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Abstract

Expanding the target landscape of covalent inhibitors requires engaging nucleophiles beyond 

cysteine. Although the conserved catalytic lysine in protein kinases is an attractive candidate for 

a covalent approach, selectivity remains an obvious challenge. Moreover, few covalent inhibitors 

have been shown to engage the kinase catalytic lysine in animals. We hypothesized that reversible, 

lysine-targeted inhibitors could provide sustained kinase engagement in vivo, with selectivity 

driven in part by differences in residence time. By strategically linking benzaldehydes to a 

promiscuous kinase binding scaffold, we developed chemoproteomic probes that reversibly and 

covalently engage >200 protein kinases in cells and mice. Probe-kinase residence time was 

dramatically enhanced by a hydroxyl group ortho to the aldehyde. Remarkably, only a few kinases, 

including Aurora A (AURKA), showed sustained, quasi-irreversible occupancy in vivo, the 

structural basis for which was revealed by x-ray crystallography. We anticipate broad application 

of salicylaldehyde-based probes to proteins that lack a druggable cysteine.
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Introduction

Targeted covalent inhibitors are an emerging class of drugs, evidenced by the recent 

approval of several cysteine-targeted inhibitors, including ibrutinib,1–2 osimertinib,3–4 and 

sotorasib.5–6 A covalent inhibition strategy has two principal advantages: sustained target 

engagement in vivo, and in many cases, increased selectivity.7 With the exception of 

protease and lipid hydrolase inhibitors, most targeted covalent drugs have been designed 

to react with a solvent-exposed, noncatalytic cysteine.8–9 However, the low prevalence 

of cysteine near ligand binding sites restricts the scope of therapeutic targets that could 

potentially benefit from this approach.10

Lysine, which is frequently located near functional and ligand binding sites, presents an 

alternative nucleophile for covalent targeting. Despite lysine’s reduced chemical reactivity, 

recent efforts have led to the development of irreversible, lysine-targeted inhibitors 

of PI3Kδ,11 XIAP,12 Hsp90,13–14 and eIF4E,15 among other diverse targets.16–17 An 

unresolved question concerns whether the electrophiles employed in these irreversible 

inhibitors are suitable for use in animals. More importantly, reversible covalent, lysine-

targeted inhibitors could potentially provide advantages over their irreversible counterparts, 

including increased proteome-wide selectivity driven by distinct residence times.18–19 To 

the best of our knowledge, the concept of “residence time-based selectivity” has not been 

explored with reversible, lysine-targeted inhibitors.

Aldehydes are versatile electrophiles that can react rapidly and reversibly with biological 

amines – including the ε-amine of lysine – to form imines under physiological conditions. 

The enzyme cofactor, pyridoxal phosphate (PLP), forms an imine with an active-site lysine 

in PLP-dependent enzymes and mediates diverse chemical transformations of biological 

amines.20 Voxelotor, a covalent drug that was recently approved for sickle cell disease, 

leverages a salicylaldehyde to reversibly target the N-terminal amine of hemoglobin.21 

These examples suggest that aryl aldehydes may have the requisite balance of stability, 

reactivity, and reversibility for in vivo applications.22
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Protein kinases represent a large class of validated therapeutic targets. Several kinases have 

been targeted by covalent drugs and chemical probes, including irreversible11, 23–25 and 

reversible26–27 inhibitors that covalently modify the catalytic lysine.10, 16 However, to the 

best of our knowledge, no covalent protein kinase inhibitors have been shown to reversibly 

engage the catalytic lysine in humans or animal models. We envisioned that aldehyde-based 

kinase inhibitors could fill this gap. More importantly, we hypothesized that reversible 

imine formation – despite targeting the conserved catalytic lysine – could form the basis 

of residence time-based selectivity, in which distinct imine hydrolysis (and reformation) 

kinetics could lead to differential kinase engagement upon removal of excess unbound 

inhibitor (e.g., via metabolic clearance).

Here, we describe benzaldehyde-based chemical probes that efficiently and reversibly 

engage the conserved catalytic lysine of protein kinases in animals. Using quantitative 

chemoproteomic methods, we estimated the residence times of clickable salicylaldehyde 

probes for endogenous kinases in cultured human cells, as well as treated mice. These target 

engagement studies reveal a surprising degree of selectivity, driven by distinct probe-kinase 

residence times. Finally, we employed a salicylaldehyde probe as a competitive occupancy 

probe in mice to study in vivo kinase engagement by PF-06873600, a recently developed 

cyclin-dependent kinase inhibitor in clinical trials for metastatic cancer.28–29

Results

Design and characterization of aldehyde-based kinase probes

To test the feasibility of covalently targeting kinases with a benzaldehyde, we designed 

probe 1 based on the clickable sulfonyl fluoride XO44, a broad-spectrum kinase probe 

developed previously in our lab (Figure 1a).25 Like XO44, probe 1 utilizes an aminopyrazole 

to bind the ATP-site hinge region, as well as a piperazine linker to orient the benzaldehyde 

toward the catalytic lysine. We first compared probe 1 with XO44, which was previously 

shown to covalently modify >100 cellular kinases. Jurkat cells were treated briefly with 

probe 1 (2 μM, 30 min) and then lysed in buffer containing sodium cyanoborohydride 

to irreversibly trap imine adducts with cellular proteins. Following copper-catalyzed click 

conjugation of the fluorophore TAMRA-azide, probe-modified proteins were resolved by 

SDS-PAGE and visualized by in-gel fluorescence scanning. This analysis revealed multiple 

fluorescent protein bands with a profile similar to XO44-treated cells (Figure 1b). Detection 

of TAMRA-labeled proteins was abolished when sodium cyanoborohydride was omitted 

from the lysis buffer, consistent with formation of fully reversible imine adducts by probe 

1. Reversibility was further confirmed by a washout experiment, in which fluorescent 

labeling intensity decreased rapidly in cells treated with probe 1 (t1/2 << 10 min), but not 

with the irreversible probe XO44. The para-substituted benzaldehyde 2 (regioisomer of 1) 

behaved similarly, albeit with decreased overall labeling intensity (Extended Data Figure 

1), suggesting that the orientation of the aldehyde/imine affects the rate of imine bond 

formation and/or hydrolysis.

Salicylaldehydes can form imines with enhanced hydrolytic stability conferred by an 

intramolecular hydrogen bond.30–31 Given the rapid loss of probe 1 labeling upon washout, 

we hypothesized that salicylaldehyde-based probes 3 (also referred to as YTP-2137) and 
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4 (Figure 2a) would exhibit longer residence times. Like probe 1, salicylaldehydes 3 and 

4 labeled several cellular proteins in Jurkat cells, as revealed by TAMRA-azide click 

conjugation in lysates treated with sodium borohydride (Figures 2b,c; sodium borohydride 

was superior to cyanoborohydride for trapping salicylaldehyde/protein adducts). In contrast 

to the rapid decrease in labeling observed after washout of probe 1, covalent protein 

modification by probes 3 and 4 persisted for at least 30 min post-washout. At longer time 

points, reduced labeling was observed. However, certain fluorescent protein bands were 

detected even after a 2-h washout, suggesting that salicylaldehyde probes 3 and 4 form 

relatively stable imines with a subset of cellular proteins (Figures 2b,c).

Cellular target engagement and residence times

To identify proteins targeted by probes 1, 3, and 4 – and more ambitiously, to estimate 

probe-target residence times in cells – we turned to affinity enrichment and mass 

spectrometry. Jurkat cells were treated with DMSO or the aldehyde probes (2 μM, 30 

min) in biological triplicate, washed with PBS, and then incubated with compound-free 

media. Cells treated with probes 3 and 4 were collected at 0, 1, 3, and 6 h post-washout 

and processed as described above, except that a biotin-picolyl azide reagent (Supplementary 

Note) was used instead of TAMRA-azide, to provide a total of 33 affinity-enriched samples 

for chemoproteomic analysis (DMSO-treated cells were only collected at t=0, and probe 

1-treated cells were only collected at t=0 and 1 h post-washout). After click conjugation 

to biotin-picolyl azide, probe-modified proteins were enriched with Neutravidin-agarose 

beads, followed by on-bead trypsinization and analysis of the tryptic peptide fraction 

by high-resolution LC-MS/MS. Because the chemoproteomic workflow involves protein 

denaturing conditions at multiple steps after cell lysis, we assumed that specifically enriched 

kinases were irreversibly linked to the probes as a result of borohydride-mediated imine 

reduction in non-denaturing lysis buffer. Across the three aldehyde probes, a total of 159 

kinases were enriched vs. DMSO controls at the first time point (t=0 post-washout), with 

95 kinases shared among the three compounds (Figure 2d and Supplementary Datasets 

1–3; “enriched” kinase criteria: identified in 3/3 biological replicates with intensity values 

≥10-fold higher than DMSO controls). Based on label-free quantitation, the median kinase 

intensity (summed over all unique peptides for each kinase) for a given probe was 4–8-fold 

greater than the median non-kinase intensity and 8–12-fold greater than the median kinase 

intensity in the DMSO control sample (Figure 2e and Supplementary Dataset 4). Together, 

these data demonstrate that aldehyde probes 1, 3, and 4 can preferentially enrich protein 

kinase targets from living cells. We additionally enriched probe 3 targets in a second cell 

line (K562) and found 179 kinases, of which 69 were uniquely identified in K562 cells 

(Supplementary Dataset 5). Based on the combined datasets from Jurkat and K562 cells, 

probe 3 reproducibly engages 204 kinases.

We estimated cellular residence times for each kinase in Jurkat cells by comparing probe-

enriched kinase intensities at each time point after washing cells into probe-free media. To 

increase the robustness of our baseline intensity measurements at t=0, we included only 

those kinases identified by ≥3 unique peptides in all 3 biological replicates. Based on these 

criteria, 98, 101, and 96 kinases were included in our residence time analysis for probes 1, 

3, and 4, respectively (Supplementary Datasets 6–8). All of the kinases enriched by probe 
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1 at t=0 showed >90% reduced intensity after a 1-h washout (Supplementary Dataset 6), 

consistent with the in-gel fluorescence results (Figure 1). By contrast, the salicylaldehyde 

probes 3 and 4 engaged 27 and 9 kinases, respectively, with estimated dissociation half-

times (t1/2) of >1 h (Figure 2f, blue and yellow bars, and Supplementary Dataset 9).

Strikingly, probes 3 and 4 engaged four kinases (AURKA, AURKB, MAST3, and SGK3) 

and two kinases (MAST3 and SGK3), respectively, in a sustained manner, with dissociation 

t1/2 >>6 h (Figure 2f, yellow bars). Hence, although the salicylaldehyde probes robustly 

engage ~100 kinases in cells (Supplementary Dataset 9), broad target occupancy decreases 

upon washout such that only a small subset of kinases remain significantly engaged after 6 

h (Figure 2f). Because the structurally related benzaldehyde 1 dissociated rapidly from all 

kinases, we hypothesized that prolonged kinase engagement by salicylaldehydes 3 and 4 is 

due to formation of a kinetically stable imine with a subset of kinase catalytic lysines.

To validate the chemoproteomic data, we focused on two kinases, AURKA and SRC, 

which were found to engage probe 3 with long (t1/2 >> 6 h) and short (t1/2 < 1 h) 

residence times, respectively. We first tested the ability of probe 3 to covalently modify 

overexpressed AURKA. COS-7 cells were transfected with Flag-tagged AURKA, followed 

by treatment with probe 3 for 30 min. After cell lysis (with NaBH4 reduction) and TAMRA-

azide click conjugation, in-gel fluorescence revealed a major 50-kDa fluorescent band in 

AURKA-transfected cells, which appeared to reach saturation at ~2 μM probe 3 (EC50 

~300 nM, Figure 3a,b). This band was not observed in non-transfected cells or in cells 

transfected with K162Q AURKA, in which the catalytic lysine is mutated to glutamine 

(Figure 3a). Consistent with the chemoproteomic data, AURKA engagement by probe 3 was 

quasi-irreversible in cells, as shown by a washout experiment (Figure 3c,d). By contrast, 

probe 3 rapidly dissociated from overexpressed SRC with t1/2 ~30 min, despite saturably 

modifying the SRC catalytic lysine with an EC50 of ~600 nM (Extended Data Figures 2 

and 3). This striking difference in residence time was recapitulated in biochemical off-rate 

measurements using purified recombinant AURKA and SRC kinase domains (Extended 

Data Figure 4).

Cocrystal structure of AURKA bound to probe 3

To gain molecular insight into quasi-irreversible binding of probe 3 to AURKA, we co-

crystallized the reversible covalent complex without borohydride reduction and determined 

the structure at a resolution of 2.3 Å (Figure 4). Similar to previous kinase structures bound 

to the same scaffold,25 the aminopyrazole forms three hydrogen bonds with the AURKA 

hinge region. Imine formation between the ε-amine of K162 and the aldehyde of probe 

3 was evident from the electron density map (Figure 4a). Strikingly, the orientation of 

the lysine side chain relative to the salicylaldehyde allows formation of an intramolecular 

hydrogen bond between the imine and the ortho-phenol. This hydrogen bonding interaction 

has previously been postulated to endow salicylaldehyde-derived imines with enhanced 

hydrolytic stability.30 Furthermore, the imine carbon-nitrogen double bond, which must be 

attacked by a water molecule to reverse adduct formation, is shielded from bulk solvent 

by residues in the glycine-rich loop, including F144, as well as the N-terminal portion of 

the activation segment (D274-S278), which is partially ordered in the AURKA/3 crystal 
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structure (Figure 4b). In addition to affecting the imine hydrolysis rate, these interactions 

may also contribute to a faster on-rate for AURKA relative to other kinases. We speculate 

that simultaneous formation of cooperatively stabilizing interactions is only possible with a 

subset of protein kinases, including the four kinases found to engage probe 3 in a sustained, 

washout-resistant manner. Nevertheless, we have not been able to identify conserved 

structure or sequence features that can account for quasi-irreversible binding to all four 

kinases.

Residence time-based selectivity in vivo

Given the encouraging results with probe 3 in cultured cells, we were motivated to test 

its suitability as a kinase probe in vivo. We dosed mice with vehicle or probe 3 (25 or 

50 mg/kg, subcutaneous injection) and collected plasma and spleen tissue at 1, 3, and 7 

h post-dose (Figure 5a). Depending on the dose, mean plasma concentrations of probe 3 
were ~1 μg/mL at the earliest time point (t=1 h), increased to ~5 μg/mL at 3 h, and finally 

returned to ~1 μg/mL at 7 h (Supplementary Table 2). To assess target engagement in vivo, 

we employed our chemoproteomic workflow with 10-plex tandem mass tags (TMT) for 

relative quantification. Our objective was to quantify kinase engagement in one TMT10 

experiment across all three time points (probe 3 for 1, 3, or 7 h) with a vehicle control 

(10 samples total, with 2 or 3 mice for each of the four conditions). The most important 

samples for comparing kinase residence times were from the 3 h and 7 h time points, 

corresponding to the maximum and subsequent minimum plasma concentrations of probe 

3. We chose the 50 mg/kg dose group for these samples, because the difference in probe 

3 plasma concentrations between t=3 h and 7 h was greatest for these mice. Spleens 

from the lower dose group (25 mg/kg) were used for the t=1 h time point, because the 

mean plasma concentrations of 3 closely matched that of the 50 mg/kg dose group at 

t=7 h (Supplementary Table 2). Direct comparison of these samples would thus allow 

assessment of whether kinase engagement correlated with plasma concentrations of probe 

3 across time points (t=1, 3, or 7 h post-dose). After homogenization, spleen lysates were 

immediately treated with 5 mM sodium borohydride prior to click conjugation, affinity 

enrichment, and on-bead trypsinization. Tryptic peptides from each sample were TMT 

labeled, then combined and analyzed by mass spectrometry using SPS-MS3 quantification 

with real-time search.32 MS analysis revealed specific enrichment of 59 kinases at 3 h 

post-dose (log2 FC ≥1 vs. vehicle control, p < 0.05, Supplementary Dataset 10), including 

6 kinases that were not identified in Jurkat or K562 cells (Extended Data Figure 5, 

Supplementary Dataset 10). Most kinases behaved like CDK1 and CDK2 (Figure 5b,d), 

in that kinase occupancy vs. time correlated with the plasma concentrations of probe 3. 

This pharmacodynamic behavior is consistent with relatively rapid dissociation of probe 3 
from the majority of kinases between 3 h and 7 h post-dose, concomitant with clearance 

of probe 3 from the circulation. Strikingly, three kinases – AURKA, AURKB, and SGK3 

– exhibited a distinct pharmacodynamic pattern, maintaining similar levels of probe 3 
occupancy at 3 h and 7 h, despite the ~5-fold reduction in probe 3 plasma concentrations 

(Figure 5c,d, Supplementary Dataset 11). That probe 3 was found to exhibit sustained 

occupancy of AURKA, AURKB, and SGK3 in mice is remarkable and provides independent 

corroboration of our chemoproteomic findings in Jurkat cells.
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Use of probe 3 to quantify drug-kinase engagement in mice

As a further demonstration of the utility of the clickable salicylaldehyde probe 3, we 

performed a competitive labeling experiment in mice to quantify kinase engagement by 

PF-06873600 (Figure 6a,b). PF-06873600, a recently disclosed CDK2/4/6 inhibitor in Phase 

2 clinical trials for metastatic breast and ovarian cancer (NCT03519178), exhibits greater 

biochemical and cellular potency vs. CDK2 as compared to CDK1, a closely related 

off-target kinase.28 To assess target engagement in vivo, mice were dosed orally with 

PF-06873600 (50 mg/kg, n=5) or vehicle (n=5), followed by subcutaneous injection with 

probe 3 (10 mg/kg), which we used at a lower dose than in the study shown in Figure 5. 

After one hour, spleens were collected, processed, and analyzed as described above using 

10-plex TMT to quantify relative kinase enrichment by probe 3 in the presence and absence 

of PF-06873600 (Figure 6c, Supplementary Dataset 12). Chemoproteomic analysis revealed 

significantly decreased enrichment of CDK2, as well as the poorly characterized kinase 

CDK17 (log2 FC < –2, p < 0.05), from mice treated with PF-06873600. To a lesser extent, 

PF-06873600 also reduced probe 3 engagement of the off-target kinases, CDK5 and CDK1 

(log2 FC ~ –1, p < 0.05). Hence, PF-06873600, which is well tolerated and efficacious 

in CDK2-driven tumor models,28 significantly engages CDK2 in spleen tissue, with an 

estimated occupancy of >80% based on competition with probe 3. Our chemoproteomic 

results demonstrate – for the first time, to our knowledge – the feasibility of conducting 

competitive kinase engagement experiments in animals using a reversible lysine-targeted 

occupancy probe.

Discussion

In this study, we have developed and characterized salicylaldehyde-based reversible covalent 

kinase probes suitable for in vivo experiments. Using our clickable aldehyde probes 

and chemoproteomic pipeline, we identified >200 kinases across experimental conditions, 

including 59 kinases enriched from mice dosed with YTP-2137 (probe 3). Despite broad 

kinase engagement – as expected for a promiscuous scaffold that covalently modifies the 

conserved catalytic lysine – we uncovered striking kinetic discrimination based on distinct 

salicylaldehyde/kinase residence times. This residence time-based discrimination represents 

a previously unexplored concept for achieving selectivity with covalent kinase inhibitors 

that target the catalytic lysine. Kinase selectivity – driven by differences in both on and 

off-rates – could be improved further by linking the salicylaldehyde to a more selective 

noncovalent-recognition scaffold. The precise geometry of the salicylaldehyde, and hence 

the resulting imine, likely contributes to residence time (as well as the on-rate), as evidenced 

by comparing the salicylaldehyde regioisomers YTP-2137 and 4 (Figure 2f). Finally, our 

results with PF-06873600 demonstrate the feasibility of using clickable salicylaldehyde 

YTP-2137 as a competitive occupancy probe in mice.

The kinases that bind most tightly to probes YTP-2137 and 4 play disparate roles in cell 

biology and disease. AURKA and AURKB have distinct functions in cell cycle progression 

and cancer.33 AURKA has been shown to drive neuroblastoma progression through its 

interactions with MYCN.34–36 Moreover, recent work suggests that inhibition of AURKA 

can overcome acquired or intrinsic resistance to PI3K inhibitors in preclinical breast cancer 
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models.37 MAST3 regulates the response to changes in cyclic AMP in neurons,38 and 

recurrent, potential gain of function mutations in the MAST3 kinase domain have been 

implicated in epilepsy.39 By contrast, SGK3 acts downstream of VPS34 and Class I PI3Ks 

and can substitute for AKT signaling in various cancers.40–42 Few selective inhibitors have 

been reported for either MAST3 or SGK3. Our results suggest the possibility of developing 

salicylaldehyde-based inhibitors with prolonged residence times for these and many other 

therapeutically relevant kinases, which lack a druggable cysteine.

Online methods

General materials and methods

Cell culture—All cell lines were obtained from ATCC, tested negative for mycoplasma 

contamination, and were used without further authentication. Jurkat (ATCC# CRL-2570) 

and K562 (ATCC# CRL-3344) cells were cultured in RPMI 1640, GlutaMAX (Thermo 

Fisher Scientific #61870036), 10% fetal bovine serum (Axenia Biologix #F001), and 1% 

penicillin-streptomycin (Gibco #15140122). COS-7 cells (ATCC# CRL-1651) were cultured 

in DMEM, GlutaMAX (Thermo Fisher Scientific #10569069), 10% fetal bovine serum, and 

1% penicillin-streptomycin. Cells were maintained in a humidified 37 ˚C incubator with 5% 

CO2.

Probe synthesis—Synthesis methods can be found in the Supplementary Note.

Compound treatment and preparation of cell lysates—Jurkat or K562 cells 

(1×106/mL) were treated with probes 1-4 or XO44 (2 μM) at 37 ˚C for 30 min. Cells 

were pelleted by centrifugation at 500 x g for 5 min and washed with warm PBS. They were 

then resuspended in warm compound-free media and incubated at 37 ˚C for the duration 

of the washout period. Finally, cell pellets were collected by centrifugation at 500 x g at 

4 ˚C and lysed in 100 mM HEPES pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM PMSF, 

1X complete EDTA-free protease inhibitor cocktail (Sigma-Aldrich #11873580001); 25 mM 

NaCNBH3 (probes 1 and 2) or 5 mM NaBH4 (probes 3 and 4) were added immediately 

before lysing the cells. Lysates were cleared by centrifugation (16,000 x g, 30 min, 4 

°C). Protein concentration was determined by the BCA assay (Thermo Fisher #23225). 

Cell lysates were normalized to 5 mg/mL protein with lysis buffer for the subsequent 

Cu(I)-catalyzed click reactions.

Click chemistry with TAMRA-azide and in-gel fluorescence (Jurkat cell 
lysates)—Click chemistry was performed by combining 42 μL of cell lysate with 8 

μL of click chemistry cocktail, resulting in a final concentration of 1% SDS, 100 μM 

TAMRA-azide (Click Chemistry Tools #1245–5), 1 mM TCEP, 100 μM TBTA (from a 

2 mM stock prepared in 1:4 DMSO:t-butyl alcohol), and 1 mM CuSO4. After incubation 

at room temperature for 90 min, the click reaction was quenched by adding 10 μL of 

6X Laemmli sample buffer. Proteins were resolved by SDS-PAGE. Gels were washed 

with deionized water and scanned for TAMRA fluorescence (Typhoon Imaging System, 

Molecular Dynamics). Gels were then processed for western blotting or stained with 

Coomassie blue. All in-gel fluorescence images were processed by Windows ImageJ 
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bundled with 64-bit Java 1.8.0_172 software (National Institute of Health), and contrast 

was adjusted appropriately. Western blots were analyzed with Image Studio Lite software 

(LI-COR Biosciences).

Pulldown of probe-modified proteins and on-bead digestion (Jurkat and K562 
cells)—Lysates from probe-treated Jurkat or K562 cells (1.2 mL, 5 mg/mL) were incubated 

with 40 μL of settled streptavidin agarose beads (Thermo #20353) at 4 ˚C overnight to 

remove endogenous biotinylated proteins. Beads were removed by filtration (Pall #4650). 

The filtrate (1 mL) was combined with 191 μL of click chemistry cocktail, resulting in 

a final concentration of 1% SDS, 5 μM biotin-DMTP-picolyl azide (synthesis described 

below), 1 mM TCEP, 100 μM TBTA (from a 2 mM stock prepared in 1:4 DMSO:t-butyl 

alcohol), and 1 mM CuSO4. After incubation at room temperature for 90 min, 40 μL of 

settled high-capacity Neutravidin agarose beads (Thermo Fisher #29204) were added to each 

sample and incubated at 4 ˚C overnight. The beads were then washed with 1% NP-40, 0.1% 

SDS in PBS (3 × 10 min, RT), freshly prepared 6 M urea in PBS (3 × 30 min, 4 ˚C) and 

PBS (3 × 10 min, RT), before a brief wash in digestion buffer (20 mM Tris, 2 mM CaCl2, 

pH 8). Disulfide reduction was performed with 5 mM DTT at 56 ˚C for 30 min, followed by 

alkylation with 20 mM iodoacetamide at room temperature for 30 min in the dark. On-bead 

digestion was performed by adding 1 μg sequencing grade trypsin (Promega #V5113) in 

100 μL digestion buffer to each sample, and incubating overnight at 37 ˚C. Digestion was 

quenched by adding 1% formic acid. The resulting peptides were desalted with C18 Omix 

Tips (Agilent #A57003100) and eluted with 50% MeCN, 0.1% formic acid (FA) in water. 

The samples were dried down by SpeedVac.

LC-MS/MS analysis of tryptic peptides prepared by on-bead digestion (Jurkat 
and K562 cells)—Tryptic peptides were reconstituted in 0.1% FA and analyzed on 

a Fusion Lumos Tribrid (Thermo) connected to an ACQUITY M-Class UPLC system 

(Waters) (Jurkat cells), or an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo) 

connected to an Ultimate 3000 RSLCnano system (K562 cells), and an EASY-Spray 75 

μm x 15 cm C18 column with 3 μm particle size (Thermo Fisher #ES800). Peptides were 

loaded onto a column warmed to 45 ˚C, and equilibrated with 5% B (0.1% FA in MeCN) for 

3 min at 600 nL/min, and then eluted with a flow rate of 300 nL/min using 5% solvent B for 

3 min, followed by 5–30% B for 72 min, 50% B for 2 min, and 5% B for 6 min. Precursor 

ion mass to charge ratios (MS1) were measured in the orbitrap at a resolution of 120K, a 

scan range of 375–1500 m/z, an AGC target of 40,000, and a maximum injection time of 

50 ms with internal calibration enabled. Ions with a peptide-like isotopic distribution (MIPS 

set to “peptide”) that exceeded an intensity threshold of 20,000 and contained a charge 

between 2 and 7 were selected for HCD fragmentation. MS2 spectra of HCD-fragmented 

peptides were collected using a 1.6 m/z isolation window and an HCD collision energy of 

30%. Fragment ions were measured in the orbitrap at a resolution of 30K and were collected 

with an AGC target of 50,000 and a maximum injection time of 100 ms. Peptides selected 

for fragmentation were dynamically excluded for the following 30 seconds using a 10-ppm 

window. The maximum duty cycle was set to 3 s.
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Database matching and peptide quantification (Jurkat and K562 cells)—Raw 

files were converted into peaklists using in-house software. Database search was performed 

using Batch-Tag within Protein Prospector 5.23.0 against a human SwissProt database 

concatenated with a corresponding randomized decoy database. Only tryptic peptides with 

≤1 missed cleavage were considered. Carbamidomethylation of cysteine was included 

as a constant modification, while methionine oxidation, acetylation of the N-terminus, 

N-terminal glutamine to pyroglutamate conversion, and loss of the N-terminal methionine 

were included as variable modifications. Precursor tolerance was set to 20 ppm, while 

fragment tolerance was set to 30 ppm. Following database matching, quantification of 

peptide intensity was performed using Search Compare within Protein Prospector. The 

maximum peptide false discovery rate was set to 1%. Extracted ion chromatograms (XICs) 

were prepared for each peptide and used to calculate intensities with a retention time 

window of ± 20 seconds.

Label-free protein quantification and estimation of probe-kinase dissociation 
rates—Protein intensities were calculated from the sum of the individual unique peptide 

XICs using an in-house script. Relevant to Figure 2d, a kinase was defined as specifically 

enriched by a probe if it was identified with ≥1 unique peptide in all three biological 

replicates and had a protein intensity value ≥10-fold higher than the DMSO control. 

Enriched kinases identified with ≥3 unique peptides in all three biological replicates were 

selected for estimation of probe-kinase dissociation half-life (Figure 3f). The dissociation 

half-life (t1/2) of a given probe for each kinase was estimated by fitting kinase intensity 

values at each time point (post-washout) to a single-exponential decay function using the 

lmfit python curve-fitting module.

Plasmid DNA transfection and compound treatment—COS-7 cells were seeded in 

6-well plates and grown until they reached ~80% confluency. To prepare the transfection 

complex, 2.5 μg of plasmid DNA (pCMV7.1 containing human AURKA or human SRC 

with an N-terminal 3xFlag tag) in 150 μL of Opti-MEM I Reduced-Serum Medium (Gibco 

#31985062) were mixed with 7.5 μL of Lipofectamine 2000 transfection reagent (Thermo 

Fisher #11668019) in 150 μL of OPTI-MEM, and incubated at RT for 30 min. Then 300 

μL of DNA-Lipofectamine complexes were added to each well, and cells were incubated at 

37 ˚C for 48 h. Media was exchanged with fresh media 3 h before compound treatment. 

Cells were treated with probe 3 for 30 min at 37 ˚C, washed with warm PBS, and 

incubated with compound-free media for the duration of the washout period. Cells were 

then rinsed 3x with cold PBS and frozen at –80 ˚C. Lysates were prepared by scraping the 

cells in PBS containing 2x complete EDTA-free protease inhibitor cocktail (Sigma-Aldrich 

#11873580001) and 5 mM NaBH4, followed by a 30-min incubation on ice. Lysates were 

cleared by centrifugation at 16,000 x g for 30 min at 4 ˚C. Protein concentration was 

determined by the BCA assay (Thermo Fisher #23225). Cell lysates were normalized to 5 

mg/mL with lysis buffer for the subsequent Cu(I)-catalyzed click reactions.

Western blotting—After in-gel fluorescence scanning, proteins were transferred from 

the gels to 0.45 μm nitrocellulose membranes (Bio-Rad#1620115) followed by blocking 

with 2% BSA in TBST buffer (0.1% Tween-20 in TBS buffer) at RT for 1 h. Membranes 
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were then incubated with primary antibody (Flag: Sigma-Aldrich #F3165; β-actin: Cell 

Signaling #3700; 1:1000 dilution) at 4 ˚C overnight, followed by TBST wash for 3 × 10 

min at RT. Secondary antibody (LI-COR, IRDye 800CW goat anti-mouse IgG, catalog# 

926–32210, 1:10000 dilution; IRDye 680CW goat anti-mouse IgG, catalog# 926–68070, 

1:10000 dilution) incubation was performed at RT for 1 hr. Membranes were washed with 

TBST for 3 × 10 min at RT, scanned on an Odyssey infrared imager (LI-COR Biosciences), 

and analyzed with Image Studio Lite software (LI-COR Biosciences).

Protein expression and purification—His-tagged AURKA (residues 122–403) bearing 

C290A/C393A mutations in pET28a with a PreScission protease cleavage site was co-

transformed with lambda phosphatase in a pCDF Duet vector (Promega) into BL-21(DE3) 

E. coli and purified as previously described.35, 43 The final protein was stored in size 

exclusion buffer (20 mM Tris pH 7.0, 200 mM NaCl, 5 mM MgCl2, 10% glycerol) and used 

directly for crystallization. His-tagged recombinant chicken c-Src kinase domain (residues 

251–533) was purified as previously described.25

Determination of the dissociation rates of probe 3 on AURKA and SRC by 
LC-MS—Recombinant AURKA or SRC (5 μM) was treated with probe 3 (5.1 μM) in 50 

mM HEPES, pH 8.0 at RT for 5 min, followed by 20-fold dilution into HEPES buffer 

containing 10 μM XO44. Aliquots were removed at the indicated time points, quenched with 

2.5% formic acid, and analyzed by intact-protein LC−MS (Waters Xevo G2-XS QToF). The 

percentage of XO44-unmodified kinase was plotted vs. time and fitted to a one-phase decay 

in Prism 8 (GraphPad).

Protein crystallization—AURKA (5 μM) was incubated with probe 3 (15 μM) in 20 

mM Tris pH 7.0, 200 mM NaCl, 5 mM MgCl2, 10% glycerol at RT for 1 h. The AURKA 

complex with probe 3 was concentrated to 18 mg/mL for crystallization. Hanging drops 

were prepared as a 1:1 mixture of protein-ligand complex and precipitation solution (0.2 M 

lithium sulfate, 0.1 M BIS-TRIS pH 5.5, 25% w/v polyethylene glycol 3350). Crystals were 

grown at RT for 3–5 d.

Crystal structure determination—Crystals were cryoprotected in the precipitation 

solution supplemented with 20% glycerol and stored in liquid nitrogen. Diffraction data 

were collected at beamline 8.3.1 of the Advanced Light Source (Lawrence Berkeley 

National Laboratory). An automated script for the XDS package44 was used to index, 

integrate, and scale the reflections. Data collection and refinement statistics are summarized 

in Supplementary Table 1. Molecular replacement was conducted using Phaser45 against 

4CEG (PDB code) and the model was iteratively refined using Phenix.Refine46 with manual 

modeling and adjustments carried out in COOT47. The description of the ligand and the 

covalent link was generated with JLigand48 and refined with Refmac49.

Mouse studies—All in vivo studies were conducted in accordance with the current 

guidelines for animal welfare (National Research Council Guide for the Care and Use 

of Laboratory Animals, 2011). The procedures used were reviewed and approved by 

the Institutional Animal Care and Use Committee. Male CD-1 (Crl:CD1[ICR]) mice 

approximately 7 – 9 weeks old weighing between 20 – 40 grams were housed (up to 3/cage) 
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at standard temperature, humidity and lighting conditions with purified water and rodent diet 

provided ad libitum. Mice were acclimated to the laboratory environment for a minimum of 

5 days prior to initiation of dosing, then randomized to groups based on body weights. Probe 

3 was formulated in a vehicle consisting of 10% ethanol, 50% polyethylene glycol 400, 10% 

Kolliphor EL and 30% sterile water. PF-06873600 was formulated in a vehicle consisting of 

0.5% methylcellulose A4M and 0.1% Tween 80 in sterile water. In the experiment presented 

in Figure 5, groups of mice were administered a single dose of vehicle, 25 or 50 mg/kg 

of probe 3 by the subcutaneous route then observed after dosing for clinical signs. After 

euthanasia by exposure to isoflurane gas and exsanguination, plasma was collected (1, 3 or 

7 h after dosing) using lithium heparin separation tubes then flash frozen in liquid nitrogen. 

Tissues were collected, then flash frozen in liquid nitrogen. In the experiment presented in 

Figure 6, a single dose of vehicle or 50 mg/kg of PF-06873600 was administered by oral 

gavage followed by a single 10 mg/kg dose of probe 3 administered by the subcutaneous 

route 30 min later. Plasma and tissue samples were collected after 1 h, and flash frozen as 

previously described, corresponding to 90 min after administration of PF-06873600. Plasma 

samples or standard curves made with spiked analyte were subjected to protein precipitation 

then centrifuged to obtain supernatants for analysis of analyte concentrations on a Sciex 

Qtrap 5500–02 (Sciex, Framingham, MA) LC/MS/MS instrument.

Mouse spleen sample preparation for LC-MS/MS analysis—Frozen spleens from 

vehicle- and probe 3-treated mice were homogenized on ice in 100 mM HEPES pH 7.5, 

150 mM NaCl, 0.1% NP-40 using a Tissue Tearor (Biospec Model 985370–395). Proteins 

were clarified by centrifugation (16,000 g, 4 ˚C, 30 min). Imine reduction was performed 

by adding 5 mM NaBH4 for 30 min on ice. Protein concentrations were quantified by 

BCA (Thermo Fisher #23225) and normalized to 5 mg/mL. Spleen lysates (1.2 mL) were 

incubated with 40 μL of settled streptavidin agarose beads (Thermo Fisher #20353) at 4 

˚C overnight to remove endogenous biotinylated proteins. Beads were removed by filtration 

(Pall #4650). The filtrate (1 mL) was reacted with 191 μL of click chemistry cocktail, 

resulting in a final concentration of 1% SDS, 100 μM biotin-DMTP-picolyl azide, 1 mM 

TCEP, 100 μM TBTA (from a 2 mM stock prepared in 1:4 DMSO:t-butyl alcohol), and 1 

mM CuSO4. After incubation at RT for 90 min, the proteins were precipitated by adding 

10 mL of prechilled acetone and incubating overnight at –20 ˚C. The precipitated proteins 

were pelleted by centrifugation (3500 g, 4 ˚C, 30 min), resuspended in cold MeOH and 

re-pelleted. The pellet was solubilized in 1% SDS in PBS, diluted to a final detergent 

concentration of 0.4% SDS, 0.6% NP-40 in PBS, and desalted on a NAP-10 column (Cytiva 

#17–0854-02) using 0.1% SDS, 1% NP-40 in PBS. The column eluate was incubated 

with 40 μL of settled high-capacity streptavidin magnetic beads (Thermo Fisher #88817) 

overnight at 4 ˚C. The beads were then washed with 1% NP-40, 0.1% SDS in PBS (3 × 

10 min, RT), freshly prepared 6 M urea in PBS (3 × 30 min, 4 ˚C) and PBS (3 × 10 min, 

RT), before a brief wash in digestion buffer (20 mM Tris, 2 mM CaCl2, pH 8). Disulfide 

reduction was performed with 5 mM DTT at 56 ˚C for 30 min, followed by alkylation with 

20 mM iodoacetamide at RT for 30 min in the dark. On-bead digestion was performed by 

adding 1 μg sequencing grade trypsin (Promega #V5113) in 100 μL digestion buffer to each 

sample, and incubating overnight at 37 ˚C. Digestion was quenched by adding 1% formic 
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acid. The resulting peptides were desalted with C18 Omix Tips (Agilent #A57003100) and 

eluted with 50% MeCN, 0.1% FA. The samples were dried down by SpeedVac.

TMT labeling of tryptic peptides from mouse spleen samples—TMT labeling 

was performed with the TMT 10-plex kit (Thermo Fisher #SK257743) according to the 

manufacturer’s instructions with minor modifications. Briefly, peptides were reconstituted in 

10 μL of 30% MeCN in 200 mM HEPES buffer pH 8.5. TMT reagents were reconstituted in 

20 μL of MeCN per vial, and 1.3 μL of this stock solution was added to each sample for 1 

h at RT. Reactions were quenched by adding 1.2 μL of 5% hydroxylamine and incubated at 

RT for 15 min, followed by adding 1.3 μL of 5% TFA to acidify the solution. TMT-labeled 

samples were pooled and concentrated by SpeedVac to remove MeCN, and desalted using 

C18 Omix Tips (Agilent #A57003100). Peptides were eluted with 50% MeCN, 0.1% TFA, 

and dried by SpeedVac.

LC-MS/MS analysis of mouse spleen samples—TMT-labeled tryptic peptides were 

reconstituted in 5% MeCN, 0.1% TFA in water, and analyzed on a Orbitrap Eclipse Tribrid 

Mass Spectrometer (Thermo) connected to an Ultimate 3000 RSLCnano system with 0.1% 

FA as buffer A and 95% MeCN, 0.1% FA as buffer B. Peptides were separated on an 

EASY-Spray 3 μm, 75 μm x 15 cm C18 column (Thermo Fisher #ES800) with the following 

LC settings: flow rate at 0.3 μL/min, loading samples at 4% B for 20 min, then 4–11% B 

over 2 min, 11–37% B over 73 min, 37–84% B over 2 min and finally 84%B for 3 min. Data 

were acquired in a data-dependent mode. MS1 scans were acquired at a resolution of 120K 

with an AGC target of 4e5, m/z scan range of 400–1600, a maximum ion injection time of 

50 ms, charge states of 2–8, and a 60-s dynamic exclusion time. MS2 spectra were acquired 

via collision-induced dissociation (CID) at a collision energy of 35%, in the ion trap with an 

AGC target of 1e4, isolation width of 0.7 m/z and maximum ion injection time set to ‘auto’. 

For real time search, MS2 spectra were searched against the Mus musculus reviewed Swiss-

Prot FASTA database (downloaded on 7/12/2020) with the digestion enzyme set to trypsin. 

Methionine oxidation was set as a variable modification, while carbamidomethylation of 

cysteine and TMT modification were set as constant modifications. For MS3 acquisition, 

a synchronous precursor selection (SPS) of 10 fragments was acquired in the orbitrap for 

a maximum ion injection time of 105 ms with an AGC target of 1.5e5. MS3 spectra were 

collected at a resolution of 50K with HCD collision energy of 65%.

Peptide identification and TMT quantification (mouse spleen samples)—Raw 

files were analyzed with Thermo Proteome Discoverer (2.4) software against the Mus 

musculus reviewed Swiss-Prot FASTA database (downloaded on 7/12/2020). Trypsin was 

selected as the digestion enzyme with a maximum of 2 missed cleavages and a minimum 

peptide length of 6. Carbamidomethylation of cysteine and TMT modification of lysine/

peptide N-terminus were set as fixed modifications, while methionine oxidation and protein 

N-terminus acetylation were set as variable modifications. Precursor tolerance was set to 10 

ppm, and fragment tolerance was set to 0.6 Da. Peptide spectral match (PSM) and protein 

FDR were set to 1% and 5%, respectively. Reporter ion intensities were adjusted to correct 

for impurities during synthesis of different TMT reagents according to the manufacturer’s 

specifications. For quantification, PSMs with an average reporter signal-to-noise <9 and 
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SPS mass match <75% were removed from the final dataset. Relative protein levels were 

determined by summing TMT reporter ion intensities across all corresponding PSMs (only 

PSMs corresponding to a unique protein match in the Swiss-Prot FASTA database were 

considered). For the competition experiment in Figure 6, all mice were dosed with probe 3 
(10 mg/kg) along with either vehicle (n=5) or PF-06873600 (n=5). To account for slight 

differences in total protein recovery across parallel affinity enrichment samples (n=10 

mouse spleens, each corresponding to a separate TMT 10-plex reporter), the median protein 

intensity for each TMT channel was used to normalize protein intensities across all TMT 

channels (n=10, vehicle and PF-06873600-treated mice). Mean protein intensities from 

each treatment arm (vehicle, n=5; PF-06873600, n=5) were log2-transformed and used to 

calculate the log2 fold-change between each treatment condition (Figure 6c).

Reporting summary—Further information on research design is available in the Nature 

Research Reporting Summary linked to this article.

Data availability—All mass spectrometry raw files have been deposited into the MassIVE 

database (http://massive.ucsd.edu/) and can be downloaded by the identifier MSV000088924 

as well as in ProteomeXchange (http://www.proteomexchange.org/) with accession number 

PXD031899.Source data are provided in a Source Data File or in the Supplementary 

Datasets. Coordinates and structure factors have been deposited in the PDB under accession 

code 7FIC.

Code availability—The script used for LFQ quantification is available upon request.

Extended Data

Extended Data Fig. 1. Reversible protein labeling by benzaldehyde probe 2.
(a) Chemical structures of 1 and 2. (b) Jurkat cells were treated with 1 or 2 (2 μM, 30 min), 

followed by compound washout for the indicated times. Cells were lysed in the presence 

of 25 mM sodium cyanoborohydride, except as indicated (#). After copper-promoted 

click conjugation with TAMRA-azide, samples were analyzed by in-gel fluorescence and 

Coomassie blue staining. Data are representative of two independent experiments.
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Extended Data Fig. 2. Probe 3 modification of overexpressed SRC.
(a) COS-7 cells were transfected with WT or K295Q (#) Flag-SRC, or not transfected (*), 

and then treated with the indicated concentrations of probe 3 (30 min). After lysis in the 

presence of sodium borohydride and TAMRA-azide conjugation, samples were analyzed 

by in-gel fluorescence and western blotting. Data are representative of two independent 

experiments. (b) Concentration-dependent labeling of Flag-SRC (n=2, mean values from 

two independently performed experiments were plotted).
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Extended Data Fig. 3. Rapid dissociation of probe 3 from overexpressed SRC.
(a) COS-7 cells were transfected with Flag-SRC, or not transfected (*), and treated with 

probe 3 (2 μM, 30 min), followed by washout for the indicated times. After lysis in the 

presence of sodium borohydride and TAMRA-azide conjugation, samples were analyzed by 

in-gel fluorescence and western blotting. (b) Normalized fluorescence intensity of ~65 kDa 

band corresponding to Flag-SRC (mean ± SD, n = 3).
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Extended Data Fig. 4. Dissociation of probe 3 from recombinant AURKA and SRC.
AURKA or SRC (5 μM) was treated with probe 3 (5.1 μM) in 50 mM HEPES, pH 8.0 at RT 

for 5 min, followed by 20-fold dilution into buffer containing 10 μM XO44. The percentage 

of XO44-modified and unmodified kinase was quantified by LC-MS at the indicated time 

points, and % unmodified kinase (corresponding to probe 3-bound kinase) was plotted vs. 

time (n = 2, mean values from two independently performed experiments were plotted).
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Extended Data Fig. 5. Related to Figure 5.
Volcano plot showing log2 fold-change and significance (−log10 p-value; two tailed t-test 

assuming unequal variance) of proteins enriched by probe 3 (t=3 h post-dose) vs. vehicle. 

Red, kinases; gray, non-kinases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Benzaldehyde probe 1 reversibly labels cellular proteins. (a) Chemical structures of XO44 

and probe 1. (b) Jurkat cells were treated with XO44 or 1 (2 μM, 30 min), followed by 

compound washout for the indicated times. Cells treated with 1 were lysed in the presence 

of 25 mM sodium cyanoborohydride, except as indicated (*). After copper-promoted 

click conjugation with TAMRA-azide, samples were analyzed by in-gel fluorescence 

and Coomassie blue staining (Supplementary Figure 1). Data are representative of two 

independent experiments.
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Figure 2. 
Salicylaldehyde probes exhibit prolonged kinase residence time in cells. (a) Salicylaldehyde 

probes 3 and 4. (b,c) Jurkat cells were treated with 3 (b) or 4 (c) (2 μM, 30 min), 

followed by compound washout for the indicated times and lysis in the presence of sodium 

borohydride. After click conjugation with TAMRA-azide, samples were analyzed by in-gel 

fluorescence and Coomassie blue staining (Supplementary Figure 2). Data are representative 

of two independent experiments. (d-f) Jurkat cells were treated with DMSO or probes 1, 

3, and 4 (2 μM, 30 min), followed by washout as described in the main text. After click 

conjugation with biotin-azide, modified proteins were enriched with Neutravidin-agarose 

and digested on-bead with trypsin. Enriched peptides were analyzed by LC-MS/MS and 

label-free quantitation (LFQ). (d) Shared and unique kinases enriched by each probe. (e) 
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Median intensity values (LFQ) for identified kinases and non-kinases (mean ± SD, n=3). 

(f) Heat map showing estimated half-lives (t1/2) of kinases enriched from cells treated with 

probes 3 and 4, followed by washout for 0, 1, 3, and 6 hr. Inset depicts kinases with 

prolonged engagement post-washout. Grey bars (N.D.): kinase not detected or did not meet 

criteria for t1/2 determination (see main text).
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Figure 3. 
Quasi-irreversible engagement of AURKA in cells. (a) COS-7 cells were transfected with 

WT or K162Q (#) Flag-AURKA and treated with probe 3 (30 min). After lysis in the 

presence of sodium borohydride and TAMRA-azide conjugation, samples were analyzed 

by in-gel fluorescence and western blotting. (b) Concentration-dependent labeling of Flag-

AURKA (~50 kDa TAMRA band, mean ± SD, n=3). (c,d) COS-7 cells were transfected 

with Flag-AURKA and treated with probe 3 (2 μM, 30 min), followed by washout for the 

indicated times. Samples were analyzed as described above (mean ± SD, n=3). * and NT 

indicate non-transfected cells.
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Figure 4. 
Co-crystal structure of AURKA bound to salicylaldehyde 3. (a) Salicylaldehyde 3 forms an 

imine bond with the catalytic lysine of AURKA. Electron density map (2Fo-Fc) is shown at 

a contour level of 1σ. (b) Surface rendering of AURKA bound to probe 3, highlighting the 

Gly-rich loop (red, top right) and the activation segment (red, bottom right), both of which 

shield the salicylaldimine from bulk water (imine carbon in green).
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Figure 5. 
Quantifying kinase occupancy by salicylaldehyde 3 in mice. (a) Mice were dosed with 

vehicle or probe 3 (25 or 50 mg/kg) by subcutaneous injection. At 1, 3, and 7 h post-

dose, plasma and spleens were collected for quantification of probe 3 concentrations 

and kinase occupancy, respectively. Spleens from each time point were selected for 

chemoproteomic analysis (biotin-azide conjugation, streptavidin pulldown, 10-plex TMT 

quantitation) based on the probe 3 plasma levels quantified from the same mice (see main 

text and Supplementary Table 2). Spleens from vehicle-treated mice were collected at t=7 

h post-injection. (b-c) Plasma concentrations of probe 3 and relative occupancy of the 

indicated kinases (normalized to t=3 h) are plotted for each time point (t=1 and 7 h, n=2; t=3 

h, n=3). (d) Scatter plot comparing relative kinase occupancy (log2 fold-change vs. kinase 

occupancy at t=3 h) at t=7 h vs. t=1 h. Each circle represents one kinase, with AURKA, 

AURKB, and SGK3 showing the highest occupancy at t=7 h, despite decreased plasma 

levels of probe 3.
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Figure 6. 
Salicylaldehyde probe 3 reveals PF-06873600 target engagement in vivo. (a) Mice were 

dosed orally with vehicle (n=5) or PF-06873600 (50 mg/kg, n=5), and all mice were 

co-dosed with probe 3 (10 mg/kg) by subcutaneous injection. After 1 h, spleens were 

collected for chemoproteomic analysis. (b) Chemical structure of PF-06873600. (c) Volcano 

plot showing log2 fold-change and significance (−log10 p-value) between proteins enriched 

by probe 3 from mice treated with PF-06873600 vs. vehicle. Red, kinases; gray, non-kinases.
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