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Abstract

Kinases are crucial components in numerous cell signaling pathways. Aberrant expression and 

activation of protein kinases are known to be accompanied by many types of cancer, and more 

than 30 small-molecule kinase inhibitors have been approved by the Food and Drug 

Administration (FDA) for cancer chemotherapy. Biological and clinical applications of small-

molecule kinase inhibitors require comprehensive characterizations about how these inhibitors 

modulate the protein expression and activities of kinases at the entire proteome scale. In this study, 

we developed a parallel-reaction monitoring (PRM)-based targeted proteomic method to monitor 

the alterations in protein expression of kinases in K-562 chronic myelocytic leukemia (CML) cells 

elicited by treatment with imatinib, an ABL kinase inhibitor approved by the FDA for CML 

treatment. By employing isotope-coded ATP affinity probes together with liquid chromatography-

multiple-reaction monitoring (LC-MRM) analysis, we also examined the modulation of the ATP-

binding affinities of kinases induced by imatinib treatment. The results revealed profound 

increases in protein expression levels of a large number of kinases in K-562 cells upon treatment 

with imatinib, which is accompanied by substantial decreases in ATP-binding capacities of many 

kinases. Apart from ABL kinases, we identified a number of other kinases whose ATP-binding 

affinities are markedly diminished upon imatinib treatment, including CHK1, a checkpoint kinase 

involved in DNA damage response signaling. Together, our targeted quantitative proteomic 

methods enabled, for the first time, dual assessments of small-molecule kinase inhibitor-induced 

changes in protein expression and ATP-binding affinities of kinases in live cells.
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Kinases play crucial roles in cell signaling,1 and small-molecule kinase inhibitors have been 

widely employed as valuable tools for delineating kinase-mediated cell signaling pathways 

for decades.2 In addition, aberrant activation of kinase signaling is frequently accompanied 

by and sometimes leads to the development of many types of cancer.3,4 As a result, kinase 

inhibitors have recently become a very important class of drugs in anticancer therapy, where 

more than 30 small-molecule kinase inhibitors have been approved by the Food and Drug 

Administration (FDA) for treating different types of malignancies.2

Appropriate use of small-molecule kinase inhibitors in cell signaling research and in cancer 

chemotherapy requires the knowledge about whether other kinases are also targeted by these 

inhibitors. In this respect, most kinase inhibitors are designed to disrupt, directly or 

indirectly, the ATP-binding capabilities of the target kinases, which possess highly 

conserved ATP-binding domains.2,5 Hence, despite the substantial efforts in optimizing the 

structures of kinase inhibitors for selective binding toward the intended kinase, the inhibitors 

may also bind to the ATP-binding pocket and suppress the ATP-binding capacities of other 

kinases, which may lead to off-target effects.2,5 In addition, cancer cells may respond to 

inhibitor treatment by reprogramming their kinome through altering the protein expression 

levels of kinases.6

The knowledge about the proteome-wide alterations in protein expression and ATP-binding 

affinities of kinases elicited by small-molecule inhibitors is important for understanding 

more completely the mechanisms underlying therapeutic efficacy, resistance, and side effects 

associated with the kinase inhibitor. Such knowledge is also crucial for the accurate 

interpretation of data when these inhibitors are used in cell signaling research. Furthermore, 

on the grounds that the drug safety and pharmacological properties of these FDA-approved 

kinase inhibitors are well-documented,7 revealing previously unrecognized kinase targets for 

these inhibitors may facilitate novel applications of these inhibitors in treating other human 

diseases. The human kinome is encoded with 518 genes,8 and many kinases are expressed at 

very low levels. Thus, the investigations about the alterations in protein expression and the 

ATP-binding capabilities of kinases in cells upon inhibitor treatment entail high-throughput 

and highly sensitive analytical methods.
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In the present study, we address the aforementioned analytical challenge by developing a 

parallel-reaction monitoring (PRM) method (Figure S1),9–11 in conjunction with stable 

isotope labeling by amino acids in cell culture (SILAC),12 for the proteome-wide 

interrogation of the protein expression levels of kinases under the same treatment conditions. 

We also employed the previously reported isotope-coded ATP affinity probes (Figure 1a), 

together with the multiple-reaction monitoring (MRM)-based targeted proteomic method,
13-16 for gauging the alterations in ATP-binding affinities of kinases in K-562 cells upon a 

24 h treatment with 1.0 μM imatinib. In this vein, imatinib, a small-molecule inhibitor for c-

ABL kinase, was approved in 2001 by the FDA for treating chronic myelocytic leukemia 

(CML) in patients carrying the BCR-ABL fusion oncogene,2 and this oncogene is also 

present in K-562 cells.17 It is worth noting that, while liquid chromatography-multiple-

reaction monitoring (LC-MRM) analysis is suitable for analyzing enriched samples like the 

above-described affinity-purified desthiobiotin-conjugated kinase peptides, the same 

analysis of kinase peptides arising from the tryptic digestion of whole cell lysate may 

introduce substantial background signal.18 PRM, on the other hand, allows parallel detection 

of all transitions in a single analysis, which enables high-throughput analysis,19 and it 

minimizes interferences owing to the use of mass analyzers with high resolution and high 

accuracy for mass detection.20 Therefore, we employ PRM for assessing kinase protein 

expression with the use of the tryptic digestion mixture of whole cell lysate.

We first established a PRM kinome library based on data collected from shotgun proteomic 

analysis. To this end, we first collected LC-MS/MS data from shotgun proteomic analysis of 

the tryptic digestion mixtures of the ATP-binding proteins enriched from 8 human cell lines 

and the tryptic digestion mixtures of the whole cell lysates of 3 human cell lines. A 

Maxquant search of these data led to the identification of 11 879 protein groups.10‘11 We 

subsequently incorporated the tandem mass spectra and retention time information for all 

unmodified kinase peptides into Skyline21 for constructing the kinome PRM library. 

Because some kinases share highly similar sequences, we manually checked all kinase 

peptides and incorporated only those peptides that can be uniquely assigned to specific 

kinases into the library, with a maximum of four unique peptides being included for any 

given kinase. In doing so, the current PRM kinome library contained 1050 unique peptides 

representing 478 nonredundant human kinases, which encompassed 395 protein kinases, 21 

lipid kinases, and 62 other kinases (Table S1). The 395 protein kinases include members 

from all 7 groups of the human kinase family (see kinome dendrogram in Figure 1b, Table 

S1). Thus, our PRM kinome library contains approximately 80% of the human kinome that 

includes a total of 518 protein kinases.22

To achieve high-throughput detection of kinase peptides, we adopted scheduled PRM 

analysis, where the mass spectrometer was programmed to acquire the MS/MS for the 

precursor ions of a limited number of peptides in each predefined 8 min retention time 

window. Therefore, accurate prediction of retention time (RT) for each kinase peptide was 

required for our PRM-based kinome assay. To this end, we calculated the normalized RT 

(iRT) value for each peptide on our target list following a previously published method with 

the use of a tryptic digestion mixture of bovine serum albumin (BSA) as the standard.23 The 

linear RT vs iRT relationship was redefined between every eight LC-PRM runs by 

reinjecting the tryptic digestion mixture of BSA. Since the iRT value represents an intrinsic 
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attribute (i.e., hydrophobicity) of a peptide, we also employed it as a criterion to validate the 

data obtained from the PRM assay, where a marked deviation of the observed RT from the 

predicted RT is considered a false-positive detection.

Our PRM- and MRM-based kinome spectral libraries commonly contain 350 nonredundant 

kinases (Figure 1c,d). A combination of the PRM and MRM data, therefore, permits 

independent assessments about how the expression levels and ATP-binding capacities of 

kinases are modulated by imatinib.

The PRM-based targeted proteomic method led to the quantification of 295 unique kinases 

in K-562 cells with or without imatinib treatment, including ~250 protein kinases, which 

cover approximately 50% of the human kinome (Figure 2a and Table S2). Similarly, the 

MRM-based targeted proteomic method resulted in the quantification of the ATP-binding 

affinities of 332 unique kinases (Figure 2b and Table S2). All transitions from PRM (4–6 

transitions) and MRM (3 transitions) used for quantification of each kinase peptide 

displayed the same retention time with the dot product (dotp) value being >0.7 (Figure S2).
24 Furthermore, over 80% of the kinases quantified with the PRM approach and all the 

kinases quantified with the MRM method appeared in both forward and reverse labeling 

experiments (Figure S3a). The ratios of the quantified peptides obtained from forward and 

reverse experiments exhibited a linear fit (Figure S3b), which confirms the excellent 

reproducibility of the targeted quantitative proteomic methods.

Our quantification results showed that exposure of K-562 cells to imatinib led to pronounced 

diminutions in the ATP-binding affinities of a large number of kinases while concomitantly 

stimulating the protein expression levels of many kinases (Figure 2, Table S2). For instance, 

substantially more kinases display diminished ATP-binding capabilities than those with 

heightened ATP-binding affinities (65 vs 8), whereas a much larger number of kinases 

exhibit elevated protein expression than those with reduced expression upon imatinib 

treatment (48 vs 9, Figure 2, Table S2).

We also examined the accuracy of the PRM method by monitoring the expression levels of 

three representative kinases (AK1, CCND3, and SCYL3) in K-562 cells with and without 

imatinib treatment. The Western blot data showed that the expression levels of these kinases 

are elevated after imatinib treatment, which is consistent with the PRM results (Figure 3). It 

is worth noting that our LC-PRM method, which quantifies proteins based on unique 

peptides, permits the independent measurements of different isoforms of kinases. For 

instance, for the two isoforms of ABL kinases, the expression of ABL1 protein was clearly 

elevated, whereas that of ABL2 protein kept unchanged upon a 24 h treatment with imatinib 

(Figure 4a, Table S2). In this vein, imatinib was shown to bind to the kinase domains of 

ABL1 and ABL2;2527 however, imatinib administration leads to the differential 

reprogramming of the two isoforms of ABL. The detailed mechanism(s) contributing to the 

elevated expression of ABL1, but not ABL2, is not clear and awaits further investigation.

The two methods facilitated the quantification of approximately 160 common kinases 

(Figure 4b). A comparison of kinase ratios (with/without kinase inhibitor treatment) 

obtained from PRM and MRM analyses revealed the lack of apparent correlation between 
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the inhibitor-induced alterations in kinase protein expression and ATP-binding capability 

(Figure 4c), underscoring that the alterations in overall ATP-binding capacities of most 

kinases are not attributable to changes in protein expression levels of these kinases.

Despite the fact that the two isoforms of ABL kinase exhibit differential reprogramming 

after imatinib treatment, the ATP-binding affinities of both isoforms were substantially 

attenuated (Figure 4a), which is in keeping with a previous finding.28 In addition, our results 

showed the decreased ATP-binding capacities of several other kinases, including FGR, 

GAK, IRAK, and MELK (Figures 2b and S4, Table S2). These kinases were previously 

shown to bind directly to imatinib.29,30 Hence, our isotope-coded ATP affinity probe, 

together with LC-MRM analysis, allows for the revelation of candidate kinases that are 

targeted by imatinib.

Apart from previously reported kinase targets of imatinib, we identified a number of kinases 

with reduced ATP-binding affinities but not with diminished protein expression in K-562 

cells after imatinib exposure, including YES1 and CHK1. In this context, our results showed 

that the expression levels of YES1 and CHK1 proteins were not changed in K-562 cells 

upon imatinib treatment, whereas their ATP-binding affinities were decreased by 

approximately 2-fold (Table S2 and Figure 5), supporting that imatinib can also compromise 

the ATP-binding capabilities of YES1 and CHK1. Along this line, it was previously 

observed that imatinib-resistant cells displayed elevated expression of YES1.31 In addition, 

our Western blot data showed that imatinib treatment led to a marked diminution in the 

kinase activity of CHK1 (as manifested by reduced autophosphorylation at Ser296), albeit 

with no appreciable change in its protein expression level (Figure 5a,b).

In response to DNA double-strand break (DSB) formation in cells, CHK1 coordinates DNA 

damage response signaling and cell cycle checkpoint control.32 Therefore, we also asked 

whether the cellular sensitivity toward neocarzinostatin (NCS), a radiomimetic agent that 

induces DNA DSBs, could be modulated by cotreatment with imatinib. The result from the 

clonogenic survival assay indeed showed that imatinib rendered MDA-MB-231 cells more 

sensitive toward NCS (Figure 5c).

In summary, we made significant advances in quantitative analysis of kinome in human 

cells. By developing a PRM-based method for quantifying the protein expression of kinases 

and combining it with our previously reported MRM-based targeted proteomic approach,14 

we are able to assess independently the protein expression and ATP-binding affinities of 

kinases. In particular, our PRM and MRM kinome libraries each encompass approximately 

80% of the human kinome, with 350 kinases being commonly included in both libraries 

(Figure 1c). Previously published methods for profiling the kinase inhibitor-induced 

alterations of the human kinome in cells rely on the use of affinity resin immobilized with 

multiple kinase inhibitors.6,33 However, the binding of kinases to inhibitor-immobilized 

affinity resin, similar to the ATP affinity probe method employed here,13,14,16 can be 

influenced by the protein expression level and sometimes by activity-induced 

conformational changes of protein kinases.6 To the best of our knowledge, our PRM-based 

targeted proteomic approach facilitated, for the first time, the assessment of the alterations in 

protein expression levels of kinases upon small-molecule inhibitor treatment. Our results 
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unveiled pronounced increases in expression levels of a large number of kinases in cells 

upon treatment with imatinib.

Analysis of kinase protein expression and ATP-binding affinity data together led to the 

discovery of a number of kinases exhibiting diminutions in ATP-binding affinity but not in 

protein expression in K-562 cells upon imatinib administration, underscoring that imatinib 

disrupts the ATP-binding activities of many kinases. Among these kinases, we validated that 

the activity of CHK1 kinase could be inhibited upon imatinib treatment, which is further 

substantiated by the observation that imatinib could sensitize cancer cells toward NCS, a 

radiomimetic agent capable of inducing DNA doublestrand breaks. We envision that our 

methods will be generally applicable for investigating how the protein expression levels and 

ATP-binding affinities of the human kinome are modulated by other kinase inhibitors in live 

cells. Such knowledge will be valuable for the appropriate use of kinase inhibitors in cell 

signaling research and in therapeutic interventions of human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PRM- and MRM-based targeted proteomic approaches for interrogating the human kinome. 

(a) The chemical structures of the isotope-coded ATP affinity probes. (b) A kinome 

dendrogram depicting the kinases that are included in PRM- and MRM-based kinome 

spectral libraries. The kinome dendrogram was adapted with permission from Cell Signaling 

Technology (http://www.cellsignal.com). Green solid circles denote those kinases that are 

present in both PRM and MRM libraries, whereas blue and red solid circles designate those 

kinases that are included only in the PRM and MRM libraries, respectively. (c) Venn 

diagrams displaying the numbers of kinases (top) and protein kinases (bottom) included in 

the PRM- and/or MRM-based kinome libraries.

Miao et al. Page 8

Anal Chem. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cellsignal.com/


Figure 2. 
Differential protein expression (a) and ATP-binding affinities (b) of kinase proteins in K-562 

cells induced by imatinib treatment. The kinase protein expression data represent the mean 

of results obtained from three forward and two reverse SILAC labeling experiments, and the 

ATP-binding affinity results reflect five forward and six reverse ATP probe labeling 

experiments. (The ratios obtained from individual measurements are listed in Table S2.) 

Blue, red, and gray bars represent those kinases with ratios (in imatinib-treated/control cells) 

that are <0.67, >1.5, and between 0.67 and 1.5, respectively.
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Figure 3. 
Western blot analyses for validating the protein expression levels of kinases in K-562 cells 

with or without imatinib treatment. (a) Images from Western blot analyses of the expression 

levels of select kinases in K-562 cells with or without imatinib treatment. (b) Representative 

PRM traces for monitoring the expression levels of the same kinases as shown in (a). (c) The 

quantification results for the ratios of kinase proteins in imatinib-treated cells over untreated 

cells. Error bars represent standard deviations.
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Figure 4. 
PRM and MRM results showing the differential expression and ATP-binding affinities of 

kinases in K-562 cells induced by imatinib treatment. (a) Representative PRM and MRM 

traces for the quantification of ABL kinases. (b) Venn diagram depicting the overlap in the 

numbers of kinases that were quantified by the PRM- and MRM-based kinome profiling 

methods for lysates of K-562 cells after a 24 h treatment with 1 μM of imatinib or DMSO. 

(c) A scatter plot depicting the lack of correlation between the ratios of kinases in imatinib-

treated cells over control DMSO-treated cells obtained from the PRM and MRM methods 

(plotted in logarithm scale).
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Figure 5. 
Imatinib inhibits the activity of CHK1. (a) Representative MRM and PRM traces for the 

quantifications of CHK1. (b) Western blot for the validation of the protein expression and 

activity of CHK1 in K-562 cells with and without imatinib treatment. (c) Clonogenic 

survival assay results showing the effect of imatinib on sensitizing MDA-MB-231 cells 

toward NCS. Error bars represent standard deviation. *, 0.01 < p < 0.05; **, 0.001 < p < 

0.01; #, no significant difference. The p-values were calculated against the control using the 

two-tailed, unpaired Student’s t-test.
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