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Abstract

Kinase-catalyzed protein phosphorylation is involved in a wide variety of cellular events. 

Development of methods to monitor phosphorylation is critical to understand cell biology. Our lab 

recently discovered kinase-catalyzed biotinylation, where ATP-biotin is utilized by kinases to 

label phosphopeptides or phosphoproteins with a biotin tag. To exploit kinase-catalyzed 

biotinylation for phosphoprotein purification and identification in a cellular context, the 

susceptibility of the biotin tag to phosphatases was characterized. We found that the 

phosphorylbiotin group on peptide and protein substrates was relatively insensitive to protein 

phosphatases. To understand how phosphatase stability would impact phosphoproteomics research 

applications, kinase-catalyzed biotinylation of cell lysates was performed in the presence of kinase 

or phosphatase inhibitors. We found that biotinylation with ATP-biotin was sensitive to inhibitors, 

although with variable effects compared to ATP phosphorylation. The results suggest that kinase-

catalyzed biotinylation is well suited for phosphoproteomics studies, with particular utility 

towards monitoring low abundance phosphoproteins or characterizing the influence of inhibitor 

drugs on protein phosphorylation.
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Introduction

Protein phosphorylation is a fundamental and well-studied posttranslational modification 

occurring in cells.[1] Phosphorylation is catalyzed by kinases with adenosine 5′- triphosphate 

(ATP (1), Scheme 1A) as cosubstrate.[2] Phosphorylation attaches a phosphate group onto 

amino acid residues such as serine, threonine, and tyrosine (Scheme 1B)[3] and can affect 

protein activity and cell biology.[4] Many biological processes involve kinases and protein 

phosphorylation, including cell signaling, immunosuppression and cancer formation, for 
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examples.[5] Protein phosphorylation is a reversible process whereby phosphatases catalyze 

the dephosphorylation reaction (Scheme 1B).[6]

Phosphopeptide and phosphoprotein detection has become important in the proteomics field. 

Techniques to monitor phosphorylation involve 32P-radiolabeling,[7] immobilizing metal 

affinity chromatography,[8] 2-D gel analysis,[9] mass spectrometric (MS) analysis,[7b, 10] 

covalent modification of phosphates,[11] phosphate staining (such as with Pro-Q 

diamond),[11a] and specific antibodies.[12] Even though a number of different methods are 

available to detect phosphoproteins in complex mixtures, each has its own advantages and 

disadvantages. For example, 32P radiolabeling is sensitive and widely used, but involves 

hazardous materials. Metal affinity chromatography is successfully coupled with MS 

analysis to identify phosphopeptides, but is bias towards purification of acidic peptides.[13] 

Additional phosphoprotein detection methods will provide needed alternatives to strengthen 

the study of phosphopeptides and phosphoproteins.

Recently we reported the use of γ-phosphate modified ATP analogs for studying 

phosphorylation.[14] In particular, we demonstrated that an ATP analog with biotin attached 

to the γ-phosphate (ATP-biotin (2), Scheme 1A) acts as a cosubstrate for kinases and 

transfers a phosphorylbiotin group to peptides and proteins (Scheme 1C).[14d] The 

biotinylation reaction was successful with synthetic peptide and full-length protein 

substrates. Importantly, proteins in cell lysates were labeled using kinase-catalyzed 

biotinylation. With these successes, kinase-catalyzed biotinylation has application towards 

characterizing the complete phosphoproteome. However, cellular experiments are 

complicated by the presence of protein phosphatases that could alter the biotinylation state 

of the labeled phosphoproteins (Scheme 1C). To assess the suitability of kinase-catalyzed 

biotinylation for phosphoproteomics applications, the sensitivity of the phosphorylbiotin tag 

to phosphatase activity must be characterized.

Kinases utilize γ-thio-ATP (ATP-γS (3), Scheme 1A) to generate thiophosphorylated 

proteins. Prior work revealed that the thiophosphoryl group is insensitive to phosphatases[15] 

and provided the foundation for use of ATP-γS and thiophosphorylation in 

phosphoproteomics applications.[16] With this precedent, we examined whether the 

phosphorylbiotin modification is similarly insensitive to phosphatases. If the biotin tag is 

stable under cellular conditions, then kinase-catalyzed biotinylation would be an excellent 

tool to visualize and purify phosphorylated proteins in lysates, with the ability to monitor 

low abundance phosphoproteins.

Herein we test the stability of the phosphorylbiotin product of kinase-catalyzed biotinylation 

towards protein phosphatases. The data indicated that the phosphorylbiotin modification is 

stable to phosphatases. To expand this work, inhibitors of kinases and phosphatases were 

studied in HeLa cell lysates and the results showed that both phosphorylation and 

biotinylation are sensitive to inhibitors and can be used to monitor changes in 

phosphorylation.
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Results and Discussion

ATP-biotin synthesis

To study the phosphatase sensitivity of a kinase-catalyzed biotinylation, we synthesized 

ATP-biotin 2 (Scheme 2) using a similar strategy as previously published.[17] Commercially 

available biotin 7 was activated by TBTU, and then treated with 4, 7, 10-trioxa-1-13-

tridecanediamine 8 to yield biotin amine 9. Biotin amine 9 was then coupled with the 

disodium salt of ATP using EDCI in water while maintaining the pH between 5.6-5.8 to give 

ATP-biotin 2. Intermediate biotin amine 9 and the final ATP-biotin 2 were characterized by 

HRMS, 1H, 13C and 31P NMR (Figures S1-9).

The cosubstrate compatibility of synthesized ATP-biotin 2 was tested with three kinases/

substrate pairs: PKA (Protein Kinase A) and serine-containing substrate (LRRASLG), CK2 

(Casein Kinase 2) and a threonine-containing substrate (RRREEETEEE), and Abl (Abl 

Protein Tyrosine Kinase) and a tyrosine-containing substrate (EAIYAAPFAKKK). The 

percentage conversion was calculated relative to ATP using quantitative MS, as previously 

reported.[18] The quantitative MS data indicated that peptides were biotinylated with 53% 

(CK2), 81% (PKA), and 78% (Abl) conversion (Figures S10-12). The efficiencies of the 

kinase reaction with ATP-biotin 2 were comparable to those previously reported with a 

similar ATP-biotin analog that has two fewer methylene groups in the linker (56-80%).[18]

Phosphatase activity with biotinylated phosphopeptides

Phosphatases are divided into two major classes-[19] serine/threonine phosphatases[20] and 

tyrosine phosphatases [21], which hydrolyzes phosphoserine/threonine or phosphotyrosine, 

respectively. Unlike kinases, phosphatases have differing active sites and mechanisms 

depending on their substrate.[21-22] Serine/threonine phosphatases have an active site that 

utilizes catalytic metals to bind the phosphate[23] and activates water for phosphate ester 

hydrolysis.[24] In contrast, tyrosine phosphatases hydrolyze the phosphate ester by 

employing a nucleophillic cysteine.[21, 25] To characterize the compatibility of the two active 

sites with phosphoryl biotin degradation, we tested two serine/threonine phosphatases 

(protein phosphatase 1 (PP1) and calf intestinal phosphatase (CIP)) and one tyrosine 

phosphatase (T-cell protein tyrosine phosphatase (TCPTP)).

Two steps were employed to assess the phosphatase sensitivity of biotinylated 

phosphopeptides. First, biotinylphosphopeptides were prepared by incubating ATP-biotin 

with the same peptide/kinase pairs used in quantitative MS experiments. After generating 

the biotinylphosphopeptides, the second step involved heat denaturation of the kinase, 

followed by incubation with PP1, CIP, or TCPTP. As a control, identical experiments were 

carried out with ATP as a cosubstrate. All reactions were analyzed using high performance 

liquid chromatography (HPLC). In the presence of acidic HPLC Buffer A (0.1% TFA in 

water, pH ∼2), the phosphoramidate bond of the biotinylphosphopeptide was cleaved to 

remove the biotin group and yield a phosphopeptide product.[26] Therefore, ATP and ATP-

biotin reactions produced HPLC traces containing identical unmodified (Figure 1A) or 

phosphorylated peptide products (Figure 1B and C).
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Under conditions where ATP control reactions demonstrated 90% to 100% kinase 

conversion to phosphopeptide products (Figure 1B, top), the ATP-biotin reactions 

demonstrated 46-85% conversion (Figure 1C, top). The efficiencies of the kinase reactions 

with ATP-biotin were comparable to the quantitative mass spectrometric analysis reported 

here (53-81%) and previously (56-80%),[14a] demonstrating the reliability of the HPLC 

analysis. After phosphatase treatment, ATP phosphorylated peptides were almost completely 

hydrolyzed; only 0-11% phosphopeptides remained by HPLC (Figure 1B, bottom), 

indicating that the phosphatase maintains 89-100% activity. In contrast, a significant amount 

of biotinylated phosphopeptide products were observed after phosphatase treatment; 34-49% 

phosphopeptides were still observed after phosphatase reaction (Figure 1C, bottom). 

Comparing the percentage of biotinylated product before and after phosphatase incubation 

(Figure 1C, bottom versus top) revealed that 59% (PP1), 74% (CIP), and 58% (TCPTP) of 

the modification remained intact. Therefore, while phosphatases maintained 89-100% 

activity with phosphopeptide substrates, only 26-42% activity was seen against biotinylated 

phosphopeptides. Of the three phosphatases tested, CIP was the least active (26%) with PP1 

and TCPTP maintaining similar activities (41% and 42%). These studies indicate that the 

phosphorylbiotin modification is less susceptible than a phosphate modification to 

phosphatase hydrolysis.

Phosphatase activity with biotinylated phosphoproteins

Our next goal was to study the sensitivity of full-length biotinylated phosphoproteins to 

phosphatase activity. While the kinase/phosphatase pairing was the same as with the 

peptides experiments, the full-length substrates used were myelin basic protein (MBP) with 

PKA and Abl and β-casein with CK2. Similar to the peptide experiments, a two-step 

reaction series was employed with kinase reaction first, followed by phosphatase incubation. 

In this case, the crude products were analyzed by gel methods.

Control reactions with ATP demonstrated the sensitivity of phosphoproteins to degradation 

by phosphatases; only 6-7% phosphoproteins were observed by ProQ staining (Figure 2, 

lanes 2, 6, and 10, ProQ), indicating that phosphatases maintain 93-94% activity at removing 

phosphates. In contrast, a significant amount of biotinylated phosphoproteins was still 

detected after phosphatase treatment; 72-83% biotinylated phosphoproteins were observed 

(Figure 2, lanes 4, 8, and 12, SA-Cy5), indicating that the phosphatases demonstrated only 

17-28% activity at removing the biotin tag. Consistent with the stability of the biotin tag to 

phosphatases, 37-66% biotinylated phosphoproteins were detected after phosphatase 

incubation using Pro-Q staining (Figure 2, lanes 4, 8, and 12, Pro-Q). Comparing the 

percentage of Pro-Q-visualized biotinylphosphoproteins after and before phosphatase 

incubation (Figure 2, lanes 4 vs 3, 8 vs 7, and 12 vs 11, ProQ) revealed that 85% (PP1), 66% 

(CIP), and 90% (TCPTP) of the modification remained intact. The Pro-Q analysis indicated 

that phosphatases maintained 10-34% activity against biotinylated phosphopeptides. The 

differences in activity comparing biotin (17-28%) and phosphate (10-34%) detection (Figure 

3, SA-Cy5 versus ProQ) may be due to the presence of phosphorylation sites on the 

substrates prior to kinase reaction, which would skew the Pro-Q staining data.
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A comparison of the activity data suggests that full-length biotinylated proteins are less 

sensitive to phosphatases than biotinylated peptides (17-28% versus 26-42%). The protein 

data represents the aggregate reactivities of all phosphorylation sites in the protein to 

phosphatases. As a result, the data suggest that the majority of phosphorylation siteson the 

full length protein are less susceptible to phosphatase hydrolysis than the isolated peptides. 

The steric bulk of full-length proteins may prevent phosphatase binding and catalysis. The 

significant conclusion from the experiments is that the phosphorylbiotin group, particularly 

on full length proteins, shows significant stability to phosphatase degradation.

Inhibitor studies in cell lysates

With an eye towards future phosphoproteomics applications, we were interested in probing 

how the phosphatase stability of the phosphorylbiotin tag would impact lysate labelling. 

Because cell lysates naturally contain phosphatases, typical phosphoproteomics experiments 

include a phosphatase inhibitor in the cell lysates to stabilize phosphorylation.[27] With the 

stability of the phosphorylbiotin tag, we hypothesized that robust kinase-catalyzed labelling 

will occur in lysates without the need for phosphatase inhibitor treatment. In addition, we 

wondered how phosphatase inhibitors would impact kinase-catalyzed labeling. Given the 

interest in kinases and phosphatase inhibitors as drug targets,[28] inhibitor experiments 

would also establish the utility of kinase-catalyzed labelling as a drug characterization tool.

HeLa cell lysates were incubated with ATP-biotin in the presence of a kinase inhibitor 

(staurosporine) or phosphatase inhibitors (sodium vanadate and sodium fluoride). As a 

control, inhibitor experiments were also performed with ATP incubation. As expected, 

reactions performed in the presence of kinase inhibitors showed only trace levels of 

phosphorylated (Figure 3, lane 3, Pro-Q,) and biotinylated (Figure 3, lane 6, SA-Cy5) 

proteins. Quantification and comparison between kinase inhibitor treated and untreated lanes 

revealed that only 18±2% of phosphorylated (Figure 3, lanes 3 versus 2, Pro-Q) and 27±5% 

of biotinylated (Figure 3, lanes 6 versus 5, SA-Cy5) proteins remained. The slightly elevated 

level of biotinylation remaining with kinase inhibition may be due to the natural presence of 

biotinylated proteins in cell lysates. These experiments indicate that kinase inhibitors 

similarly reduce phosphorylation or biotinylation. Because monitoring changes in 

phosphorylation after inhibitor treatment has been used as a drug characterization tool,[29] a 

future direction is use of ATP-biotin labeling to characterize kinase inhibitor activities.

In contrast to the kinase inhibitor experiments, phosphatase inhibitors had differing effects 

on phosphorylation and biotinylation. As expected with ATP phosphorylation, reactions 

containing phosphatase inhibitors showed robust phosphoprotein signal (Figure 3, lane 4, 

Pro-Q). Comparison of the phosphatase treated and untreated reaction lanes showed that the 

phosphoprotein signal was elevated to 118±9% (Figure 3, lane 4 versus 2, Pro-Q). These 

results are consistent with the use of phosphatase inhibitors to augment phosphorylation 

levels in phosphoproteomics applications.[27] In the case of the ATP-biotin reactions, a 

biotin signal was also observed in phosphatase inhibitor treated reactions (Figure 3, lane 7, 

SA-Cy5). However, comparison of the treated and untreated reaction lanes revealed that the 

biotin signal was reduced to 81±6% (Figure 3, lanes 7 versus 5, SA-Cy5). The decrease in 

biotinylation can be rationalized considering the kinase/phosphatase equilibrium in lysates. 
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Because phosphorylated amino acids will be unavailable for ATP-biotin labeling, active 

phosphatases are needed to remove phosphoryl groups and promote kinase-catalyzed 

biotinylation. If phosphatase activity is reduced by inhibitors, ATP-biotin labeling will not 

occur on already phosphorylated sites, reducing the level of biotinylation. Therefore, these 

experiments are consistent with the hypothesis that active phosphatases are critical for 

robust kinase-catalyzed labeling in lysates.

To further test the sensitivity of biotinylation to phosphatase inhibitors, two dimensional (2-

D) gel analysis was performed (Figure 4). 2-D gel analysis is a classical method that offers 

visualization of many more proteins in lysates than 1D methods.[30] In addition, 2-D gel 

methods have been used widely in phosphoproteomics analysis.[31] HeLa cell lysates were 

incubated with either ATP or ATP-biotin in the absence or presence of phosphatase 

inhibitors (sodium vanadate and sodium fluoride). After reaction, proteins were separated by 

their isoelectric points (pI) in the first dimension, followed by molecular weight in the 

second dimension. As expected, ATP-labeled lysates treated with phosphatase inhibitors 

contained more phosphoproteins compared to untreated reactions (Figure 4A, see boxed 

area). In contrast, ATP-biotin-labeled lysates showed a greater number of biotinylated 

proteins in the untreated reaction than the phosphatase inhibitor-treated reaction (Figure 4B, 

see boxed area). The reduction in ATP-biotin labeling upon phosphatase inhibitor treatment 

is consistent with the 1-D gel analysis (Figure 3), which provide further evidence for the 

hypothesis that active phosphatases are needed for robust kinase-catalyzed biotinylation.

A comparison of the boxed areas within the 2-D gel images shows that the phosphatase 

inhibitor-treated ATP labeling (Figure 4A, right) and untreated ATP-biotin labeling (Figure 

4B, left) showed similarities. We note that the differences in charge state of the 

phosphorylated and biotinylated proteins (see Scheme 1B and C) likely influences migration 

in the gels, making direct comparison of ATP and ATP-biotin labeled reactions difficult by 

2-D methods. The comparison is further complicated by the use of different visualization 

methods (Pro-Q versus SA-Cy5). However, the combined data from 1-D and 2-D methods is 

consistent with the hypothesis that robust kinase-catalyzed biotinylation occurs without the 

need for phosphatase inhibitor treatment. Therefore, kinase-catalyzed biotinylation is 

appropriate for phosphoproteomics application using untreated lysates.

Conclusion

We have shown that the phosphorylbiotin product of kinase-catalyzed biotinylation is stable 

to phosphatases. In vitro experiments suggest that both Ser/Thr and Tyr phosphatase are 

similarly ineffective at phosphorylbiotin hydrolysis. These results are consistent with prior 

work documenting that the product of ATP-γS labeling, a thiophosphorylated protein, is also 

insensitive to phosphatase degradation.[15, 32] The combined results suggest that 

phosphoproteins containing a phosphate modification will generally display phosphatase 

insensitivity. ATP-γS has been used for phosphoprotein labeling and detection directly in 

lysates, without the need for phosphatase inhibitors.[16] The use of untreated lysates 

combined with the added functionality of the biotin group makes ATP-biotin labeling 

attractive for phosphoproteomics applications. In particular, the likelihood of detecting low 

abundance phosphoproteins is enhanced due to the stability of the biotin tag to phosphatases 
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and the ability to purify labeled proteins directly. Use of kinase-catalyzed biotinylation for 

detection of low abundance phosphoproteins is currently under investigation. In addition, the 

sensitivity of ATP-biotin labeling to both kinase and phosphatase inhibitors indicates that 

kinase-catalyzed labeling has future application to phosphoproteomic-based drug 

characterization efforts. In conclusion, the stability of the phosphorylbiotin product of ATP-

biotin labeling to phosphatases suggests that kinase-catalyzed biotinylation will be an 

excellent tool for phosphoproteomics research.

Experimental Section

Synthesis of biotin-PEG amine (9)

Biotin (977.24 mg, 4 mmol) was dissolved in DMF (5 mL). TBTU (1.5412 g, 4.8 mmol) and 

DIPEA (0.836 mL, 4.8 mmol) were added and the mixture was stirred at room temperature 

for 30 min. The mixture was added dropwise to a solution of 4,7,10-trioxa-1-13-

tridecanediamine (2.2 mL, 10 mmol) in DCM (250 mL) at 4 °C. After addition was 

complete, the reaction mixture was stirred overnight at room temperature. The reaction 

progress was monitored by TLC (3:1:0.5 EtOH: DCM: NH4OH, Rf =0.60). The solvent was 

removed in vacuo. The product was purified by flash chromatography on silica gel with 

EtOH/DCM (1:1→3:1 v/v) to yield 82% of biotin-PEG-amine 9 as dark brown solid (1.463 

g, 3.28 mmol). Figures S1-4; IR (CHCl3, cm-1): 3457, 3206, 3052, 2939, 1658, 1434, 1184, 

1129, 847, 798, 724. 1H NMR (400 MHz, D2O): δ 4.43 (dd, J=8.0 and 4.8 Hz, 1H), 4.25 

(dd, J=8 and 4.4 Hz, 1H), 3.51 (s, 8H), 3.43 (t, J=6.4 Hz, 2H), 3.40 (t, J=6.0 Hz, 2H), 

3.18-3.12 (m, 1H), 3.09 (t, J=6.4 Hz, 2H), 2.82 (dd, J=12.8 and 4.8 Hz, 2H), 2.56 (t, J=6.8 

Hz, 2H), 2.08 (t, J=7.2 Hz, 2H), 1.65-1.36 (m, 8H), 1.27-1.19 (m, 2H). 13C NMR (100 MHz, 

D2O): δ 25.1, 27.6, 27.9 28.2, 30.7, 35.4, 36.2, 37.6, 39.6, 55.3, 60.1, 61.9, 68.3, 68.8, 69.2, 

69.3 69.5, 165.1, 176.5. HRMS (ESI): m/z calculated for C20H39N4O5S [M+H]+ 447.2641, 

observed 447.2633.

Synthesis of ATP-biotin (2)

Adenosine 5′- triphosphate disodium salt (27.5 mg, 0.05 mmol) was dissolved in water (5 

mL) and the pH of the solution was raised to 7.0 by adding 1M sodium hydroxide. 1-(3-

Dimethylaminpropyl)-3-ethylcarbodiimide hydrochloride (EDCI, 383.42 mg, 2 mmol) 

dissolved in water (1 mL) was added to the reaction mixture. The pH of the solution was 

adjusted to 5.6 with 1M hydrochloric acid and a pH range between 5.6-5.8 was maintained 

throughout the reaction. Biotin-PEG-amine 9 (894.44 mg, 2 mmol) was added to the ATP 

solution and progress of the reaction was monitored by TLC (6:3:1 iPrOH: NH4OH: H2O Rf 

=0.69). The reaction was stirred for 4 hours and then treated with triethylamine (TEA) to 

reach pH 8.0. The product was purified on DEAE Sephadex-A25 anion exchange column. 

The column was run with flow rate of 4 mL/min. A stepwise elution using 5%, 10%, 25%, 

37.5%, 50%, 75% and 100% triethylammonium bicarbonate buffer (TEAB) was applied. 

The product eluted between 37.5-50% TEAB. Purified product was lyophilized to yield 20% 

of ATP-biotin 2 as white TEA salt (10.2 mg, 0.01 mmol). Figures S5-9; UV (MeOH): λ 259 

nm. 1H NMR (400 MHz, D2O): δ8.92 (s, 1H), 8.63 (s, 1H), 6.48 (t, J=6.0 Hz, 1H), 4.92-4.89 

(m, 2H), 4.74-4.72 (m, 2H), 4.59-4.57 (m, 2H), 4.01-3.84 (m, 12H), 3.64-3.58 (m, 4H), 

3.46-3.24 (m, 6H), 2.57 (t, J=7.2 Hz, 2H), 2.16-1.68 (m, 8H). 13C NMR (100 MHz, D2O): 
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δ25.1, 26.4, 27.8, 28.0, 36.2, 37.5, 38.5, 39.6, 42.1, 55.2, 60.1, 61.9, 65.1, 66.6, 68.2, 68.7, 

69.2, 69.3, 69.4, 70.3, 74.2, 84.0, 86.6, 110.8, 118.5, 140.0, 149.1, 152.3, 164.1, 176.6. 31P 

NMR (400 MHz, D2O): δ -0.06 (d, γ-P), -10.35 (d, α-P), -21.78 (t, β-P). HRMS (ESI): m/z 

calculated for C30H51N9O17P3S [M-H]-934.2337, observed 934.2329.

Quantitative Mass spectrometric analysis

Phosphorylated peptides or biotinylated phosphopeptides were created by incubating ATP 1 
or ATP-biotin 2 (2 mM) with PKA (20 units/μL) and Kemptide peptide substrate (40 μM, 

LRRASLG), CK2 (20 units/μL) and CK2 peptide substrate (40 μM, RRREEETEEE), or Abl 

(20 units/μL) with Abl peptide substrate (40 μM, EAIYAAPFAKKK). The final volume of 

the reactions was 10 μL and the manufacturer-supplied buffers were used at a 17times; 

concentration. The reaction mixtures were incubated at 30 °C for 2 hours. Quantitative mass 

spectrometric analysis was performed, as described previously.[18, 33]

Kinase-catalyzed phosphorylation and biotinylation

Phosphorylated peptides or biotinylated phosphopeptides were generated as described above 

except in a reaction volume of 20 μL. After reaction, the mixtures were heated at 95°C for 1 

minute to denature the kinase, and split into two 10 μL portions. One 10 μL sample was used 

directly for HPLC analysis, as described below, while the second 10 μL sample was treated 

with phosphatase, as described below.

Phosphorylated or biotinylated proteins were created by incubating ATP (1) or ATP-biotin 

(2) (2 mM) with PKA (25 units/μL) and myelin basic protein (MBP, 0.2 mM), CK2 (5 

units/μL) and β-casein (0.2 mM), or Abl (5 units/μL) and MBP (0.2 mM) in the 

manufacturer-provided buffer (1×, NEB). As a control, reactions were performed without 

kinases (see Figure S14 of supporting information). The final volume of the reactions was 

10 μL. The reaction mixtures were incubated at 30°C for 2 hours. After the reaction, the 

mixture was heated at 95 °C for 1 minute to denature the kinase. Only with CK2 reactions, 

ATP or ATP-biotin was removed using a 10 kDa Centriprep spin column (Millipore); we 

found that ATP or ATP-biotin interfered with subsequent treatment with CIP. The reactions 

were split into two 5 μL portions. One 5 μL sample was used directly for SDS-PAGE 

analysis, as described below, while the second 5 μL sample was treated with phosphatase, as 

described below.

Phosphatase-catalyzed dephosphorylation

Protein or peptide phosphorylation and biotinylation were performed as described above. 

Phosphatase was added to the appropriate reaction mixtures to create a final volume of 20 

μL. For PKA reactions, PP1 (1.0 units/μL) in the manufacturer-provided buffer (1×, NEB) 

was added and the reaction mixture was incubated at 30°C for 2 hours. For CK2 reactions, 

CIP (2.5 units/μL) in the manufacturer-provided buffer (1×, NEB) was added and the 

reaction was incubated at 37 °C for 2 hours. For Abl reactions, TCPTP (2.5 units/μL) in the 

manufacturer-provided buffer (1×, NEB) was added and the reaction was incubated at 30°C 

for 2 hours. The crude protein products were analyzed by SDS-PAGE with subsequent gel 

imaging, as described below, while the peptide reactions were analyzed by HPLC analysis, 

as described below.
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HPLC analysis

For HPLC analysis, peptides were pre-equilibrated in Buffer A (50 μL; 99.9% water with 

0.1% trifluoroacetic acid). Reverse phase chromatographic separation of peptides was 

performed using a C18 column (YMC America INC; 250×4.6 mm, 4μm, 8 nm). The elution 

gradient used started at 95% Buffer Ain Buffer B(99.9% acetonitrile with 0.1% 

trifluoroacetic acid), and decreased to 70% Buffer A over 15 min. Due to overlap of several 

peaks, the PKA/PP1 reaction used a different gradient starting at 90% Buffer A in Buffer B, 

and increasing to 70% Buffer A over 15 min. The flow rate was 1 mL/min and the peptide 

absorbance was detected at 214 nm. The percentage of observed phosphopeptide was 

calculated by dividing the area under the phosphopeptide peak by the total area under both 

the phosphopeptide and unmodified peptide peaks. Figure 2B and 2C show the average 

percentage and standard error of observed phosphopeptide from three independent trials.

Gel imaging and Quantification

After SDS-PAGE, total proteins were visualized with SYPRO Ruby stain, while 

phosphoproteins were detected using Pro-Q diamond stain. For biotinylated protein 

detection, proteins separated by SDS-PAGE gel were transferred to a polyvinyldene fluoride 

(PVDF, Immobilon P) membrane before staining withSA-Cy5. The stained gels and 

membranes were visualized using a Typhoon scanner. Gel bands were quantified using 

ImageQuant 5.2 by drawing the same size rectangular shape around comparable bands. The 

percentage of phosphoproteins or biotinylated phosphoproteins observed after phosphatase 

treatment was calculated by dividing the protein signal after treatment to the protein signal 

before treatment. The percentages displayed in Figure 3 are average percentages and 

standard error of observed phosphoprotein or biotinylated phosphoprotein from three 

independent trials. To calculate phosphatase activity, the average percentage of 

phosphoproteins or biotinylated phosphoproteins observed after phosphatase treatment was 

subtracted from 100%.

HeLa cell lysis procedure

Frozen HeLa cells (National Cell Culture Center) were thawed and kept on ice. 20 × 106 

HeLa cells were lysed in lysis buffer (1 mL; 50 mM Tris, pH 8.0, 150 mM NaCl, 10% 

glycerol, 0.5% Triton X-100 and 1× protease inhibitor cocktail V). Cells were incubated 

with rotation at 4°C for 10 minutes. The soluble fraction was separated from the cell debris 

by spinning at 12,000 rpm at 4°C for 15 minutes. The supernatant was collected and the 

concentration of total protein in the lysate was determined via a Bradford assay (generally 

5-6 mg/mL total protein). The lysate supernatant was stored at -80°C.

Kinase and phosphatase inhibitor studies

For the reactions consisting of lysates, HeLa cell lysates (100 μg) were incubated with either 

ATP or ATP-biotin (2 mM) in the presence kinase inhibitor (Staurosporine, 0.10 mM) or 

phosphatase inhibitors (sodium fluoride and sodium orthovanadate, 0.10 mM each) in the 

manufacturer-provided buffer for PKA (1×, NEB) for 2 hours at 30 °C. The final volume of 

the reactions was 25 μL. The products were analyzed by SDS-PAGE with subsequent gel 

imaging, as described above. The percentage of phosphoproteins or biotinylated 
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phosphoproteins observed after inhibitor treatment was calculated by dividing the protein 

signal after treatment to the protein signal before treatment.

2-D gel analysis

HeLa cell protein sample (100 μg) was mixed with 125 μL of manufacturer provide 

rehydration/sample buffer (1×, Bio-Rad). Then the mixture was applied to an IPG strip 

(ReadyStrip IPG strip, pH 3-10, Bio-Rad) and maximum sample absorption was achieved 

after 12-16 hours. Focusing was performed at 250 V for 20 min, 4000 V for 2 hours and 

4000 V for 10000 Vhours with 50 μA current per strip at 20°C. Then the strip was 

equilibrated for 10 minutes in manufacturer-provided Buffer 1 (0.375 M Tris-HCl (pH 8.8), 

6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS and 2% (w/v) DTT) followed by manufacturer-

provided Buffer 2 (0.375 M Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS 

and 2.5% (w/v) iodoacetamide). The IPG strip was placed on a 12% SDS-PAGE gel and 

electrophoresis was carried out at a constant 200 V for 45 minutes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) HPLC analysis of unmodified peptides (PKA peptide at ∼8.3 min; CK2 peptide at ∼7.5 

min; Abl peptide at ∼13.8 min). B) HPLC analysis of ATP-phosphorylated peptides (top; 

PKA phosphopeptide at ∼7.5 min; CK2 phosphopeptide at ∼7.1 min; Abl peptide at ∼13.2 

min) after phosphatase treatment (bottom). C) HPLC analysis of ATP-biotin 

phosphopeptides (top; PKA phosphopeptide at ∼7.5 min; CK2 phosphopeptide at ∼7.1 min; 

Ablphosphopeptide at ∼12.9 min) after phosphatase treatment (bottom). The percentages in 

B) and C) represent the percentage phosphopeptide observed. The complete HPLC traces are 

shown in Figure S13 of supporting information.
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Figure 2. 
Gel analysis and quantification of phosphorylated and biotinylated proteins before and after 

phosphatase treatment. The contents of each reaction are indicated below each lane. Pro-Q 

staining visualizes phosphoproteins, SA-Cy5 staining detects biotin-labeled proteins, and 

Syproruby stains for total protein content. The percentages of phosphorylated (ProQ) or 

biotinylated (SA-Cy5) relative to lanes 1, 5, or 9 (ProQ, 100%) or lanes 3, 7, or 11 (SA-Cy5, 

100%). The full gel images, along with additional control reactions, are shown in Figure S14 

of supporting information.
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Figure 3. 
Gel analysis of phosphoproteins (ProQ, top) or biotinylated phosphoproteins (SA-Cy5, 

bottom) from HeLa cell lysates incubated with ATP or ATP-biotin in the absence or 

presence of kinase or phosphatase inhibitors.
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Figure 4. 
(A) Reactions of HeLa cell lysates and ATP without (untreated) or with phosphatase 

inhibitors (phosphatase inhibitor treated). Proteins were visualized with Pro-Q diamond 

phosphoprotein stain. (B) Reactions of HeLa cell lysates and ATP-biotin without (untreated) 

or with phosphatase inhibitors (phosphatase inhibitor treated). Biotinylated proteins were 

visualized with SA-Cy5. The boxed region of the images highlights changes due to inhibitor 

treatment.

Senevirathne and Pflum Page 16

Chembiochem. Author manuscript; available in PMC 2015 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Kinase-catalyzed phosphorylation and biotinylation. (A) Chemical structure of ATP (1), 

ATP-biotin (2) and ATP-γS (3). (B) Peptides or proteins (4) undergo phosphorylation with 

kinases and ATP to give phosphopeptides or phosphoproteins products (5), which are 

dephosphorylated with phosphatases. (C) Biotinylation with kinases and ATP-biotin gives 

biotinylated phosphopeptide or phosphoprotein products (6). The sensitivity of biotinylated 

phosphopeptides and phosphoproteins to phosphatases is studied in this work.
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Scheme 2. ATP-biotin (2) Synthesis
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