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Abstract

Protein phosphorylation is one of the most common and important post-translational modifi-

cations and is involved in many biological processes, including DNA damage repair, tran-

scriptional regulation, signal transduction, and apoptosis regulation. The use of antibodies

targeting phosphorylated protein is a convenient method to detect protein phosphorylation.

Therefore, high-quality antibodies are essential, and uniform and effective standards are

urgently needed to evaluate the quality of these phosphorylation-specific antibodies. In this

study, we established a simple, broad-spectrum system for the preparation of phosphoryla-

tion-positive samples. The positive samples for evaluation of phosphorylation-specific anti-

bodies were then validated in cells from different species and tissues, and also been proven

effectively in western blot, enzyme-linked immunosorbent assays, LC-MS/MS and immuno-

fluorescence analysis. Overall, our findings established a novel approach for evaluation of

the quality of phosphorylation-specific antibodies and may have applications in various bio-

medical fields.

Introduction

Protein phosphorylation was first discovered in the 1950s [1] and has since been shown to be

one of the most common types of intracellular post-translational modification [2,3]. Currently,

the fields of protein phosphorylation research include signal transduction [4–7], function of

cell membrane [8,9], transcription [10,11], energy metabolism [12–14], and cytoskeletal

[14,15] regulation, and reversible protein phosphorylation is thought to be involved in regula-

tion of most aspects of cell life [2]. In simple terms, protein phosphorylation involves the trans-

fer of a phosphate group at the γ site of ATP or GTP to amino acid residues in proteins under

the catalytic action of protein kinases [16,17]. Phosphorylation is one of the most important

covalent modifications in cells. The reversible process of phosphorylation and
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dephosphorylation is controlled by protein kinases and phosphatases. To date, over 200,000

phosphorylated sites known to human which site on more than two-thirds of 21,000 human

genome encoding proteins have been validated. Furthermore, the human genome also

includes approximately 570 protein kinases and 160 protein phosphatases that regulate phos-

phorylation events [18]. The amino acid residues that are typically subjected to phosphoryla-

tion are serine, threonine, and tyrosine; however, aspartic acid, glutamic acid, and cysteine

residues may also undergo reversible phosphorylation [19,20].

There are many methods for detecting protein phosphorylation, including isotopic labeling,

western blotting, enzyme-linked immunosorbent assay (ELISA), pro-Q Diamond dye, and

mass spectrometry [21–25]. Among these methods, western blotting is the most widely used

owing to its safety (avoiding the use of isotopes), specificity, and high resolution. Advances in

western blotting technology have enabled the production of qualified phosphorylation-specific

antibodies to precisely target phosphorylated substrate proteins, providing information on

changes in the phosphorylation level of the substrate protein. However, the definition of a

qualified anti-phospho-protein antibody has not been established, and all the antibody manu-

facturers and researchers have reported difficulties in verification of the specificity of anti-

phospho-protein antibodies. Indeed, verification of phosphorylation-specific antibodies gener-

ally relies on consultation of relevant literature or other data to extract methods for phosphory-

lation of the corresponding substrate protein. Thus, cells must undergo processing to activate

the phosphorylation of the substrate protein, such as overexpression of protein kinases [26],

treatment with physical [27] or chemical [28] stimuli, and purification of kinase/substrate pro-

teins [29]. However, the above-mentioned methods for activating phosphorylation have sev-

eral disadvantages. First, although many studies of phosphorylation have been performed, our

understanding of the complex biology of phosphorylation in organisms is still incomplete.

Thus, for verification of new phosphorylation-specific antibodies, the appropriate methods for

stimulating cells may be unclear. Secondly, even if the phosphorylation of the substrate protein

has been activated based on consultation of published literature, the phosphorylation of sub-

strate proteins can still be affected by cell status, cell density, transfection efficiency, stimulus

duration, and stimulus concentration. Third, studies of the activation of phosphorylated pro-

teins mainly focused on cells, and it may therefore be difficult to evaluate the effectiveness of

phosphorylation-specific antibodies in tissues. Finally, purification of kinase or substrate pro-

teins is a time-consuming and laborious task. Thus, simple and efficient methods for the prep-

aration of phosphorylation-positive samples are urgently needed to verify the

phosphorylation-specific antibodies.

Accordingly, in this study, we used a simple and efficient in vitro phosphorylation system

for the preparation of phosphorylation-positive samples without the need for live cells, kinase

and substrate protein purification, or other time-consuming methods. The system could be

applied not only in multiple species and tissues but also validated using western blotting,

ELISA, and immunofluorescence analysis.

Materials and methods

Principles of the in vitro phosphorylation system

Phosphorylation of proteins usually refers to the transfer of a phosphate group from ATP to

the amino acid side chain of a protein under the catalytic action of enzymes, yielding the phos-

phorylated protein and ADP. This process is usually reversible via the functions of a kinase,

which catalyzes phosphorylation modification, and a phosphatase, which removes the phos-

phorylation modification. In general, for in vitro phosphorylation systems, five factors are con-

sidered, i.e., purified kinase, purified substrate protein, reaction buffer, reaction temperature,
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and ATP. Because kinases and substrate proteins are intrinsically present in in cells, we devel-

oped an in vitro phosphorylation system using cell lysates instead of purified kinases, purified

substrate proteins, and reaction buffer from a traditional protein phosphorylation system.

In vitro phosphorylation system for western blotting and ELISA. The cell lysate compo-

nents of the in vitro phosphorylation system (in vitro buffer) for western blotting and ELISA

included 40 mM Tri-HCl (pH 7.5), 10 mM MgCl2, 200 μM CaCl2, 1 mM DTT, and 1% Triton

X-100. The steps for in vitro phosphorylation were as follows. After cells or tissues were har-

vested, cell lysis buffer from the in vitro phosphorylation system was added to cells or tissues,

and the mixtures were placed in an ice bath for 20 min (tissues were ground using a tissue

homogenizer before incubation in the ice bath). The cell lysates were then treated with ultra-

sound, and supernatants were harvested after centrifugation at 12,000g and 4˚C for 15 min.

Next, 5 mM ATP (final concentration) was added to the supernatants, and the mixture was

placed in a water bath at 30˚C for 30 min. Subsequently, the supernatant was used for western

blotting and ELISA using standard protocols.

In vitro phosphorylation system for immunofluorescence analysis. The cell buffer com-

ponents for the in vitro phosphorylation system for immunofluorescence analysis included 40

mM Tri-HCl (pH 7.5), 10 mM MgCl2, 200 μM CaCl2, 1 mM DTT, 5 mM ATP, and 0.15% Tri-

ton X-100. For immunofluorescence, cell morphology is critical for subsequent detection

because the nonionic detergent Triton X-100 improves cell membrane permeability and affects

cell morphology. In order to maintain the feasibility of in vitro phosphorylation and cellular

morphology, we explored the optimal concentration of Triton X-100 and found that 0.15%

Triton X-100 was most effective. The detailed procedures were as follows. The cells were

seeded in immunofluorescent culture dishes and cultured for 24–48 h, and the cell culture

medium was then discarded. Next, the cells were washed three times with 1× TBS and incu-

bated with in vitro buffer in a carbon dioxide cell incubator at 37˚C for 40 min. Subsequently,

the in vitro buffer was discarded, and the cells were washed three times with 1× TBS. The veri-

fication of phosphorylation-specific antibody was then performed using the procedure for

immunofluorescence experiments, as described below.

Western blotting. Cells were harvested and incubated in in vitro buffer with ATP for 30

min, and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

on 8–12% gels. Protein concentrations were determined by Bradford assays (Bio-Rad Labora-

tories, Hercules, CA, USA). After SDS-PAGE, proteins were transferred to polyvinylidene

difluoride membranes (Millipore). The membranes were blocked for 1h at room temperature

in 5% skim milk and then probed with the indicated primary phosphorylation-specific anti-

bodies at an appropriate dilution overnight at 4˚C. The membranes were then incubated with

secondary antibodies, and proteins were detected using a Luminescent Image Analyzer (Fuji-

film LAS-4000).

ELISA. Whole-cell supernatants were harvested using in vitro buffer and then evaluated

for detection of phosphorylated protein levels using ELISA kits according to the manufactur-

er’s instructions (Cell Signaling Technology, 7155).

Protein digestion. Each sample for mass spectrometry contained about 1×107 293T cells.

After cells were lysated and incubated with or without ATP for 30min at 30˚C, urea was added

into the lysates with concentration of 8M. The supernatant was collected following centrifuga-

tion at 12,000 g at 4˚C for 10 min. Then, the mixture was reduced with 5 mM dithiothreitol

(DTT) for 45 min at 56˚C and alkylated with 15 mM iodoacetamide for 20 min at room tem-

perature in darkness. In the following steps, the mixture was transferred to a 10 kD ultrafiltra-

tion tube, 12,000 g at 4˚C for 10 min, and the filtrate was discarded. Next, NH4HCO3 was

added to the ultrafiltration tube with the concentration of 25mM, 12,000 g at 4˚C for 20 min

and discard the filtrate. The filtering steps were repeated for three times. After that, collected
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proteins were quantified using the Bradford method and digestion was performed by adding

trypsin to each sample at 1:50 trypsin to protein mass ratio. Digestion was allowed to proceed

overnight at 37˚C and peptides were dissolved in 80% acetonitrile and 2% formic acid prior to

phosphorpeptide analysis.

Phosphopeptides enrichment. For phosphorylated peptides enrichment, the peptide

mixtures were first incubated with immobilized metal affinity chromatography (IMAC)-TiQ2

beads with vibration in loading buffer (50% acetonitrile [ACN])/6% trifluoroacetic acid

[TFA]) for 30 min. Then the IMAC-TiQ2 beads with enriched phosphopeptides were collected

by centrifugation, 1,000 g at 4˚C for 10 min, then the supernatant was removed. To remove

nonspecifically adsorbed peptides, the IMAC microspheres were washed with 50% ACN/6%

TFA and 30% ACN/0.1% TFA, sequentially. To elute the enriched phosphopeptides from the

IMAC-TiQ2, elution buffer containing 10% NH4OH was added and the enriched phosphopep-

tides were eluted with vibration. Then the supernatant was collected and lyophilized for

LC-MS/MS analysis.

LC-MS/MS. The LC-MS/MS system consisted of a nanoAcquity Ultra Performance LC

(UPLC, Ultimate 3000, Thermo Fisher Scientific) coupled with a Q Exactive™ Hybrid Quadru-

pole-Orbitrap mass spectrometer (Thermo Fisher Scientific). The samples were loaded to an

Acclaim PepMap 100 C18 nano-trap column (75μm×2cm, 3μm particles; Thermo Fisher Sci-

entific) using solvent A at a flow rate of 2.5 μL/min for 5min. Peptide separation was then con-

ducted using an Acclaim PepMap RSLC C18 nano-column (75μm×50cm, 2μm particles;

Thermo Fisher Scientific). The mobile phase solvent consisted of solvents A and B (0.1% FA in

ACN: water [80:20, v/v]), and the flow rate was fixed at 300nL/min. The gradient was set up as

follows: solvent B, equilibration at 5% for 15 min, 5–20% for 60 min, 20–50% for 80 min, 50–

96% for 1 min, holding at 96% for 10 min, 96–4% for 1 min, and holding at 4% for 17 min for

column re-equilibration. The operation parameters were set as follows: the spray voltage was

2.2kV, scan range (m/z) was from 500–2000, resolution of full-MS scan was 60, 000, MS/MS

scans at 200 m/z and the resolution was 15, 000. Peptides were selected for tandem mass spec-

trometry using normalized collision energy (NCE) setting as 28%. Dynamic exclusion was set

at 20 s to minimize repeated analyses of the same abundant precursor ions.

Identification and quantification of phosphopeptides. Proteome Discoverer (version

2.1) was used to convert the format of the original chromatogram files generated by mass spec-

trometry, and the data were searched by Mascot (version 2.3) with the human UniProt data-

base. The search parameters were set as follows: Enzyme digestion method was trypsin

treatment, which allowed two maximum miss sites. The fixed modification was alkylation of

cysteine, and the variable modification was oxidation of methionine, acetylation of protein n-

terminal, deamination and phosphorylation of serine, threonine and tyrosine. The precursor

mass tolerance was 2.0E-05, and fragment mass tolerances was 0.05 Da. Percolator was used to

reprocess the search results of Mascot, and false discovery rate (FDR)� 0.05 was used to filter

the trusted peptides.

Immunofluorescent assay. Cells were cultured in confocal dishes for 24–48 h and treated

with in vitro buffer for immunofluorescence analysis. Next, cells were fixed in methanol and

acetone (methanol:acetone = 1:1) at 4˚C for 20 min. After washing three times with phos-

phate-buffered saline (PBS) containing Tween (PBST), cells were incubated in 5% bovine

serum albumin (BSA) in PBST at room temperature for 30 min and then incubated with phos-

phorylation-specific antibodies (1:100) for 4 h at room temperature. After washing in PBST

three times, cells were incubated with Cy3-conjugate secondary antibodies for 45 min at 37˚C.

Cells were then washed three times with PBST, incubated with 40,6-diamidino-2-phenylindole

(DAPI) for 5 min at 37˚C, and washed again with methanol three times and PBS three times.

Finally, cells were analyzed using a confocal laser-scanning microscope (Olympus).
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Cells and tissues. The basic information of all cell lines used in this study are described as

follows: 293T (Human embryonic kidney cell line), Jurkat (Human T-acute lymphoblastic leu-

kemia cell line), Vero (African green monkey kidney cell line), PC-12 (Rat Adrenal gland

pheochromocytoma cell line), L929 (mouse fibroblast cell line), C2C12 (mouse myoblast cell

line) and C6 (Rat glioma cell line). All types of cells were purchased from China Center for

Type Culture Collection (CCTCC) and were cultured according to the instructions provided

by the institute. And all kinds of cell lines were identified by CCTCC with STR (short tandem

repeat) authentication. In addition, mice which provided tissues were obtained from the ani-

mal housing facility of the Chinese Academy of Sciences (Changsha, China). Based on “Guide-

line for Animal Care and Use, Wuhan Institute of Virology (WIV), Chinese Academy of

Sciences (CAS)”, the Institutional Review Board (IRB) at WIV, CAS approved all protocols for

animal experiments in this study. All processes in our study with tissues from mice were pre-

formed according to ethical standards for research using animals.

Statistical analysis

All statistical analysis were performed with GraphPad Prism software version 8, and P value

less than 0.05 was considered statistically significant.

Results

Feasible and ATP-dependent in vitro phosphorylation system

To verify the feasibility of our system, we first activated and detected phosphorylated proteins

using human 293T and Jurkat cells. 293T cells were first treated with or without ultraviolet

(UV) light and then incubated with in vitro buffer, ATP was added as needed. Besides that,

293T cells with or without UV treatment were also directly lysed into the SDS-PAGE loading

samples by in vitro buffer or SDS-loading buffer. The results showed that phosphorylated

STAT1 (Ser727) was activated by UV light and ATP, and here ATP acted as a stronger phos-

phorylation activator than UV light. Meanwhile, the phosphorylation level of STAT1 in cells

not incubated with ATP+ in vitro buffer failed activating compared with SDS-loading buffer

(Fig 1A). In another examples, calyculin A as a phosphatase inhibitor is widely used in phos-

phorylation enhancement of substrate proteins including eIF2α. Antibody manufacturers usu-

ally utilize calyculin A to activate the phosphorylation of eIF2α for validating the availability of

anti-phospho-eIF2α (Ser51). However, the stimuli often fail to activate phosphorylation of

substrate protein due to some factors such as concentration and duration of stimulation. In

our study, the phosphorylation sites in Jurkat cells were activated by calyculin A or ATP with

in vitro buffer, and we also found that calyculin A did not activate the phosphorylation of

eIF2α (Ser51). Not surprisingly, neither in vitro buffer nor SDS-loading buffer could make

eIF2α (Ser51) phosphorylation after induced by calyculin A. The results showed that the in
vitro phosphorylation system could activate eIF2α phosphorylation efficiently even when the

stimulus didn’t work (Fig 1B). To explore whether in vitro phosphorylation system affect the

recognition specificity of phosphorylated antibodies, we further validated the reaction system

in 293T cells with p53 knocked out (p53-KO 293T cells, homozygous). The results showed that

the p53 phosphorylation (ser15) could not be detected or activated, even if ATP were added

(Fig 1C). Then, wild-type p53 (wt-p53) and phosphorylated site mutant p53 (S15A-p53) were

transfected into p53-KO 293T cells, respectively. After that, ATP was added or not to find out

the variation trend of p53 phosphorylation. As a result, the phosphorylation of p53 was acti-

vated only after the wt-p53 were replenished into p53-KO cells and incubated with ATP (Fig

1D). The feasibility of the in vitro phosphorylation system was then verified in K562, CAL-27,

SK-N-SH, and HeLa cells (Fig 1E). The phosphorylation of eIF2α (Ser51) in all cell types was
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activated by ATP in our in vitro phosphorylation system. Further investigation of the ATP

dependence of the system using 0, 0.5, 1, 2, and 5 mM ATP showed that the phosphorylation

of AKT1 (Ser473) and eIF2α (Ser51) occurred in an ATP concentration-dependent manner

(Fig 1F).

Fig 1. Development of a feasible, ATP-dependent in vitro phosphorylation system. (A) Upper panel: 293T cells were first treated with or without UV-A

irradiation for 30 min, and cells were then harvested and lysed in in vitro buffer. Lysates were incubated with or without 5 mM ATP for 30 min. Phospho-

STAT1 (Ser727) was detected by western blotting. Lower panel: 293T cells with or without UV-A treatment were lysed by in vitro buffer or SDS-loading buffer,

then Phospho-STAT1 (Ser727) was detected by western blotting. (B) Upper panel: Jurkat cells were first treated with or without calyculin A (100 nM) for 30

min, and cells were then harvested and lysed in in vitro buffer. Next, lysates were incubated with or without 5 mM ATP for 30 min. Phospho-eIF2α (Ser51) was

detected by western blotting. Lower panel: Jurkat cells with or without calyculin A treatment were lysed by in vitro buffer or SDS-loading buffer, then phospho-

eIF2α (Ser51) was detected by western blotting. (C) The p53-KO 293T cells were harvested and lysed in in vitro buffer. Then lysates were incubated with or

without 5 mM ATP for 30 min. (D) The p53-KO 293T cells were transfected with wt-p53 or S15A-p53 for 24h, after that cells were lysed in in vitro buffer and

then incubated with or without 5 mM ATP for 30 min. (E) K562, CAL-27, SK-N-SH, and HeLa cells were harvested, lysed in in vitro buffer, and then incubated

with or without 5 mM ATP for 30 min. Phospho-eIF2α (Ser51) was detected by western blotting. (F) 293T cells were harvested, lysed in in vitro buffer, and

incubated with 0, 0.5, 1, 2, or 5 mM ATP for 30 min. Phospho-eIF2α (Ser51) and phospho-AKT1 (Ser473) were detected by western blotting.

https://doi.org/10.1371/journal.pone.0272138.g001
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Application of the in vitro phosphorylation system in other species and

tissues

To explore the feasibility of our in vitro phosphorylation system in cells from other species, we

assessed 293T, Vero, PC-12, and L929 cells from humans, monkeys, rats, and mice, respec-

tively. In the in vitro phosphorylation system, all cell types were treated with or without ATP,

and phospho-p38 mitogen-activated protein kinase (MAPK; Thr180/Tyr182), phospho-

p90RSK (Thr359/Ser363), and phospho-nuclear factor (NF)-κB-p65 (Ser536) were detected by

western blotting (Fig 2). The results showed that phospho-p38 MAPK (Thr180/Tyr182) was

detectable using antibodies in all cell types (Fig 2A). Additionally, phospho-p90RSK (Thr359/

Ser363) was detectable in 293T, Vero, and L929 cells (Fig 2B), and phospho-NF-κB-p65

(Ser536) was detectable in 293T, PC-12, and L929 cells (Fig 2C). Thus, these findings indicated

that our in vitro phosphorylation system was also applicable to species other than humans.

Next, we evaluated whether our system could activate phosphorylation in tissues. In our

study, different mouse tissues were used for verification of phosphorylation-specific antibod-

ies. The results showed that tissue samples from the stomachs, large intestines, lungs, pancre-

ases, kidneys, and hearts of mice were phosphorylated in our in vitro phosphorylation system;

phosphorylation of ATP citrate lyase (ACLY) and eIF2α was significantly activated, as demon-

strated by western blotting (Fig 2D). According to these results, phosphorylation of substrate

proteins by the in vitro phosphorylation system met the validation requirements for multiple

species and tissues. This method has no effect on the recognition specificity of anti-phospho-

protein antibodies and could be used to determine the detection scope of the phosphorylation-

specific antibodies in a simple, rapid manner.

Fig 2. Application of the in vitro phosphorylation system to different types of cells and tissues. (A–C) 293T, Vero, PC-12, and L929 cells were cultured for

24 h, harvested, and then incubated with or without 5 mM ATP in an in in vitro buffer for 30 min. Phospho-p38 MAPK (Thr180/Tyr182), phospho-p90RSK

(Thr359/Ser363), and phospho-NF-κB-p65 (Ser536) were detected in cells by western blotting. (D) Stomach, large intestine, lung, pancreas, kidney, and heart

tissues from mice were ground in in vitro buffer and incubated with or without 5 mM ATP for 30 min. Phospho-ACLY (Ser455) and phospho-eIF2α (Ser51)

were detected by western blotting.

https://doi.org/10.1371/journal.pone.0272138.g002
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Phosphorylation can be activated by GTP

In addition to ATP, GTP can also transfer phosphate groups to substrate proteins. Therefore,

to explore the roles of ATP and GTP in our in vitro phosphorylation system, different concen-

trations of ATP and GTP were added to 293T cell lysates (final concentrations of 0, 1, 2.5, and

5 mM; Fig 3A and 3B). Subsequently, phosphorylation-specific antibodies were used to detect

total tyrosine phosphorylation. The results showed that both ATP and GTP enhanced total

tyrosine phosphorylation levels. Next, 5 mM ATP or GTP was added individually or in combi-

nation to our in vitro phosphorylation system using 293T, C2C12, and C6 cells (Fig 3C–3E).

We found that individual supplementation with ATP or GTP enhanced the levels of total tyro-

sine phosphorylation. Notably, ATP activated more phosphorylation sites on substrate pro-

teins than GTP. That might be because most phosphorylated proteins in cells derive their

phosphate groups from ATP. Interestingly, when ATP and GTP were added to the system

simultaneously, total phosphorylation did not increase but was lower than that with ATP indi-

vidual supplementation.

Applicability of the system for ELISA and LC-MS/MS

Above results indicated that our in vitro phosphorylation system could be applied to western

blotting experiments to increase the phosphorylation levels of substrate proteins in cells or tis-

sues. Subsequently, we explored whether the system could be used in the verification of phos-

phorylation-specific antibodies in ELISA using supernatants from 293T, Jurkat, Vero, PC-12,

Fig 3. Phosphorylation was activated by GTP in our in vitro phosphorylation system. (A, B) 293T cells were cultured for 24 h. Cells were then harvested and

incubated with increasing concentrations of ATP or GTP (0, 1, 2.5, and 5 mM) for 30 min at 30˚C. Anti-phospho-tyrosine antibodies were used for detection

of total tyrosine phosphorylation by western blotting. (C-E) 293T, C2C12, and C6 cells were cultured, harvested, and then incubated with 5 mM ATP, 5 mM

GTP, or 5 mM ATP plus 5 mM GTP for 30 min at 30˚C. Anti-phospho-tyrosine antibodies were then used for detection of total tyrosine phosphorylation by

western blotting.

https://doi.org/10.1371/journal.pone.0272138.g003
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and L929 cells (Fig 4A) and anti-phospho-histone H3 (Ser10) antibodies. The results showed

that the OD450 values corresponding to phosphorylation of histone H3 (Ser10) were signifi-

cantly increased in all cell lysates.

Next, we explored whether tissues incubated with the in vitro phosphorylation system

could be used for detection of phosphorylation using ELISA. Supernatants of stomach, large

intestine, lung, pancreas, kidney, and heart tissues from mice were incubated in the in vitro
phosphorylation system with or without ATP (Fig 4B) and were then used in ELISAs with

anti-phospho-histone H3 (Ser10) antibodies. We found that the in vitro phosphorylation sys-

tem could activate phosphorylation of substrate proteins and could be used to identify whether

phosphorylation-specific antibodies were suitable for analysis of phosphorylated protein levels

in tissues and cells by ELISA.

To further explore the effect of in vitro phosphorylation system on the variation of intracel-

lular phosphorylated protein abundance, 293T cells were lysed and incubated with or without

ATP for 30 min at 30˚C. Then the lysates were treated by protein digestion, phosphopeptide

enrichment and LC-MS/MS to determine the variation ratio of phosphorylated peptides to

protein intensity. The results demonstrated that the in vitro phosphorylation system with ATP

could significantly increase the proportion of phosphorylated peptides (Fig 4C; �: P<0.01, ��:

P<0.001).

Applicability of the system in immunofluorescence analyses

In order to further evaluate the application scope of our in vitro phosphorylation system, we

tested the feasibility of this system in immunofluorescence experiments. Initially, 293T cells

were cultivated for 24 h, and the medium was replaced with in vitro buffer. Cells were then

incubated with or without ATP at 37˚C for 40 min. Tyrosine phosphorylation was then

detected using anti-phospho-tyrosine antibodies in immunofluorescence analysis. The results

showed no increase in tyrosine phosphorylation levels (Fig 5A). Thus, we assumed that the

cells had membrane barriers that prevented the in vitro buffer or ATP from entering the cells

efficiently. Accordingly, we added 0.15% TritonX-100 to the reaction system to increase

Fig 4. Application of our in vitro phosphorylation system for ELISA and LC-MS/MS. (A) 293T, Jurkat, Vero, PC-12, and L929 cells were cultured,

harvested, and lysed in in vitro buffer. Cell lysates were then incubated in the phosphorylation system with or without 5 mM ATP. After centrifugation, the

supernatants were used for ELISA with anti-phospho-histone H3 (Ser10) antibodies. (B) Stomach, large intestine, lung, pancreas, kidney, and heart tissues

from mice were ground and lysed, and supernatants were incubated in in vitro buffer with or without 5 mM ATP. The supernatants were then applied for

ELISA with anti-phospho-histone H3 (Ser10) antibodies. (C) Each cell sample contained about 1×107 293T cells, then cells were lysed and incubated with or

without ATP for 30min at 30˚C. After that, proteins in lysates were conducted with digestion, phosphorylated peptides enrichment and LC-MS/MS to calculate

the ratio of phosphopeptides to total protein intensity.

https://doi.org/10.1371/journal.pone.0272138.g004
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membrane permeability. In addition, to verify the effectiveness of the in vitro phosphorylation

system, 1× TBS and Dulbecco’s modified Eagle’s medium (DMEM) were added to the cells as

controls (Fig 5B–5D), and cells were incubated with or without ATP at 37˚C for 40 min. The

total degree of tyrosine phosphorylation was detected with anti-phospho-tyrosine antibodies

using immunofluorescence analysis. The results demonstrated that the addition of ATP did

not activate phosphorylation of substrate proteins in 1× TBS or DMEM, but significantly

enhanced tyrosine phosphorylation levels when using in vitro buffer.

Fig 5. Application of our in vitro phosphorylation system for immunofluorescence. 293T cells were cultured for 24 h. Next, cells were incubated with (A) in
vitro buffer with or without 5 mM ATP at 37˚C for 40 min; (B) DMEM with or without 5 mM ATP and 0.15% TritonX-100 at 37˚C for 40 min; (C) 1× TBS

medium with or without 5 mM ATP and 0.15% TritonX-100 at 37˚C for 40 min; or (D) in vitro buffer with or without 5 mM ATP and 0.15% TritonX-100 at

37˚C for 40 min. Subsequently, tyrosine phosphorylation in cells was detected with anti-phospho-tyrosine antibodies using immunofluorescence analysis.

https://doi.org/10.1371/journal.pone.0272138.g005
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Discussion

In this study, we developed an in vitro phosphorylation system to phosphorylate efficiently and

simply intracellular substrate proteins with intrinsic substrate proteins and protein kinases. The

system was capable of extensive activation of phosphorylation in cells from a variety of species.

Although phosphorylation is generally difficult to activate in tissue samples, we achieved phos-

phorylation of substrate proteins in tissue samples using our system. Moreover, we demonstrated

that the system could be used for evaluation of phosphorylation-specific antibodies in a variety of

experimental methods, including western blotting, ELISA, and immunofluorescence analysis and

the system may also have application value in other experimental systems. This universal phos-

phorylation activation method effectively ensured the phosphorylation of substrate proteins,

thereby enhancing the credibility of phosphorylation-specific antibody verification.

Currently, phosphorylation of substrate proteins is generally activated via three approaches.

First, plasmids encoding protein kinases or substrate proteins can be transfected into cells;

however, the transfection efficiency is generally low owing to the different characteristics of

various cell lines. Second, phosphorylation in cells can be activated by physical or chemical sti-

muli or bioactivators. This approach is limited by the concentration, duration and temperature

of the reaction, which may lead to unreliable effects. Third, kinases and substrate proteins can

be purified from eukaryotic or prokaryotic expression systems, and phosphorylation of puri-

fied substrate proteins can be activated by purified substrate proteins in vitro. This method can

guarantee the specificity of protein phosphorylation, but it is time-consuming and costly, and

the purified kinases and substrate proteins have to show biological activity.

The principle of our in vitro phosphorylation system is simple, and the approach displays

effectiveness for various cell lines and tissues. No kinases or substrate proteins was added in

the system; instead, all the components were endogenous proteins expressed in the cells. The

addition of ATP could shift the chemical equilibrium, leading to the phosphorylation of lots of

substrate proteins (Fig 6). In our study, this in vitro phosphorylation system was successfully

applied to detect the phosphorylation levels in various cells (293T, Jurkat, K562, CAL-27,

SK-N-SH, HeLa, Vero, PC-12, L929, C2C12, and C6 cells) from different species (humans,

monkeys, rats, and mice). In addition, activation of protein phosphorylation under this system

was not accidental, and we have demonstrated this by measuring the level of total tyrosine

phosphorylation. Furthermore, this in vitro phosphorylation system was applicable at the tis-

sue level and could be used to evaluate phosphorylation in the stomach, large intestine, lung,

pancreas, kidney, and heart, thereby establishing a novel approach to evaluation of the applica-

bility of anti-phospho-protein antibodies at the tissue level. Quality detection of anti-phospho-

protein antibodies for ELISA and immunofluorescence analysis could also be performed using

the in vitro phosphorylation system. Therefore, the system provides an efficient, simple

approach for the screening of high-quality, versatile anti-phospho-protein antibodies.

Despite there are lots of advantages, our system still has one limitation. We believed that in
vitro phosphorylation systems can be used for screening of anti-phospho-protein antibodies,

e.g., by flow cytometry and immunohistochemistry; however, we have not yet evaluated these

approaches. Therefore, in future studies, we will perform additional analyses of this topic.

In summary, we developed an in vitro system that enabled extensive phosphorylation of

proteins in a variety of cells and tissues. This system showed feasibility in determining the

quality of anti-phospho-protein antibodies. Phosphorylated substrate proteins can be evalu-

ated by western blotting, ELISA, and immunofluorescence analysis, and our system could the-

oretically be applied in many other experimental scenarios. This system may greatly improve

the screening efficiency of phosphorylated antibodies and reduce the costs associated with the

use of substantial chemical, physical, and biological stimuli. Finally, this system is expected to
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facilitate the study of protein phosphorylation by both antibody manufacturers and research-

ers all over the world.
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CBP is a coactivator for the transcription factor CREB. Nature. 1994; 370(6486):223–6. https://doi.org/

10.1038/370223a0 PMID: 7913207.

12. Hitosugi T, Chen J. Post-translational modifications and the Warburg effect. Oncogene. 2014; 33

(34):4279–85. https://doi.org/10.1038/onc.2013.406 PMID: 24096483.

13. Zheng J. Energy metabolism of cancer: Glycolysis versus oxidative phosphorylation (Review). Oncol

Lett. 2012; 4(6):1151–7. https://doi.org/10.3892/ol.2012.928 PMID: 23226794.

14. Acin-Perez R, Gatti DL, Bai Y, Manfredi G. Protein phosphorylation and prevention of cytochrome oxi-

dase inhibition by ATP: coupled mechanisms of energy metabolism regulation. Cell Metab. 2011; 13

(6):712–9. https://doi.org/10.1016/j.cmet.2011.03.024 PMID: 21641552.

15. Burridge K, Turner CE, Romer LH. Tyrosine phosphorylation of paxillin and pp125FAK accompanies

cell adhesion to extracellular matrix: a role in cytoskeletal assembly. J Cell Biol. 1992; 119(4):893–903.

https://doi.org/10.1083/jcb.119.4.893 PMID: 1385444.

PLOS ONE Method for the preparation of positive samples to determine the quality of phosphorylation-specific antibody

PLOS ONE | https://doi.org/10.1371/journal.pone.0272138 July 25, 2022 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/13221602
https://doi.org/10.1038/ncb0502-e127
https://doi.org/10.1038/ncb0502-e127
http://www.ncbi.nlm.nih.gov/pubmed/11988757
https://doi.org/10.1093/emboj/19.4.483
http://www.ncbi.nlm.nih.gov/pubmed/10675316
https://doi.org/10.1016/j.tem.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26498855
https://doi.org/10.1016/j.immuni.2016.06.020
http://www.ncbi.nlm.nih.gov/pubmed/27438764
https://doi.org/10.1038/nchembio.165
http://www.ncbi.nlm.nih.gov/pubmed/19377456
https://doi.org/10.1016/j.biocel.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21145983
https://doi.org/10.1002/iub.1398
http://www.ncbi.nlm.nih.gov/pubmed/26177826
https://doi.org/10.1111/jipb.12096
http://www.ncbi.nlm.nih.gov/pubmed/23945267
https://doi.org/10.1101/sqb.2010.75.044
http://www.ncbi.nlm.nih.gov/pubmed/21467136
https://doi.org/10.1038/370223a0
https://doi.org/10.1038/370223a0
http://www.ncbi.nlm.nih.gov/pubmed/7913207
https://doi.org/10.1038/onc.2013.406
http://www.ncbi.nlm.nih.gov/pubmed/24096483
https://doi.org/10.3892/ol.2012.928
http://www.ncbi.nlm.nih.gov/pubmed/23226794
https://doi.org/10.1016/j.cmet.2011.03.024
http://www.ncbi.nlm.nih.gov/pubmed/21641552
https://doi.org/10.1083/jcb.119.4.893
http://www.ncbi.nlm.nih.gov/pubmed/1385444
https://doi.org/10.1371/journal.pone.0272138


16. Klumpp S, Krieglstein J. Reversible phosphorylation of histidine residues in vertebrate proteins. Biochim

Biophys Acta. 2005; 1754(1–2):291–5. https://doi.org/10.1016/j.bbapap.2005.07.035 PMID: 16194631.

17. Cole PA, Courtney AD, Shen K, Zhang Z, Qiao Y, Lu W, et al. Chemical approaches to reversible pro-

tein phosphorylation. Acc Chem Res. 2003; 36(6):444–52. https://doi.org/10.1021/ar0201254 PMID:

12809531.

18. Ardito F, Giuliani M, Perrone D, Troiano G, Lo Muzio L. The crucial role of protein phosphorylation in cell

signaling and its use as targeted therapy (Review). Int J Mol Med. 2017; 40(2):271–80. https://doi.org/

10.3892/ijmm.2017.3036 PMID: 28656226.

19. Posada J, Cooper JA. Molecular signal integration. Interplay between serine, threonine, and tyrosine

phosphorylation. Mol Biol Cell. 1992; 3(6):583–92. https://doi.org/10.1091/mbc.3.6.583 PMID:

1498367.

20. Taylor SS, Radzio-Andzelm E, Hunter T. How do protein kinases discriminate between serine/threonine

and tyrosine? Structural insights from the insulin receptor protein-tyrosine kinase. FASEB J. 1995; 9

(13):1255–66. https://doi.org/10.1096/fasebj.9.13.7557015 PMID: 7557015.

21. Ibarrola N, Kalume DE, Gronborg M, Iwahori A, Pandey A. A proteomic approach for quantitation of

phosphorylation using stable isotope labeling in cell culture. Anal Chem. 2003; 75(22):6043–9. https://

doi.org/10.1021/ac034931f PMID: 14615979.

22. Kim H-J, Song EJ, Lee K-J. Proteomic analysis of protein phosphorylations in heat shock response and

thermotolerance. J Biol Chem. 2002; 277(26):23193–207. https://doi.org/10.1074/jbc.M201007200

PMID: 11886868.

23. Buritova J, Berrichon G, Cathala C, Colpaert F, Cussac D. Region-specific changes in 5-HT1A agonist-

induced Extracellular signal-Regulated Kinases 1/2 phosphorylation in rat brain: a quantitative ELISA

study. Neuropharmacology. 2009; 56(2):350–61. https://doi.org/10.1016/j.neuropharm.2008.09.004

PMID: 18809418.

24. Bockus LB, Scofield RH. Phosphoprotein Detection on Protein Electroblot Using a Phosphate-Specific

Fluorophore. Methods Mol Biol. 2015; 1314:263–71. https://doi.org/10.1007/978-1-4939-2718-0_27

PMID: 26139274.

25. Palumbo AM, Smith SA, Kalcic CL, Dantus M, Stemmer PM, Reid GE. Tandem mass spectrometry

strategies for phosphoproteome analysis. Mass Spectrom Rev. 2011; 30(4):600–25. https://doi.org/10.

1002/mas.20310 PMID: 21294150.

26. Davis RJ. Signal transduction by the JNK group of MAP kinases. Cell. 2000; 103(2):239–52. https://doi.

org/10.1016/s0092-8674(00)00116-1 PMID: 11057897.

27. Takekawa M, Adachi M, Nakahata A, Nakayama I, Itoh F, Tsukuda H, et al. p53-inducible wip1 phos-

phatase mediates a negative feedback regulation of p38 MAPK-p53 signaling in response to UV radia-

tion. The EMBO journal. 2000; 19(23):6517–26. https://doi.org/10.1093/emboj/19.23.6517 PMID:

11101524.

28. Dai J, Sultan S, Taylor SS, Higgins JMG. The kinase haspin is required for mitotic histone H3 Thr 3

phosphorylation and normal metaphase chromosome alignment. Genes Dev. 2005; 19(4):472–88.

https://doi.org/10.1101/gad.1267105 PMID: 15681610.

29. Ohta E, Kawakami F, Kubo M, Obata F. LRRK2 directly phosphorylates Akt1 as a possible physiological

substrate: impairment of the kinase activity by Parkinson’s disease-associated mutations. FEBS Lett.

2011; 585(14):2165–70. https://doi.org/10.1016/j.febslet.2011.05.044 PMID: 21658387.

PLOS ONE Method for the preparation of positive samples to determine the quality of phosphorylation-specific antibody

PLOS ONE | https://doi.org/10.1371/journal.pone.0272138 July 25, 2022 14 / 14

https://doi.org/10.1016/j.bbapap.2005.07.035
http://www.ncbi.nlm.nih.gov/pubmed/16194631
https://doi.org/10.1021/ar0201254
http://www.ncbi.nlm.nih.gov/pubmed/12809531
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.3892/ijmm.2017.3036
http://www.ncbi.nlm.nih.gov/pubmed/28656226
https://doi.org/10.1091/mbc.3.6.583
http://www.ncbi.nlm.nih.gov/pubmed/1498367
https://doi.org/10.1096/fasebj.9.13.7557015
http://www.ncbi.nlm.nih.gov/pubmed/7557015
https://doi.org/10.1021/ac034931f
https://doi.org/10.1021/ac034931f
http://www.ncbi.nlm.nih.gov/pubmed/14615979
https://doi.org/10.1074/jbc.M201007200
http://www.ncbi.nlm.nih.gov/pubmed/11886868
https://doi.org/10.1016/j.neuropharm.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18809418
https://doi.org/10.1007/978-1-4939-2718-0%5F27
http://www.ncbi.nlm.nih.gov/pubmed/26139274
https://doi.org/10.1002/mas.20310
https://doi.org/10.1002/mas.20310
http://www.ncbi.nlm.nih.gov/pubmed/21294150
https://doi.org/10.1016/s0092-8674%2800%2900116-1
https://doi.org/10.1016/s0092-8674%2800%2900116-1
http://www.ncbi.nlm.nih.gov/pubmed/11057897
https://doi.org/10.1093/emboj/19.23.6517
http://www.ncbi.nlm.nih.gov/pubmed/11101524
https://doi.org/10.1101/gad.1267105
http://www.ncbi.nlm.nih.gov/pubmed/15681610
https://doi.org/10.1016/j.febslet.2011.05.044
http://www.ncbi.nlm.nih.gov/pubmed/21658387
https://doi.org/10.1371/journal.pone.0272138

