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Abstract

Kinase enzymes phosphorylate protein substrates in a highly ordered manner to control cell 

signaling. Unregulated kinase activity is associated with a variety of disease states, most notably 

cancer, making the characterization of kinase activity in cellulo critical to understand disease 

formation. However, the paucity of available tools has prevented a full mapping of the substrates 

and interacting proteins of kinases involved in cellular function. Recently we developed kinase-

catalyzed crosslinking to covalently connect substrate and kinase in a phosphorylation-dependent 

manner. Here, we report a new method combining kinase-catalyzed crosslinking and 

immunoprecipitation (K-CLIP) to identify kinase-substrate pairs and kinase-associated proteins. 

K-CLIP was applied to the substrate p53, which is robustly phosphorylated. Both known and 

unknown kinases of p53 were isolated from cell lysates using K-CLIP. In follow-up validation 

studies, MRCKbeta was identified as a new p53 kinase. Beyond kinases, a variety of p53 and 

kinase-associated proteins were also identified using K-CLIP, which provided a snapshot of 

cellular interactions. The K-CLIP method represents an immediately useful chemical tool to 

identify kinase-substrate pairs and multi-proteins complexes in cells, which will embolden cell 

signaling research and enhance our understanding of kinase activity in normal and disease states.

Introduction

Phosphorylation plays a key role in regulating protein activity by altering enzymatic 

function, cellular localization, molecular interactions, among many others. In fact, the 

complicated network of protein-protein interactions mediating cell signaling are often 

controlled by phosphorylation events. Given the essential role of phosphorylation in cellular 

events, the kinase enzymes that control protein phosphorylation are highly regulated to 

assure proper cell function.1 Unregulated kinase activity is associated with a variety of 

disease states, making kinases a significant drug target.2 Characterizing kinases and protein 

phosphorylation generally represents a critical aspect of disease-related cell biology 

research.
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Despite the governing role of kinases and protein phosphorylation in cell function, 

identifying the upstream kinase responsible for phosphorylating a specific protein substrate 

is a challenge. Signaling networks can have multiple complementary pathways, which can 

result in multiple kinases acting on a specific substrate depending on the cellular 

environment.3 In addition, the interaction between kinase and substrate is transient,4 which 

can complicate their characterization using traditional methods, such as 

immunoprecipitation or two-hybrid methods. Beyond kinase-substrate characterization, the 

multi-protein cellular complexes associated with kinase or phosphorylated substrate during 

phosphorylation represent essential players in cell biological events.5 Yet, identifying 

dynamic multi-protein complexes in the context of a specific phosphorylation event is also 

challenging. Methods to monitor both kinase-substrate pairs and the proteins in proximity to 

a kinase and substrate during dynamic phosphorylation have the potential to untangle the 

complicated web of protein-protein interactions governing signaling and other cellular 

events.

To address the critical need for kinase-substrate identification methods, several chemical 

approaches have been developed, including allele-specific kinase mutants and mechanism-

based crosslinkers.6–7 As an alternative, we recently reported kinase-catalyzed crosslinking 

where kinase and substrate are covalently conjugated to stabilize the typically transient 

interaction and promote purification and identification.8–10 Kinase-catalyzed crosslinking 

utilizes a modified version of the ATP (adenosine 5’-triphosphate) cosubstrate where the γ-

phosphate contains a photocrosslinking group (ATP-arylazide (ATP-ArN3) or ATP-

benzophenone (ATP-BP), Figure 1A) separated by a linker.11 The ATP analog acts as a 

kinase cosubstrate resulting in the attachment of the photocrosslinking group onto the 

protein substrate (Figure 1B). Simultaneous UV irradiation during the kinase reaction 

activates the photoreactive crosslinking group for covalent conjugation of kinase to substrate 

(Figure 1C). The requirements of both photocrosslinker transfer to the substrate (Figure 1B) 

and photoactivated conjugation to the kinase (Figure 1C) makes kinase-catalyzed 

crosslinking a distinctive method for kinase-substrate stabilization and subsequent 

identification.

In addition to kinase-substrate conjugation, kinase-catalyzed crosslinking offers a second 

unique and powerful feature, which is the identification of associated proteins of the kinase 

or substrate during the phosphorylation event.10 Because kinase-substrate interactions are 

unstable and transient, the substrate is likely to dissociate from the kinase quickly after 

catalysis (Figure 1D). When the photocrosslinking group is UV-activated after kinase 

dissociation, the substrate will conjugate to proteins in close proximity to the phosphorylated 

site. Therefore, kinase-catalyzed crosslinking has the unique ability to covalently connect 

substrate to both its phosphorylating kinases and proteins associated with that kinase at the 

time of phosphorylation. Given the need for methods to characterize protein-protein 

interactions involved in dynamic kinase functions, kinase-catalyzed crosslinking offers a 

powerful platform to discover phosphorylation-mediated cellular complexes.

A requirement for productive use of kinase-catalysed crosslinking is a means to selectively 

isolate only conjugated proteins of interest among the sea of crosslinked complexes in 

lysates. In prior work, we used a biotinylated peptide substrates as a handle to isolate kinases 
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specific to a single phosphosite.10 Here we combined crosslinking with immunoprecipitation 

in a method called K-CLIP (Kinase-catalyzed CrossLinking and ImmunoPrecipitation) to 

isolate and characterize select full-length substrate-conjugated complexes from a complex 

cellular mixture. Immunoprecipitation (IP) with an antibody selective to a desired substrate 

or kinase of interest will isolate only substrate- or kinase-bound complexes (Figure 1E). 

After K-CLIP, liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis will 

identify kinases and associated proteins covalently linked to the substrate or kinase.

To establish K-CLIP for identification of kinase-substrate complexes, p53 was tested here as 

a substrate model system. The p53 protein acts as a key tumor suppressor by inducing 

senescence or apoptosis through its transcriptional activation function.12 In fact, mutation of 

p53 is frequently observed in cancers.13 Beyond apoptosis, p53 has also been implicated in a 

variety of additional biological events, including DNA damage response, aging, and fertility. 

Due to its pivotal role in cell biology, p53 is tightly regulated, particularly through binding 

of MDM2 (murine double minute 2), which promotes ubiquitin-mediated proteomosomal 

degration.14–16 In addition, p53 is regulated through phosphorylation, with many 

characterized phosphorylation sites and kinases.17–18 With a variety of kinases documented, 

p53 represents an ideal model substrate to establish K-CLIP for kinase identification. 

Likewise, the interactome network of p53 has been extensively characterized, making p53 an 

ideal substrate to test the ability of K-CLIP to monitor associated proteins.

After K-CLIP with p53, two known (DNAPK and PKR) and one previously unknown 

(MRCKβ) kinases of p53 were identified. Several secondary confirmation studies were 

performed to validate MRCKβ as a p53 kinase. A variety of associated proteins were also 

observed. An interactome analysis documented that 81% of the K-CLIP protein hits are 

known to physically associate either directly or indirectly with p53. These results 

demonstrated the utility of K-CLIP to observe both active kinases and associated proteins of 

p53-kinase complexes. In addition, kinase-catalyzed crosslinking was also established to 

validate a suspected kinase-substrate pair in lysates. Importantly, the discovery of MRCKβ 
and new p53 interacting proteins lead to several novel biological hypothesis, including the 

revelation that MRCKβ governs p53 protein levels. Taken together, these studies substantiate 

kinase-catalyzed crosslinking and K-CLIP as powerful tools to validate suspected kinase 

substrates, identify unknown kinase-substrate pairs, monitor multi-protein complexes in 

cellular mixtures, and discover unanticipated mechanisms in cell biology.

Experimental Section

Cell culture procedures

RKO cells obtained from ATCC (ATCC CRL-2577) were grown in EMEM media 

supplemented with 10% FBS and 1% antibiotic-antimycotic. Cells were cultured in a 37°C 

incubator under a 5% CO2 environment with 95% relative humidity. For (±)-Nutlin-3 

treatment, RKO cells (1.5 × 106) were seeded in a 75 cm2 tissue culture flasks in growth 

medium (10 mL) for 24 hours prior to treatment. (±)-Nutlin-3 (Cayman Chemicals, 10 mM 

stock solution in DMSO) was added to the media to produce final concentrations of either 

10 μM or 20 μM and incubated for 24 hours. Control cells were treated with an equivalent 

amount of DMSO (Figure S1). After 24 hours, the growth media was removed, and the flask 
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was rinsed with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, pH 7.4) before trypsinization and harvesting by centrifugation. Collected cells 

were washed with cold PBS buffer and then lysed immediately, as described below, or stored 

at −80 °C until needed. The nutlin-treated RKO cells were lysed in lysis buffer (200 μL; 50 

mM HEPES, pH 8.0, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100) containing freshly 

added protease inhibitor cocktail V (1X, Calbiochem) with rocking at 4 °C for 10 minutes. 

The soluble fraction was collected by centrifugation and the concentration of total protein 

was determined using a Bradford assay.19 Lysates were used immediately or stored at −80°C 

in single use aliquots.

Kinase-catalyzed crosslinking

Kinase-catalyzed crosslinking reactions contained untreated (4 mg total protein) or nutlin-

treated RKO cell lysates (20 μg total protein for gel-based analysis or 500 μg for LC-MS/MS 

studies) in K-CLIP buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, 50 mM KCl, 10 mM 

MgCl2 10 % glycerol, 0.5 % Triton X-100). The kinase reaction was initiated by addition of 

ATP (10 mM), ATP-ArN3 (10 mM), or ATP-BP (10 mM) on ice. Crosslinking was then 

initiated within 3–5 minutes of ATP or ATP analog addition by incubating the reaction 

mixtures for 2 hrs at 30 °C under a handheld UV lamp (365 nm). The final reaction volume 

was 25 μL. Heat denatured lysates were obtained by incubation of nutlin-treated lysates at 

95°C for 5 minutes. The reaction products were separated using 10% SDS-PAGE, 

electrotransferred onto PVDF membrane (Immobilon-PSQ), and visualized using p53 (Santa 

Cruz, either rabbit polyclonal SC-6243 or mouse monoclonal SC-55476), DNA-PK (Cell 

Signaling, 4602P), or PLK3 (Genetex, GTX111495) antibodies.

Immunoprecipitation and Coimmunoprecipitation

For immunoprecipitation as part of a K-CLIP study, antibody-loaded agarose beads were 

first generated by initially washing protein A/G plus agarose beads (50 μL, SantaCruz, Cat 

No. SC-2003) twice with coupling buffer (500 μL; 100 mM sodium phosphate, 150 mM 

NaCl, pH 7.2). The p53 antibody (25 μL, Santa Cruz, SC-6243 or SC-55476) in coupling 

buffer (1 mL) was incubated with the washed beads for 2 hrs at 4°C with rocking. After 

washing twice with coupling buffer (1 mL), the antibody-loaded agarose beads were 

resuspended in coupling buffer (500 μL), added to the kinase-catalyzed crosslinking reaction 

mixture generated above, and incubated overnight at 4°C with rocking. For 

coimmunoprecipitation studies, washed protein A/G plus agarose beads (40 μL, SantaCruz, 

Cat No. SC-2003) were incubated with p53 (20 μL, Santa Cruz, SC-6243 or SC-55476) or 

MRCKβ (20 μL, SignalChem, C28–11G-05) antibody in coupling buffer (1 mL) for 2 hr at 

4°C with rocking. After washing twice with coupling buffer (1 mL), the antibody-loaded 

agarose beads were resuspended in coupling buffer and incubated with untreated RKO 

lysates (4 mg, 1 mL total volume) overnight at 4°C with rocking. After washing the 

immunoprecipitated beads twice with coupling buffer (1 mL), the bound beads were 

resuspended in K-CLIP buffer (20 μL) containing 2% (w/v) SDS (sodium dodecyl sulfate; 

electrophoresis grade), 10% (v/v) glycerol, and DTT or beta-mercaptoethanol (50 mM) and 

incubated at 95°C for 2 minutes to denature and release the bound proteins from the beads. 

Proteins were separated by 4–12% gradient (K-CLIP for LC-MS/MS) or 10% 

(coimmunoprecipitation) SDS-PAGE and visualized with SyproRuby stain. For western 
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blotting, proteins were transferred to the PVDF membrane (Immobilon PSQ, EMD 

Millipore) with visualized using p53 (Santa Cruz, SC-6243 or SC-55476) or MRCKβ 
(SignalChem, C28–11G-05) antibodies.

In-Gel Protein Digestion

For LC-MS/MS analysis, the in-gel protein digestion method was adapted from Shevchenko 

et al.20 The gel was stored until processing (up to one week) in destaining solution (7% 

acetic acid (Mallinckrodt Chemicals) and 10% methanol (EMD) in ultrapure H2O). Prior to 

band excision, the gel was washed with 10% methanol in ultrapure water twice for a 

minimum of 2 hours. The proteins in the gel were visualized on an FBTIV-88 ultraviolet 

trans-illuminator and the gel lane was excised from the 55 kDa molecular weight marker to 

the top of gel. Gel slices were washed with hydration buffer (100 μL; 1:1 (v/v) solution of 50 

mM ammonium bicarbonate and acetonitrile) for 10 minutes. Gel slices were then 

dehydrated with acetonitrile (100 μL) with agitation. The acetonitrile was removed and the 

hydration/dehydration sequence was repeated, followed by dying in a speedvac concentrator 

(SDP131DDA, Thermo Scientific Savant) for 10 minutes. Dried gel pieces were rehydrated 

in hydration buffer (100 μL) before cysteines were reduced in reducing buffer (100 μL; 50 

mM TCEP and 25 mM ammonium bicarbonate) at 37 °C for 20 minutes. After cooling for 

10 minutes, alkylation was performed by adding iodoacetamide (100 μL; 100 mM in 25 mM 

ammonium bicarbonate buffer) and incubating at room temperature in the dark for 30 

minutes. Gel particles were then rehydrated, dehydrated, and dried, as described. Activated 

proteomics grade trypsin (20 μg/mL; Sigma) in digestion buffer (75 μL; 40 mM ammonium 

bicarbonate, 9% acetonitrile) was added and incubated on ice for 1 hour. Additional 

digestion buffer (50 μL) was added and then tubes were incubated at 37 °C overnight. The 

digested peptide solution was collected and the gel fragments were further extracted with 

formic acid (75 μL; 0.1% (v/v) formic acid in (65:35) water:acetonitrile) by sonication for 5 

minutes. The combined peptide solution was dried in vaccuo and then resuspended in a 

solution of 5% acetonitrile, 0.1% formic acid and 0.05% trifluoroacetic acid (20 μL) for LC-

MS/MS analysis.

LC-MS/MS Analysis

Peptide mixtures after protein digestion were desalted in-line and separated by reverse phase 

chromatography (Acclaim PepMap100 C18 pre-column, Acclaim PepMapRSLC C18 

analytical column, Thermo Scientific) on a nanoflow HPLC instrument (Easy-nLC 1000, 

Thermo Scientific), followed by ionization with a Nanospray Flex Ion Source (Proxeon 

Biosystems A/S) and introduction into a Q Exactive mass spectrometer (Thermo Scientific). 

A linear gradient of 95% buffer A (water, 0.1% formic acid) with 5% buffer B (acetonitrile) 

to 90% buffer A:10% buffer B over 2 minutes, followed by 68% buffer A: 32% buffer B 

over 30 minutes at a flow rate of 300 nL/min, was used for separation. Pumps and 

instrument methods were controlled with Thermo Xcalibur 2.2 SP1.48 software (Thermo). 

The instrument was operated in positive mode and data was acquired using a data-dependent 

top 12 method. The 12 most abundant ions from the full MS scan (375–1600 m/z) were 

selected for fragmentation by high-energy collisional dissocation (HCD). Dynamic 

exclusion was enabled with 12.0 s duration and precursor isolation width set to 3.0 m/z. 

Resolution of full MS and HCD scans was 70,000 at 375 m/z and 17,500 at 200 m/z, 
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respectively. Normalized collision energy for HCD spectra was 30 eV and data were 

acquired in profile mode. Isotope exclusion, singly charged and unrecognized charged ion 

exclusion was enabled.

Analysis of raw data was performed with Proteome Discoverer 1.4.0.288 (Thermo) using the 

Mascot search algorithm (Matrix Science). The SwissProt_2013_04 database was used 

against human protein sequences and the reverse decoy protein database used to calculate 

false discovery rates (FDR). Secondary analysis was performed using Scaffold 4.0.5 

(Proteome Software) with X! Tandem software (The Global Proteome Machine 

Organization) for subset database searching. Minimum protein identification probability was 

set to ≥99% with 2 unique peptides per protein and ≥80% minimum peptide identification 

probability. Mascot and X! Tandem algorithms were searched with a precursor mass 

tolerance of 10 ppm and fragment mass tolerance of 0.02 Da. Target FDR was set to 0.01 

(strict) and 0.05 (relaxed). Carbamidomethylation of cysteine (+57) was set as a fixed 

modification. Variable modifications included oxidation of methionine (+16), N-terminal 

acetylation (+42), and phosphorylation on serine, threonine, and tyrosine (+80). Enzyme 

specificity was defined for trypsin as C-terminal to lysine and arginine, with 1 missed 

cleavage site allowed. The parameters for the data analysis of each set of proteins obtained 

were mentioned in the tables.

Recombinant p53 purification

A hexahistidine tagged p53 fusion protein was expressed by transforming the pET15b-

p53(1–393) plasmid (Addgene)21 into the BL21(DE3)pLysS strain. Expression was 

performed in Luria Broth (LB, 2 g Bacto-tryptone, 1 g yeast extract, 2 g NaCl in 200 mL 

water) at 37°C for 4 hours at an OD600 of 0.5 using 1.0 mM IPTG. Cells were lysed by 

sonication in p53 lysis buffer (50 mM Tris, pH 8, 300 mM NaCl, 1 mM EDTA, 0.5% Triton-

X 100, 20 ng/mL lysozyme, and 1X protease inhibitor (Xpert)). The insoluble fraction 

containing p53 was collected by centrifugation and p53 was solubilized by incubation in 

guanidine buffer (6 M guanidine HCl, 25 mM Tris, pH 8, 300 mM NaCl, 5 mM imidazole) 

for 1 hour at room temperature. The p53 protein was purified via the hexa histidine tag using 

Ni-NTA resin (1 mL packed beads) pre-equilibrated in guanidine buffer. Unbound proteins 

were removed by washing with guanidine buffer (2 mL) three times, followed urea wash 

buffer (2 mL; 8 M urea, 25 mM Tris, pH 8, 300 mM NaCl, 20 mM imidazole) four times. 

The bound p53 was refolded on resin by successive washings with each of the following 

buffers: four times with a 1:1 mixture (2 mL) of urea wash buffer:native folding buffer (25 

mM Tris, pH 8, 300 mM NaCl, 20 mM imidazole, and 1% triton-X 100), five times with 1:7 

mixture (2 mL) of urea buffer:native folding buffer, and five times with native folding buffer 

(2 mL). The folded p53 was eluted using elution buffer (10 mL; 25 mM Tris, pH 8, 500 mM 

NaCl, 300 mM imidazole, 1% triton-X 100). The purified p53 solution was desalted and 

concentrated with a centrifugal device (Amicon Ultra 10,000 molecular weight cut off) using 

storage buffer (25 mM Tris, pH 7.5, 300 mM NaCl, 50 mM glycine, 0.5 % triton-X 100, and 

5 % glycerol). Recombinant p53 was stored in aliquots at −20°C until use in in vitro kinase 

assays.
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In vitro kinase assays

MRCKβ (0.025 μg, SignalChem) was incubated with p53 (0.5 μg, Santacruz) and ATP (4 

mM) at 31°C for 4 hours with shaking at 300 rpm in kinase assay buffer (25 mM MOPS, pH 

7.2, 12.5 mM β-glycerol-phosphate, 25 mM MgCl2, 5 mM EGTA, 2 mM EDTA, 0.25 mM 

DTT). For comparison, DNAPK (0.025 μg, Life Technologies) was incubated with p53 (0.5 

μg, Santacruz) and MRCKβ (0.025 μg, SignalChem) was incubated its known substrate 

MYPT1 (0.5 μg, EMD Millipore) under the same reaction conditions. The total reaction 

volume was 30 μL. Larger scale reactions (Figure S12B) were also performed by incubating 

MRCKβ (1.5 μg, SignalChem) with bacterially expressed p53 (5.5 μg) and ATP (4 mM) at 

31°C for 4 hours with shaking at 300 rpm in kinase assay buffer. Samples were then 

separated with 10% SDS-PAGE. Phosphoproteins were visualized by Pro-Q® Diamond 

Phosphoprotein gel stain (ThermoFisher Scientific). Total proteins were visualized by 

Sypro® Ruby gel stain (ThermoFisher Scientific).

MRCKβ knock down

RKO cells at 70% confluency in a 75 cm2 flask were treated with a pool of MRCKβ-

targeting siRNA (25 nM, Dharmacon, M-004075–02–0005) or a control non-targeting pool 

of siRNA (25 nM, Dharmacon, D-001206–14–05), along with a transfection reagent (10, 

Dharmacon, T-2001–02). As another control, cells were treated with the transfection reagent 

alone. After 72 hours at 37 °C, cells were harvested and lysed, as described. Proteins were 

separated by 10% SDS-PAGE, transferred to the PVDF membrane (Immobilon P, EMD 

Millipore), and visualized using p53 (Santa Cruz, SC-6243 or SC-55476) or MRCKβ 
(SignalChem, C28–11G-05) antibodies.

Results

Kinase-catalyzed crosslinking with RKO lysates and p53

As a first step towards studying p53 phosphorylation, we generated cells expressing wild 

type p53. Colon carcinoma RKO cells were selected for these experiments due to their wide 

use in prior p53 studies.22 Colon carcinoma RKO cells were treated with the MDM2 

inhibitor (±)-Nutlin-3 (Figure S1A) to block the interaction of MDM2 and p53.15–16 

Because MDM2 promotes p53 degradation under normal cell conditions (Figure S1C, lane 

1), the disruption of MDM2/p53 interactions stabilized p53 for cellular accumulation 

(Figure S1C, lanes 2 and 3).23

For kinase-catalyzed crosslinking, ATP-ArN3 was incubated with nutlin-treated RKO lysates 

under UV irradiation. Proteins were separated by SDS-PAGE before western blotting to 

identify p53-specific crosslinked bands. In the presence of ATP-ArN3 and UV, higher 

molecular weight crosslinked bands specific to p53 were observed (Figure 2A, lane 5). As 

controls, crosslinked bands were absent without UV light (Figure 2A, lane 1) or ATP-ArN3 

(Figure 2A, lanes 3 and 4). Heat denatured lysates were unable to produce p53-crosslinked 

bands (Figure 2A, lane 2), which indicated that the photocrosslinking was kinase enzyme 

dependent. The gel analysis established that kinase-catalyzed crosslinking in lysates 

produced higher molecular weight complexes that can be recognized by antibody detection.
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K-CLIP identified p53 kinases

Next, kinase-catalyzed crosslinking was coupled with p53 antibody immunoprecipitation 

and gel analysis to identify p53 crosslinked proteins using K-CLIP. Immunoprecipitation 

was performed using both mouse monoclonal (Figure 2B) and rabbit polyclonal antibodies 

(Figure S3) because each recognized different epitopes on the p53 antigen. Similar to 

photocrosslinking alone, higher molecular weight bands were observed after crosslinking 

and immunoprecipitation (Figure 2B, lane 4). As critical controls, fewer higher molecular 

weight bands were observed without ATP-ArN3 (Figure 2B, lanes 2 and 3). The K-CLIP 

method reproduced the data obtained with photocrosslinking alone, while also allowing for 

isolation and MS analysis of the crosslinked proteins.

To identify the proteins crosslinked to p53 in the K-CLIP reactions using LC-MS/MS, 

protein bands were excised from the ATP-ArN3 and ATP lanes of the SyproRuby stained 

gels (Figure 2B and S2, lanes 3 and 4). The ATP-containing reactions were used as an 

uncrosslinked negative control to reveal only phosphorylation-dependent crosslinked 

proteins. After in-gel digestion, the peptide mixtures were analyzed by LC-MS/MS. Proteins 

observed in the ATP-ArN3 crosslinked reactions (columns B and D in Tables 1 and S1), but 

not in the ATP uncrosslinked reactions (columns A and C in Tables 1 and S1) and seen 

reproducibly in two trials were considered hits. Among the list of protein hits were three 

kinases and 125 non-kinase proteins (Table 1 and S1), including p53 (Figures S4 and S5). 

The three kinases identified were DNA-dependent protein kinase (PRKDC or DNA-PK, 

Figures S6 and S7), Interferon-induced double-stranded RNA-activated protein kinase 

(EIF2AK2 or PKR, Figures S8 and S9), and myotonic dystrophy-related Cdc42-binding 

kinases beta (CDC42BPB or MRCKβ, Figures S10 and S11). Of the three identified kinases, 

DNA-PK and PKR are known to phosphorylate p53,24–28 whereas MRCKβ is a potential 

new p53 kinase.

MRCKβ is a p53 kinases

The K-CLIP study identified MRCKβ as a possible kinase of p53. To test if MRCKβ 
phosphorylates p53, in vitro kinase assays were performed. Recombinant MRCKβ and ATP 

were incubated with recombinant p53 and phosphorylation was monitored using the ProQ 

phosphoprotein stain (Figure 3A). Phosphorylation of p53 was observed in the presence but 

not in the absence of MRCKβ (Figure 3A, compare lanes 4 and 5). To compare levels of 

phosphorylation of p53 by MRCKβ to levels of phosphorylation of p53 by a known p53 

kinase, recombinant DNAPK and ATP were incubated with recombinant p53 and 

phosphorylation was monitored. The level of phosphorylation of p53 by DNAPK was 

comparable to the level of phosphorylation of p53 by MRCKβ (Figure 3A, compare lanes 4 

and 6). To also compare the levels of MRCKβ phosphorylation of p53 to a known MRCKβ 
substrate, recombinant MYPT1 was tested. Phosphorylation of MYPT1 by MRCKβ was 

comparable to p53 phosphorylation by MRCKβ (Figure 3A, compared lanes 2 and 4). To 

confirm these studies, another larger scale assay using bacterially expressed and purified 

p5321 was performed. As expected, phosphorylation of p53 was observed in the presence but 

not in the absence of MRCKβ (Figure S12B, lane 2 compared to lane 1). The in vitro kinase 

assays document that p53 is a substrate of MRCKβ, as predicted by the K-CLIP study.
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As secondary confirmation that p53 is an MRCKβ substrate, K-CLIP was used as a lysate-

based kinase-substrate validation tool. After crosslinking, immunoprecipitation with the p53 

antibody, and SDS-PAGE separation, western blot analysis identified higher molecular 

weight p53-reactive bands (Figure 3B, lane 4), which disappeared in the absence of UV light 

(Figure 3B, lanes 3) or ATPArN3 (Figure 3B, lanes 5). Importantly, MRCKβ was also 

observed in immunoprecipitates after K-CLIP (Figure 3B, lane 4), which disappeared in the 

absence of UV light (Figure 3B, lanes 3) or ATPArN3 (Figure 3B, lanes 5). The K-CLIP 

study further confirmed that MRCKβ and p53 are a kinase-substrate pair under cellular 

conditions.

Finally, to test whether p53 physical interacts with MRCKβ in a cellular complex, a 

coimmunoprecipitation experiment was performed. RKO lysates were incubated with 

protein A/G agarose beads with and without either p53 antibody or MRCKβ antibody, 

before SDS-PAGE separation and Western blot analysis to visualized both p53 and MRCKβ. 

Consistent with the presence of p53 and MRCKβ in a complex in cells, p53 was observed 

when MRCKβ was immunoprecipitated (Figure 3C, lane 4). Likewise, MRCKβ was 

coimmunoprecipitated when a p53 antibody was used (Figure 3C, lane 5). These 

coimmunoprecipitation experiments indicate that p53 physically interacts with MRCKβ, 

which are consistent with possibility that MRCKβ is a p53 kinase. Taken together, the in 
vitro kinase assays, K-CLIP confirmation studies, and coimmunoprecipitation experiments 

suggest that MRCKβ is a p53 kinase.

MRCKβ affects p53 proteins levels

Previous reports established that MRCKβ is a downstream effector of Cdc42, which regulate 

cell adhesion, invasion, and motility. Similar to MRCKβ, prior studies document that p53 

activity lies downstream of Cdc42,29 and implicate p53 as a player in cancer cell invasion 

and motility.30 Mechanistically, p53 levels were augmented after Cdc42 knockdown,31–32 

suggesting that the Cdc42 pathway targets p53 for degradation. Given the results here 

indicating that MRCKβ is a p53 kinase, we speculated that one effect of the Cdc42 pathway 

involves MRCKβ-mediated phosphorylation of p53, which targets p53 for degradation. 

Therefore, we sought to test this hypothesis by monitoring the p53 protein levels as a 

function of MRCKβ.

To test whether phosphorylation by MRCKβ influences p53 protein levels, RKO cells were 

treated with MRCKβ siRNA for 60 hours to knockdown MRCKβ protein levels, followed 

by lysis, separation of cellular proteins by SDS-PAGE separation, and western blot 

visualization of both MRCKβ and p53. Cells treated with MRCKβ siRNA showed reduced 

levels of MRCKβ expression compared to cells treated with non-targeting control siRNA or 

transfection reagent only (Figures 3D and S15A, compare lane 2 to lanes 1 and 3), 

confirming successful knockdown (Figure S15B). By monitoring p53 protein levels in those 

same cells, MRCKβ knockdown cells resulted in elevated p53 protein levels compared to the 

p53 levels in control cells (Figure 3D, lane 2 compared to lanes 1 and 3). Quantification of 

three independent trials (Figure S15A) showed an increase in p53 protein levels of 41 ± 4 % 
with MRCKβ knockdown (Figure 3E, lane 2). The data are consistent with a model where 

MRCKβ-mediated phosphorylation targets p53 for degradation.
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Kinase-catalyzed crosslinking as a kinase validation tool

In addition to kinase-substrate discovery, kinase-catalyzed crosslinking has application as a 

lysate-based kinase substrate validation tool. In this case, after crosslinking and SDS-PAGE 

separation, western blot analysis of the high molecular weight complexes will identify the 

presence of suspected kinase and substrate. To test kinase-catalyzed crosslinking as a 

validation tool, two known p53 kinases were tested. DNA-PK was chosen as a positive test 

case because it was seen in the earlier K-CLIP study (Table 1). The p53 kinase PLK3 (Polo-

like kinase 3) was selected as a negative test case due to its absence in the earlier K-CLIP 

study. These two kinases will establish if kinase-catalyzed crosslinking is able to observe 

active kinase-substrate pairs present under specific cellular conditions.

After kinase-catalyzed crosslinking and protein separation by SDS-PAGE, higher molecular 

weight crosslinked bands recognized by the p53 antibody were observed only in the 

presence of UV and ATP-ArN3 (Figure 4A, lane 5, top), consistent with earlier studies 

(Figure 2). Western blot analysis of the same reactions with an antibody to DNA-PK 

identified a higher molecular weight DNA-PK reactive band (Figure 4A, lane 5, bottom), 

which was absent without UV (Figure 4A, lane 2, bottom) or ATP-ArN3 (Figure 4, lanes 1 

and 4, bottom). For further confirmation, the same experiment was performed with an 

alternative photocrosslinking ATP-analog, ATP-BP (Figure 1A). Again, DNA-PK was 

observed in the crosslinked complex, but no other controls (Figure 5A, lane 6 versus lane 3). 

Due to the presence of higher order crosslinked complexes with ATP-BP, which were absent 

with ATP-ArN3 (Figure 4A, lane 6 compared to lane 5), as was previously reported,9 ATP-

ArN3 was preferred for kinase-catalyzed crosslinking. These results confirm that kinase-

catalyzed crosslinking with either ATP-ArN3 or ATP-BP analogs can be used to validate an 

active p53 kinase.

PLK3 (also known as FNK) kinase phosphorylates p53 under oxidative conditions.33–34 Due 

to the lack of oxidative stress during the K-CLIP study, PLK3 was not likely to be actively 

phosphorylating p53, which explains the absence of PLK3 as a K-CLIP hit. To demonstrate 

that kinase-catalyzed crosslinking validates only kinase-substrate pairs actively undergoing 

phosphorylation in the lysates, western blot analysis was performed with the PLK3 antibody 

after crosslinking. While higher molecular weight complexes containing p53 were observed 

(Figure 4B, lane 3, top), no PLK3 antibody reactive bands were detected at that same higher 

molecular weight region (Figure 4B, lane 3, bottom). However, a band at roughly 72 kDa 

corresponding to PLK3 was observed in all reactions (Figure 4B, bottom gel), confirming 

that PLK3 is present in the lysates. These data document the utility of kinase-catalyzed 

crosslinking to study the presence of active kinase-substrate partners under specific cellular 

conditions.

K-CLIP identified p53-interacting proteins

In addition to kinases, 125 non-kinase proteins were observed reproducibly in only 

crosslinked reactions (Table S1). The presence of non-kinase proteins is expected due to the 

fact that the kinase-substrate interaction is unstable and transient, allowing p53 to diffuse 

away from the kinase after catalysis (Figure 1D). Then, upon UV-mediated activation, p53 

crosslinks to proteins in close proximity, such as interacting proteins. To assess if the 
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enriched, non-kinase K-CLIP hits have known interactions with p53, an interactome analysis 

was performed using the GeneMania application in Cytoscape.35–37 All proteins with known 

physical interactions to p53 were mapped (green inner circles in Figure 5A). Among the 128 

enriched proteins, seventeen (13%) interact with p53 directly (Figure 5B), including the two 

kinases DNA-PK (PRKDC) and PKR (EIF2CK2). In addition to documented direct physical 

interactors of p53, proteins that indirectly interact with p53 via multi-protein complexes 

were also observed (blue outer circles in Figure 5A). Considering both direct and indirect 

physical interactions, 81% of the K-CLIP hits are accounted for in the p53 interactome. The 

fact that a high percentage of hits are known physical interacting proteins of p53 confirms 

that protein-protein interactions beyond kinases can be monitored using K-CLIP.

The MCODE application in Cytoscape38 was next used to identify clusters of interacting 

proteins and predict cellular complexes among the K-CLIP hits. A cluster of DNA damage 

and repair proteins, including p53 and DNA-PK, was identified (Figure 5C), which is 

consistent with the widely accepted role of p53 in DNA damage.39 The presence of this 

DNA repair cluster suggests that p53-dependent DNA damage repair was active during the 

course of the experiment. In another cluster (Figure 5E), seven out of eight AIMP2-

associated ARS proteins (IRS, LRS, EPRS, RRS, MRS, DRS, and QRS), along with four 

additional ARS proteins (ARS, VRS, YRS, and FRS), were observed by K-CLIP. Prior work 

documented that p53 interacts with a multi-protein aminoacyl tRNA synthetase (ARS) 

complex via the scaffolding protein AIMP2 (ARS-interacting, multifunctional proteins 2),40 

consistent with the presence of this ARS protein cluster. Two additional clusters were also 

observed by MCODE with function in RNA splicing and proteosomal degradation (Figure 

5D) and protein transport (Figure 5F). Although not in an MCODE cluster, DDX1 interacts 

with the known p53 binder HNRPK,41–42 suggesting the presence of a cellular complex 

comprising p53, DDX1, and HNRPK. In total, the K-CLIP data suggests that p53 was in 

proximity to DNA repair, ARS complex, spliceosome, proteosome, and protein transport 

proteins during the experiment, suggesting a role of p53 in these cellular activities.

As well as known direct and indirect binding partners and multi-protein clusters, many 

proteins observed by K-CLIP are structurally or functionally related to reported p53-

interacting proteins. DDX3X, DDX1, and DDX41 were observed by K-CLIP and are in the 

same DEAD box helicase family as the p53-associated proteins DDX3, DDX5, and DDX17, 

which either stabilize or coactivate p53 transcriptional activity.43–44 Likewise, the known 

association of p53 with RNA helicase activity implicates other helicases identified by K-

CLIP as p53 binders, such as DHX15, U520, DHX9, and RECQ1. Finally, UBE3B is an E3 

ligase, which is similar to the p53-interacting UBE3A ligase.45 In addition to these 

functional connections, several proteins are transcription factors like p53, including TIF1B, 

GTF2I, SSRP1, and MBB1A.46–47 The presence of known interactors, along with proteins 

structurally or functionally-related to known p53 associated partners, establishes K-CLIP for 

studying protein-protein interactions and multi-protein cellular complexes, in addition to 

kinase-substrate pairs.
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Kinase-associated complexes identified by K-CLIP

In addition to identifying the associated proteins of p53, K-CLIP can also identify 

interacting proteins of the actively phosphorylating p53 kinases, which has the potential to 

uncover the cellular complexes governing p53 phosphorylation. To reveal possible cellular 

complexes of each p53 kinase, the 125 non-kinase proteins observed by K-CLIP were 

analyzed by Cytoscape for known interaction with the three identified p53 kinases-DNA-P, 

PKR, and MRCKβ. As expected, the two proteins necessary to recruit DNA-PK to the ends 

of double stranded DNA and enhance its kinase activity, XRCC5 and XRCC6 (Ku 80 and 

Ku70),48 were observed (F igure 6A), indicating that DNA-PK was in an active state. 

Consistent with the earlier cluster analysis (Figure 6C), DNA-PK associates with PARP1, 

which is phosphorylated by DNA-PK to influence its poly(ADP-ribosylation) activity and 

regulate the initiation of DNA strand break repair.49 Several proteins linked to 

transcriptional activation were also observed in the DNA-PK cluster, including the general 

transcription factor TFII-I (GTF2I), the RNA/DNA helicase DHX9 (RHA),50 and the DNA 

helicase RuvBL1, which is found in the NuA4 histone acetyltransferase complex.51 The 

presence of DNA repair and transcriptional activator proteins in the vicinity of actively 

phosphorylating DNA-PK is consistent with the role of DNA-PK and p53 in DNA repair and 

transcription. On the other hand, the presence of TPR (translocated promoter region), which 

is a component of the nuclear pore complex involved in trafficking proteins and mRNA 

across the nuclear envelope,52 suggests that DNA-PK and p53 were actively transported to 

the nucleus during phosphorylation.

Multiple direct interacting proteins of PKR (EIF2AK2) were also among the K-CLIP hits 

(Figure 6B), in addition to p53 (TP53). PKR interacted with HNRPL, HNRPR, and 

HNRPU, which are RNA-binding heterogeneous nucleoriboproteins (HNRP) found in the 

spliceosome. Consistent with spliceosome association, prior work documented direct 

interaction of PKR with spliceosome proteins.53 In addition, HNRPK modulates the 

transcriptional activation function of p53 and is in the same HNRP family as those identified 

K-CLIP.42 The K-CLIP data implicate that PKR and p53 were spliceosome associated at the 

time of phosphorylation.

Of the three kinases analyzed, the new p53 kinase MRCKβ had the fewest known direct 

interactors among the K-CLIP hits, with only a single protein, copine-1 (CPNE1). The few 

protein hits is not surprising considering that MRCKβ has only 21 known direct physical 

interactions according to the BioGRID database (http://thebiogrid.org).54 Copine-1 is a 

phospholipid-binding protein thought to be involved in cell signaling by localizing proteins 

to the membrane in a calcium-dependent manner.55–56 MRCKβ interacts with membrane-

associated GTPase, CDC42, to promote actin-myosin contraction, cytokinesis, and cell 

motility.57–58 Given the membrane localization of both MRCKβ and copine-1, the K-CLIP 

study suggests that MRCKβ was membrane associated at the time of p53 phosphorylation.

Discussion

A variety of methods have been used to identify kinase-substrate pairs. Classical methods, 

including yeast two-hybrid and pull-down assays, have shown success.59 However, the 

transient kinase-substrate interaction can be lost or overlooked during purification or gene 
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expression. Consensus sequences for many protein kinases have been determined using 

combinatorial peptide libraries, which allows sequence searching to identify kinase 

substrates.60–61 Unfortunately, the consensus sequences of all human protein kinases are not 

yet available. As alternatives, several chemical methods have been developed to convert the 

unstable kinase-substrate interaction into a stable complex using covalent crosslinking, 

which facilitates purification and identification. Most notably, analog-sensitive kinase 

mutants6 and a mechanism-based cross-linker7 have been used to identify kinase substrate 

pairs. While these chemical tools are powerful, they require mutant kinases or substrates. In 

contrast, K-CLIP is capable of identifying kinase-substrate pairs without overexpression or 

mutagenesis. In addition, K-CLIP can be used with any lysate or homogenate containing the 

kinase or substrate of interest. A key feature of K-CLIP is the requirement of kinase 

catalysis for crosslinking, making all proteins identified conjugated by an active kinase to a 

substrate. K-CLIP provides a general method for exploring phosphorylation-mediated cell 

biology.

Here, K-CLIP was used to identify kinases of p53. Two known p53 kinases, DNA-PK and 

PKR, were observed by K-CLIP, which validate the method for kinase-substrate 

identification. DNA-PK is activated in response to DNA damage, including double stranded 

breaks and single strand nicks and gaps.24–26 K-CLIP using ATP-ArN3 or ATP-BP requires 

UV light exposure to photoactivate the crosslinking groups, and UV light leads to DNA 

damage and p53 phosphorylation.62 The fact that UV light was used during crosslinking is 

consistent with activation of DNA-PK due to UV-mediated DNA damage and subsequent 

p53 phosphorylation. Likewise, eleven ARS proteins were observed (Figure 5E), and 

previous reports documented that p53 interacts in a UV-dependent manner with the 

scaffolding protein AIMP2 to bind the multi-protein ARS complex.40 The data suggest that 

the conditions of crosslinking will influence the interactions observed by K-CLIP. In this 

case, the UV irradiation used for crosslinking allowed DNA repair activities and AIMP2 

interactions to be monitored.

In addition to known p53 kinases, K-CLIP identified MRCKβ as a potentially new p53 

kinase. In vitro kinase assays and K-CLIP studies confirmed that MRCKβ phosphorylates 

p53 (Figure 3A, 3B, S12, and S13). Consistent with their cellular relationship, MRCKβ and 

p53 coimmunoprecipitated from RKO cells (Figure 3D and S14). MRCKβ plays a role in 

cytoskeleton organization during mitosis and cell migration.63 The MRCKβ homolog 

MRCKα (61% similarity) is overexpressed in a variety of invasive and metastatic cancers, 

which implicates a role for MRCK kinases in cancer cell invasion.63 MRCKβ binds to the 

membrane-associated GTPase Cdc42 in its active GTP-bond form to promote 

phosphorylation of the regulatory myosin light chain (MYL9), leading to actin-myosin 

contraction, cytokinesis, and cell motility.57–58 Consistent with the role of MRCK in actin-

myosin organization, myosin-9 (MYH9) was identified by p53 K-CLIP (Table S1), 

suggesting that MRCKβ may form a complex with myosin-9 and p53.

Both MRCKβ and p53 are linked to cancer cell invasion and motility through the Cdc24 

pathway.30,·63 For example, overexpression of p53 inhibited Cdc42-mediated filopodia 

formation, while p53 knockout resulted in constitutive filopodia formation.29 Further studies 

on the Cdc42 pathway indicated that p53 activity lies downstream of Cdc42, suggesting a 
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mechanism independent of p53 transcriptional function.29 Given the results here indicating 

that MRCKβ is a p53 kinase, we speculated that cell migration mediated by the Cdc42 

pathway involves phosphorylation of p53 by activated MRCKβ. Prior work also indicated 

that p53 levels were augmented after Cdc42 knockdown,31–32 suggesting that the Cdc42 

pathway targets p53 for degradation. Taken together, we hypothesized that Cdc42-MRCKβ 
phosphorylates p53 targets p53 for degradation to enhance cell motility. Consistent with this 

hypothesis, knockdown of MRCKβ resulted in elevated p53 protein levels (Figure 3D). 

Additional experiments exploring p53 phosphorylation and degradation related to MRCKβ-

dependent cell motility are needed to further test this proposed model. However, the K-CLIP 

data implicate p53 as a negative regulator of Cdc42-mediated cell motility and suggest that 

p53-deficient cancer cells display enhanced cell spreading and metastasis. These studies 

document the value of K-CLIP to facilitate discovery of novel hypothesis in cell biology 

related to phosphorylation-mediated signaling.

Beyond the three kinases identified by K-CLIP, 125 non-kinase proteins were also observed 

(Table S1). Most of these non-kinase hits bind directly or indirectly to p53 (81%, Figure 

5A). In addition, the many proteins in interacting clusters, or structurally or functionally 

related to known p53 interacting proteins, further confirmed the interactome analysis. 

Among these proteins, most are involved in metabolic function according to gene ontology 

(GO) analysis (Figure S17),64 consistent with the known activities of p53 in cellular events. 

Of particular note, many proteins associated with DNA damage and repair were identified 

(Figure 5C). Deficiency and/or mutation of p53 are found is roughly 50 % of cancer cells,65 

and has been linked to the loss of proper DNA damage events in the cell. The K-CLIP data 

are consistent with the role of phosphorylation-mediated regulation of p53 upon DNA 

damage.

In addition to DNA damage proteins, a cluster containing spliceosome and proteosome 

proteins was identified by K-CLIP (Figure 5D). Prior work reported that p53 activity is 

upregulated by disruption of splicing,66 and p53 interacts with the proteosomal regulatory 

protein PSME3, consistent with the K-CLIP study.67 Likewise, a complex of transport 

proteins was observed with K-CLIP (Figure 5F), including NAT10, which was recently 

shown to bind and acetylate p53.68 The p53 protein contains a nuclear localization signal to 

bind importins, and two importin family members were observed in the transport complex.69 

The presence of transport proteins among the K-CLIP hits implicates p53 phosphorylation 

as a regulator of its nuclear transport. Beyond known interactions and functions of p53, new 

roles of p53 were implicated by the K-CLIP study. For example, a number of coatomer 

proteins were observed (Figure 5F; COPA, COPB1, COPB2, COPG1, and COPD/ARCN1), 

although the role of p53 in coatomer function is unexplored. The close proximity of p53 to 

coatomer proteins in the K-CLIP study suggests a role for p53 phosphorylation in coatomer 

function. In summary, the K-CLIP method identified both known and unanticipated p53 

interacting proteins. The study reinforced the known functions, while also implicating new 

roles for p53 phosphorylation in cellular events.

A variety of methods are available to monitor or identify protein interaction networks. In 

addition to classic methods, such as immunoprecipitation and two-hybrid methods, modern 

approaches include proximity-dependent biotinylation (BioID technology).70–71 K-CLIP 
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represents a unique alternative to these methods by requiring kinase-catalyzed 

phosphorylation for crosslinking. With K-CLIP, non-kinase proteins identified were likely 

located in close proximity to a phosphorylated residue. Consequently, K-CLIP offers the 

unprecedented ability to discover or monitor dynamic protein-protein interactions located 

adjacent to a phosphorylation event. Another important feature of K-CLIP is the use of 

affinity purification, which promotes identification of proteins regardless of cellular 

abundance. In fact, an abundance analysis of the 128 K-CLIP hits documents that even low 

abundance proteins were observed (Figure S18, 2 to 2029 ppm abundance values for K-

CLIP proteins compared to the full 0.01 to 10,000 range of RKO cells),72 consistent with the 

abundance-independence of the technology. Given the paucity of tools to discover 

unanticipated protein-protein interactions, and particularly those of low abundance near a 

dynamically regulated phosphorylation site, K-CLIP provides a powerful discovery tool to 

assist in mapping cellular pathways.

In addition to use of K-CLIP as a tool to monitor and identify dynamic kinase-substrate and 

protein-protein interactions, kinase-catalyzed crosslinking was also used to validate the 

relationship of a speculated kinase-substrate pair. The critical requirement of kinase-

catalyzed crosslinking is that the substrates must be actively phosphorylated by a kinase 

under the conditions of the experiment. In the work reported here, DNA-PK and p53 were 

observed in complexes after kinase-catalyzed crosslinking (Figure 4A) and K-CLIP (Table 

1), whereas PLK3 was absent despite its presence in the lysates (Figure 4B and Table 1). 

Likewise, MRCKβ was confirmed as a p53 substrates using K-CLIP (Figure 3B). Therefore, 

unlike other in vitro phosphorylation assays, kinase-catalyzed crosslinking reflects the 

dynamic kinase activity in a cellular context, providing a novel tool for validating kinase-

substrate pairs.

Conclusion

K-CLIP provides a versatile tool to explore phosphorylation-mediated cell biology. K-CLIP 

requires only a relevant cell lysate and an antibody to the protein of interest, without the 

need for overexpression, knockdown, or mutagenesis. By covalently linking substrate with 

kinases and associated proteins, the method is capable of revealing the multi-protein 

complexes near a phosphorylation site in a specific cellular context. In addition to 

identifying the cellular kinases of a substrate of interest, as described here for p53, K-CLIP 

can also be used to identify the variety of cellular substrates of a kinase of interest, which is 

an application ongoing in our laboratory. In total, K-CLIP represents a multifunctional and 

enabling tool for studying complicated phosphorylation-mediated signaling networks in cell 

biology.
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ABBREVIATIONS

K-CLIP Kinase-catalyzed Crosslinking and Immunoprecipation

ATP Adenosine 5’-triphosphate

ATP-ArN3 ATP-arylazide

ATP-BP ATP-benzophenone

UV ultraviolet

LC-MS/MS liquid chromatography-tandem mass spectrometry

ATCC American Type Culture Collection

DNA-PK or PRKDC DNA-dependent protein kinase

EIF2AK2 or PKR Interferon-induced double-stranded RNA-activated protein 

kinase

CDC42BPB or MRCKβ myotonic dystrophy-related Cdc42-binding kinases beta

PLK3 Polo-like kinase 3

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

ARS aminoacyl tRNA synthetase complex

AIMP2 ARS-interacting, multifunctional proteins 2
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Figure 1. 
A) The chemical structures of the two ATP-crosslinking analogs used in this work. B) 

Kinase-catalyzed labeling of a substrate with the ATP-crosslinking analog forms a substrate 

product with the crosslinker group covalently attached. C) Simultaneous UV irradiation 

results in covalent conjugation of the kinase and substrate through the photocrosslinking 

group. D) Because the kinase-substrate interaction is transient, a large fraction of the 

substrate is expected to dissociate and diffuse away from the kinase after catalysis. UV 

irradiation after diffusion will result in covalent attachment of the substrate to any substrate- 

and/or kinase-associated protein (AP). E) After kinase-catalyzed crosslinking, 

immunoprecipitation (IP) of the substrate protein will isolate both the attached kinase and 

associate proteins, which can be characterized by LC-MS/MS.

Garret et al. Page 21

J Am Chem Soc. Author manuscript; available in PMC 2019 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
A) Photocrosslinking reactions were performed using the indicated reaction components, 

followed by SDS-PAGE separation and visualization with a p53 antibody. HD lysates 

indicates heat-denatured lysates (lane 2). Repetitive trials are shown in Figure S2. B) K-

CLIP was performed by immunoprecipitating p53 after kinase-catalyzed crosslinking of 

nutlin-treated RKO lysates. Immunoprecipitates were separated by SDS-PAGE and 

visualized using a p53 antibody and SyproRuby total protein stain. All lanes contain anti-

p53 and Protein A/G agarose beads (lane 1), with the other components indicated under each 

lane (lanes 2–4). Results using a rabbit polyclonal antibody for immunoprecipitation are 

shown here, whereas results from use of a mouse monoclonal antibody are displayed in 

Figure S3. Protein bands from SyproRuby stained gels were excised, trypsin digested, and 

analyzed by LC-MS/MS to identify crosslinked proteins. For both gel images, p53, 
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contaminating heavy chain of the antibody (Ab) after IP, and the high molecular weight 

photocrosslinked complexes containing p53 are indicated.
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Figure 3: 
A) Recombinant MYPT1 (lanes 1–2) or p53 (lanes 4–6) was incubated with recombinant 

MRCKβ (lanes 2–4) or DNAPK (lanes 6–7), along with ATP. After separation by SDS-

PAGE, phosphoproteins were visualized with ProQ Diamond stain (top) and total proteins 

were observed with SyproRuby stain (bottom). Full gel image and repetitive trials are shown 

in Figure S12A. B) K-CLIP was performed with untreated RKO cell lysates (4 mg) after 

crosslinking using ATP-ArN3 (lanes 3–4) or ATP (lane 5) either in the absence (lanes 1–3) 

or presence (lanes 4–5) of UV. After SDS-PAGE separation, both p53 (α-p53) and MRCKβ 
(α-MRCK) were visualized using Western blot analysis. Repetitive trials are shown in 

Figures S13. C) Coimmunoprecipitation was performed with untreated RKO cell lysates (4 

mg) and either MRCKβ (lanes2 and 4) or p53 (lanes 5 and 7) antibodies, along with protein 

A/G agarose beads (lanes 2–7). After SDS-PAGE separation, Western blot analysis was 

performed with the MRCKβ (α-MRCK) or p53 (α-p53) antibodies. Repetitive trials are 

shown in Figures S14. D) RKO cells were untreated (UT), treated with a pool of MRCKβ-

targeting siRNA (siR), or treated with a control non-targeting pool of siRNA, along with a 

transfection reagent. After 72 hours at 37 °C, cells were harvested and lysed, before cellular 

proteins were separated by SDS-PAGE and visualized with both MRCKβ (α-MRCK) and 

p53 (α-p53) antibodies. E) Three independent trials from part D (Figure S15A) were 

quantified and the percentage change in p53 protein levels were plotted as mean and 

standard error. Data were analyzed by Prism software for statistical significance 

(***p<0.001). For all gel images, protein bands are indicated with arrows, including 

contaminating antibody heavy chain (Ab), which co-migrated with p53.
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Figure 4: 
Kinase-catalyzed crosslinking was performed using HeLa cell lysates (all lanes) and the 

indicated ATP analog with or without UV, followed by SDS-PAGE separation and 

visualization with a p53 antibody (A and B, top), and either a DNA-PK (A, bottom) or 

PLK3 (B, bottom) antibody. The high molecular weight crosslinked complexes, p53, 

DNAPK, and PLK3 are indicated with arrows. Repetive trials are shown in Figure S16.
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Figure 5: 
A) The 128 proteins enriched using K-CLIP (Table S1) were analyzed to identify known 

physical protein-protein interactions of p53 (red) using GeneMANIA in Cytoscape. The p53 

interacting proteins (81% of hits) were classified into direct (green inner circle) or indirect 

(blue outer circles) interactors. Line thickness and length were adjusted arbitrary to improve 

clarity. The Cytoscape file is available as a supplementary document. D) Table of the 

seventeen direct physical interactors of p53. Lettered columns display the number of 

peptides observed for the indicated proteins in uncrosslinked (A and C) or crosslinked (B 

and D), with rabbit (A and B) or mouse (C and D) p53 antibody immunopreciptiation. All 

K-CLIP hits were observed in only crosslinked reactions reproducibly in both trials (Table 

S1). C-F) Clusters of protein-protein interactions identified using the MCODE application in 

Cytoscape, which are related to DNA damage and repair (C), the spliceosome and 

proteosome complexes (D), tRNA aminylacylation (E), and protein transport (F).
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Figure 6: Direct interacting proteins of the kinases identified by p53 K-CLIP.
A) DNA-PK (PRKDC) has reported interaction with eight of the K-CLIP hits, including p53 

(TP53, red). B) PKR (EIF2AK2) interacts directly with nine of the K-CLIP hit proteins, 

including p53 (TP53, red). C) MRCKβ (CDC42BPB) has only a single known interaction 

among the K-CLIP hit proteins, copine 1 (CPNE1). As in Figure 5, p53 is red and known 

direct and indirect interacting proteins of p53 are in green and blue, respectively.
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Table 1.

List of kinases identified using p53 K-CLIP 
a

Protein Accession Known? A B C D

DNAPK P78527 Yes 0 7 0 47

PKR P19525 Yes 0 1 0 3

MRCKβ Q9Y5S2 No 0 3 0 1

a
Lettered columns display the number of peptides observed for the indicated proteins in uncrosslinked (A and C) or crosslinked (B and D) K-CLIP 

reactions with a rabbit (A and B) or mouse (C and D) p53 antibody immunoprecipitation. All three kinases were observed in only crosslinked 
reactions reproducibly in both trials. MS data are shown in Figures S4–S11.
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