
K-CLASP: A Tool to Identify Phosphosite Specific Kinases and 
Interacting Proteins

Pavithra M. Dedigama-Arachchige and Mary Kay H. Pflum*

Department of Chemistry, Wayne State University, 5101 Cass Avenue, Detroit, Michigan 48201, 
United States

Abstract

Few methods are available to discover the cellular kinase that phosphorylates a specific amino 

acid, or phosphosite, on a protein. In addition, identifying the associated proteins bound near a 

phosphosite during phosphorylation would provide insights into cell biology and signaling. Here, 

we report K-CLASP (Kinase Catalyzed CrossLinking And Streptavidin Purification) as a method 

for both phosphosite-specific kinase identification and the discovery of kinase interacting proteins. 

K-CLASP offers a powerful tool to discover unanticipated protein–protein interactions in 

phosphorylation-mediated biological events.

Graphical Abstract

Phosphorylation is an important protein post-translational modification that acts as a key 

chemical switch in signal transduction.1 Aberrant phosphorylation is implicated in many 

diseases, such as cancer, emphasizing the need to study cellular phosphorylation events.2 

Owing to the advancement of powerful mass spectrometric techniques, novel 

phosphorylated amino acids or phosphosites are being identified at an unprecedented rate.3 

The identification of these novel phosphosites poses an important question: which protein 
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kinase catalyzes phosphorylation of a specific phosphosite? With over 500 kinases in the 

kinome,4 identifying the kinase that phosphorylates a specific phosphosite is a challenge. 

Although several methods have been established to identify the substrates of a given kinase,5 

fewer methods exist to identify the kinase for a specific phosphosite. In silico prediction 

based on consensus sequence searching represents a useful strategy.6 However, phosphosite 

consensus sequences have not yet been established for all kinases. Peptide-based 

phosphosite-specific cross-linking was also developed for kinase-substrate identification, 

although the method is not widely used.7,8 A second significant challenge is the 

characterization of proteins interacting with a kinase during phosphorylation. Classic 

methods, such as immunoprecipitation and yeast two-hybrid analysis, require stable protein–

protein interactions, which may miss low abundance or transient partners. To address both of 

these needs and provide a phosphosite-specific kinase and interactome identification tool, 

we developed a method based on our previous work with γ-modified adenosine 5′-
triphosphate (ATP) analogs.9

Kinases utilize ATP as a cosubstrate for phosphorylation (Figure 1a). We and others have 

established that kinases throughout the kinome tree show cosubstrate promiscuity by 

accepting γ-modified ATP analogs to covalently modify substrate proteins (Figure 1a).9–12 

Recently, we used the γ-modified ATP analog ATP-arylazide (ATP-ArN3) to covalently 

couple kinase-substrate pairs using photo-cross-linking (Figure 1b).13,14 Taking advantage 

of kinase-catalyzed cross-linking, we describe here a method to identify the kinase that 

phosphorylates a specific phosphosite, termed K-CLASP (Kinase-catalyzed CrossLinking 

And Streptavidin Purification). In the K-CLASP method, a biotin-tagged peptide containing 

the phosphosite of interest is incubated with a cell lysate in the presence of ATP-ArN3 and 

UV irradiation. The biotin-tagged peptide will covalently cross-link to its respective kinase 

in the lysate via kinase-catalyzed cross-linking (Figure 1b). The covalently cross-linked 

peptide–kinase complex can then be streptavidin purified and analyzed by tandem mass 

spectrometry (MS/MS) to identify the captured kinase. However, kinase–substrate 

interactions are transient, allowing diffusion of the biotin-tagged peptide away from the 

kinase after transfer of the photo-cross-linking group (Figure 1c). In this scenario, the biotin-

tagged peptide will cross-link to proteins in close proximity of the kinase, including direct 

and indirect associated proteins (Figure 1c). Therefore, both the target kinase and kinase-

associated proteins will be purified and observed in a K-CLASP experiment. Therefore, K-

CLASP has the potential not only to discover the kinase that phosphorylates a given 

phosphosite but to also expose proteins interacting with the kinase under the conditions of 

the experiment.

To establish K-CLASP for kinase identification, we chose a well-known kinase–substrate 

peptide pair. Protein kinase A (PKA) is widely reported to phosphorylate the peptide 

substrate kemptide (LRRASLG).15 As a first step to show that ATP-ArN3 cross-links 

kemptide with PKA, a recombinant PKAα catalytic subunit was incubated with ATP-ArN3 

in the presence of N-biotinylated kemptide and UV irradiation. We used a modified 

kemptide sequence containing four N-terminal glycine residues (biotin-GGGGLRRASLG) 

to separate the biotin tag from the phosphosite and avoid steric issues. After cross-linking, 

samples were separated by SDS-PAGE, transferred onto a PVDF membrane, and then 

stained with a streptavidin–Cy5 conjugate to detect biotin-linked PKA kinase. Biotinylated 

Dedigama-Arachchige and Pflum Page 2

ACS Chem Biol. Author manuscript; available in PMC 2017 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PKA was observed in the presence of ATP-ArN3 (Figure 2a, lane 2) but not ATP (Figure 2a, 

lane 3), demonstrating dependence on photo-cross-linking. As controls, the biotin signal was 

reduced when excess ATP (Figure 2a, lane 4) or nonbiotinylated kemptide (Figure 2a, lane 

5) were included. In addition, biotinylation was also reduced when a scrambled biotin 

peptide (Figure 2a, lane 8) or heat inactivated PKA was used (Figure 2a, lane 9).

As a further control, we tested an N-biotinylated kemptide mutant where Ala replaced the 

phosphorylation site Ser (biotin-GGGGLRRAALG). PKA was biotinylated in the presence 

of N-biotin mutant kemptide, although at a reduced level compared to wild type kemptide 

(47 ± 5%, Figure 2a, lane 6 and Figure S1). We speculate that cross-linking of PKA with 

mutant kemptide is due to nonselective reactivity of the arylazide photo-cross-linker with 

biotin–kemptide before PKA autophosphorylation (Figure S2). In agreement, when N-

biotinylated kemptide was preincubated with ATP-ArN3 before the addition of PKA, 

biotinylation was observed (Figure S3, lanes 2 and 3). Interestingly, the N-biotinylated 

scrambled peptide generated minimal PKA biotinylation (Figure S3, lane 4), suggesting that 

kemptide–PKA interaction was necessary. The results highlight the fact that a negative 

control reaction will be critical to account for and remove background cross-linking due to 

the highly reactive arylazide in the K-CLASP method. To be rigorous, reactions with mutant 

kemptide were included as critical negative controls in future experiments.

To establish that K-CLASP is applicable with other kinases, we also carried out cross-

linking reactions with recombinant casein kinase II (CK2) and its N-biotinylated peptide 

substrate (biotin-RRREEETEEE). As observed with PKA, CK2 biotinylation was observed 

with ATP-ArN3 (Figure 2b, lane 1) but not with ATP (Figure 2b, lane 2). Similarly, CK2 

labeling was reduced when excess ATP (Figure 2b, lane 3) or a nonbiotinylated CK2 peptide 

(Figure 2b, lane 4) was present. The results with CK2 demonstrate that kinase–peptide 

cross-linking with ATP-ArN3 is compatible with other kinases.

With the ultimate goal of identifying endogenous, cellular kinases of kemptide, we carried 

out cross-linking in lysates. N-biotin kemptide and ATP-ArN3 were incubated with HeLa 

lysates in the presence of UV light before SDS-PAGE analysis. A biotinylated band at the 

size of the PKA catalytic subunit (~41 kDa) was observed (Figure 2c, lane 2, see arrow). In 

addition to PKA, many other proteins were also biotinylated (Figure 2c, lane 2), consistent 

with possible diffusion of N-biotin kemptide away from the kinase after photo-cross-linker 

transfer (Figure 1c). The biotin signal, including that for PKA, was lost in the absence of 

ATP-ArN3 (Figure 2c, lane 1). Reduced biotinylation was also observed with N-biotin 

mutant kemptide (Figure 2c, lane 3) or in the presence of excess nonbiotinylated kemptide 

(Figure 2c, lane 4) or the kinase inhibitor staurosporine (Figure 2c, lane 5). These results 

suggest that peptide cross-linking is kinase-dependent and phosphosite-specific in complex 

mixtures, such as lysates.

To perform a full K-CLASP experiment, cross-linked complexes in lysates were purified 

using streptavidin resin (Figure S7) and analyzed by tandem mass spectrometry. Cross-

linked samples from N-biotin mutant kemptide were used as the negative control to remove 

nonspecific background cross-linking. Compared to the mutant samples, 324 proteins were 

enriched in N-biotin kemptide cross-linked samples (Table S1). Out of the 324 proteins, only 

Dedigama-Arachchige and Pflum Page 3

ACS Chem Biol. Author manuscript; available in PMC 2017 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



three were protein kinases (Table S2). Importantly, the known kemptide kinase PKA (alpha 

catalytic subunit PRKACA) was observed. In addition to PKA, two other kinases, CHEK1 

and MAP2K7, and many nonkinase proteins were also observed by K-CLASP. To rule out 

the possibility that K-CLASP is preferentially pulling down high abundant proteins, we 

analyzed the abundance of the K-CLASP hits using previously published values.16 A range 

of abundances were observed among the K-CLASP hits (Figure S8), indicating that K-

CLASP is not biased toward highly expressed proteins.

Given that K-CLASP can also identify proteins associated with the kinase during a cross-

linking event, the many nonkinase proteins and the two other kinases observed could be 

either direct or indirect interactors of PKA. In this scenario, diffusion of N-biotin kemptide 

after PKA-catalyzed photo-cross-linker labeling (Figure 1c) may result in the biotinylation 

of the nearby proteins of PKA. To validate that CHEK1, MAP2K7, and the other proteins 

were biotinylated due to their proximity to PKA, we performed an interactome analysis. For 

the interactome analysis, protein–protein interactions among the 324 K-CLASP enriched 

proteins were determined using the GeneMANIA17 application in Cytoscape. In addition, 

PKA, CHEK1, and MAP2K7 substrates among the enriched proteins were identified using 

Phosphosite Plus and KinaseNET.18 The known substrates and interacting proteins in the K-

CLASP hit list were then graphically depicted as an interactome map using Cytoscape 

(Figure 3a).19

The interactome analysis confirmed that known interacting proteins (Figure 3a, dark blue 

circles) and substrates of PKA (Figure 3a, light blue circles) were among the 324 K-CLASP 

hits. Beyond direct interacting proteins and substrates, many proteins that interact indirectly 

with PKA through complexes containing substrates or binding partners were observed 

(Figure 3a, green and orange circles). When all direct and indirect interactors were 

considered, 60% of the K-CLASP hits were accounted for in the PKA interactome. The 

presence of direct and indirect PKA interacting proteins among the K-CLASP enriched hits 

is consistent with diffusion of N-biotin kemptide away from PKA after labeling (Figure 1c), 

resulting in the cross-linking and biotinylation of proteins located in close proximity to 

PKA.

Importantly, the interactome analysis revealed that CHEK1 and MAP2K7 (Figure 3a, orange 

circles) interact indirectly with PKA through common interacting partners (Figure 3a, see 

blue lines). Therefore, CHEK1 and MAP2K7 biotinylation was likely due to their proximity 

to PKA, rather than by direct kinase-catalyzed cross-linking. In agreement, fewer direct 

interacting proteins or substrates were identified for CHEK1 and MAP2K7 compared to 

PKA (Figure S10). The small number of associated proteins or substrates of CHEK1 and 

MAP2K7 among K-CLASP hits is consistent with biotinylation due to peptide diffusion 

rather than a direct kinase labeling. By considering the direct interacting proteins of each 

kinase, the interactome analysis revealed false positive kinases.

Beyond PKA, kemptide is phosphorylated by cyclic GMP-dependent protein kinase15 and 

RPS6KA120 in vitro and predicted to be phosphorylated by AKT and protein kinase C based 

on consensus sequence.21 However, none of these kinases were identified by K-CLASP. 

Thus, K-CLASP identified PKA as the main kinase that phosphorylates kemptide in lysates. 
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Given the wide use of kemptide in PKA studies,22–24 these results reinforce that PKA is the 

predominant kinase for kemptide.

In addition to eliminating false positive hits, the interactome analysis revealed cellular 

complexes associated with PKA under the conditions of the experiment. For example, PKA 

is known to phosphorylate several proteasome subunits.25 In agreement, K-CLASP 

identified multiple proteins belonging to the proteasome core complex (Figure 3b). 

Additionally, many members of the ribosome complex (Figure 3c) were also identified, 

consistent with reports that PKA regulates translation in response to starvation.26 Finally, 

PKA is known to regulate the stability of the SMN complex, which plays a role in the 

assembly of snRNPs (small nuclear Ribo Nucleo Proteins),27 and K-CLASP identified 

several members of the SMN complex (Figure 3d). While K-CLASP is primarily a tool for 

phosphosite-specific identification of kinases, these interactome results demonstrate that 

cellular complexes containing the kinase can also be uncovered.

In summary, K-CLASP was developed as a discovery tool to identify the cellular kinase of a 

given phosphosite. Using a well-known kinase–substrate pair, K-CLASP identified PKA as 

the predominant cellular kinase of kemptide from a complex mixture of other proteins and 

kinases. In addition, interactome analysis of K-CLASP hits identified the cellular complexes 

containing PKA and ruled out false positives. K-CLASP represents a simple, yet powerful, 

method to probe the function of a specific phosphosite. Importantly, K-CLASP only requires 

a biotinylated peptide containing a known phosphosite and cell lysate where 

phosphorylation of that specific site is observed. Studies are currently ongoing to use K-

CLASP to identify the unknown kinase of a specific phosphosite. Given the importance of 

studying the many phosphorylation events in a cell, K-CLASP provides an enabling 

technology to understand the intricate regulatory networks governing cellular events.

METHODS

Detailed experimental procedures are available in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Kinase-catalyzed labeling and the K-CLASP method. (a) Kinases accept ATP and γ-

modified ATP analogs, such as ATP-ArN3, to phosphorylate substrate proteins. (b) An N-

biotinylated peptide (red) carrying a phosphosite will bind to its phosphorylating kinase 

(yellow) and ATP-ArN3 in lysates. The kinase catalyzes transfer of the photo-cross-linker 

group onto the peptide, while UV irradiation leads to covalent attachment of biotinylated 

peptide and kinase. The biotin-linked kinase can then be streptavidin purified and identified 

by MS/MS analysis. (c) Once the photo-cross-linker is transferred, the N-biotinylated 

peptide can diffuse away from the kinase to cross-link with nearby proteins, including direct 

(blue) and indirect (green) associated proteins of the kinase.
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Figure 2. 
N-biotin kemptide cross-linking with recombinant PKA and lysates. (a) Cross-linking 

reactions with recombinant PKA, biotinylated kemptide (B-kem), and ATP-ArN3. Control 

reactions were carried out with N-biotin mutant kemptide (B-kem mt) lacking the 

phosphorylated Ser, 4× excess ATP, 2× excess nonbiotinylated kemptide (kem), an N-

biotinylated scrambled kemptide (scr kem), or heat inactivated PKA (HI PKA). The biotin 

signal was quantified from independent trials with mean and standard error shown above 

each lane (Figure S1). (b) Cross-linking reactions with recombinant CK2, biotinylated CK2 

substrate peptide (B-sub), and ATP-ArN3. Control reactions were carried out with ATP, 4× 

excess ATP, and 2× excess nonbiotinylated CK2 peptide (sub). Reproducible trials are 

shown in Figure S4. (c) Biotin kemptide (B-kem) cross-linking with ATP-ArN3 in HeLa 

lysates. Optimization of reaction conditions is shown in Figure S5. Reproducible trials are 

shown in Figure S6. For all parts, proteins were separated by SDS-PAGE and visualized 

with Sypro Ruby total proteins stain, streptavidin-Cy5 (SA-Cy5) biotin stain, or PKA 

antibody (α-PKA).
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Figure 3. 
Kinase hits and interactome analysis of the PKA K-CLASP study. (a) The 324 proteins 

enriched in N-biotin kemptide but not N-biotin mutant kemptide samples (Supporting 

Information Table S1) were analyzed to identify known PKA, CHEK1, and MAP2K7 

substrates using Phospho site Plus and KinaseNET. Known physical protein–protein 

interactions were analyzed using GeneMANIA in Cytoscape. All interacting proteins and 

substrates of PKA (60% of K-CLASP hits) were mapped using Cytoscape. The blue inner 

circles represent known PKA substrates (light) or PKA binding proteins (dark). Orange 

circles represent the other two kinases observed. Green circles represent indirect interacting 

proteins of PKA. Green hexagons represent indirect proteins of PKA that are also substrates 

of CHEK1. Green lines show direct interactions with PKA. Gray lines indicate interactions 

among the enriched proteins. Blue lines show the interactions of CHEK1 and MAP2K7. 

Line thickness and length were adjusted arbitrarily to improve clarity. An enlarged version 

of this figure is available as Figure S9. The Cytoscape file is also available as Supporting 

Information, ZIP file. (b) Proteins of the proteasome core complex identified by K-CLASP. 

(c) Proteins of the ribosome complex identified by K-CLASP. (d) Proteins of the SMN 

complex identified by K-CLASP.
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