphoproteomics. MNPs coated with an 
intermediate layer of silica and an outer layer of mesoporous CeO 2  
(Fe 3 O 4 @SiO 2 @mCeO 2 ) are multifunctional probes, as they have 
phosphate-affi nity, magnetic properties, and they catalyze the 
dephosphorylation of phosphopeptides, which results in a specifi c 
neutral loss of  n  × 80 Da that can be detected in the  MS spectra   
[ 51 ]. The same number of phosphorylated peptides and their cor-
respondent label ions (with decreased masses of  n  × 80 Da) from a 
tryptic digest of  β-casein   could be identifi ed using lanthanum sili-
cate coated MNPs (Fe 3 O 4 @La  x  Si  y  O 5 ). Moreover, the relative 
intensity of the multi-phosphorylated peptide at  m / z  3122 Da was 
much higher than for Fe 3 O 4 @SiO 2 @mCeO 2 . This is probably 

   Table 2 
  Sensitivity and enrichment time of different metal oxide-coated magnetic nanocomposites   

 Nanocomposite  Detection limit 
 Enrichment 
time  Instrumentation  Ref. 

 Fe 3 O 4 @ TiO 2     50 fmol ( β-casein)    90 min  Bruker Bifl ex III ( MALDI-  TOF)  [ 33 ] 

 Fe 3 O 4 @C@ TiO 2     10 fmol ( β-casein)    0.5 min  Applied Biosystems 4700 
( MALDI-  TOF/TOF) 

 [ 34 ,  35 ] 

 γ-Fe 2 O 3 @ TiO 2     10 fmol ( β-casein)    30 min  Applied Biosystems Voyager 
DE-STR ( MALDI-  TOF) 

 [ 36 ] 

 Fe 3 O 4 @ZrO 2   45 fmol ( β-casein)    0.5 min  Bruker Bifl ex III ( MALDI-  TOF)  [ 37 ] 

 Fe 3 O 4 @ TiO 2 -  ZrO 2   250 fmol ( β-casein)    1 min  Thermo Finnigan LCQ (ESI Ion 
Trap) 

 [ 38 ] 

 Yolk-Shell MSP@ZrO 2   2.5 pmol ( β-casein)    30 min  Applied Biosystems 5800 
( MALDI-  TOF) 

 [ 40 ] 

 Fe 3 O 4 @ZnO  2.5 fmol ( β-casein)    0.5 min  Bruker Bifl ex III ( MALDI-  TOF)  [ 42 ] 

 Fe 3 O 4 @Al 2 O 3   25 fmol (α-casein)  0.5 min  Bruker Bifl ex III ( MALDI-  TOF)  [ 43 ] 

 Fe 3 O 4 @Nb 2 O 5   5 fmol  1 min  Applied Biosystems 4800 
( MALDI-  TOF/TOF) 

 [ 46 ] 

 Fe 3 O 4 @Ta 2 O 5   10 fmol ( β-casein)    1 min  Bruker Bifl ex III ( MALDI-  TOF)  [ 74 ] 

 Fe 3 O 4 @C@Ga 2 O 3   40 fmol ( β-casein)    0.5 min  Applied Biosystems 4700 
( MALDI-  TOF/TOF) 

 [ 48 ] 

 Fe 3 O 4 @C@SnO 2   80 fmol ( β-casein)    30 min  Applied Biosystems 4700 
( MALDI-  TOF/TOF) 

 [ 49 ] 
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related with the differences in the catalytic effi ciency of La and Ce 
towards phosphate hydrolysis: milder dephosphorylation facilitat-
ing phosphopeptide identifi cation [ 52 ]. 

 Very recently, a 3D fl owerlike structure composed of a γ-Fe 2 O 3  
magnetic core coated with a shell of ammonium fl uoride and lute-
tium fl uoride (γ-Fe 2 O 3 @xNH 4 F.yLuF 3 ) was used for the selective 
capture of phosphopeptides from  β-casein   digest, nonfat milk tryp-
tic digest and human serum. These 3D nanostructured architec-
tures have unique properties such as highly specifi c surface areas, 
low density, and large open pores [ 53 ]. 

 A yolk-shell nanostructure composed of a Fe 3 O 4  magnetic 
core and an yttrium phosphate (YPO 4 ) hollow porous affi nity 
shell (Fe 3 O 4 @hYPO 4 ) is another example of success in the appli-
cation of rare metal ions for the enrichment of phosphopeptides, 
where a detection limit of 10 fmol was determined for  β-casein   
tryptic digests [ 54 ]. A distinct approach consisting of coating an 
ultrathin YPO 4  shell on polyacrylate capped Fe 3 O 4  (PA-Fe 3 O 4 @
YPO 4 ) allowed faster adsorption/desorption dynamics, and low 
nonspecifi c binding [ 55 ]. Table  3  presents the sensitivity and 
enrichment times of different rare earth metal-based magnetic 
nanocomposites.

      Despite some inherent disadvantages, such as nonspecifi c binding 
and metal leaching,  IMAC   still plays a prominent role in many 
purifi cation and enrichment processes. In IMAC, transition metal 
ions are immobilized onto a solid support using a chelating ligand, 
such as iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), or 
tris(carboxymethyl)ethylene diamine (TED). The selection of 
metal ion depends on the application: divalent cations (Cu 2+ , Ni 2+ , 
Zn 2+ , Co 2+ ) are used for the purifi cation of histidine-tagged 
 proteins, whereas trivalent ions (Al 3+ , Ga 3+ , Fe 3+ ) and the tetrava-
lent ion Zr 4+  are used for phosphopeptide enrichment [ 56 ]. Rare 

2.3   IMAC  -Based 
Magnetic 
Nanocomposites

   Table 3 
  Sensitivity and enrichment time of different rare earth metal-based magnetic nanocomposites   

 Nanocomposite  Detection limit  Enrichment time  Instrumentation  Ref. 

 γ-Fe 2 O 3 @HoVO 4   200 fmol ( β-casein)    5 min  Bruker Autofl ex III ( MALDI-  TOF)  [ 50 ] 

 γ-Fe 2 O 3 @SmVO 4   100 fmol ( β-casein)    5 min  Bruker Autofl ex III ( MALDI-  TOF)  [ 50 ] 

 γ-Fe 2 O 3 @DyVO 4   100 fmol ( β-casein)    5 min  Bruker Autofl ex III ( MALDI-  TOF)  [ 50 ] 

 Fe 3 O 4 @La  x  Si  y  O 5   100 fmol ( β-casein)    2 min  Bruker Autofl ex III ( MALDI-  TOF)  [ 52 ] 

 Fe 3 O 4 @hYPO 4   10 fmol ( β-casein)    2 min  AB SCIEX 5800 ( MALDI-
  TOF/TOF) 

 [ 54 ] 

 PA-Fe 3 O 4 @YPO 4   8 fmol ( β-casein)    20 s  Bruker Autofl ex III ( MALDI-  TOF)  [ 55 ] 

Magnetic Nanocomposites for Phosphopeptide Enrichment
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earth metals, such as La 3+ , Ho 3+ , Er 3+ , and Ce 4+ , have also been 
successfully used for the capture of phosphorylated peptides using 
IMAC [ 57 ,  58 ]. 

 A common method of functionalizing the surface of nanopar-
ticles with IDA groups is by reacting IDA with a silane coupling 
agent such as 3-glycidoxypropyltrimethoxysilane (GLYMO). 
GLYMO-IDA can then be grafted onto the surface of silica-coated 
Fe 3 O 4 , providing chelate sites for the immobilization of metal ions. 
The presence of silica prevents iron leaching at acidic pH, and 
helps dispersing the particles in solution, besides providing func-
tional groups at the surface of the particles [ 59 ]. GLYMO-IDA has 
already been used to attach Fe 3+  and Ce 4+  ions at the surface of 
magnetic silica nanocomposites [ 58 ,  60 ,  59 ]. Ce 4+ -magnetic silica 
nanocomposites provided higher phosphopeptide selectivity than 
Fe 3+ -magnetic silica [ 58 ]. 

 A different methodology consisted of coating the magnetic iron 
oxide core with poly(2-hydroxyethylmethacrylate-co-glycidyl meth-
acrylate) (P(HEMA–GMA)), a polymer which endows both hydro-
philicity to prevent nonspecifi c binding of peptides, and oxirane 
functional groups able to react with diethyl ester of IDA. Fe 3+  and 
Ga 3+  immobilized IDA-modifi ed magnetic nanoparticles success-
fully enriched the samples in both mono- and multi- phosphorylated 
peptides with minor interference of acidic peptides [ 61 ]. 

 Ga 3+  and Zr 4+  immobilized NTA-modifi ed magnetic nanopar-
ticles are able to detect as little as 50 fmol phosphopeptides from 
tryptic digests of α- and  β-casein  s, with the entire process taking less 
than 10 min. Fe 3 O 4  particles are fi rst silanized and coated with suc-
cinic anhydride, and then functionalized with NTA using carbodi-
imide chemistry. Fe 3 O 4 /NTA/Zr 4+  presents higher phosphopeptide 
binding capacity than Fe 3 O 4 /NTA/Ga 3+  owning to the fact that 
Zr 4+  presents higher coordination number and consequently pro-
vides a larger number of phosphopeptide binding sites [ 62 ]. 

 The urgent need for rapid automated systems that combine 
pre-concentration and selective extraction of phosphorylated spe-
cies from complex samples, allowing qualitative and quantitative 
analysis, led to the appearance of high-throughput platforms. With 
this purpose, a robotic platform that manipulates magnetic beads 
in a 96-well format, providing highly selective automated enrich-
ment of phosphopeptides and rapid evaluation of experimental 
parameters, such as metal/chelator combinations, buffer composi-
tion, and sample clean-up conditions, was recently described. A 
combination of six metal ions (Fe 3+ , Ga 3+ , Al 3+ , Zn 2+ , Cu 2+ , ZrO 2+ ) 
and two chelating agents (IDA and NTA) were screened. Generally 
speaking NTA outperformed IDA, and best results in terms of 
number of phosphopeptides identifi ed and selectivity were found 
for magnetic particles functionalized with NTA and either Fe 3+  or 
Ga 3+ . Experiments were conducted in parallel in 96-well plates and 
completed in approximately 45 min [ 63 ]. 
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 Considerable efforts have been made to surpass problems asso-
ciated with low ligand density and metal-leaching observed for tra-
ditional IDA and NTA linkers. Very recently, Ti 4+ -immobilized 
multilayer polysaccharide coated magnetic nanoparticles have been 
reported as an exquisite alternative, presenting an extremely low 
detection limit of 0.5 fmol, large binding capacities (100 mg/g), 
an enrichment recovery of 85 %, and rapid magnetic separation 
(10 s). In addition, these nanocomposites were effective in the 
enrichment of human serum and nonfat milk. The Fe 3 O 4  core is 
coated with two layers of silica, which is further functionalized fi rst 
with a thick multilayer polysaccharide consisting of hyaluronate 
(HA) and chitosan (CS), and second with titanium phosphate 
(Fe 3 O 4 @SiO 2 @(HA/CS) 10 -Ti 4+ ). The multilayer polysaccharide 
provides both hydrophilic properties and larger number of immo-
bilized Ti 4+  ions [ 64 ]. 

 Recently, Zhang and coworkers have reported the use of ade-
nosine triphosphate ( ATP  ) as chelating ligand. ATP presents two 
main advantageous features: (1) it is hydrophilic and therefore 
minimizes nonspecifi c binding of non-phosphorylated peptides 
through hydrophobic interactions; and (2) it is able to immobilize 
metal ions through intermolecular and intramolecular forces pro-
viding cross-linked metal-phosphonate sites for the binding of 
phosphorylated peptides. Using on-target enrichment it was pos-
sible to identify peptides from  β-casein   tryptic digests at the atto-
mole level [ 65 ]. 

 Table  4  presents the sensitivity and enrichment times of differ-
ent  IMAC  -based magnetic nanocomposites.

      As mentioned in the previous section, coating nanoparticles with 
polymers may present several advantages, as they tune surface 
chemistry by introducing different functional groups, help pre-
venting particle agglomeration and reduce nonspecifi c binding. 

2.4  Polymer-Based 
Magnetic 
Nanocomposites

   Table 4 
  Sensitivity and enrichment time of different  IMAC   coated-magnetic nanocomposites   

 Nanocomposite  Detection limit 
 Enrichment 
time  Instrumentation  Ref. 

 Fe 3 O 4 @SiO 2 @GLYMO-IDA-Fe 3+   20 fmol 
(α-casein) 

 30 min  Applied Biosystems 4800 
( MALDI-  TOF/TOF) 

 [ 60 ] 

 Fe 3 O 4 @SiO 2 @NTA-Zr 4+   50 fmol (α- and 
 β-casein)   

 30 s  Bruker Bifl ex III 
( MALDI-  TOF) 

 [ 62 ] 

 Fe 3 O 4 @SiO 2 @NTA-Ga 3+  

 Fe 3 O 4 @SiO 2 @(HA/CS) 10 -Ti 4+   0.5 fmol 
( β-casein)   

 30 min  AB SCIEX 5800 
( MALDI- TOF /TOF) 

 [ 64 ] 

 Fe 3 O 4 @ ATP-  Ti 4+   3 amol ( β-casein)    N.A.  N.A.  [ 65 ] 

   N.A.  not available  
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The choice of polymer is extremely important and several factors 
must be carefully considered, such as charge, hydrophobicity, 
molecular weight, conformation, biodegradation, degree of sur-
face coverage [ 32 ,  66 ,  67 ]. 

 Chen and coworkers have used polyethylenimine (PEI), a 
branched polymer with a high-density of amine groups and strong 
protonation capacity, to coat Fe 3 O 4  MNPs. PEI-coated MNPs 
were able to enrich phosphopeptides from tryptic digests of pro-
tein mixtures consisting of 0.07 % (mol/mol) phosphoproteins in 
only 1 min. The sensitivity of the method was determined to be 
5 fmol using α- and  β-casein   tryptic digests. PEI-coated MNPs are 
positively charged within a wide pH range (3–11) and interact 
electrostatically with the negatively charged phosphate groups. 
However, similar to other enrichment methods, factors such as the 
composition of the binding buffer have visible effects on phospho-
peptide binding. When 100 % ACN/0.1 %  TFA   (v/v) was used as 
binding solvent, both mono- and multi-phosphorylated peptides 
were detected on the  MS spectra  . Increasing the water content of 
the binding solvent (50 % ACN/0.1 % TFA (v/v)) led to the iden-
tifi cation of higher intensity peaks correspondent to multi- 
phosphorylated peptides, but the mono-phosphorylated species 
did not appear on spectra. This is speculated to be related to the 
fact that hydration promotes phosphopeptide binding and, there-
fore, the preferential binding of multiply phosphorylated peptides. 
A two-step treatment using both solvents, fi rst 100 % ACN/0.1 % 
TFA (v/v) and then 50 % ACN/0.1 % TFA (v/v), provided 
improved results as both mono- and multi-phosphorylated pep-
tides could be identifi ed with higher intensities [ 68 ]. 

 A new method coined “polymer-based metal ion affi nity cap-
ture ( PolyMAC  )” has been revolutionizing the concept of phos-
phopeptide enrichment. The method consists of functionalizing a 
soluble nanopolymer (polyamidoamine (PAMAM) dendrimer 
generation 4) with phosphonate groups which in turn chelates Ti 4+  
ions. The nanopolymer is also modifi ed with aldehyde (“handle”) 
groups. In total, the PolyMAC-Ti 4+  reagent contains 35 Ti 4+  and 6 
aldehyde groups, but this number can be tailored by adapting the 
reaction conditions. PolyMAC-Ti 4+  captures phosphopeptides in 
solution phase and is then immobilized onto a solid support, such 
as agarose or magnetic beads, through the formation of a  hydrazone 
bond between its aldehyde groups and hydrazine groups at the 
surface of the solid support ( see  Fig.  3 ). PolyMAC showed better 
performance in terms of number of unique phosphosites identifi ed 
and enrichment selectivity when compared to other commercially 
available  TiO 2    and  IMAC   reagents ( see  Table  1 ) [ 69 ].

      The number of novel magnetic nanocomposites with affi nity for 
phosphorylated peptides is increasing day to day. This section 
describes some of the recently reported novel composites which 
showed great potential for phosphopeptide enrichment. 

2.5  Other Magnetic 
Nanocomposites
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 During the last decade, a few phosphate-affi nity ligands based 
on metal chelation have been reported in the literature [ 15 ]. 
Among them,  Phos-tag   excelled by its competitiveness to other 
commercially available traditional implemented  IMAC   and  MOAC   
based materials. Phos-tag consists of an alkoxide-bridged dinuclear 
Zn(II) complex with 1,3-bis(pyridin-2-ylmethylamino)propan-2- 
olate which is able to chelate phosphate moieties through the diva-
lent metal ion ( see  also Chapter   3    ). Zn 2+ -Phos-tag was attached to 
 N -hydroxysuccinimide-activated agarose-coated magnetic beads 
using a 15-atom amine-terminated spacer ( see  Fig.  4 ). One of the 
advantages of this method is that it allows the use of buffers at 
physiological pH. Phosphate binding capacity was 4 μmol phenyl 
phosphate dianion per milliliter Zn 2+ -Phos-tag magnetic beads. 
Beads can be used up to 15 times without loss of performance and 
phosphopeptide recovery yields of nearly 100 % [ 70 ].

   The chemical stability and excellent mechanical and electronic 
properties of carbon nanotubes (CNTs) boosted their application 
in numerous scientifi c fi elds [ 71 ]. CNTs have been combined with 

  Fig. 3     Phosphopeptide   capture using  PolyMAC  . PolyMAC beads chelate phosphate groups of phosphopeptides 
through Ti 4+  metal ions. Phosphopeptide-bound PolyMAC are then reacted with hydrazine-functionalized mag-
netic beads via aldehyde groups at the surface of the nanopolymer       
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  Fig. 4    Illustration of amino-pendant Zn 2+ - Phos-tag   ligand       
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several solid supports, such as gold and magnetic nanoparticles, 
because they help preventing macroscopic particle agglomeration. 
Recently, magnetic CNTs were synthesized via a hydrothermal 
method and then modifi ed with  TiO 2    (MagCNT@TiO 2 ). TiO 2  was 
added in order to increase the surface area and due to its phosphate- 
affi nity properties. The composites presented a sensitivity of 
20 fmol for a tryptic  β-casein   digest and could be reused up to ten 
times [ 72 ]. 

 Fe 3 O 4  particles derivatized with octadecyltrimethoxysilane 
(C 18 -functionalized magnetic beads) have been used to capture 
both phosphorylated and non-phosphorylated peptides, which can 
subsequently be selectively desorbed and analyzed by MS without 
the need of an elution step. C 18  binds non-phosphorylated peptides 
through hydrophobic interactions, while the Fe 3 O 4  core is able to 
chelate phosphorylated peptides. Desalting is achieved by washing 
the particles with 0.1 % formic acid (v/v). After desalting, particles 
can be resuspended in α-cyano-4-hydroxy-cinnamic acid (α-CHCA) 
matrix and spotted onto the  MALDI   target for the identifi cation of 
non-phosphorylated peptides. The analysis of phosphorylated pep-
tides requires two additional washing steps with 75 % ACN/0.25 % 
H 2 SO 4  and 75 % ACN/1 % NH 4 OH in order to remove the non-
phosphorylated peptides bound to the particles. The washed parti-
cles are then resuspended in 2,5- DHB   with 1 % H 3 PO 4  and spotted 
onto the MALDI plate. The choice of an appropriate MALDI 
matrix is critical for a sensitive and accurate identifi cation of both 
phosphorylated and non-phosphorylated peptides [ 73 ].   

3    Conclusions 

  Magnetic nanocomposite   s   are promising materials in the phospho-
proteomics fi eld, because they combine the superparamagnetic 
properties of the Fe 3 O 4 /γ-Fe 2 O 3  core with the phosphate-affi nity 
properties of different coating materials. In addition, Fe 3 O 4 /γ-
Fe 2 O 3  nanoparticles are able to absorb microwave radiation, allow-
ing faster enzymatic digestion and shorter incubation periods. 
Therefore, these multifunctional composites are optimized for high-
throughput protocols, which are both time and cost effective.     
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    Chapter 14   

 Two Dimensional Gel Electrophoresis-Based Plant 
Phosphoproteomics       

     Chao     Han     and     Pingfang     Yang      

  Abstract 

   Phosphorylation is one of the most important reversible protein modifi cations and is involved in regulating 
signal transduction, subcellular localization and enzyme activity of target proteins. Phosphorylation or 
dephosphorylation of proteins is directly refl ected in changed ratios of phosphoprotein abundance and 
total protein abundance. Two-dimensional gel electrophoresis (2-DE)-based proteomics allow quantifi ca-
tion of both total protein abundance by Coomassie Brilliant Blue (CBB) staining and phosphoprotein 
abundance by fl uorescence-based staining. Pro-Q diamond phosphoprotein stain (Pro-Q DPS) can bind 
to the phosphate moiety of the phospho-amino acid directly, regardless of the nature of the phospho- 
amino acid. Phosphoproteins can thus be detected using proper excitation light, quantifi ed using image 
analysis software and subsequently be subjected to analysis by mass spectrometry. Here, we describe a 
protein phosphorylation status analysis method combining both CBB and Pro-Q DPS staining based on 
2-DE gel-based phosphoproteomics, which has been widely applied to plant phosphoproteomics studies.  

  Key words      Phosphoproteomics    ,   2-DE  ,   Pro-Q  ,    Coomassie   brilliant blue  

1      Introduction 

  Two dimensional gel electrophoresis   (2-DE) combined with mass 
spectrometry analysis is a classic strategy for proteomics studies, 
which cannot only be used for protein quantifi cation but also for 
protein modifi cation analysis. Gel-free proteomics strategies have 
become more and more popular because of the improvement in 
mass spectrometry technology. Nevertheless proteomics workfl ows 
relying on two dimensions of gel electrophoreses (2-DE), which 
can separate proteins based on their isoelectric points on the fi rst 
dimension and molecular weight on the secondary one, are still 
amongst the most reproducible and robust proteomics setups [ 1 ]. 
2-DE gel-based proteomics can serve as a platform for protein 
modifi cation studies by exploiting the fact that many modifi cations 
induce a pI shift and thus a separation of the modifi ed protein from 
the pool of the unmodifi ed one [ 2 ]. Pro-Q Diamond dyes can be 



214

used for fl uorescent detection of phosphorylated proteins directly 
in sodium dodecyl sulfate (SDS) polyacrylamide gels or 2-DE gels. 
This fl uorescent dye possesses linear signal intensity depending on 
phosphoprotein abundance and the amount of phosphorylated 
amino acids in a protein, whose expression does not change [ 3 ]. 
Pro-Q DPS dye, as a commercial product, is a high cost reagent for 
those methods. Proper dilution and storage conditions as intro-
duced by Ganesh K. Agrawal and Jay J. Thelen [ 4 ] are necessary 
for prolonging the usage period of the dyes. According to their 
dilution method, we obtained high quality Pro-Q stain gel images 
for our recent work on rice germinating seeds [ 5 ]. Moreover, the 
staining with Pro-Q dye is compatible with other dyes, such as 
 Coomassie   Brilliant Blue (CBB) and SYPRO Ruby, as well as with 
analysis by mass spectrometry [ 3 ,  6 ]. Therefore, combining 2-DE 
and Pro-Q staining is an ideal strategy for quantitative phospho-
proteomic analysis on a global scale, which has been widely used in 
large-scale functional protein detection in seed development [ 7 ], 
fl ooding stress [ 8 ], cell dedifferentiation [ 9 ] and subcellular organ-
elles [ 10 ]. Besides, it is also a tool of detecting phosphorylated 
isoforms of specifi c target protein [ 11 ]. Here we present a gel-
based phosphoproteomic workfl ow used for plant tissues including 
2-DE and Pro-Q staining processes.  

2    Materials 

 Prepare all solutions using ultrapure Milli-Q water (18 M Ω, 
25 °C) and analytical grade reagents. All solutions should be stored 
at proper temperature. 

       1.    Mortar and pestle. All mortars and pestles are sterilized at 
120 °C, 0.15 MPa for 20 min.   

   2.    Extraction Buffer: 20 mM Tris–HCl (pH 7.5), 250 mM 
sucrose, 10 mM  EGTA  , 1 mM protease inhibitor phenylmeth-
ylsulfonyl fl uoride (PMSF), 1 mM dithiothreitol ( DTT  ), 1 % 
 Triton X  - 100 , and phosphatase inhibitor 5 mM sodium fl uo-
ride, 5 mM sodium orthovanadate, 25 mM glycerophosphate, 
10 mM sodium pyrophosphate. Stored at 4 °C.  Phosphatase   
inhibitor, protease inhibitor and DTT are added into Extraction 
Buffer right before use. PMSF, DTT, sodium fl uoride and 
sodium orthovanadate are prepared as 100 mM, 1 M, 500 mM 
and 500 mM storage solution, respectively. 1 mL Extraction 
Buffer is mixed with 10 μL PMSF storage solution, 1 μL DTT 
storage solution, 10 μL sodium fl uoride storage solution, 
10 μL sodium orthovanadate storage solution, 0.0054 g glyc-
erophosphate, and 0.0027 g sodium pyrophosphate.   

2.1  Protein 
Extraction: Tris/
 Acetone   Method

Chao Han and Pingfang Yang
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   3.    Protein Depositing Solution: 100 %  Acetone   stored at room 
temperature, precooled at −20 °C.   

   4.    Lysis Buffer: 7 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 
65 mM  DTT  , and Bio-Lyte pH 5–8 (Bio-Rad). Stored at 
−20 °C.   

   5.    Table top centrifuge.   
   6.    Probe sonicator.   
   7.    Liquid nitrogen.   
   8.    SpeedVac.      

       1.     Bradford   Storage Solution is prepared as follows: mix 100 mL 
95 % ethanol, 200 mL 88 % phosphoric acid, 350 mg 
 Coomassie   brilliant blue G250 and 200 mL Milli-Q water. 
Bradford Working Solution is prepared as follows: mix 30 mL 
Bradford Storage Solution, 30 mL 88 % phosphoric acid, 
15 mL 95 % ethanol and 425 mL Milli-Q water.   

   2.    1 mg/mL bovine serum albumin ( BSA  ) standard solution. 
Stored at 4 °C.   

   3.    Spectrophotometer with 4 mL glass cell.      

       1.    Protein IEF Cell, Protean IEF system with 17 cm disposable 
trays (e.g., Bio-Rad, Hercules, CA, USA).   

   2.    Linear IPG strips (pH 4–7, 17 cm, Bio-Rad).   
   3.    Mineral oil.   
   4.    1 % (w/v) bromophenol blue.   
   5.    Filter paper.      

       1.    Vertical electrophoresis Protean II xi Cell (Bio-Rad).   
   2.     Acrylamide   stock solution: 30 % (w/v) acrylamide, 0.8 %  N,N ′-

methylene bis-acrylamide. Stored at 4 °C.   
   3.    1.5 M Tris–HCl, pH 8.8, stored at room temperature.   
   4.    10 % (w/v) SDS stored at room temperature.   
   5.     TEMED   ( N,N,N ′ ,N ′-tetramethyl-ethylenediamine) stored at 

4 °C, use fresh.   
   6.    10 % (w/v) ammonium persulfate stored at −20 °C.   
   7.    SDS Equilibration Buffer: 37.5 mM Tris–HCl pH 8.8, 6 M 

(w/v) urea, 20 % (v/v) glycerol, 2 % (w/v) SDS. Stored in 
single-use aliquots at −20 °C in 10 mL Falcon tubes.   

   8.    Reduction Solution: 2 % (w/v)  DTT   in SDS Equilibration 
Buffer. Prepare fresh before use.   

   9.    Alkylation Solution: 2.5 % (w/v) iodoacetamide in SDS 
Equilibration Buffer. Prepare freshly before use.   

2.2  Protein 
Quantifi cation: 
 Bradford   Method

2.3  Protein 
Isoelectric Focusing 
(IEF)

2.4   SDS-PAGE  

2-D Based Plant Phosphoproteomics 
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   10.     Agarose   Sealing Solution: 0.5 % (w/v) low melting point aga-
rose, 25 mM Tris–HCl (pH 7.5), 192 mM glycine, 0.1 % 
(w/v) SDS, 0.001 % (w/v) bromophenol blue. Stored at 
room temperature.   

   11.    Electrophoresis Buffer: 25 mM Tris–HCl (pH 7.5), 192 mM 
glycine, 0.1 % SDS. Stored at room temperature.      

       1.    Plastic gel staining box, size 20 cm × 20 cm × 5 cm.   
   2.    Shaker.   
   3.    Pro-Q DPS dye (Invitrogen, Carlsbad, CA, US). Stored at 

4 °C ( see   Note 1 ).   
   4.    Fixation Solution: 50 % (v/v) methanol, 10 % (v/v) acetic 

acid. Stored at room temperature.   
   5.    Staining Solution: 3× diluted Pro-Q DPS dye (v/v) in Milli-Q 

water. Prepare freshly before use.   
   6.    Destaining Solution: 50 mM sodium acetate-acetic acid 

pH 4.0, 20 % (v/v) acetonitrile. Prepare stock solution (1 M 
sodium acetate-acetic acid pH 4.0). To prepare 1 L of 
Destaining Solution, combine 50 mL of stock solution, 
750 mL Milli-Q water and 200 mL of acetonitrile.      

       1.    CBB Staining Solution: 0.116 %  Coomassie   Brilliant Blue 
(CBB) R250, 25 % ethanol, 8 % acetic acid. Stored at room 
temperature.   

   2.    CBB Destaining Solution: 25 % ethanol, 8 % acetic acid. Stored 
at room temperature.      

       1.    Laser scanner Typhoon 5600 scanner.   
   2.    Image scanner.      

       1.    PDQuest software.      

       1.    Speed Vac Concentrator system (e.g., Labconco, Kansas, USA).   
   2.    Discolor Solution: 25 mM ammonium acid carbonate 

(NH 4 HCO 3 ), 50 % acetonitrile.   
   3.    Desiccation Solution: 50 % acetonitrile.   
   4.     Trypsin   Storage Solution: 20 μg sequence grade trypsin 

diluted in 50 mM acetic acid. Stored at −80 °C.   
   5.     Trypsin   Working Solution: Trypsin Storage Solution diluted 

10× with 25 mM NH 4 HCO 3 . Freshly prepared before use.   
   6.    Peptide Extraction Solution I: 0.1 % trifl uoroacetic acid in 

 acetonitrile. Freshly prepared before use.   
   7.    Peptide Extraction Solution II: 0.1 % trifl uoroacetic acid. 

Freshly prepared before use.   

2.5  Phosphoprotein 
Staining Using 
Pro-Q Dye

2.6  Protein Staining 
Using  Coomassie   
Brilliant Blue

2.7  2-DE Gel Image 
Obtaining

2.8  Gel Image 
Analysis

2.9  Protein Spots 
Excision and In-Gel 
Digestion

Chao Han and Pingfang Yang



217

   8.    Peptide Extraction Solution III: 0.1 % trifl uoroacetic acid, 50 % 
acetonitrile. Freshly prepared before use. Prepare the Peptide 
Extraction Primary Buffer A (1 % trifl uoroacetic acid in aceto-
nitrile) and B (1 % trifl uoroacetic acid). To get 1 mL Peptide 
Extraction Buffer I, mix 100 μL Peptide Extraction Primary 
Buffer A and 900 μL acetonitrile. For preparing 1 mL Peptide 
Extraction Buffer II, mix 100 μL Peptide Extraction Primary 
Buffer B and 900 μL Milli-Q water. To get 1 mL Peptide 
Extraction Buffer III, mix 100 μL Peptide Extraction Primary 
Buffer B, 400 μL Milli-Q water, and 500 μL acetonitrile.      

       1.    Peptide Solving Solution: 0.1 % trifl uoroacetic acid, 50 % 
acetonitrile.   

   2.    10 mg/mL α-Cyano-4-hydroxycinnamic acid.   
   3.    Target plate.   
   4.     MALDI  -TOF/TOF analyzer (e.g., AB SCIEX, Foster City, 

USA; Type 5800).   
   5.    Data analysis software.       

3    Methods 

 A proper protein extraction method for experimental material and 
the gel size are crucial factors for perfect protein separation in the gel 
system. Proper protein separation is benefi cial for phosphoprotein 
staining, which has a positive effect on phosphoprotein abundance 
quantifi cation in the Pro-Q-stained gel image. The Tris/ Acetone   
protein extraction method introduced here is suitable for various 
plant tissues, including rice seed, soybean seed, soybean pistil, maize 
leaf and endosperm, rape stem and root [ 12 – 15 ]. Larger-sized gels, 
ranging from 17 cm to 24 cm, are favorable for separation of 
proteins which possess close isoelectric points and molecular 
weights [ 3 ,  7 ]. Both biological and experimental replicates are 
required for downstream data analysis, in order to confi rm that 
phosphoprotein spots emerge at constant positions in the 2-DE gel. 

       1.    Mince plant tissues (0.1–0.2 g) in liquid nitrogen and transfer 
the powder to a 50 mL falcon tube containing 5 mL of 
Extraction Buffer ( see   Note 2 ).   

   2.    Sonicate for 10 min.   
   3.    Centrifuge at 12,000 ×  g  at 4 °C for 20 min and transfer the 

supernatant to a new falcon tube.   
   4.    Add 15 mL Protein Depositing Solution and keep at −20 °C 

for 2 h.   
   5.    Centrifuge at 12,000 ×  g  at 4 °C for 20 min and remove 

supernatant.   

2.10  Mass 
Spectrometry Analysis

3.1  Protein 
Extraction from Plant 
Tissues with Tris/
 Acetone   Method

2-D Based Plant Phosphoproteomics 
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   6.    Add 1 mL Protein Depositing Solution and resuspend the 
 pellet thoroughly.   

   7.    Transfer the solution together with the pellet to a fresh 2 mL 
tube.   

   8.    Wash twice with Protein Depositing Solution.   
   9.    Discard the supernatant and dry the pellet by evaporation with 

CentriVap Concentrator system at 4 °C for 5 min.   
   10.    Resuspend the dried protein powder in 0.5 mL Lysis Buffer 

and store at −20 °C ( see   Note 3 ).      

       1.    Prepare the protein standard using a  BSA   Standard Solution. 
Add 2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 μL 1 mg/mL BSA 
standard solution into 4 mL tubes.   

   2.    Add the proper volume of Lysis Buffer into each tube to a fi nal 
volume of 100 μL.   

   3.    Add 100 μL Lysis Buffer into a new tube as the blank sample.   
   4.    Add 2.9 mL  Bradford   Working Solution into each tube and 

keep at room temperature for 5 min.   
   5.    After blanking on spectrophotometer, measure the standard 

sample absorbance at 595 nm and produce a standard curve 
for protein concentration calculation.   

   6.    Add 5 μL protein sample in Lysis Buffer and 95 μL Lysis 
Buffer into a 4-mL tube.   

   7.    Add 2.9 mL  Bradford   Working Solution to the protein sample 
and keep at room temperature for 5 min.   

   8.    Measure standard sample absorbance at 595 nm and calculate 
the sample concentration ( see   Note 4 ).      

       1.    Add 1 mg of protein into a 1.5-mL microfuge tube and bring 
the fi nal volume to 330 μL with Lysis Buffer.   

   2.    Add 0.5 μL 1 % (w/v) bromophenol blue and vortex briefl y.   
   3.    Centrifuge at 12,000  × g  for 5 min.   
   4.    Pipette the supernatant into the IPG rehydrating tray from the 

left side to the right side ( see   Note 5 ).   
   5.    Peel apart the dehydrated IPG strip (pH 4–7; 17 cm) and 

place the dried acrylamide side facing downward onto the 
sample solution in the IPG focusing tray.   

   6.    Keep at room temperature for 1–2 h.   
   7.    After all the sample solution is absorbed into the strip, add 2 mL 

of mineral oil into the channel of the rehydration tray to cover 
the strip. Keep at room temperature for 16 h ( see   Note 6 ).   

   8.    After rehydrating, place the strip into the IPG focusing tray, 
which has already been set with wet fi lter paper pieces onto the 
wire electrode.   

3.2  Protein 
Quantifi cation: 
 Bradford   Method

3.3  Protein 
Isoelectric Focusing

Chao Han and Pingfang Yang



219

   9.    Add 2 mL of mineral oil into the channel of the focusing tray. 
Finally put the IPG focusing tray into the Protean IEF system.   

   10.    Use a four-step focusing protocol: 50–200 V for 1 h; 200–
500 V for 1.5 h; 500–8000 V for 5 h; 8000 V for a total of 
42,000 Vh.      

       1.    Clean the gel polymerization glass plate using deionized water 
and set the plate well for gel polymerization ( see   Note 7 ).   

   2.    For each 17 cm gel, add 16 mL acrylamide stock solution, 
13.2 mL Milli-Q water, 10 mL 1.5 M Tris–HCl pH 8.8, 
0.4 mL 10 % SDS, 0.4 mL 10 % ammonium persulfate and 
32 μL  TEMED  . After mixing with a stirring rod for several 
seconds, pour the gel solution into the glass plates and leave 
0.5 cm empty space on the top boundary of the glass plates 
( see   Note 8 ).   

   3.    Pipette 1–2 mL Milli-Q water gently on top of the gel solu-
tion. Keep at room temperature for polymerization until there 
is a clear boundary between gel and water. Usually, this takes 
about 40 min ( see   Note 9 ).   

   4.    After focusing remove the strip from IPG focusing tray.   
   5.    Wash the strip in Milli-Q water for a few seconds in order to 

remove mineral oil.   
   6.    Put the strip into a clean rehydrating tray and with the gel side 

facing up.   
   7.    Add 5 mL Reduction Solution for each strip and shake gently 

at room temperature for 17 min.   
   8.    Put the strip into a new channel of the rehydrating tray, add 

5 mL Alkylation Solution and shake gently at room tempera-
ture for 15 min.   

   9.    After washing the strip in Milli-Q water for a few seconds, put 
the strip on the top of the polymerized acrylamide gel 
( see   Note 10 ).   

   10.    Add 1 mL heated and melted  Agarose   Sealing Solution to 
cover the strip.   

   11.    After the agarose solidifi ed, set the glass plate containing the gel 
and the strip onto a vertical electrophoresis Protean II xi Cell.   

   12.    Add 1.5–2 L Electrophoresis Buffer into electrophoresis cell.   
   13.    Follow a two step electrophoresis protocol: 100 V for 20 min; 

200 V for 6 h.      

       1.    Take out the glass mold from the electrophoresis cell.   
   2.    Transfer the gel to the staining box carefully.   
   3.    Wash the gel twice with 250 mL of Milli-Q water for 5 min 

each.   

3.4   SDS-PAGE  

3.5  Phosphoprotein 
Staining Using 
Pro-Q Dye

2-D Based Plant Phosphoproteomics 
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   4.    Incubate at room temperature on a shaker at a speed of 60 rpm 
for all steps of the Pro-Q staining process.   

   5.    Put the gel into 200 mL of Fixation Solution and incubate for 
at least 1 h.   

   6.    Wash the gel twice with 250 mL of Milli-Q water for 10 min 
each.   

   7.    Incubate the gel in the dark for 2 h in 150 mL of Staining 
Solution containing the Pro-Q dye.   

   8.    Put the gel in 250 mL of Destaining Solution and incubate in 
the dark for 30 min.   

   9.    Repeat this step three more times for at least 2 h each.   
   10.    Wash the gel with 250 mL of Milli-Q water in the dark for 

5 min. Repeat one more time.   
   11.    Scan the gel using laser scanner Typhoon 5600 with 532 nm 

excitation and 580 nm emission fi lters. Collect the data at 
100 μm resolution and export TIFF fi les.      

       1.    After scanning, immerse the gel in CBB R-250 Staining 
Solution on a shaker at a speed of 40 rpm overnight at room 
temperature.   

   2.    Transfer the gel into CBB R-250 Destaining Solution and 
keep shaking at a speed of 40 rpm at room temperature.   

   3.    Change the CBB R-250 Destaining Solution frequently until 
the background color on the gel is faded.   

   4.    Scan and analyze the gel using a scanner. Collect data at 600 
dpi resolution and export TIFF fi les.      

       1.    Gel images of Pro-Q staining and CBB staining are analyzed 
using PDQuest software. Student  t-test  analysis is used to 
determine signifi cantly changed phosphoprotein spots.   

   2.    The gel spots containing phosphoproteins are excised with a 
pipette tip and kept in 1.5-mL microfuge tubes.   

   3.    After washing with Milli-Q water, incubate gel spots in 50 μL 
Discolor Solution for 20 min at 37 °C. Shake the tube 
 intermittently during this process until the color of the spot 
has faded.   

   4.    Remove the Discolor Solution. Add 50 μL of Desiccation 
Solution and incubate for 5 min at room temperature.   

   5.    Remove the Desiccation Solution and dry the spot in a 
CentriVap Concentrator system at 4 °C for 5 min.   

   6.    Add 5 μL  Trypsin   Working Solution and incubate at 4 °C for 
1 h until gel spot is rehydrated.   

3.6  Protein Staining 
Using  Coomassie   
Brilliant Blue

3.7  Protein Spot 
Excision and In-Gel 
Digestion

Chao Han and Pingfang Yang
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   7.    Add 30 μL 25 mM NH 4 HCO 3  and incubate at 37 °C for 16 h.   
   8.    After digestion, collect the digested solution (supernatant) 

into a new 1.5 mL microfuge tube.   
   9.    Add the Peptide Extraction Buffer I to the gel spot tube to 

extract the residual peptide from the gel spot.   
   10.    Sonicate 10 min at room temperature and transfer the extrac-

tion solution into the 1.5-mL microfuge tube from  step 8 .   
   11.    Repeat the last step using Extraction Buffer II and III, 

respectively.   
   12.    Finally, all extraction solutions are collected into the 1.5-mL 

microfuge tube from  step 8 .   
   13.    The collected peptide solution is dried in a SpeedVac system at 

4 °C for 2 h.      

       1.    Dissolve the tryptic peptides in 5 μL of 0.1 % trifl uoroacetic 
acid, 50 % acetonitrile.   

   2.    Mix with 5 μL 10 mg/mL α-Cyano-4-hydroxycinnamic acid 
in 0.1 % trifl uoroacetic acid, 50 % acetonitrile.   

   3.    Spot peptides on a target plate.   
   4.    Analyze on a 5800  MALDI  -TOF/TOF analyzer (ABI). After 

calibration, parent mass peaks are scanned using 1000 laser 
shots with a mass range of 800–4000 Da. Ten parent mass 
peaks with the highest intensity are picked for tandem TOF/
TOF analysis, each with 1500 laser shots.   

   5.    Search  MS/MS   data against suitable database using Mascot 
software.   

   6.    Assign search parameters for the database and then defi ne pro-
tein assignment criteria to identify phosphoproteins. Search 
parameters are set as follows: fi xed modifi cations of carbami-
domethylation on C and variable modifi cations of oxidation 
on M, up to one missed cleavage, precursor ion tolerance at 
100 p.p.m.,  MS/MS   fragment ion tolerance at 0.4 Da and 
peptide charge of 1+. The matched proteins with scores >70, 
and protein CI% >95 % are selected as identifi ed proteins.       

4    Notes 

     1.    Storage of Pro-Q DPS dye at 4 °C will prolong its stability 
around twofold. Threefold dilution of dye is still suffi cient for 
obtaining high quality gel images.   

   2.    In order to extract suffi cient protein from plant tissue, the 
ratio of Extraction Buffer volume and plant tissue weight 
should be more than 10:1 (mL/g).   

3.8  Mass 
Spectrometry Analysis 
and Data Analysis

2-D Based Plant Phosphoproteomics 
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   3.    After measuring primary protein concentration, dilute the 
sample to around 3.5–4 mg/mL based on primary concentra-
tion and then measure the sample concentration again and 
record. The result is used for sample loading.   

   4.    The resuspended proteins can be stored at −20 °C for 1 week. 
For longer storage, protein samples should be transferred to a 
−80 °C freezer.   

   5.    Pipetting the supernatant into the IPG rehydrating tray will 
generate bubbles, which can impair loading of the sample 
onto the strip. Pipette the solution on one side of tray con-
tinuously and gently to avoid creating bubbles. Make sure that 
the protein sample solution forms an even liquid layer on one 
side of tray. This liquid layer is localized in the middle of the 
tray, which leaves suffi cient empty space at the left and right 
ends of IPG rehydrating tray. Break bubbles using tweezers.   

   6.    When placing the IPG strip onto the protein sample solution, 
put one side of the IPG strip on the empty space of the rehy-
drating tray, left end fi rst. Release the strip gradually and make 
the strip cover the protein sample solution from left to right. 
This will avoid generating bubbles between strip and protein 
sample solution. In order to avoid shifting the strip when add-
ing mineral oil into the tray, pipette the oil into the left end of 
the tray. The oil will fl ow to the other end of the tray auto-
matically and gently.   

   7.    Make sure to clean the glass plates thoroughly with deionized 
water, which avoids generating tiny crests on the surface of the 
gel during polymerization.   

   8.     Acrylamide   stock solution is a nervous toxin, make sure not to 
spill any solution on skin or clothes and wear personal protec-
tive equipment.   

   9.    During the gel polymerization, make sure that there is suffi -
cient water on the top of the gel to avoid the gel from drying. 
A stacking gel can be added if necessary.   

   10.    Paste the plastic side of the IPG strip on the inside of the glass 
plate and push the strip on top of the  SDS-PAGE   gel. Use a 
hard paper to press the gel gently in order to remove the bub-
ble between strip and gel.         
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    Chapter 15   

 Variable Digestion Strategies for Phosphoproteomics 
Analysis       

     Humberto     Gonczarowska-Jorge    ,     Margherita     Dell’Aica    , 
    Clarissa     Dickhut    , and     René     P.     Zahedi      

  Abstract 

   In recent years, mass spectrometry-based phosphoproteomics has propelled our knowledge about the 
regulation of cellular pathways. Nevertheless, typically applied bottom-up strategies have several limita-
tions. Trypsin, the preferentially used proteolytic enzyme shows impaired cleavage effi ciency in the vicinity 
of phosphorylation sites. Moreover, depending on the frequency and distribution of tryptic cleavage sites 
(Arg/Lys), generated peptides can be either too short or too long for confi dent identifi cation using stan-
dard LC-MS approaches. To overcome these limitations, we introduce an alternative and simple approach 
based on the usage of the nonspecifi c serine protease subtilisin, which enables a fast and reproducible 
digestion and provides access to “hidden” areas of the proteome. Thus, in a single LC-MS experiment 
>1800 phosphopeptides were confi dently identifi ed and localized from 125 μg of HeLa digest, compared 
to >2100 sites after tryptic digestion. While the overlap was less than 20 %, subtilisin allowed the identifi ca-
tion of many phosphorylation sites that are theoretically not accessible via tryptic digestion, thus consider-
ably increasing the coverage of the phosphoproteome.  

  Key words      Subtilisin    ,    Phosphopeptide    enrich   ment    ,    Titanium dioxide    ,    Trypsin    ,    Phosphorylation    

1      Introduction 

 Protein phosphorylation is a reversible posttranslational modifi ca-
tion inducing conformational changes in protein structure, which 
in turn can alter protein activity and function. Thus, it plays a cen-
tral role in the dynamic regulation of cellular processes and acts as 
a molecular switch in many different pathways. It is estimated that 
one third of all proteins in eukaryotic cells are phosphorylated 
during their life span, and although the analysis of protein phos-
phorylation by mass spectrometry (usually referred to as phospho-
proteomics) has boosted our knowledge about cellular pathways in 
health and disease, the fi eld still has to face certain limitations [ 1 – 4 ]. 
Some of these limitations derive from the typical bottom-up pro-
teomic workfl ow that usually comprises proteolytic digestion with 
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trypsin, followed by enrichment of phosphorylated peptides and 
subsequent  LC  -MS analysis. Although in proteomics trypsin is 
considered as the protease-of-choice, it has certain limitations with 
regard to specifi city and effi ciency [ 5 – 11 ]. In addition, protein 
phosphorylation in proximity to the proteolytic cleavage site can 
dramatically impair cleavage effi ciency, particularly rendering the 
assessment of phosphorylation stoichiometry extremely challenging—
even if stable isotope labeled reference peptides are used for quan-
titation [ 12 ,  13 ]. When aiming at analyzing the “complete” 
phosphoproteome of a given sample, the usage of a single protease 
implies certain limitations. Thus, certain parts of the proteome 
cannot be covered with trypsin as it generates peptides that are 
either too short (<7 amino acids) or too long (>35 amino acids) 
for routine LC-MS methods, impeding peptide identifi cation and 
phosphorylation site localization, respectively [ 14 ]. 

 To overcome the limitations of tryptic digestion, we introduce 
a simple methodology based on the usage of the serine protease 
subtilisin [ 15 ]. Under optimized conditions subtilisin can be used 
for reproducible digestion and furthermore provides access to new 
phosphorylation sites that are concealed from  LC  -MS identifi ca-
tion after tryptic digestion. Consequently, subtilisin provides access 
to novel phosphorylation sites and thus considerably increases the 
coverage of the phosphoproteome.  

2    Materials 

 All solutions should be prepared using ultrapure deionized water 
and stored at 4 °C, if not indicated otherwise. Use  LC  -MS or 
UPLC grade for  HPLC   solvents. 

       1.    Cell medium: Dulbecco’s Modifi ed Eagle’s Medium ( DMEM  ) 
with  L-glutamine  , 10 % fetal bovine serum, 1 % (v/v) 
penicillin–streptomycin.   

   2.    Cell line:  HeLa   S3 cells (DSMZ, Braunschweig, Germany), 
grown under standard conditions in 75 cm 2  cell culture fl ask 
( see   Note 1 ).   

   3.    Phosphate saline buffer ( PBS  ): 137 mM NaCl, 2.7 mM KCl, 
10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 .   

   4.    Cell Detachment Solution: 0.05 %  Trypsin  , 0.02 % ethylenedi-
aminetetraacetic acid ( EDTA  ) in  PBS  .   

   5.    Cell Lysis Buffer: 50 mM Tris–HCl, 150 mM NaCl, 1 % (w/v) 
sodium dodecyl sulfate (SDS), pH 7.8 (adjust with HCl), pro-
tease inhibitor cocktail complete Mini  EDTA   free, phosphatase 
inhibitor cocktail phosSTOP ( see   Note 2 ).   

   6.     Benzonase   >99 % purity for hydrolysis of nucleic acids.   
   7.    Thermomixer.   

2.1  Cell Culture 
and Lysis

Humberto Gonczarowska-Jorge et al.



227

   8.    Determination of protein concentration: BCA ( bicinchoninic  
acid) protein assay.   

   9.    15 mL falcon tubes.   
   10.    Thermomixer.   
   11.    Tabletop centrifuge.   
   12.    LoBind Eppendorf tube.   
   13.    SpeedVac.   
   14.    Vortex mixer.      

       1.    Reduction Buffer: stock solution of 2 M dithiothreitol ( DTT  ) 
in water, can be stored at −40 °C.   

   2.    Alkylation Buffer: stock solution of 1 M iodoacetamide (IAA) 
in water ( see   Note 3 ).   

   3.    EtOH precipitation: 100 % cold EtOH, store at −40 °C 
before use.      

       1.     Subtilisin   Solution: dissolve subtilisin P5380 (Sigma-Aldrich, 
Seelze, Germany) in 50 mM ammonium bicarbonate (ABC), 
pH 7.8, to a fi nal concentration of 1 μg/μL.   

   2.    Solubilization Buffer: 2 M guanidine hydrochloride (GuHCl) 
in 50 mM ABC, pH 7.8 (adjust pH with HCl).   

   3.    Digestion Buffer: dilute the solubilization buffer to a fi nal 
concentration of 0.2 M GuHCl with 50 mM ABC, pH 7.8 
and add the required volume of subtilisin solution to obtain a 
subtilisin–protein ratio of 1:20 (w/w).   

   4.    Stop Solution: 10 % (v/v) trifl uoroacetic acid ( TFA  ) ( see   Note 4 ).      

       1.     Trypsin   Solution: Sigma trypsin T-1426 (Sigma-Aldrich), 
lyophilized. Dissolve trypsin in 50 mM ammonium bicarbon-
ate (ABC), pH 7.8, to a fi nal concentration of 1 μg/μL.   

   2.    1 M CaCl 2  Stock Solution.   
   3.    Solubilization Buffer, Digestion Buffer (here with trypsin) and 

Stop Solution are as above.      

       1.     HPLC  : UltiMate 3000 rapid separation liquid chromatogra-
phy (RSLC) system (Thermo Fisher Scientifi c, Germering, 
Germany) or similar nano HPLC system.   

   2.    Monolithic columns: monolithic trap and main column (used: 
PepSwift monolithic trap column, 200 μm × 5 mm and PepSwift 
monolithic capillary column, 200 μm × 5 cm (Thermo Fisher 
Scientifi c)).   

   3.    Solvent A: 0.1 %  TFA  .   
   4.    Solvent B: 0.08 %  TFA  , 84 % acetonitrile (ACN).      

2.2   Carbamido-
methylation   (CMC) 
and Ethanol (EtOH) 
Protein Precipitation

2.3  Enzymatic 
Digestion 
with  Subtilisin  

2.4  Enzymatic 
Digestion with  Trypsin  

2.5  Digestion Control 
by Monolithic 
Reversed Phase 
Chromatography

Digestion by variable proteases for phosphoproteomics
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       1.    Adsorption material: titanium dioxide beads, 5 μm.   
   2.    Loading Buffer 1: 80 % ACN, 5 %  TFA  , and 1 M glycolic acid 

( see   Note 5 ).   
   3.    Washing Buffer 1: 80 % ACN, 1 %  TFA  .   
   4.    Washing Buffer 2: 10 % ACN, 0.1 %  TFA  .   
   5.    Elution Buffer: 1 % (v/v) ammonium hydroxide, pH 11.3.   
   6.    Loading Buffer 2: 70 % ACN, 2 %  TFA  .   
   7.    Washing Buffer 3: 50 % ACN, 0.1 %  TFA  .   
   8.    Acidifi cation: 100 % formic acid (FA) and 10 %  TFA  .      

       1.    Solid phase: C18 Empore material (3 M, Neuss, Germany) and 
Oligo R3 material (Applied Biosystems, Foster City, USA).   

   2.    Reversed phase (RP) Washing Buffer: 0.1 %  TFA  .   
   3.    RP Elution Buffer: 70 % ACN, 0.1 %  TFA  .      

       1.     HPLC  : UltiMate 3000 nano RSLC system (Thermo Fisher 
Scientifi c) or similar nano HPLC system.   

   2.    RP columns: C18 trap and main column (used: Acclaim C18 
PepMap100 nano viper trap column, 100 μm × 2 cm, Acclaim 
C18 PepMap100 nano viper main column, 75 μm × 50 cm 
(Thermo Fisher Scientifi c).   

   3.     HPLC   Loading Buffer: 0.1 %  TFA  .   
   4.     HPLC   Solvent A: 0.1 % FA.   
   5.     HPLC   Solvent B: 0.1 % FA, 84 % ACN.   
   6.    Mass spectrometer: Q Exactive Plus mass spectrometer 

(Thermo Scientifi c, Bremen, Germany), or another mass spec-
trometer that can provide high mass accuracy  MS/MS   data.      

       1.    Data analysis software:  Proteome Discover   er   (version 1.3, 
Thermo Scientifi c).   

   2.    Search algorithm: Mascot algorithm (version 2.4.1, Matrix Science).   
   3.     Phosphorylation   site assignment algorithm: phosphoRS 2.0 [ 16 ].   
   4.     False discovery rate   ( FDR  ) estimation: Peptide Validator.   
   5.    Software for in silico tryptic digestion:  DBtoolkit   (version 

4.2.3,   http://code.google.com/p/dbtoolkit/    ) [ 17 ].       

3    Methods 

       1.    Grow  HeLa   cells in 75 cm 2  cell culture fl ask in  DMEM   at 
37 °C in a humidifi ed atmosphere with 5 % CO 2  to a confl u-
ence of 70–80 %.   

2.6  Titanium Dioxide 
( TiO 2   )  Phosphopeptide   
Enrichment

2.7  Sample 
Purifi cation by Solid 
Phase Extraction

2.8  Reversed Phase 
Chromatographic 
Separation and Mass 
Spectrometry

2.9  Data Analysis

3.1  Cell Culture 
and Lysis
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   2.    Remove medium and wash cells once with 5 ml of  PBS   buffer. 
Detach cells using 2 ml of trypsin/ EDTA   Solution and incu-
bate at 37 °C for 3–5 min. Add 8 ml of fresh medium to 
inactivate trypsin and transfer cell suspension to a falcon tube. 
Pellet cells by centrifugation (max. 300 ×  g ) and wash cell pellet 
one to two times with PBS.   

   3.    Lyse cells by addition of Lysis Buffer (approximately 500 μL 
Lysis Buffer per 2 mg of cells).   

   4.    Add benzonase (1.5 μL/100 μL of Lysis Buffer). Add MgCl 2  
Stock Solution to a fi nal concentration of 2 mM. Incubate for 
30 min at 37 °C under gentle shaking in a Thermomixer. If the 
sample is not clear or still viscous, continue for another 10 min.   

   5.    Centrifuge the sample for 30 min at 4 ° C, at 18,000 ×  g . 
Transfer the supernatant preferentially to a LoBind Eppendorf 
tube and discard the pellet.   

   6.    Proceed with a  BCA assay   to determine the protein concentra-
tion using the manufacturer’s protocol. This step is crucial for 
the reproducibility of the experiment. Therefore, for more reli-
able results, measure at least three serial dilutions of each sam-
ple and prepare everything in triplicate ( see   Note 6 ).      

   For evaluating the reproducibility of the workfl ow, perform every 
digestion in triplicate.

    1.    Add  DTT   to a fi nal concentration of 10 mM and incubate at 
56 °C for 30 min to reduce cysteines.   

   2.    To prevent disulfi de bond rearrangement, alkylate free sulfhy-
dryl groups by the addition of IAA to a fi nal concentration of 
30 mM. Incubate for 20 min at room temperature in the dark. 
Always prepare IAA freshly.   

   3.    For removal of SDS, precipitate proteins by adding 9 volumes 
of cold ethanol (−40 °C) to 1 volume of sample in lysis buffer. 
Incubate for 60 min at −40 °C and centrifuge for 30 min at 
4 °C and 18,000 ×  g . Carefully discard the supernatant.   

   4.    Resolubilize the protein pellet in Solubilization Buffer. Use 
approximately 200 μL of Solubilization Buffer for 2 mg of pro-
tein. Pipette up and down until the pellet is completely solubi-
lized. If necessary, add more Solubilization Buffer.   

   5.    Dilute the sample to a fi nal concentration of 0.2 M GuHCl 
using 50 mM ABC buffer. For each sample, save a pre-diges-
tion aliquot corresponding to 1 μg of protein for subsequent 
digestion control using monolithic  HPLC   ( see   Note 7 ).   

   6.    Add proteolytic enzyme solution to a fi nal enzyme–protein 
ratio of 1:20 (w/w). In case of subtilisin, immediately incubate 
at 56 °C for 20 min. In case of trypsin, add CaCl 2  to a fi nal 
concentration of 2 mM and then incubate at 37 °C for 12 h.   

3.2  Sample 
Preparation: 
 Carbamido-
methylation  , Protein 
Purifi cation and 
Digestion

Digestion by variable proteases for phosphoproteomics
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   7.    After incubation, add 10 %  TFA   to a fi nal concentration of 1 % 
in order to stop the digestion.   

   8.    For each sample, save a post-digestion aliquot corresponding 
to 1 μg of digested protein for subsequent digestion control.   

   9.    Perform a digestion control using the monolithic RP separa-
tion on an Ultimate 3000  HPLC  . Therefore, for each sample, 
take the 1 μg aliquots before and after digestion and dilute 
each sample to 15 μL (loading volume for the HPLC autosam-
pler) with 0.1 %  TFA   (Solvent A) [ 5 ] ( see   Note 8 ).      

   This protocol is based on a  TiO 2    phosphopeptide enrichment pro-
tocol published by Larsen and coworkers [ 18 ], ( see  also Chapter   9    ).

    1.    After digestion, dry samples completely under vacuum.   
   2.    Redissolve the sample in 1 mL of freshly prepared Loading 

Buffer 1.   
   3.    For each 100 μg of sample, weigh in 1050 μg of  TiO 2    beads. 

Resuspend the beads in a defi ned volume of Loading Buffer 1, 
e.g., add 52.5 μL of Loading Buffer 1–1050 μg of TiO 2  beads, 
to achieve a fi nal concentration of 20 μg of beads/μL of 
buffer.   

   4.    For a fi rst round of enrichment, add  TiO 2    beads in a bead–pep-
tide ratio of 6:1, e.g., 600 μg (corresponding to 30 μL) of beads 
to 100 μg of peptides, to the dissolved sample ( see   Note 9 )   

   5.    Incubate the samples on a vortex mixer at low speed at RT for 
10 min. Then, centrifuge for 10 s at 18,000 ×  g  to pellet the 
beads. Carefully transfer the supernatant to a new LoBind 
Eppendorf tube. Save the pelleted beads.   

   6.    For a second round of enrichment, add fresh  TiO 2    beads from 
the stock solution to the supernatant, this time corresponding 
to a bead–peptide ratio of 3:1. Repeat the procedure as 
described in  step 5 .   

   7.    For a third round of enrichment, add fresh  TiO 2    beads from 
the stock solution to the supernatant, corresponding to a 
bead–peptide ratio of 1.5:1. Repeat the procedure as described 
in  step 5  ( see   Note 10 ).   

   8.    Pool the beads from all tubes to a new LoBind Eppendorf tube 
using 100 μL of Loading Buffer 1. Centrifuge as mentioned 
above to pellet the beads and discard the supernatant.   

   9.    Wash the beads using 100 μL of  TiO 2    Washing Buffer 1. 
Therefore, vortex for 15 s, centrifuge as above and carefully 
discard the supernatant.   

   10.    Repeat the procedure described in  step 9  using Washing 
Buffer 2.   

   11.    Dry the beads under vacuum.   

3.3   TiO 2    
 Phosphopeptide   
Enrichment
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   12.    Elute the phosphopeptides from the beads using 100 μL of 
 TiO 2    Elution Buffer. Vortex at high speed for 15 s and incu-
bate on a vortex mixer at low speed for 10 min at RT. 
Afterwards, centrifuge for 10 s at 18,000 ×  g  to pellet the 
beads. Carefully transfer the supernatant (the eluate) to a new 
LoBind Eppendorf tube.   

   13.    Add another 30 μL of Elution Buffer and vortex at high speed 
for 15 s. Immediately after centrifugation for 10 s at 18,000 ×  g , 
combine the supernatant with the eluate obtained from,  step 12 .   

   14.    Acidify the eluate using 8 μL of 100 % FA and 2 μL of 10 % 
 TFA   ( see   Note 11 ).   

   15.    Dry the eluate from  step 14  under vacuum.   
   16.    Once the eluate is dried, add 1 mL of Loading Buffer 2.   
   17.    For each 100 μg of sample, weigh in 900 μg of titanium diox-

ide beads. Resuspend the beads in a defi ned volume using 
Loading Buffer 2, e.g., add 45 μL of Loading Buffer 2–900 μg 
of  TiO 2    to yield a fi nal concentration of 20 μg/μL.   

   18.    Repeat the same procedure as described in  steps 4 – 6 . 
However, this time only perform two rounds of  TiO 2    enrich-
ment, using bead–peptide ratios of 6:1 (fi rst round) and 3:1 
(second round), respectively.   

   19.    Pool the beads from both tubes to a new LoBind Eppendorf 
tube using 100 μL of Loading Buffer 2. To pellet the beads, 
centrifuge for 10 s at 18,000 ×  g  and discard the supernatant.   

   20.    Wash the beads using 100 μL of  TiO 2    Washing Buffer 3. 
Vortex for 15 s, centrifuge as above and carefully discard the 
supernatant.   

   21.    Dry the beads under vacuum.   
   22.    Elute the phosphopeptides from the beads using 100 μL of 

 TiO 2    Elution Buffer. Vortex at high speed for 15 s and incu-
bate the samples on a vortex mixer at low speed and RT for 
10 min. Afterwards, centrifuge for 10 s at 18,000 ×  g  to pellet 
the beads. Carefully transfer the supernatant (the eluate) to a 
new LoBind Eppendorf tube ( see   Note 12 ).   

   23.    Add another 30 μL of Elution Buffer and vortex at high speed 
for 15 s. Immediately after centrifugation for 10 s at 18,000 ×  g , 
combine the supernatant with the eluate obtained from  step 22 .   

   24.    Acidify the eluate using 8 μL of 100 % FA and 2 μL of 10 % 
 TFA   ( see   Note 11 ).    

     This step is important not only for desalting, but also to remove 
residual  TiO 2    beads.

    1.    Prepare a C18 stage tip. Cut 5 mm from the top of a conven-
tional 2–200 μL pipette tip. Use the rest of the tip as a 
blunt- ended syringe needle to stamp out a small piece of a 

3.4  Desalting 
of Enriched Samples 
by Solid Phase 
Extraction
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C18 Empore material. Use a gel loader tip to fi x the C18 
material on the bottom of another unaltered conventional 
2–200 μL pipette tip ( see   Note 13 ).   

   2.    Weigh in 5 mg of Oligo R3 material. Solubilize the R3 mate-
rial in 200 μL of 70 % ACN.   

   3.    Pipette 10 μL of the Oligo R3 solution into the C18 stage tip.   
   4.    Activate the materials by pipetting 60 μL of 100 % ACN into 

the C18 stage tip. Pass the liquid through the materials with a 
fi lled air syringe.   

   5.    Equilibrate the materials with 60 μL of 0.1 %  TFA  . Pass the 
liquid through the materials with a fi lled air syringe.   

   6.    Load the complete eluate onto the stage tip. Save the fl ow- 
through and load once more.   

   7.    Desalt by passing 60 μL of 0.1 %  TFA   through the material.   
   8.    Elute your desalted phosphopeptides by slowly passing 60 μL 

of 70 % ACN, 0.1 %  TFA   through the stage tip. Collect the 
eluate in a fresh LoBind Eppendorf tube.   

   9.    Dry the eluted sample under vacuum.    

         1.    The described setup serves as an example and can be modifi ed 
according to the facilities of the laboratory as well as to the 
amount and complexity of the sample. However, for analyzing 
the subtilisin phosphopeptide sample, using high resolution 
and high mass accuracy for both, MS and  MS/MS  , is strongly 
recommended in order to reduce the search space for the fol-
lowing database search and thus increase the number of iden-
tifi cations at a given false discovery rate.   

   2.    For  HPLC   analysis, load the samples onto the RP trap column 
with 0.1 %  TFA   (HPLC Loading Buffer) at a fl ow rate of 
20 μL/min, followed by separation on a 50 cm RP main col-
umn using a binary gradient (HPLC Solvents A: 0.1 % FA and 
B: 0.1 % FA, 84 % ACN) from 3 % to 42 % Solvent B at a fl ow 
rate of 250 nL/min in 90 min, followed by 4 min at 95 % B.   

   3.    Operate a Q Exactive Plus mass spectrometer in data- dependent 
acquisition mode acquiring MS survey scans at a resolution of 
70,000 and a target value of 1 × 10 6  ions with a maximum fi ll 
time of 120 ms. Acquire  MS/MS   scans of the 15 most abun-
dant ions (Top 15), using 1 × 10 5  ions as the target value and a 
maximum fi ll time of 250 ms. Use a normalized collision 
energy of 27 and a dynamic exclusion of 12 s, selecting only 
precursor ions with charge states between +2 and +5.      

       1.    Search the MS data against the human  Uniprot   database 
(December, 2013; 20,273 target sequences) using the 
Proteome Discoverer (PD) software version 1.3, as described 
below.   

3.5   LC  -MS Analysis 
of the Enriched 
 Phosphopeptide   
Sample

3.6  Data Analysis
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   2.    Process raw data using the Spectrum Selector node with default 
settings.   

   3.    Use Mascot as search algorithm with the following search 
parameters: (1) protease “none” in case of subtilisin, or “tryp-
sin”, (2) oxidation of methionine as well as phosphorylation of 
serine, threonine and tyrosine as dynamic modifi cations, (3) 
carbamidomethylation of cysteine as static modifi cation, (4) 
precursor mass tolerance of 10 ppm, (5) fragment ion mass 
tolerance of 0.02 Da.   

   4.    Use the Peptide Validator node for false discovery rate ( FDR  ) 
assessment. Apply high confi dence fi lter corresponding to an 
FDR  < 1 % on the level of peptide-spectrum-matches (PSM). 
Additionally, fi lter PSM for peptide search engine rank 1.   

   5.    Determine phosphorylation site localization probabilities using 
phosphoRS (version 2.0) [ 16 ]. Consider phosphoRS localiza-
tion probabilities  >  99 % as confi dent.      

          1.    For all the samples, fi lter only phosphopeptides that are unique 
for a single protein.   

   2.    Export the PSM list from  Proteome Discover   er   to Microsoft 
Excel.   

   3.    With the help of the ready-to-use Excel macro provided by the 
Mechtler group (  http://ms.imp.ac.at/?goto=phosphors    ), 
determine the confi dent phosphorylation sites for each pep-
tide, as well as the position of the phosphorylation within the 
protein sequence.   

   4.    In Excel concatenate: (1) peptide sequence, (2) protein acces-
sion, and (3) phosphoRS phosphorylation site (only those with 
probabilities  > 99 %) to defi ne unique peptides identifi ed from 
the unspecifi c digestion with subtilisin ( see   Notes 14  and  15 ).   

   5.    Remove all duplicates.   
   6.    Repeat the same procedures for all replicates.   
   7.    Plot a Venn diagram comparing the three replicates using 

euler APE  [ 19 ].   
   8.    Repeat  steps 1 – 7 , Subheading  3.7  for trypsin.   
   9.    For each enzyme, determine how many concatenated entries 

(peptide sequence, protein accession, and phosphoRS phos-
phorylation site) overlap in at least two out of three replicates 
( see  Figs.  1  and  2 ).

                 1.    Proceed after  step 3 , Subheading  3.8  and concatenate (1) pro-
tein accession and (2) phosphorylation site within the protein 
( see   Note 16 ).   

   2.    Proceed as in  steps 4 – 6 , Subheading  3.7 .   
   3.    Repeat  steps 1 – 2 , Subheading  3.8  for trypsin.   

3.7  Evaluating 
Digestion 
Reproducibility

3.8  Determine 
 Phosphorylation   Sites 
Exclusively Obtained 
Using  Subtilisin   
for Digestion
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  Fig. 1    Simple workfl ow to identify novel phosphorylation sites using subtilisin as 
proteolytic enzyme. To facilitate the comparison of the two digestion strategies, 
one  HeLa   stock sample was used and aliquoted before digestion. HeLa cells 
were lysed, carbamidomethylated, proteins precipitated with EtOH and solubi-
lized in 2 M GuHCl buffer. Solubilized proteins were divided in a total of six ali-
quots (three per condition, 250 μg each) and digested either with trypsin or 
subtilisin. Phosphopetides were enriched with titanium dioxide ( TiO 2   ) and half of 
each eluate was measured in a single nano- LC  - MS/MS   run. Raw fi les were ana-
lyzed using  Proteome Discover   er   1.3 using phosphoRS 2.0 for phosphorylation 
site localization. Only phosphorylation sites with a probability of at least 99 % 
were considered. Afterwards, for both digestion strategies reproducibly identifi ed 
phosphopeptides were used to compare protein phosphorylation sites that were 
covered with trypsin and/or subtilisin       
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   4.    For each enzyme, determine how many concatenated entries 
(protein accession and phosphorylation site within the protein) 
overlap in at least two out of three replicates ( see   Note 17 ) 
( see  Fig.  3a, b ).

       5.    Plot two Venn diagrams as described in Subheading  3.7 ,  step 7 . 
(1) Comparing the protein phosphorylation sites identifi ed in 
at least two replicates between trypsin and subtilisin (to evalu-
ate reproducibility). (2) Comparing all identifi ed protein phos-
phorylation sites between subtilisin and trypsin (to evaluate 
the total number of accessible phosphorylation sites when 
combining both enzymes) ( see  Fig.  3c, d ).   

   6.    Take the phosphorylation sites that are exclusively present in 
the subtilisin dataset, and retrieve a FASTA database of the 
corresponding protein accessions from   www.uniprot.org    .   

   7.    Use the  DBtoolkit   [ 17 ] software for in silico digestion of the 
retrieved FASTA fi le, using trypsin as enzyme, a mass limit 
between 600 and 3500 Da, and a maximum of two missed 
cleavage sites ( see   Note 18 ).   

   8.    In Excel, assess whether the phosphorylation sites exclusively 
identifi ed in the subtilisin workfl ow can be covered by trypsin 
theoretically (i.e., are covered by the in silico generated tryptic 
peptides) ( see   Note 19 ).       

  Fig. 2    Reproducibility of three technical replicates. Peptide sequence, protein 
accession and protein phosphorylation sites were concatenated to assess the 
reproducibility of  (a)  subtilisin and  (b)  trypsin digestion strategies. This is par-
ticularly important since subtilisin could yield many different peptides that con-
tain the same phosphorylation site. For each replicate (1) the total number of 
phosphopeptides and (2) the percentage of phosphopeptides that have been 
identifi ed in at least two out of three replicates are given, considering only phos-
phopeptides that pass the 1 %  FDR   and phosphoRS probability  >  99 % cutoffs       
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4    Notes 

     1.    The cultivation of one 75 cm 2  cell culture fl ask of  HeLa   cells 
yields approximately 8 × 10 6  cells (grown to 70–80 % confl u-
ence), which corresponds to approximately 2–3 mg of protein. 
Any other adherent or suspension cell line is also appropriate, 
though few parameters such as the peptide to bead ratio might 
need optimization due to the potentially different phosphory-
lation level of cell lines.   

   2.    The addition of phosphatase inhibitors prevents the dephos-
phorylation of proteins by endogenous phosphatases during 
sample preparation, increasing yield, reliability and reproduc-
ibility of the phosphopeptide analysis.   

  Fig. 3    Coverage of the phosphoproteome using trypsin and subtilisin. Venn diagrams depicting the overlaps of 
identifi ed phosphorylation sites between the three replicates of  (a)  subtilisin and  (b)  trypsin digestion. The 
highlighted areas represent phosphorylation sites that have been identifi ed in at least two out of three repli-
cates with high confi dence (1 %  FDR  , phosphoRS probabilities  >  99 %). Overlaps of the protein phosphoryla-
tion sites for subtilisin and trypsin, considering  (c)  only sites that were found in 2 out of 3 replicates for each 
digestion, and  (d)  all phosphorylation sites, respectively. Notably, the coverage of the phosphoproteome could 
be improved substantially. By using subtilisin the number of phosphorylation sites could be increased by 58 % 
 (c)  and 63 %  (d),  respectively, as compared to trypsin digestion alone. More importantly, according to in silico 
digestion 25 %  (c)  and 35 %  (d)  of these additional subtilisin-derived sites are theoretically inaccessible for 
trypsin       
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   3.    IAA is unstable and light-sensitive, therefore prepare the 1 M 
IAA stock freshly to minimize hydrolysis and keep it in the dark.   

   4.    As concentrated  TFA   is highly corrosive, wear protective cloth-
ing (lab coat, goggles and gloves) and work under a chemical 
fume hood.   

   5.    As the loading step is essential for the success of the phospho-
peptide enrichment, we recommend preparing the  TiO 2    
Loading Buffer freshly each time.   

   6.    For the determination of the protein concentration perform a 
colorimetric assay, such as BCA protein assay,  Bradford   or 
Lowry. Accurate determination is important for subsequent 
phosphopeptide enrichment and total amount of proteolytic 
enzyme and  TiO 2    beads.   

   7.    Though sequencing grade modifi ed trypsin retains part of its 
activity under denaturing conditions up to 2 M GuHCl (see 
Promega usage information), dilute the Lysis Buffer to a fi nal 
concentration of 0.2 M GuHCl prior to protein digestion to 
ensure full enzymatic activity.   

   8.    In contrast to C18 RP chromatography, the monolithic sys-
tem enables the detection of peptides and proteins in a single 
 LC   run and is more robust against detergents. Compared to 
digestion controls using  SDS-PAGE   and silver staining, the 
monolithic separation is 5–10× more sensitive and faster. In 
addition, the UV traces allow for a better comparison of diges-
tion reproducibility [ 5 ].   

   9.    Note that the  TiO 2    suspension needs to be mixed well to 
ensure equal bead–peptide ratios for all samples.   

   10.    For complex samples a third incubation step is recommended. 
In our hands usually up to 5 % more phosphopeptides can be 
identifi ed by doing so.   

   11.    To prevent loss of the phosphate moiety due to  β-elimination   
under highly alkaline conditions, directly acidify the phospho-
peptide sample after the elution step.   

   12.    Despite the removal of residual beads during the following 
desalting step, try to transfer as few beads as possible using a 
GELoader tip.   

   13.    A more detailed description to build a self-made StageTip is 
described in Rappsilber et al. [20].   

   14.    In Excel, applying the Excel function “concatenate”, place a 
semicolon in between the values to concatenate: (1) pep-
tide sequence, (2) protein accession, and (3) the confident 
phosphorylation sites obtained from the ready-to-use 
macro Excel sheet provided by the Mechtler group, e.g., 
‘SAPASPTHPGLMSPR; P85037; S416; S420; S428’. 
Afterwards, remove duplicates. Compare the concatenations 
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from each replicate using a Venn diagram. To compare the 
phosphorylation sites obtained with subtilisin and trypsin, 
concatenate only the (1) protein accession and (2) phos-
phorylation site within the protein.   

   15.    Only phosphorylation sites with a probability equal or higher 
than 99 % are considered. In any case, the phosphorylation 
probability cutoff can be altered according to one’s own 
requirements (Loroch et al. 2014, submitted).   

   16.    Note that subtilisin and trypsin digestions may yield different 
peptide sequences for the same phosphorylation site. To com-
pare phosphorylation sites between subtilisin and trypsin, it is 
therefore necessary to concatenate (1) protein accession and 
(2) phosphorylation site within the protein.   

   17.    To assess reproducibility of the digestion workfl ow, consider 
only concatenations that appear in at least two out of three 
replicates.   

   18.    The selected mass range threshold covers what is expected in a 
typical trypsin-based shotgun experiment.   

   19.    Use the  DBtoolkit  -generated in silico digested peptide FASTA 
database to assess whether a phosphorylation site identifi ed 
after subtilisin digestion can theoretically be covered by tryp-
sin digestion ( see  Table  1 ).
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   Table 1  
  Assessment of phosphorylation sites which are not accessible via digestion with trypsin   

 Accession 
 In silico generated tryptic 
peptides (fi rst—last AA) 

  Phosphorylation   sites 
only identifi ed after 
subtilisin digestion 

 Accessible via 
tryptic digestion? 

 P05787  33–47  43  Yes 

 P05787  41–47  74  No 

 P05787  89–96 

 P05787  89–101 

  According to  DBtoolkit  , a tryptic digestion of Keratin, type II cytoskeletal 8 (P05787) generates a total of 145 different 
tryptic peptides with a molecular weight between 600 and 3500 Da and a maximum of two missed cleavages. Notably, 
the phosphorylation site Ser74, identifi ed only after subtilisin digestion, is not covered by any of the in silico generated 
tryptic peptides  
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    Chapter 16   

 Online LC-FAIMS-MS/MS for the Analysis 
of Phosphorylation in Proteins       

     Hongyan     Zhao    ,     Andrew     J.     Creese    , and     Helen     J.     Cooper      

  Abstract 

   High-fi eld asymmetric waveform ion mobility spectrometry (FAIMS) is a gas-phase separation technique 
which, when coupled with liquid chromatography tandem mass spectrometry, offers benefi ts for analysis 
of complex proteomics samples such as those encountered in phosphoproteomics experiments. Results 
from LC-FAIMS-MS/MS are typically complementary, in terms of proteome coverage and isomer identi-
fi cation, to those obtained by use of solution-phase separation methods, such as prefractionation with 
strong cation-exchange chromatography. Here, we describe the protocol for large-scale phosphorylation 
analysis by LC-FAIMS-MS/MS.  

  Key words      Phosphorylation    ,   Ion mobility spectrometry  ,    FAIMS    

1      Introduction 

 High-fi eld asymmetric waveform ion mobility spectrometry 
( FAIMS  ), also known as differential ion mobility, is a technique in 
which gas-phase ions are separated based on their ion mobilities in 
an asymmetric electric fi eld. The ions are infused between two 
electrodes and are exposed to alternating high and low electric 
fi elds in which they have different ion mobilities. Only the ions 
with “balanced” motilities between the high and low electric fi elds 
will exit the device, while all others will drift towards one of the 
two electrodes. By applying a compensation voltage ( CV  ) to one 
of the electrodes, it is possible to correct for this drift. Scanning the 
compensation voltage allows selective transmission of ions accord-
ing to their differential mobilities [ 1 ,  2 ]. The principles of FAIMS 
separation are illustrated in Fig.  1 .

    FAIMS   offers several benefi ts for mass spectrometry-based 
proteomics research. FAIMS can maximize the proportion of 
multiply- charged ions while minimizing interfering singly charged 
species, which is advantageous for both collision-induced 
 dissociation ( CID  ) and electron transfer dissociation ( ETD  ) mass 
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spectrometry. A number of groups have demonstrated that FAIMS 
enhances sensitivity by reducing background contaminants thus 
improving signal-to-noise ratios and facilitating peak detection [ 3 , 
 4 ]. Application of FAIMS in phosphoproteomics workfl ows has 
resulted in increased coverage of the phosphoproteome [ 5 ]. Creese 
et al. [ 6 ] demonstrated that liquid chromatography ( LC  )-
FAIMS- MS /MS   outperformed LC-MS/MS in the identifi cation 
of isomeric phosphopeptides from a phosphopeptide library. 

 The challenge for large-scale phosphorylation studies is sample 
complexity. Samples need to go through the following steps before 
mass spectrometry analysis: (a) trypsin digestion; (b) fractionation, 
for example, with strong cation exchange ( SCX  ) or gel electropho-
resis; and (c) phosphoenrichment [ 7 ]. A complementary approach 
to liquid phase separation (such as SCX) for overcoming sample 
complexity is gas-phase fractionation by  FAIMS   [ 8 ] (a conse-
quence of gas-phase fractionation is that the workfl ow order is 
changed: FAIMS fractionation takes place after phosphoenrich-
ment). In this approach, the cell lysate is digested with trypsin and 
the resulting peptide mixture is enriched for phosphopeptides. The 
sample is subjected to multiple  LC  -FAIMS- MS/MS   analyses at 
different, and constant, compensation voltages (ranging from 
−20 V to −50 V).  

2    Materials 

       1.    1 mg/ml stock solution of Substance P in water. Further diluted 
to 2 pmol/μL with 30 % acetonitrile, 0.1 % formic acid.   

   2.    100 mM ammonium bicarbonate.   
   3.    Dionex™ Protein Mixture Digest dissolved in 0.1 % formic 

acid to give a concentration of 50 fmol/μL.   
   4.    8 mg of HEK 293T (or other) cell lysate in cell lysis buffer 

(1M Tris–HCl, 10 % Triton-100, 5M NaCl).   

2.1  Materials 
for Sample 
Preparation

Ion source

Gas flow

Detection

RF waveform

-5000V

2500V

0

  Fig. 1    Schematic diagram of  FAIMS   separation       
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   5.     Trypsin   Gold (mass spectrometry grade) dissolved in 50 mM 
acetic acid to a concentration of 1 μg/μL.   

   6.    Sep-Pak Plus Light Cartridge, Titansphere™ Phos- TiO 2    kit 
and Ziptip Pipette tips C18.   

   7.    0.1 % formic acid.   
   8.     Trifl uoroacetic acid   ( TFA  ).   
   9.    Acetic acid.   
   10.    5 % ammonium hydroxide.   
   11.    5 % pyrrolidine.      

       1.    LTQ Orbitrap Velos™  ETD   mass spectrometer (Thermo 
Fisher Scientifi c).   

   2.     FAIMS   device (Thermo Fisher Scientifi c).   
   3.    HESI–II probe (Thermo Fisher Scientifi c), modifi ed as 

described by Swearingen et al. [ 9 ], and a PicoTip™ emitter, 
OD 360 μm and ID 20 μm (New Objective).   

   4.    Air Compressor 4000-40M (Jun-air). The total gas fl ow needs 
to be maintained at approximately 86 L/min.   

   5.    Data acquisition software: Xcalibur 2.1 (Thermo Fisher 
Scientifi c).   

   6.    Search software:  Proteome Discover   er   1.3 (Thermo Fisher 
Scientifi c).      

       1.    UltiMate NCS-3500RS binary pump (Dionex) equipped with 
an UltiMate WPS3000 autosampler (Dionex).   

   2.    Acclaim Pepmap100 15 cm × 75 μm C18 analytical column 
and a 2 cm × 75 μm trap column, both packed with 3 μm C18 
particles.   

   3.     LC   buffers: Mobile phase A 0.1 % formic acid in H 2 O and 
mobile phase B 0.1 % formic acid in acetonitrile.   

   4.    Software: Dionex Chromatography MS links V6.8.       

3    Methods 

       1.    Digest the cell lysate with 1 μg/μL trypsin in 100 mM ammo-
nium bicarbonate at 37 °C overnight at a protease:protein 
ratio of 1:100.   

   2.    Add 10 μL  TFA   to 2 mL of protein digest sample.   
   3.    Desalt the sample by use of Sep-Pak C18 cartridges: (a) wash 

cartridges with 4 mL of acetonitrile; (b) condition cartridge 
with 1.5 mL of 50 % acetonitrile/0.5 % acetic acid; (c) equili-
brate with 4 mL of 0.1 %  TFA  ; (d) load sample onto cartridge; 
(e) wash the cartridge with 4 mL of 0.1 % TFA followed by 

2.2  Mass 
Spectrometer 
and Software

2.3  Reversed-Phase 
Liquid Chroma-
tography (RPLC)

3.1  Sample 
Preparation

FAIMS for Phosphorylation Site Analysis
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1.5 mL of 0.5 % acetic acid; (f) elute peptides from cartridge 
with 2 mL of 50 % acetonitrile/0.5 % acetic acid. Dry the sam-
ple by vacuum centrifugation.   

   4.    Split the sample into 13 equal fractions. Enrich each fraction 
for phosphorylated peptides by use of a Phos- TiO 2    kit ( see  
 Note 1 ). Prepare 3.0 mL of Buffer A (600 μL of 2 %  TFA  : 
2.4 mL of acetonitrile) and 2.0 mL of Buffer B (0.5 mL lactic 
acid: 1.5 mL Buffer A). Connect a “Centrifugal Adaptor” to a 
“Waste Fluid Tube” and insert a “Spin Tip” into the 
“Centrifugal Adaptor.” Add 20 μL of Buffer A to Spin Tip, 
and centrifuge (3000 ×  g , 2 min). Add 20 μL of Buffer B to 
“Spin Tip,” and centrifuge (3000 ×  g , 2 min). Remove fl ow-
through from “Waste Fluid Tube.” Resuspend sample in 50 μL 
Buffer B. Load sample into “Spin Tip,” and centrifuge 
(1000 ×  g , 10 min). Reload sample from “Waste Flow Tube” 
into “Spin Tip” and centrifuge (1000 ×  g , 10 min). Add 20 μL 
of Buffer B and centrifuge (3000 ×  g , 2 min). Add 20 μL of 
Buffer A and centrifuge (3000 ×  g , 2 min), and repeat three 
times. Remove the “Spin Tip” and “Centrifugal Adaptor” and 
place into a “Recovery Tube.” Add 50 μL of 5 % ammonium 
hydroxide solution to “Spin Tip” and centrifuge (1000 ×  g , 
5 min). Add 50 μL of 5 % pyrrolidine solution to the Spin Tip 
and centrifuge (1000 ×  g , 5 min). Remove the supernatant by 
vacuum centrifugation.   

   5.    Desalt each fraction with Ziptip Pipette tip. Resuspend each 
fraction in 10 μL of 0.1 %  TFA  . First, wet Ziptip with 10 μL of 
acetonitrile (repeat once). Aspirate 10 μL of 0.1 % TFA solu-
tion and dispense to waste (repeat twice). Bind peptides by 
aspirating and dispensing the sample seven to ten times for 
maximum binding. Wash with 10 μL of 0.1 % TFA and dis-
pense to waste (repeat twice). Elute peptides with 10 μL of 
70 % acetonitrile in 0.1 % TFA and dispense into a clean vial. 
Remove the supernatant by vacuum centrifugation.   

   6.    Resuspend the phosphopeptides in 10 μL 0.1 % formic acid.      

       1.    Open LTQ Tune.   
   2.    Open a Tune fi le for standard  LC  - MS/MS   analysis.   
   3.    Click on the “Defi ne Scan” icon to set the parameters as 

follows: 

 Scan mode  Settings  Scan mode  Settings 

 Analyzer  FTMS  Micro scan  1 

 Mass range  High  Max. Inject Time (ms)  1000 

 Resolution  60000  Tube lens voltage (V)  100 

 Scan type  Full  Scan Ranges  380–2000 

3.2  Tune File 
Creation
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       4.    HESI–II settings: Click on the “Source” icon to set the param-
eters as follows: 

 HESI–II parameters  Values  HESI–II parameters  Values 

 Sheath gas fl ow 
rate (arb) 

 1~3  Capillary temperature (°C)  250 

 Aux/sweep gas 
fl ow rate (arb) 

 0  Capillary voltage (V)   25 

 Spray voltage (kV)  2.5~3.0  Tube lens voltage (V)  100 

       5.     FAIMS   settings: Click on the “FAIMS” icon to set the param-
eters as follows: 

  FAIMS   parameters (V)  Values   FAIMS   parameters  Values 

  Compensation voltage    −25  Total gas fl ow (L/min)  2.9 

 Outer bias voltage  0  He %  50 

 Dispersion voltage  −5000  Inner/outer electrode 
temperature (°C) 

 70/90 

       6.     ETD   settings:
   (a)    Choose “Reagent Ion Source” to open the Reagent Ion 

Source dialog box. Check the boxes “Reagent Ion Source 
On,” “Filament On,” and “View Reagent Ion Spectra.” 
Click OK.   

  (b)    Click on the “Tune” icon. Select the Automatic tab and 
click start. The system starts automatically tuning the 
reagent ion optics. After completing tuning, the message 
“Optimization Complete” will be displayed. If ETD reagent 
ion signal is below 5.0 E6, repeat the optimization.   

  (c)    Click “Save As” to save the fi le with a new name.    

           To facilitate the identifi cation of PTMs, we used a “Top-7” mass spec-
trometry method, i.e., a full FT-MS survey scan followed by seven 
 MS/MS   scans in which the seven most abundant precursor ions were 
fragmented. The  FAIMS   method is the “external stepping” method 
[ 8 ] in which multiple  LC   MS/MS analyses are performed each at a 
separate, and constant, compensation voltage ( see   Note 2 ).

    1.    In Xcalibur, choose “Instrument Setup” and “Data Dependent 
 MS/MS  .” An instrument setup window will be displayed.   

   2.     LC   settings: click on the “Dionex” icon and use Wizard to set 
up the LC settings. 

 Under “Valve Time,” change the valve from 6_1 (trap and 
column out of line) to 1_2 (trap and column in line) at 6 min 
and switch it back at 50 min. Under “Gradient Type,” set up a 

3.3   LC  - FAIMS  - MS/
MS   Method
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30-min gradient from 3.2 % to 44 % mobile phase B, followed 
by a 10-min wash with 90 % mobile phase B and re- equilibration 
(15 min) with 3.2 % mobile phase B. Use default settings for 
the rest of the parameters.   

   3.    LTQ settings: Click on the “LTQ” icon and change the Tune 
method to the Tune fi le created in the previous section.   

   4.    Change the number of scan events to 8. Scan events 2–8 are 
dependent scans ( see   Note 3 ).   

   5.    For dependent scan settings, go to “Scan event and Activation.” 
Set the parameters as follows: 

 Scan description  Settings  Dependent scan  Settings 

 Analyzer  FTMS  Activation type   ETD   

 Resolution  30,000  Default charge state  2 

 Scan type  Full  Isolation width ( m/z )  2.0 

 Data type  Profi le  Activation time (ms)  100.00 

       6.     Change the  CV   (bottom left corner) accordingly (−20 V to 
−50 V, in 2.5 V steps). Save each method individually.    

         1.    Connect the  FAIMS   waveform generator and temperature 
control module to the mass spectrometer. Connect all the 
cables and gas lines to FAIMS interface, i.e., high-voltage lead, 
bias- voltage cable, dispersion voltage cable, carrier gas line, 
and heating gas lines.   

   2.    Open the helium canister regulator. Adjust to a pressure of 
60 psi.   

   3.    Turn on the air compressor and adjust the pressure to 50 psi.   
   4.    Close all computer programs and open Xcalibur Instrument 

Confi guration.   
   5.    Select the “LTQ,” and click on the “confi gure” box to display 

the “LTQ Confi guration” box.   
   6.    Select “ FAIMS  ” and tick the “FAIMS Confi gured” box.   
   7.    Click “OK” and restart computer to apply the settings.   
   8.    When Instrument Console appears, press the “Reset” button 

on LTQ to restart mass spectrometer. The instrument is now 
in standby mode and ready to use.      

   Before sample analysis, the  FAIMS   system is optimized by infus-
ing a standard peptide, in our case Substance P (2 pmol/μL). 
Firstly, a  CV   scan is performed to determine the optimum CV for 
Substance P. Further optimization can then be carried out to 
determine the FAIMS settings and the optimum position of the 
probe ( see   Note 4 ). 

3.4  Confi guration 
of  FAIMS  

3.5  Direct Infusion
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       1.    Fill the syringe with Substance P solution. Assemble the syringe 
pump by connecting the  LC   union (fi nger-tight fi tting) and 
the syringe.   

   2.    Place the syringe into the syringe holder.      

       1.    Insert the HESI–II probe to a depth of “D” position (indi-
cated by the markers on the probe).   

   2.    Connect the sheath gas line, auxiliary gas line and 8 kV voltage 
cable.   

   3.    The vaporizer cable is connected with the interlock socket; 
therefore the heating capability is not utilized in the  FAIMS   
experiment.   

   4.    Connect HESI–II probe to the syringe pump.      

       1.    Click on the “Start” icon to start the FT-MS scan.   
   2.    Set the  CV   to −30 V for optimum intensity of signal of 

Substance P ( see   Note 5 ). Substance P is introduced at a fl ow 
rate 0.35 μL/min. Allow 3–5 min for the sample to fl ow to the 
ion source.   

   3.    Click on the “Tune” icon and select the  FAIMS   tab. In 
“Masses,” type in the  m/z  of the species under investigation. 
In this case, use the 2 +  ions of Substance P:  m/z  674.36. Set 
the  CV   scan range from −50 V to −10 V. Click “Start” to start 
CV scanning.   

   4.    Click on the “Display Graph” button: the  CV   scans of ion  m/z  
674.36 will be displayed.   

   5.    When the  CV   scan has fi nished, click “Accept” to apply the 
optimum CV for further signal optimization.      

   To maximize the ion signal, spray voltage and gas composition can 
be adjusted accordingly. The position of capillary needle also plays 
an important role in determining peak capacity. The optimum sig-
nal is observed when the tip of the needle is approximately 5 mm 
away and upper right from the orifi ce ( see   Notes 6  and  7 ).   

       1.    Connect HESI–II probe with the  LC   column.   
   2.    To evaluate the performance of  LC  - FAIMS  - MS/MS  , Dionex™ 

Protein Mixture Digest is used. Place 3–4 μL of the sample in 
a well in a 96-well microtiter plate and place the plate in the 
autosampler.   

   3.    Go to Xcalibur and click on the “Sequence Setup” icon. To 
create a new row, fi ll in the name, path, position on the microti-
ter plate, and volume (2 μL) of the sample. Double-click on 
the “Inst Meth” box to select the method created in 
Subheading  3.3  and save the sequence.   

3.5.1  Syringe Pump 
Setting

3.5.2  HESI–II Probe

3.5.3   CV   Optimisation

3.5.4  Optimization 
of  FAIMS   and Other 
Parameters

3.6   LC  - FAIMS  - MS/
MS   Analysis
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   4.    Click on the sequence created in previous step, and then click 
on the “Start” icon to start the sequence.   

   5.    Search the resulting dataset against database containing the six 
proteins (manually created containing 691 proteins) using 
SEQUEST in  Proteome Discover   er   1.3. The database is avail-
able for download from   http://www.biosciences-labs.bham.
ac.uk/cooper/downloads/sixmix.zip    . The expected protein 
coverage for each protein is between 50 and 70 %. Under opti-
mal conditions, the intensity of highest peak observed with 
 FAIMS   should be about 20 % of that obtained with  LC  - MS/
MS   while the protein coverage is similar.   

   6.    To perform the  LC  - FAIMS  - MS/MS   analyses for the phospho-
peptide samples, load the thirteen 10 μL samples into wells in 
a 96-well microtiter plate and place the plate in the 
autosampler.   

   7.    Go to Xcalibur and click on the “Sequence Setup” icon. Create 
new rows for each sample with different names. Fill in the 
name, path, position on the microtiter plate, and volume 
(9 μL) of the sample. Double click on the “Inst Meth” box to 
select the method created in Subheading  3.3 ,  step 6  (accord-
ing to applied  CV  ) and save the sequence.   

   8.    Select the sequence (all rows) created in previous step, and 
then click on the “Start” icon to start the sequence.   

   9.    Search the resulting dataset against an appropriate protein 
database using your preferred search algorithm ( see   Note 8 ).       

4    Notes 

     1.    The phosphoenrichment step prior to  FAIMS   analysis is neces-
sary for phosphopeptide identifi cation. As no fractionation is 
performed before phosphoenrichment, care should be taken to 
ensure the enrichment procedure is effi cient. It may be neces-
sary to optimize the amount of protein against the number of 
tips for different samples.   

   2.    The external  CV   stepping method, in which the CV remains 
constant throughout each  LC  - FAIMS  - MS/MS   analysis, is 
used in this assay. Alternatively, an internal CV stepping 
method can be used. In the internal CV stepping method, the 
mass spectrometer performs a survey scan at CV of, e.g., −25 V 
and subsequent  ETD   event(s) at the same CV value. The 
sequence then cycles through CV of −25 V, −30 V…−50 V. In 
our hands, however, the internal stepping method yields fewer 
identifi cations [ 8 ].   
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   3.    The number of scan events in this method is eight: one survey 
scan and seven subsequent  ETD   events. Different numbers of 
scan events can be used according to mass spectrometer per-
formance and sample complexity. The alternating  CID  -ETD 
fragmentation method is also suitable for  PTM   identifi cation.   

   4.    Based on observations in our laboratory, the sensitivity of 
 FAIMS   is about 1/8th–1/5th of that observed with non- 
FAIMS analysis. However, with FAIMS the increased signal-
to- noise (S/N) ratio should compensate for the signal loss, 
which in turn will improve the overall performance of FAIMS.   

   5.    When optimizing the performance of  FAIMS  , a starting  CV   
value needs to be used before tuning for optimum CV. In this 
case, we used −30 V. It is possible to use any CV from −10 V 
to −50 V provided that the peak at the target  m/z  can be 
detected.   

   6.    When optimizing the performance of  FAIMS  , if the initial sig-
nal is weak and unstable, the following parameters can be 
adjusted: spray voltage, carrier gas composition and sheath gas 
fl ow rate. Sheath gas is used to assist ions focusing into the 
entrance orifi ce. For example, when the spray needle is far from 
the orifi ce a higher fl ow rate would be required. Improved 
results were observed when the fl ow rate of sheath gas was 2 or 
3 (arbitrary units).   

   7.    If the  FAIMS   ion signal is lower than expected, check whether 
the FAIMS electrodes are clean. Normally, the FAIMS elec-
trodes need to be cleaned every 1 or 2 weeks if the FAIMS 
device is used frequently.   

   8.    If using HEK 293T cells, search the data against SWISS-PROT 
human database using SEQUEST and Mascot algorithms in 
 Proteome Discover   er   1.3.         
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    Chapter 17   

 Simple and Reproducible Sample Preparation 
for Single- Shot Phosphoproteomics with High Sensitivity       

     Rosa     R.     Jersie-Christensen    ,     Abida     Sultan    , and     Jesper     V.     Olsen      

  Abstract 

   The traditional sample preparation workfl ow for mass spectrometry (MS)-based phosphoproteomics is 
time consuming and usually requires multiple steps, e.g., lysis, protein precipitation, reduction, alkylation, 
digestion, fractionation, and phosphopeptide enrichment. Each step can introduce chemical artifacts, 
in vitro protein and peptide modifi cations, and contaminations. Those often result in sample loss and affect 
the sensitivity, dynamic range and accuracy of the mass spectrometric analysis. Here we describe a simple 
and reproducible phosphoproteomics protocol, where lysis, denaturation, reduction, and alkylation are 
performed in a single step, thus reducing sample loss and increasing reproducibility. Moreover, unlike 
standard cell lysis procedures the cell harvesting is performed at high temperatures (99 °C) and without 
detergents and subsequent need for protein precipitation. Phosphopeptides are enriched using TiO 2  beads 
and the orbitrap mass spectrometer is operated in a sensitive mode with higher energy collisional dissocia-
tion (HCD).  

  Key words      Phosphoproteomics    ,    Phosphopeptide    enrich   ment    ,   Sample preparation  ,   Heated guani-
dinium chloride lysis  ,    Mass spectrometry    

1      Introduction 

  Mass spectrometry   (MS)-based proteomics has emerged as a 
robust, sensitive, and reliable technology for global characteriza-
tion of posttranslational modifi cations (PTMs) of proteins and 
peptides. Reversible phosphorylation is a ubiquitous  PTM   and 
important in defi ning functional characteristics of a number of pro-
teins involved in virtually all cellular signaling networks, such as 
signal transduction, cell proliferation, differentiation, apoptosis, 
and metabolism [ 1 ,  2 ]. Site-specifi c phosphorylation of proteins is 
a transient and dynamic event and phosphorylation sites on pro-
teins are often of low stoichiometry and therefore of relatively low 
abundance [ 3 ]. As a result, effi cient sample preparation and phos-
phopeptide enrichment strategies are essential for successful phos-
phoproteomics studies. In-depth phosphoproteome analysis by 



252

quantitative mass spectrometry often requires large amounts of 
starting protein material, extensive fractionation and many hours 
or days of MS acquisition time, increasing costs and limiting the 
number of samples that can be measured. The present chapter 
describes a simplifi ed and robust sample preparation procedure for 
phosphopeptide enrichment without any fractionation, allowing 
for comprehensive, in-depth phosphoproteome coverage of up to 
10,000 unique phosphopeptides from 1 mg of protein starting 
material in a single 4 h  LC  -MS run on a Q-Exactive mass spec-
trometer. The following protocol has been used with reproducible 
success down to 10 μg of starting material generating up to 1000 
unique phosphopeptides ( see  Fig.  1 ). For details about ultra-deep 
phosphoproteome coverage enabled by off-line peptide fraction-
ation the reader is referred to Chapters   10    ,   11    , and   12    .

   In traditional cell lysis protocols every step of the procedure is 
performed cold to minimize sample preparation-induced or stress- 
related alterations of the proteome and protein modifi cation pro-
fi le. At low temperatures most of the cellular activity is halted 
preserving the in vivo state of the cells. An alternative way of 
quenching all cellular activity is by immediate heat denaturation of 
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  Fig. 1    A dilution series over varying amounts of protein starting material 
(10 μg–1 mg) was subjected to phosphopeptide enrichments to establish a mea-
sure of sensitivity of the protocol       
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all proteins, which can be achieved by adding hot lysis buffer to the 
cells. Lysis buffers are typically detergent based. Dialysis or precipi-
tation of the proteins makes it possible to remove the detergents, 
which are incompatible with peptide separation on reversed-phase 
C 18  columns and strongly interfere with peptide ionization in the 
electrospray source of the mass spectrometer. To minimize sample 
losses by protein precipitation lysis buffers without detergents, but 
instead made up of chaotropic agents such as urea and guanidin-
ium hydrochloride (GuHCl), can be used to disrupt the cell 
 membrane [ 4 ].  Urea   can decompose and form isocyanic acid, 
which reacts with the primary amines of the protein and peptides. 
Such carbamylation of peptides will cause increased sample com-
plexity and reduced peptide identifi cation. This process is acceler-
ated at elevated temperatures or slightly acidic conditions [ 5 ]; thus 
the chaotrope of choice for heated lysis buffer is GuHCl [ 6 ]. More 
importantly, when comparing traditional RIPA lysis [ 7 ] with boil-
ing GuHCl, we noticed a signifi cant decrease in the number of 
in vitro artifacts, introduced during sample preparation, with 15 % 
of the identifi ed peptides modifi ed by in vitro artifacts after RIPA 
lysis and only 5 % after lysis in warm GuHCl buffer. As expected we 
also see a higher recovery of protein amounts using the GuHCl 
lysis procedure. 

 In the traditional proteomics sample preparation workfl ow of 
protein digestion, lysis is often followed by a cysteine disulfi de 
bridge reduction step with dithiothreitol ( DTT  ) and a subsequent 
alkylation step with either chloroacetamide ( CAA  ) or iodoacet-
amide (IAA) to prevent reformation of disulfi de bonds. These two 
steps cannot be combined as IAA will react with the thiol groups 
on DTT and thereby inhibit the reducing effect of the DTT. Using 
tris(2-carboxyethyl)phosphine ( TCEP  ) as a reducing agent instead 
of DTT allows for simultaneous reduction and alkylation as TCEP 
does not contain any thiol groups and will not react with CAA or 
IAA. In addition, when using GuHCl for lysis, this mix of reducing 
and alkylating agent can be added directly to the lysis buffer 
enabling lysis, reduction, and alkylation in one step and thus sig-
nifi cantly simplifying the protocol and reducing the time spent on 
sample preparation ( see  Fig.  2 ).

   Analyzing peptides in complex mixtures by mass spectrometry 
(MS) is always a compromise between quality and quantity of tan-
dem mass spectra ( MS/MS  ) and MS running time, and for typical 
proteome samples analyzed on an orbitrap-type instrument the 
most critical feature and limiting factor is the scan speed of the 
instrument [ 8 ]. However, in phosphoproteomics there are addi-
tional challenges in the MS/MS acquisition; apart from identifi ca-
tion of phosphopeptides it is also necessary to accurately localize 
the phosphorylation site(s) with single-amino acid resolution. To 
achieve this, it is a necessity to generate high-quality MS/ MS spec-
tra  , which requires longer acquisition scan times. Thus, for 
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Workflow RIPA vs GndCl

Classic RIPA New GndCl

Lyse with RIPA at 0°C
for 20-30 min

Harvest and spin at
4°C ~ 40 min

Precipitate supernatant
with ice cold acetone
overnight at -20°C

Harvest in
GndCl at 99°C

Boil for 10 min and
sonicate for 2 min

Measure concentration
and digest with LysC
1:100 for 1 hour

Spin and resuspend
pellet in ures at room
temperature ~1 hour

Reudce with 1 mM DTT
for 1 hour

Alkylate with 5 mM CAA
for 45 min

Measure concentration
and digest with LysC
1:100 for 3-5 hours

~ 24 hours

~ 1.5 hours

Total sample preparation
before trypsin digestion

Total sample preparation
before trypsin digestion

   Fig. 2     Comparison of two sample lysis methods for phosphopeptide enrichments. The RIPA lysis protocol 
comprises multiple steps including lysis, precipitation, reduction, and alkylation, while guanidinium hydrochlo-
ride lysis is performed in a single step, where the cells are harvested and lysed in heated GuHCl buffer contain-
ing both the reducing and alkylating agents. The extracted proteins are subjected to  LysC   and tryptic digestions 
followed by phosphopeptide enrichment       
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comprehensive analysis of phosphoproteomes longer scan cycles 
are required than for typical proteome samples, for which faster 
scanning methods are usually suffi cient for peptide identifi cation.  

2    Materials 

 All buffers are made with sequencing grade chemicals and ultra-
pure water (Milli-Q). 

   Experiments were performed using the adherent  HeLa   cervix car-
cinoma cell line grown in Dulbecco’s modifi ed Eagle’s medium 
( DMEM  ) with  L -glutamine, supplemented with 10 % fetal bovine 
serum ( FBS  ) and 100 U/ml penicillin/streptomycin. Use appro-
priate media for your cell line of choice.

    1.    Human cervical epithelial cancer cell line  HeLa   or similar.   
   2.    Sterile petri dishes (150 mm).   
   3.    Lysis buffer: 6 M Guanidinium hydrochloride (GuHCl), 

5 mM tris(2-carboxyethyl)phosphine ( TCEP  ), 10 mM chloro-
acetamide ( CAA  ), 100 mM Tris–HCl pH 8.5 ( see   Note 1 ).   

   4.    Phosphate-buffered saline ( PBS  ).   
   5.    Rubber policeman cell scraper.   
   6.    Heat block for centrifuge/microcentrifuge tubes with heating 

up to 99 °C.   
   7.    Probe sonicator, Sonics Vibra Cell (VCX130).   
   8.    Quick Start™  Bradford   1× Dye Reagent (Bio-Rad) or other 

Bradford- or BCA-based protein concentration quantifi cation 
assay.    

         1.    Lysyl endopeptidase ( LysC  ), stock solution 0.5 mg/ml in 
50 mM ammonium bicarbonate.   

   2.    Digestion buffer: 25 mM Tris–HCl pH 8.5.   
   3.    Modifi ed trypsin (Sigma-Aldrich), stock solution 0.5 mg/ml 

in 50 mM acetic acid.   
   4.     Trifl uoroacetic acid   ( TFA  ).      

       1.    Reversed-phase C 18  Sep-Pak cartridge ( see   Note 2 ).   
   2.    Wash buffer I: 100 % acetonitrile (ACN).   
   3.    Wash buffer II: 0.1 %  TFA  .   
   4.    Elution buffer I: 40 % ACN in 0.1 %  TFA  .   
   5.    Elution buffer II: 60 % ACN in 0.1 %  TFA  .   
   6.    NanoDrop 2000 spectrophotometer (Thermo Scientifi c).   
   7.    SpeedVac concentrator.      

2.1  Cell Lysis

2.2  Protein Digestion

2.3  Peptide 
Desalting
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       1.    Reversed-phase C 8  (3 M Empore disk) single-layered StageTips 
(one per sample per incubation) ( see   Note 3 ).   

   2.    Reversed-phase C 18  (3 M Empore disk) double-layered 
StageTips (one per sample per incubation) ( see   Note 3 ).   

   3.    5 μm  TiO 2    beads (Titansphere, GL Sciences) solution in 
20 mg/ml  2,5-dihydroxybenzoic acid   ( DHB  ), 80 % ACN, 6 % 
 TFA  .   

   4.    Enrichment buffer: 80 % ACN, 12 %  TFA  .   
   5.    Wash buffer A: 10 % ACN, 6 %  TFA  .   
   6.    Wash buffer B: 40 % ACN, 6 %  TFA  .   
   7.    Wash buffer C: 60 % ACN, 6 %  TFA  .   
   8.    Elution buffer A: 5 % ammonium hydroxide solution.   
   9.    Elution buffer B: 10 % ammonium hydroxide solution, 25 % 

ACN.   
   10.    100 %  Methanol   (MeOH).      

       1.    MS buffer A: 0.1 % formic acid (FA).   
   2.    MS buffer B: 0.1 % FA, 80 % ACN.   
   3.    MS buffer C: 1 %  TFA  , 5 % ACN.   
   4.    50 cm 75 μm ID fused silica column packed in-house with 

1.9 μm reversed-phase C 18  porous silica beads with 100 Å pore 
size (Dr. Maisch  HPLC   GmbH).   

   5.    EASY-nLC 1000 high pressure system (Thermo Fisher 
Scientifi c).   

   6.    Q Exactive Plus or Q Exactive HF mass spectrometer (Thermo 
Fisher Scientifi c).   

   7.    Data analysis software such as  MaxQuant   software suite (  www.
maxquant.org    ).       

3    Methods 

     Example with adherent  HeLa   cells grown in 150 mm dishes with a 
surface area of 17,671 mm 2  ( see   Note 4 ).

    1.    Heat lysis buffer to 99 °C.   
   2.    Wash cells twice with ice cold  PBS   and completely aspirate 

remaining liquid.   
   3.    Add approx. 800 μl of heated lysis buffer and use cell scraper 

to harvest cells ( see   Note 5 ). Use a pipette to transfer lysate 
into a centrifuge tube ( see   Note 6 ).   

   4.    Boil in a heat block (99 °C) for 10 min.   

2.4   Phosphopeptide   
Enrichment

2.5  Liquid 
Chromatography 
and Electrospray 
Tandem Mass 
Spectrometry

3.1  Cell Lysis
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   5.    Sonicate with micro tip probe for 2 min with pulses of 1 s on 
and 1 s off at an amplitude of 50 %.   

   6.    Measure concentration with  Bradford  , BCA, or other protein 
assay to estimate total protein amount ( see   Note 7 ). 

 STORAGE OPTION! After this you can store your lysate 
in the freezer (−20 °C) for a few weeks.    

         1.    Digest lysate with  LysC  :protein ratio 1:100 (w/w) for 30 min 
up to 4 h.   

   2.    Dilute to a fi nal concentration of maximum 2 M GuHCl (add 
minimum two times volume) with 25 mM Tris–HCl pH 8.5 
and digest with trypsin 1:100 for 30 min to overnight ( see  
 Note 8 ).   

   3.    Acidify with  TFA   to a fi nal concentration of 1 % TFA (pH 1–2).   
   4.    Spin down at max speed for 5 min to pellet insoluble material 

and keep supernatant ( see   Note 9 ).      

   Example with Sep-Pak C 18  classic cartridge. Adjust the volumes 
according to the product you are using.

    1.    Wash Sep-Pak with 3 ml wash buffer I followed by two times 
3 ml with wash buffer II using gravity fl ow.   

   2.    Load sample and after that wash twice with 3 ml wash buffer II. 
 STORAGE OPTION! You can keep samples on Sep-Pak in 

the fridge for 1 week without detectable losses.   
   3.    Elute from Sep-Pak with 3 ml elution buffer I followed by 

3 ml elution buffer II.   
   4.    SpeedVac to half volume and measure concentration with 

Nanodrop A280. 
 STORAGE OPTION! Samples can be kept in the freezer 

for a few months.    

         1.    Prepare in advance C 8  single-layered StageTips (one per sam-
ple per incubation) and double-layered C 18  StageTips (one per 
sample per incubation) ( see   Note 3 ).   

   2.    Prepare  TiO 2    bead slurry to a 1:2 sample:bead ratio ( see   Notes 
10  and  11 ).   

   3.    Double your sample volume with enrichment buffer.   
   4.    Add bead slurry and incubate with rotation for 15 min ( see  

 Note 12 ).   
   5.    Spin down and collect supernatant for second incubation or 

discard. Leave 20–50 μl of liquid with the beads.   
   5a.    For second and/or third incubation: repeat from  step 4  with 

the supernatant from  step 5  ( see   Note 13 ).   

3.2  Protein Digestion

3.3  Peptide 
Desalting

3.4   Phosphopeptide   
Enrichment
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   6.    Transfer the bead-peptide suspension to C 8  tips and wash with 
50–100 μl wash buffers A, B, and C, respectively, by centrifu-
gation, approximately 500 ×  g  for 2 min.   

   7.    Elute phosphopeptides into a 96-well plate or a micro tube 
with 20 μl of elution buffer A and 20 μl of elution buffer B.   

   8.    SpeedVac until ~5 μl is left.   
   9.    Activate C 18  StageTips with 50 μl MeOH, followed by 50 μl 

MS buffer B and 2 × 50 μl MS buffer A.   
   10.    Add 20 μl of MS buffer C to the concentrated sample and load 

on activated C 18  StageTips.   
   11.    Wash with 50 μl wash buffer II and elute with 15 μl elution 

buffer I followed by 15 μl elution buffer II. SpeedVac until 
<5 μl and add up to 8 μl in total with MS buffer C.      

   Example with EASY-nLC 1000 and Q Exactive Plus. 
 Column was packed in-house using 50 cm long fused silica 

with 75 μm inner diameter and packed with 1.9 μm C 18  beads ( see  
 Note 14 ).

    1.    Load 5 μl of sample on the column and separate with a MS 
buffer A and B gradient [% B] going from 5 % to 25 % over 
110 min, 25 % to 40 % over 25 min and then a washing step 
going from 40 % to 80 % over 5 min, staying at 80 % for 5 min 
and then down to 5 % over 5 min. The fl ow rate is constant at 
250 nl/min.   

   2.    Run the Q Exactive mass spectrometer in the data dependent 
mode using a top 10 method. Resolution for full scans 70,000, 
target value 3,000,000, maximum injection time of 20 ms, and 
scan range from 300  m / z  to 1750  m / z . Resolution for MS-MS 
scans 35,000, target value 100,000 maximum injection time of 
108 ms with normalized collision energy at 28, and a dynamic 
exclusion of 30 s.    

         1.    Analyze the raw fi les in the free software Max Quant [ 9 ] with 
the Andromeda search algorithm against an appropriate data-
base (e.g.,  Uniprot   or Swissprot human database) for protein 
identifi cation. Use default settings and add phosphorylation of 
serine, threonine and tyrosine as variable modifi cation. When 
running multiple similar phospho raw fi le use the “match 
between runs” option in the Global parameter tab for better 
coverage.   

   2.    Results can be read out from the modifi cationSpecifi cPeptides 
and Phospho (STY) Sites tab-delimited txt output fi les gener-
ated by Max Quant ( see  also Chapters   21     and   22    ).       

3.5   LC  -MS Setup

3.6  Data Analysis
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4    Notes 

     1.    You can store 6 M GuHCl in the fridge for weeks but  TCEP   
and  CAA   should be added immediately before use.   

   2.    We use Sep-Pak C 18  1 cc cartridge from Waters for up to 1 mg 
and Sep-Pak C 18  Classic cartridge for up to 10 mg of protein.   

   3.    Place one or two disks of desired material in a 200 μl pipette 
tip. A video on how to make StageTips is provided here: 
http://www.biochem.mpg.de/226863/Tutorials  Note to 
video . No special centrifuge is required. Adapters for microcen-
trifuge tubes can be acquired from Sonation upon special 
request.   

   4.    If you work with suspension cells skip Subheading  3.1 ,  steps 2  
and  3 , and harvest and wash cell pellet before addition of the 
heated lysis buffer and proceed from here directly to 
Subheading  3.1 ,  step 4 .   

   5.    Adjust volume of lysis buffer to dish or fl ask size while trying 
to keep it as low as possible to obtain the most concentrated 
sample. For suspension cells like  HeLa   S3 you can use approxi-
mately 100 μl per 1,000,000 cells.   

   6.    Be aware that the tube must be compatible with the heat block.   
   7.    Make sure that the method for determining protein concentra-

tion is compatible with GuHCl, for example  Bradford   or BCA.   
   8.    The lower the concentration of GuHCl is the more active tryp-

sin is, so if you are not volume limited dilute up to 10×.   
   9.    Occasionally there is a precipitate appearing after acidifi cation. 

This will typically not affect the number of identifi able phos-
phopeptides, but only affect the total protein yield.   

   10.    Example: Use 20 μl bead slurry per 1 mg sample, thus the bead 
slurry has to be 2 mg/20 μl. This has been tested with up to 
20 mg beads per sample. However there is a maximum amount 
of beads and protein that can be loaded in each StageTip in 
order to be able to pass liquid through for elution.   

   11.    You can specifi cally enrich for multiply phosphorylated pep-
tides by adjusting the sample to bead ratio [ 10 ]. Usage of 
scarce amounts of  TiO 2    beads typically results in increased 
number of identifi ed of multiply phosphorylated peptides at 
the cost of low number of singly phosphorylated peptides. For 
 HeLa   lysates, Li et al. (2009) reported an optimal peptide-to- 
beads ratio of 1:2–1:8 (mass/mass) for obtaining the highest 
enrichment selectivity and maximum phosphopeptide identifi -
cations [ 10 ].   

   12.    The beads settle very fast, be sure to have evenly distributed 
slurry by shaking or tapping the vial before every pipetting 
event.   
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   13.    You can dilute the remaining bead slurry 1:1 with 80 % ACN 
and 6 %  TFA   for exceeding incubations.   

   14.    For single shot experiments deeper coverage is obtained with 
longer columns and gradients. Shorter gradients and 15 cm 
columns can be used when samples are fractionated.         
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    Chapter 18   

 Identifi cation of Direct Kinase Substrates via Kinase 
Assay-Linked Phosphoproteomics       

     Liang     Xue    ,     Justine     V.     Arrington    , and     W.     Andy     Tao      

  Abstract 

   Protein phosphorylation plays an essential role in the regulation of various cellular functions. Dysregulation 
of phosphorylation is implicated in the pathogenesis of certain cancers, diabetes, cardiovascular diseases, 
and central nervous system disorders. As a result, protein kinases have become potential drug targets for 
treating a wide variety of diseases. Identifi cation of kinase substrates is vital not only for dissecting signaling 
pathways, but also for understanding disease pathologies and identifying novel therapeutic targets. 
However, identifi cation of  bona fi de  kinase substrates has remained challenging, necessitating the develop-
ment of new methods and techniques. The kinase assay linked phosphoproteomics (KALIP) approach 
integrates in vitro kinase assays with global phosphoproteomics experiments to identify the direct sub-
strates of protein kinases. This strategy has demonstrated outstanding sensitivity and a low false-positive 
rate for kinase substrate screening.  

  Key words      KALIP    ,    pepKALIP    ,    proKALIP    ,    Kinase substrate    ,    Kinase assay    ,    Phosphoproteomics    , 
   Phosphopeptide    enrich   ment    

1      Introduction 

 Protein phosphorylation is an essential posttranslational modifi ca-
tion that regulates almost every aspect of biological functions, 
including signal transduction, protein-protein interactions, and 
protein translocation [ 1 ,  2 ]. Deregulation of phosphorylation 
dynamics within the cell often leads to the development of diseases 
such as cancer, diabetes, immune disorders, and central nervous 
system pathologies [ 3 ]. Therefore, understanding how this modi-
fi cation functions and how it is disturbed in disease states requires 
phosphorylation analysis, which includes the identifi cation of 
phosphorylated proteins and corresponding sites of phosphoryla-
tion as well as the quantitative measurement of phosphorylation 
changes [ 4 ,  5 ]. However, detection and quantifi cation of phos-
phorylation is often challenging because of the low stoichiometry 
of phosphorylation on proteins [ 6 ,  7 ]. 
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 Recent advances in mass spectrometry (MS), including 
improvements in accuracy, sensitivity, and throughput, have 
allowed it to become an important tool for complex sample analy-
sis. As MS-based proteomics has become popular for large-scale 
and unbiased analyses [ 8 ], MS-based phosphoproteomics has 
become the method of choice for the examination of global phos-
phorylation trends [ 9 ]. Although current liquid chromatography- 
mass spectrometry ( LC  -MS)-based phosphoproteomics has 
enabled the identifi cation and quantifi cation of thousands of phos-
phorylation events [ 10 ], large-scale proteomics does not typically 
reveal precise relationships between protein kinases and their direct 
substrates [ 11 ,  12 ]. In other words, the specifi c connections 
between the majority of protein kinases and identifi ed phosphory-
lation sites have yet to be elucidated. Thus, mapping kinase- 
substrate relationships is a critical step for understanding essential 
signaling networks and identifying pharmaceutical targets for drug 
discovery [ 11 ]. 

 Here, we describe an integrated strategy termed kinase assay- 
linked phosphoproteomics ( KALIP  ) for identifying the direct sub-
strates and substrate specifi city of protein kinases with high 
sensitivity and confi dence. The in vitro kinase reaction is carried 
out using either peptides ( pepKALIP  ) or proteins ( proKALIP  ) 
that are derived directly from cellular proteins and then dephos-
phorylated to serve as substrate candidates. The resulting newly 
phosphorylated peptides are then isolated and identifi ed by mass 
spectrometry. At the same time, global phosphoproteomics experi-
ments with cells in which the kinase is either active or inhibited 
reveal the kinase-dependent phosphoproteome. The overlap 
between the direct substrates identifi ed by in vitro kinase assays 
and the kinase-dependent endogenous substrates represents  bona 
fi de  substrates of the target kinase. 

 In the peptide-level  KALIP   ( pepKALIP  ) procedure (left 
branch of Fig.  1 ), the cell lysate is fi rst enzymatically digested to 
generate a peptide pool. When a tyrosine kinase is being investi-
gated, we recommend pre-enriching tyrosine phosphopeptides 
before the following biochemical reactions. An alkaline phospha-
tase is used to dephosphorylate endogenous phosphopeptides so 
that the background phosphorylation level is maximally reduced in 
the cell lysate. After deactivation of the phosphatase by heat shock, 
the target kinase is added to phosphorylate its substrates. A com-
mon phosphoproteomics workfl ow including peptide desalting, 
phosphopeptide enrichment and  LC  -MS analysis is sequentially 
applied. The data that is produced contains in vitro direct peptide 
substrates of the kinase.

   In the protein-level  KALIP   ( proKALIP  ) procedure ( see  middle 
branch of Fig.  1 ), instead of enzymatically digesting the cell lysate 
prior to biochemical reactions, the protein extracts go through 
dephosphorylation and rephosphorylation by an in vitro kinase 
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assay before trypsin digestion. We also recommend an extra pre- 
enrichment step for tyrosine kinases. The dephosphorylation step 
is the same as in  pepKALIP   procedure discussed previously. 
However, the in vitro kinase assay requires addition of a generic 
irreversible kinase inhibitor to block endogenous kinases present in 
the total cell lysate. It is imperative that the excess kinase inhibitor 
is removed before adding the kinase of interest. Once the in vitro 
kinase assay is complete, the protein extracts with the exogenous 
kinase and phosphatase are digested by trypsin, followed by pep-
tide desalting, phosphopeptide enrichment, and  LC  -MS analysis. 
The resulting data contains in vitro direct protein substrates of the 
kinase. 

 Both  pepKALIP   and  proKALIP   require datasets from a phos-
phoproteomics study (right branch of Fig.  1 ). Ideally, the phos-
phoproteome from cells with kinase perturbation (e.g., inhibition 
or genetic knockout of the kinase, activation or overexpression of 

  Fig. 1     KALIP   strategy: Workfl ow for kinase substrate identifi cation through the integration of in vitro kinase 
reactions and in vivo phosphoproteomics. In the in vitro kinase reaction ( blue panel ), the peptides ( left branch ) 
or proteins ( middle branch ) from the cell lysate are dephosphorylated before the kinase assay.  Phosphopeptides   
are enriched and analyzed by mass spectrometry for sequencing and site identifi cation. Though in vivo phos-
phoproteomics ( pink panel ), kinase-dependent phosphorylation events are identifi ed by comparing wild-type 
and kinase- inhibited cells.  Bona fi de  direct substrates are the overlapping phosphoproteins present in both 
in vitro and in vivo datasets       
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the kinase) is compared to that of a control. The phosphopro-
teomic experiments generate a set of proteins whose phosphoryla-
tion is dependent on the kinase of interest. Lastly, the overlap 
between the direct substrates identifi ed from an in vitro kinase 
reaction and the in vivo kinase-dependent phosphorylation identi-
fi ed from global phosphoproteomics represents  bona fi de  direct 
substrates of the target kinase.  

2    Materials 

 Ultrapure water and analytical grade reagents should be used to 
make all solutions. Unless otherwise noted, the solutions here were 
prepared using reagents from Sigma-Aldrich and nanopure water 
that was made by purifying deionized water. 

       1.    Frozen cell pellet to provide at least 500 μg of protein. Most 
mammalian cell lines (e.g., DG-75 or  HeLa  ) will work.   

   2.    Lysis buffer-ST for Ser/Thr kinase: 50 mM Tris–HCl, pH 7.5; 
150 mM NaCl, 1 % NP-40.   

   3.    Lysis buffer-Y for Tyr kinase: 50 mM Tris–HCl, pH 7.5; 
150 mM NaCl, 1 % NP-40, 1 mM sodium orthovanadate.   

   4.    Tabletop centrifuge.      

       1.     BCA assay   reagents.   
   2.    8 M urea, 50 mM Tris–HCl, pH 8.0.   
   3.     RapiGest surfactant  : RapiGest is freshly prepared and used 

immediately ( see   Note 1 ).   
   4.    1 M trimethylammonium bicarbonate (TMAB) buffer.   
   5.    200 mM dithiothreitol ( DTT  ) (dissolved in water and stored 

in single-use aliquots at −20 °C).   
   6.    300 mM iodoacetamide (freshly prepared in water and used 

immediately).   
   7.    Proteomics-grade trypsin dissolved in 50 mM acetic acid 

(stored at −20 °C until use) or directly dissolved in the lysate.   
   8.    1 M HCl (stored at room temperature).   
   9.    Sep-Pak C18 Solid-Phase Extraction (SPE) Cartridges.   
   10.    80 % acetonitrile, 0.1 % trifl uoroacetic acid ( TFA  ).   
   11.    Thermal shaker.   
   12.    Vacuum centrifuge.      

       1.    1 M Tris–HCl pH 8.0.   
   2.     Anti-phosphotyrosine antibody   (clones PT66 and PY20), 

immobilized on agarose beads in a 1:1 slurry (Sigma-Aldrich).   

2.1  Cell Lysis

2.2  Protein Digestion

2.3  Enrichment 
of Phosphotyrosine-
Containing Peptides
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   3.    Elution solutions: 0.1 % trifl uoroacetic acid ( TFA  ); 0.1 % TFA, 
50 % acetonitrile; 100 mM glycine (pH decreased to 2.5 with 
TFA).   

   4.    Sample rotator/sample spin wheel.      

       1.    1 M Tris–HCl, pH 8.0.   
   2.     Anti-phosphotyrosine antibody   (clone PT66), immobilized on 

agarose beads in a 1:1 slurry (Sigma-Aldrich).   
   3.    Elution solution: 100 mM triethylamine.   
   4.    Sample rotator/sample spin wheel.      

       1.     Dephosphorylation   buffer: Thermosensitive phosphatase in 1× 
phosphatase buffer such as the rAPid Alkaline  Phosphatase   kit 
from Roche.   

   2.    Kinase reaction solution: Purifi ed kinase, MgCl 2 , 1 mM  ATP  , 
and other supplements required for kinase activity in 50 mM 
Tris–HCl buffer.      

       1.     Polymer-based Metal-ion Affi nity Capture   ( PolyMAC  ) 
 Phosphopeptide   Enrichment Kit (Tymora Analytical, 
West Lafayette, IN).      

       1.    0.1 % formic acid in water.   
   2.     LC  -MS buffers: Buffer A: 0.1 % formic acid in water. Buffer B: 

0.1 % formic acid in acetonitrile.   
   3.    Integrated electrospray emitter tip: Prepared by packing 30 cm 

of 75 μm inner diameter fused-silica capillary with 3 μm 
ProntoSIL C18-AQ resin (Bischoff Chromatography, 
Leonberg, Germany).   

   4.    LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher) or 
equivalent.   

   5.    Laser puller (Model P-2000; Sutter Instrument Co.).       

3    Methods 

        1.    Lyse the cells by resuspending them in 1 mL of the lysis solu-
tion ( see   Notes 3  and  4 ).   

   2.    Centrifuge the lysed cells at 16,000 ×  g  and collect the superna-
tant. This step eliminates the insoluble fractions of the cell.      

         1.    Determine the protein concentration of the lysates by  BCA 
assay   (following the manufacturer’s protocol).   

   2.    Resuspend the dried  RapiGest surfactant   aliquot with 1 M tri-
methylammonium bicarbonate (TMAB) solution and add to 

2.4  Enrichment 
of Phosphotyrosine-
Containing Proteins

2.5   In Vitro  Kinase 
Reaction ( See   Note 2 )

2.6   Phosphopeptide   
Enrichment Using 
 PolyMAC  -Ti

2.7  Mass 
Spectrometry 
and Data Analysis

3.1  Cell Lysis

3.2  Protein Digestion 
( See   Note 5 )
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the lysate to bring the fi nal concentration of RapiGest to 0.1 % 
(w/v) and TMAB to 50 mM.   

   3.    Add  DTT   solution to a fi nal concentration of 5 mM and incu-
bate for 30 min at 50 °C to reduce the disulfi de bonds.   

   4.    Cool samples to room temperature and alkylate the free sulfi de 
groups by incubating the samples in 15 mM of iodoacetamide 
for 1 h at room temperature in the dark.   

   5.    To digest the proteins, add proteomics-grade trypsin to the 
samples at a 1:100 ratio and incubate for 10–16 h at 37 °C ( see  
 Note 6 ).   

   6.    After digestion, add suffi cient 1 M HCl to the samples to attain 
a fi nal concentration of 100–150 mM in order to bring the 
pH < 3. Incubate at 37 °C for 45 min to precipitate the 
RapiGest out of solution.   

   7.    Spin down the samples at 16,000 ×  g  for 10 min and collect the 
supernatant, thus removing RapiGest.   

   8.    Desalt the peptides by using a Sep-Pak C18 SPE column fol-
lowing the manufacturer’s protocol ( see   Note 7 ).   

   9.    Elute the peptides off the column with 80 % acetonitrile in 
0.1 %  TFA  . Dry the eluates completely using a vacuum centri-
fuge concentrator and freeze until further use.      

       1.    Phosphotyrosine-containing peptides can be enriched by anti- 
phosphotyrosine immunoprecipitation before in vitro kinase 
assays ( see   Note 8 ).   

   2.    After the RapiGest removal ( see   step 6 ), add suffi cient 1 M 
Tris–HCl (pH 8.0) to increase the pH to 7.2–7.4. Add 40 μL 
PT-66 clone anti-pTyr-agarose beads slurry for each 1 mg of 
protein in the sample, and incubate 12–16 h at 4 °C by end-
over- end rotation ( see   Note 9 ).   

   3.    Spin down the beads at 400 ×  g  for 30 s and remove the 
supernatant.   

   4.    Wash the beads by adding 500 μL of lysis buffer and incubate 
10 min at 4 °C by end-over-end rotation. Spin down the beads 
at 400 ×  g  for 30 s, remove the supernatant, and repeat.   

   5.    Rinse the beads once with water, remove the remaining solu-
tion, and add the fi rst elution buffer—100 μL of 0.1 %  TFA  . 
Incubate for 10 min by shaking at room temperature.   

   6.    Spin down the beads 400 ×  g  for 30 s, and collect the superna-
tant in a low-binding microfuge tube. Repeat the elution pro-
cess two more times with 100 μL of 0.1 %  TFA   and another 
two times with 100 μL of 0.1 % TFA and 50 % acetonitrile. 
Collect the eluents into the same tube. Add 50 μL of the fi nal 
elution solution, 100 mM glycine (pH 2.5), and incubate the 

3.3  Enrichment 
of Phosphotyrosine-
Containing Peptides
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beads by shaking for 30 min. Spin down, collect the superna-
tant into the eluent tube, and repeat one more time. Dry the 
eluents completely using a vacuum centrifuge concentrator. 
The phosphotyrosine containing-peptides are ready for the 
kinase reaction ( see  Subheading  3.5 ) or for  PolyMAC  -Ti 
enrichment ( see  Subheading  3.6 ).      

       1.    Phosphotyrosine-containing proteins can be enriched by anti- 
phosphotyrosine immunoprecipitation before in vitro kinase 
assay ( see   Note 8 ).   

   2.    After cell lysis, ( see  Subheading  3.1 ) and before protein diges-
tion, add 40 μL PT-66 clone anti-pTyr-agarose beads slurry for 
each 1 mg of protein in the sample and incubate for 12–16 h 
at 4 °C by end-over-end rotation.   

   3.    Spin down the beads at 400 ×  g  for 30 s, and remove the 
supernatant.   

   4.    Wash the beads by adding 500 μL of lysis buffer and incubate 
10 min at 4 °C by end-over-end rotation. Spin down the beads 
at 400 ×  g  for 30 s, remove the supernatant, and repeat.   

   5.    Rinse the beads once with water, remove the remaining solution, 
and add the fi rst elution buffer: 100 μL of 100 mM triethylamine 
( TEA  ). Incubate for 30 min under vigorous shaking at 4 °C.   

   6.    Spin down the beads 400 ×  g  for 30 s, and collect the superna-
tant in a low-binding microfuge tube. Repeat the elution pro-
cess one more time. Collect the eluents into the same tube.   

   7.    Decrease the eluent volume down to 20 μL using a vacuum 
centrifuge concentrator. Add suffi cient 1 M Tris–HCl (pH 8.0) 
to increase the pH to 7.2–7.4. The phosphotyrosine protein- 
containing solution is ready for the subsequent kinase reaction 
( see  Subheading  3.5 ).      

         1.    Resuspend samples of phosphopeptides in 200 μL of phospha-
tase buffer.   

   2.    Add two units of thermosensitive phosphatase and incubate at 
37 °C for 1–2 h. Deactivate the phosphatase by heating at 
75 °C for 5 min.   

   3.    Incubate samples in buffer containing the kinase of interest, 
5 mM MgCl 2 , and 1 mM  ATP   at 30 °C for 1 h ( see   Note 2 ). 
Reactions can be quenched by the addition of 1 %  TFA   to a 
pH < 3.   

   4.    If performing  pepKALIP  , the samples are ready for phospho-
peptide enrichment by  PolyMAC  -Ti ( see  Subheading  3.6 ). If 
 proKALIP   is being done, the samples are ready for protein 
digestion ( see  Subheading  3.2 ) followed by PolyMAC-Ti 
enrichment.      

3.4  Enrichment 
of Phosphotyrosine-
Containing Proteins

3.5  Kinase Reaction 
( See   Note 10 )
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          1.    The peptide samples are first desalted using Sep-Pak C18 
columns and dried ( see  Subheading  3.2 ,  step 8 ).   

   2.    Mix the capturing beads well, carefully transfer 50 μL of the 
slurry to an Eppendorf tube in a magnetic rack, and remove 
the storage solution.   

   3.    Wash the beads twice with 200 μL of nanopure water.   
   4.    Add 100 μL of the  PolyMAC  -Ti loading buffer into the pep-

tide sample and resuspend well by vortexing and shaking.   
   5.    Add 10 μL of  PolyMAC  -Ti reagent, vortex for 10 s, and shake 

the solution for 5 min.   
   6.    Add 200 μL of the capture buffer to increase the pH above 

6.3. Vortex briefl y.   
   7.    Pipette the mixture up and down a few times, and transfer the 

whole solution to the capturing beads in the tube. Shake for 
10 min.   

   8.    Use magnetic rack and discard the fl ow-through.   
   9.    Incubate the beads by shaking with 200 μL of  PolyMAC   load-

ing buffer for 5 min and discard the supernatant.   
   10.    Repeat  step 9 , Subheading  3.6  twice with the washing buffer 

and once with nanopure water.   
   11.    Incubate the beads twice by shaking with 100 μL of elution 

buffer for 5 min each time.   
   12.    Collect the eluents in the same low-binding tube. Dry the elu-

ent completely using a vacuum centrifuge concentrator.      

       1.    Complete  LC  -MS analysis of peptide samples. As an example, 
we employ an Easy-nLC 1000 system coupled to an LTQ- 
Orbitrap Velos mass spectrometer. The reverse-phase C18 sep-
aration is performed using an in-house capillary column packed 
with 3 μm C18 beads. The mobile phase buffer consists of 
0.1 % formic acid in ultrapure water with an eluting buffer of 
0.1 % formic acid (buffer A) in 80 % acetonitrile (buffer B) run 
over a 90-min linear gradient at a fl ow rate of 300 nL/min. 
The electrospray ionization emitter tip is generated on the pre-
packed column with a laser puller. The mass spectrometer is 
operated in data-dependent mode in which a full-scan MS 
(from  m/z  300–1700 with the resolution of 60,000 at  m/z  
400) is followed by 20  MS/MS   scans of the most abundant 
ions. Ions with charge state of +1 are excluded. The mass 
exclusion time is 30 s.   

   2.    Complete a database search to identify phosphorylation sites 
by the kinase of interest. As an example, our MS data are 
searched against the desired proteome database using the 
SEQUEST algorithm with a static modifi cation of +57.021 Da 

3.6   Phosphopeptide   
Enrichment Using 
 PolyMAC  -Ti Kit

3.7  Mass 
Spectrometry 
and Data Analysis
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on Cys and a variable modifi cation of +79.996 Da on Ser, Thr, 
and Tyr. The digestion enzyme is specifi ed within the search, 
and the false discovery rate ( FDR  ) is set to 1 % for each analy-
sis.  Phosphorylation   site localization is further determined by 
site localization programs.   

   3.    The data containing substrate information can be analyzed 
with various bioinformatics tools such as Motif-X [ 12 ] and 
Ingenuity  Pathway   Analysis (Ingenuity Systems), depending 
on the desired information.       

4    Notes 

     1.    Because RapiGest is not stable in water and cannot withstand 
multiple freeze-thaw cycles, it is advisable to dry freeze it in 
1 mg working aliquots.   

   2.    For the protocol of kinase assay, including buffer recipe, 
enzyme/substrate amount, and reaction time, please refer to 
literature about the kinase of interest or do some preliminary 
tests to determine the optimal conditions. For example, a 
kinase assay with the spleen tyrosine kinase (Syk) can be done 
with pre-enriched phosphotyrosine containing peptides in 
50 mM Tris–HCl (pH 7.2–7.4) at 30 °C with shaking for 
30 min. A reaction with 300 ng of Syk kinase also requires 
5 mM MgCl 2  and 1 mM  ATP   and can be quenched by decreas-
ing the pH < 3 with 1 %  TFA   [ 13 ]. The same reaction condi-
tions can be used for a protein level kinase assay with Syk, 
although the reaction can be quenched with 8 M urea in 5 mM 
 DTT   to produce conditions that are more amenable to direct 
protein digestion [ 14 ].   

   3.    For investigation of tyrosine kinases, we recommend treating 
the cells with pervanadate before harvest to increase the overall 
tyrosine phosphorylation level. This step increases the  sensitivity 
and yield of the following phosphotyrosine peptide/protein 
enrichment, so the maximum number of candidate substrates 
can be isolated before the subsequent biochemical assays.   

   4.    It is best to use the lysate immediately because the level of phos-
phorylation decreases even if the sample is stored at −80 °C   

   5.    Before digestion, ensure that pH of the sample is around 8; if 
lower, add more 1 M TMAB to increase the pH.   

   6.    The choice of digestion enzyme depends on the specifi city of 
target kinase. Ideally, the cleavage site should not be included 
in the theoretical motif of the kinase.   

   7.    Briefl y, our desalting procedure consists of wetting the resin 
with one column volume of methanol followed by one column 
volume of 0.1 %  TFA   in 80 % acetonitrile. The organic solvent 
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is washed out with at least three column volumes of 0.1 % 
TFA. We load our acidifi ed peptide samples and then wash the 
column with at least three column volumes of 0.1 % TFA. More 
washes may be needed for samples with high salt concentra-
tions. The peptides are then eluted with one column volume of 
0.1 % TFA in 80 % acetonitrile and dried to completion with a 
vacuum centrifuge concentrator.   

   8.    Several benefi ts are gained by pre-enriching of phosphotyro-
sine peptides or proteins. First, the collection of substrates is 
derived from formerly tyrosine phosphorylated proteins. This 
extra step effi ciently reduces the basal phosphorylation which 
may interfere with the kinase reaction and result in a high rate 
of false positives. Second, application of the effective phospha-
tase inhibitor pervanadate elevates phosphorylation levels, 
allowing isolation of a large number of phosphoproteins and 
increasing the overall sensitivity of the strategy. Third, the 
generic alkaline phosphatase has higher effi cacy with a purifi ed 
phosphotyrosine proteome than with crude cell lysates. Pre- 
enrichment helps phosphotyrosine peptides or proteins to be 
specifi cally dephosphorylated instead of using large amounts of 
phosphatase to dephosphorylate all of the phosphopeptides or 
proteins in the cell extracts. This helps to eliminate the sizeable 
serine and threonine phosphoproteome, which would not be 
target of tyrosine kinases. Fourth, the enrichment yields the 
peptides or proteins that have been actually phosphorylated 
within the intact cell, excluding peptides or proteins that may 
be exclusively phosphorylated in vitro.   

   9.    To improve anti-phosphotyrosine immunoprecipitation, a com-
bination of different antibody clones can be used simultaneously 
(e.g., PT66 together with pY20) in order to ensure a more com-
plete coverage of the phosphotyrosine-containing peptides.   

   10.    In the case of  proKALIP   the in vitro kinase assay requires addi-
tion of a generic irreversible kinase inhibitor to block endoge-
nous kinases present in the total cell lysate. One way we inhibit 
endogenous kinases is to treat dephosphorylated proteins with 
1 mM 5′-(4-fl uorosulfonylbenzoyl)adenosine (FSBA) with 10 % 
 DMSO   in Tris–HCl, pH 7.5 at 30 °C for 1 h. Excess FSBA is 
removed by centrifugal fi ltration units (30 kDa MW cutoff).         
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    Chapter 19   

 Phosphoprotein Detection by High-Throughput Flow 
Cytometry       

     Johannes     Landskron     and     Kjetil     Taskén       

  Abstract 

   Phospho fl ow cytometry is a powerful technique for the detection of protein phosphorylation events that, 
like Western blotting, relies on phospho-epitope-specifi c antibodies. In contrast to the latter, however, 
multidimensional and directly quantifi able data is obtained at the single-cell level allowing separate analysis 
of small cell populations in complex cellular mixtures. Furthermore, up to 30 phospho-specifi c antibodies 
or antibodies identifying other posttranslational modifi cations in combination with cell surface markers can 
be analyzed in a single experiment. Utilizing a technique called fl uorescent cell barcoding that enables 
combination of up to 64 samples into one tube for multiplex analysis and later data deconvolution, phos-
pho fl ow cytometry is turned into a medium- to high-throughput technology.  

  Key words      Flow cytometry    ,    Phospho fl ow    ,    Phospho-specifi c antibody    ,    Fluorescent cell barcoding    , 
   Signaling    

1      Introduction 

 Proteomics approaches to analyze protein phosphorylation and 
other posttranslational modifi cations of proteins are principally 
unbiased and result in large amounts of data. However, key fi nd-
ings from such analyses have to be validated using independent 
techniques. Methods to validate fi ndings in proteomics data sets 
are typically biased approaches involving specifi c detection and 
quantifi cation of proteins of interest by antibodies. Western blot-
ting appears to still be the method of choice for many such pur-
poses. However, especially for phosphoproteomics and signaling 
network analysis, fl ow cytometry utilizing phospho-epitope- 
specifi c antibodies for intracellular staining [ 1 ], called  phospho fl ow , 
is gaining importance [ 2 ,  3 ]. Although phospho fl ow requires 
costly equipment and, like Western blotting, is limited to the avail-
ability of antibodies, it offers many advantages over the latter. Data 
is recorded electronically at the single cell level, can be directly 
quantifi ed and multidimensional analyses are possible. Today’s 
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standard instruments offer, depending on the number of lasers and 
detectors, usually at least 6–8 color channels in addition to forward 
and side scatter parameters. However, instruments equipped with 
up to 5 lasers, recording as many as 20 channels are available. 
These color channels can be used for various approaches. Surface 
markers can be included to identify numerous cell types, such as 
different lymphocyte populations in a blood-derived sample. 
Furthermore, samples from different treatment conditions, like 
stimulation time courses, concentration-responses and perturba-
tions can be labeled with varying intensities of one or several fl uo-
rochromes, combined into a single sample and deconvoluted again 
during analysis using a protocol called fl uorescent cell barcoding 
( FCB  ) [ 4 ,  5 ]. Up to 64 samples can be pooled that way, lowering 
not only the costs by reducing antibody consumption and shorten-
ing run-time, but also increasing data quality and comparability by 
ensuring equal treatment for all FCB populations within one sam-
ple. In addition, the combined FCB sample can be split up and 
stained with panels of up to 30 distinct antibodies, depending on 
the initial cell number. Taking these three aspects together, several 
thousand data points can be gathered during a single experiment 
making phospho fl ow a true high-throughput methodology for 
the analysis of protein phosphorylation. In another possible appli-
cation of the method, the various channels can be used to stain for 
a panel of phospho- specifi c antibodies conjugated to different fl u-
orochromes to obtain multidimensional single cell-based signaling 
data for bioinformatical applications like Bayesian network analysis. 
In yet another application, the phospho fl ow technology can be 
used in cell-based screening of compound libraries to fi nd small 
molecules that interfere with particular signaling events or to fi nd 
mechanism of action of small molecules using signal network 
analysis. 

 The protocol below describes a relatively small setup of a four 
time point (0 min, 1 min, 5 min, 15 min) stimulation time course 
for  Jurkat T cell   s   that are treated with a  CD3/TCR-stimulating 
antibody  . After fi xation with paraformaldehyde, the cells are fl uo-
rescently barcoded, combined, permeabilized with methanol to 
facilitate intracellular staining, labeled with phospho-specifi c anti-
bodies and analyzed by fl ow cytometry ( see  Fig.  1 ). In addition, the 
procedures for antibody titration and specifi city testing, and an 
adaption of the protocol to adherent cells is described.

2       Materials 

       1.    Phosphate-buffered saline ( PBS  , pH 7.4).   
   2.    Wash solution:  PBS   1 % fetal bovine serum and, optionally, 

0.09 % sodium azide.   

2.1  Solutions, 
Buffers, Cell Culture, 
and Instrumentation
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   3.    Cell culture medium: RPMI 1640, GlutaMAX, 10 % fetal 
bovine serum, MEM nonessential amino acids solution, 1 mM 
sodium pyruvate, and penicillin/streptomycin.   

   4.    Fixation solution: 3 %  Paraformaldehyde   solution or Fix Buffer 
I (BD Phosfl ow) ( see   Note 1 ).   

   5.    Permeabilization solution: 100 % methanol or Perm Buffer III 
(BD Phosfl ow) ( see   Notes 2  and  3 ).   

   6.    Stimulation agent for  Jurkat T cell   s  :  OKT3 antibody   against 
CD3ε (ATCC CRL-8001). For primary T-cells: biotinylated 
anti-CD3ε, biotinylated anti-CD28 (e.g., antibody clone 
CD28.2, eBioscience), biotinylated anti-CD2 (e.g., antibody 
clone RPA-2.10, eBioscience), avidin.   

   7.    Cells:  Jurkat T cell   s   clone E6-1 (ATCC TIB-152).   
   8.    96-Well v-bottom plates, 1.5 mL Eppendorf tubes.   
   9.    Centrifuges for 1.5 mL tubes and plates.   
   10.    Temperature controlled water bath.   
   11.    Flow cytometer, equipped with a red (633–670 nm) and a UV 

or violet (375–413 nm) laser, and optimally a plate loader or 
high-throughput sampler.      

       1.     Phospho-epitope  -specifi c primary antibodies, optimally conju-
gated to a fl uorescent dye, e.g., Alexa Fluor 647 or unconju-
gated ( see   Note 4 ).   

2.2  Fluorescent Dyes 
and Antibodies
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  Fig. 1    Overview of the described phospho fl ow protocol. First, cells are stimulated followed by fi xation and 
fl uorescent cell barcoding ( FCB  ). Then, the differentially marked cells are combined into a single tube and 
permeabilized. After antibody staining, the cells are analyzed by fl ow cytometry. p-S6rp: S6 ribosomal protein 
(pS235/236). Note that separation of populations in the FCB channel allows deconvolution of the earlier com-
bined samples       
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   2.    If unlabeled primary antibodies are in the panel: isotype-spe-
cifi c fl uorescently labeled secondary antibodies (e.g., Alexa 
Fluor 647 Goat anti-Rabbit IgG (H+L), Molecular Probes, 
Life Technologies, 2 mg/mL stock, fi nal dilution 1:8000).   

   3.    Fluorescently labeled isotype control (e.g., Alexa Fluor 647 
mouse IgG1, κ isotype control).   

   4.     FCB   reagent:  DMSO   (dimethylsulfoxide), amine-reactive Pacifi c 
Blue succinimidyl ester (Molecular Probes, Life Technologies).      

       1.     PMA   and ionomycin: Prepare a 10 mM stock solution from 
phorbol-12-myristate-13-acetate (PMA) and a 1 mg/ml stock 
solution from ionomycin calcium salt in  DMSO   ( see   Note 5 ). 
Dilute the PMA 1:1200 and the ionomycin 1:10 in complete 
medium, respectively, to obtain the 100× solutions.   

   2.     Calyculin A  , 10 μM solution in  DMSO   (100× solution) ( see  
 Note 5 ).   

   3.     Pervanadate  : Prepare a 0.1 M sodium orthovanadate Na 3 VO 4 , 
aqueous solution. Mix 10 μL with 90 μL of 1 % hydrogen per-
oxide to obtain the 100× solution ( see   Note 6 ).   

   4.    2.5 % trypsin (10×).   
   5.    6-Well plates with cell culture-treated surface.       

3    Methods 

 Samples should be kept on ice unless indicated differently and in 
darkness when fl uorochromes are used. 

             1.    Place 245 μL of a 5 × 10 7  cells/mL cell suspension in complete 
cell culture medium in the fi rst well of a 96-well v-bottom 
plate ( see   Note 7 ) and incubate at 37 °C in a water bath for 
15 min (stimulation plate) ( see   Note 8 ).   

   2.    Pipet 10 μL OKT3 (50 μg/mL in cell culture medium) into 
the next well ( see   Note 9 ).   

   3.    Place a second 96-well v-bottom plate in the water bath with 
50 μL fi xation solution in the fi rst three consecutive wells (fi xa-
tion plate) ( see   Note 10 ).   

   4.    Fixation of the (unstimulated) 0 min time point: Mix the cell 
suspension well by pipetting up and down and transfer 50 μL 
into the fi rst well with fi xative of the fi xation plate and mix.   

   5.    Stimulation: Transfer 5 μL of the OKT3 solution into the cell 
suspension and immediately mix well.   

   6.    Fixation of time points 1 and 5 min: After 1 and 5 min, mix cell 
suspension well and transfer 50 μL for each time point into the 
last 2 wells with fi xative in the fi xation plate and mix.   

2.3  Antibody 
Titration and Cold 
Trypsinization

3.1  Stimulation 
and Fixation
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   7.    After 13 min: Pipet 50 μL fi xation solution in the third well of 
the stimulation plate ( see   Note 10 ).   

   8.    Fixation of time point 15 min: After 15 min, mix cell suspen-
sion well and transfer 50 μL into the fi xative in the same plate 
( see   Note 11 ).   

   9.    Also after 15 min: Place the fi xation plate (time points 0, 1, 
5 min) on ice and add 100 μL cold  PBS   to each well.   

   10.    After 25 min: Add 100 μL cold  PBS   to the last fi xation reac-
tion and transfer the suspension to the next empty well in the 
fi xation plate.   

   11.    Wash step: Centrifuge plate with 700 ×  g  for 5 min, remove 
supernatants, and resuspend cell pellets in 200 μL of  PBS   each.      

        1.    Dissolve the Pacifi c Blue in  DMSO   to a fi nal concentration of 
10 mg/mL. From that, prepare a 200 μL solution in DMSO 
with a concentration of 100 μg/mL ( see   Note 12 ).   

   2.    Prepare a series of dilutions of the Pacifi c Blue barcoding 
reagent starting with the 100 μg/mL stock from above and 
dilute 1:20 (to 5 μg/mL). Then use the resulting dilutions to 
next dilute 1:4 (1.25 μg/mL), 1:4 (312.5 ng/mL), and 1:9 
(34.72 ng/mL) in  DMSO   and transfer 5 μL of each into sepa-
rate wells of a new 96-well v-bottom plate ( see   Note 13 ).   

   3.    Pipet the cell suspensions into the wells with the barcoding 
reagents. 0 min into the well with 34.72 ng/mL solution, 
1 min into 312.5 ng/mL, 5 min into 1.25 μg/mL, and 15 min 
into 5 μg/mL and directly mix by pipetting up and down sev-
eral times ( see   Note 14 ).   

   4.    Incubate at room temperature (RT) and in darkness for 
30 min. Shaking is not required.   

   5.    Perform two consecutive wash steps (Subheading  3.1 ,  step 
11 ), using wash solution instead of  PBS  .   

   6.    Combine all reaction in a suitable tube (e.g., 1.5 mL micro test 
tube).      

        1.    Centrifuge the combined suspension with 700 ×  g  for 5 min, 
remove the supernatants down to some μL and resuspend the 
pellet by vortexing ( see   Note 15 ).   

   2.    Add 500 μL cold permeabilization solution, mix, and incubate 
at −80 °C for 20 min ( see   Note 16 ).   

   3.    Incubate for 10 min on ice and repeat wash step (Subheading  3.1 , 
 step 11 ), using wash solution instead of  PBS  .      

        1.    Resuspend in 50 μL wash solution per antibody stain plus an 
additional 50–100 μL; for example for 20 stains resolve the 
pellet in 22 × 50 μL = 1.1 mL wash solution ( see   Note 17 ).   

3.2  Fluorescent Cell 
Barcoding

3.3  Permeabilization

3.4  Antibody 
Staining

Phospho Flow Cytometry
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   2.    Prepare a new plate containing the different phospho-specifi c 
antibodies ( see   Notes 18  and  19 ) for each sample in a total 
volume of 50 μL wash solution. If unlabeled primary antibod-
ies are part of the panel, tubes or a separate plate should be 
used for these reactions, because a secondary antibody stain 
will be required.   

   3.    Mix 50 μL at a time of the cell suspension with each of the 
50 μL antibody solutions and incubate at RT and in darkness 
for 30 min. Shaking is not required.   

   4.    Add 100 μL wash solution and repeat Subheading  3.1 ,  step 11  
two times, using wash solution instead of  PBS  . In case of unla-
beled primary antibodies, the fi nal resuspension volume is 
50 μL. Stains with fl uorescently labeled primary antibodies are 
ready for fl ow cytometry after this step.   

   5.    If unlabeled primary antibodies have been used, mix each reac-
tion with 50 μL of a suitable dilution of a fl uorescently labeled 
secondary antibody and incubate at RT and in darkness for 
30 min.   

   6.    Add 100 μL wash solution and repeat Subheading  3.1 ,  step 11  
two times, using wash solution. Samples are now ready for fl ow 
cytometry.      

        1.    Run the maximal volume of each sample compensated ( see  
 Note 20 ) on a suitable fl ow cytometer e.g. BD LSRFortessa 
equipped with 3 lasers (blue: 488 nm, red: 640 nm and violet: 
405 nm) and a high-throughput sampler. Settings: Filters: 
standard optical setup for the Alexa Fluor 647 (670/30) and 
the Pacifi c Blue (450/50) channel,  throughput mode : Standard, 
 events to record : 1,000,000,  sample fl ow rate : 1.0 μL/s,  sample 
volume : 150 μL,  mixing volume : 100 μL,  mixing speed : 
200 μL/s,  number of mixes : 3,  wash volume : 400 μL. If possi-
ble, include the parameters forward and side scatter width and 
height ( FSC  -H, FSC-W,  SSC  -H, and SSC-W) in addition to 
area (FSC-A, SSC-A) ( see   Note 21 ).   

   2.    Import the data into a fl ow cytometry analysis software like 
FlowJo or Cytobank.   

   3.    Gating strategy:

 –    Select the  cell  population in the  FSC  -A/ SSC  -A density dot 
plot ( see  Fig.  2a ).

 –      Display the  cell  population in a  FSC  -H/FSC-W density 
plot and draw the gate around the single-cell population 
 single cells  ( FSC ) ( see  Fig.  2b ).  

 –   Display the  single-cell  (  FSC   ) population in a  SSC  -H/
SSC-W density plot and draw the gate around the single-
cell population  single cells  ( SSC ) ( see  Fig.  2c ).  

3.5  Flow Cytometry 
and Analysis
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staining intensity ( d ). Raw data can be presented as scatter plots ( e ,  f ) or histograms ( g ),  MFI   fold changes of 
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 –   Display the  single-cell  (  SSC   ) population in a Pacifi c Blue/
SSC-A density plot and select the different fl uorescent bar-
coding populations based on their Pacifi c Blue staining 
intensity ( see  Fig.  2d ) ( see   Note 22 ).  

 –   Plot the phospho antibody channel against the  FCB   chan-
nel ( see  Fig.  2e, f ) or as histograms ( see  Fig.  2g ) to display 
the phosphorylation events.      

   4.    Calculate the  median fl uorescent intensity   ( MFI  ) fold changes 
for the different time points by dividing the MFI of the phos-
pho antibody channel of the different  FCB   populations by the 
respective MFI of the 0 min (unstimulated, lowest Pacifi c Blue 
staining intensity) population. This will set the MFI fold 
change of the 0 min to 1.   

   5.     MFI   fold changes of the phospho antibody channel can then 
be displayed in various formats like heat maps ( see  Fig.  2h ) or 
line diagrams ( see  Fig.  2i ).      

   To obtain optimal results, all antibodies used for fl ow cytometry, 
especially if they are phospho specifi c, should be titrated to deter-
mine the correct dilution. Furthermore, many (often un- conjugated) 
phospho-specifi c antibodies are available that have been certifi ed by 
the vendor for the use in other methods than fl ow cytometry, like 
western blotting or immune histochemistry. The below described 
titration protocol tries to address both issues; fi nding the correct 
antibody concentrations as well as testing the specifi city of the anti-
bodies. Cells are therefore treated (“stimulated”) with two phos-
phatase inhibitors, pervanadate and calyculin A, and a mixture of 
two signaling activators,  PMA   and ionomycin.  Pervanadate   is an 
inhibitor of protein tyrosine phosphatases and therefore causes the 
accumulation of phosphorylated tyrosines, whereas calyculin A 
inhibits serine/threonine phosphatases leading to accumulation of 
phosphorylated serines and threonines. In contrast to the inhibi-
tors, PMA is activating protein kinase C (PKC).  Ionomycin   is a 
Ca 2+ -ionophore releasing it from the endoplasmic reticulum to the 
cytoplasm. Thereby, downstream signaling of PKC and Ca 2+  signal-
ing, which also involves activation of PKC, are activated. The three 
different samples plus one untreated sample are then fl uorescently 
barcoded, combined, and stained with different concentrations of 
the antibodies of interest. Antibodies directed against phospho-
tyrosine epitopes then should only give a signal in the pervanadate, 
but not in the calyculin A sample, while for phospho-threonine/
serine detecting antibodies the opposite should be the case. They 
should only detect the calyculin A and not the pervanadate-treated 
cells. Additional information is provided by the PMA/ionomycin. 
This population should only show increased fl uorescence in the 
phospho-antibody channel, if the signaling molecule is downstream 
of PKA or induced by Ca 2+  signaling.

3.6  Additional 
Protocol: Antibody 
Titration
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    1.    For the titration of 15 antibodies, place 4 1.5 mL test tubes, 
each containing 100 μL of a 5 × 10 7  cells/mL cell suspension in 
complete cell culture medium, in a water bath and incubate at 
37 °C for 15 min.   

   2.    Add 100 μL fi xative to the fi rst tube, mix well by pipetting up 
and down and incubate for 10 min.   

   3.    Stimulate the second tube by adding each 2 μL  PMA   and 2 μL 
ionomycin (100× solutions). Mix well by pipetting up and 
down and incubate at 37 °C for 10 min.   

   4.    Stimulate the third tube by adding 2 μL calyculin A (10 μM). 
Mix by pipetting and incubate at 37 °C for 10 min.   

   5.    Stimulate the fourth tube by adding 2 μL pervanadate (100× 
solution). Mix by pipetting and incubate at 37 °C for 5 min.   

   6.    Add 100 μL of fi xative to tubes 2, 3, and 4 after the respective 
incubation time and incubate at 37 °C for another 10 min.   

   7.    Washing steps, fl uorescent barcoding and permeabilization as 
described in Subheadings  3.1 ,  step 11 ,  3.2  and  3.3  ( see  
 Note 23 ). Note that all volumes should be doubled since the 
initial cell suspensions are 100 μL instead of 50 μL.   

   8.    Make serial dilutions of the antibodies in consecutive wells of a 
96-well v-bottom plate starting with the concentration recom-
mended by the vendor ( see   Note 24 ). Prepare 100 μL of a 2× 
solution of the highest antibody concentration in wash solu-
tion in a separate tube. Transfer 50 μL into the fi rst well. Then 
add 50 μL wash solution to the remaining 50 μL in the tube, 
mix by pipetting and transfer 50 μL to the next well of the 
plate. Create a series of 4–6 1:1 dilutions continuing this way.   

   9.    Wash, resuspend and stain the cells as described in 
Subheading  3.4  and run them on the fl ow cytometer.   

   10.    Analysis of the FCS fi les and gating strategy as described in 
Subheading  3.5 .   

   11.    Evaluation: The antibody must be specifi c towards the amino 
acid and the position in the signaling network. If that is ful-
fi lled, the best separation between background (untreated) 
and signal defi nes the optimal antibody dilution ( see  Fig.  3 ).

       12.    In addition to a pure visual evaluation, the formula for the  Stain 
Index , normally used to calculate the effective brightness of fl u-
orochromes by comparing stained and unstained samples can be 
used ( see  Fig.  4 ). Stain Index =  D / W  ( D  is the difference between 
the two MFIs and  W  in that case is the peak width, equaling 
2 × the Standard Deviation, of the unstimulated population).

          Due to the nature of fl ow cytometry requiring cells in suspension 
at the time of analysis, the method described so far is restricted to 
a relatively limited number of suspension cell lines and to primary 
samples like PBMCs (peripheral blood mononuclear cells). 

3.7  Additional 
Protocol: Adaption 
to Adherent Cells: Cold 
Trypsinization

Phospho Flow Cytometry
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However, it is possible to adapt the phospho fl ow protocol to most 
adherent cell lines by bringing the cells into suspension prior to 
fl ow cytometry. Cells are stimulated in plates at 37 °C, immediately 
transferred to ice and also trypsinized on ice, which will preserve 
the phosphorylation status during the trypsin treatment. 
Afterwards, cells are fi xed once they are in solution and can then be 
treated as described above.

    1.    Grow cells in a 6-well plate. Each well will represent one time 
point or condition.   

   2.    Place the plate in a water bath and incubate at 37 °C for 15 min 
( see   Note 8 ).   

   3.    Stimulate/treat cells as preferred. In case of time kinetics, the 
stimulation time course has to be inverted, starting with the 
stimulation of the cells for the longest time point and ending 
with the shortest in a way that all stimulation intervals fi nish at 
the same time.   

   4.    Transfer the plate to ice ( see   Note 25 ) and quickly remove the 
stimulation media, starting with shortest time point.   

   5.    Wash the wells with 1 mL of ice cold  PBS  , to remove proteins 
from the medium and to improve cooling.   

   6.    Add 700 μL ice-cold 2.5 % trypsin to each well and incubate 
on ice for up to 30 min ( see   Note 26 ).   

   7.    Quench reactions by adding 600 μL ice-cold complete medium 
or  PBS   supplied with 10 % serum and bring cells into suspen-
sion by carefully pipetting up and down.   

   8.    Transfer the cell suspensions to a 1.5 mL reaction tube and 
centrifuge with 300 ×  g  at 4 °C for 10 min.   

   9.    Remove supernatants and resuspend cells in 100 μL ice-cold 
 PBS  .   

   10.    Add 100 μL fi xative to each tube and incubate at 37 °C for 
10 min.   

   11.    Continue as described above, starting at step Subheading  3.1 , 
 step 11 .       

4    Notes 

     1.    The main ingredient of fi x buffer I is paraformaldehyde which 
is toxic (inhalation and skin contact). Handle with care!   

   2.    The main ingredient of perm buffer III is methanol which is toxic 
(inhalation and skin contact) and fl ammable. Handle with care!   

   3.    At   http://www.cytobank.org/facselect/     a comparison 
between different fi xation/permeabilization procedures and 
their compatibility with various antibodies can be found.   

Phospho Flow Cytometry
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   4.    In combination with stimulation with OKT3 unconjugated 
primary antibodies should be rabbit derived (poly- or mono-
clonal, the latter may be preferable if available to target). 
Mouse antibodies are not advisable in this experimental setup, 
because the stimulating antibody OKT3 is mouse IgG2a and 
will therefore be detected by a mouse-reactive secondary anti-
body. The same will apply for additional cell surface staining.   

   5.    Store the  PMA  , ionomycin and calyculin A stock solutions in 
small aliquots at −20 °C. Avoid all too frequent freeze–thaw 
cycles.   

   6.    The 100× pervanadate solution has to be prepared fresh for 
each experiment. Vanadate and hydrogen peroxide stock solu-
tions can be stored at 4 °C.   

   7.    Procedures are only described for a single well. However, using 
eight-channel multi-pipets or robotics will enable for multiple, 
simultaneous stimulations in the same plate under different 
conditions, like varying stimulating agents, addition of inhibi-
tors et cetera.   

   8.    Place the plate on a rack in the water bath, ensuring that at 
least the bottoms of the wells are in good contact with the 
water. Drilling a small hole in the plate’s top in one corner will 
prevent fl oating of the plate.   

   9.    If primary T cells are stimulated, co-stimulation via CD28 
and/or CD2 is required in addition for a full CD3/TCR acti-
vation. For this, cells are preincubated with 1 μg/mL biotinyl-
ated OKT3, 5 μg/mL biotinylated anti-CD28, and/or 5 μg/
mL biotinylated anti-CD2 at 37 °C for 2 min to allow anti-
body binding. The time course is then started by cross-linking 
with 50 μg/mL avidin [ 6 ].   

   10.    Optimal fi xation conditions are 37 °C for 10 min, but the fi xa-
tion time can be slightly extended. Therefore, cells of the time 
points 0 min, 1 min and 5 min can be fi xed in the same fi xation 
plate. However, the last, 15-min time point has to be treated 
separately and can be fi xed in the stimulation plate.   

   11.    For longer stimulations, several parameters will have to be 
adjusted. The cell density has to be lower. A cell culture incu-
bator with 5 % CO 2  atmosphere has to be used instead of a 
water bath. Cells may change their morphology, which can 
infl uence  FSC  ,  SSC  , auto fl uorescence and protein expression 
levels. It therefore may even become impossible to compare 
the readouts of unstimulated cells with readouts after too long 
(days) stimulations.   

   12.    The 10 mg/mL Pacifi c Blue solution can be stored in small 
aliquots at −20 °C for up to 1 year. The 100 μg/mL solution 
can also be reused as multiple freeze–thaw cycles do not destroy 
the reagent. When thawing, open reagents after they reached 
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room temperature to avoid hydration. In addition to Pacifi c 
Blue succinimidyl ester, several other amine-reactive fl uoro-
chromes are available, like Pacifi c Orange succinimidyl ester, 
excited by the violet laser or Alexa Fluor 488 carboxylic acid, 
2,3,5,6-tetrafl uorophenyl ester, excited by the blue laser. These 
reagents can be used instead of Pacifi c Blue succinimidyl ester, 
e.g. if the fl ow cytometer is lacking the violet laser, or in addi-
tion to create 2D or 3D staining matrices containing up to 64 
samples derived from different conditions. Distinct concentra-
tions of the different dyes thereby have to be combined in a 
way that assures that every sample is stained with a unique 
combination of dilutions ( see  Fig.  5a ).

       13.    This dilution series will be suitable for most cell types and also 
various cell concentrations. It works from comparably small 
peripheral blood mononuclear cells (PBMSs) to much larger 
adherent cell lines.   

   14.    The reagents are highly reactive. Direct mixing therefore is 
crucial for a homogenous staining of the entire cell suspension. 
Always add the cells to the  FCB   reagents. Adding the reagents 
to the cells will not result in distinct populations.   
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  Fig. 5    Multidimensional  FCB  . ( a ) Layout of a 3D FCB staining matrix in a 96-well plate using four staining 
intensities of Pacifi c Blue ( blue ) and Alexa Fluor 488 ( green ), respectively, and two of Pacifi c Orange ( orange ) 
to obtain 32 unique combinations. Gating can be done separately for each FCB channel ( b – d ) and gates can 
be combined in the software to create the right populations for the analysis. FCB channels Alexa Fluor 488 and 
Pacifi c Blue plotted against each other ( e ). If populations are not overlapping, they can alternatively be selected 
directly from this type of scatterplot       
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   15.    Proper resuspension before adding the permeabilization solu-
tion is crucial to avoid clumping and formation of aggregates 
through the methanol.   

   16.    Samples can be stored in the permeabilization solution at 
−80 °C for several months.   

   17.    The density of the cell suspension should be approximately in 
the range of the cell density used for the antibody titration. In 
our laboratory usually between 0.5 and 2 × 10 6  cells/50 μL. For 
signifi cantly higher densities, the total staining volume should 
be adjusted.   

   18.    Having all phospho-specifi c antibodies conjugated to the same 
bright fl uorochrome, here Alexa Fluor 647, leaves the other 
channels free for  FCB   and surface marker staining, and makes 
later on analysis easier. In order to reduce compensation issues 
in the phospho-antibody channel, it is advisable to leave the 
other channels on the same laser unused, if possible.   

   19.    The staining panel should always contain at least one isotype 
control. Antibodies that detect the unphosphorylated forms of 
the proteins are not necessary. Total protein levels should nor-
mally not change during short stimulations. Cell surface 
marker staining can be done in the same mix. Note that some 
epitopes will not be recognized after methanol treatment. 
These stainings can be performed before the permeabilization. 
A list of cell surface markers and buffer compatibility can be 
found at:   http://www.bdbiosciences.com/documents/anti-
bodies_human_cellsurface_marker.pdf       

   20.    Spillovers between Alexa Fluor 647 and Pacifi c Blue are in 
both directions very small (between 0.00 % and 0.10 %) 
because they are excited by different lasers.   

   21.    The scattered light of particles passing through the lasers is 
recorded by photomultipliers (PMTs) as voltage pulses having 
a peak height, width, and area. The width correlates with the 
particle size and can therefore be used during the analysis to 
discriminate doublets or larger aggregates based on the dispro-
portion between height and width compared to single cells, 
especially in the side scatter ( SSC  ).   

   22.    In principle, the barcoding populations can be gated based on 
any scatter plot having the barcoding dye signal on one axis. 
However, displaying the barcoding signals against the  SSC  -A 
usually provides the best separation. Gating based on histo-
grams is not advisable. In the case of multidimensional  FCB  , 
every barcoding channel can be gated separately against the 
SSC-A ( see  Fig.  5b–d ). The fi nal populations can then be cre-
ated by combining the different gates using  Boolean gating  
(&) in FlowJo or in Cytobank by adding populations in the 
population manager and assigning the correct gate combina-
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tions to the new populations. For 2D barcoding, it might also 
be possible to directly gate the populations based on a scatter 
plot of the two FCB channels against each other ( see  Fig.  5e ), 
if there is no major overlap between populations. If cell surface 
markers are used in addition to FCB and more than one popu-
lation is examined, the use of Cytobank is recommended. 
There, the populations from surface markers can be used as a 
separate layout dimension in the illustration/analysis, which 
makes the analysis more convenient.   

   23.    The total number of 20 million cells is suffi cient for the titra-
tion of ~15 antibodies. If fewer antibodies are evaluated, the 
cell mixture can be aliquoted during the permeabilization step 
and stored at −80 °C for later titrations.   

   24.    In case of unconjugated antibodies a good starting point 
(highest concentration) for the titration is a fi nal dilution of 
1:100.   

   25.    Make sure that the plate is leveled and there is good contact 
between the ice and the bottom of the plate. A plate fi lled with 
warm water can be used to adjust the ice surface beforehand.   

   26.    The time span for the cold trypsinization should be evaluated 
in advance, using, e.g., a 24- or 48-well plate and trypsiniza-
tion intervals from 5 to 30 min. Not all cell lines are suitable 
for cold trypsinization, because some adhere too well or grow 
in microspheres.         
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Chapter 20

Resources for Assignment of Phosphorylation Sites 
on Peptides and Proteins

Vaishnavi Ravikumar, Boris Macek, and Ivan Mijakovic

Abstract

Reversible protein phosphorylation is a key regulatory posttranslational modification that plays a signifi-
cant role in major cellular signaling processes. Phosphorylation events can be systematically identified, 
quantified, and localized on protein sequence using publicly available bioinformatic tools. Here we present 
the software tools commonly used by the phosphoproteomics community, discuss their underlying prin-
ciples of operation, and provide a protocol for large-scale phosphoproteome data analysis using 
the MaxQuant software suite.

Key words Bioinformatics, Phosphorylation site identification, MaxQuant

1  Introduction

Cellular functions of proteins are often tightly regulated by their 
respective posttranslational modifications (PTM). Identification 
and quantification of modified proteins is important for the under-
standing of signal transduction networks, whereas the knowledge 
of the precise site of modification on the protein sequence is critical 
for a mechanistic understanding of the influence of the PTM on 
individual protein function [1, 2]. Experimental identification of 
phosphorylation sites is relatively labor intensive; hence significant 
efforts have been invested in constructing in silico phosphorylation 
site predictors. Different algorithms have been implemented to 
construct predictors based on experimental datasets [3, 4] and 
protein structural features [5]. Since phosphorylation sites are usu-
ally not well conserved among species, predictors have also been 
constructed based on clade-specific data [6–8]. While this field is 
definitely showing progress, the performance of in silico predictors 
is still not sufficient for practical use [9], and experimental identifi-
cation of phosphorylation sites remains at present the only viable 
alternative.
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During the past two decades, mass spectrometry has emerged 
as a method of choice to study PTMs and signal transduction net-
works. Traditionally, phosphoproteomics relied on 2D gels to 
identify and quantify phosphoproteins [10]. Those studies, 
although capable of visualizing and identifying hundreds of phos-
phoproteins on gels, could rarely retrieve information on the exact 
localization of phosphorylation events. However, current large- 
scale, quantitative phosphoproteomics studies based on biochemi-
cal enrichment of modified peptides and “shotgun” MS protocols 
routinely detect >10,000 phosphorylated peptides in a typical 
eukaryotic cell line in a single experiment [11, 12]. Since the pep-
tide sequence can be easily inferred from the MS/MS fragmenta-
tion pattern, these new protocols enable straightforward 
localization of many modification sites. This review focuses on the 
present day bioinformatics tools routinely used to confidently 
localize phosphorylation sites on a peptide or protein.

Protein/peptide identification relies on search engines that 
match peptide fragmentation patterns to a database of known pro-
tein/peptide sequences [13]. While determination of the peptide 
sequence is relatively straightforward, detection and localization of 
modification sites are more complicated. One reason for this is the 
fact that presence of PTMs on peptides increases the number of 
theoretical spectra that need to be matched to a mass spectrum 
(search space) (see Fig. 1a). For example, if a particular peptide is 
doubly phosphorylated and possesses three modifiable amino acids 
(Ser, Thr, or Tyr), it will have eight possible PTM variants that will 

SIKESDKTVADNID
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SIKESDKTVADNID

SIKESDKTVADNID
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a b

Fig. 1 (a) A peptide can have a number of variants depending on the presence of number of residues that can 
be modified, calculated as 2n. In the above shown example, eight variants of the peptide are possible, including 
the unmodified and phosphorylated forms (singly, doubly, or triply). The probability of localization of the 
phospho- modification to a particular amino acid is represented by the letter size as an example. (b) An exam-
ple of a peptide spectrum match and assignment. Variant 1 matches the theoretical spectrum better than 
Variant 2
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have to be matched to the mass spectrum in order to pinpoint 
the exact location of the modifications. Increased search space as a 
consequence of PTM consideration during database search may 
also largely escalate false-positive identifications. Furthermore, 
localization of a modification on a peptide requires comprehensive 
MS fragmentation patterns, but the presence of the phosphoryla-
tion modification often interferes with fragmentation resulting in 
lower coverage and significance scores (see Fig. 2). For example, 
loss of the modification from the peptide bond is often the main 
fragmentation event, especially for modifications occurring on 
Ser/Thr residues such as O-glycosylation and phosphorylation 
(so-called neutral loss). In these cases, CID often results in a prom-
inent unmodified precursor ion peak that is devoid of information 
on peptide sequence and additional fragmentation needs to be per-
formed on that peak for sequence and modifications site assign-
ment [14]. Since Ser/Thr phosphorylation is “lost” in the form of 

Fig. 2 Good sequence coverage and low background noise is important for accurate peak annotation. Shown 
here is an example of (a) bad and (b) good MSMS spectrum of a phosphopeptide along with their respective 
information panels

Resources for Phosphosite Assignment 
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phosphoric acid, the modified serine is converted into dehydroala-
nine and the resulting mass shift (−18 Da) can be used to localize 
the modification site. Conversely, the localization of O-glycans is 
more challenging, as they are lost without changing the backbone 
sequence and therefore the information on their exact location is 
missing. This problem can be addressed by specific (prolonged) 
CID acquisition regimes [15] or the use of other fragmentation 
techniques, such as electron capture dissociation (ECD) [16] or 
electron transfer dissociation (ETD) [17] that preserve labile mod-
ifications on the peptide backbone. Although not of fundamental 
importance, high measurement mass accuracy (MMA) is also 
important in analysis of certain modifications. Besides its generally 
positive influence on selectivity in case of large database search 
space, high MMA is needed to resolve modifications that are very 
similar in mass, such as tyrosine phosphorylation (79.966 Da) and 
sulfation (79.956 Da); acetylation (42.011 Da) and tri- methylation 
(42.047 Da); and formylation (27.990 Da) and dimethylation 
(28.031 Da). This is also important in the context of cross talk 
between different modifications, as an increasing number of stud-
ies report interplay of different modifications situated in close 
proximity on proteins [18, 19].

For localization scoring purposes search engines such as 
Mascot or Sequest have integrated PTM-scoring algorithms, such 
as Delta-score or A-score, respectively. Software suites such as 
MaxQuant have integrated scoring algorithms (PTM Score), in 
addition to other modules for MS data processing, search engine 
and statistical post-processing of MS data. Additionally stand-alone 
programs such as PhosphoRS can also be used which can apply 
post-raw data processing with any software. MS/MS data interpre-
tation can be done with various additional MS vendor tools such as 
Proteome Discoverer (Thermo Scientific), ProteinLynx (Waters), 
MassHunter/Spectrum Mill (Agilent), and others.

One software tool that uses high MMA to find and map PTMs 
is ModifiComb [20]. A base peptide which is the unmodified 
counterpart of a particular peptide and a dependent peptide which 
is the modified or mutated counterpart of the same peptide is 
assumed to be present in the same sample mixture and LC-MS run 
forming a so-called peptide family. These are expected to elute 
within a limited time window of an LC-MS run, either before or 
after the other. Thus the algorithm encoded within ModifiComb 
looks for peptides with strong sequence similarities and calculates 
the ΔM between their molecular masses and ΔRT between their 
retention times. It builds a histogram based on the ΔM and ΔRT 
values and identifies pair matches for a minimum of four depen-
dent peptide fragments coinciding with the base peptide frag-
ments, within a 20 mDa window. Generally the base peptide is 
identified by de novo sequencing or database search whereas the 
dependent peptide should not be identified unless the variable 

Vaishnavi Ravikumar et al.
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modification is specified during the search. Likewise, dependent 
peptide analysis incorporated within the Max Quant search algo-
rithms can also be used to identify modified peptides using the 
information obtained from their identified unmodified analogues 
[21]. This is done by calculating a probability score for every 
unidentified peptide based on its match to every identified peptide 
in order to find the closest or best match to its base peptide. The 
Δm information of the best scored peptide is then used to assign 
the modification and position. Error tolerant search [22], with 
Mascot, is yet another tool for finding unsuspected modifications 
on a peptide. It consists of a standard first search that uses pre-
defined search parameters. Identified proteins are then selected for 
a second error tolerant search with no enzyme specificity and a 
complete and comprehensive list of chemicals and posttranslational 
modifications. The identified modified peptides are then scored to 
mark the best matches.

Despite the acknowledged fact of the importance of PTM local-
ization, there is a lack of one complete solution to all the above-
described issues. However there are some fundamental strategies 
widely used in the field to help to overcome some of these obstacles.

Previously, site localization was assessed by manual verification of 
fragmentation spectra, making site assessment a labor-intensive 
and time-consuming procedure. With the development of various 
software tools, phosphorylation site localization has become auto-
mated and more accurate. PTMs on peptides are detected as a mass 
increment or deficit relative to the respective unmodified form of 
the peptide. Presence of a PTM on peptide fragments causes the 
m/z of the peptide to shift and these modified and unmodified 
fragments are of special importance in localization; absence of 
these fragments results in ambiguity. Algorithms use this informa-
tion to map the peptide to the best possible spectrum and generate 
a probability-based localization scoring for phosphorylation assign-
ment (see Fig. 1b). Contrary to assessment of false discovery rate 
(FDR), for site localization there is no similar equivalent measure 
or false localization rate (FLR). An incorrectly localized site would 
not be considered as a decoy match but have a close match to the 
correct spectrum [23]. Thus probability based scoring algorithms 
are used for this purpose. The proteomics field commonly makes 
use of localization scoring methods primarily developed by two 
groups—the A-score by Beausoleil et al. [24] and the PTM score 
by Olsen et al. [25, 26] or modified variants of these.

The PTM score was developed for localizing phosphorylation site 
identifications in low mass accuracy ion trap-collision-induced dis-
sociation data. It gives the probability of a match that is directly 
calculated from the MS3 spectrum to the respective fragment ion 
sequence of a particular peptide. In the original publication, the 

1.1 Phosphorylation 
Site Localization 
Scoring Strategies

1.1.1  PTM Score

Resources for Phosphosite Assignment 
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top four most intense signals were chosen by the algorithm for a 
given fragment for every 100 Da window. This value, chosen based 
on experimental observations, was also corroborated by a group in 
Israel [27] who noticed that peaks from two M/MS spectra cor-
respond to each other if their masses do not differ more than 0.4 
atomic mass units (amu). They used the most intense peak for the 
match as implemented in Pep-Miner. Thus the probability of the 
calculated masses to match the experimentally recorded masses is 
4/100 or 0.04 and this is independent of the mass range under 
consideration. In more recent publications, the peak number was 
increased to 10 [28]. The reduced mass list creates a satisfactory 
balance between true positives and background noise. Next, the 
algorithm calculates the b- and y-ions and their respective internal 
cleaved product ion masses for potential b- and y-ion precursors 
and determines the number of matches, denoted as k. The proba-
bility P of obtaining random matches between computed and mea-
sured peaks is calculated using
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where P is the probability of obtaining k successful matches in n 
number of fragments for a particular mass range. This algorithm 
thus calculates the probability of each potential modified site and 
then sums up all probabilities to 100 %. This normalized scale 
makes the comparison between different potential sites on the 
same peptide convenient.

Recorded peptide fragment spectra are scored automatically 
with the algorithm encoded within the MaxQuant [21] software 
suite, which is an open-source software available for download at 
http://www.maxquant.org/index.htm.

This algorithm was also developed to assess low accuracy ion trap 
data. Similar to the PTM score strategy, this algorithm divides the 
m/z range into 100 bins and from each bin the six most intense 
peaks are chosen to generate a peak list for scoring purposes. The 
probability score is calculated based on the presence and intensity of 
site determining ions that are exclusive to a specific site, in the MS/
MS. The difference of the A-score to the PTM score lies in the fact 
that the A-score does not report the probability score of all possible 
sites but only of the best one. This is calculated as the score differ-
ence between the best site and the next best and finally reported as 
10 log10 p-score. Phosphorylation site localization by A-score is 
determined by identifying the possible sites of phosphorylation fol-
lowed by probability calculation of the  phosphorylation site local-
ization based on the likelihood of identifying site determining ions 
rather than by chance. The probability of predicted b- and y-ions 
matching an identified spectrum is calculated by the equation

1.1.2 A-Score

Vaishnavi Ravikumar et al.
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where P represents the probability of the fragment ions randomly 
matching to the MS2 spectrum in N the total number trials with 
(n) number of successful events, p being the probability of success 
and represented as −10 log (P).

This algorithm is integrated with the Sequest [29] software 
and the matched peptide sequences are given a probability based 
ion matching score (also called peptide score). The threshold score 
used by the developers to validate their scoring algorithm [24] was 
p < 0.01. Apart from providing information regarding the precise 
site of localization, A-score also provides information about the 
unlocalized modification sites.

The Mascot Delta score encompasses a reevaluated scoring strat-
egy described by Savitski et al. in 2011 [30]. The Mascot Delta 
score or MD score concept has been tested and is applicable to 
many fragmentation techniques such as CID, MSA, ETD, and 
HCD. It was developed for use with the Mascot [31] database 
search engine. MD scores are calculated separately using mascot.
dat as an input file. The MD score algorithm was formulated to 
objectively assess phosphorylation site assignments made by 
Mascot. Contrary to the PTM score or A-score where the local-
ization is a result of post database search re-analysis of peptide 
spectral matches, MD score makes use of native Mascot scores to 
calculate uncertainty in the reported localization scores. The 
straight MD score (as opposed to normalized MD score previ-
ously tested by Beausoleil et al. [24]) is calculated as a ratio differ-
ence between the top two Mascot ion scores of alternative 
phosphorylation sites in a given peptide sequence. Since only the 
best ion score is considered, MD score calculation utilizes the 
peptide score of either the one containing the phosphorylated 
amino acid or the one containing the neutral loss of the phos-
phoric acid. As in case of the above two discussed strategies, MD 
scoring algorithms also divide the m/z range into fragment win-
dows, the difference from the above two being that it is divided 
into 110 bins and “n” most intense peaks are then chosen. 
Additionally, the MD score does not show a strong bias towards 
any of the different amino acids (namely S/T/Y), although it is 
less sensitive for p-S/T peptides. Furthermore, Savitski et al. also 
report different MD score thresholds for different fragmentation 
techniques making assignment of phosphorylation sites possible 
irrespective of the nature of instrument or fragmentation tech-
nique used. Finally, the MD scoring approach can be used to score 
large as well small datasets as the scoring is independent of the size 
of the database searched against.

1.1.3 Mascot Delta Score

Resources for Phosphosite Assignment 
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In addition to the above described commonly used tools for the 
precise localization of sites identified from phosphoproteomics data-
sets, numerous other programs have been developed for the purpose 
of overcoming the shortcomings of the existing ones. The key fea-
tures of some of these software tools are briefly described below.

ModLS is a variant of the PTM score but is designed for local-
izing many PTM types and considers entries from UniMod. In 
addition it can be used to analyze a dataset from multiple search 
algorithms and can combine their results. It has been described as 
“a user-friendly localization tool for arbitrary PTMs” [32]. In 
addition, ModLS also has provisions for identifying and minimiz-
ing mis-assigned phosphorylation sites.

PhosphoRS [33] localization software can also be used in con-
junction with all common fragmentation techniques and with high 
and low-mass-accuracy data. It is a stand-alone software but can 
also be installed within the Thermo Scientific Proteome Discoverer 
software. It is downloadable from http://cores.imp.ac.at/protein- 
chemistry/download/. The combination of a novel peak extrac-
tion procedure (flexibility in number of peaks chosen per 100 m/z 
window) and the optimization of scoring criteria for various frag-
mentation methods (accounting for singly and doubly charged 
fragment ions and neglecting neutral loss peaks) makes it a unique 
localization tool. Further, the authors also show the practicality of 
this software by implementing it to localize sites identified from 
HeLa cells after TiO2 enrichment.

SLIP (or Site Localization In Peptide) [34] scores all peptides 
identified by the Batch-Tag search engine in Protein Prospector 
(http://prospector.ucsf.edu/prospector/mshome.htm). The 
algorithm picks the 40 most intense peaks in each m/z range. An 
important point to note is that this algorithm can be used for high-
mass- accuracy data for site localization. SLIP scoring lists all poten-
tial phosphorylated sites within the set score threshold and 
considers other ion types and is not restricted to only b/y ions.

SLoMo (or Site Localization of Modifications) [35] is an adap-
tation of the widely used A-score and is designed specifically to also 
assess electron transfer dissociation data and can only be imple-
mented with the Sequest and OMSSA [36] proteomics analysis 
software suite searches. SLoMo recognizes the generic pepXML 
input format and can be used for any modification found it the 
UniMod database. MS2 data are used to calculate specific site prob-
abilities and approximated by a Poisson distribution.

2  Protocol: Analysis of Phosphorylation Datasets Using MaxQuant

Described below is a step-by-step procedure for processing and 
analyzing phosphoproteomics data using the MaxQuant software 
suite.

1.1.4 Additional Tools

Vaishnavi Ravikumar et al.
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 1. Load Xcalibur.raw files in MaxQuant (use the latest version - 
here we describe v. 1.5.0.0) under the “Raw files” tab using 
the Load/Load folder function.

Note 1: All files to be analyzed should be copied into a single folder 
on your local computer before analyzing them with MaxQuant. 
Any version of MaxQuant can be used to specifically process 
Xcalibur.raw files generated by Thermo Fischer Instruments. 
In addition, the newest 1.5.0.0 version can also support raw 
data from AB Sciex TripleTOF 5600 and Bruker Impact HD.

 2. The “write template” function will create a combined folder in 
the same folder that contains all copied raw files to be ana-
lyzed. The experimentalDesignTemplate.txt file in the com-
bined folder can be defined and modified accordingly.

 3. Under the “Group-specific Parameters”—General tab, choose 
“Phospho (STY)” as a variable modification.

 4. Specify the endoprotease and label used under the same tab, 
maintaining all other default parameter settings.

 5. Load the protein sequence database of choice (downloaded 
from UniProt for example) under the “Global parameters”—
General tab by selecting the “Add file” function.

Note 2: Databases can be obtained from different sources like 
UniProt, RefSeq/NCBI, or other specialized platforms for 
specific organisms such as TAIR for Arabidopsis. These data-
bases obtained from different sources differ mainly with respect 
to the protein identifiers. Essentially any of the above men-
tioned databases can be used.

 6. The Advanced tab under the “Global parameters” has provi-
sion for selection of the combined folder destination.

 7. Choose the appropriate number of threads and select Start. 
The processing time is generally dependent on the number of 
raw files and search space.

Note 3: Number of threads refers to the number of physical cores of 
the computer and it should be the minimum value of the num-
ber of cores and number of raw files combined. For example 
two threads should be used if only two raw files are being pro-
cessed on a six-core computer; or six threads should be used if 
10 raw files are being processed on a six-core computer.

Note 4: A more detailed protocol on the requirements and usage of 
MaxQuant can be obtained from [37] or from http://max-
quant.org/requirements.htm.

 8. On completion, all processed data can be found in the same 
folder as the raw files, in a combined\combined\txt folder as 
.txt files which can be conveniently read and edited with 
MS Office-Excel.

Resources for Phosphosite Assignment 
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 9. Based on the modification defined, a generically labeled .txt file 
is created after every search, for example; Phospho (STY)Sites.
txt or Acetyl(K).txt. Specifically, in case of the phospho- 
modification, based on the modified residue mentioned during 
database search, the file will be labeled Phospho (STY)Sites.txt 
for modification of residues Ser/Thr and Tyr or just Phospho 
(S)Sites.txt for modification on only Ser, for example.

 10. The Phospho (STY)Sites.txt contains all information regard-
ing all identified and/or quantified phosphorylation sites.

Note 5: During the database search, we also include 248 
common laboratory contaminant entries which are then addi-
tionally filtered for in the Phospho (STY)Sites.txt.

 11. Filter all reverse hits in the Phospho (STY)Sites.txt.
Note 6: Reverse hits refers to protein hit matches to the 

reverse sequences from the decoy database.
 12. Here we describe some of the most important columns from 

the Phospho (STY)Sites.txt file. Figure 3 is provided as an 
example of the MaxQuant output.
●● Localization prob—the confidence of the site assignment 

to specific amino acids can be estimated with the help of 
this column. It indicates the likelihood of occurrence of 
the phosphorylation event on a specific amino acid. All 
sites listed in this table are localized with either a good or 
bad probability value.

●● Note 7: Generally, we consider a localization probability of 
p ≥ 0.75 as acceptable in our laboratory.

●● Proteins—states the UniProt identifier as well as the gene 
names of every peptide entry.

●● Fasta headers—gives the protein description of every entry.
●● Position within proteins—states the position of the phos-

phorylation site within the protein sequence.
●● Amino acid—states the residue that has been identified as 

modified.
●● PEP—or Posterior Error Probability is the score of the 

corresponding phosphorylated peptide identification. It 
helps to gauge the statistical significance of the identified 
phosphorylated peptide.

●● Score—is the peptide score for the best identified phos-
phorylated peptide assigned by the Andromeda search 
engine.

●● Ratio H/L (or M/L) normalized—gives the required 
quantitative information. It lists all normalized ratios 
between two labeled partners where the median of the 
total ratio population is shifted to 1.

Vaishnavi Ravikumar et al.
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●● Ratio H/L_1 (2 or 3)—a particular peptide can be detected 
as multiple variants based on the number of possible 
phospho- modification sites on the peptide. The Ratio 
H/L_1 (2 or 3) columns report the ratios between labels 
for each detected modified variant, respectively.

●● Intensity—refers to the total intensity value of all isotopic 
clusters related to the identified peptide. It is the summed 
up Extracted Ion Current of all isotopes in the labeled 
cluster.

●● Occupancy—gives stoichiometric information about the 
phosphorylation modification and can be defined as the 
ratio of the phosphorylated and non-phosphorylated ver-
sion of the same peptide with respect to an identical site.

●● Reverse—rows marked with a “+” indicate that the respec-
tive peptide could be matched to a reverse protein sequence 

Some of the important columns from the original Phospho(STY)Sites table are listed and described here

Column Header Description

Proteins UniProt identifier and gene name of the respective protein
Positions within proteins Position of the identified phosphorylation event within the peptide sequence

Fasta headers Description of FASTA headers for UniProtKB 
Local prob Localization Probability indicating the likelihood of occurrence of the phosphorylation event on a specific amino acid

PEP Posterior Error Probability score of the corresponding phosphorylated peptide identification
Score Peptide score assigned by the Andromeda search engine

Amino acid The amino acid that has been identified as modified
Ratio H/L Norm Normalized ratio between two labeled partners (heavy to light) where the median of the total population is shifted to 1.

Ratio H/L Norm___1
Normalized ratio, of peptide variant 1, between two labeled partners (heavy to light) where the median of the total 

population is shifted to 1.

Ratio H/L Norm___2
Normalized ratio, of peptide variant 2,  between two labeled partners (heavy to light) where the median of the total 

population is shifted to 1.

Ratio H/L Norm___3
Normalized ratio, of peptide variant 3, between two labeled partners (heavy to light) where the median of the total 

population is shifted to 1.
Occupancy L Stoichiometry of the modification in the light labeled species, in the case of a labeled experiment
Occupancy H Stoichiometry of the modification in the heavy labeled species in the case of a labeled experiment

Intensity Total intensity of all isotopic patterns in the label cluster
Rev Short for Reverse.‘+’ denotes that this particular entry had a match to the decoy database
Cont Short for Contaminant. ‘+’ denotes that this particular entry was identified as a commonly occurring laboratory contaminant

Proteins
Position 
within 
protein

Fasta Headers
Local. 
Prob

PEP Score
Amino 
acid

Ratio 
H/L

Norm

Ratio 
H/L

Norm
_1

Ratio 
H/L 

Norm
_2

Ratio 
H/L 

Norm
_3

Occupa
-ncy L

Occupa -
ncy H

Intensity Rev Cont

CON__P01045-1 315

>P01045-1 SWISS-
PROT:P01045-1 (Bos taurus) 
Isoform HMW of Kininogen-2 

precursor

0.5 0.0161272 61.48 S 0.39851 0.39851 NaN NaN NaN NaN 8621500 +

sp|O31996|YOK
K_BACSU

2

>sp|O31996|YOKK_BACSU 
SPBc2 prophage-derived 

uncharacterized protein YokK 
OS=Bacillus subtilis (strain 
168) GN=yokK PE=4 SV=1

0.957395 0.00584903 118.71 S NaN NaN NaN NaN NaN NaN 12364000

sp|O34660|ALD
H4_BACSU

254

>sp|O34660|ALDH4_BACSU 
Putative aldehyde 

dehydrogenase DhaS 
OS=Bacillus subtilis (strain 
168) GN=dhaS PE=3 SV=1

0.997605 0.00899239 81.95 S NaN NaN NaN NaN NaN NaN 7902100

sp|P08877|PTH
P_BACSU

46

>sp|P08877|PTHP_BACSU 
Phosphocarrier protein HPr 
OS=Bacillus subtilis (strain 
168) GN=ptsH PE=1 SV=3

1 1.27E-07 179.66 S 0.018784 0.018784 NaN NaN 0 0 1996900000

sp|Q99027|COM
P_BACSU

437

>sp|Q99027|COMP_BACSU 
Sensor histidine kinase ComP 
OS=Bacillus subtilis (strain 
168) GN=comP PE=2 SV=3

0.999996 0.039795 54.09 S 9.0416 9.0416 NaN NaN NaN NaN 89116000

sp|P71062|EPSL
_BACSU

59

>sp|P71062|EPSL_BACSU 
Uncharacterized sugar 

transferase EpsLOS=Bacillus 
subtilis (strain 168) GN=epsL

PE=2 SV=1

0.999953 0.010908 70.908 T 0.022772 NaN 0.022772 NaN NaN NaN 290160000

a

b

Fig. 3 (a) Detailed description of column headers present in the MaxQuant Phospho (STY) Sites table output. 
(b) Example of a MaxQuant Phospho (STY) Sites table output
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derived from the decoy database. These must be filtered 
before data analysis.

●● Contaminant—rows marked with a “+” indicate that the 
respective peptide was found to be a part of a common 
laboratory contaminant. These must be filtered before 
data analysis.

3  Conclusion

Protein phosphorylation is one of the most prominent and ubiqui-
tous modifications that govern all aspects of a cell. Thus it is crucial 
to identify and further understand the exact regulatory role of this 
modification in signaling processes. Advances in technology and 
enrichment techniques have now made identification of phosphor-
ylation events occurring in a cell a routine. However it is equally 
crucial to recognize the precise site of the modification on the pep-
tide. This demands the improvement of MS acquisition methods 
and computational methods for PTM prediction and localization. 
There has been an impressive development in the advancement of 
scoring strategies through the years, but there are still certain pit-
falls that exist in current approaches. There is a need for more 
sensitive methods that can accurately localize modification sites 
and measure FLR without matching of thousands of theoretical 
fragment masses to MS spectra, e.g., by using already existing or 
specifically produced spectral libraries. There is also a need for a 
benchmark dataset that can be used consistently for developing 
new or improving current localization algorithms. Filling these 
gaps would help the proteomics community to take one step fur-
ther towards confidently publishing reliable large-scale PTM data-
sets in complex systems.
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    Chapter 21   

 From Phosphosites to Kinases       

     Stephanie     Munk    ,     Jan     C.     Refsgaard    ,     Jesper     V.     Olsen    , and     Lars     J.     Jensen       

  Abstract 

   Kinases play a pivotal role in propagating the phosphorylation-mediated signaling networks in living cells. 
With the overwhelming quantities of phosphoproteomics data being generated, the number of identifi ed 
phosphorylation sites (phosphosites) is ever increasing. Often, proteomics investigations aim to under-
stand the global signaling modulation that takes place in different biological conditions investigated. For 
phosphoproteomics data, identifying the kinases central to mediating this response is key. This has 
prompted several efforts to catalogue the immense amounts of phosphorylation data and known or pre-
dicted kinases responsible for the modifi cations. However, barely 20 % of the known phosphosites are 
assigned to a kinase, initiating various bioinformatics efforts that attempt to predict the responsible kinases. 
These algorithms employ different approaches to predict kinase consensus sequence motifs, mostly based 
on large scale in vivo and in vitro experiments. The context of the kinase and the phosphorylated proteins 
in a biological system is equally important for predicting association between the enzymes and substrates, 
an aspect that is also being tackled with available bioinformatics tools. This chapter summarizes the use of 
the larger phosphorylation databases, and approaches that can be applied to predict kinases that phos-
phorylate individual sites or that are globally modulated in phosphoproteomics datasets.  

   Keywords       Phosphoproteomics    ,   Kinases  ,    NetPhorest    ,    NetworKIN    ,    Phospho.ELM    ,    PHOSIDA    , 
   PhoshoSitePlus    

1      Introduction 

 Dynamic protein phosphorylation is a key regulatory mechanism 
by which cellular processes are initiated, repressed, and modulated 
to maintain homeostasis. The magnitude of the cellular phosphor-
ylation network is refl ected in a typical phosphoproteomics screen, 
which can identify thousands of phosphosites at a time [ 1 ,  2 ]. The 
timely and rigid control of the cell’s elaborate phosphorylation sig-
naling networks is achieved by the coordinated functions of kinases 
and phosphatases that, respectively, add and remove a phosphate 
group on serine, threonine, and tyrosine residues on proteins. The 
human proteome is estimated to contain well over 500 protein 
kinases that specifi cally phosphorylate their intended substrates to 
produce a desired and concise effect for maintenance of cellular 
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functions [ 3 ]. A kinase’s substrate specifi city is in part conferred by 
preferences for certain amino acids or types of amino acids among 
the residues surrounding the target phosphosite (consensus motif). 
Equally important for the concise kinase mediated cellular signal-
ing is the contextual activation and inactivation of the kinases, the 
regulation of its subcellular localization and that of its substrates. 
One interesting example are the ATM and ATR kinases that have the 
same known consensus phosphorylation motif, S/T-Q. It is there-
fore their timely activation in response to distinct perturbations, 
their localization, and the cellular distribution of their substrates 
that contribute to the regulation of their individual functions. 

 While phosphoproteomics is a powerful technology that allows 
deep and broad insight to the phosphorylation networks of a cel-
lular system, the capacity to interpret the signifi cance of these phos-
phosites is largely lagging. As such, the  Phospho.ELM   database 
currently comprises nearly 43,000 phosphosites, yet the function of 
most of these is unknown, and only a fraction of these phosphoryla-
tion events have been attributed to a specifi c kinase [ 4 ]. However, 
the central role of protein kinases in orchestrating the cell’s signal-
ing networks renders this family of proteins of particular interest in 
global investigations of perturbed and diseased systems, and not in 
the least for quantitative phosphoproteomics screens. The impor-
tance of clarifying the roles of kinases in biological systems is evi-
dent in that kinases are intensively investigated as potential drug 
targets, in particular for cancer therapy [ 5 ]. Evidently, a better 
understanding of the regulation of kinase activity and identifi cation 
of its targets and their roles in a biological system will provide a 
foundation for further development of drugs for clinical use. 

  Phosphoproteomics   data contain several levels of information 
that can be extracted or inferred to estimate the functional impor-
tance of individual kinases in a specifi c biological setting. Generally, 
the roles of kinases can be approached by analyzing the individual 
phosphosites or by determining which kinases are globally more 
active in the conditions investigated. For the individual phosphor-
ylation events, a responsible kinase can be predicted based on the 
amino acids in the surrounding sequence. Furthermore, phos-
phorylation of kinases themselves often regulates their enzymatic 
activity. Therefore, a global analysis of which kinases appear to be 
active (or not) in the biological setting investigated can be deduced 
by bioinformatic analysis of complete phosphoproteomics dataset 
of phosphosites.  

2    Phosphosites on Kinases 

 The most direct evidence of kinase activity modulation lies in the 
phosphosites identifi ed on the kinases themselves. For some 
kinases, the exact phosphosites that control the activation of the 
enzymatic activity are known. If identifi ed and quantifi ed in a 
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phosphoproteomics screen, these sites provide the most direct 
indication of the induction or repression of a kinase’s activity. 
Notably, the potential regulatory effects of most phosphosites on 
kinases are not known. Additionally, phosphoproteomics data does 
not reveal other aspects of kinase regulation, such as subcellular 
localization, as previously discussed. However, phosphorylation of 
activating sites in the kinase domain’s activation loop can be used 
as a proxy for kinase activity. The activation loop of a eukaryotic 
protein kinase is contained within the activation segment in the 
kinase domain, which is located between a DFG motif and an APE 
motif. Introduction of a negatively charged phosphorylation site 
within this region activates most kinases by counteracting the posi-
tively charged arginine in the catalytic HRD motif, rendering the 
kinase domain in an active conformation. 

   At   http://phomics.jensenlab.org     we provide a tool to analyze 
phosphoproteomics datasets for phosphosites that reside within a 
kinase activation loop. 

       1.    Open the website:   http://phomics.jensenlab.org       
   2.    Click on “Activation Loop Analysis”   
   3.    The phosphoproteomics data can be uploaded in one of the 

two ways:
    (a)    Click on “Activation Loop Analysis Phosphosites” to 

upload either a tab delimited text fi le by clicking “Choose 
File” or copy-paste your sites into the “Input Sites” text 
area. Both should be in one of the following formats ( see  
 Note 1 ):

 ●    [uniProt ID] [tab or space] [amino acid] [Site]  
 ●   [uniProt ID] [tab or space] [Site]  
 ●   [uniProt ID] [tab or space] [Site] [tab or space] 

[amino acid]      
   (b)    Click on “Activation Loop Analysis  Phosphopeptides  ,” to 

upload either a tab delimited text fi le by clicking “Choose 
File” or copy-paste your sites into the “Input Sites” text 
area. Both should be in one of the following formats:

 ●    PEPtIDE  
 ●   PEPpTIDE  
 ●   PEPT(ph)IDE 
 ●  Under “Digestion” indicate the maximum number of 

missed cleavages that were used in the database search, 
and the specifi city of the enzyme used for sample 
preparation ( see   Note 2 ). Default settings are for tryp-
sin with maximum two missed cleavages.          

   4.    Click “Submit.”   

2.1  Activation Loop 
Analysis Using    UniProt   
Identifi ers and Sites

2.1.1  Protocol

Predicting Kinases from Phosphosites

http://phomics.jensenlab.org
http://phomics.jensenlab.org
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   5.    A results page will appear containing a table with the following 
four columns:
    (a)     UniProt   Entry: The UniProt accession number   
   (b)    Gene Names: The Gene name (as annotated in  UniProt  ). 

Holding the cursor over “Gene Names” will give the 
UniProt protein names.   

   (c)    Loop Sites: All the phosphosites found within the kinase’s 
activation loop sequence.   

   (d)    Other Sites: All other phosphosites found on the kinase.   
   (e)    If using phosphopeptide sequences as input, a column with 

the respective peptides will be listed in a separate column.       
   6.    Click “Download Data” to download this table as a tab- 

separated fi le which can be opened in Microsoft Excel or 
Open/Libre Offi ce.        

3    Interpretation 

 To assess which protein kinases are differentially activated between 
conditions of interest, this analysis should be performed on com-
parative phosphosite datasets that have perturbed phosphorylation 
events in one condition compared to another. This will provide the 
best foundation for a biologically meaningful analysis, as the iden-
tifi cation of regulated phosphosites in the kinase activation loop 
indicates that the activity of this kinase is possibly changed. This 
type of analysis can therefore be used to confi rm or reject hypoth-
eses about the kinases involved in cellular responses. It is however 
important to note, that this form of evidence is only indicative and 
it is important that the activity of the resulting kinases of interest, 
be validated by other biochemical assays. Equally important to 
keep in mind is the fact that the activation loop sequence is highly 
conserved and it is therefore often diffi cult to distinguish between 
closely related kinases. Additionally, the results of this analysis 
should be interpreted with caution, as there are other factors that 
determine the role of a kinase in the cellular signaling response 
networks. While the phosphorylation of the site may be regulated, 
the effect of the kinase in the system is not determined by this 
phosphorylation change alone. It can therefore recommendable to 
calculate the change in the stoichiometry of the phosphorylation, 
as the fold change does not indicate how much of the cellular pool 
of the given kinase is phosphorylated. However, this requires mea-
surement of the proteome of the original sample in order to cap-
ture the unmodifi ed peptides necessary for stoichiometry 
calculations [ 1 ]. If this data is not available, another option is to 
perform a sequence bias analysis of the regulated phosphosites 
compared to those that are not changed ( see  Chapter   23    ). Sequence 
bias can be matched to kinase phosphorylation consensus motifs 
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and can support fi ndings of changes in the phosphosites of kinases 
in their activation loop. This analysis may mask the less regulated 
kinases. To gain knowledge of those kinases we recommend the 
two protocols below that employ  NetworKIN   to determine 
the kinases responsible for individual phosphorylation events and 
those that are generally regulated in the system.  

4    Predicting Kinases for Individual  Phosphorylation   Events 

 Often, the identifi cation of the kinases responsible for individual 
phosphorylation events is an essential factor for dissection of the 
biological question addressed with the phosphoproteomics screen. 
For known phosphosites, many curated databases provide informa-
tion about kinases that are known to phosphorylate these sites, when 
such information is available from experimental data. These data-
bases include PhosphoSitePlus [ 6 ], PHOSIDA [ 7 ,  8 ] and  Phospho.
ELM   [ 4 ] (Table  1 ). The rapid advances in  Phosphoproteomics   have 
generated an explosion in the number of annotated phosphosites in 
these databases. For instance, in 2003 PhosphoSitePlus comprised 
100 phosphosites mapped by mass spectrometry, in 2008 this 
number grew to 37,533, then 129,082 in 2012, and in 2014 con-
sisted of 293,606 sites ( see  Table  1 ). It is therefore important when 
using these databases to be aware of how recently they have been 
updated. Similarly the coverage of different organisms must also be 
considered when choosing a database. The three aforementioned 
databases are briefl y described below.

5       Databases 

   PhosphoSitePlus currently covers of 176,152 phosphoserines, 
68,622 phosphothreonines, and 48,832 phosphotyrosines ( see  
Table  2 ), which are partially derived from published literature 
and in part unpublished in-house phosphoproteomics datasets 
generated by Cell  Signaling   Technologies, the company that 
curates the database. This renders PhosphoSitePlus the most 

5.1  PhosphositePlus

    Table 1  
  Phosphosite databases   

 Database  Annotated phosphosites  Last update  URL 

 PhosphoSitePlus [ 6 ]  293,606  2014    http://www.phosphosite.org/     

 PHOSIDA [ 7 ,  8 ]  70,095  2012    http://www.phosida.com/     

  Phospho.ELM   [ 4 ]  42,574  2011    http://phospho.elm.eu.org/     
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extensive phoshosite database to date. This resource covers an 
impressive number of human, mouse and rat phosphosites, while 
for other organisms the user may be better served with alternative 
databases such as  Phospho.ELM   ( see  Tables  2  and  3 ). The web 
interface allows the user to query a protein of interest, for which a 
result page including a detailed description of the proteins func-
tion, cellular localization, molecular function and other types of 
information is provided. All known annotated modifi ed sites on a 
protein (including phosphorylation, acetylation, SUMOylation, 
and ubiquitination) are provided as a list. These are also visualized 
on a schematic drawing of the protein that contains additional 
information about the protein’s domains. The user can seek 
further information for each site by clicking on it, upon which all 
the evidence, including references and potential enzymes respon-
sible for the modifi cation, can be retrieved.

    Table 2  
  Phosphosites in the PhosphoSitePlus database   

 Organism 

 Phospho-serines  Phospho-threonines  Phospho-tyrosines 

 LT  HT  LT  HT  LT  HT 

 Human  6515  101,493  2176  45,988  1970  33,739 

 Mouse  2300  55,978  719  16,793  829  8131 

 Rat  1476  7439  447  2245  413  3563 

 Other  632  319  149  105  146  41 

 Total  10,923  165,229  3491  65,131  3358  45,474 

   LT  low-throughput, found using a ‘site specifi c’ method;  HT  high-throughput found using mass spectrometry  

    Table 3  
  Phosphosites in the  Phospho.ELM   database   

 Phosphoserines  Phosphothreonines  Phosphotyrosines 

 LT  HT  LT  HT  LT  HT 

 Human  2113  17,316  637  4190  808  1586 

 Other  624  137  147  8  112  3 

 Mouse  598  4454  224  834  353  312 

 Worm  43  4453  27  987  9  102 

 Fly  66  2168  16  450  25  59 

 Total  3444  28,528  1051  6469  1307  2062 

   LT  low throughput, found using a “site-specifi c” method;  HT  high throughput found using mass spectrometry  
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6          Phospho.ELM   

  Phospho.ELM   is a database covering phosphosites identifi ed from 
in vivo or in vitro phosphoproteomics studies and from literature 
[ 4 ]. This database currently consists of 42,573 unique phospho-
sites, 31,754 of which are phosphoserine, 7449 are phosphothre-
onine, and 3370 are phosphotyrosine ( see  Table  3 ). Upon querying 
a protein, the web-interface provides a useful header, with links to 
the results from other resources such as the  STRING database  , 
 NetworKIN   and PHOSIDA. Additionally, a list of the annotated 
phosphosites is provided along with the surrounding amino acid 
sequence. If a kinase is annotated to phosphorylate the given site 
it is listed along with the evidence (reference) justifying this asso-
ciation. Other potentially useful information for phosphopro-
teomics investigations includes a conservation score and a surface 
accessibility score.  

7    PHOSIDA 

 The incentive behind the PHOSIDA (PHOsphorylation SIte 
DAtabase) database was to generate a publicly and readily accessi-
ble repository of phosphorylation data. This effort was initiated on 
the basis of a seminal study published by the Mann laboratory, in 
which they conducted a  SILAC  -based time-resolved phosphopro-
teomics study of  EGF   (epidermal growth factor)-stimulated human 
cells [ 9 ]. The database has since developed to include other high-
mass- accuracy, mass spectrometric phosphoproteomics data sets 
and other modifi cations, such as acetylation and N-glycosylation—
all of which are from the Mann laboratory. PHOSIDA is therefore 
now known as the ‘Posttranslational Modifi cation Site Database’. 
In addition to human data, this resource also stores modifi cation 
site information for mouse, fl y, worm, and yeast.  

8    High-Throughput Prediction Approaches 

 Evidently, many efforts have been initiated to organize and provide 
information on known phosphosites. However, with the ever- 
increasing number of mapped phosphorylation events, the effort 
to identify which of the approximately 518 protein kinases that are 
responsible for individual phosphorylation events is lagging behind. 
As such, of the nearly 43,000 phosphosites that have been curated 
and annotated in the  Phospho.ELM   database, only approximately 
20 % have been linked to a kinase [ 4 ]. Additionally, for large phos-
phoproteomics datasets, this manual lookup approach is very cum-
bersome. Together these challenges have driven the development 
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of computational tools that apply algorithms to predict which 
kinases are responsible for phosphorylating individual sites. 

 As kinases are known to have preferences for linear motifs, 
which they recognize as a target for phosphorylation, using these 
consensus motifs to predict kinase-target associations would 
seem intuitive. Yet, in most cases it is very diffi cult to identify a 
linear amino acid motif that a kinase recognizes, as the number 
of known target sites for most kinases is not suffi cient to produce 
a statistically sound phosphorylation consensus motif [ 10 ]. In 
principle this obstacle can be approached experimentally by 
using synthetic peptide libraries, and approach that has been 
used to identify the linear motifs applied in the  Scansite   web tool 
[ 11 ,  12 ] (  http://scansite.mit.edu/    ). Here a degenerate peptide 
library, with a centered phosphorylation was exposed to a par-
ticular kinase, and the resulting phosphorylated peptides were 
collectively sequenced by Edman degradation [ 13 ]. This revealed 
the relative amount of each amino acid at a given position, 
which, when used to produce position-specifi c scoring matrices 
(PSSMs), could reveal statistically signifi cant preferences of the 
kinase for each amino acid type in the sequence surrounding the 
phosphosite. The Scansite web- based tool allows the user to 
search protein sequences for phosphorylation motifs recognized 
by kinases. 

 Similarly,  NetPhorest   (  http://netphorest.info/    ) provides a 
comprehensive atlas of linear motifs recognized by specifi c kinases 
[ 10 ]. NetPhorest maps existing in vitro and in vivo datasets of pro-
tein phosphosites, which are linked to at least one kinase, onto the 
phylogenic tree of the kinases. As such, a redundancy-reduced 
positive and negative control datasets can be produced for each 
kinase or family of kinases. With this basis, linear motif classifi ers 
are predicted using artifi cial neural networks (ANNs) and PSSMs 
(as with  Scansite  ). The use of ANNs is benefi cial as they detect 
nonlinear correlations between residues, and these are trained on 
in vivo and peptide-based in vitro phosphorylation data for a spe-
cifi c kinase or kinase family. PSSMs are constructed using informa-
tion from other in vitro based approaches for the specifi c kinases. 
A probabilistic score is calculated and employed to determine the 
best classifi ers for a kinase or group of kinases after several levels of 
fi ltering and benchmarking. The authors behind this effort found 
that it is unlikely to determine a consensus motif classifi er for a 
specifi c kinase, but that motifs can be more reliably predicted for 
families of kinases [ 10 ]. 

 While these sequence-based kinase-substrate associations are 
very useful, kinase specifi city is also conferred by context, as previ-
ously described. This aspect of the kinase-substrate interaction is 
not accounted for when using consensus motifs to predict the 
kinase responsible for individual phosphorylation events. The effort 
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to account for this functional association is the unique strength 
of the  NetworKIN   algorithm (  http://networkin.info/    ) [ 14 ,  15 ]. 
For each queried phosphosite, this Web-based tool combines the 
consensus sequence classifi ers from  NetPhorest   with the network 
context for the kinases connected to the substrate from the 
 STRING database   [ 16 ]. To prioritize the “best-fi tting” kinase, this 
algorithm scores the results from the two databases, and combines 
them, resulting in more accurate prediction of kinase-target asso-
ciation. As such, a NetPhorest probability is calculated for the 
kinase families from the amino acid sequence surrounding the que-
ried phosphosites using the NetPhorest classifi ers. Similarly, for 
each queried protein a network proximity score is calculated for all 
kinases, by multiplying the confi dence score for each edge neces-
sary to connect the kinase and the substrate [ 14 ]. The NetPhorest 
and network probabilities are each converted to “likelihood 
scores,” and the network likelihood scores are further corrected for 
biases derived from over-studied proteins (which are inherently 
overrepresented in the databases). These two likelihoods for each 
kinase are combined to produce a “unifi ed likelihood ratio.” The 
NetworKIN output thereby provides a list of kinases predicted to 
be responsible for phosphorylating the queried phosphosite, with 
the unifi ed likelihood ratio for each potential kinase provided as an 
indicator of the confi dence of the prediction, and where a higher 
score indicates a more confi dent prediction. The stringency of the 
score cutoff for the kinases listed in the results interface can be 
manipulated to provide a list of more or less confi dent hits. 
Furthermore, the underlying evidence from both the STRING 
database and NetPhorest can be extracted, such that the user can 
more carefully examine the basis for two closely scoring kinases. 
However it must be noted that NetworKIN is only applicable for 
human and yeast data.  

9    Protocol:  NetworKIN  —Predict Enzymes for Observed Phosphosites 

       1.    Datasets. A list of phosphosites of interest. These should be tab 
or space delimited, with three columns: (1) protein IDs (for 
example,  UniProt  , Ensembl, or RefSeq); (2) position of phos-
phorylation in the protein; and (3) residue (serine, threonine, 
or tyrosine). Alternatively the tab-delimited  MaxQuant   [ 17 ] 
output Phospho(STY) table can also be directly uploaded.   

   2.    Software. This protocol is conducted on the Web-based high- 
throughput version of  NetworKIN   available at   http://net-
workin.info/index_ht.shtml    . The query datasets are deleted 
after processing. If speed or confi dentiality is of high priority a 
stand- alone version is also available ( see   Note 3 ).       

9.1  Material
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10    Methods 

     1.    Upload Data 
 Select an appropriate species and database in the “Select the 
sequence database” drop-down menu. Upload the 
Phospho(STY).txt fi le from  MaxQuant   or paste the list of pro-
tein identifi ers, position, and residues (tab or space delimited) 
into the designated space. You may be asked to disambiguate 
your identifi ers if they do not map uniquely to the STRING 
identifi ers. The tool will process your data. Depending on the 
size of your dataset the processing can take some time.   

   2.      NetworKIN     output  
 The NetworKIN output is visualized in a results interface ( see  
Fig.  1 ). Here the user can change the default settings for mini-
mum score and the maximum difference accepted ( see   Note 4 ). 
In addition to predicting kinases, NetworKIN also predicts 
possible phospho-binding domains on proteins that may asso-
ciate with the input phosphosites. Disable this function.

  Fig. 1     NetworKIN  . The web interface for inspecting results from NetworKIN       
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   The results interface lists every input protein identifi er 
within a blue box, with each site separated. Each line herein is 
dedicated to a predicted enzyme, and the ‘unifi ed likelihood 
ratio’ is reported beside it. For each prediction, the  NetPhorest   
classifi er motif is highlighted in a sequence window surround-
ing the phosphosite, where the saturation of red indicates the 
confi dence of the motif as a predictor for the kinase. 
Additionally, a schematic representation of a network indicates 
how many nodes and edges are required to link the kinase and 
the substrate. The kinase is the incomplete circular node, the 
substrate is the blue node, and grey shapes indicate intermedi-
ate nodes. By clicking on this, the user is provided with the 
STRING network evidence ( see  Fig.  1 ).   

   3.     Exporting  
 The data can be exported by clicking the diskette icon, which 
allows the user to download the full dataset (all the informa-
tion for all predicted kinases) or the fi ltered dataset (presented 
on the interface).   

   4.     Interpretation  
 As previously described, the  NetworKIN   analysis provides a 
list of the kinases that are predicted to phosphorylate each of 
the queried sites. The kinases displayed upon analysis are those 
that meet the criteria for the default “Minimum score” and 
“Maximum difference” settings. However, it is again impor-
tant to keep in mind that these are merely predictions, and it 
is recommendable to examine the results in more detail to 
verify that the evidence is biologically meaningful, particularly 
if the results are intended for follow-up experiments. In most 
cases the user can chose to accept the highest scoring kinases 
for further analysis. However, in some cases, there may be two 
protein kinases with very similar scores, in which case the user 
will have to make a judgment call based on the underlying 
evidence. While it is recommendable to apply stringent fi lters 
for most phosphoproteomics data analysis, it can be benefi cial 
to lower the “Minimum score” and “Maximum difference” 
cutoffs in NetworKIN analysis. As such, less confi dent candi-
date kinases will be displayed, and in rare cases these can be 
worth considering for further analysis, based on evaluation of 
the evidence.      

11    Predicting Kinases Regulated in a Biological System 

  NetworKIN   provides a powerful tool to predict kinases that are 
responsible for individual phosphorylation events. However, often 
a phosphoproteomics investigation prompts the question of which 
kinases are generally activated or deregulated under the conditions 
being tested. Such analyses necessitate that the phosphoproteomics 

Predicting Kinases from Phosphosites



318

experiment is performed quantitatively, such that phosphosites 
that are altered in the biological conditions can be distinguished 
from those that are unperturbed ( see  Chapter   22    ). As is the case for 
most bioinformatics analysis, we recommend that in addition to 
generating a dataset of phosphosites of interest, a reference dataset 
consisting of phosphosites that are unchanged be extracted from 
the same experimental data. With this approach, biases in sample 
preparation and MS data acquisition are inherently accounted for, 
preventing inaccurate interpretations of the analysis results. 

 The most commonly used approach to infer which kinases 
have altered activity in an experimental setup, is to generate a 
sequence logo plot. These are readily generated in many web- 
based tools, some of which allow for foreground and background 
input datasets ( see  Chapter   23    ). On the nominator, the sequence 
logo plot indicates which amino acids are overrepresented among 
the residues surrounding the phosphosite in the foreground data 
compared to the background. Similarly, the denominator indicates 
underrepresented amino acids. The resulting motifs can be com-
pared to known kinase family consensus phosphorylation motifs to 
predict their modulated activity in the phosphoproteomics study. 

 This method is however only indicative and not very robust. 
We therefore recommend an alternative approach, in which 
 NetworKIN   is used to predict kinases responsible for each phos-
phorylation event in the foreground and background datasets, 
such that their prevalence can be compared between these two 
datasets. Furthermore, a Kolmogorov–Smirnov test can be per-
formed between two NetworKIN output fi les, to estimate which 
kinases are signifi cantly enriched.  

12    Protocol: Identifying Globally Enriched Kinases 

       1.    Datasets: Two datasets containing phosphosites ( see  Subheading 
3.3.1 for input data format). The two datasets should consist 
of one foreground dataset with phosphosites of interest (fore-
ground) and a reference dataset (background).  See  Chapter   22     
for a guide to defi ne these.   

   2.    Software:   http://networkin.info/index_ht.shtml     and   http://
phomics.jensenlab.org/kinase_enrichment           

13    Methods 

     1.    For each dataset, follow all steps of protocol 3.3 “Predict 
enzymes for phosphosites” and export the “full dataset.”   

   2.    Go to   http://phomics.jensenlab.org/kinase_enrichment     and 
upload these  NetworKIN   output fi les.   

   3.    Click download.      

12.1  Materials
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14    Interpretation 

 The results are exported as a tab-separated fi le that can be opened 
in Excel. Herein, there is one row for each kinase enriched in one 
dataset (foreground) compared to the other (background). The 
“Entry” column lists the highest scoring kinase from the respec-
tive family. The “P-value” column shows the p-value for the two 
sided Kolmogorov–Smirnov test, and “d-value” indicates the dis-
tance measure from the Kolmogorov–Smirnov test (where a posi-
tive value signifi es that it is more prevalent in the foreground 
compared to the background). Because the  NetworKIN   likeli-
hood ratios stem from motif and context scores, and the motif 
score is often the same for all kinases in a family, this method can 
often not dissect exactly which kinase is active. This furthermore 
makes it diffi cult to correct for multiple testing, as the tests are not 
independent. It is therefore most meaningful to analyze the pro-
tein kinase families that are enriched, and for further experiments 
to use existing knowledge to predict the kinase(s) in the family 
that may be most relevant. 

 As is the case with most bioinformatics analysis, it is important 
that all results be treated with caution, as they are predictions. The 
user’s biological knowledge is ultimately the decisive factor for 
meaningful interpretation and prioritization for functional valida-
tion of the predictions. The user must therefore investigate the 
biological signifi cance, for example by checking whether the kinase 
and the substrate are expressed in the same tissue. This contextual 
information is in part included in  NetworKIN   due to the use of 
STRING data, but must be further elaborated.  

15    Conclusion 

 While there is no defi nitive  in silico  means to predict kinases that 
phosphorylate proteins, efforts in recent years have provided tools 
that give a good foundation for interpretation of phosphopro-
teomics data. Here we presented three types of analysis, and have 
listed several useful databases. It is ultimately the aim of the inves-
tigation that determines the most appropriate approach(s) that will 
provide the necessary information. High-throughput tools, such as 
 NetworKIN  , are particularly advantageous for large phosphopro-
teomics datasets, and can with great benefi t be followed up by 
closer examination of information stored in the many databases 
available. The results from most of these analyses are essentially 
predictions, and must be tested experimentally to draw defi nitive 
conclusions.  
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16    Notes 

     1.    To view examples of the valid input formats, click “Example 
data” and the examples will appear in the “Input Sites” text 
area. The three fi rst examples demonstrate the three compati-
ble formats.   

   2.    Most phosphoproteomics pipelines require that the proteins 
from the original sample are digested with proteases to pro-
duce peptides for analysis by  LC  - MS/MS  .   

   3.    Download at   http://networkin.info/download/Networ
KIN3.0_release.zip     and follow the readme.   

   4.    With “Minimum score” the user can defi ne the lower thresh-
old for the Unifi ed Likelihood ratio for the kinases appearing 
the results page. The “Maximum difference” setting defi nes 
what the limit of inclusion for kinases with confi dence below 
that of the best scoring enzyme.         
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Chapter 22

Search Databases and Statistics: Pitfalls and Best 
Practices in Phosphoproteomics

Jan C. Refsgaard, Stephanie Munk, and Lars J. Jensen

Abstract

Advances in mass spectrometric instrumentation in the past 15 years have resulted in an explosion in the 
raw data yield from typical phosphoproteomics workflows. This poses the challenge of confidently identify-
ing peptide sequences, localizing phosphosites to proteins and quantifying these from the vast amounts of 
raw data. This task is tackled by computational tools implementing algorithms that match the experimental 
data to databases, providing the user with lists for downstream analysis. Several platforms for such auto-
mated interpretation of mass spectrometric data have been developed, each having strengths and weak-
nesses that must be considered for the individual needs. These are reviewed in this chapter. Equally critical 
for generating highly confident output datasets is the application of sound statistical criteria to limit the 
inclusion of incorrect peptide identifications from database searches. Additionally, careful filtering and use 
of appropriate statistical tests on the output datasets affects the quality of all downstream analyses and 
interpretation of the data. Our considerations and general practices on these aspects of phosphoproteomics 
data processing are presented here.

Key words Phosphoproteomics, Database Search, False Discovery Rate, Statistics, Quantitation, 
MaxQuant

1 Introduction

Virtually all cellular processes are regulated by posttranslational 
modifications (PTMs). Phosphorylation is a crucial and highly 
dynamic PTM that contributes to cellular physiology and patho-
physiological developments [1]. Phosphoproteomics platforms are 
generating an ever increasing amount of data. For the experimental-
ist the challenge lies in transforming these vast amounts of informa-
tion in the acquired MS and MS/MS scans into quantified 
phosphorylation sites (phosphosites) mapped to identified proteins.

There are several approaches for assigning peptide sequences to 
ions sequenced by mass spectrometry (MS). De novo sequencing 
reads out the peptide sequence from the mass differences of the ions 
detected in the MS/MS scan [2, 3]. In the early years of the mass 
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spectrometry era, this daunting task was performed manually, but it 
is now automated. An alternative to de novo approaches is the spec-
tral library approach, which compares each MS/MS spectrum to a 
reference library of previously observed MS/MS spectra [4]. 
Another approach is the database search strategy, which implements 
theoretical spectra from an in-silico digested database of all proteins 
in the species of interest [5]. The acquired experimental spectra can 
be compared to those theoretical spectra to infer and score peptide 
spectral matches (PSMs). The latter approach is the most widely 
used in phosphoproteomics analyses. This strategy has also been 
extended to mapping and scoring of phosphosites. As such, for every 
potentially phosphorylated peptide, a theoretical tandem spectrum 
is generated for each possibly phosphorylated version of the peptide 
(corresponding to each serine, threonine and tyrosine in the pep-
tide). The platforms of phosphorylation site identification reviewed 
in this chapter implement this latter strategy.

There are three independent steps in the processing of raw MS 
data into quantified phosphosite ratios:

 1. Database search: Raw spectra are searched against a reference 
peptide database, and a score is calculated for each PSM.

 2. Filtering: In this step the PSMs are sorted and filtered down to 
a target False Discovery Rate (FDR) to limit false positive 
identifications.

 3. Quantitation: Finally ratios are calculated for all peptides (and 
proteins).

This chapter gives an overview of all the important consider-
ations which should be taken into account when processing raw 
data to retrieve a quantified phosphoproteomics output. The focus 
is on understanding the biases that are inherent to such data so that 
common pitfalls can be avoided.

2 MS Data Formats

Most vendors of mass spectrometric instrumentation have their 
own MS raw file format, and generally also provide a platform to 
process this raw data into quantified data. However, if the user opts 
for software that is unable to parse these formats, conversion will 
be necessary. Phosphoproteomics data generally contains two types 
of information: (1) full MS spectra and (2) MS/MS (tandem MS) 
spectra. When converting from vendor raw data format, it is impor-
tant to bear in mind the information retained in the new file for-
mat. As such, the popular format MGF (Mascot Generic File) does 
not contain full MS information, and it therefore cannot be used 
for quantification based on metabolic labeling [6, 7]. For convert-
ing between MS file formats we recommend ProteoWizard 
MSConvert [8] or TOPPAS [9] FileConverter workflow.
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ProteoWizard MSConvert [8] is available for Windows, Linux, 
and OS X. All versions of the software can read and write the follow-
ing open formats: mzML, mzXML, MGF, ms2/cms2/bms2, and 
mzIdentML. The Windows version can furthermore read the fol-
lowing vendor formats: Agilent, Bruker FID/YEP/BAF, Thermo 
RAW, and Waters RAW. MSConvert has both a command line and 
graphical user interface, rendering it versatile and user friendly.

TOPPAS FileConverter [9] is available for Windows, Linux, 
and OS X, and it provides a graphical user interface to the com-
mand line tool FileConverter, which is part of TOPP (The OpenMS 
Proteomics Pipeline) [10, 11]. It can convert the following input 
file formats: mzData, mzXML, mzML, dta, dta2d, MGF, fea-
tureXML, consensusXML, ms2, fid, tsv, peplist, kroenik, and edta 
into mzData, mzXML, mzML, dta2d, MGF, featureXML, consen-
susXML, and edta format.

In our opinion the best open formats are mzML and mzXML. 
mzML is the de facto standard that was developed by the HUPO 
(Human Proteome Organization) initiative to unify the mzXML 
and mzData formats.

For more in-depth overview of all proteomics file formats the 
reader is referred to Deutsch [12].

3 Database Search

A wealth of different database search algorithms has been devel-
oped over the years. The most popular include the open source 
engines X!Tandem [13], OMSSA [14], MyriMatch [15], the free-
ware engine Andromeda [16], and the proprietary engines 
SEQUEST [17], PEAKS DB [3], and MASCOT [18]. All these 
algorithms are very mature and should produce comparable results. 
However, because they all use slightly different and to some extent 
orthogonal scoring schemes, using two in combination often yield 
higher confidence identifications [19].

4 Filtering

This step of the phosphosite identification workflow aims to 
exclude low-confidence identifications resulting from the database 
search. While more stringent filtering will result in a sacrifice of 
identifications of the total number of peptides and phosphosites, 
the resulting identifications are more trustworthy. This is in 
particular advantageous for the experimentalists using this infor-
mation for hypothesis generation and downstream experiments.

There are two commonly used approaches to filter MS data, 
based on (1) arbitrary PSM score cutoffs and (2) FDR. The PSM 
score cutoff strategy depends on the size of the search database. 
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Larger databases will inherently yield more false positive identifica-
tions at a given cutoff. Therefore higher PSM score cutoffs are 
required when dealing with phosphoproteomics in comparison to 
proteomes due to the differences in search space. Therefore we 
recommend the FDR approach.

The advantage of the FDR approach over the cutoff approach is 
that a given FDR is comparable across datasets, irrespective of the 
size of the dataset and search space. FDR is calculated using a tar-
get–decoy database approach, in which the PSMs are performed 
against a database of interest and a fictive database of comparable 
size. The most widely used decoy approach is the pseudo-reversed 
method proposed by Elias and Gygi [19], in which they dubbed 
the decoy database “reverse” and the original search database the 
“forward.” Pseudo-reversed is a quite fitting name, as the trypti-
cally digested peptides are literally reversed, except for the last 
R/K, which is swapped. Searching against a concatenated forward 
and reverse database, the FDR can be calculated simply by count-
ing the number of forward and reverse peptides/proteins above a 
given score cutoff. For most search engine platforms, the desired 
FDR is set in advance, and all peptides above the corresponding 
score are accepted. Additionally, most platforms allow the user to 
set the FDR on both peptide and protein identifications. Setting 
the FDR on the protein identification level will almost always result 
in a more stringent FDR of the peptide identifications, as multiple 
forward hits match the same protein. For phosphoproteomics data, 
however, it is recommendable to set the FDR on the peptide level, 
as the resulting phosphosites are identified on the peptide level and 
ultimately the data of interest. A 1 % FDR is commonly accepted 
in the phosphoproteomics community.

The ultimate aim of phosphoproteomics investigations is to iden-
tify the exact location of the phosphorylation moiety in the 
sequenced phosphopeptide, and the predicted protein of origin. 
While no successful approach has been developed for implement-
ing false localization rates at the phosphorylation site level, apply-
ing stringent FDR at the peptide level is beneficial in the processing 
of phosphoproteomics data. Peptides that pass at a higher FDR 
cutoff are generally identified from MS/MS scans with more peaks, 
thereby increasing the confidence of the phosphorylation site 
localization. This is illustrated in Fig. 1 where the median localiza-
tion probability drops below 100 % at peptide FDR = 0.2 % 
(see Fig. 1). In addition to a stringent FDR at the peptide level, it 
is common practice to filter all resulting phosphosites such that 
none has a localization probability below 75 % [20]. While 75 % 
may seem very low, it is important to note that most sites can be 
localized with much higher accuracy, some even with 100 % 

4.1 False 
Discovery Rate

4.2 Phosphosite 
Localization 
Probability
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 accuracy if the peptide contains only one serine, threonine or 
 tyrosine. The average localization probability at 1 % peptide FDR 
was 96.6 % for the data used to create Fig. 1.

5 Quantitation

Phosphoproteomics experiments often seek to determine the differ-
ences in the abundance of phosphosites between perturbations, tis-
sues or other conditions, as these changes are vital to answering the 
biological question at hand. Quantitation strategies are either based 
on label-free approaches that do not require alterations to the exper-
imental workflow, or on isotopic labeling of amino acids. Label-free 
quantitation (LFQ) is based on comparison of full MS scans from 
separate MS raw files representing the conditions of interest. Recent 
innovations in LFQ such as iBAQ [21] combined with improve-
ments of MS instrumentations have rendered LFQ strategies a viable 
alternative to isotopic labeling. While LFQ gives hopes for clinical 
proteomics, labeling-based strategies remain the preferred tool in 
quantitative phosphoproteomics. The two most popular labeling 
techniques are stable isotope labeling with amino acids in cell culture 
(SILAC) [6, 7] and isobaric tags for relative and absolute quantita-
tion (iTRAQ) [22]. The advantage with labeling strategies lies in the 
detection of all conditions within the same MS or MS/MS scan, 
allowing for more direct and accurate quantitation.

Fig. 1 Boxplots depicting the relationship between the phosphorylation localiza-
tion probability and the False Discovery rate
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6 Foreground and Background for Enrichment Analyses

The goal of most phosphoproteomics experiments is to understand 
how phosphorylation events affect a biological system. Evidently, 
phosphosites that differ between biological conditions are of inter-
est, and such phosphoproteomics experiments should ideally be per-
formed quantitatively. These phosphosites of interest are best 
understood in the context of the phosphosites that are unchanged in 
the given experimental data. When possible, it is therefore advisable 
to generate a reference dataset of unchanged phosphosites (back-
ground) and a dataset of changed phosphosites (foreground) from 
the same data as both will have been subjected to the same experi-
mental biases. These datasets are typically defined by applying statis-
tical tests, such as t-tests, to determine the fold change cutoffs.

Various steps in the phosphoproteomics workflows will inherently 
introduce biases in the data that can be misinterpreted as biologically 
relevant if not accounted for. The easiest and most robust approach 
that we recommend, as previously mentioned, is to generate a refer-
ence dataset from the same original data. Common sources of bias 
include the lysis buffer used, fractionation methods, phosphopep-
tide enrichment protocols, and MS methods applied. Phosphopeptide 
enrichment protocols commonly display biases towards either singly 
or multiply phosphorylated peptides or towards hydrophobic or 
hydrophilic peptides. Mass spectrometric biases are specific to the 
fragmentation technique and/or instrument applied. In MS meth-
ods where the most intense peaks in a MS spectrum are submitted 
for MS/MS analysis, there is an inherent bias to sequence peptides 
that are more abundant. The combination of all the abovemen-
tioned biases will be present in the experimental data, stressing the 
importance of applying a custom reference dataset.

The following example systematically dissects a fictive dataset, to 
illustrate the importance of using an appropriate foreground and 
background. For simplicity, it is assumed that every protein only 
gives rise to one phosphorylated peptide.

Two experimental conditions: control and perturbation.
Our fictive organism has 40,000 different proteins, of which 

100 are ribosomal.
4000 SILAC phosphopeptide pairs are identified, of which 50 

are ribosomal.
400 of them have a perturbation:control ratio above 5, of 

which 5 are ribosomal.
The aim is to calculate whether this perturbation of interest 

enriches ribosomal phosphosites. Using the above data we explore 
the importance of using a custom background.

6.1 Sources 
of Experimental 
Biases

6.2 Example Pitfall 
Caused by 
Experimental Bias

6.2.1 Example 
Experiment
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It is common in proteomics data analysis to compare an experi-
mental foreground dataset to an entire proteome database of inter-
est to search for significantly perturbed pathways, sequence motifs, 
and more. However, this approach assumes that the preparation 
and analysis of the sample does not introduce any biases. With this 
approach, when calculating the enrichment factor of ribosomal 
protein phosphorylation in your data compared to a complete pro-
teome for this fictive dataset (n denotes “number of”):

Expectation: nribosomal proteins/ntotal proteins = 100/40,000 = 0.25 %
Observation: nribosomal proteins above cutoff/ntotal proteins above cutoff = 

5/400 = 1.25 %
Enrichment: Observation/Expectation = 1.25 %/0.25 % = 5
Significance: A two-sided binomial test with 400 trials, 5 successes 

and an expected frequency of 0.25 % gives a p-value of 3.6 %, 
and the enrichment would thus be deemed significant.

Conclusion: The applied experimental perturbation increases phos-
phorylation on ribosomal proteins fivefold.

However, our fictive dataset has a bias, which is common to 
most phosphoprotemics workflows, namely an enrichment for 
abundant proteins. Therefore, 1.25 % of the identified phospho-
sites reside in ribosomal proteins, compared to only 0.25 % in the 
total proteome. We therefore encourage using the unperturbed 
experimental data itself as background when applying this custom 
background from the experimental data:

Expectation: nribosomal proteins/n total proteins = 50/4000 = 1.25 %
Observation: nribosomal proteins above cutoff/ntotal proteins above 

cutoff = 5/400 = 1.25 %
Enrichment: Observation/Expectation = 1.25 %/1.25 % = 1
Significance: A Fisher’s exact test using a 2 × 2 contingency table 

with the values (5, 400) vs. (50, 4000) yields a p-value of 
100 %, meaning there is a 100 % chance there is no difference 
between the number of regulated ribosomal proteins and other 
regulated proteins.

Conclusion: The applied experimental perturbation does not affect 
phosphorylation on ribosomal proteins.

Foreground and background datasets are typically defined using 
statistical tests to determine appropriate cutoffs to judge whether a 
phosphosite is changed or unchanged between experimental con-
ditions. Here we discuss common statistical approaches that can be 
applied to phosphoproteomics data and when those different tests 
are appropriate to apply.

Many statistical tests assume that the data conforms to the nor-
mal distribution and that the data has the same mean and variance 
across datasets in experiments with many conditions. It is therefore 

6.2.2 Faulty Approach: 
Global Background

6.3 Statistical Test 
Used to Define 
Foreground 
and Background 
Datasets
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important when analyzing quantitative data, to perform all statisti-
cal tests on log transformed data (usually log2 or log10), as fold 
change ratios in a linear scale are not normally distributed. Most 
proteomics software packages also normalize the output data to 
compensate for this.

Cutoffs are usually set using p-values, the motivation for which 
is to ensure that the entries in the foreground are significantly dif-
ferent from the background. However, when searching for biologi-
cally meaningful regulatory events, it is important to bear in mind 
that p-values only define whether an entity is significantly different 
from another. Thus, p-values are very susceptible to the number of 
replica and sample variance, which in the correct combination can 
lead to very small fold change being considered significant.

The nature of the phosphoproteomics data will determine the 
ideal statistical test, which should be used to calculate p-values. 
In cases where many replicate experiments have been performed, a 
student’s t-test is advisable. This test requires many data points 
(at least three ratios) for each phosphorylation site, as this test is 
based on both the fold changes and the variance of each ratio 
across measurements. As such, the student’s t-test also compen-
sates for experimental and instrumental imposed variance, and 
should be used when those are expected. However, most phospho-
proteomics screens are not performed with enough replicate 
experiments to perform student’s t-test, in which case, a test based 
on the distribution of the entire dataset is beneficial. For this we 
recommend the Significance A test.

There are two types of t-tests that in principle could be applied to 
phosphoproteomics data: the related and the independent t-test. 
Both tests determine whether a phosphorylation site differs 
between conditions or not, and both are performed on the abun-
dance values of the phosphosites rather than their ratios.

Related t-test: This test compares the abundance of phospho-
sites between conditions within each replicate experiment. This 
means that the abundances in condition 1 and 2 are compared 
within the first replicate, then within the second replicate and so 
forth. In theory this test has good statistical power, but it is limited 
by the fact that MS data often has many missing values, in which 
case the replicate data-points are lost, and the test loses its power.

Independent t-test: The independent t-test determines the sta-
tistical difference between the mean intensities of a phosphosite 
across conditions. As this test uses the mean intensities, missing 
values are tolerable, and it is therefore more robust for MS data 
compared to the related t-test.

Both of these t-tests can be performed assuming either equal 
or unequal variance. Equal variance calculates a variance of the 
abundance of the phosphosite across conditions and replicates, and 
the test will therefore use all data points. Unequal variance assumes 

6.3.1 Student’s t-tests
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that the variance is not comparable between conditions, and the 
test will therefore calculate a variance across replicates but sepa-
rately for each condition. This will therefore include less data 
points per variance calculation, and as missing values are common 
in MS data, applying equal variance is more robust.

Significance A is a statistical test that determines for each ratio 
whether it differs significantly from the distribution of the whole 
dataset [23]. This test is particularly applicable for phosphopro-
teomics data that is heavily perturbed. This test takes advantage of 
the fact that the middle 68.26 % of the ratio distribution conforms 
better to a normal distribution.

Here the 15.87 %, 50 % and 84.13 % percentiles are assumed 
to correspond to left standard deviation r−1, the mean r0 and the 
right standard deviation r1 respectively. The distance z (analogous 
to the standard deviation in t-test) is then calculated and applied to 
determine a p-value for the ratio of each phosphorylation site:
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In the publication introducing Significance A, the authors also 
proposed the option of correcting the p-values for multiple testing. 
This can be done with a Benjamini–Hochberg correction.

To get an intuitive idea of how Significance A works, let us 
imagine data ratios that are distributed as follows:

9000 peptides are unregulated; average log ratio = 0 and a stan-
dard deviation = 1

1000 peptides are regulated; average log ratio = 0 and standard 
deviation = 5

Table 1 outlines the difference between using the “real” stan-
dard deviation (which we know for the used model dataset) and 
using Significance A or RMSD (Root Mean Square Deviation) to 
calculate the standard deviation (see Table 1). First it should be 
noted, for the above data, significance A overestimates the stan-
dard deviation by 21 % whereas RMSD overestimates it by 84 %. 
Using RMSD only 269 of the 1000 regulated proteins would be 
found above 3 standard deviations (used as cutoff) as estimated by 
RMSD. There against 469 proteins would pass this criterion when 
using significance A, which is much closer to what we would have 
gotten had we known the “real” standard deviation (549).

6.3.2 Significance A
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There are several common approaches to define foreground or 
background datasets. These typically apply cutoffs for fold change, 
p-values or a combination thereof based on the quantitative phos-
phoproteome or the proteome from the same experiment. Choosing 
a good cutoff requires several considerations that we review here.

If the proteome in the given data is expected to be largely unper-
turbed, for example in short term treatment conditions, the distri-
bution of the proteome can be used to define a cutoff for the 
phosphoproteomics data. Such proteomics data can be acquired by 
sampling the experiment prior to phosphopeptide enrichment or be 
extracted from the non-modified peptides that are sequenced after 
phosphopeptide enrichment. This is particularly advantageous 
when comparing datasets with very different amounts of perturba-
tion on the phosphoproteome, as most statistical tests will in this 
case require more stringent cutoffs for significance in the more per-
turbed datasets. In a mildly or unperturbed proteome, however, the 
quantitative data is more comparable across datasets, and will there-
fore result in more similar stringency when acquiring a cutoff.

Therefore you can perform a statistical test, such as Significance 
A, on your proteome data and use the identified cutoffs to define 
regulated events in your phosphoproteomics data. However, cau-
tion has to be applied when using proteomics data which is not 
directly extracted from the phosphoproteomics experiment itself. 
Due to less complex sample preparation protocols, data distribu-
tion can be narrower, leading to an overestimation of regulated 
phosphopeptides compared to the proteome.

Defining a cutoff will deem all entries above the cutoff to be regu-
lated, while everything below is unregulated. However, biological 
systems are not binary and events falling right below the cutoff 
might still be regulated and biologically relevant. Therefore it is 
often advisable to have cutoff for the background as well as for the 
foreground. Events falling into the “grey zone” between those two 
cutoffs will be considered neither regulated nor unregulated and 
therefore not used for the analysis. Commonly only the ratios 

6.4 Approaches 
to Applying Cutoffs 
to Define Foreground 
and Background 
Dataset

6.4.1 Setting Cutoffs 
Based on the Experimental 
Proteome vs. 
Phosphoproteome

6.4.2 Additional 
Considerations

Table 1  
Table showing how Significance A compares to root mean square distance (RMSD) when estimating 
standard deviation (SD) on a set of peptides where 9000 are unregulated and have a average log 
ratio of 0 and a SD of 1 and 1000 are regulated and have a average log ratio of 0 and a SD of 5

Real Significance A RMSD

Standard deviation 1.00 1.21 1.84

Regulated peptides (of 1000) at 3 SD 549 (54.9 %) 469 (46.9 %) 269 (26.9 %)

Unregulated peptides (of 9000) at 3 SD 24 (0.270 %) 3 (0.029 %) 0 (3.2 × 10−6%)
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within 1 standard deviation of the sample mean are used as the 
background cutoff, thus if a cutoff of 3 standard deviations has 
been chosen, then peptides with a standard deviation between 0 
and 1 will become the background dataset and everything with a 
standard deviation above 3 will become the foreground dataset, as 
visualized in Fig. 2.

Considering the biological question of a specific analysis type, 
the user may benefit from performing all downstream analysis 
twice: once for the upregulated and once for the downregulated 
phosphosites. This is of particular relevance if a given dataset is 
skewed towards upregulation or downregulation, e.g., in the con-
text of kinase or phosphatase inhibitors.

7 Platforms for Phosphoproteomics Analysis

Many software packages have been developed to search, filter and/
or quantify (phospho)peptides. Below we present a few popular 
software packages that can perform all three steps of the analysis. 
All presented software is very mature, and the choice of software 
package is therefore usually based on user preferences. Generally 
the software can be classified into two different categories:

 1. Pipeline/workflow oriented tools offer very high levels of flex-
ibility and automation and are capable of creating workflows 
that can be reused for different types of follow-up analyses. 
However, generation of the workflow requires time and famil-
iarity with the software, and can be difficult for first-time users.

Fig. 2 Data separated into a Foreground and Background, the Grey Zone data is 
not used for further analysis, as it contains a mixture of regulated and unregu-
lated peptides
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 2. Conventional software packages are generally equally powerful 
and tend to be easier to learn; however, they offer a lower 
degree of automation and flexibility. For those software options 
we put an emphasis on MaxQuant, which is freely available and 
very user friendly.

Workflow-based software packages allow the users to generate a 
workflow, in a drag-and-drop manner. Once a workflow has been 
generated, it can be saved and shared among coworkers ensuring 
that everybody analyzes the data in the exact same way. Pipeline 
software packages work like workflows, but are generally made up 
of small command-line programs that can be chained together to 
form a pipeline by scripting.

The Trans-Proteomic Pipeline [24] (TPP) is an open-source proj-
ect from the Seattle Proteome Center (SPC). TPP is a web-based 
front end to a large collection of command-line tools. It can be 
used for almost any combination of MS instruments and labeling 
techniques.

A typical approach for using this pipeline in processing of 
quantitative phosphoproteomics data would include the following 
steps:

 1. Standard input: Convert vendor format to mzXML (mzML or 
mzData)

 2. Peptide assignment: Search data against one of the following 
databases: SEQUEST [17], MASCOT [18], COMET [25], 
ProbID [26] X!Tandem [13], or any other database of 
interest.

 3. Validation:
 (a) Rank (phospho)peptides based on scores and filter based on 

a user-specified FDR using PeptideProphet [27].
 (b) Optionally: assemble peptides into proteins using 

ProteinProphet [27]
 4. Quantification: use ASAPRatio [28] to calculate peptide ratios.

The software is very easy to install for Windows. While, Linux 
is officially supported it requires editing the make file to compile 
the source code. The advantage of this platform is that it covers all 
steps in phosphoproteomics data processing, from format conver-
sion to quantification. This platform could be useful for inexperi-
enced users in phosphoproteomics data analysis, as it offers 
pipelines that guide the user through the workflow.

The OpenMS [10] Proteomics Pipeline [11] (TOPP) is a large 
collection of programs with a command-line interface that can be 
chained together, much like the TPP. TOPPAS [9] is a workflow- 

7.1 Workflow- 
and Pipeline- Based 
Software

7.1.1 Trans-Proteomic 
Pipeline

7.1.2 TOPP and TOPPAS
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based graphical front end to TOPP. TOPP/TOPPAS can use the 
following search databases: Mascot [18], MyriMatch [15], 
OMSSA [14] and X!Tandem [13]. TOPP and TOPPAS are avail-
able for Windows, Linux, and OS X. For working with this plat-
form you can follow the same four steps as described above for 
TPP. However, it allows for a greater level of flexibility in setting 
up the workflow.

Proteome Discover is commercially available Windows software 
developed by Thermo Scientific. Its main focus is on data gener-
ated with Thermo Scientific Orbitrap instruments. Like TOPPAS 
it is also used in a workflow manner and can supports most of the 
popular search databases and labeling techniques.

Conventional software packages offer a workflow, which cannot be 
edited. However, these platforms generally allow a great level of 
flexibility within this scheme. This approach is more readily acces-
sible as the platforms are very user-friendly and recommendable for 
beginners.

Mascot [18] was developed by Matrix Science and is one of the 
oldest and most well-established database search engines. Mascot 
refers to the core database search algorithm, but complete data 
processing requires two main products: Mascot Server, which does 
the database search, and Mascot Distiller, which can do validation 
and quantitation. Mascot is only available for Windows.

MaxQuant [23] is freeware developed at the Max Planck Institute 
of Biochemistry. MaxQuant uses a search database, Andromeda, 
developed specifically for this platform [16]. In recent years, the 
development of this platform has focused on including features 
that allow for compatibility with many different MS instruments 
(Thermo *.Raw, Brucker *.d, Sciex *.wiff and mzXML) and label-
ing techniques. This particular advantage renders MaxQuant an 
attractive software for the broad MS user community.

MaxQuant offers the option to group your input data, so that 
the chosen parameters can be applied specifically for a group or 
globally for all the data analyzed. As such, the user can analyze 
proteomics and phosphoproteomics data in parallel by applying 
specific parameters to some of the data (such as the search for 
phosphorylation in the phosphoproteome) while still using shared 
parameters, such as FDR cutoffs and the FASTA file being queried. 
Additionally, MaxQuant allows the option to configure the 
Andromeda database search engine, for example to include new 
modifications and FASTA files of interest. MaxQuant is only avail-
able for Windows.

7.1.3 Proteome 
Discoverer™

7.2 Conventional 
Software Packages

7.2.1 Mascot

7.2.2 MaxQuant
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8 Protocol: Phosphoproteomics Analysis with MaxQuant

To use MaxQuant, download the latest version from http://www.
maxquant.org/. This protocol is designed for v. 1.5.0.0 but is 
readily transferrable to other versions.

Download a relevant proteome in FASTA format (see Note 1), 
for example from ftp://ftp.uniprot.org/pub/databases/uniprot/
current_release/knowledgebase/proteomes.

 1. Launch MaxQuant. The user is presented with the interface 
seen in Fig. 3.

 2. Navigate to “Raw files” tab.
 3. Under Input data click “Load” (or Load folder) to import MS 

data files (or complete folders containing raw MS data) into 
MaxQuant.

 4. Highlight all files that belong to the same experiment (usually 
also grouping replicates), and under Edit exp. Design click “Set 
Experiment.” Write a descriptive name for the given experi-
ment in the popup menu. All files should be assigned to an 
experiment.

 5. If the files include different experimental workflows that 
require applying different parameters, the files must be grouped 
accordingly (see Note 2). Highlight the files to be grouped 

8.1 Materials

8.2 Method

Fig. 3 Screen shot of MaxQuant version 1.5.0.0
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together, by clicking “Set parameter group” and indicate a 
group number.

 6. Navigate to Group-specific parameters tab.
 7. For every parameter group repeat the following steps.
 8. Under Parameter section select “General.”
 9. Under Type change the multiplicity (number of labels) to 

reflect the numbers of conditions in your experiment and select 
labels appropriately (see Note 3).

 10. In the Variable modifications section keep default settings and 
scroll down to select modifications of interest if applicable. For 
phosphoproteomics experiments chose “Phospho (STY)” then 
click the “>” button.

 11. In the Digestion mode section select the relevant enzyme using 
the “>” and “<” buttons (see Note 4).

 12. Under Parameter section: select Instrument, and change values 
to reflect the quality and settings of the instrument that gener-
ated the MS data. Default parameters are provided for Orbitrap, 
Brucker TOF and AB Sciex TOF.

 13. If applicable select “LFQ” in the drop-down menu, under 
Label-free quantification in the Parameter section.

 14. Navigate to Global Parameters tab.
 15. Under Parameter section select “General.”
 16. In the FASTA files section click “Add file” to important the 

proteome FASTA file.
 17. Under Identification change PSM FDR (FDR at the spectrum 

level), Protein FDR and Site decoy fraction (modified peptides 
FDR) (see Note 5).

 18. Navigate to Performance tab.
 19. In the footer of the program change the number of threads 

(cores) to be used for processing. This can be up to the num-
ber of cores on the computer (see Note 6).

 20. In the footer of the program click “Start.”

9 Notes

 1. Not all FASTA files are configured in Andromeda. Under the 
“Andromeda configuration” tab, this can be checked, and file 
of interest can be configured for use in MaxQuant.

 2. Examples of situations where grouping files to apply group 
specific parameters would be useful:
 (a) Some of the files contain data with two labels while others 

have three.

Phosphoproteomics – from raw data to identification and quantification
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 (b) Different variable modifications are desired for different 
files, as some are to be used for phosphoproteome deter-
mination and others for proteome.

 (c) The MS data files were generated using different MS- 
instruments or instrumental settings.

 3. A triple SILAC experiments requires a multiplicity of 3. These 
should be specified: labels-1: nothing indicated, labels-2: Arg6 
and Lys4, labels-3: Arg10 and Lys8.

 4. Here, indicate the enzymes used for digestion in the experi-
mental workflow. This is typically Lys-C and/or trypsin for 
most phosphoproteomics workflows.

 5. We suggest setting all FDRs to 1 %.
 6. If your system has less than 1GB ram per core, set the number 

of threads to the same number of GB ram available. Regardless 
of processing power, if all cores are used the processing capac-
ity of the computer will be consumed.
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    Chapter 23   

 Systems Analysis for Interpretation 
of Phosphoproteomics Data       

     Stephanie     Munk    ,     Jan     C.     Refsgaard    , and     Jesper     V.     Olsen      

  Abstract 

   Global phosphoproteomics investigations yield overwhelming datasets with up to tens of thousands of 
quantifi ed phosphosites. The main challenge after acquiring such large-scale data is to extract the biologi-
cal meaning and relate this to the experimental question at hand. Systems level analysis provides the best 
means for extracting functional insights from such types of datasets, and this has primed a rapid develop-
ment of bioinformatics tools and resources over the last decade. Many of these tools are specialized data-
bases that can be mined for annotation and pathway enrichment, whereas others provide a platform to 
generate functional protein networks and explore the relations between proteins of interest. The use of 
these tools requires careful consideration with regard to the input data, and the interpretation demands a 
critical approach. This chapter provides a summary of the most appropriate tools for systems analysis of 
phosphoproteomics datasets, and the considerations that are critical for acquiring meaningful output.  

  Key words      Phosphoproteomics    ,    Systems analysis    ,    Functional network   s    ,   Gene ontology  ,    Sequence 
motif   s    ,   STRING  ,    Cytoscape    

1      Introduction 

  Mass spectrometry  -based phosphoproteomics has proven a robust 
and reliable approach for analysis of site-specifi c protein phosphor-
ylation in a multitude of biological settings. Global phosphopro-
teomics investigations can generate datasets consisting of tens of 
thousands of identifi ed and quantifi ed phosphorylation sites (phos-
phosites). Ultimately, the aim of performing such high-throughput 
phosphoproteomics investigations is to extract meaningful biologi-
cal information that can provide mechanistic insights or fuel 
hypotheses for further studies. Although this remains the bottle-
neck in the fi eld of phosphoproteomics, the continuous develop-
ments and improvements of bioinformatic tools within systems 
biology provide useful platforms to analyze and dissect large data-
sets. Such tools can be used to determine, which kinases are more 
active in a given context, which pathways or biological processes 
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are signifi cantly enriched in the data, or to generate and visualize 
the data in the context of biological networks. In this respect, 
extensive lists and reviews of bioinformatics tools for analysis of 
large-scale datasets have been published [ 1 – 3 ]. When performing 
a thorough and appropriate analysis of the data it is very important 
to choose a means to visualize the results. This will provide the best 
foundation not only for interpretation but also for communicating 
key fi ndings to the scientifi c community. 

  Phosphoproteomics   data contain three levels of information 
that are useful for systems analysis, namely the individual phospho-
sites, the proteins on which these reside (phosphoproteins), and 
the individual phosphosite ratio (fold changes) between experi-
mental conditions when performed quantitatively. Both the phos-
phoprotein and phosphosite information are relevant as input for 
different systems analyses, and for some tools both data types are 
valid. It is therefore important to determine the type of input data 
that is compatible with the given tool prior to performing an analy-
sis and consider whether an analysis at phosphoprotein or phos-
phosite level would be most relevant for the overall investigation. 
Similarly, when both phosphosite and phosphoprotein data are 
applicable, a clear defi nition of the purpose of the analysis should 
determine the appropriate input to produce a relevant output. 

  Phosphorylation   events dictate many protein functionalities, 
including enzymatic activity, interactions with other macromole-
cules, and subcellular localization. While systems biological analy-
sis are very useful for providing a global understanding of large 
phosphoproteomics datasets, it is important to keep in mind that 
the function of the individual phosphosites cannot be determined 
with this type of analysis. Actually, the roles of most known phos-
phosites are not known. However, the information acquired from 
systems analysis can form the basis of hypothesis formulation and 
generation of concrete strategies for future experimental direc-
tions. This chapter provides an overview of the most commonly 
used tools for systems analysis of phosphoproteomics data.  

2     Pathway   and GeneOntology Analysis 

 Global phosphoproteomics screens are often performed to address 
the question of which biological processes or pathways are per-
turbed in a given set of conditions. The mere size of modern phos-
phoproteomics datasets renders this a daunting task if performed 
manually, making bioinformatics enrichment tools indispensable 
for data interpretation. 

 Enrichment analysis tools annotate proteins with different 
classes or categories from a list of interest according to a database(s) 
of choice. Subsequent statistical analyses then provide a quantita-
tive measure of the enrichment (over- or underrepresentation) 
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of the pathways or processes in the queried data compared to a 
reference or background. In addition to fold enrichment, these 
tools provide a  p -value which is commonly calculated using the 
Fisher’s exact test. Correction for multiple hypothesis testing is 
usually performed using Benjamini–Hochberg or Bonferroni cor-
rection [ 3 ]. Importantly, some tools for pathway and ontology 
analysis allow the option to provide a reference dataset. For most 
biological studies it is recommendable in such analyses to compare 
the phosphoproteins of interest against a reference set of back-
ground proteins from the same experimental data. This reference 
dataset usually consists of phosphoproteins with unregulated phos-
phosites, although in some cases it can be benefi cial to use the 
whole dataset. Applying a custom reference, rather than comparing 
experimental data to databases comprising complete genomes, 
compensates for biases that are invariably present in experimental 
data. In phosphoproteomics studies such bias arises particularly 
from protein abundances and from the method of sample prepara-
tion, which may enrich some fractions of proteins or peptides with 
specifi c chemical properties more effi ciently than others. When 
applicable, a custom reference dataset therefore allows for more 
relevant interpretation of an enrichment analysis. 

 Gene ontology (GO) annotation and pathway enrichment anal-
ysis are typically conducted on the phosphoprotein level. However, 
phosphoproteomics studies offer information on the phosphosite 
level that can provide more contextually relevant results. The differ-
ence lies in that the use of phosphosites takes into account that the 
number of phosphoproteins does not directly translate to the num-
ber of phosphosites. As such, the proteins in the queried regulated 
data may be more heavily phosphorylated compared to those in the 
reference. This information is lost when using phosphoprotein data 
only. Thus phosphosite level data should be used if applicable. 
Another challenge in performing gene ontology analyses is the 
overwhelming numbers of functional annotations and great level of 
overlap between terms, such as “apoptosis,” “regulation of apopto-
sis,” and “regulated cell death”, which poses a hurdle for interpreta-
tion for which there is still not a robust solution. However, the 
 DAVID   annotation tool (see below) provides a recommendable 
clustering option that can organize a heterogeneous set of annota-
tion types, and ease the interpretation process. 

 When interpreting enrichment data it is important to realize 
that enriched pathways and GO categories are identifi ed by statisti-
cal analysis that test for signifi cance. Yet to extract functional mean-
ing the user must interpret these results with a biologically critical 
approach. A pathway with three proteins identifi ed in the queried 
dataset may be statistically signifi cantly enriched, but the user must 
question whether three proteins are enough to form the founda-
tion for any biological conclusions regarding perturbed pathways. 
Such cases may still be useful if the user fi nds biological relevance in 
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the pathway or the proteins are known to be involved in the given 
biological context. However, for global interpretations it is recom-
mendable to require a minimum number of identifi ed  members for 
each category to be included in further analysis. From the results, 
the user will often identify enriched categories that are relevant and 
maybe even expected for the biological experiments performed. 
These categories are still useful as they provide the user with a list 
of proteins from the dataset that are involved in these processes of 
interest. However, it is the unexpected fi ndings that generate new 
models and concepts, and must therefore also be considered care-
fully, and subsequently subjected to thorough investigation. 

 It is also important to bear in mind the mere nature of annota-
tion databases when interpreting ontology and pathway enrich-
ment analysis. Most databases are manually curated and the 
ongoing annotation of proteins in these databases relies on experi-
mental fi ndings from scientifi c literature [ 4 ]. The types of experi-
ments conducted and their biases will therefore propagate into 
databases using these to assign annotations. Categories that are 
more extensively studied will inherently be more thoroughly anno-
tated, and are therefore more easily mapped in the analysis of high- 
throughput datasets. Enrichment analysis of phosphoproteomics 
screens is therefore susceptible to this bias, stressing the impor-
tance of manual inspection of the results by the user. 

 The output for most ontology and pathway enrichment tools 
is in the form of a list. This is a rich source of information, and the 
user may be interested in just one category or the most enriched 
categories. Yet these lists can be overwhelming to look through, 
and for global interpretation it is benefi cial to represent the data in 
an appropriate visual manner. Most commonly, pathway and ontol-
ogy enrichment are visualized as bar graphs where the bar height 
represents fold enrichment or log-transformed  p -values. 
Alternatively pie charts are also used, showing the percentage of 
genes mapping to the annotations. For comparison of multiple 
dataset, for example different stimuli or dynamic studies with sev-
eral time points, clustering of the annotations based on their  p - 
values  can provide a useful means to visualize and extract clusters of 
annotations that are unique or common to the variables compared. 
A few of the more commonly used databases for gene ontology and 
pathway analysis are briefl y described here, as well as an example of 
a tool to perform these. Other tools are listed in Table  1 .

     The  Gene ontology  [ 5 ] project (  http://www.geneontology.org    ) is a 
great biological effort that describes the biology of a gene product 
in three structured vocabularies (ontologies): biological processes, 
cellular components, and molecular functions. GO terms exist on 
different levels, from the very general terms (fi rst level of GO) to 
very specifi c terms ( see  Fig.  1 ). This database is queried by most 
enrichment tools.

2.1  Databases
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   Table 1  
  Tools for GO and pathway analysis   

 Name  Description  Cost  Link 

  DAVID   [ 8 ]  Annotation and enrichment 
of GO,  Pathways,   and many more 

 Free    http://david.abcc.ncifcrf.gov/     

 InnateDB [ 28 ]  Annotation and enrichment 
of GO,  Pathways.   Visualization 

 Free    http://www.innatedb.com/     

  KEGG   
Atlas [ 29 ] 

 Visualization in  KEGG   pathway 
maps 

 Free    http://www.kegg.jp/kegg/atlas/     

 GoMiner [ 30 ]  Gene ontology analysis  Free    http://discover.nci.nih.gov/gominer/     

 MetaCore  Functional analysis and visualization 
of omics data 

 $    http://thomsonreuters.com/metacore/     

 Ingenuity 
pathway 

 Annotation and visualization 
of networks and pathways 

 $    http://www.ingenuity.com/     
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  Fig. 1    GO term hierarchy. The hierarchy of the GO biological process “DNA repair.” This and other GO term 
hierarchical relations can be retrieved here: http:   www.ebi.ac.uk/QuickGO/           
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     KEGG    [ 6 ] ( Kyoto Encyclopedia of Genes and Genomes  ) is a 
collection of manually curated databases that integrate genomic, 
chemical, and systemic functional information. The KEGG 
PATHWAY database is a collection of manually drawn maps inte-
grating information about genes, proteins, chemical compounds, 
and many more. KEGG covers pathways within metabolism, cellular 
processes, organismal systems, human disease, drug development, 
genetic information processing, organismal systems and environ-
mental information processing (  http://www.genome.jp/kegg/    ). 

   Reactome    [ 7 ] is a curated pathway database, which aims to 
provide a bioinformatics tool for visualization, interpretation, and 
analysis of pathways. The database is based on manually annotated 
pathways from textbooks and scientifi c articles, to map “reactions” 
that include binding, activation, translocation, degradation, and 
biochemical reactions (  http://www.reactome.org/    ).  

    DAVID   (Database for Annotation, Visualization, and Integrated 
Discovery) [ 8 ] is a web- based bioinformatics resource (  http://
david.abcc.ncifcrf.gov/home.jsp    ) with a comprehensive repertoire 
of functional annotation options, that renders it recommendable 
for large phosphoproteomics data analysis. DAVID queries data-
bases for enrichment of GO terms, pathways (including  KEGG  , 
 Reactome  , and BioCarta:   http://www.biocarta.com    ), disease 
(such as OMIM:   http://omim.org/    ), protein domains (PFAM 
[ 9 ], SMART [ 10 ], and many more) and other categories that may 
be relevant for phosphoproteomics screens. All annotations are 
assigned to DAVID identifiers that nonredundantly represent each 
gene, gathering gene identifiers and accessory information from 
various databases. DAVID has four main analysis features: 
“ Functional annotation  ,” “Gene functional classification,” “Gene 
ID conversion,” and “Gene name batch viewer.” “Gene name 
batch viewer” allows users to browse their gene list of interest, 
where each gene can be clicked on to acquire more information of 
gene products, related references and the option to identify related 
genes. “Gene functional classification” groups functionally related 
genes into groups, and provides an enrichment score along with 
links to view their biological relations which can be visualized as 
heat maps. The “functional annotation” feature encompasses the 
analysis for annotation enrichment that is truly valuable for inter-
pretation of large-scale phosphoproteomics data. The  p -values for 
the annotated categories are calculated by EASE score, which is a 
modified Fisher’s exact  p -value. 

 To perform functional annotation analysis, the user must pro-
vide a gene list of interest. This is done in a user-friendly interface, 
allowing the user to either paste in the gene list or upload a fi le that 
may contain many lists of interest (multi-list fi le). In either case the 
format must be one gene per row, and the entries must be specifi ed 
as either a “Gene” list or “Background.” From the “List manager” 
in the “List” tab the user can specify which of the input gene lists 

2.2   DAVID  
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(if more than one has been entered) should be queried. In the “List 
manager” it is also worth noting how many of the uploaded genes 
make up the lists, as the mapping of entry genes is rarely complete. 
In the “Background” tab, the user can choose whether to use an 
uploaded custom list as background, or the complete genome from 
a specifi ed species (genes from microarray chips are also provided 
as a background option). Next, the user is offered various analysis 
and visualization options in the “Annotation summary results.” 
Most importantly, the user must carefully choose the annotation 
types of interest from a comprehensive list. Under each annotation 
category the different database options are also accompanied by 
the percentage of the genes in the list that annotate to that particu-
lar database, the number of genes that this encompasses, and the 
option to view a chart report for the specifi c  database. When the 
databases of interest have been chosen, the user can view the com-
bined results as  Functional annotation   clustering, Functional anno-
tation chart, or Functional annotation table.  Functional annotation 
chart  provides a list of the enriched functional annotations, supple-
mented with  p -values, percentage (and number) of the uploaded 
genes mapping to the annotation, and hyperlinks to access the list 
of genes classifi ed in each annotation, or to browse related terms. 
 Functional annotation clustering  groups annotations based on sim-
ilarities of the genes classifying to the categories, with the aim to 
reduce redundancy. This tool also provides  p -values, percentage 
(and number) of genes mapping to the annotation, and hyperlinks 
to access the list of genes classifi ed in the each annotation, or to 
browse related terms. The functional annotation chart and cluster-
ing tools are equipped with the option to choose the level of strin-
gency,  p -value cutoff, and count threshold. These options can be 
very useful when the list of enriched terms is overwhelmingly long, 
and intuitively, more stringent analysis cutoff thresholds should 
give rise to more confi dent analysis results.  Functional annotation 
table  queries the  DAVID   knowledge database, and provides the 
annotations for each uploaded gene, in a table. All types of analysis 
performed in DAVID can be saved to a local drive. 

 As mentioned above, enrichment analysis of phosphopro-
teomics data can benefi t from including phosphosite information. 
To calculate enrichment on the phosphosite rather than the phos-
phoproteome level, the user must perform the enrichment analysis 
for the genes of interest in  DAVID   using the custom background 
list of genes as reference, as described above. An additional dataset 
with annotations of all the genes in the reference dataset must be 
acquired using the  Functional annotation   table option. The sum of 
the phosphosites mapping to all the proteins of each enriched cat-
egory and for all proteins annotated within those categories in the 
reference dataset can then be used to calculate fold enrichment and 
 p -values with the Fisher’s exact test. This is a tedious task if 
 performed manually, and we have therefore generated a tool to 
allow for this analysis. 

Systems Analysis of Phosphoproteomics Data
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   The purpose of this protocol is to allow the user to perform enrich-
ment analysis based on the number of phosphosites in regulated 
and reference datasets, rather than the number of phosphorpro-
teins. For this, the phosphoproteins are used for annotation of cat-
egories of interest, based on the  DAVID   tool. At this time, our 
tool supports the following DAVID categories: OMIM, 
GOTERM_BP_FAT, GOTERM_CC_FAT, GOTERM_MF_FAT, 
BIOCARTA,  KEGG  _PATHWAY, and REACTOME. In due time, 
as the tool is updated other categories will be included, and all that 
are supported will be listed at phomics.jensenlab.org/phospho_
enrichment where the tool is available.  

   This protocol requires two datasets, one for the regulated phos-
phosites and one for the unchanged phosphosites. These datasets 
should include an identifi er supported by  DAVID   for each phos-
phoprotein, and the phosphosites. The fi le should be in a tab sepa-
rated in the following format:

   [ Uniprot   ID] [Tab] [Site], for example: P23443 T233.     

       1.    Open the  DAVID   website: http://david.abcc.ncifcrf.gov/
home.jsp.   

   2.    Click “Functional Annotation.”   
   3.    Copy in the list of identifi ers for the regulated dataset in the 

text box designated “Step 1”.   
   4.    Choose the identifi er used under “Step 2”.   
   5.    Indicate under “Step 3” that your dataset is a gene list.   
   6.    Click “Submit list.” This will bring you to the “List” tab where 

your list of entries will be designated a default name such as 
“List 1”.   

   7.    Choose the categories of interest under each main header.   
   8.    Click on “Functional Annotation table”.   
   9.    A new window will pop up. Right click on the disk symbol 

next to “Download File”.   
   10.    Chose “Save link as”. Name it FwDAVID   
   11.    Repeat  steps 1 – 10  for the reference list. Name results fi le 

BgDAVID   
   12.    At this point the user should have 4 fi les: the two original data-

sets for regulated and unchanged phosphosites as indicated 
under “Material” and two results fi les from  DAVID  .   

   13.    Go to phomics.jensenlab.org/phospho_enrichment   
   14.    Upload the four datasets where indicated.   
   15.    Select the method for multiple testing. We recommend  FDR  .   

2.2.1  Protocol 
of Enrichment Analysis 
on the Phosphosite Level

2.2.2  Material

2.2.3  Method
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   16.    Change alpha if necessary, (acceptance threshold for correct-
ing for multiple testing). This is the same as the “corrected 
 p -value” cutoff.   

   17.    Click “Submit.”   
   18.    The result page will have the following columns:

 ●    ID: The category term  
 ●   Description: Description of the category  
 ●   p value: uncorrected  p -value  
 ●   p Bonferroni: Bonferroni corrected  p -value  
 ●   p Holm: Holm–Bonferroni corrected  p -value  
 ●   p Sidak: Sidak corrected  p -value  
 ●    FDR  : FDR corrected  p -value          

   The interpretation of the results from this analysis is to be 
performed in the same manner as a classical enrichment analysis 
performed at the protein level as described above. For large datas-
ets, the output comprises a very long list. As previously described, 
this list must be critically and stringently fi ltered using for example 
 p -value cutoffs and requiring a minimum number of annotated 
members.   

3    Visualizing and Analyzing Biological Networks 

 Functional and protein–protein interaction networks are becoming 
an integrated part of high-throughput data analysis as they provide 
a systems-level context of the individual components of large data-
sets. For phosphoproteomics data, networks are generated from a 
set of phosphoproteins and will therefore bear no information 
on specifi c phosphosites. The proteins are visualized in the network 
as nodes that are connected to each other by edges ( see  Fig.  2 ). 
Edges can represent physical interactions, enzymatic reactions or a 
functional connection, the evidence for which arises from various 
repositories of experimental results and from text mining of the 
literature. The type(s) of edges represented in a network is deter-
mined by the tool and database utilized and most tools offer the 
option to designate which types should be included in the analysis.

   While a network visualizes how the given set of proteins are 
interconnected, drawing meaningful contextual conclusions or 
forming hypothesis for further studies, ultimately relies primarily 
on the user’s biological expertise. Yet, certain network topology 
features can be useful to guide the user in this process.  Hubs  
are highly connected nodes that are vital for the stability of the 
network and are often essential and conserved genes in model 
organisms [ 11 ,  12 ]. Hubs can be considered functional centers 

2.3  Interpretation
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either inside modules to coordinate a biological process, or to link 
different modules [ 11 ]. Furthermore, some nodes will show a high 
level of interconnectivity and form what is known as  clusters . The 
nodes within a cluster are often involved in the same process, which 
the user must discern, and tools are available to extract these clus-
ters. More advanced analyses, such as visualization and enrichment 
of GO terms are also very informative when performed in the 
 network context, which is a feature not available in most other 
enrichment tools. 

 To optimize the gain from a network analysis, there are certain 
considerations the user can take concerning the input data, always 
keeping in mind the relevance for the overall biological investigation. 
As such, a network generated from thousands of phosphoproteins 
will typically yield a very large and complex network graph which will 
require extensive processing to decipher. In such circumstances, the 
user may benefi t from using a subset of the data, such as phosphopro-
teins with regulated phosphorylation events ( see  Chapter   22    ) or those 
belonging to a signifi cantly enriched GO category. On the contrary, 
if the phosphoproteomics data yielded a very restricted number of 
phosphoproteins, the user may be interested to explore how these 
few nodes are involved in a larger context. These circumstances 
could benefi t from importing neighboring nodes from databases to 
the network, a feature that is available in most tools. 

 Here we will describe the most commonly used, free, web- 
based and downloadable software tools for network generation 
and analysis. Others tools are listed in Table  2 .

     STRING (Search Tool for the Retrieval of Interacting Genes) 
(  http://string-db.org/    ) [ 13 ,  14 ] is a web-based database resource 
that maps known and predicted interaction, either direct (physical) 
or indirect (functional), for a query gene or list of genes. Currently, 
this meta-resource provides a comprehensive coverage of 1133 
organisms [ 14 ]. 

3.1  STRING

Node

Edge

  Fig. 2    Network. Example of a simple biological network. The  circles  are called nodes 
and represent each gene/protein used to generate the network. The lines connect-
ing the nodes are termed edges and represent the association between the nodes       
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 The  STRING database   generates networks based on functional 
associations [ 15 ]. This means that the edges connect proteins 
which contribute to the same functional process. The protein–pro-
tein associations are based on genomic context (gene proximity, 
gene fusion, co-occurrence, and co-expression), high-throughput 
experiments, and preexisting knowledge (curated databases and 
text-mining). Advantages of the STRING database resource are 
that it is very comprehensive, provides edge confi dence scoring 
and has an interactive interface [ 13 ]. The web page also offers a 
useful help center, which provides beginners with a solid founda-
tion to get started. 

   As previously mentioned, network analyses for phosphoproteomics 
data is performed on the protein level. STRING supports a num-
ber of identifi ers including gene names, protein names, and various 
accession codes. In addition to querying a list of proteins, the user 
can enter one protein of interest, in which case STRING will pro-
vide a network with predicted interactions partners ( see  Fig.  3 ). In 
case an input identifi er can be mapped to multiple proteins, the 
user has the option to choose the protein of interest.

      When a list of genes is provided, STRING generates a network 
based on interactions between proteins in the input data only, with 
the option to include predicted interactors during analysis. When 
only one protein is provided, STRING generates a network based 
on predicted interactors that can be expanded or decreased. The 
resulting network is displayed in a user-friendly interface, with 
many features that aid the interpretation process. Clicking on the 
nodes prompts a pop-up box with a series of accessory information 
that can help the user to navigate the proteins in the network. 
Edges also comprise a rich source of information. All the evidence 
supporting the association can be viewed in the “Evidence” mode, 

3.1.1  Input Data

3.1.2  Network 
and Protein Associations

   Table 2  
  Tools for network analysis   

 Name  Description  Format a   Link 

 STRING [ 13 ]  Database repository for network 
mapping 

 Web    http://string-db.org/     

  Cytoscape   [ 16 ]  Network analysis. Expanded by apps  Local    http://www.cytoscape.org/     

 VisANT [ 31 ]  Network and pathway construction  Web    http://visant.bu.edu/     

 Biological 
Networks [ 32 ] 

 Integrative network analysis  Local    http://biologicalnetworks.net/     

 VANTED [ 33 ]  Visualize biological networks 
and hierarchies 

 Local    http://vanted.ipk-gatersleben.de/     

   a Web: Web-based tool. Local: downloaded to local drive  
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and extensive descriptions are available by clicking on the edges. 
Each edge is assigned a confi dence score representing the probabil-
ity of the association between two nodes, which is calculated from 
the scores of all the evidence types therein included. This can be 
visualized in the “confi dence” view, where thicker edges denote 
more confi dent associations. The user is also provided with the 
option to personalize the criteria for the edges, such that the evi-
dence types of interest and the level of confi dence of the edges 
required for inclusion in the construction of the network can be 
customized. This is particularly useful for reducing complexity of 
large networks, and is an advantage of STRING compared to other 
network analysis tools. Networks can also be expanded by  including 
predicted interactions, offering a framework to explore the context 
of proteins beyond the queried dataset. 

 The multitudes of options to process the network in STRING 
provide the foundation for the level of interpretation that the user 
desires, which must be complemented by the stringency of the cri-
teria implemented. More lenient criteria are benefi cial for the user 
seeking broader overview of the potential associations whereas 
users interested in more confi dent interpretations for concrete tar-
geted follow-up experiments are better served with a more strin-
gent approach.  

  Fig. 3    STRING. Example of a network generated in STRING. The different  line colors  represent the different 
types of evidence associating the nodes       
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   In “Advanced” mode several tools are available to perform more 
elaborate analysis. These are particularly applicable for interpretation 
of discovery phosphoproteomics data. The enrichment analysis tool 
provides a list of overrepresented biological functions and pathways 
( Gene Ontology  ,  KEGG  , Pfam, and InterPro) that can be browsed 
and viewed directly in the network. A clustering analysis option 
groups highly connected nodes and repositions them accordingly. 
While the biological meaning of clusters in other network analysis 
tools relies on the user’s biological expertise for interpretation, by 
using the enrichment and clustering options together in STRING, 
the user can examine the clusters for enriched categories.  

   STRING is also comprehensive with regard to export options 
including high and low resolution graphics, text fi les with network 
details, and xml summary fi les.   

    Cytoscape   [ 16 ] (  http://www.cytoscape.org/    ) is an open-source 
platform for visualization, integration, and analysis of biological 
networks, and is compatible with Windows, Mac, and Linux oper-
ating systems. The advantage of Cytoscape over other network 
analysis tools lies in the ability to integrate many levels of informa-
tion (attributes), either provided by the user or imported from 
databases. Particularly the option to import node and edge attrib-
utes from different sources renders this tool particularly advanta-
geous for phosphoproteomics data interpretation. 

 The power of  Cytoscape   lies in the accessible application pro-
gramming interface (API) that allows users to write application 
extensions to the software, called Apps (known as plugins prior to 
v3.X). Apps extend the functionality of Cytoscape, and allow the 
user to perform analyses of network features, such as clustering, 
and query the network for biological functionalities such as GO 
terms. Apps can be accessed by other users by direct download 
from the Cytoscape interface or through the Cytoscape webpage. 
Cytoscape recently released a new and improved version of the 
software, v3.X. Notably, this version does not support apps from 
the previous versions (v2.X). While the number of apps for v3.1 is 
rapidly growing, the repository of v2.X compatible apps is to date 
more extensive. 

   V3.X is the latest version of  Cytoscape  , offering new features 
including a new user interface. As mentioned before, this version 
does not support Apps from the previous v2.X, and therefore the 
user must consider the version of Cytoscape to use before com-
mencing analysis. Fortunately Cytoscape sessions saved in v2.X can 
be opened in v3.X. But it is important to note that the opposite 
does not apply, and if a v2.X session fi le is opened in v3.X, it is no 
longer compatible for use in v2.X. Cytoscape v2.X is being main-
tained, and eventually v3.X will be comprehensive.  

3.1.3  Network Analysis 
Options

3.1.4  Export Options

3.2   Cytoscape  

3.2.1  Current  Cytoscape   
Versions
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    Cytoscape   supports many standard network and annotation for-
mats, including SIF (Simple interaction Format), PSI (Proteomics 
Standard Initiative), tab delimited text files, and MS Excel™ 
Workbook. 

 There are four ways of generating a network in  Cytoscape  : (1) 
importing preexisting, formatted network fi les, (2) importing pre-
existing text or Excel fi les, (3) importing data from a database, or 
(4) manually creating a network by adding nodes and edges. 
Network fi le formats supported by Cytoscape include, SIF (Simple 
Interaction Format), GML (Graph Markup Language), PSI 
(Proteomics Standard Initiative), delimited text fi les, Excel work-
books, and many more. Importing networks from unformatted 
text and Excel fi les simply requires the user to specify the columns 
that contain the source and target node and the interaction infor-
mation. This option allows STRING generated networks to be 
imported into Cytoscape using several formats including PSI and 
txt (text summary fi le). V3.X also provides the option for the user 
to query a list of proteins in a comprehensive repertoire of public 
databases, including MINT (Molecular Interaction) [ 17 ], 
STRING, and  Reactome   to retrieve protein–protein associations. 
For v2.X a simplifi ed version of this function is available, and inter-
action mapping for lists of proteins is performed using specialized 
plugins such as MiMI [ 18 ] and StringWSClient .  

   As is the case for most bioinformatics tools,  Cytoscape   was not 
developed for interpretation of phosphoproteomics data, and most 
available Apps only provide analysis and information on the pro-
tein level. To visualize phosphosite specifi c information, such as 
fold change, the user must import these as node attributes that can 
subsequently be visualized in the network ( see  Fig.  4 ). In this con-
text, the option to manipulate various features of the network style 
in Cytoscape is particularly useful for data interpretation. Users can 
choose to map any appropriate attribute to nodes or edges, as 
desired. One useful strategy for phosphoproteomics is to designate 
unique colors for proteins with regulated and non-regulated 
 phosphosites ( see  Fig.  4 ). Color gradients representing the least to 
the most regulated phosphosite ratios can also help visualize pat-
terns in the regulation of the phosphosites ( see  Fig.  4 ). Different 
types of protein–protein associations can also be visualized by 
 different types of lines representing the edges. For example, 
solid lines could represent physical interactions, and dashed lines 
enzymatic associations.

      Interpretation of the visually customized networks relies largely on 
manual inspection by the user, which is particularly tedious for 
large networks. Combining visualization of variables from the 
phosphoproteomics data (such as fold change) with network or 
biological information can be very advantageous to extract 

3.2.2  Creating a Network

3.2.3  Customizing 
Networks

3.2.4  Analyzing 
Networks: Apps (Plugins)
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biological meaning. For this, a multitude of Apps are available that 
generally allow for analysis of the network topology or for associat-
ing biological functionalities of interest.  Cytoscape   apps are mostly 
well documented and reviewed, and a few are briefl y summarized 
here (Table  3 ).

   An integrated  NetworkAnalyzer  tool performs a comprehen-
sive statistical analysis of the network topology, such as degree dis-
tribution and neighborhood connectivity, which can be visualized 
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  Fig. 4     Cytoscape  . Interpretation and analysis of network are best served by manipulating network features, 
reducing network complexity, or visualizing attributes of interest       
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in the network. These automatically become node and edge attri-
butes. Particularly useful for biological networks is the “degree dis-
tribution” ( see  Fig.  4 ), a parameter that describes the number of 
edges connected to a node, and is easily visualized as node size. 
Combining this with color scheme designating phosphoproteins 
with regulated phosphosites for example, allows the user to deter-
mine whether certain regulated proteins are hubs.

    1.     MCODE  [ 19 ] clusters networks based on topology to fi nd 
groups of highly interconnected nodes, which will often partake 
in a common complex or pathway ( see  Fig.  4 ). For networks 
containing expression data,  jActiveModules  based on a model by 
Ideker et al. [ 20 ], can be used to identify sub-networks with 
signifi cantly high or low average expression ( p -values for the 
expression data must therefore be imported as attributes). This 
app is useful for phosphoproteomics data as it allows the appli-
cation of quantitative phosphosite information with network 
topology to fi nd clusters with similar phosphosite regulation 
patterns.   

   2.     ClueGO  [ 21 ] generates a functional network in which genes are 
clustered according to GO,  KEGG   and BioCarta categories of 
the user’s choice. ClueGO can be applied to a set of proteins or 
to a preexisting network, and the resulting GO term clusters are 
grouped according to similarities in the categories of the associ-
ated genes. ClueGO also calculates term and group signifi cance 
( p -values and corrected  p -values). This app can be used in com-
bination with the  GOlorize  app to map the biological functions 
back to a  Cytoscape   network with the genes of interest. 
 CluePedia  [ 22 ] extends the ClueGO functionality by allowing 
integration of other biological data, such as expression data, that 
can be used for further statistical analysis. CluePedia also pro-
vides an intracellular pathway-like Cerebral layout.   

   3.     BinGo  [ 23 ] is another popular app for GO annotation and 
enrichment analysis, which can also be performed directly from 
a network or with a list of input genes. This tool displays not 
only the overrepresented (or underrepresented) categories but 
also their parent categories.    

  Large quantitative phosphoproteomics investigations often 
invite for speculations about whether the phosphoproteins con-
taining regulated phosphosites or the overrepresented pathways 
have some relevance in disease. The  ReactomeFIPlugin  [ 7 ] pro-
duces a functional network that can be queried in the  Reactome   
database to identify sub-networks and annotate these for enriched 
pathways or disease genes [ 24 ,  25 ]. A Reactome pathway of choice 
can also be opened as a diagram and the nodes present in the 
 Cytoscape   network are highlighted. The user can also view all 
nodes annotated to a disease of interest directly in their network.  
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   Networks generated in  Cytoscape   can be exported as graphics in 
formats such as JPEG, PDF, PNG, Post Script, or SVG format. 
The Cytoscape session can also be saved for continued analysis at a 
later time point. It is important to note, that not all the informa-
tion generated with different apps are stored in these session fi les. 
Also, the data from the session can be exported as a table. 

 Interpretation of phosphoproteomics data can be greatly eased 
by visualization in biological networks. Particularly, the reduction 
of network complexity by visualizing a group of contextually rele-
vant proteins, identifi cation of central nodes and highly intercon-
nected nodes can guide the user in deriving meaning form 
phosphoproteomics data. However, interpretation of phosphosite 
information is ultimately more informative for these kinds of stud-
ies.  Cytoscape   is one of the few bioinformatics tools that allows the 
implementation of quantitative information (such as alteration on 
phosphosites level), and is therefore particularly advantageous for 
phosphoproteomics data interpretation.    

4    Sequence Bias Analysis 

 Sequence logos are histogram-like graphical representations of pat-
terns in a list of aligned protein or peptide sequences. The bars in 
these plots are replaced by letters representing the amino acids at 
each position. The stack height represents the level of conservation 
and the height of the individual amino acid refl ects their relative 
frequency at that position [ 26 ].  Sequence motif   analysis is particu-
larly applicable for phosphoproteomics studies to determine over- 
and under-represented linear substrate motifs. Many kinases 
recognize specifi c sequence motifs. This allows for extrapolation 
from motif analysis to identify potentially activated kinases and 
therefore signaling responses in the given biological setting. Most 
tools to analyze sequence bias also color code the amino acid letter 
representation based on their physicochemical properties such as 
hydrophobicity, hydrophilicity, charge, size, and aromatic side 
chains. Sequence motif analysis should be considered a guide, and 
hypotheses based on these interpretations require biochemical vali-
dations. Here we provide an example of a sequence analysis tool 
designed for protein sequences, and which provides the option to 
compare to a reference dataset. 

    IceLogo   (  https://code.google.com/p/icelogo/     or   http://iom-
ics.ugent.be/icelogoserver/main.html    ) [ 27 ] is a free, open-source 
tool for visualization of patterns in aligned protein sequences. This 
tool can be downloaded or used on a web interface. The advantage 
of iceLogo compared to other motif analysis tools, is the option to 
define a custom reference set of sequences. This is particularly 
important in phosphoproteomics to account for sequence bias in 

3.2.5  Saving 
and Exporting

4.1   IceLogo  
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the phosphopeptide enrichment procedure. Using the reference 
data, a probability value (Z-score) is calculated, indicating whether 
the sequences of interest and the reference sequences are similar. If 
the user cannot provide a reference dataset, the option to choose a 
reference species of origin is also provided. With this option the 
frequency of every amino acid in the proteins from the Swiss-Prot 
database for that species is calculated and used as reference. The 
results are displayed as position specific bars, heat maps, or so-
called iceLogos. The many options to manipulate the visual pres-
entation of the iceLogo can be useful to extract significant 
information. IceLogo plots are visually easy to interpret, present-
ing both over- and under-represented patterns. The  X -axis repre-
sents the position in the aligned sequences, and the default  Y -axis 
represents percent difference, but can be configured to fold change 
or standard deviation. The user also has the option to set a  p -value 
cutoff. This can be particularly useful to filter noisy sequence 
motifs, and to find the most significant biases in the sequence. The 
graphical representation can be saved locally as PDF.      
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