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Abstract

Mass-spectrometry-based chemoproteomics has enabled the rapid and proteome-wide discovery of 

functional and potentially ‘druggable’ hotspots in proteins. While numerous transformations are 

now available, chemoproteomic studies still rely overwhelmingly on copper(I)-catalyzed azide–

alkyne cycloaddition (CuAAC) or ‘click’ chemistry. The absence of bio-orthogonal chemistries 

that are functionally equivalent and complementary to CuAAC for chemoproteomic applications 

has hindered the development of multiplexed chemoproteomic platforms capable of assaying 

multiple amino acid side chains in parallel. Here, we identify and optimize Suzuki–Miyaura 

cross-coupling conditions for activity-based protein profiling and mass-spectrometry-based 

chemoproteomics, including for target deconvolution and labeling site identification. Uniquely 

enabled by the observed orthogonality of palladium-catalyzed cross-coupling and CuAAC, we 

combine both reactions to achieve dual labeling. Multiplexed targeted deconvolution identified the 

protein targets of bifunctional cysteine- and lysine-reactive probes.

Graphical Abstract

INTRODUCTION

Bio-orthogonal chemistry is a mainstay of chemoproteomic sample preparation 

workflows. In a typical chemoproteomic experiment, the proteome is decorated with a 

bifunctional chemical probe that incorporates both a reactive group (e.g., electrophile or 

photocrosslinker) and a detection handle (e.g., biotin, azide, or alkyne handle). Alkyne and 

azide moieties are widely used in chemoproteomics, due in large part to their small size, 

inertness toward biological molecules and aqueous environments, and ease of conjugation 

to biotin reagents using copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) or ‘click’ 

chemistry.1–5 After enrichment and proteolytic digestion, the protein targets and sites of 

probe labeling are identified by tandem mass spectrometry (MS/MS) analysis.

Enabled by innovative new probes, a plethora of protein functions can now be assayed 

by chemoproteomics, including the reactivity of nearly all nucleophilic amino acid side 
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chains, inclusive of serine,6–8 cysteine,9,10 lysine,11 histidine,12 tyrosine,13 aspartate and 

glutamate,14–16 and methionine,17 and the interactions between proteins and cofactors,18–20 

lipids,21,22 reactive metabolites,23 and druglike molecules.10,24 Recently, bifunctional probes 

featuring two electrophiles have emerged as a new strategy to induce protein association, 

functioning as a ‘molecular glue’.25 Assessment of the protein targets of such bifunctional 

molecules would benefit from the development of new chemoproteomic methods that assay 

compound labeling at multiple amino acids simultaneously. The identification of additional 

inert handles compatible with chemoproteomics and complementary to azide and alkyne 

groups would enable such multiplexed chemoproteomic studies that use two chemical 

probes simultaneously.

Aryl halides are ideally suited to chemoproteomic applications. Many drugs and probes 

already incorporate aryl halides,26 and halogenated building blocks are economical and 

readily available. As the Van der Waals volume27 of the iodo (32.52 Å3/molecule), 

and bromo (26.52 Å3/molecule) substituents are smaller than those of ethene (39.7 Å3/

molecule) and ethyne (38.4 Å3/molecule),28 halogens are suited to applications that cannot 

tolerate large modifications. Enabled by mild and biocompatible Suzuki–Miyaura cross-

coupling, site-specific labeling of halogen-containing proteins and oligonucleotides has been 

achieved.29–42 However, to our knowledge, the utility of palladium-catalyzed cross-coupling 

in chemoproteomic applications remains unexplored.

Here, we report multiplexed CuAAC Suzuki–Miyaura chemoproteomics (termed mCSCP) 

as a novel platform capable of assessing labeling of both cysteines and lysine residues 

simultaneously. As a key step for mCSCP, we identify SP3 sample cleanup43,44 as an 

improved method to remove contaminants from chemoproteomic samples. Application of 

mCSCP to chemoproteomic target deconvolution on a global scale enables identification of 

residues that can be targeted by bifunctional cysteine- and lysine-reactive molecules.

EXPERIMENTAL SECTION

Gel-Based Activity-Based Protein Profiling (ABPP) with Suzuki–Miyaura Cross-Coupling.

HEK293T proteome (50 μL of 2 mg/mL) was labeled with 1 (1 μL of 10 mM stock 

solution in DMSO, final concentration = 200 μM) for 1 h at ambient temperature. Suzuki–

Miyaura cross-coupling was performed with biotin-boronic acid 2 or 3 (1 μL of 100 mM 

stock in DMSO, final concentration = 2 mM) and catalyst 4 (1 μL of 50 mM stock 

in dimethylacetamide (DMA) prepared according to the catalyst preparation procedure 

described in the Supplementary Methods, final concentration = 1 mM). Samples were 

allowed to react (3 h at 37 °C or 1 h at 50 °C) at which point the reactions were 

quenched with 4× Laemmli buffer (20 μL). The samples were then denatured (5 min, 95 

°C) and analyzed by SDS-PAGE, using Criterion TGX Stain-Free gels obtained from Bio-

Rad. Loading control images were obtained using the stain-free workflow with a Bio-Rad 

ChemiDoc Imager.45
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SP3 Proteomic Sample Preparation Using Suzuki–Miyaura Cross-Coupling.

HEK293T cell lysates were prepared and labeled as described for gel-based ABPP. After 

Suzuki–Miyaura labeling, each sample was then treated with 0.5 μL of benzonase (Fisher 

Scientific, 70–664–3) for 30 min at 37 °C. DTT (10 μL of 200 mM stock in water, final 

concentration = 10 mM) was added to each sample, and the sample was incubated at 65 °C 

for 15 min. To this, iodoacetamide (10 μL of 400 mM stock in water, final concentration = 

20 mM) was added, and the solution was incubated for 30 min at 37 °C with shaking. SP3 

sample cleanup was performed as described previously.43,44 See the Supporting Information 

for a detailed description of sample cleanup.

NeutrAvidin Enrichment of Labeled Peptides.

For each sample, 50 μL of NeutrAvidin Agarose resin slurry (Pierce, 29,200) was washed 

twice in 10 mL of IAP buffer (50 mM MOPS pH 7.2, 10 mM sodium phosphate, and 50 

mM NaCl buffer) and then resuspended in 500 μL of IAP buffer. Peptide solutions eluted 

from SP3 beads were then transferred to the NeutrAvidin Agarose resin suspension, and the 

samples were then rotated for 2 h at room temperature (RT). After incubation, the beads 

were pelleted by centrifugation (21,000 g, 1 min) and washed by centrifugation (6 × 700 

μL water). Bound peptides were eluted with 60 μL of 80% acetonitrile in molecular biology 

grade water containing 0.1% FA (10 min at RT). The samples were then harvested by 

centrifugation (21,000 g, 1 min), and residual beads were separated from supernatants using 

Micro Bio-Spin columns (Bio-Rad). The remaining peptides were then eluted from pelleted 

beads with 60 μL of 80% acetonitrile in water containing 0.1% FA (10 min, 72 °C). The 

beads were then separated from the eluants using the same Bio-Spin column. The eluants 

were then collected by centrifugation (21,000 g, 1 min), and the combined eluants were 

dried (SpeedVac). The samples were then reconstituted in 40 μL of water containing 5% 

acetonitrile and 1% FA and analyzed by LC–MS/MS.

Data Availability.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE46 partner repository with the dataset identifier PXD022279 and 

10.6019/PXD022279.

RESULTS

Bio-orthogonal Suzuki–Miyaura Cross-Coupling Complex Cell Lysates.

We first evaluated the compatibility of palladium-catalyzed cross-coupling with thiol-rich 

cell lysates, given the known sensitivity of cross-coupling reactions to free thiols29 and the 

potential for S-arylation.47 By screening a panel of ligands in the model reaction between 

4-iodoaniline and 4-methoxyphenylboronic acid, we determined whether catalysis would be 

detrimentally impacted by addition of the cellular reductant glutathione (1 mM GSH), the 

protein bovine serum albumin (1 mg/mL BSA), or the complex milieu of HEK293T cellular 

lysates (1 mg/mL). In PBS buffer, sSPhos outperformed all other catalysts and afforded 

high (>80%) conversion (Table 1, Table S1, and Figure S1). Free thiol additives (GSH) 

dramatically decreased the efficiency of reactions catalyzed by all palladium complexes. 
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In contrast, when the model reaction was catalyzed by palladium complexed with bulky 

electron-rich phosphine ligands, including sSPhos and P(t-Bu)3, we observed reasonable 

product formation in the presence of thiol-containing proteins, including the recombinant 

protein bovine serum albumin (BSA) and bulk cellular lysates.

We then tested whether this reactivity would extend to gel-based ABPP (Figure 1A and 

Figure S2). We obtained a cysteine-reactive iodinated probe, iodophenyl iodoacetamide 

1 in 84% yield, and two phenyl boronic acid-substituted biotinylated enrichment handles 

(biotin-boronic acids 2 and 3) in 84 and 77% yields, respectively (Figure 1B and Scheme 

S1). We prioritized sSPhos for ABPP studies, as its solubility in aqueous media minimized 

requirements for cosolvent. Palladium catalyst 4 was generated by stirring one equivalent 

of palladium acetate (Pd(OAc)2) and one equivalent of sSPhos in degassed DMA at 50 °C 

for 30 min. Degassed cellular lysates were then labeled with probe 1 (200 μM) for 1 h, 

subjected to cross-coupling conditions including 2 mM 2 or 3 and 1 mM 4 at 37 °C for 

3 h, samples resolved by SDS-PAGE gel, and biotinylation visualized by streptavidin blot. 

Gratifyingly, labeling was dose-dependent and only observed in the presence of all cross-

coupling reagents (Figure 1C, Figure S3, and Figure S4). Comparable labeling intensities 

were observed when Suzuki–Miyaura cross-coupling was benchmarked against CuAAC, 

with proteome labeled with the structurally matched cysteine-reactive iodoacetamide alkyne 

probe 5 (200 μM), which was reacted with biotin-azide 6 (Figure 1B,C).

We next determined whether increasing the time, temperature, or concentration of 

palladium, the ligand, the probe, or biotin-boronic acid would afford increased labeling. 

While cross-coupling did occur at RT, increasing the temperature to 37 or 50 °C afforded 

increased labeling intensity (Figure S5). In contrast with increased palladium concentrations, 

which afforded modestly decreased labeling, we found that increasing the concentration 

of biotin-boronic acid up to 2 mM significantly enhanced protein labeling (Figure S6). 

Although cross-coupling reactions are known to be sensitive to oxygen, solution degassing 

did not significantly alter labeling (Figure S7A,B). Degassing did however completely 

eliminate low-level background labeling, which was observed in nondegassed lysates 

subjected to cross-coupling in the absence of probe 1 (Figure S7B) this background labeling 

can likely be ascribed to the reactivity of boronic acids with peroxo palladium complexes, 

which are formed in the presence of dioxygen.51 Comparable labeling was observed across 

catalyst batches, including for the catalyst left on the bench for >2 months (Figure S8A).

As many chemoproteomic experiments incorporate high concentrations of additives, 

including denaturing reagents, detergents, salts, and other biomolecules, we screened the 

compatibility of Suzuki–Miyaura labeling against a panel of additives (Figures S9–S11). 

Cross-coupling was found to be compatible with most common bioadditives, except for high 

concentrations of reductants, salts, and amines.

To explore the effects of the ligand and coupling partners on protein labeling, we 

systematically varied the boronic acid, catalyst, and halogen reaction components. 

Inspection of the molecular structure of streptavidin52 indicated that the lack of a flexible 

linker in biotin-boronic acids 2 and 3 might detrimentally affect molecular recognition 

of the biotin moiety. We therefore synthesized linker biotin-boronic acid 7 in 54% yield. 
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Comparable labeling was observed by streptavidin blot for 2, 3, and 7 biotin boronic acids 

(Figure S12). Different ratios of sSPhos and Pd(OAc)2 were also examined, revealing that 

a 1: 1 stoichiometry was optimal (Figure S13). Efficient lysate biotinylation was achieved 

using a number of commercial ligands complexed with Pd(OAc)2, including XPhos,53 

BrettPhos,54 P(t-Bu)3,
49 and DavePhos50 (Figure S14). We were also surprised that addition 

of base (K2CO3), typically obligatory for cross-coupling reactions, did not enhance labeling 

(Figure S15).

To study whether gel-based ABPP with aryl bromides or chlorides was feasible, we 

synthesized chloro- and bromo-substituted cysteine-reactive probes 8 and 9 in 82 and 74% 

yields (Scheme S1). When subjected to sSPhos cross-coupling with biotin-boronic acid 3, 

neither 8 nor 9 afforded detectable lysate labeling (Figure S16), which we ascribe to the 

different rates of oxidative addition (I > Br> > Cl)55 and possible halide effects56,57 from the 

large excess of chloride ions in buffer, which is consistent with our observation that a large 

excess of sodium chloride (1 M) completely eliminated labeling (Figure S10).

Efficient cross-coupling with aryl bromides and chlorides can be achieved using 

palladium(0) precatalysts. Therefore, we obtained and screened a set of commercially 

available precatalysts, including the phosphine-containing sSPhos Pd G2, DavePhos Pd 

G3, XPhos Pd G3, SPhos Pd G3, XantPhos Pd G3, AdBrettPhos Pd G3, and N-XantPhos 

G4,58–62 and the N-heterocyclic carbene ligands (NHC)Pd(allyl)Cl63,64 and PEPPSI-IPr.65 

Although near quantitative conversion was observed in model cross-coupling reactions 

between 4-iodoaniline and 4-methoxyphenylboronic acid for all precatalysts in the presence 

of 2 equivalents of base (K2CO3), 4-bromo- and 4-chloroaniline require an excess of strong 

base (e.g., 100 equiv of CsOH) to drive the reaction to near completion (Table S2). The 

general utility of precatalysts was also evaluated for gel-based ABPP with iodo probe 

1. Robust protein biotinylation was only observed using sSPhos Pd G2, PEPPSI-IPr, and 

DavePhos Pd G3 (Figure S17). Use of the sSPhos Pd G2 precatalyst failed to afford 

significant biotinylation of lysates labeled with bromo- and chloro-substituted probes 8 and 

9 (Figure S16 and Table S2).

SP3 sample cleanup enables Suzuki–Miyaura cross-coupling for chemoproteomic 
applications.

We next determined whether cross-coupling could be extended to chemoproteomic 

applications. Probe 1-labeled lysates were subjected to cross-coupling with biotin-boronic 

acid 2, protein-capture on neutravidin resin, on-bead tryptic digest, stage-tip desalting, and 

tandem MS/MS analysis (see Figure S2 for the workflow). Comparison of the unique 

proteins and cysteines revealed that the CuAAC substantially outperformed Suzuki–Miyaura 

cross-coupling (Figure 2, CHCl3/MeOH bars and Table S3). As this finding was inconsistent 

with our gel-based studies, which indicated similar labeling, we hypothesized that our 

protein capture may have been confounded by the excess biotin reagents required for 

Suzuki–Miyaura cross-coupling (vide supra), particularly given that boronic acids are known 

to interact strongly with the cis 1,2 and 1,3 diols present in glycosylated proteins.66

To test this hypothesis, we first performed labeling studies on BSA. BSA was labeled with 

the cysteine reactive probes 1 or 5, which were then subject to either Suzuki–Miyaura 
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cross-coupling or CuAAC to biotinylated reagents 2 or 6, respectively. The labeled proteins 

were then subjected to tryptic digest and LC–MS/MS analysis, which revealed that Suzuki–

Miyaura cross-coupling outperformed CuAAC in the biotinylated peptides identified (14 vs 

6% of peptides, Figure S18 and Table S3). Incomplete biotinylation was observed for both 

reactions, and dehalogenation was also observed for 17% of peptides.

Supported by the efficient Suzuki–Miyaura-catalyzed biotinylation of BSA, we sought to 

identify a suitable method for contaminant removal. We found that single-pot, solid-phase-

enhanced sample-preparation (SP3) using carboxyl magnetic beads43,44 far outperformed 

standard chloroform/ methanol (CHCl3/MeOH) precipitation, affording cross-coupling 

peptide capture comparable to that obtained using CuAAC (Figure 2, SP3 bars), and 

the aggregate coverage of CuAAC- and Suzuki-labeled peptides exceeded that reported 

in previous studies (Figure S19A).9,10 Notably, we found that a modified, steeper 

chromatography gradient (see the Supporting Information) was required to obtain improved 

coverage of biotinylated peptides, consistent with the hydrophobic modifications causing 

increased retention of labeled peptides during reverse-phase chromatography (Figure S20). 

Surprisingly, SP3 cleanup also increased the coverage of biotinylated peptides in CuAAC-

labeled samples. Comparison of Suzuki- and CuAAC-labeled proteins using equimolar 

concentrations of probes 1 and 5 revealed substantial overlap between the proteins (64%) 

and peptides (46%) identified by both methods (Figure S19B and Table S3). Open search 

of the Suzuki-labeled samples using the search algorithm MSFragger67 confirmed the cross-

coupling product to be the primary detectable modification. Of note, a handful of peptides 

(0.2% of all identified peptides) were found to be modified with a mass corresponding to 

the S-arylation product, indicating that the low-level oxygen-dependent background labeling 

can likely be ascribed to palladium-catalyzed S-arylation. Showcasing the efficiency of our 

sample preparation workflow, only a small percentage (17%) of the detected peptides were 

found to be unlabeled (Figure S21).

We tested whether Suzuki–Miyaura cross-coupling chemistry could robustly identify the 

protein targets of cysteine-reactive chemical probes. We synthesized and compared iodo-10 

and alkyne-11 analogs of a N,N-disubstituted chloroacetamide scaffold KB7 that we 

previously identified as a modestly potent inhibitor (low micromolar) of procaspase-8 

(Figure 3A).10,68 The apparent IC50 of procaspase-8 labeling by 10 was comparable to 

labeling by unsubstituted probe KB7 (5.4 and 6.9 μM, respectively; Figure 3B and Figure 

S22). In a competitive gel-based format, we observed that 10 and 11 (each at 10 μM) can 

both be used to detect blockade of labeling of procaspase-8 by unmodified compound KB7 

(50 μM, Figure 3C). Suzuki–Miyaura visualization of procaspase-8 labeled with compound 

10 did however result in somewhat lower labeling intensity when compared to CuAAC 

labeling with compound 11. In contrast, cell lysates treated with both probes showed similar 

labeling patterns and intensities (Figure 3D), indicating that the reduced labeling was likely 

restricted to procaspase-8.

We next turned our attention to in-cell labeling. Jurkat T lymphocyte cells were labeled 

with 10 or 11 (100 μM) followed by lysis, biotinylation, and gel-based analysis. 10 and 11 

shared generally similar in-cell labeling profiles, with the exception of an ∼18 kDa band 

preferentially labeled by 10 (Figure 3E). Proteomics revealed that nearly all peptides labeled 
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by probe 11 were also labeled by 10 (Figure 3F). Gratifyingly, the catalytic cysteine of 

caspase-8 (Cys360) was identified as labeled by both probes (Figure 3G and Table S3), 

consistent with our prior studies.10,68 Curiously, we also found that both probes labeled 

cysteines from additional caspases (Figure 3G), including both catalytic and noncatalytic 

residues. The relative promiscuity of both compounds can likely be ascribed to the high 

concentration of probes utilized here (100 μM), which far exceeds the apparent IC50 for 

caspase-8 labeling, and the fact that direct-labeling studies, such as those described here, do 

not distinguish between high- and low-affinity labeling events.

Multiplexed CuAAC Suzuki–Miyaura Chemoproteomics (mCSCP).

Multiplexed ABPP assays using fluorophores of different wavelengths can improve the 

throughput and coverage of gel-based inhibitor screens.69 However, such multiplexing has 

not been extended to MS-based proteomics due to the absence of orthogonal labeling 

and capture methods. To determine whether multiplexed CuAAC Suzuki–Miyaura labeling 

of the same sample was feasible, we sequentially labeled lysates with cysteine- and 

lysine-reactive probes, containing iodo and azido moieties, 1 (200 μM) and 12 (50 μM), 

respectively. Gratifyingly, we observed concurrent labeling by both probes with minimal 

cross-talk between the reactions (Figure 4A,B and Figure S22). Order of reactions did 

affect labeling, with CuAAC followed by Suzuki–Miyaura cross-coupling as the preferred 

reaction sequence. In a parallel set of chemoproteomic experiments, lysates labeled with 

probes 1 and 12 were labeled with biotinylated capture reagents, 2 and 13, respectively, and 

the labeled lysates were subjected to SP3-chemoproteomics analysis, as described above. 

A total of 3930 cysteine-labeled peptides and 7704 lysine-labeled peptides were detected 

across three replicate experiments (Figure 4A,C and Table S3). Overlap between the proteins 

identified by probes 1 and 12 was modest (Figure 4D). Surprisingly, only a handful of 

peptides (62 in total) were found to be labeled by both probes in the same sequence (Table 

S3). These dual labeling sites may point to privileged binding sites. For example, in the 

protein elongation factor 1-alpha 1 (EEF1A1), both Cys234 and Lys219 were labeled in 

the same peptide sequence and were also proximally located in the X-ray crystal structure 

(Figure 4E).

Next, we sought to determine whether our mCSCP platform could be applied to assess 

target engagement for bifunctional chemical crosslinkers. We synthesized a small library 

of compounds functionalized with both cysteine-reactive (acryl-amide- or chloroacetamide-) 

lysine-reactive (pentafluorophenyl ester) and dual lysine- and tyrosine-reactive electrophiles 

(sulfonyl fluoride). We also obtained compounds with only single electrophiles for 

comparison (Figure 5A and Scheme S2).

We then treated isotopically differentiated (stable isotope labeling by amino acids in cell 

culture or SILAC70) HEK293T cells with each compound (light cells) or DMSO vehicle 

(heavy cells) and subjected the labeled lysates to our mCSCP platform (see Figure S24 

for the workflow). In aggregates, we detected 2632 cysteines on 1482 proteins and 9452 

lysines on 2248 proteins across all compound-treatment experiments with 890 cysteines on 

651 proteins and 607 lysines on 479 proteins showing MS1 peak area ratios >3, indicative 

of irreversible compound labeling (Table S4). Activated ester containing compounds 20–
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22 competed STP probe labeling for 479 aggregate lysines. Sulfonyl fluoride containing 

compounds 15–20 competed STP probe labeling for 396 aggregate lysines. A total of 128 

lysines showed elevated MS1 area ratios (R > 3) only upon sulfonyl fluoride compound 

treatment and 211 lysines only upon activated ester compound treatment, indicating 

preferential labeling by a subset of lysine-reactive electrophiles. Surprisingly, mCSCP 

analysis with activated ester 22, which lacks a cysteine-reactive warhead, identified 324 

cysteines with MS1 peak areas >3. These data point to widespread cysteine-reactivity of 

activated esters as a potential liability for the design of lysine-specific probes using activated 

esters and related warheads. In contrast, sulfonyl fluoride 19, which also lacks a cysteine-

reactive electrophile, only showed elevated MS1 area ratios for 70 cysteines. It remains to be 

seen whether this small number of putative cysteines labeled by sulfonyl fluorides represent 

bona fide cysteine labeling or ratio changes that stem from labeling alternative proximal 

residues (e.g., lysines or tyrosines). Gratifyingly, we also detected 140 lysine residues on 

116 proteins that are labeled by bifunctional compounds 15–18, 20, and 21 and not by parent 

cysteine- or lysine-reactive compounds KB3, KB14, 19, and 22 (Figure 5B), indicating that 

for these residues, cysteine labeling is likely a requisite for lysine labeling. For 53 of these 

proteins, we also identified at least one ligandable cysteine residue.

We next sought to confirm that the dual proteomic data could be faithfully recapitulated by 

competitive gel-based ABPP analysis. We selected the protein IMPDH2 for these studies, 

as our dataset indicated labeling at Cys140 by all dual electrophile library members as 

well as cysteine-reactive probes KB3 and KB14. We recombinantly expressed IMPDH2 

in E coli and subjected the protein to gel-based ABPP using the previously identified 

cysteine-selective probe KB1810 (Scheme S2). Consistent with our dual chemoproteomic 

studies, all cysteine-reactive compounds showed substantial competition of KB18 labeling 

(Figure S25). Using IMPDH2 as a model protein, we also assessed the number of peptide 

crosslinks generated by treatment with sulfonyl fluorides 15–19. Compound-labeled protein 

was subjected to tryptic digest and MS/MS analysis. Search with the algorithm SIM-XL71 

revealed a number of crosslinks for each compound, including both shared and unique 

crosslinks between cysteine residues and both lysine and tyrosine residues (Tables S5 and 

S6). Surprisingly, our competitive mCSCP dataset showed modest (Ratio ≈ 1.9) competition 

of STP-probe labeling at only one of these residues (K134), which indicates generally 

modest to low efficiency of labeling lysine residues by bifunctional sulfonyl-fluoride 

containing bifunctional compounds.

DISCUSSION

Taken together, our study expands the toolbox of reactions compatible with gel-based 

ABPP and chemoproteomics. We find that Suzuki–Miyaura cross-coupling is functionally 

equivalent and complementary to CuAAC. Building upon prior studies that demonstrated the 

utility of cross-coupling chemistry for labeling proteins, oligonucleotides, and cell surfaces, 

we show here that Suzuki–Miyaura cross-coupling will also proceed efficiently in cell 

lysates under mild conditions that afford excellent bio-orthogonality. We observed only 

trace probe-independent background labeling, which likely stems from palladium-catalyzed 

cysteine S-arylation. While solution degassing further reduces this background labeling, 

we acknowledge that a requirement for degassing may limit the broad applicability of our 

Cao et al. Page 9

Anal Chem. Author manuscript; available in PMC 2022 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



method. We anticipate that additional optimization of the palladium catalyst and reaction 

conditions will likely further reduce the observed low-level background reactivity.

We then applied Suzuki–Miyaura cross-coupling to activity-based chemoproteomics. Using 

a pan-cysteine-reactive iodophenyl probe 1, we showed that the single iodo atom could 

function as a bio-orthogonal enrichment handle for chemoproteomics, even outperforming 

structurally matched alkyne-containing probes for numbers of proteins and peptides 

identified. Key to these findings was our discovery that SP3 sample cleanup can be 

applied to chemoproteomic sample preparation workflows, which enabled enrichment of 

biotinylated peptides from samples labeled with excess of the biotin-boronic acid reagent. 

SP3 sample preparation offers the advantages of reduced sample size, near quantitative 

sample recovery, and streamlined sample preparation workflows. We expect that, based on 

our findings, SP3 cleanup will likely become an integral part of future chemoproteomic 

sample preparation workflows.

Our target deconvolution studies comparing structurally matched iodo and alkyne probes 

revealed that the protein targets and sites of labeling of electrophilic probes are readily 

identified by our Suzuki–Miyaura platform. Strikingly, nearly all proteins and cysteines 

identified by the alkyne-probe 11 were also identified by the iodo probe 10. Interestingly, 

for in-cell labeling studies, we found that iodo probe 10 also labeled a significant number 

of proteins and peptides not captured by alkyne probe 11. We ascribe this increased labeling 

to the greater lipophilicity of the iodo probe, which likely leads to increased in-cell probe 

accumulation and possibly altered subcellular localization. Of note, our in vitro gel-based 

ABPP studies showed comparable labeling profiles and near-identical banding patterns, 

indicating that the increased labeling observed for the iodo probes is likely limited to 

cell-based studies.

Uniquely enabled by the observed orthogonality of Suzuki–Miyaura cross-coupling and 

CuAAC, we then applied our findings to develop an innovative multiplexed chemoproteomic 

platform (mCSCP) capable of assaying the ligandability of both cysteine and lysine residues 

in single experiments. We first showed that these reactions can function orthogonally 

using gel-based ABPP and then extended our findings to mass spectrometry-based 

chemoproteomics. Application of our multiplexed profiling method to the analysis of 

bifunctional chemical crosslinkers revealed that the ligandability of both lysine and cysteine 

residues can be assayed in a single experiment, including for dual amino acid-reactive 

probes, enabling identification of lysines preferentially labeled by compounds that also 

feature a cysteine-reactive warhead. Decreased coverage of labeled peptides due to the 

increased sample complexity caused by multiplexing is one potential limitation of our 

approach that could, in part, be addressed with isobaric labeling reagents.

Our sulfonyl fluoride-substituted compounds represent a useful advance for the field of 

crosslinking mass spectrometry. While sulfonyl fluorides have been used in crosslinking 

mass spectrometry experiments previously,72 to our knowledge, this chemotype has not yet 

been incorporated into cysteine-reactive crosslinkers. As sulfonyl fluorides are known to 

also react with tyrosine residues, future studies should integrate tyrosine-reactive probes13 

into such multiplexed chemoproteomic workflows. While competive chemoproteomic 
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studies are well-suited to identify high-affinity crosslinking sites, our findings indicate that 

such studies may miss lower efficient crosslinking events, as shown by our crosslinking 

MS data using the protein IMPDH2. Given the widespread interest in chemical probes that 

function as covalent molecular glues, our data point to possible challenges associated with 

generating compounds that react intermolecularly with high efficiency simultaneously at two 

amino acids.

Looking to the future, we can envision a wide range of additional applications for this 

chemistry. Multiplexed gel-based and chemoproteomic studies, such as those described here, 

should prove useful for cases where samples are limited, such as patient-derived samples or 

rare cell types. Suzuki–Miyaura cross-coupling chemistry should also extend to the labeling 

and enrichment of additional classes of biomolecules, such as RNA, that are known to 

be degraded by the copper employed in click chemistry.73,74 As halogens are ubiquitous 

in bioactive molecules, clinical candidates, and drugs, we foresee the widespread utility 

of Suzuki–Miyaura cross-coupling chemistry in target deconvolution studies, particularly 

when biological activity is precluded by bulkier substitutions. The development of more 

specialized ligands that reduce requirements for excess palladium and boronic acid reagents 

and that are compatible with Suzuki–Miyaura cross-coupling of aryl bromide and chloride 

probes in cell lysates will further increase the general utility of this chemistry. CuAAC 

is the gold standard bio-orthogonal reaction, which has been widely adopted by diverse 

communities and applications. The fact that Suzuki–Miyaura cross-coupling performs 

comparably to CuAAC is a testament to the robustness of the reaction. We do not anticipate 

that cross-coupling will supplant CuAAC and instead expect, as shown here, that bio-

orthogonal cross-coupling reactions, including Suzuki–Miyaura, as well as Sonagashira,75 

oxidative Heck,76 and likely additional reactions, can complement CuAAC labeling and add 

to the bio-orthogonal toolbox of reactions for ABPP and chemoproteomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gel-based ABPP using Suzuki–Miyaura cross-coupling. (A) General workflow. (B) 

Structures of probes used for Suzuki–Miyaura and CuAAC labeling. (C) Streptavidin 

detection of Suzuki–Miyaura and CuAAC labeling of degassed HEK293T lysates.
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Figure 2. 
Comparison of CuAAC and Suzuki–Miyaura chemoproteomic experiments shows unique 

cysteine and protein counts comparing sample cleanup by CHCl3/MeOH precipitation (n = 

4 for CuAAC and n = 5 for Suzuki–Miyaura) to solid-phase-enhanced sample-preparation 

(SP3) using carboxyl magnetic beads43,44 (n = 3 for both). Data represent means ± standard 

deviation. Statistical significance was calculated with unpaired Student’s t-tests comparing 

CHCl3/MeOH- to SP3-cleanup, *P < 0.05, ****P < 0.0001.
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Figure 3. 
Suzuki–Miyaura cross-coupling for target deconvolution. (A) KB710 and its iodo-10 

and alkyne-11 analogs. (B) Apparent IC50s of KB7 and 10 against procaspase-8. (C) 

Competitive gel-based ABPP profiling of procaspase-8. (D) In lysates and (E) in cells. (F) 

Chemoproteomic analysis of in-cell labeling of Jurkat cells treated as in 3E (n = 3 for each 

probe). (G) Cysteines in caspases identified as labeled by chemoproteomics with 10 or 11. * 

indicates catalytic residues.
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Figure 4. 
Dual labeling of cysteines and lysines by combining Suzuki–Miyaura cross-coupling and 

CuAAC. (A) General workflow. (B) Gel-based visualization of tandem labeling by 1 and 12. 

C-CuAAC with AF594 alkyne and S-Suzuki with 2 and 4. (C) Unique proteins, peptides, 

and residues identified by tandem chemoproteomics. (D) Overlap of proteins labeled by 1 

(blue) and 12 (red) (n = 3). (E) Molecular structure of EEF1A1 (PDB ID 5LZS).
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Figure 5. 
(A) Chemical structures of bifunctional cysteine- and lysine-reactive probes profiled by 

multiplexed CuAAC Suzuki–Miyaura chemoproteomics (mCSCP). (B) Heatmap shows 

representative lysines labeled preferentially by bifunctional cysteine- and lysine-reactive 

compounds 15–18, 20, and 21 and not by single-reactive compounds 19, 22, KB3, and 

KB14.
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Table 1.

Sensitivity of Model Suzuki–Miyaura Reaction to Biorelevant Additives

conversion (%)

entry ligand GSH BSA lysate

1 sSPhos48 82 10 47 21

2 P(t-Bu)3
49 73 10 54 28

3 DavePhos50 68 5 29 4

4 ADHP29 32 10 3 3

5 DMADHP42 73 10 8 3
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