
An Activity-Based Oxaziridine Platform for Identifying and 
Developing Covalent Ligands for Functional Allosteric 
Methionine Sites: Redox-Dependent Inhibition of Cyclin-
Dependent Kinase 4

Angel Gonzalez-Valero†,#, Audrey G. Reeves†,#, Annika C. S. Page†, Patrick J. Moon†, 
Edward Miller†, Katia Coulonval‡, Steven W. M. Crossley†, Xiao Xie†, Dan He†, Patricia 
Z. Musacchio†, Alec H. Christian†, Jeffrey M. McKenna∥, Richard A. Lewis∥, Eric Fang∥, 
Dustin Dovala∥, Yipin Lu∥, Lynn M. McGregor∥, Markus Schirle∥, John A. Tallarico∥, Pierre P. 
Roger‡, F. Dean Toste†,*, Christopher J. Chang†,⊥,*

†Department of Chemistry, University of California, Berkeley, CA, 94720, USA

⊥Department of Molecular and Cell Biology, University of California, Berkeley, CA, 94720, USA

‡Institute of Interdisciplinary Research, Faculté de Médecine, Université Libre de Bruxelles, 
Campus Erasme, Brussels, 1070, Belgium

∥Novartis Institutes for BioMedical Research, Cambridge, MA, 02139, USA

Abstract

Activity-based protein profiling (ABPP) is a versatile strategy for identifying and characterizing 

functional protein sites and compounds for therapeutic development. Yet, the vast majority of 

ABPP methods for covalent drug discovery target highly nucleophilic amino acids such as 

cysteine or lysine. Here, we report a methionine-directed ABPP platform using Redox-Activated 

Chemical Tagging (ReACT), which leverages a biomimetic oxidative ligation strategy for selective 

methionine modification. Application of ReACT to oncoprotein cyclin-dependent kinase 4 

(CDK4) as a representative high-value drug target identified three new ligandable methionine 

sites. We then synthesized a methionine-targeting covalent ligand library bearing a diverse 

array of heterocyclic, heteroatom, and stereochemically-rich substituents. ABPP screening of 

this focused library identified 1oxF11 as a covalent modifier of CDK4 at an allosteric M169 

site. This compound inhibited kinase activity in a dose-dependent manner on purified protein 

and in breast cancer cells. Further investigation of 1oxF11 found prominent cation-π and H-

bonding interactions stabilizing the binding of this fragment at the M169 site. Quantitative mass-

spectrometry studies validated 1oxF11 ligation of CDK4 in breast cancer cell lysates. Further 
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biochemical analyses revealed crosstalk between M169 oxidation and T172 phosphorylation, 

where M169 oxidation prevented phosphorylation of the activating T172 site on CDK4 and 

blocked cell cycle progression. By identifying a new mechanism for allosteric methionine redox 

regulation on CDK4 and developing a unique modality for its therapeutic intervention, this 

work showcases a generalizable platform that provides a starting point for engaging in broader 

chemoproteomics and protein ligand discovery efforts to find and target previously undruggable 

methionine sites.
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INTRODUCTION

Covalent small molecules that target specific amino acid residues are powerful chemical 

tools that can reveal fundamental new protein function and identify lead candidates for 

accelerating drug discovery.1–8 Indeed, led by advances across broad fields encompassing 

organic chemistry, chemical biology, cell biology, and bioinformatics, covalent therapeutics 

now constitute approximately 30% of enzyme-targeting FDA-approved drugs.9 In this 

context, activity-based protein profiling (ABPP), where chemical probes measure protein 

function rather than protein abundance,10,11 has enabled new modalities for fragment-

based drug discovery by applying small-molecule screening efforts in conjunction 

with chemoproteomics for target and site identification and characterization.12–35 These 

technologies rely on residue-specific covalent warheads that can be used from proteins 

to proteomes,5,36–42 yet the majority of reactive probe development to tackle this vast 

undruggable space has targeted cysteine43,44 or lysine,21,24,26,45 with relatively limited 

expansion of this chemical toolbox to other nucleophilic residues like tyrosine46 and 

glutamate/aspartate.47,48

Motivated to contribute to this area as part of a larger program in our laboratories to 

create and use activity-based chemical probes for biological applications,49–52 we and others 

have developed bioconjugation methods for methionine,53–59 one of two privileged sulfur-

containing amino acids along with cysteine. Methionine is distinguished by its characteristic 

thioether moiety, which endows this hydrophobic amino acid with high redox activity and 

low nucleophilicity relative to its highly redox-active and nucleophilic cysteine congener. 
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The methionine sulfur atom enables not only greater rotational freedom through lower 

strain gauche interactions but also provides the opportunity for unique single-atom post-

translational modifications (PTM) through a reversible two-electron oxidation to generate 

both (R)- and (S)-methionine sulfoxide products.60 Akin to kinase writer and phosphatase 

eraser pairs for installing and removing phosphate PTMs, respectively, stereospecific 

reduction of methionine sulfoxide sites catalyzed by methionine sulfoxide reductase (Msr) 

eraser proteins can remove these single-oxygen PTMs. This reversible methionine thioether/

sulfoxide cycle plays an integral part in the redox regulation of cell signaling events, 

antioxidant function, and other forms of protein regulation.61–63

In contrast to cysteine and other protein nucleophiles, the reactivity of protein-bound 

methionine is dictated by its redox potential rather than by its pKa. As such, we developed 

Redox-Activated Chemical Tagging (ReACT), a versatile bioconjugation method that targets 

methionine through the use of oxaziridine reagents that promote selective nitrene fragment 

transfer reactivity that is isoelectronic to native methionine oxidation by oxygen atom 

transfer.53 Methionine functionalization with ReACT proceeds selectively and rapidly at 

physiological pH and generates stable, mass-spectrometry compatible sulfimine adducts, 

enabling further chemoproteomic characterization of putative protein targets and sites of 

modification. Indeed, ReACT has found utility in the context of synthesis of stapled 

cyclic peptides,56 production of antibody-drug conjugates (MetMAb),57 proximity-activated 

imaging reporters for protein function (PAIR),58 18F radioimaging tracers and probes for 

protein and nucleic acid biotinylation (BioReACT).64 Here, we present the development of 

ReACT as a versatile methionine-targeting ABPP platform for covalent ligand discovery. 

We highlight its application to the study of the cancer-driver protein cyclin-dependent 

kinase 4 (CDK4), a serine/threonine kinase which serves as a master regulator of mitogenic 

signaling responsible for G1-S phase progression of the cell cycle.65–67 CDK4 is a high-

value therapeutic target that is commonly misregulated in a variety of cancers and is 

one of many CDKs targeted in cancer drug therapy efforts.68–70 ReACT ABPP identified 

three new hyperreactive, ligandable methionine residues on CDK4, including an allosteric 

M169 site that is proximal to an activating T172 phosphorylation site. We then designed 

and synthesized a focused 179-member oxaziridine fragment library featuring a diverse 

array of heterocyclic, heteroatom, and stereochemically-rich substituents. Gel-based ABPP 

screening and chemoproteomic characterization identified 1oxF11 as a covalent modifier 

of the CDK4/Cyclin-D1 (CDK4/CCND1) heterodimer at the M169 site. This compound 

inhibited the kinase activity of CDK4 in a dose-dependent manner on purified protein and in 

live cells. Structure-activity relationship (SAR) studies revealed that 1oxF11 is a privileged 

scaffold for CDK4 binding at the M169 site through prominent cation-π and H-bonding 

interactions. Quantitative chemoproteomic studies conducted with an alkynyl derivative of 

1oxF11 revealed ligation of CDK4 in complex proteomes. Interestingly, further biochemical 

studies using 1D- and 2D-immunoblot analyses with a phospho-specific pT172 CDK4 

antibody revealed reciprocal crosstalk between M169 oxidation and T172 phosphorylation, 

where M169 oxidation by 1oxF11 prevented phosphorylation of the activating T172 site, 

thus blocking cell cycle progression at the S-phase checkpoint. The collective data identify 

a new mechanism for allosteric methionine regulation on CDK4 and a unique redox 

vulnerability for therapeutic intervention. Owing to the generality of the ReACT ABPP 
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workflow, this platform provides a starting point for expanding the repertoire of chemical 

tools for identifying and characterizing new functional methionine sites and developing 

methionine-targeting covalent ligands for accelerating drug discovery.

RESULTS AND DISCUSSION

ReACT Identifies New Ligandable Methionine Sites on the Cancer-Driver Protein CDK4.

As a starting point to develop a methionine-targeting ABPP platform for covalent ligand 

discovery, we chose to study CDK4 as a representative kinase and high-value drug target. 

Kinases present a unique challenge in the design of selective therapeutics as they share 

a highly conserved ATP-binding active site amongst other common domains.71,72 Indeed, 

off-target binding of promiscuous kinase inhibitors, many of which are substrate analogs of 

ATP, has led to the failure of numerous drug candidates in clinical trials due to undesirable 

side effects.73 As such, identification of allosteric sites distal from the ATP-binding active 

site pocket provides a promising alternative approach for tuning kinase selectivity.

Against this backdrop, combining the synergistic approaches of fragment-based drug 

discovery74–76 and covalent ligand development2,5 we sought to expand the scope of 

proteins that can be targeted by small molecules. This bottom-up approach involves 

screening of covalent ligand fragment libraries against broadly reactive, but amino 

acid-specific, bioconjugation warheads to discover novel binding pockets for covalent 

modification.77 SARs can then be interrogated to further optimize selectivity and potency 

after identification of promising fragment leads. To identify potential new ligandable 

methionine sites in CDK4, we applied a set of three unique ReACT oxaziridine probes to 

this target: Ox1-alkyne, Ox1-azide, and Ox32-alkyne (Figure 1a). Interestingly, each ABPP 

probe showed a different pattern of covalent methionine labeling on our protein of interest, 

presaging that these sites can be preferentially targeted. Ox1-azide modifies three reactive 

sites: M169, M264, and M275 (Figure 1b, Figure S1). In contrast, Ox1-alkyne labeled only 

M169, whereas Ox32-alkyne engaged only M264. Sites of modification were determined 

via shotgun proteomics (Figure 1c). The frequency of modifications observed on each 

methionine site correlated with the solvent accessibility of that residue. M169 displayed the 

highest reactivity, followed by M264, with M275 being the least solvent accessible and least 

reactive. Notably, the newly identified hyperreactive M169 site is proximal to a known T172 

phosphorylation site on CDK4 that activates protein function.78,79

Design and Synthesis of a Methionine-Targeting Covalent Ligand Library.

After identifying hyperreactive methionine residues as potentially new ligandable sites for 

CDK4, we next sought to develop a methionine-directed covalent ligand platform to engage 

this protein target through the design and synthesis of a focused oxaziridine fragment library. 

To this end, we first optimized a suite of synthetic routes to such products, which included 

three methods for imine synthesis followed by oxidation via mCPBA (Scheme 1). As 

oxaziridine synthesis limited available functional groups to those stable to the final oxidation 

of the imine intermediate, and the oxaziridine itself can show sensitivity to acid, base, 

reductants, metals, and thiols, we sought to prepare a focused library to achieve sufficient 

structural diversity under these constraints.

Gonzalez-Valero et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2023 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The design of the oxaziridine library was initiated through a triaging selection of the 

key diversity element, namely the corresponding amine component. 43,950 amines were 

available for selection (Enamine); utilizing ICM Chemist Pro (Molsoft LLC) sub-structure 

selections were made driven by learnings from our initial study.56 Clustering analysis for 

each selected amine set was conducted using ICM Chemist Pro (Molsoft LLC) generating 

the detailed clusters for each sub-type (SI methods). Thereafter, rounds of selections 

based on diversity and removal of compounds containing foreseen chemoselectivity 

issues, resulted in a preferred set of 234 amines. These amines were derivatized to the 

corresponding sulfimine or urea in silico and a 3D conformational search allowed C=O 

stretching frequencies to be determined. In order to ensure formation of N-transfer sulfimine 

over O-transfer sulfoxide products upon reaction with methionine, we employed principal 

component analysis (PCA) methods to optimize this parameter and found that rates of 

sulfimine hydrolysis correlated with the calculated sulfimine adduct νC=O values (Figure 

2a). The finalized library of 179 unique oxaziridine fragments featured a diverse array of 

functional groups, including spirocycles, halogens, azoles, ethers, and amides (Figure 2c, 

Figure S2).

Methionine-Directed ABPP Screen Against CDK4 Identifies Lead Compound Fragment 
1oxF11.

With this oxaziridine fragment library in hand, we proceeded to screen for methionine-

directed modifiers of CDK4 via a gel-based ABPP platform (Figure 2b). We chose the Ox1-

azide ReACT probe as it was the most promiscuous and could engage three hyperreactive 

methionine sites in competitive binding assays with potential covalent oxaziridine ligands. 

Briefly, isolated CDK4 was treated either with DMSO (vehicle) or a covalent ligand 

from the oxaziridine library (ligand-treated). Samples were then treated with Ox1-azide 

probe followed by a quench step with N-acetyl methionine (NAM) to remove any excess 

oxaziridine. DBCO-Cy3 was then introduced by strain-promoted click chemistry to provide 

a fluorescence readout. The samples were subsequently separated via SDS-PAGE and 

fluorescence signals were normalized using a silver stain to triage any covalent ligands 

that induced general protein aggregation, which would generate a false positive Cy3 signal 

(Figure 2b).

Using ReACT, ABPP screening of the focused oxaziridine fragment library on CDK4 

revealed 1oxF11 as a candidate for further study (Figure 2d, Figure S3). This fragment 

showed competition with the Ox1-azide probe for CDK4 binding in a dose-dependent 

manner. We then tested the isoform specificity with two closely related congeners, CDK1 

and CDK6. CDK1 is ubiquitously expressed and essential for healthy cell function, and 

CDK6 shows the highest structural similarity to CDK4.80 Indeed, all CDK4 inhibitors 

currently in therapeutic use also display activity against CDK6. Along these lines, we were 

pleased to observe that 1oxF11 displayed no dose-dependent labeling against either CDK1 

or CDK6 by gel analysis (Figure 2e). Additionally, we confirmed that this compound did not 

induce general aggregation in cell lysates (Figure S4).
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1oxF11 is a Covalent Modifier of CDK4 at the M169 Site and Inhibits Activity on Purified 
Protein.

We next characterized the sites of modification and subsequent effect on protein activity 

on CDK4 by 1oxF11 treatment in vitro. To start, we performed shotgun proteomics with 

1oxF11 on the purified and active CDK4/CCND1 heterodimer. We identified that the 

primary site of modification on CDK4 by 1oxF11 was M169, with minor labeling at 

M264 (Figure 3a, Figure S5). We then mutated the M169 site to leucine in order to 

further investigate the effects of M169 ligation. When this site is mutated, the primary 

site of modification was identified as M264 (Figure 3b). Next, we demonstrated that 

1oxF11 inhibits activity of the CDK4/CCND1 complex in a dose-dependent manner using 

a luciferase-based activity assay as a proxy for kinase activity. Here, we observed an IC50 

value of 1.89 μM for the WT form and 3.00 μM for the M169L variant (Figure 3c). We 

posit that the primary negative modulator for kinase activity is M169 ligation, while M264 

ligation may also affect protein activity through another allosteric mechanism.

1oxF11 is a Privileged Scaffold for Binding the M169 Site of CDK4.

To better understand the propensity for 1oxF11 to bind the M169 site, we performed 

molecular dynamics studies on 1oxF11 (Figure 4a, Movie S2). These studies revealed 

that 1oxF11 binds the M169 site through prolonged cation-π interactions with R139/R181 

of CDK4 at the phenyl moiety. Critically, the R181 residue has a strong, pronounced 

hydrogen-bonding interaction with the carbonyl present on the urea moiety of 1oxF11 

which is further stabilized by transient H-bonding interactions with V174 (Figure 4b). We 

determined the strength of these interactions by calculating the percent interaction time with 

each residue of CDK4 across the simulation (Figure 4c). Furthermore, we observed that the 

tetrahydrofuranyl moiety of 1oxF11 is conformationally locked in a position that enables a 

hydrogen bonding interaction with the amide backbone of V174. Together, these data inform 

the binding mode of 1oxF11 in the M169 pocket, positioning the oxaziridine for proximal 

M169 ligation (Figure 4d). We also performed molecular dynamics simulations on two other 

CDK4 binders, 1oxA6 and 1oxH2, and found that their noncovalent interactions are much 

less pronounced, leading to reduced occupancy time (Figure S6, Movie S1, Movie S3).

1oxF11 Decreases Cell Viability and Inhibits Cellular CDK4 Activity.

Turning our attention to cellular studies, we next sought to identify a model cell line 

that displayed heightened sensitivity to 1oxF11. We screened 1oxF11 across a small panel 

of cancer cell lines with sensitivity to ribociclib, a clinically-approved CDK4/6 inhibitor 

(Figure 5a). We selected the human breast adenocarcinoma line MCF-7 as a model for 

further study due to its pronounced sensitivity to 1oxF11 treatment (Figure 5a). Additionally, 

the contributions of CDK4 to uncontrolled cell division in the MCF-7 line have been well-

documented.81,82 Indeed, we observed a dose-dependent decrease in cell viability of MCF-7 

cells in response to 1oxF11, with an EC50 of 329 μM (Figure 5b). This lower EC50 observed 

in cells compared to in vitro is likely the result of several factors including cell permeability, 

non-productive consumption by thiols, and/or off-target effects. We also investigated the 

effects of 1oxF11 treatment specific to the M169 site in cellulo by generating constructs for 

transient mammalian transfection of both FLAG-tagged WT and M169L variants of CDK4. 
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We began by constitutively knocking down endogenous CDK4 expression, followed by 

transient expression of both variants to control for background inhibition of endogenously 

expressed CDK4. We observed EC50 values of 189 and 296 μM for transfected WT and 

M169L variants, respectively (Figure 5b). This complements our in vitro results suggesting 

modification of M169 leads to decreased MCF-7 cell viability. We attribute the decreased 

EC50 values for transfected cells compared to the untransfected cells to the increased 

sensitivity of mammalian cells following treatment with harsh transfection reagents.

To further probe how 1oxF11 contributes to the observed cellular phenotype, we synthesized 

a 1oxF11 analog, 1oxF11yne, containing an alkyne handle for detection and enrichment 

using click chemistry (Figure 5c). Shotgun proteomics experiments revealed that the 

1oxF11yne probe modifies CDK4 selectively at the same M169 site as the parent 1oxF11 

fragment (Figure 5d). We then sought to test the effects of both probes on CDK4 activity 

within a cellular context. To achieve this goal, we turned to immunoblot analysis, monitoring 

the phosphorylation status of retinoblastoma protein (Rb), the main cellular substrate of 

CDK4. When active, CDK4 in complex with its cognate cyclin partner phosphorylates 

Rb at one of 14 sites (Figure 5e).83 We used phospho-responsive antibodies specific for 

three of these sites, S780, S807, and S811, as a method to assess CDK4 activity in 
cellulo. To control for increased background levels of pRb due to cells being in different 

stages of the cell cycle, we serum-synchronized MCF-7 cells to the G0/G1 phase. Indeed, 

incubation of serum-synchronized MCF-7 cells with either 1oxF11 or 1oxF11yne at a dose 

of 500 μM resulted in a marked decrease in signal from the pRb antibodies, suggesting 

a decrease in cellular CDK4 activity under these conditions (Figure 5f). Finally, we 

confirmed CDK4 target engagement in cells using a competition binding assay between 

1oxF11 and 1oxF11yne (Figure 5g). To overcome detection challenges with the low 

endogenous expression levels of CDK4, even in cells known to upregulate the protein 

such as MCF-7, we transfected cells with WT CDK4 to achieve transient expression of 

in these models. Treatment of cells with a titration of 1oxF11 prior to incubation with 

500 μM 1oxF11yne probe showed a dose-dependent decrease in signal in eluted proteins 

and a corresponding increase in signal in the respective supernatant, indicating competition 

between the two compounds and engagement of CDK4 in a cellular context (Figure S7). 

Additionally, 1oxF11yne displayed lower promiscuity in lysate compared to Ox32-alkyne, 

further suggesting its heightened selectivity in a complex milieu of proteins (Figure S8).

ReDiMe-ABPP Identifies CDK4 as a Target of 1oxF11yne in MCF-7 Lysates.

Following our promising immunoblotting and substrate promiscuity results, we next sought 

to apply quantitative chemoproteomics to identify targets of 1oxF11yne in a proteome-wide 

context. With the 1oxF11yne probe in hand, we enriched for protein targets of 1oxF11yne 

by first treating MCF-7 lysates expressing CDK4 with 500 μM of the probe followed 

by CuAAC to a desthiobiotin azide, enabling streptavidin pulldown of labeled targets. In 

order to exclude proteins that non-specifically bind to the streptavidin interface, we also 

treated MCF-7 lysates with a vehicle control followed by CuAAC and enrichment. We 

incorporated reductive dimethylation (ReDiMe) labeling to our ABPP platform, enabling 

sample multiplexing of 1oxF11yne targets against non-specific binders and providing an 

isotopic signature to distinguish between the two protein groups (Figure 6a). Through these 
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studies, we identified 59 protein targets that are engaged by 1oxF11yne including CDK4 

(Figure 6b) with no overlap to the DMSO control. A full list of these protein targets was also 

generated (Sheet S2). We further analyzed the subcellular distribution of these targets and 

found that the majority of these proteins are cytosolically or nuclearly localized, providing 

further evidence of probe quenching in the cytosolic environment through off-target effects 

(Figure 6c). We also assessed the function of these protein targets through PANTHER GO 

analyses, demonstrating a clear enrichment in proteins involved in protein-protein/protein-

small molecule binding as well as catalysis (Figure 6d). Together, these data provide a 

promising avenue for future structure optimization to increase the selectivity of 1oxF11 for 

CDK4 and thereby increase its potency in a proteome-wide context.

Biochemical Studies of CDK4 Inhibition by 1oxF11 Reveal Reciprocal Crosstalk Between 
M169 Oxidation and T172 Phosphorylation.

With data establishing 1oxF11 as a covalent modifier of CDK4 at a newly identified 

allosteric M169 site, along with its ability to inhibit CDK4 activity on purified protein 

and in cells and decrease cell viability in a dose-dependent manner, combined with 

chemoproteomic verification of target engagement in cellulo, we next sought to further 

interrogate its potential mechanism of action at the biochemical level. In this context, 

CDK4 plays a key role in the cell cycle in clearing the cell for division, only allowing 

for passage through the S-phase checkpoint when properly activated. In particular, this 

signaling pathway relies on proper binding of CDK4 to its respective cyclin, as well 

as phosphorylation at T172 by cyclin-dependent activating kinase (CAK) to activate the 

protein.84,85 Owing to the proximity of M169 to this activating T172 phosphorylation site, 

we hypothesized that M169 may act as an allosteric redox regulatory switch at this S-phase 

checkpoint.

Oxidation can transform the normally hydrophobic methionine residue into a hyper-

polarized and sterically-demanding methionine sulfoxide congener, which vastly modulates 

the electrostatic and steric environment of this residue. We hypothesized that oxidation 

could block access of CAK to T172 and prevent its phosphorylation, thus causing the 

cell to fail the S-phase checkpoint (Figure 7a). This type of crosstalk between methionine 

oxidation and adjacent phosphorylation sites has been reported for other systems.86,87 

Indeed, M169 and T172 lie in a flexible region of CDK4 that can come within 7 angstroms 

of each other, a distance observed to undergo this phenomenon previously (Figure 7b).88 

We performed 2D-immunoblot analyses utilizing a pCDK4-Thr172 specific-antibody to 

investigate the effects of 1oxF11 treatment on CDK4 activation. Through 2D-analysis we 

were able to separate distinct proteoforms of pCDK4, with spot 3 corresponding to CDK4 

in its T172 phosphorylated state, and spot 1 to unphosphorylated CDK4. We observed 

that treatment with 1oxF11 was indeed able to diminish T172 phosphorylation status on 

CDK4 in MCF-7 cells in a dose-dependent manner (Figure 7c). To control for differences 

in protein expression, we normalized pCDK4-T172 levels to unphosphorylated CDK4 (spot 

3 normalized to spot 1). These data, along with supporting evidence showing engagement 

of CDK4 through chemoproteomics and immunoblotting, as well as inhibition of its activity 

both in vitro and in these same MCF-7 cell models, support a model in which M169 

oxidation/T172 phosphorylation crosstalk offers a potential new redox vulnerability where 
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oxidative modification of CDK4 at an allosteric M169 by 1oxF11 inhibits CDK4 activity by 

hindering phosphorylation at its activating T172 site.

CONCLUSIONS

We have presented a methionine-directed ABPP platform for identifying and developing 

covalent ligands for new functional methionine sites. We highlighted the potential value of 

this approach using CDK4 as a representative high-value target to showcase the application 

of ReACT probes to reveal fundamental new chemical function on proteins and accelerate 

drug discovery efforts by expanding covalent ligand development beyond the more common 

cysteine and lysine protein nucleophiles. Indeed, we applied methionine-directed ReACT 

probes with broad reactivity to identify novel hyperreactive, ligandable methionine sites on 

CDK4. We then optimized the synthesis of oxaziridine probes and used these methods to 

design and synthesize a focused covalent ligand library of ca. 180 oxaziridine fragments 

bearing chemically diverse functional groups, including spirocycles, halogens, azoles, 

ethers, and amides. Synthesis of the fragment library was guided by computational design 

to ensure efficient N-transfer rates and sulfimine stability of the subsequent products 

with methionine. We moved on to establish that this ReACT ABPP platform was 

useful for fragment-based screening efforts against the representative oncoprotein CDK4. 

Chemoproteomic experiments revealed that fragment 1oxF11 was a covalent modifier of 

CDK4 that selectively labeled its allosteric M169 site with isoform specificity over CDK1 

and CDK6. We derived structure activity relationships from molecular dynamics studies that 

suggest that the tetrahydrofuranyl moiety on 1oxF11 uniquely positions it toward a hydrogen 

bonding interaction with the amide backbone of V174 in addition to cation- π interactions 

with the phenyl moiety alpha to the oxaziridine. Biochemical and cell-based assays showed 

that 1oxF11 can inhibit CDK4 activity on purified protein and in cells and decrease 

cell viability in a dose-dependent manner, with detection of target engagement in cells 

enabled by the synthesis of a 1oxF11yne probe bearing an alkyne handle for detection and 

enrichment. Quantitative chemoproteomics studies demonstrated that 1oxF11yne engages 

CDK4 in a proteome context with 59 other unique protein targets identified. Additionally, 

biochemical studies uncovered a novel redox regulatory mechanism for kinase inactivation 

through reciprocal oxidation/phosphorylation crosstalk between proximal M169 and T172 

residues in CDK4, where M169 oxidation hinders phosphorylation at the protein-activating 

T172 site. Indeed, use of a phospho-specific pT172-CDK4 antibody in 1D- and 2D-

immunoblot analyses established that treatment with the M169-modifying 1oxF11 covalent 

ligand diminished T172 phosphorylation and CDK4 activity. The resulting loss of CDK4 

function prevented downstream Rb phosphorylation at S780 and S807/811, leading to cell 

cycle arrest by failure at the S-phase checkpoint. Our findings thus support a role for 

M169 as a redox sensor site at the S-phase checkpoint, preventing cell division under 

highly oxidative conditions by sterically preventing phosphorylation at T172. This newly 

discovered redox vulnerability in CDK4 provides an alternative modality for therapeutic 

intervention. Current and future efforts are geared to increase the size and diversity of 

methionine-directed activity-based probes and covalent ligand platforms to improve potency 

and selectivity, pursue other high-value targets and therapeutic modalities, as well as expand 
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these approaches to other native amino acids in the proteome beyond cysteine, lysine, and 

methionine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Activity-based protein profiling (ABPP) using oxaziridine probes for Redox-Activated 

Chemical Tagging (ReACT) identifies new hyperreactive, ligandable methionine sites on 

CDK4. (a) Structures of Ox1-alkyne, Ox32-alkyne, and Ox1-azide ABPP probes. (b) 

Ribbon diagram of CDK4 (PDB: 2W9Z). Methionine residues modified by oxaziridines 

are highlighted, with colored squares representing the corresponding ReACT reagents 

found to modify each site. Each residue is additionally labeled with its calculated solvent 

accessibility. (c) Shotgun proteomics general workflow. Isolated protein is first incubated 

with compound. After excess compound is neutralized, protein is tryptic-digested and 

analyzed via MS/MS to reveal compound site(s) of modification.
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Figure 2. 
Design, synthesis, and evaluation of an oxaziridine-based covalent ligand library for 

targeting methionine sites and identification of 1oxF11 as a covalent modifier of CDK4 

via gel-based ABPP screening. (a) Design of oxaziridine fragments that favor formation 

of N-transfer sulfimine over O-transfer sulfoxide products upon reaction with methionine 

using principal component analysis (PCA). Rates of sulfimine hydrolysis correlate with 

calculated νC=O values. (b) Schematic of gel-based ABPP screening workflow. The protein 

target is preincubated with covalent ligand followed by treatment with Ox1-azide probe. 

Excess oxaziridine is then quenched with N-acetyl methionine (NAM) and the sample 

treated with DBCO-Cy3 overnight for fluorescence detection. Samples are finally separated 

by SDS-PAGE. Loss of fluorescent signal suggests competitive ligand binding to the protein. 

Silver stain is used to identify and exclude samples where signal loss corresponds to 

overall protein loss, likely due to aggregation induced by the ligand. (c) Representative 

structure types within the oxaziridine fragment library, organized by common functional 

groups. (d) Representative data from gel-based ABPP screen. CDK4 and ligand incubated 

at equimolar doses. (e) Structure of 1oxF11 fragment identified in gel-based ABPP screens 

as a competitive ligand for CDK4. Dose-dependent treatment of 1oxF11 against CDK4, 

CDK1, and CDK6 shows selective loss of fluorescent signal only with CDK4, suggesting 

isoform-specific engagement of this target.

Gonzalez-Valero et al. Page 17

J Am Chem Soc. Author manuscript; available in PMC 2023 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
1oxF11 is a covalent modifier of CDK4 at M169 and inhibits its activity on purified protein. 

(a) MS2 spectrum of 1oxF11-modified CDK4 showing covalent ligation at M169. (b) MS2 

spectrum of 1oxF11-modified M169L mutant CDK4 showing covalent ligation at M264. (c) 

Kinase activity assay on purified WT and M169L CDK4/CCND1 protein variants showing 

dose-dependent inhibition in response to 1oxF11 treatment.
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Figure 4. 
Molecular dynamics of 1oxF11 bound to CDK4. (a) full structure of CDK4 with 1oxF11 

noncovalently bound. (b) Expansion of M169 binding pocket. (c) Ligand-residue interaction 

diagram over time. (d) Schematic of 1oxF11 binding.
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Figure 5. 
Decrease in cell viability and inhibition of cellular CDK4 activity by 1oxF11 and its 

1oxF11yne analog in various cancer cell models. (a) Screening of ribociclib-sensitive cell 

lines by treatment with 500 μM 1oxF11 showing differential cell viability profiles across 

cancer types. The MCF-7 cell line displays the highest sensitivity to 1oxF11. Error bars 

represent standard deviation of n = 3 biological replicates. (b) Left: Immunoblot timecourse 

of constitutive knockdown and overexpression of transiently expressed CDK4. Right: Dose-

response curves of untransfected and transfected MCF-7 cells transiently expressing CDK4 

treated with 1oxF11. Error bars represent standard deviation of n = 3 biological replicates. 

(c) Synthetic route of 1oxF11yne bearing an alkyne handle for bio-orthogonal detection and 

enrichment purposes. (d) MS2 data showing that 1oxF11yne is a covalent modifier of CDK4 

at the same M169 site as the parent 1oxF11 fragment. (e) Simplified scheme of cellular 

CDK4 activity, where Rb represents the native substrate of CDK4. Immunoblot analyses 

measuring the extent of Rb phosphorylation provides a method to detect intracellular CDK4 

activity. (f) Immunoblot analysis of MCF-7 cells treated with a titration of 1oxF11 and 

1oxF11yne to assess changes in cellular CDK4 activity. (g) Competition binding assay 

between 1oxF11 and 1oxF11yne, providing evidence for target engagement in MCF-7 cells.
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Figure 6. 
ReDiMe-ABPP platform to identify targets of 1oxF11yne in MCF-7 lysates. (a) Schematic 

of the chemoproteomic platform to identify protein targets of 1oxF11yne. MCF-7 lysates 

transiently expressing CDK4 were treated with either 500 μM 1oxF11yne or vehicle 

followed by CuAAC to a DTB-N3. Samples were then separately enriched with streptavidin-

agarose beads and tryptically digested. Following peptide elution, the samples were 

differentially labeled with light or heavy isotopes at their N-termini through reductive 

dimethylation to enable identification of 1oxF11yne targets compared to proteins that 

non-specifically bind to the streptavidin-agarose interface. Samples were multiplexed and 

analyzed across n = 3 biological replicates. (b) Unique protein targets identified by ReDiMe-

ABPP. A total of 72 unique protein targets with n = 2 statistical representation were 

identified as 1oxF11yne targets including CDK4, with some overlap to non-specific binders. 

(c) Subcellular distribution of identified 1oxF11yne targets. (d) PANTHER GO protein 

function of identified 1oxF11yne targets.
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Figure 7. 
The ReACT covalent ligand probe platform enables discovery of a reciprocal oxidation/

phosphorylation crosstalk pathway in CDK4 through proximal allosteric M169 and 

T172 sites, where M169-targeted oxidation can inhibit CDK4 activity by preventing 

phosphorylation at T172. (a) Schematic outlining oxidation/phosphorylation crosstalk 

between CDK4 M169 and T172. Under low oxidative conditions, T172 of CDK4 

is phosphorylated by cyclin-dependent activating kinase (CAK) as part of a critical 

activating step leading to cell division to pass the S-phase checkpoint. High oxidative 

conditions can lead to oxidation at M169, which blocks the T172 phosphorylation site, 

thus preventing cell division via S-phase checkpoint failure. This crosstalk identifies 

a methionine redox-dependent vulnerability for potential therapeutic intervention. (b) 

Ribbon structure (PDB: 2W9Z) highlighting proximity of M169 and T172. (c) Monitoring 

CDK4 phosphorylation status using 2D-immunoblot analyses with phospho-specific CDK4 

antibodies. Phosphorylation at T172 decreases with increasing concentrations of added 

1oxF11 in MCF-7 cells. Spots 1, 2, 3, and 4 represent different phosphorylation states 

of CDK4, with spot 1 being unphosphorylated and spot 3 being monophosphorylated at 

T172. Peaks represent changes in intensity of spots normalized to peak 1 intensity. A 

clear decrease in spot 3 is observed upon treatment with increasing doses of 1oxF11, 

consistent with a model where this covalent ligand inhibits CDK4 activity by promoting 

M169 oxidation to block T172 phosphorylation.
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Scheme 1. 
General synthetic routes to oxaziridine compounds for creating a focused covalent ligand 

fragment library. All syntheses began with primary or secondary amine synthons. Three 

routes were utilized to generate imine intermediates depending on starting amine. All imines 

were converted to oxaziridines using the same convergent method outlined.
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