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Electrophilic compounds originating from nature or chemical synthesis have profound effects on 

immune cells. These compounds are thought to act by cysteine modification to alter the functions 

of immune-relevant proteins; however, our understanding of electrophile-sensitive cysteines in the 

human immune proteome remains limited. Here, we present a global map of cysteines in primary 

human T cells that are susceptible to covalent modification by electrophilic small molecules. More 

than 3000 covalently liganded cysteines were found on functionally and structurally diverse 

proteins, including many that play fundamental roles in immunology. We further show that 

electrophilic compounds can impair T-cell activation by distinct mechanisms involving the direct 

functional perturbation and/or degradation of proteins. Our findings reveal a rich content of 

ligandable cysteines in human T cells and point to electrophilic small molecules as a fertile source 

for chemical probes and ultimately therapeutics that modulate immunological processes and their 

associated disorders.

In Brief:

Integrated chemical proteomics and phenotypic screening furnishes a global portrait of cysteine 

reactivity and ligandability in primary human T cells and enables the discovery of electrophilic 

small molecules that suppress T-cell activation and promote the degradation of immunomodulatory 

proteins.

Graphical Abstract
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Introduction

Human genetics has emphasized the central role that the immune system plays as both a 

causal basis for and guardian against a broad range of diseases (Hansen et al., 2018; 

Lucherini et al., 2018; Sims et al., 2017). This knowledge has been translated into new 

medicines, including drugs that stimulate immune responses to cancer (Ribas and Wolchok, 

2018) and suppress autoimmunity (Telliez et al., 2016). Advanced profiling technologies, 

such as RNA-sequencing (Papalexi and Satija, 2018) and mass spectrometry (MS)-based 

proteomics (Rieckmann et al., 2017; Tan et al., 2017), have also improved our understanding 

of the molecular and cellular composition of the human immune system, leading to the 

discovery of many genes and proteins with enriched expression in specific subtypes of 

immune cells.

The aberrant activation of T cells specifically contributes to a number of autoimmune 

syndromes (Baecher-Allan et al., 2018; Suarez-Fueyo et al., 2016). The molecular pathways 

that both execute and are influenced by T-cell activation have been studied using gene and 

protein expression profiling (Hiemer et al., 2019; Rieckmann et al., 2017), as well as 

phosphoproteomic (Chylek et al., 2014), metabolomic (Hiemer et al., 2019), and protein-

protein interaction (Voisinne et al., 2019) methods that compare resting versus activated T 

cells. Some of the discovered changes in activated T cells occur in general biochemical 

pathways associated with, for instance, cell proliferation, while others reflect immune-

restricted processes. The extent to which these types of activation state-dependent changes in 

biochemistry might also create a landscape of new targets for chemical probes that regulate 

T-cell function remains largely unexplored. More generally, most immune-relevant proteins 

lack chemical probes, which hinders the pharmacological study of immune system function 

for basic and translational research purposes.

Among the categories of chemical probes, electrophilic small molecules that act by forming 

covalent bonds with nucleophilic amino acids may offer a particularly attractive class for 

studying proteins involved in immune responses. Multiple immunomodulatory drugs, either 

approved (Saidu et al., 2019) or in clinical development (Rip et al., 2018; Telliez et al., 

2016), covalently modify cysteine residues in immune-relevant proteins. Cysteines also 

serve as oxidative stress sensors in signaling pathways, providing a way for the immune 

system to swiftly respond to diverse environmental insults (Franchina et al., 2018). From a 

chemical biology perspective, electrophilic compounds, by combining features of molecular 

recognition and reactivity, can target proteins and sites on proteins that have proven 

challenging to address with reversibly binding small molecules (Backus et al., 2016; 

Maurais and Weerapana, 2019; Roberts et al., 2017).

In previous studies, we used the chemical proteomic method activity-based protein profiling 

(ABPP) to identify cysteines targeted by the immunosuppressive drug dimethyl fumarate 

(DMF) in primary human T cells, which included cysteines at protein-protein interaction 

sites in interleukin-1 receptor-associated kinase 4 (IRAK4) and protein kinase C theta 

(PRKCQ) (Blewett et al., 2016) (Zaro et al., 2019). ABPP has also uncovered changes in 

cysteine reactivity in genetically defined cancer cells (Bar-Peled et al., 2017), bacteria 

exposed to oxidative stress (Deng et al., 2013), and C. elegans with perturbations in lifespan 

Vinogradova et al. Page 3

Cell. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulatory pathways (Martell et al., 2016). Inspired by these initial findings, we set out to 

perform a series of chemical proteomic experiments that together would furnish a global and 

quantitative portrait of cysteine reactivity (“reactivity profiling”, Figure 1A and see Glossary 

in Methods S1 (Weerapana et al., 2010)) and electrophilic small-molecule interactions 

(“ligandability profiling”, Figure 1A and see Methods S1; (Backus et al., 2016; Wang et al., 

2014)) in primary human T cells in resting versus stimulated states. Using broadly reactive 

electrophilic fragments (“scout” fragments; Figure 1A and see Methods S1), we mapped 

>3400 liganded cysteines in >2200 proteins, many of which show reactivity and/or 

expression changes following T-cell stimulation and populate diverse adaptive and innate 

immune signaling networks. We acquired further knowledge on the pharmacological effects 

and tractability of small molecule-cysteine interactions by performing an activity-guided 

screen with a structurally and stereochemically diversified set of “elaborated” electrophiles 

(Figure 1A and see Methods S1) to uncover immunomodulatory compounds that suppress T-

cell activation by diverse mechanisms, including the direct inhibition and/or degradation of 

proteins.

Results

Chemical proteomic map of cysteine reactivity in activated T cells

Stimulated T cells enter a growth phase that induces changes in, for instance, redox state, 

cytoskeletal structure (Acuto and Cantrell, 2000), and metabolism (Almeida et al., 2016). 

We hypothesized that activation would also affect the landscape of reactive cysteines in T 

cells through direct (e.g., posttranslational modifications) and indirect (e.g., alterations in 

protein structure and interactions) mechanisms. We mapped cysteine reactivity changes in 

unstimulated (control) versus stimulated (activated) T cells by performing and integrating 

quantitative tandem mass tagging (TMT)-based proteomic experiments that measured – i) 

the extent of labeling of cysteines by an iodoacetamide-desthiobiotin (IA-DTB) probe 

(TMT-ABPP; see Methods S1); or ii) the expression level of proteins (TMT-exp; see 

Methods S1) (Figure 1B).

T cells isolated from human blood were activated by exposure to anti-CD3/CD28 antibodies 

for three days (activated T cells, Figure 1A). Two control populations of T cells were 

generated – 1) naïve T cells, which were not treated further after negative selection; and 2) 

expanded T cells, which were obtained by transient activation with anti-CD3/CD28 

antibodies for three days followed by growth in IL-2-containing media for another 10–12 

days to return the cells to a quiescent state. We first performed TMT-exp experiments 

comparing naïve, expanded, and activated T cells isolated from four independent donors (4–

8 total experimental replicates). Principal component analysis (PCA) of the ~4800 proteins 

quantified in aggregate confirmed that naïve and expanded T cells were more closely related 

to each other than to activated T cells based on the main principal component PC1 (68%) 

(Figure S1A), which was enriched in pathways associated with T-cell activation (Data S1). 

~1100 proteins were >2-fold altered in expression in activated T cells (Figure 1C), including 

many proteins with established immune functions (e.g., IL2RA, TNFAIP3) (Figure 1D). 

Based on these results, we proceeded to use expanded T cells as the main control group in 
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subsequent proteomic studies, as these cells could be produced on a larger scale than naïve T 

cells.

We next performed TMT-ABPP experiments on proteomic lysates from expanded versus 

activated T cells, which quantified 16184 total cysteines, including one or more cysteines on 

~80% of the proteins identified in TMT-exp experiments (Data S1). 160 proteins were found 

to harbor cysteine reactivity changes that differed substantially (>two-fold) from the 

corresponding expression profiles for these proteins in activated T cells (Figure 1E and Data 

S1). These cysteine reactivity changes occurred in diverse structural and functional classes 

of proteins (Figure S1B), including several “immune-relevant” proteins (Figure 1F and Data 

S1), as defined by immune cell-enriched expression profiles derived from public databases 

and/or human genetic evidence of causing, upon mutation, immune-related disorders 

(acquired from the OMIM (Online Mendelian Inheritance in Man) database; see STAR 

Methods). GO-term enrichment analysis underscored the complementary information 

provided by TMT-exp and TMT-ABPP experiments. For instance, proteins showing 

expression changes in activated T cells were enriched, as expected, in processes involved in 

immune responses (Figure 1G). On the other hand, TMT-ABPP uncovered a distinct set of 

enriched changes in cellular redox homeostasis (Figure 1G), possibly reflecting the impact 

of an altered redox environment (Lian et al., 2018; Mak et al., 2017) on the reactivity of 

cysteines in activated T cells. Notably, several redox proteins showed site-specific reactivity 

changes in catalytic cysteines in activated T cells (Figure 1H), thus highlighting how ABPP 

can identify post-translational alterations in protein function that occur in specific cellular 

states.

Reactivity changes were also found for cysteines: i) in the metal-binding domains of 

proteins (Figure 1I), including the immune-relevant and calcium-regulated protein L-plastin 

(LCP-1), which participates in remodeling of the actin cytoskeleton during T-cell activation 

(Ishida et al., 2017); ii) at sites of protein-protein (Figure S1C) and DNA/RNA-protein 

(Figure S1D) interactions; and iii) proximal to cofactor- and metabolite-binding sites 

(Figures 1J and S1E). These cysteine reactivity changes may reflect a landscape of 

remodeled intermolecular interactions in activated T cells.

Having established quantitative proteomic profiles that uncovered numerous cysteine 

reactivity and protein expression changes in activated T cells, we next turned our attention to 

mapping electrophilic small molecule-cysteine interactions in both immunological cell 

states.

Chemical proteomic map of cysteine ligandability in human T cells

We recently described an ABPP strategy to globally assess the ligandability of cysteines that 

leverages broadly reactive, electrophilic small-molecule fragments referred to as “scouts” 

(Backus et al., 2016; Bar-Peled et al., 2017). Two scout fragments bearing an α-

chloroacetamide (KB02) or acrylamide (KB05) (Figure 2A, 2B) – reactive groups frequently 

found in covalent chemical probes and drugs (Baillie, 2016; Honigberg et al., 2010; Ostrem 

et al., 2013; Xu et al., 2019) – were used to construct in-depth cysteine ligandability maps 

across human T cells in both control and activated states. We analyzed scout fragment-

cysteine interactions using two complementary ABPP methods that provided a balance of 
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confidence in quantitative accuracy (isoTOP-ABPP; see Methods S1) with greater 

multiplexing capacity (TMT-ABPP) (Figures 2A and S2A, B). Both proteomic methods 

yielded similar ratio (R) values (DMSO/scout fragment; 500 μM, 1 h) for cysteines in T-cell 

proteomes, with the MS3-based quantification used in TMT-ABPP resulting in mild ratio 

compression (Figure S2C, D), which was countered by a substantial increase in the number 

of quantified cysteines compared to isoTOP-ABPP (Figure S2E). We accordingly designated 

cysteines as liganded if they showed an R value of ≥ 5 as measured by either isoTOP-ABPP 

or TMT-ABPP. From a total of 18077 cysteines in 5990 proteins quantified in human T cells, 

we identified 3466 liganded cysteines in 2283 proteins (Figure 2C, 2D and Data S1). These 

ligandability events were broadly distributed across cysteines with diverse intrinsic 

reactivities (Weerapana et al., 2010) (Figure 2E and Data S1), indicating contributions from 

both the binding and electrophilic groups of scout fragments in conferring strong 

engagement of cysteines in the T-cell proteome.

Among the liganded cysteines were several targeted by existing covalent probes and drugs 

(e.g., C909 in JAK3 (Xu et al., 2019); C528 in XPO1 (Haines et al., 2015); Data S1). 

Liganded cysteines were also well-represented within the subset of proteins showing 

expression and/or cysteine reactivity changes in activated T cells, where cysteines with 

altered reactivity showed a greater propensity for liganding by scout fragments (Figure 2F). 

We identified, for instance, a liganded cysteine (C93) in the programmed cell death protein 1 

(PDCD1 or PD-1), which was only observed in activated T cells (Figure 2G), likely 

reflecting the induced expression of this key immune checkpoint protein following T cell 

stimulation (Agata et al., 1996).

Nearly a quarter of the proteins harboring liganded cysteines were immune-relevant (Figure 

2H and Data S1), of which 118 cause, upon mutation in humans, monogenic diseases with a 

strong immune phenotype (Figure 2I). Such Mendelian genetic relationships to immune 

disorders can be used to prioritize proteins for drug development programs aimed at treating 

autoimmune or autoinflammatory disorders (e.g., JAK3 (Xu et al., 2019)) as well as 

promoting immune responses to cancer (e.g., CTLA4 (Wei et al., 2018)). Pathogenic 

missense mutations were found in >75% of the liganded proteins with Mendelian immune 

phenotypes (Figure S2F), which inspired us to assess the extent to which these mutated 

residues are in structural proximity to liganded cysteines. For proteins with crystal 

structures, nearly half of the liganded cysteines were located within 15 Å of mutated 

residues (Figure S2G, H and Data S1), and, in 13 cases, the liganded cysteine was within 5 

Å of a pathogenic mutation site (e.g., CECR1 (Figure 2J) and ZAP70 (Figure S2I). This 

spatial proximity may designate liganded cysteines that reside in functional pockets on 

immune-relevant proteins. Integrating our ligandability map with additional genomic and 

proteomic studies identified liganded cysteines in proteins: 1) found by genome-wide 

CRISPR screening to regulate T-cell proliferation (Shifrut et al., 2018) (Figure S2J and Data 

S1); and 2) that are part of immune-enriched modules, including those relevant for T-cell 

activation (Figure S2K), established by expression-based proteomics (Rieckmann et al., 

2017) (Data S1).

Liganded cysteines were well-distributed across the biological processes enriched in 

activated T cells (Figure S3A, B and Data S1), and pathway analysis further supported the 
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striking breadth of liganded cysteines found in key immune signaling networks (Figure 3A), 

including those mediating TNF-receptor and T-cell receptor (TCR) signaling and NF-κB 

activation (Figures 3B and S3C and Data S1). The proteins in these pathways harboring 

liganded cysteines included enzymes (e.g., DGKA/Z, IKBKB), adaptor proteins (e.g., 

MYD88) and transcription factors (e.g., NFKB1) (Figure 3B–D). Among the >350 liganded 

adaptor proteins and transcription factors were several that have Mendelian links to 

immunological disorders (Figure 3E and Data S1). Some of the liganded cysteines in these 

proteins reside in proximity to DNA-protein (Figure 3C) and protein-protein (Figure S3E) 

interfaces. Even for more classically druggable proteins like kinases, liganded cysteines 

were often found not only within, but also outside of the ATP-binding pocket (Figures 3D 

and S3D). These findings underscore the potential for covalent ligands to target both 

functional and non-canonical sites on structurally and functionally diverse protein classes.

Our ABPP experiments with scout fragments established an extensive landscape of 

ligandable cysteines in immune-relevant proteins, pointing to a broad opportunity to 

discover covalent chemical probes that modulate T-cell function. We next aimed to establish 

an experimental workflow that would illuminate the functional effects and tractability of 

electrophilic small molecule-cysteine interactions, while also preserving the globality and 

biological integrity afforded by profiling these interactions in primary human T cells.

A functional screen of elaborated electrophilic compounds in T cells

Fragment-based screening offers advantages for discovering compounds that target 

challenging protein classes; however, progressing fragments to more advanced chemical 

probes can be confounded by the low-affinity and promiscuity of initial hits and the 

tractability of fragment-binding sites on proteins (Scott et al., 2012). These problems have 

been historically addressed by labor-intensive, structure-guided protocols that require 

purified protein and have limited throughput. We aspired instead to create an in cellulo 
strategy that integrates phenotypic screening with chemical proteomics to furnish structure-

activity relationships (SARs) on many electrophilic small molecule-cysteine interactions in 

parallel, such that the tractability and potential functional effects of these interactions could 

be comparatively evaluated.

We performed a multidimensional screen of a focused library of structurally elaborated 

electrophilic small molecules to identify compounds that suppress T-cell activation at low-

μM concentrations without causing cytotoxicity (Figure 4A; ~130 compounds tested at 5–10 

μM; average MW = 400 Da; Data S1; Methods S2). The screen identified 19 compounds 

that substantially suppressed T-cell activation (>65% reduction in IL-2) without causing 

cytotoxicity (viability >85%), including DMF, which served as a positive control (Figure 

4B–D, Figure S4A, and Data S1). Representative active acrylamide (BPK-21, BPK-25, 

EV-96) and α-chloroacetamide (EV-3, EV-93) compounds were selected for further 

characterization (Figure 4C–F). Among these active compounds, we note that EV-96 was 

part of a set of four stereoisomeric electrophiles (Figure 4E) and stereoselectively blocked T-

cell activation with an EC50 < 2.5 μM (Figures 4F–H and S4B).

We next mapped the protein targets of active compounds in T cells by ABPP. In these 

experiments, we set a slightly lower threshold for liganded cysteines (R ≥ 4 vs R ≥ 5 for 
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scout fragments), as treatments with elaborated electrophilic compounds were performed in 
situ at much lower concentrations (5–20 μM for BKP-21/25, EV-3/93/96; 50 μM for DMF; 3 

h treatment), and we surmised that ≥75% engagement of cysteines may be sufficient to 

produce pharmacological effects in T cells. Each active compound engaged a limited (0.2–

1.0% of ~12,000 total quantified cysteines) and distinct set of cysteines in largely non-

overlapping proteins (Figures 5A, B and S4C, D and Data S1) that originated from diverse 

structural and functional classes (Figure 5C and Data S1), including several immune-

relevant proteins (Figure 5B).

The vast majority of cysteines liganded by active compounds (~80%) were also engaged by 

scout fragments (Figure 5D, E and Data S1), underscoring the potential for fragment 

profiling to discover tractable sites of ligandability across the human proteome that can also 

be targeted by more elaborated electrophiles with improved potency (low-μM) and 

interpretable SARs. In support of this conclusion, molecular modeling revealed predicted 

binding pockets within 5 Å of cysteines targeted by active compounds in ~60% of the 

proteins for which structural information was available (Figures 5F and S4E and Data S1). 

Docking studies on protein targets of the structurally related BPK-21 and BPK-25 

compounds, further supported the observed SAR profiles (e.g., selectivity of C203 in 

MYD88 for BPK-25, C342 in ERCC3 for BPK-21, and a lack of selectivity for C91 in 

TMEM173; Figure 5G, H and S4F). C91 in TMEM173, or STING, has been shown to be 

palmitoylated (Mukai et al., 2016) and targeted by other covalent ligands that antagonize 

inflammatory cytokine production (Haag et al., 2018). Consistent with this past work, we 

found that BPK-25 inhibited TMEM173 activation by the cyclic dinucleotide ligand cGAMP 

(Figure S4G–I). More global analysis of our scout fragment data sets revealed additional 

liganded cysteines subject to palmitoylation (Data S1), suggesting the broader potential to 

pharmacologically target these dynamic lipid modification sites on proteins with 

electrophilic compounds.

The markedly distinct cysteine engagement profiles for active compounds (Figure 5A, B) 

suggested that they may suppress T-cell activation by distinct mechanisms. In support of this 

hypothesis, we found that active compounds differentially impacted key transcriptional and 

signaling pathways involved in T-cell activation, with EV-3, BPK-25, and EV-96 suppressing 

NF-κB activation and only EV-3 and BPK-25 blocking NFAT activation, as measured by > 

50% reductions in IκBα phosphorylation (Figure 6A, 6B) and NFATc2 dephosphorylation 

(Figures S5A, B), respectively. BPK-25 also reduced NFATc2 expression (Figure S5A, B). 

All of the hit compounds negatively affected mTOR pathway activation, as measured by > 

50% reductions in S6K phosphorylation (Figure 6A, B), while none of the active compounds 

substantially affected ERK phosphorylation (Figure S5C, D). Finally, we excluded GSH 

reductions as a candidate mechanism because buthionine sulphoximine (BSO), an inhibitor 

of the GSH biosynthetic enzyme gamma-glutamyl cysteine ligase (GCLC), did not affect T-

cell activation despite depleting GSH content (Figure S5E), a result that is consistent with 

previous studies (Mak et al., 2017).

Among the active compounds, BPK-21 was unique in that it did not appear to impact the 

NF-κB or NFAT pathways. As noted above, a specific target of BPK-21, but not other active 

compounds, was C342 in the helicase ERCC3. This active-site cysteine is also targeted by 
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the electrophilic immunosuppressive natural product triptolide (Titov et al., 2011) (Figure 

S5F). Like BPK-21, triptolide impairs T cell activation (Chang et al., 2001) (Figure S5G) 

without blocking NF-κB DNA binding activity (Qiu et al., 1999). We found using CRISPR/

Cas9 technology that disruption of the ERCC3 gene (sgERCC3 cells), but not other 

representative targets of BPK-21, significantly impaired T-cell activation to a similar degree 

as BPK-21 treatment (Figure S5H–K). Western blotting estimated an ~80% loss of ERCC3 

protein in sgERCC3 cells, which also showed only a modest further reduction in activation 

when treated with BPK-21 (Figure S5J, K). These data, taken together, indicate that BPK-21 

likely suppresses T-cell activation through blockade of ERCC3 function, which may in turn 

act downstream or separately from pathways involved in NFAT and NF-κB activation.

EV-3-mediated degradation of BIRC2 and BIRC3

Within the NF-κB pathway, C28 in BIRC3 was a unique target of EV-3 (Figures 5B and 

6C), and the corresponding cysteine (C45) in BIRC2 was also engaged by EV-3, as well as 

by DMF, but not other active compounds (Figures 6C and S6A). Other quantified cysteines 

in BIRC2 and BIRC3 were not affected by EV-3 treatment (Figure 6C). These proteins 

regulate both canonical and non-canonical NF-κB activation (Gyrd-Hansen and Meier, 

2010) through ubiquitination of diverse substrates (Figure 3B) (Samuel et al., 2006; Yang et 

al., 2016). C28 of BIRC3 (and C45 of BIRC2) is located in close proximity to the BIR1 

domain, which interacts with TRAF2 (Figure 6C, D) to facilitate recruitment to the TNF 

receptor. This interaction has been suggested to stabilize BIRC2, preventing its 

autoubiquitination and subsequent degradation (Csomos et al., 2009), and mutations in the 

BIR1 domain (Samuel et al., 2006; Zheng et al., 2010) impair interactions with TRAF2, but, 

to our knowledge, chemical probes targeting this region of BIRC2/3 have not yet been 

described.

We found that treatment of human T cells with EV-3, but not other active compounds, 

including DMF, led to the concentration-dependent (Figure S6B, C), time-dependent (Figure 

S6D), and proteasome-sensitive (Figure 6E) loss of both BIRC2 and BIRC3. This profile 

differed from the described Smac mimetic inhibitor AT406, which targets the BIR3 domain 

(Cai et al., 2011) and promoted the loss of BIRC2, but not BIRC3 (Figures 6E and S6B). 

EV-3 caused minimal changes in mRNA content for BIRC2 or BIRC3 (Figure S6E), 

supporting a direct effect on protein stability in T cells. Consistent with this conclusion, 

EV-3 promoted the degradation of wild-type (WT), but not cysteine-to-alanine mutants of 

BIRC2 (C45A) and BIRC3 (C28A) when recombinantly expressed in T cells (Figure 6F, G). 

In contrast, AT406 maintained its degradative activity with both WT and C45A variants of 

BIRC2 (Figure 6F, G). Finally, CRISPR/Cas9-mediated disruption of BIRC2 or BIRC3 

impaired T-cell activation, with the combined disruption of both proteins producing a more 

substantial effect (Figures 6H and S6F, G). Treatment with EV-3 further decreased T-cell 

activation in sgBIRC2/sgBIRC3 cells, which may reflect an impact on the residual ~30% of 

BIRC2 and BIRC3 protein still present in these cells (Figure S6H) or on additional targets of 

EV-3 that contribute to its suppressive effects in T cells. In this regard, we evaluated several 

additional EV-3 targets by CRISPR/Cas9, but none were found to substantially impair T-cell 

activation (Figure S6F).
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BPK-25 promotes degradation of the NuRD complex

A survey of the cysteines engaged by BPK-25 did not reveal obvious candidate proteins 

within the immunological pathways affected by this compound (e.g., NF-κB, NFAT; Data 

S1). Motivated by the finding that EV-3 promoted the degradation of BIRC proteins (Figures 

6E and S6B–D), we performed expression-based proteomic (TMT-exp) experiments of 

human T cells treated with BPK-25 (Figure 6I and Data S1). This study revealed that 

BPK-25, but not other active compounds, promoted the striking and selective reduction of 

several proteins in the Nucleosome Remodeling and Deacetylation Complex (NuRD) 

(Figure 6J–L and Data S1). Only two other proteins across the >3000 quantified proteins in 

our proteomic experiments showed substantial (>50%) reductions in BPK-25-treated cells 

(FAM213B and HLA-F) (Figure 6K). BPK-25-mediated reductions in NuRD complex 

proteins were both concentration- (Figure S6I) and time- (Figure 6L) dependent and blocked 

by treatment with the proteasome inhibitor MG132 (Figure 6K). The reductions in NuRD 

complex proteins were not accompanied by corresponding changes in mRNA expression 

(Figure S6J), and a non-electrophilic propanamide analogue of BPK-25 (BPK-25-ctrl) did 

not suppress T-cell activation (Figure S6K) or affect NuRD complex proteins in T cells 

(Figure S6L), supporting that BPK-25 lowers NuRD complex proteins by a post-

translational mechanism involving covalent protein engagement. Whether BPK-25 promotes 

NuRD complex degradation by engaging one or more cysteines in the protein constituents of 

this complex remains to be determined. Despite this mechanistic uncertainty, we confirmed 

previous results (Takahashi et al., 1996) that histone deacetylase (HDAC) inhibition blocks 

T-cell activation (Figure 6M). HDACs can also support NF-κB function (Jung et al., 2009; 

Kumar et al., 2017; Wagner et al., 2015). These findings indicate that BPK-25-mediated loss 

of the NuRD complex may be relevant to the T cell-suppressive activity of this compound.

Stereoselective degradation of immune kinases by EV-96

The cysteine engagement profiles of the active compound EV-96 and its stereoisomeric 

analogues revealed a striking number of stereoselective interactions (Figures 7A and S7A, 

Data S1), especially for the EV-96 and EV-97 pair of enantiomers. Several of these cysteines 

were found in immune-relevant proteins (Figure S7A), including the active-site cysteine 

(C449) of the kinase TEC, which was stereoselectively engaged by EV-96 (Figures 7A and 

S7B). Western blotting revealed that EV-96, but not EV-97, also promoted the loss of TEC 

protein in T cells (Figure 7B).

To better understand the global effects of EV-96 on the protein content of T cells, we 

performed TMT-exp experiments on control versus activated T cells treated with DMSO, 

EV-96, or EV-97. To account for the immunosuppressive activity of EV-96, which we 

expected would indirectly block activation-dependent changes in protein expression in T 

cells, we compared the profiles of DMSO-treated stimulated (DMSO-stim)-versus-control 

(DMSO-ctrl) T cells to EV-97-treated-versus-EV-96-treated stimulated T cells. From a total 

of 3750 quantified proteins that displayed < 2-fold expression changes between DMSO-stim 

and DMSO-ctrl T cells, two proteins were found to be substantially reduced in expression (> 

two-fold) in EV-96-treated, but not EV-97-treated stimulated T cells – the immune-relevant 

proteins ITK and CYTIP (Figure 7C and Data S1). Interestingly, ITK is a kinase that shares 

> 55% identity with TEC, including conservation of the active-site cysteine engaged by 
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EV-96 (C442 in ITK; Figure 7D). While we did not detect TEC kinase in TMT-exp 

experiments or C442 of ITK in TMT-ABPP experiments, we interpreted the acquired data to 

indicate that EV-96 may stereoselectively engage a shared active-site cysteine in both 

kinases, leading to their degradation.

ITK is a tyrosine kinase that plays a major role in T-cell signaling, undergoing recruitment to 

the plasma membrane following TCR stimulation, where ITK is activated by 

phosphorylation and in turn phosphorylates PLCG1 to promote downstream signaling 

(Andreotti et al., 2018). We verified by western blotting that EV-96, but not EV-97, caused 

the loss of ITK protein in stimulated T cells, and this effect also led to a stereoselective 

blockade of PLCG1 phosphorylation (Figures 7E, F and S7C). Treatment with the 

proteasome inhibitor MG132 blocked EV-96-mediated loss of ITK (Figure 7G). Strikingly, 

we also found that EV-96 only caused the degradation of ITK in stimulated, but not naïve 

(Figures 7G, H and S7D) or expanded (Figure S7E) control T cells, suggesting that upstream 

signaling events may be required to convert ITK into a form that is sensitive to EV-96-

dependent degradation. Also consistent with this premise, EV-96 did not inhibit purified, 

recombinant ITK protein (Figure S7F). While we do not yet fully understand the 

prerequisite events for enabling EV-96 engagement and degradation of ITK, we found that 

LCK-dependent phosphorylation of the upstream scaffolding protein SLP-76 was not 

affected by EV-96 (Figure S7G), indicating the maintenance of early events in TCR 

signaling in cells treated with EV-96. Additionally, we confirmed that a non-electrophilic 

analogue of EV-96 (EV-96-ctrl) did not suppress T-cell activation (Figure S7H) or induce 

ITK degradation (Figure S7I) and pre-treatment with the inactive enantiomer EV-97 did not 

rescue ITK from EV-96-dependent degradation (Figure S7J). Finally, pre-treatment with 

PF-064655469, a structurally distinct covalent inhibitor that engages C442 of ITK (Wang et 

al., 2020; Zapf et al., 2012) and blocks ITK enzymatic activity (Figure S7F), rescued ITK 

from EV-96-induced degradation without affecting ITK stability on its own (Figures 7I and 

S7K).

Taken together, our studies indicate that EV-96 stereoselectively engages and promotes the 

degradation of key immune kinases, providing a plausible mechanism for its 

immunosuppressive effects. That the degradation of ITK was only observed in stimulated T 

cells further points to a provocative state-dependent activity for EV-96, which should make 

this compound a distinctly useful chemical probe for studying T-cell signaling in various 

biological contexts.

Discussion

In this manuscript, we describe a chemical proteomic strategy aimed at addressing a 

paradoxical challenge at the interface of immunology and chemical biology, namely that, 

despite major advances in our understanding of the genetic basis of human immune 

disorders, most immune-relevant proteins lack small-molecule probes to facilitate their 

functional characterization. By generating and integrating global maps of cysteine reactivity 

and ligandability, we provide a resource that greatly expands the landscape of electrophilic 

compound-protein interactions in primary human T cells. We show how cysteine 

ligandability maps can be further refined by phenotypic screening to illuminate tractable and 
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functional sites of electrophilic compound action on immune-relevant proteins. We also 

showcase the value of incorporating stereochemistry into electrophilic compound libraries, 

which enabled the discovery of pairs of physicochemically matched compounds with 

differential activity for streamlined mechanistic analysis.

Several active compound-cysteine interactions led to protein degradation without requiring a 

separate E3 ligase-directing ligand, underscoring the potential for covalent modification by 

small molecules to directly affect protein stability in cells (Jones, 2018; Yang et al., 2019). 

That EV-96-mediated degradation of ITK was further only observed in stimulated T cells 

highlights an exciting opportunity to develop chemical probes that target this important 

immune kinase in a state-dependent manner. The only other protein showing a similar 

stereoselective decrease in stimulated T cells was CYTIP (Figure 7C), a scaffolding protein 

that also localizes to the immune synapse (Chen et al., 2006). While we are not aware of a 

direct protein-protein interaction between ITK and CYTIP, it is possible that EV-96-

mediated loss of ITK leads to changes in CYTIP phosphorylation and stability in T cells.

One of the broader goals of this study was to assess the potential of electrophilic fragment 

screening to globally map sites of druggability in primary human immune cells. Among the 

>3400 cysteines liganded by scout fragments in human T cells were not only several known 

sites of electrophilic drug action (Data S1), but also cysteines in diverse protein components 

of key immune signaling pathways (e.g., NF-κB, TLR, TCR; Figure 3A, B) and in 

transcription factors involved in immune cell lineage commitment (e.g., RUNX3, EOMES) 

(Wang and Bosselut, 2009), thymocyte development (e.g., THEMIS) (Lesourne et al., 2009), 

and Th1 (e.g., STAT1, STAT4) (Oestreich and Weinmann, 2012), Th2 (e.g., IRF4) (Zhu, 

2010), Th17 (e.g., IRF4, STAT3) (Ivanov et al., 2007), and Treg (e.g., FOXP3) (Fontenot et 

al., 2003) differentiation (Data S1). The number of fragment-sensitive cysteines that were 

also engaged in T cells by more elaborated electrophilic compounds (Figures 5D and 7A) 

further indicates that the ligandability maps furnished by scout fragments canvas many 

tractable sites for covalent ligand development in immune-relevant proteins, including those 

historically considered challenging to target with small molecules.

Future studies may include more in-depth global comparisons of cysteine ligandability 

across different immune cell types and states, which may discover additional chemical 

probes that, like EV-96, affect protein stability and/or function in a context-dependent 

manner. In this regard, we should acknowledge that, while PCA analysis clearly designated 

the expanded T cells studied herein as being more closely related to naïve rather than 

activated T cells, some proteins and pathways relevant to T-cell activation may have been 

altered in the expanded T cells due to the culturing conditions required for their 

proliferation. When considering ways to optimize the electrophilic compound-protein 

interactions discovered herein, we call attention to the potential for structure-guided 

approaches, but also caution that only a minor fraction of the ligandability events mapped in 

our chemical proteomic experiments (~25%) were found in proteins or domains in proteins 

for which high-resolution structural information is available (Figure S4E). This outcome 

emphasizes the large gap still remaining in our understanding of the three-dimensional 

structures of full-length human proteins. Finally, we should emphasize that some of the 

cysteine ligandability events mapped herein, including those showing good tractability, may 
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fail to produce direct functional effects on proteins. Such so-called “silent” compounds still 

have the potential to be converted into heterobifunctional small-molecule degraders of 

proteins, an approach that has been successfully used with other covalent ligands (Buckley 

et al., 2015; Burslem et al., 2018; Tovell et al., 2019).

Cysteine is a uniquely nucleophilic amino acid that performs diverse functions in catalysis, 

redox regulation, metal coordination, and signaling via post-translational modification (Giles 

et al., 2003; Jacob et al., 2003), each of which may be affected by biochemical changes 

associated with T-cell activation. The extent to which such state-dependent changes in 

cysteine reactivity may be exploited for the development of chemical probes and possibly 

drugs that have a more selective effect on the activity of T cells remains an open and 

exciting question for future inquiry. T cell-restricted pharmacology may also emerge from 

targeting proteins selectively expressed in this immune cell type, and we note, in this regard, 

the rich content of ligandable cysteines in immune-relevant proteins discovered in our 

studies. The presence of ligandable cysteines in proteins historically considered challenging 

to target with small molecules, as well as our demonstration that electrophilic compounds 

engaging these cysteines can directly affect the functions and/or stability of immune-relevant 

proteins in cells, points to the broad potential for covalent small molecules to serve as probes 

and future drugs for modulating diverse immunological processes.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Benjamin F. Cravatt 

(cravatt@scripps.edu).

Materials Availability—All chemical probes and other elaborated electrophilic 

compounds generated in this study are available from the Lead Contact with a completed 

Materials Transfer Agreement.

Data and Code Availability—Raw proteomic data is available from the Lead Contact 

upon request. Raw RNA-sequencing data has been deposited to NCBI under GEO: 

GSE137756. Processed proteomic and RNA-sequencing data is provided in Data S1 and S2, 

respectively.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Isolation of peripheral blood mononuclear cells (PBMC) and T cells—All studies 

with primary human cells were performed with samples from human volunteers followed by 

protocols approved by The Scripps Research Institute Institutional Review Board. Blood 

from random, de-identified healthy donors (age 18 to 65) was obtained after informed donor 

consent and sex was not recorded. Peripheral blood mononuclear cells (PBMCs) were 

isolated over Lymphoprep (STEMCELL Technologies) gradient using slightly modified 

manufacturer’s instructions. Briefly, 25 mL of freshly isolated blood was layered on top of 

12.5 mL of Lymphoprep in a 50 mL Falcon tube minimizing mixing of blood with 
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Lymphoprep. The tubes were centrifuged at room temperature (931 g, 20 min, 23 °C) with 

brake off and the plasma and Lymphoprep layers containing PBMCs were transferred to new 

50 mL Falcon tubes with a 2:1 dilution with PBS. The cells were pelleted (524 g, 8 min, 4 

°C) and washed with PBS (20 mL) once. T cells were isolated from fresh PBMCs using 

EasySep Human T Cell Isolation Kit (STEMCELL Technologies, negative selection) 

according to manufacturer’s instructions.

METHODS DETAILS

T cell activation for mass-spectrometry analysis (activated T cells)—Non-tissue 

culture treated 6-well plates were pre-coated with αCD3 (5 μg/mL, BioXCell) and αCD28 

antibodies (2 μg/mL, BioXCell) in PBS (2 mL/well) and kept at 4 °C overnight. The next 

day, the plates were transferred to a 37 °C incubator for 1 h and washed with PBS (2 × 5 

mL/well). Freshly isolated T cells were resuspended in RPMI media supplemented with 

10% FBS, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 1 

× 106 cells/mL, plated into the pre-coated 6-well plates (6–10 mL/well) and kept at 37 °C in 

a 5% CO2 incubator for 3 days. Following this incubation period, the cells were combined in 

50 mL Falcon tubes, pelleted (524 g, 5 min, 4 °C), and washed with PBS (10 mL). The cells 

were then transferred into Eppendorf tubes in 1 mL of PBS and pelleted. PBS was then 

aspirated and the cells were either re-suspended in fresh RPMI media for in situ treatments 

or flash-frozen and kept at −80 °C until further analysis (in vitro treatments).

T cell expansion for mass-spectrometry analysis (control T cells)—A non-tissue 

culture treated 6-well plate was pre-coated with αCD3 (1.5 μg/mL) antibody in PBS (3 mL/

well) and kept at 4 °C overnight. The next day, the plates were transferred to a 37 °C 

incubator for 1 h and washed with PBS (2 × 5 mL/well). Freshly isolated T cells were re-

suspended in RPMI media (10% FBS, L-glutamine (2 mM), penicillin (100 U/mL), 

streptomycin (100 μg/mL)), containing αCD28 antibody (1 μg/mL) at 1 × 106 cells/mL, 

plated into the pre-coated 6-well plate (6–10 mL/well) and kept at 37 °C in a 5% CO2 

incubator for 3 days. Following this incubation period the cells were combined in 50 mL 

Falcon tubes, pelleted (524 g, 5 min, 4 °C), and washed with PBS (10 mL). The cells were 

then re-suspended in RPMI media containing recombinant IL-2 (10 U/mL) and kept at 37 °C 

in a 5% CO2 incubator for 10–12 days, splitting the cells every 3–4 days to keep cell density 

below 2 × 106 cells/mL. After this time, the cells were pelleted (524 g, 5 min, 4 °C), washed 

with PBS (10 mL) and either re-suspended in fresh RPMI media for in situ treatments or 

flash-frozen and kept at −80 °C until further analysis (in vitro treatments).

Proteomic platforms: Whole proteome TMT (TMT-exp, related to Figures 1, S1, 
S3, and Data S1)

• Sample preparation: Freshly isolated naive, activated or expanded T cells (1.6 × 10^7 

cells, 2 × 106 cells/mL in RPMI media) were pelleted (600 g, 5 min), and washed with PBS 

(1 × 10 mL). The cells were then transferred to an Eppendorf tube in additional PBS (1 mL), 

pelleted (600 g, 5 min), flash frozen, and kept at −80 °C until further analysis. Cell pellets 

were thawed on ice and lysed in lysis buffer (150 μL, 1 tablet of Roche complete, mini, 

EDTA-free Protease Inhibitor Cocktail dissolved in 10 mL of PBS) using a probe sonicator 

(2 × 8 pulses). Protein concentration was adjusted to 2.0 mg/mL and the samples (100 μL, 
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200 μg protein) were transferred to new Eppendorf tubes (1.5 mL) containing urea (48 mg/

tube, final urea concentration: 8 M). DTT (5 μL, 200 mM fresh stock in H2O, final DTT 

concentration: 10 mM) was then added to the tubes and the samples were incubated at 65 °C 

for 15 min. Following this incubation, iodoacetamide (5 μL, 400 mM fresh stock in H2O, 

final IA concentration: 20 mM) was added and the samples were incubated in the dark at 37 

°C with shaking for 30 min. Ice-cold MeOH (600 μL), CHCl3 (200 μL), and H2O (500 μL) 

were then added, the mixture was vortexed and centrifuged (10,000 g, 10 min, 4 °C) to 

afford a protein disc at the interface of CHCl3 and aqueous layers. The top layer was 

aspirated without perturbing the disk, additional MeOH (600 μL) was added and the proteins 

were pelleted (10,000 g, 10 min, 4 °C) and used in the next step or stored at −80 °C 

overnight.

• Whole proteome TMT LysC and trypsin digestion: The resulting protein pellets were 

resuspended in EPPS buffer (160 μL, 200 mM, pH 8) using probe sonicator (2 × 6 pulses). 

LysC solution (4 μL/sample, 20 μg in 40 μL of HPLC grade water) was added and the 

samples were incubated at 37 °C with shaking for 2 h. Trypsin (10 μL, 0.5 μg/μL in trypsin 

buffer) and CaCl2 (1.8 μL, 100 mM in H2O) were then added and the samples were 

incubated at 37 °C with shaking overnight.

• Whole proteome TMT labeling with TMT tags: Peptide concentration was determined 

using the microBCA assay (Thermo Scientific) according to manufacturer’s instructions. For 

each sample, a volume corresponding to 25 μg of peptides was transferred to a new 

Eppendorf tube and the total volume was brought up to 35 μL with EPPS buffer (200 mM, 

pH 8). The samples were diluted with CH3CN (9 μL) and incubated with the corresponding 

TMT tags (3 μL/channel, 20 μg/μL) at rt for 30 min. Additional TMT tag (3 μL/channel, 20 

μg/μL, 30 min) was added and the samples were incubated for another 30 min. Labeling was 

quenched by the addition of hydroxylamine (6 μL, 5% in H2O). Following a 15 min 

incubation at rt, formic acid was added (2.5 μL, final FA concentration: 5%) and the samples 

were stored at −80 °C until further analysis.

• Whole proteome TMT ratio check and high pH fractionation: Small aliquots (2 μL) 

from each channel were combined in a separate Eppendorf tube and dried using a SpeedVac 

vacuum concentrator. The residue was re-dissolved in Buffer A (20 μL) and desalted using 

C18 stage tips (made in-house using 200 μL pipette tips and C18 discs (3M Empore)). 

Briefly, the stage-tip was activated by passing MeOH (2 × 50 μL) and washed with Buffer B 

(2 × 50 μL, 5% H2O, 95% CH3CN, 0.1% FA), followed by Buffer A (2 × 50 μL, 5% 

CH3CN/95% H2O, 0.1% FA). The sample was then loaded and the stage-tip was washed 

with Buffer A. The sample was eluted into a new Eppendorf tube with Buffer B (2 × 50 μL) 

and dried using SpeedVac vacuum concentrator. The residue was re-dissolved in Buffer A 

(10 μL) and analyzed by mass-spectrometry using the following LC-MS gradient: 5% buffer 

B in buffer A from 0–15 min, 5–15% buffer B from 15–17.5 min, 15–35% buffer B from 

17.5–92.5 min, 35–95% buffer B from 92.5–95 min, 95% buffer B from 95–105 min, 95–5% 

buffer B from 105–107 min, and 5% buffer B from 107–125 min (buffer A: 95% H2O, 5% 

CH3CN, 0.1% FA; buffer B: 5% H2O, 95% CH3CN, 0.1% FA) and standard MS3-based 

quantification described below. Ratios were determined from the average peak intensities 
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corresponding to each channel. For a ten-plex experiment, samples (20 μL/channel, final 

volumes adjusted based on the determined ratios) were combined in a new low binding 

Eppendorf tube (1.5 mL) and dried using SpeedVac. The residue was subjected to high pH 

fractionation.

• High pH fractionation: The spin columns for high pH fractionation were pre-equilibrated 

prior to use. Briefly, the columns were placed in Eppendorf tubes (2 mL), spun down to 

remove the storage solution (5,000 g, 2 min), and washed with CH3CN (2 × 300 μL, 5,000 g, 

2 min) and buffer A (2 × 300 μL, 95% H2O, 5% CH3CN, 0.1% FA, 5,000 g, 2 min). TMT 

labeled peptides were re-dissolved in buffer A (300 μL, 95% H2O, 5% CH3CN, 0.1% FA) 

and loaded onto pre-equilibrated spin columns for high pH fractionation. The columns were 

spun down (2,000 g, 2 min) and the flow through was used to wash the original Eppendorf 

tube and passed through the spin column again (2,000 g, 2 min). The column was then 

washed with buffer A (300 μL, 2,000 g, 2 min) and 10 mM aqueous NH4HCO3 containing 

5% CH3CN (300 μL, 2,000 g, 2 min), and the flow through was discarded. The peptides 

were eluted from the spin column into fresh Eppendorf tubes (2.0 mL) with a series of 10 

mM NH4HCO3 / CH3CN buffers (2000 g, 2 min). The following buffers were used for 

peptide elution (% CH3CN): 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 27.5, 30, 32.5, 35, 37.5, 40, 

42.5, 45, 47.5, 50, 52.5, 55, 75. Every 7th fraction was combined into a new clean Eppendorf 

tube (2 mL) and the solvent was removed using SpeedVac vacuum concentrator. The 

resulting 7 combined fractions were re-suspended in buffer A (24 μL) and analyzed on the 

Orbitrap Fusion mass-spectrometer (5 μL injection volume).

Alternative desalting and fractionation protocol: Some of the samples were desalted 

and fractionated using an alternative protocol. In this protocol, the samples were re-

suspended in buffer A (1 mL, 95% H2O, 5% CH3CN, 0.1% FA) and desalted by passing 

through Sep-Pak C18 cartridges (55–105 μm, Waters). Briefly, the cartridge was conditioned 

with CH3CN (3 × 1 mL) and equilibrated with buffer A (3 × 1 mL) before the sample was 

loaded by dropwise addition. The cartridge was then washed with the flow-through from the 

sample (1 × 1 mL) and desalted by passing buffer A (3 × 1 mL). The peptides were then 

eluted by adding 1 mL of 80% CH3CN, 20% H2O, 0.1% FA and the eluent was evaporated 

to dryness using SpeedVac vacuum concentrator. The sample was then re-suspended in 

buffer A (500 μL) and fractionated into a 96 deep-well plate using HPLC (Agilent), for 

offline high pH fractionation. The peptides were eluted onto a capillary column (ZORBAX 

300Extend-C18, 3.5 μm) and separated at a flow rate of 0.5 mL/min using the following 

gradient: 100% buffer A from 0–2 min, 0–13% buffer B from 2–3 min, 13–42% buffer B 

from 3–60 min, 42–100% buffer B from 60–61 min, 100% buffer B from 61–65 min, 100–

0% buffer B from 65–66 min, 100% buffer A from 66–75 min, 0–13% buffer B from 75–78 

min, 13–80% buffer B from 78–80 min, 80% buffer B from 80–85 min, 100% buffer A from 

86–91 min, 0–13% buffer B from 91–94 min, 13–80% buffer B from 94–96 min, 80% buffer 

B from 96–101 min, and 80–0% buffer B from 101–102 min (buffer A: 95% H2O, 5% 

acetonitrile, 0.1% FA; buffer B: 10 mM aqueous NH4HCO3). Each well in the 96-well plate 

contained 20 μL of 20% FA to acidify the eluting peptides. The eluent was evaporated to 

dryness in the plate using SpeedVac vacuum concentrator. The peptides were re-suspended 

in 80% CH3CN, 20% H2O, 0.1% FA buffer (100 μL/well) and every 12th fraction was 
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combined into a new clean Eppendorf tube (1.5 mL), following an additional wash with the 

same buffer (200μL/column, washing wells in each row). The solvent was removed using 

SpeedVac vacuum concentrator, the resulting 12 combined fractions were re-suspended in 

buffer A (24 μL) and analyzed on the Orbitrap Fusion mass-spectrometer (5 μL injection 

volume).

• Whole proteome TMT liquid chromatography-mass-spectrometry (LC-MS) 
analysis: Samples were analyzed by liquid chromatography tandem mass-spectrometry 

using an Orbitrap Fusion mass spectrometer (Thermo Scientific) coupled to an UltiMate 

3000 Series Rapid Separation LC system and autosampler (Thermo Scientific Dionex). The 

peptides were eluted onto a capillary column (75 μm inner diameter fused silica, packed 

with C18 (Waters, Acquity BEH C18, 1.7 μm, 25 cm) and separated at a flow rate of 0.25 

μL/min using the following gradient: 5% buffer B in buffer A from 0–15 min, 5–35% buffer 

B from 15–155 min, 35–95% buffer B from 155–160 min, 95% buffer B from 160–169 min, 

95–5% buffer B from 169–170 min, and 5% buffer B from 170–200 min (buffer A: 95% 

H2O, 5% acetonitrile, 0.1% FA; buffer B: 5% H2O, 95% CH3CN, 0.1% FA). The voltage 

applied to the nano-LC electrospray ionization source was 1.9 kV. Data was acquired using 

an MS3-based TMT method adapted from Wang, Y. et al. (Wang et al., 2019). Briefly, the 

scan sequence began with an MS1 master scan (Orbitrap analysis, resolution 120,000, 

400−1700 m/z, RF lens 60%, automatic gain control [AGC] target 2E5, maximum injection 

time 50 ms, centroid mode) with dynamic exclusion enabled (repeat count 1, duration 15s). 

The top ten precursors were then selected for MS2/MS3 analysis. MS2 analysis consisted of: 

quadrupole isolation (isolation window 0.7) of precursor ion followed by collision-induced 

dissociation (CID) in the ion trap (AGC 1.8E4, normalized collision energy 35%, maximum 

injection time 120 ms). Following the acquisition of each MS2 spectrum, synchronous 

precursor selection (SPS) enabled the selection of up to 10 MS2 fragment ions for MS3 

analysis. MS3 precursors were fragmented by HCD and analyzed using the Orbitrap 

(collision energy 55%, AGC 1.5E5, maximum injection time 120 ms, resolution was 

50,000). For MS3 analysis, we used charge state–dependent isolation windows. For charge 

state z = 2, the MS isolation window was set at 1.2; for z = 3–6, the MS isolation window 

was set at 0.7. The MS2 and MS3 files were extracted from the raw files using RAW 

Converter (version 1.1.0.22; available at http://fields.scripps.edu/rawconv/), uploaded to 

Integrated Proteomics Pipeline (IP2), and searched using the ProLuCID algorithm (publicly 

available at http://fields.scripps.edu/downloads.php) using a reverse concatenated, non-

redundant variant of the Human UniProt database (release-2012_11). Cysteine residues were 

searched with a static modification for carboxyamidomethylation (+57.02146 Da). N-termini 

and lysine residues were also searched with a static modification corresponding to the TMT 

tag (+229.1629 Da). Peptides were required to be at least 6 amino acids long, and to have at 

least one tryptic terminus. ProLuCID data was filtered through DTASelect (version 2.0) to 

achieve a peptide false-positive rate below 1%. The MS3-based peptide quantification was 

performed with reporter ion mass tolerance set to 20 ppm with Integrated Proteomics 

Pipeline (IP2).

• Whole proteome protein ratios calculation for state-dependent reactivity dataset: The 

MS3-based peptide quantification was performed with reporter ion mass tolerance set to 20 
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ppm with Integrated Proteomics Pipeline (IP2). At the individual TMT experiment level, the 

following filters were applied to remove low-quality peptides: removal of non-unique 

peptides, removal of half-tryptic peptides, removal of peptides with more than one internal 

missed cleavage sites, removal of peptides with low (<10,000) sum of reporter ion intensities 

(5 channels/donor), and peptides with high variation between either of the replicate channels 

for expanded or activated T cells (coefficient of variance >0.5). R values (activated vs. 

expanded) for each peptide entry were calculated using the average reporter ion intensities of 

activated and expanded TMT channels. Then the ratios of all quantified peptides for a 

protein were averaged to obtain the final protein ratio. Proteins were required to have at least 

two unique quantified peptides in each experiment.

Proteomic platforms: Reactivity profiling (Related to Figures 1, S1, and Data 
S1)

• Sample preparation and treatment: Activated or expanded (control) primary human T 

cells were pelleted (524 g, 5 min) and washed with PBS (10 mL). The cells were then 

transferred to an Eppendorf tube in additional PBS (1 mL), pelleted (600 g, 5 min), flash 

frozen, and kept at −80 °C until further analysis. Cell pellets were thawed on ice and lysed 

by sonication (2 × 8 pulses). Soluble and particulate proteomic fractions were separated by 

ultracentrifugation (100,000 g, 45 min), and protein concentration was normalized to 1.7 

mg/mL using a standard DC protein assay (Bio-Rad). The resulting proteomes (500 μL, 1.7 

mg/mL) were treated with iodoacetamide polyethyleneoxide desthiobiotin (IA-DTB (Santa 

Cruz), 5 μL of 10 mM stock in DMSO, final concentration: 100 μM) for 1 h at ambient 

temperature. Ice-cold MeOH (500 μL) and CHCl3 (200 μL) were then added, the mixture 

was vortexed and centrifuged (10,000 g, 10 min, 4 °C) to afford a protein disc at the 

interface of CHCl3 and aqueous layers. Both layers were aspirated without perturbing the 

disk, which was re-suspended in cold methanol (500 μL) and CHCl3 (200 μL) by sonication. 

The proteins were pelleted (10,000 g, 10 min, 4 °C), and the resulting pellets were re-

suspended in 90 μL of buffer containing 9M urea, 10 mM DTT and 50 mM 

triethylammonium bicarbonate (1/20 dilution of 1.0 M stock solution, pH 8.5) by thorough 

pipetting up and down. The resulting mixture was heated at 65 °C for 20 min. Sample was 

cooled to room temp, iodoacetamide (10 μL, 500 mM solution in H2O) was added, and the 

samples were incubated at 37 °C for 30 min with shaking.

• Trypsin digestion and streptavidin enrichment: Following the labeling with 

iodoacetamide, samples were diluted with 305 μL of triethylammonium bicarbonate buffer 

(50 mM, 1/20 dilution of 1.0 M stock, pH 8.5; Final urea concentration: 2.0 M). Trypsin (4 

μL of 0.25 μg/μL trypsin in trypsin buffer, containing 25 mM CaCl2) was then added and the 
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proteins were digested at 37 ˚C overnight. The following day, samples were diluted with 

wash buffer (400 μL, 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% NP-40), streptavidin-

agarose beads (50% slurry in wash buffer) were added to each sample (40 μL/sample) and 

the bead mixture was rotated for 2 h at rt. Briefly, for a 10-plex sample, streptavidin-agarose 

bead slurry (440μL, 50% slurry) was washed (2 × 1 mL, 25 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 0.1% NP-40) and brought up to the initial volume in the wash buffer prior to the 

addition to the sample. After incubation, the beads were pelleted by centrifugation (2,000 g, 

1 min), transferred to a BioSpin column and washed (3 × 1 mL wash buffer, 3 × 1 mL PBS, 

3 × 1 mL H2O). Peptides were eluted by the addition of 300 μL of 50% aqueous CH3CN 

containing 0.1% FA. The eluate was then evaporated to dryness using SpeedVac vacuum 

concentrator.

• TMT tag labeling: Peptides were re-suspended in 100 μL EPPS buffer (200 mM, pH 8.0) 

with 30% dry CH3CN, vortexed and spun down (2,000 g, 1 min). TMT tags (3 μL/channel in 

dry CH3CN, 20 μg/μL) were added to the corresponding tubes and the reaction was allowed 

to proceed for 75 min. The reaction was quenched by the addition of 5% hydroxylamine (3 

μL per sample), vortexed and left at room temperature for 15 min. FA (5 μL) was then added 

to each tube, the tubes were vortexed, spun down and combined in a low binding 1.5 mL 

Eppendorf tube. The final combined sample was dried in a SpeedVac vacuum concentrator 

and kept at −80 °C until the high pH fractionation step.

• High pH fractionation: High pH fractionation was performed according to the procedure 

described above to yield 7 or 12 fractions which were re-suspended in buffer A (10 μL/

sample) and analyzed by liquid chromatography tandem mass-spectrometry.

• TMT ABPP broad ligandability liquid chromatography-mass-spectrometry (LC-MS) 
analysis: Samples were analyzed by liquid chromatography tandem mass-spectrometry 

using an Orbitrap Fusion mass spectrometer (Thermo Scientific) coupled to an UltiMate 

3000 Series Rapid Separation LC system and autosampler (Thermo Scientific Dionex). The 

peptides were eluted onto a capillary column (75 μm inner diameter fused silica, packed 

with C18 (Waters, Acquity BEH C18, 1.7 μm, 25 cm) and separated at a flow rate of 0.25 

μL/min using the following gradient: 5% buffer B in buffer A from 0–15 min, 5–35% buffer 

B from 15–155 min, 35–95% buffer B from 155–160 min, 95% buffer B from 160–169 min, 

95–5% buffer B from 169–170 min, and 5% buffer B from 170–200 min (buffer A: 95% 

H2O, 5% acetonitrile, 0.1% FA; buffer B: 5% H2O, 95% CH3CN, 0.1% FA). The voltage 

applied to the nano-LC electrospray ionization source was 1.9 kV. Data was acquired using 

an MS3-based TMT method adapted from Wang, Y. et al. (Wang et al., 2019) Briefly, the 

scan sequence began with an MS1 master scan (Orbitrap analysis, resolution 120,000, 

400−1700 m/z, RF lens 60%, automatic gain control [AGC] target 2E5, maximum injection 

time 50 ms, centroid mode) with dynamic exclusion enabled (repeat count 1, duration 15s). 

The top ten precursors were then selected for MS2/MS3 analysis. MS2 analysis consisted of: 

quadrupole isolation (isolation window 0.7) of precursor ion followed by collision-induced 

dissociation (CID) in the ion trap (AGC 1.8E4, normalized collision energy 35%, maximum 

injection time 120 ms). Following the acquisition of each MS2 spectrum, synchronous 

precursor selection (SPS) enabled the selection of up to 10 MS2 fragment ions for MS3 
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analysis. MS3 precursors were fragmented by HCD and analyzed using the Orbitrap 

(collision energy 55%, AGC 1.5E5, maximum injection time 120 ms, resolution was 

50,000). For MS3 analysis, we used charge state–dependent isolation windows. For charge 

state z = 2, the MS isolation window was set at 1.2; for z = 3–6, the MS isolation window 

was set at 0.7. The MS2 and MS3 files were extracted from the raw files using RAW 

Converter (version 1.1.0.22; available at http://fields.scripps.edu/rawconv/), uploaded to 

Integrated Proteomics Pipeline (IP2), and searched using the ProLuCID algorithm (publicly 

available at http://fields.scripps.edu/downloads.php) using a reverse concatenated, non-

redundant variant of the Human UniProt database (release-2012_11). Cysteine residues were 

searched with a static modification for carboxyamidomethylation (+57.02146 Da) and up to 

one differential modification for the desthiobiotin (DTB) tag (+398.2529 Da). N-termini and 

lysine residues were also searched with a static modification corresponding to the TMT tag 

(+229.1629 Da). Peptides were required to be at least 6 amino acids long, to have at least 

one tryptic terminus, and to contain the DTB modification. ProLuCID data was filtered 

through DTASelect (version 2.0) to achieve a peptide false-positive rate below 1%. The 

MS3-based peptide quantification was performed with reporter ion mass tolerance set to 20 

ppm with Integrated Proteomics Pipeline (IP2).

• TMT-ABPP R value calculation for cysteine state-dependent reactivity dataset: At the 

individual TMT experiment level, the following filters were applied to remove low-quality 

peptides: removal of non-unique peptides, removal of half-tryptic peptides, removal of 

peptides with more than one internal missed cleavage site, removal of peptides with low 

(<10,000) sum of reporter ion intensities in both expanded or activated channels, removal of 

peptides with high variation (coefficient of variance >0.5) between the replicate expanded or 

activated channels if their sum of reporter ion intensities is greater than 5,000. R values 

(activated vs. expanded) for each peptide were calculated using the average reporter ion 

intensities of activated and expanded TMT channels. Once the R values were calculated, two 

types of grouping were performed to aggregate peptide quantification data: 1) overlapping 

peptides with the same modified cysteine (e.g., different charge states, high pH fractionation 

fractions, or tryptic termini) were grouped together, then their R values were averaged, and 

the shortest unique tryptic peptide was reported; 2) multiple modified cysteines on a tryptic 

peptide were grouped together, then the averaged R values were reported for further data 

processing. The median value derived from at least two biological replicates was reported as 

the final R value for each peptide with a maximum ratio cap of 20.

• Data processing and analysis for IA-DTB reactivity dataset: Proteins must have at least 

three unique quantified peptides in either particulate or soluble fraction in the TMT-ABPP 

experiments within the state-dependent dataset to be analyzed. The fraction with the most 

quantified unique peptides was selected for analysis for each protein. If a protein had an 

equal number of unique quantified peptides in both fractions, the peptide R ratios (activated 

vs. expanded) from both fractions were averaged. To account for potential donor variations 

in protein expression level, proteins were required to have at least one peptide R ratio within 

1.5-fold of the protein expression level measured in TMT-exp experiments (if available) and 

were excluded from the analysis if all peptide R ratios were greater than 2.0 or less than 0.5. 

For proteins with 5 or more quantified peptides, a cysteine was considered for potential 
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change in reactivity if its peptide R value differed more than two-fold from both the median 

R value of all quantified cysteines on the same protein and from the protein expression level 

measured in TMT-exp experiments (if available). For proteins with three or four quantified 

peptides, a cysteine was considered for potential change in reactivity if its peptide R value 

differed more than two-fold from the protein expression level measured by TMT-exp data, 

with an additional requirement that the maximum peptide R ratio differed more than 2-fold 

from the minimum peptide R ratio. All the cysteines that passed the initial filters described 

above were manually curated to remove low quality profiles.

Proteomic platforms: Ligandability profiling isoTOP-ABPP (related to Figures 
2, S2B, and Data S1)

• Sample preparation: Activated or expanded primary human T cells were pelleted (524 g, 

5 min), washed with PBS, and lysed by sonication (2 × 8 pulses). Soluble and particulate 

proteomic fractions were separated by ultracentrifugation (100,000 g, 45 min), and protein 

concentration was normalized to 1.7 mg/mL using a standard DC protein assay (Bio-Rad). 

The resulting proteomes were analyzed by competitive isotopic Tandem Orthogonal 

Proteolysis Activity-Based Protein Profiling (isoTOP-ABPP) using a protocol from Gao et 
al. (Gao et al., 2018)

• IA-alkyne labeling and click chemistry: Samples (500 μL, 1.7 mg/mL) were treated with 

scout fragments (5 μL of 50 mM DMSO stock, final concentration: 500 μM) or DMSO for 1 

h, followed by treatment with iodoacetamide alkyne (IA-alkyne, 5 μL of 10 mM stock in 

DMSO, final concentration: 100 μM) for 1 h at ambient temperature. Modified proteins were 

then conjugated to isotopically labeled, TEV-cleavable biotin tags (TEV-tags) using copper-

catalyzed azide-alkyne cycloaddition reaction (CuAAC). Reagents for the CuAAC reaction 

were pre-mixed prior to their addition to the proteome samples. TEV tags (light or heavy, 10 

μL of 5 mM stocks in DMSO, final concentration = 100 μM), 

tris(benzyltriazolylmethyl)amine ligand (TBTA; 30 μL of 1.7 mM stock in DMSO:t-butanol 

1:4, final concentration = 100 μM), tris(2-carboxyethyl)phosphine hydrochloride (TCEP; 10 

μL of fresh 50 mM stock in water, final concentration = 1 mM), and CuSO4 (10 μL of 50 

mM stock in water, final concentration = 1 mM) were combined in an Eppendorf tube, 

vortexed and added to the proteomes (55 μL/sample). The CuAAC reaction mixture 

containing “heavy” TEV tag was added to the DMSO-treated control samples and the 

CuAAC reaction mixture containing “light” TEV tag was added to compound-treated 

samples. The reaction was allowed to proceed at rt for 1 h, “heavy” and “light” samples 

were combined pairwise in 15 mL conical Falcon tubes on ice containing 4 mL of cold 

methanol (pre-chilled at −80 °C), 1 mL CHCl3, and 1 mL H2O. Eppendorf tubes from the 
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reaction mixtures were washed with additional H2O (1mL each) and the washes were added 

to the same Falcon tube (final ratios MeOH : CHCl3 : H2O = 4 : 1 : 4). Following 

centrifugation (5,000 g, 10 min, 4 °C), a protein disk formed at the interface of CHCl3 and 

aqueous layers. Both layers were aspirated without perturbing the disk, which was 

resuspended in cold MeOH (2 mL) and CHCl3 (1 mL) by vortexing. The proteins were 

pelleted (5,000 g, 10 min, 4 °C), and the resulting pellets were solubilized in 1.2% SDS in 

PBS (1 mL) with sonication and heating (95 °C, 5 min).

• isoTOP-ABPP sample streptavidin enrichment: Once solubilized, the samples were 

diluted with PBS (4 mL) and streptavidin-agarose beads were added for the enrichment 

(final SDS concentration: 0.2% in PBS). The beads (100 μL of a 50% slurry per sample) 

were washed with PBS (2 × 10 mL) and resuspended in 1 mL of PBS per sample prior to 

addition. The final mixture was rotated for 3 h at rt. Following this enrichment step, the 

beads were pelleted by centrifugation (2,000 g, 2 min) and washed to remove non-

specifically binding proteins (2 × 10 mL 0.2% SDS in PBS, 2 × 10 mL PBS, and 2 × 10 mL 

H2O).

• isoTOP-ABPP sample trypsin and TEV digestion: After the last wash, the beads were 

transferred to new Eppendorf tubes in water (2 × 0.5 mL), pelleted (4,000 g, 3 min), and 

resuspended in 6M urea in PBS (0.5 mL). DTT (25 μL of a fresh 200 mM stock in water, 

final concentration – 10 mM) was added and the beads were incubated at 65 °C for 15 min. 

Iodoacetamide (25 μL of a 400 mM stock in water, final concentration – 20 mM) was then 

added and the samples were incubated in the dark at 37 °C with shaking for 30 min. 

Following this incubation, the mixture was diluted with PBS (900 μL), the beads were 

pelleted by centrifugation and resuspended in 2M urea in PBS (200 μL). Trypsin (Promega, 

sequencing grade; 2 μg in 6 μL of trypsin buffer containing 1 mM CaCl2) was added to the 

mixture and the digestion was allowed to proceed overnight at 37 °C with shaking. The 

beads were pelleted (2,000 g, 2 min) and the tryptic digest was aspirated. The beads were 

then washed (3 × 1 mL PBS, 3 × 1 mL H2O), transferred to a new Eppendorf tube in H2O (2 

× 0.5 mL), washed with TEV buffer (200 μL, 50 mM Tris, pH 8, 0.5 mM EDTA, 1 mM 

DTT), and resuspended in TEV buffer (140 μL). TEV protease (4 μL, 80 μM) was then 

added and the beads were incubated at 30 °C overnight with rotation. Following the 

overnight digestion, the beads were pelleted by centrifugation (2,000 g, 2 min) and the TEV 

digest was separated from the beads using Micro Bio-Spin columns (Bio-Rad) with 

centrifugation (800 g, 0.5 min) and an additional wash (100 μL H2O). The samples were 

then acidified by the addition of 0.1% FA (14 μL, final concentration: 5% v/v) and stored at 

−80 °C prior to analysis.

• isoTOP-ABPP liquid-chromatography-mass-spectrometry (LC-MS/MS) 
analysis: Samples were pressure-loaded onto a 250 μm (inner diameter) fused silica 

capillary columns packed with C18 resin (Aqua 5 μm, Phenomenex) and analyzed by 

multidimensional liquid chromatography tandem mass-spectrometry (MudPIT) using an 

LTQ-Velos Orbitrap mass spectrometer (Thermo Scientific) coupled to an Agilent 1200-

series quaternary pump. The peptides were eluted onto a biphasic column with a 5 μm tip 

(100 μm fused silica, packed with C18 (10 cm) and bulk strong cation exchange resin (3 cm, 
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SCX, Phenomenex) in a 5-step MudPIT experiment, using 0%, 30%, 60%, 90%, and 100% 

salt bumps of 500 mM aqueous ammonium acetate and a 5%–100% gradient of buffer B in 

buffer A (buffer A: 95% water, 5% CH3CN, 0.1% FA; buffer B: 5% water, 95% CH3CN, 

0.1% FA) as previously described (Weerapana et al., 2007). Data were collected in data-

dependent acquisition mode with dynamic exclusion enabled (20 s, repeat of 2). One full 

MS (MS1) scan (400–1800 m/z) was followed by 30 MS2 scans (ITMS) of the nth most 

abundant ions.

• isoTOP-ABPP peptide identification: The MS2 spectra data were extracted from the raw 

file using RAW Converter (version 1.1.0.22; available at http://fields.scripps.edu/rawconv/), 

uploaded to Integrated Proteomics Pipeline (IP2), and searched using the ProLuCID 

algorithm (publicly available at http://fields.scripps.edu/downloads.php) using a reverse 

concatenated, non-redundant variant of the Human UniProt database (release-2012_11). 

Cysteine residues were searched with a static modification for carboxyamidomethylation 

(+57.02146) and up to one differential modification for either the light or heavy TEV tags 

(+464.28595 or +470.29976 respectively). Peptides were required to have at least one tryptic 

terminus and to contain the TEV modification. ProLuCID data was filtered through 

DTASelect (version 2.0) to achieve a peptide false-positive rate below 1%.

• isoTOP-ABPP R value calculation and data processing: The heavy/light isoTOP-ABPP 

ratios (R values) for each unique peptide (DMSO/compound treated) were quantified with 

in-house CIMAGE software (Weerapana et al., 2010) using default parameters (3 MS1 

acquisitions per peak and signal to noise threshold set to 2.5). Site-specific engagement of 

cysteine residues was assessed by blockade of IA-alkyne probe labeling. A maximal ratio of 

20 was assigned for peptides that showed a ≥ 95% reduction in MS1 peak area in the 

compound treated proteome (light TEV tag) compared to the control DMSO-treated 

proteome (heavy TEV tag). Ratios for unique peptide sequences were calculated for each 

experiment; overlapping peptides with the same modified cysteine (e.g., different charge 

states, elution times or tryptic termini) were grouped together and the median ratio was 

reported as the final ratio (R). Additionally, ratios for peptide sequences containing multiple 

cysteines were grouped together. When aggregating data across experimental replicates, the 

mean of each experimental median R was reported. The peptide ratios reported by CIMAGE 

were further filtered to ensure the removal or correction of low-quality ratios in each 

individual dataset. The quality filters applied were the following: removal of half-tryptic 

peptides, removal of peptides with more than one tryptic miscleavage site, removal of 

peptides with R = 20 and only a single MS2 event triggered during the elution of the parent 

ion, removal of non-unique peptides. Further filtering was then performed as described 

below for each experiment type.

Proteomic platforms: Ligandability profiling TMT-ABPP (Figures 2, S2A)

• Sample preparation and treatment: Broad ligandability TMT-ABPP samples were 

processed according to the same protocol as for IA-DTB reactivity profiling samples 

described above (Steps 1–5) with the exception of pre-treatment of the lysates with scout 

fragments KB02 or KB05 (5 μL of 50 mM DMSO stock, final concentration: 500 μM) for 1 

h prior to the IA-DTB treatment step.
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• TMT-ABPP R value calculation for broad ligandability datasets: At the individual 

TMT experiment level, the following filters were applied to remove low-quality peptides: 

removal of non-unique peptides, removal of half-tryptic peptides, removal of peptides with 

more than one internal missed cleavage sites, removal of peptides with low (<20,000) sum of 

reporter ion intensities for either expanded or activated control channels, removal of peptides 

with high variation between the replicate control channels (coefficient of variance >0.5), and 

peptides corresponding to the lower average reporter ion intensity control channels 

(activated vs expanded) if the difference in the average reporter ion intensity between 

expanded and activated control channels was more than two-fold. R-value (DMSO-treated 

vs. KB02/KB05-treated) for each peptide entry was calculated using the reporter ion 

intensities of DMSO and KB02/KB05 treated TMT channels for each treatment group with a 

maximum ratio cap of 20. Once the R values were calculated, two types of grouping were 

performed to aggregate peptide quantification data: 1) overlapping peptides with the same 

modified cysteine (e.g., different charge states, high pH fractionation fractions, or tryptic 

termini) were grouped together, then their R values were averaged, and the shortest unique 

tryptic peptide was reported; 2) multiple modified cysteines on a tryptic peptide were 

grouped together, then the averaged R values were used for further data processing. Peptides 

with high donor variation (R>5 for one donor, while R<2 for the other donor) were 

discarded (<1%), then the R values of replicate channels of the same condition were 

averaged to obtain the final reported data. A cysteine was required to be quantified in at least 

two TMT channels for each proteomic fraction to be reported.

• Combining data across experimental groups: To combine data across replicates from 

different experiment groups (e. g., broad ligandability and elaborated fragment data or 

hyper-reactivity) or different experiment types (e. g., TMT and isoTOP), we used identifiers 

consisting of the Uniprot accession concatenated with the tryptic sequence associated with 

the particular peptide. Peptides that contained the same modified cysteine or where multiple 

cysteines were modified on that peptide were combined. When data from an experiment 

group associated with a miscleaved peptide sequence was combined with data from another 

group which contained a non miscleaved variant of the same peptide, all data was reported 

under the fully tryptic identifier, unless the non miscleaved variant introduced an additional 

cysteine, in which case the data was not merged.

• Filtering of broad ligandability data: All peptides with R = 20 were manually reviewed. 

Peptides with R = 20 were discarded if the ratio set contained a single 20, and the minimum 

ratio in the set was less than 4. If the ratio set contained two or more 20 values and the 

minimum ratio in the set was less than 2, these 20 values were also discarded. This filter was 

applied on R values within a single experiment and when aggregating data from replicate 

experiments.

When aggregating data from replicate experiments, for peptides that had standard deviations 

greater than 60% of the mean, the lowest ratio of that set was reported, unless the minimum 

ratio of the set was ≥ 4, in which case the average ratio was reported. Individual peptide 

sequences were required to have been quantified (R ≠ 0) in at least two replicates per 

condition. Peptides were considered liganded if they had a final value of R ≥ 5.
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Proteomic platforms: Elaborated compound TMT-ABPP (related to Figure 5 
and Data S1)

• In situ labeling with cysteine-reactive electrophiles: Activated or expanded (control) T 

cells were re-suspended in RPMI media supplemented with 10% FBS, L-glutamine (2 mM), 

penicillin (100 U/mL), and streptomycin (100 μg/mL) at 3 × 106 cells/mL. The compounds 

were added to cells as 1000x DMSO stocks and mixed well with the media by pipetting up 

and down after addition. The cells were kept at 37 °C in 5% CO2 containing incubators for 

3h, then pelleted by centrifugation (524 g, 5 min, 4 °C), washed with cold PBS (10 mL) and 

transferred to Eppendorf tubes (1 mL PBS). The cells were pelleted again (524 g, 5 min, 4 

°C), flash-frozen, and kept at −80 °C until further analysis.

• TMT-ABPP: TMT-ABPP samples were processed according to the same protocol as for 

IA-DTB reactivity profiling samples described above (Steps 1–5).

• TMT-ABPP R value calculation for elaborated compounds dataset: At the individual 

TMT experiment level, the following filters were applied to remove low-quality peptides: 

removal of non-unique peptides; removal of half-tryptic peptides, removal of peptides with 

more than one internal missed cleavage site, removal of peptides with low (<10,000) sum of 

reporter ion intensities for control channels, and peptides with high variation between the 

replicate control channels (coefficient of variance >0.5). R values (compound-treated vs. 

DMSO-treated) for each peptide entry were calculated using the reporter ion intensities of 

DMSO and compound treated TMT channels for each treatment group with a maximum 

ratio cap of 20. Once the R values for each peptide entry were calculated, two types of 

grouping were performed to aggregate peptide quantification data: 1) overlapping peptides 

with the same modified cysteine (e.g., different charge states, high pH fractionation 

fractions, or tryptic termini) were grouped together, then their R values were averaged, and 

the shortest unique tryptic peptide was reported; 2) multiple modified cysteines on a tryptic 

peptide were grouped together, then the averaged R values were used for further data 

processing. The R values of replicate channels of the same condition were averaged to 

obtain the final reported data with the requirement that all included peptides have been 

quantified in at least two individual experiments.

• Filtering of elaborated compound data: All peptides with R = 20 were manually 

reviewed. Within individual replicates, peptides with R = 20 were discarded if the ratio set 

contained a single 20, and the minimum ratio in the set was less than 4. When aggregating 

ratios across replicates, peptides with R = 20 were discarded if the ratio set contained a 

single 20, and the minimum ratio in the set was less than 3. Individual peptide sequences 
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were required to have been quantified (R ≠ 0) in at least two replicates per condition, unless 

they had R ≥ 4 in both particulate and soluble conditions for a given compound. During 

manual review of the data, some peptides were exempted from specific filters due to 

additional evidence of their validity. BIRC2 (C45) R = 20 and CASP2 (C366, C370) R = 20 

values derived from DMF datasets values derived from DMF datasets were exempted from 

applied 20-filters as the same residues were convincingly liganded in the TMT datasets. 

Peptides were considered liganded if they had a final value of R ≥ 4.

Proteomic platforms: Hyper-reactivity profiling (related to Figure 2E and Data 
S1)

• Sample preparation: Activated or expanded (control) primary human T cells were 

pelleted (524 g, 5 min), washed with PBS, and lysed by sonication (2 × 8 pulses). Soluble 

and particulate proteomic fractions were separated by ultracentrifugation (100,000 g, 45 

min), and protein concentration was normalized to 1.7 mg/mL using a standard DC protein 

assay (Bio-Rad).

• IA-alkyne labeling: Samples (500 μL, 1.7 mg/mL) were treated with iodoacetamide 

alkyne (IA-alkyne, 5 μL of 10 mM stock in DMSO and 5 μL of 1 mM stock in DMSO, final 

concentrations: 100 μM and 10 μM) for 1 h at ambient temperature. Hyper-reactivity 

samples were then processed according to the same protocol as isoTOP-ABPP broad 

ligandability profiling samples described above. The CuAAC reaction mixture containing 

“heavy” TEV tag was added to the 100 μM-treated samples and the CuAAC reaction 

mixture containing “light” TEV tag was added to 10 μM-treated samples.

• Filtering and processing of hyper-reactivity data: Peptides with R = 20 were discarded 

if the ratio set contained a single 20, and the minimum ratio in the set was less than 4. This 

filter was applied on R values within a single experiment and when aggregating data from 

replicate experiments. Data from these experiments was separated according to activation 

state and the minimal ratio between soluble and particulate fractions for each state was 

reported for each peptide.

Proteomic platforms: Whole proteome TMT (TMT-exp) for elaborated 
compounds dataset (related to Figures 6H–6J, 7C and Data S1)

• In situ labeling with elaborated cysteine-reactive electrophiles (DMF, EV3, BPK-21, 
BPK-25): Freshly isolated T cells were re-suspended in RPMI media supplemented with 

10% FBS, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 2 

× 106 cells/mL. The compounds were added to cells (1.6 × 107 cells/treatment, 2 × 106 
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cells/mL) as 1000x DMSO stocks and mixed well with the media by pipetting up and down 

after addition. The cells were kept at 37 °C in 5% CO2 containing incubators for 24h, then 

pelleted by centrifugation (524 g, 5 min, 4 °C), washed with cold PBS (10 mL) and 

transferred to Eppendorf tubes (1 mL PBS). The cells were pelleted again (524 g, 5 min, 4 

°C), flash-frozen, and kept at −80 °C until further analysis.

• In situ labeling with elaborated enantiomeric probes EV-96 and EV-97: Non-tissue 

culture treated 6-well plates were pre-coated with either PBS or αCD3 (5 μg/mL) and 

αCD28 (2 μg/mL) antibodies (2 mL/well) and stored at 4 °C overnight. The next day, the 

plates were kept at 37 °C in 5% CO2 containing incubators for 2h and washed with PBS (2 × 

5 mL/well). Expanded T cells were re-suspended in RPMI media supplemented with 10% 

FBS, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 2 × 106 

cells/mL. DMSO and compounds were added to cells as 1000x DMSO stocks and mixed 

well with the media by pipetting up and down after addition. The cells (1.6 × 107 cells/

treatment, 2 × 106 cells/mL) were then plated onto pre-coated 6-well plates (8 mL/well) and 

kept at 37 °C in 5% CO2 containing incubators for 8h. The treatment groups were as 

follows: DMSO (no activation), EV-96 (no activation), DMSO (αCD3, αCD28), EV-96 

(αCD3, αCD28), and EV-97 (αCD3, αCD28). Following the treatment, the cells were 

transferred to falcon tubes and pelleted by centrifugation (524 g, 5 min, 4 °C), washed with 

cold PBS (10 mL) and transferred to Eppendorf tubes (1 mL PBS). The cells were pelleted 

again (524 g, 5 min, 4 °C), flash-frozen, and kept at −80 °C until further analysis.

• Mass-spectrometry sample preparation: Samples were processed according to the same 

protocol as TMT-exp samples described above (Steps 2–6).

• Whole proteome protein ratio calculation for elaborated electrophiles DMF, EV3, 
BPK-21, BPK-25 (related to Figures 6I, 6J): At the individual TMT experiment level, the 

following filters were applied to remove low-quality peptides: removal of non-unique 

peptides, removal of half-tryptic peptides, removal of peptides with more than one internal 

missed cleavage site, removal of cysteine-containing peptides, removal of peptides with low 

(<10,000) sum of reporter ion intensities for control channels, and peptides with high 

variation between the replicate control channels (coefficient of variance >0.5). R values 

(compound-treated vs. DMSO-treated) were calculated using the reporter ion intensities of 

compound and DMSO treated TMT channels for each treatment group. Then the ratios of all 

peptides of a protein were averaged to be reported as the final protein ratio. Proteins were 

required to have at least two unique quantified peptides in each experiment and were 

quantified in at least two independent experiments.

• Whole proteome protein ratio calculation for enantiomeric probes EV-96 and EV-97 
(related to Figure 7C): At the individual TMT experiment level, the following filters were 

applied to remove low-quality peptides: removal of non-unique peptides, removal of half-

tryptic peptides, removal of peptides with more than one internal missed cleavage site, 

removal of peptides with low (<5,000) average of reporter ion intensities for control 

channels, and peptides with high variation between the replicate control channels 

(coefficient of variance >0.5). R values (compound-treated vs. DMSO-treated) were 
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calculated using the reporter ion intensities of compound and DMSO treated TMT channels 

for each treatment group. Then the ratios of all peptides of a protein were averaged to be 

reported as the final protein ratio. Proteins were required to have at least two unique 

quantified peptides in each experiment and were quantified in all the independent 

experiments. The following additional quality filters were applied to generate the plot in 

Figure 7C: (1) proteins that show ≥ 2-fold changes in DMSO-treated naïve and DMSO-

treated activated T cells were removed; (2) keratins were removed.

Principal Component Analysis of TMT-exp data (related to Figures 1 and S1)—
Principal component analysis (PCA) based on singular value decomposition was performed 

using scikit-learn (Pedregosa et al., 2011) library (version 0.22) for Python 3.7.5. IA 

reactivity (activated vs. expanded) values were log2 transformed, and, since PCA cannot 

operate on sparse matrices, only data for proteins that were quantified in all experiments was 

used (3806 out of a total of 4824 after log2 transform). Enrichment of principal components 

was performed using Perseus 1.6.10.43 (Tyanova et al., 2016) using the latest annotations 

available on the Perseus website (tagged 2019_01). Note that the scikit-learn and Perseus 

produced identical PCA and loadings. Enriched p-values were corrected using the 

Benjamini-Hochberg FDR (Benjamini and Hochberg, 1995) method and a significance 

cutoff of 0.05 was used.

Gene Ontology (GO) Enrichment Analysis (related to Figure 1)—GO Enrichment 

Analysis was performed using the GOATOOLS (Klopfenstein et al., 2018) (v0.9.9) library 

for Python 3.7.5 using a gene association file downloaded from Uniprot (Bateman et al., 

2019) (goa_human.gaf, version 2.1) and the latest ontology file downloaded from the GO 

Consortium (Ashburner et al., 2000) (go-basic.obo, version 1.2). To identify enriched GO 

terms associated with changes in cell state, enrichments were carried out using the list of 

1106 proteins identified to be changing in expression (defined as having a two-fold decrease 

or increase in expression, see Data S1), against the background list of all 4824 proteins 

characterized in the TMT-exp experiments. Fisher’s exact test was used to compute p-values 

for each category, and these values were corrected for multiple hypothesis testing using the 

Benjamini-Hochberg FDR (Benjamini and Hochberg, 1995) method and a significance 

threshold of 0.05 was applied. Only GO terms from the Biological Process namespace were 

included in downstream analyses. Enriched terms were then passed through REVIGO 

(Supek et al., 2011), which identifies redundant terms and chooses representative terms for 

each group. We further reduced redundancies by removing terms that were subsets of other 

terms. The following settings were used with REVIGO: allowed similarity of 0.4, searched 

against the human Uniprot database, using the SimRel (Schlicker et al., 2006) semantic 

similarity measure. For the plots in Figure 1G and S3A, we plotted the top 20 non-redundant 

enriched terms.

To identify enriched GO terms associated with changes in cysteine reactivity following T-

cell activation, enrichments were carried out as described above using the list of 160 proteins 

that were identified to change in reactivity (Data S1 against a background of all 4347 

proteins characterized in the 4 experiments. Since only the “cell-redox homeostasis term” 
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was enriched, it was not necessary to remove redundant terms using REVIGO or other 

means.

Reactome Pathways Liganded by Scout Fragments (related to Figure 3)—
Reactome pathways were downloaded from the Reactome website (version 72) (Jassal et al., 

2020), and for each pathway proteins that were (a) liganded (R ≥ 5) or (b) quantified (R > 0 

for at least 1 peptide in TMT-ABPP experiments), but not liganded by scout fragments were 

listed. For Figure 3A, only pathways belonging to the third and second hierarchical levels of 

the Immune System and Signal Transduction top-level pathways, respectively, were 

highlighted, as these pathways were deemed most relevant in the context of the paper. 

Further, for inclusion in Figure 3A, pathways were required to contain at least 25 proteins 

that were liganded. Data S1 lists all the Reactome pathways (at all hierarchy levels) with 

pathways plotted in Figure 3A listed at the top.

Activity-guided profiling: multidimensional screen for inhibition of T cell 
activation (related to Figure 4)—Non-tissue culture treated 96-well plates were pre-

coated with αCD3 (5 μg/mL) and αCD28 antibodies (2 μg/mL) in PBS (100 μL/well) and 

left at 4 °C overnight. Freshly isolated T cells were re-suspended in RPMI media 

supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 U/mL), and 

streptomycin (100 μg/mL) at 2 × 106 cells/mL. Compound stocks (200x) in DMSO were 

diluted to 2x stocks in the working RPMI media in another 96-well plate. The pre-coated 96-

well treatment plates were washed with PBS (2 × 200μL), T cells (100 μL/well, 2 × 105 

cells/well) were then added to the wells, followed by the addition of 2x compound stocks in 

RPMI media (100 μL). The outer wells of the plates were filled with media without cells to 

avoid the edge effect in the assay. The plates were then incubated at 37 °C in a 5% CO2 

containing incubator for 24 h. Following the treatment, the cells were transferred to a U-

bottom 96-well plate and harvested by centrifugation (600 g, 3 min, 4 °C). The supernatants 

were kept and stored at −80 °C for further cytokine analysis, while the cells were washed 

with PBS (2 × 150 μL) prior to staining for flow cytometry analysis.

Flow cytometry analysis (related to Figures 4 and 6)—Following the PBS washes, 

the cells were stained with fixable near-IR LIVE/DEAD cell stain (Invitrogen) according to 

manufacturer’s instructions. Briefly, one vial of near-IR LIVE/DEAD dye was resuspended 

in DMSO (50 μL) and diluted with PBS (1:1000). The diluted stain was added to each well 

(200 μL) and the cells were incubated for 30 min at room temperature in the dark. After this 

time, the cells were pelleted (600 g, 3 min, 4 °C), washed once with PBS (200 μL/well) and 

incubated with a freshly made cocktail of antibodies for the appropriate cell surface markers 

diluted in PBS containing 2% FBS (1:400 antibody dilution). The corresponding data in 

Figures 4D, 4G, 4H, and 6L is presented as the mean percentage of DMSO treated control ± 

SEM, n = 3/group (Figures 4D, 4H, and 6L); n = 4–5/group (Figure 4G). The corresponding 

data in Figure 4F is presented as the mean percentage of DMSO treated control ± SD, n = 2–

5/group.

Duoset ELISA quantification of secreted cytokines (IL-2, IFN-γ) (related to 
Figures 4 and 6)—The levels of secreted IL-2, IFN-γ, and TNFα after incubating T cells 
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in the presence of DMSO or electrophilic compounds under TCR-stimulating conditions 

were measured using DuoSet ELISA cytokine kits (R&D Systems) in clear microplates 

(R&D Systems) according to manufacturer’s instructions and read using a CLARIOstar 

(BMG Labtech) plate reader (450 nm). All cytokine concentrations were calculated 

according to the standard curve generated for each experiment. The corresponding data in 

Figures 4D, 4H, and 6A is presented as the mean percentage of DMSO-treated control ± 

SEM, n = 3/group.

ISRE-luciferase and CellTiter Glo assays (related to Figure S4G)—THP1-Lucia 

ISG cells were resuspended in low-serum growth media (2% FBS) at a density of 5 × 105 

cells/mL and treated with BPK-25 or vehicle (DMSO) in the presence of viral dsDNA (2 μg/

mL). 50 μL of cells/well were seeded into each well of a 384-well white Greiner plates and 

incubated for 24 h. To evaluate expression of the luciferase reporter, 30 μL of Quanti-luc 

(Invivogen) detection reagent was added to each well and luminescence was read using an 

Envision plate reader (Perkin Elmer) set with an integration time of 0.1 seconds. To evaluate 

cell viability, 30 μL of CellTiter-Glo (Promega) reagent was added to each well and each 

plate was read using the same instrument settings utilized for the luciferase assay. For each 

cell type and assay, luminescence signals for test article samples were normalized to vehicle-

treated samples and reported as relative light units (RLU). The corresponding data in Figure 

S4G is presented as the mean percentage of DMSO-treated control ± SEM, n = 3/group.

Bio-Plex quantification of secreted cytokines (related to Figure S4I)—Freshly 

isolated PBMCs (4 × 106 cells/mL, 1 mL/well), were treated with BPK-25 (10 μM) or 

vehicle (DMSO) for 6 h in a 24-well plate, after which cGAMP (10 μM) was added to the 

wells and the cells were incubated for additional 20 h. Following this treatment, the cells 

were transferred to 1.5 mL Eppendorf tubes and harvested by centrifugation (600 g, 8 min, 4 

°C). The supernatants were saved (−80 °C) and used for further cytokine analysis using Bio-

Plex Pro Human Cytokine assay (Bio-Rad) according to manufacturer’s instructions. Bio-

Plex Assay is a multiplex flow immunoassay that simultaneously detects and identifies 

cytokines based on fluorescent dye-labeled 6.5 μm magnetic beads in a single reaction. 

When run on the Bioplex 200 system, 50 μL of supernatant was mixed with 50 μL of beads 

and quantified against human cytokines standard curves. The corresponding data in Figure 

S4I is presented as the mean percentage of DMSO-treated control ± SEM, n = 3/group.

ELISA quantification of secreted IFN-β (related to Figure S4I)—Concentrations of 

IFN-β were determined with VeriKine-HS human IFN-β serum ELISA kit (PBL Assay 

Science) according to manufacturer’s instructions. All concentrations of IFN-β were 

calculated according to the standard curve generated for each experiment. The 

corresponding data in Figure S4I is presented as the mean percentage of DMSO-treated 

control ± SD, n = 2/group.

Measurement of intracellular glutathione levels (related to Figure S5A)—
Intracellular glutathione levels were determined using GSH-Glo glutathione assay (Promega 

Corporation) according to manufacturer’s instructions. Briefly, freshly isolated T cells were 

treated with compounds or DMSO for 24 h under TCR-stimulating conditions (96-well 
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plate, 1 × 105 cells/well) at 37 °C in 5% CO2 containing incubator, then transferred to a U-

shape bottom 96-well plate and pelleted (600 g, 3 min, 4 °C). The supernatants were kept 

and stored at −80 °C for cytokine analysis. The cells were washed with PBS (2 × 150 μL) 

and resuspended in 50 μL of PBS. An aliquot of treated cells (25 μL) was then added to an 

equal volume of 2x GSH reaction buffer containing Glutathione S-transferase and Luciferin-

NT substrate (1:50 dilution in GSH-Glo Reaction Buffer). The reaction was incubated for 30 

min at rt, after which Luciferin Detection Reagent (in reconstitution buffer with esterase, 25 

μL/well) was added, and the plate was incubated for an additional 15 min and luminescence 

was read using a CLARIOstar (BMG Labtech) plate reader. The corresponding data in 

Figure S5A is presented as the mean percentage of DMSO-treated control ± SEM, n = 3/

group.

Western blot analysis (related to Figures 6 and 7)—Western blot analysis was 

performed on freshly isolated or expanded T cells. For Western blot protein degradation 

analysis, primary human T cells (2 × 107 cells/treatment) were re-suspended in RPMI media 

at 2 × 106 cells/mL and treated with the compounds or DMSO at 37 °C in a CO2 containing 

incubator for 24 h (or otherwise indicated times). Following this incubation period, the cells 

were pelleted (600 g, 5 min, 4 °C), washed with PBS (10 mL), transferred to 1.5 mL 

Eppendorf tubes, flash-frozen, and stored at −80 °C until further analysis. On the day of the 

analysis, the cell pellets were thawed on ice, re-suspended in cold PBS and lysed by 

sonication with probe sonicator (2 × 8 pulses). Protein concentrations for all the samples 

were adjusted to 1 mg/mL, 4x loading buffer was added (10 μL to 30 μL of proteome), and 

the samples were heated at 95 °C for 5 min. The proteins were resolved using SDS-PAGE 

(10% acrylamide gel) and transferred to 0.45 μM nitrocellulose membranes (GE 

Healthcare). The membrane was blocked with 5% milk in Tris-buffered saline (20 mM Tris-

HCl 7.6, 150 mM NaCl) with 0.1% tween 20 (TBST) buffer at rt for 1 h (or at 4 °C 

overnight), washed 3 times with TBST, and incubated with primary antibodies in 5% BSA in 

TBST at 4 °C overnight. Following another TBST wash (3 times), the membrane was 

incubated with secondary antibody (1:5000 in 5% milk in TBST) at 4 °C overnight. The 

membrane was washed with TBST (3 times), developed with ECL western blotting detection 

reagent kit (Thermo Scientific) and recorded on CL-XPosure film (Thermo Scientific). 

Relative band intensities were quantified using ImageJ software.(Rasband, W.S., ImageJ, U. 

S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997–

2018.)

Western blot analysis of chromatin-bound proteins (related to Figures 6K, S6I, 
S6L)—BPK-25 (10 μM) treated expanded T cells were washed with PBS before 

permeabilization by rotation at 4 °C for 10 min with cytoplasm lysis buffer (10 mM sodium 

phosphate pH 7.4, 25 mM KCl, 1.5 mM MgCl2, 10% glycerol, and 0.025% NP-40 

supplemented with 1x HALT protease inhibitor cocktail (Thermo Scientific)). Nuclei were 

pelleted (500 g, 5 min), and washed with cytoplasm lysis buffer without detergent, before 

being lysed by gentle sonication (Branson Sonifier 250) in cell lysis buffer (10 mM sodium 

phosphate pH 7.4, 25 mM KCl, 1.5 mM MgCl2, 10% glycerol, and 1% NP-40, 0.1% SDS 

supplemented with 1x HALT, and 1x Benzoase (Pierce)) and rotated for 2 h at 4 °C. 

Insoluble material was precipitated by centrifugation (12,000 g, 10 min) and the protein 
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concentration of nuclear extracts was measured using standard BCA assay (Thermo 

Scientific) and normalized. Electrophoretic separation was performed on Novex 4–20% Tris-

Glycine Mini Gels (Invitrogen) using the Novex Wedgewell system, and transferred to 0.45 

μM Nitrocellulose membranes (GE Healthcare). Primary antibodies were applied overnight 

at 4 °C in 5% BSA/TBST. Secondary antibodies were applied for 1 h at rt in 5% milk/TBST. 

Blots were imaged using fluorescence-labeled secondary antibodies (LI-COR) on the 

Odyssey CLx Imager. Relative band intensities were quantified using ImageJ software.

For dose response and BPK-25-control treatment (Figures S6I, S6L), the above procedure 

was followed as written with the omission of nuclei isolation by permeabilization and 

washing steps (proceeding instead directly to sonication in cell lysis buffer (10 mM sodium 

phosphate pH 7.4, 25 mM KCl, 1.5 mM MgCl2, and 1% NP40 0.1% SDS supplemented 

with 1x HALT, and 1x Benzoase (Pierce)).

Gene expression (qPCR) analysis (related to Figures S4H, S6E)—Total RNA 

from compound or DMSO treated T cells (1.5 × 107 cells/group) was isolated using RNeasy 

Mini Kit (Qiagen) according to manufacturer’s protocol. RNA concentration was determined 

using NanoDrop and adjusted to 1 μg RNA in 15 μL RNAse free water for the reverse 

transcription reaction. cDNA amplification was done using iScript Reverse Transcription 

Supermix kit (BioRad) according to manufacturer’s instructions. The following PCR 

settings were used for the reverse transcription reaction: 5 min at 25 °C (priming), 20 min at 

46 °C (Reverse transcription), 1 min at 95 °C (RT inactivation), hold at 4 °C. qPCR analysis 

was performed on ABI Real Time PCR System (Applied Biosystems) with the SYBR green 

Mastermix (Applied Biosystems). Relative gene expression was normalized to actin. qPCR 

primers used (5’ to 3’): actin-fwd (AGAGCTACGAGCTGCCTGAC), actin-rev 

(AGCACTGTGTTGGCGTACAG), BIRC2-fwd (AGCACGATCTTGTCAGATTGG), 

BIRC2-rev (GGCGGGGAAAGTTGAATATGTA), BIRC3-fwd 

(AAGCTACCTCTCAGCCTACTTT), BIRC3-rev (CCACTGTTTTCTGTACCCGGA), IL6-

fwd (AATTCGGTACATCCTCGACGG), IL6-rev (GGTTGTTTTCTGCCAGTGCC), IL1-

beta-fwd (ACAGATGAAGTGCTCCTTCCA), IL1-beta-rev 

(GTCGGAGATTCGTAGCTGGAT), CXCL10-fwd (CCAGAATCGAAGGCCATCAA), 

CXCL10-rev (CATTTCCTTGCTAACTGCTTTCAG).

RNA sequencing (related to Figure S6J and Data S2)—Total RNA from compound 

or DMSO treated T cells (1.5 × 107 cells/group) was isolated using RNeasy Mini Kit 

(Qiagen) using RNAse free DNAse set (Qiagen) for on column DNA digestion according to 

manufacturer’s protocol and stored at −80 °C until further analysis. RNA quality was 

assessed using TapeStation 4200 and RNA-Seq libraries were prepared using the TruSeq 

stranded mRNA Sample Preparation Kit v2 according to Illumina protocols. Multiplexed 

libraries were validated using TapeStation 4200, normalized, pooled and quantified by qPCR 

for sequencing. High-throughput sequencing was performed on the NextSeq 500 system 

(Illumina). Image analysis and base calling were done with Illumina CASAVA-1.8.2. 

Sequenced reads were quality-tested using FASTQC (Andrews S. (2010). FastQC: a quality 

control tool for high throughput sequence data. Available online at: http://

www.bioinformatics.babraham.ac.uk/projects/fastqc) and aligned to the hg19 human 
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genome using the STAR (Dobin et al., 2013) version 2.5.3a. Mapping was carried out using 

default parameters (up to 10 mismatches per read, and up to 9 multi-mapping locations per 

read). The genome index was constructed using the gene annotation supplied with the hg19 

Illumina iGenomes (iGenomes online. Illumina. 2015. http://support.illumina.com/

sequencing/sequencing_software/igenome.html) collection and overhang value of 100. Gene 

expression counts were quantified with HOMER (Heinz et al., 2010) v4.10.4 

analyzeRepeats.pl using the parameters -raw -count exons -condenseGenes -strand +. 

Normalized gene expression counts were calculated using HOMER v4.10.4 

analyzeRepeats.pl using the parameters -fpkm -count exons -condenseGenes -strand + -

normMatrix 1000000. Differential expression was carried out with HOMER v4.10.4 

getDiffExpression.pl using the default DESeq2 v1.14.1 subroutine on the raw count table.

ITK enzyme activity assay (related to Figure S7F)—ITK Kinase Enzyme System 

(V3191, Promega) was used for ITK in vitro assay. Briefly, ITK (139 nM) was pre-incubated 

with 25, 50 or 100 μM of EV-96 or 100 μM of PF-06465469 in 25 μL of reaction buffer (50 

μM DTT, 2 mM MnCl2 and 1X reaction buffer A) for 1 h at room temperature. 50 μM of 

ATP was then added and reaction proceeded for additional 30 min at room temperature. 

ADP-Glo™ Kinase Assay (V6930, Promega) was used to measure ADP generated from the 

reaction following manufacturer’s instructions.

CRISPR/Cas9 experiments (related to Figures 6, S5 and S6)

• Generation of in vitro transcribed sgRNAs: DNA templates consisting of a T7 RNA 

Polymerase promoter, the ~20 nucleotide target-specific sequence, and a 20 nucleotide 

overlap to the generic sgRNA template were generated for each desired target by 

overlapping PCR using Q5 High Fidelity Master Mix (New England Biolabs) under the 

following conditions: 98 °C for 2 min; 50 °C for 10 min; 72 °C for 10 min. Guide RNA 

templates were used to transcribe guide RNAs using the HiScribe T7 High Yield RNA 

Synthesis kit (New England Biolabs) according to the manufacturer’s instructions. 

Following in vitro transcription, guides were purified using Monarch RNA Cleanup Kit 

(New England Biolabs) following manufacturer’s instructions.

• Oligos for Generation of T7 sgRNA production: The generic template design is as 

follows: 5′-TAATACGACTCACTATA-N(19–21)-GTTTTAGAGCTAGAAATAGC-3′. For a 

list of Oligos for T7 sgRNA production, see Methods S3. To generate the 80-nt chimeric 

sgRNA core sequence (5′-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTA

ACTTGCTA TTTCTAGCTCTAAAAC-3′), an ultramer was ordered from IDT.

• Cas9 Ribonucleoprotein (RNP) Assembly and Electroporation: The Cas9 RNPs were 

assembled before transfection using the ArciTect™ Cas9-eGFP Nuclease (StemCell) with 

the T7 transcribed RNAs at a molar ratio of 1:3 in Buffer T. For each target of interest, the 

genome was tiled with 3 unique guide RNAs. Before the transfection, primary T cells were 

preactivated on αCD3/αCD28-precoated plates in complete RPMI medium supplemented 

with 100 U/mL IL-2 for 48 h. The T cells were then washed with PBS and resuspended in 

Buffer T (10 × 106 cells/mL) and the Cas9 RNP transfections were performed using the 
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Neon Transfection system (ThermoFisher). Following the Cas9 RNP transfection, T cells 

were cultured in RPMI supplemented with 50 U/mL IL-2 for 7 days.

• FACS Analysis of T cell Activation (related to Figures 6G, S5H–S5J, S6F, S6G): Seven 

days post-transfection, the cells were stimulated for a second time using αCD3/αCD28-

precoated plates in the presence of IL-2 (100 IU/mL) for 24 h. Cell surface staining for T 

cell activation was performed using αCD25-PE (Biolegend) and αCD69-APC (Biolegend) 

antibodies for 1 h at 4 °C. Viable cells gating was performed using eBioscience™ Fixable 

Viability Dye eFluor™ 780 (ThermoFisher).

• Analysis of ERCC3, BIRC2 and BIRC3 protein expression levels after CRISPR/Cas9 
Genome Editing (related to Figures S5K, S6H): Using the previously described protocol, 

the Cas9-GFP protein was incubated with guide RNA transcripts to generate the 

Cas9:sgRNA RNP complex. The Cas9 RNP complexes were Neon transfected into αCD3/

αCD28 activated T-cells using the aforementioned experimental procedures. Following 72 h 

after transfection, GFP-positive T-cells were FACS sorted and subsequently lysed on ice for 

45 min using 1X radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology) 

combined with 1x Halt Protease and Phosphatase Single-Use Inhibitor Cocktail (Thermo 

Scientific). The lysates were centrifuged to remove cellular debris, the lysates were 

collected, and samples were stored at −80°C until time of analysis.

• Western blot analysis for CRISPR/Cas9 gene editing experiments: On the day of the 

analysis, cell lysates were thawed on ice and then combined with 2x Laemmli loading 

Buffer (BioRad) with 0.05% BME. The samples were heat denatured for 10 min at 95 °C 

and loaded into a Bolt™ 4 to 12% (vol/vol), Bis-Tris precast polyacrylamide gels 

(Invitrogen by Thermo Fisher). Gels were run at 120V in 1x MOPS Buffer and were then 

transferred to a 0.2 μm PVDF nitrocellulose membrane (Trans-Blot Turbo Transfer Pack, 

Bio-Rad) using the Trans-Blot Turbo Transfer System (13A, 25V, 7 min) (BioRad). The 

membrane was blocked in 5% BSA for 1 h followed by overnight incubation at 4 °C with 

primary antibodies (1:1000 anti-mCherry [Cell Signaling Technology] or 1:1000 anti-

DYKDDDDK [Cell Signaling Technology]). Membranes were washed with TBST (3x, 5 

min) and incubated with secondary anti-rabbit HRP antibody for 1 h at room temperature 

followed by a subsequent washing with TBST (3x, 5 min). The membrane was developed 

with ECL western blotting detection reagent kit (Thermo Scientific) and imaged on 

ChemiDoc XRS+ with Image Lab Software (Bio-Rad).

• Impact of cysteine mutagenesis on EV-3-mediated decay of BIRC2 and BIRC3 
(related to Figures 6E, 6F).: BIRC2 and BIRC3 Open Reading Frames were cloned into 

the pcDNA3.1(+)_Flag expression plasmid (Thermo Fisher Scientific) from Jurkat cell 

(ATCC) mRNA. RNA was isolated from cells using the RNA-Easy Kit (Qiagen) per 

manufacturer’s instructions and cDNA was generated via reverse transcription the Quantitect 

Reverse Transcription Kit (Qiagen). Cloning into the pcDNA expression plasmid was 

performed using the NEBuilder® HiFi DNA Assembly Master Mix (New England 

BioLabs). The cysteine-to-alanine mutations of interest were generated using Q5 Site-
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Directed Mutagenesis Kit (New England BioLabs). For a list of primers used for site-

directed mutagenesis, see Methods S3.

Primary human T cells (2 × 107 cells) that had been previously activated with αCD3/αCD28 

as described above were co-transfected in triplicate with 5 μg of the BIRC expressing 

plasmid and 1 μg of an mCherry-expressing plasmid pcDNA-mCherry to control for 

transfection efficiency using the Neon Transfection System at a cell density of 2 × 107 

cells/mL. Transfected cells were cultured in complete RPMI medium supplemented with 50 

IU/mL of IL-2 for 24 h, at which point the transfected cells were treated with either DMSO, 

EV-3 (10 μM), or AT406 (1 μM) for 24 h, pelleted, washed with PBS, and lysed on ice for 

45 min using 1X radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology) 

combined with 1x Halt Protease and Phosphatase Single-Use Inhibitor Cocktail (Thermo 

Scientific). The lysates were centrifuged, the supernatants were collected, and samples were 

stored at −80 °C until time of analysis. Western blot analysis of the samples was performed 

according to the same protocol as described above for the CRISPR/Cas9 Gene knock out 

experiments.

Molecular modeling (related to Figures 5 and S4)

• Description of the methods: In order to gain structural insights on the systems 

considered, we applied two different docking methods based on the software Autodock 

(Morris et al., 2009): the reactive docking and the flexible side chain covalent docking. The 

reactive docking is a predictive method that allows to identify the residues most likely to be 

modified by covalent binding. This is accomplished in two steps: first, it performs a scan of 

all solvent accessible residues of a given type (cysteines, in this case), then it applies 

conventional, untethered docking with a special potential to simulate the incipient reaction to 

identify the most likely ones to be modified by the ligands. Reactive docking was 

successfully applied in previous studies, where it was used to model electrophile reactions 

with cysteine (Backus et al., 2016), tyrosine and lysine (Mortenson et al., 2018), and serine 

(Qinheng et al., 2019) residues. For the flexible side chain covalent method, ligands are 

modeled attached to the alkylated residue via covalent bond, then processed following the 

covalent docking protocol (Bianco et al., 2016) (available online at http://

autodock.scripps.edu/resources/covalentdocking), where both ligand and residue are 

modeled as flexible during the docking. This method is used to analyze the non-covalent 

interactions of the bound ligands and target residues constituting the binding site.

The crystal structures of the proteins were retrieved from the Protein Data Bank: TIR 

domain of MYD88 (PDB 4DOM), ERCC3 (PDB 5OF4), and TMEM173 (PDB 6NT5). 

Hydrogens were added with Reduce (Word et al., 1999), then were prepared using 

AutoDockTools (Morris et al., 2009) following the standard AutoDock protocol (Forli et al., 

2016). Reactive docking was performed following the protocol reported previously (Backus 

et al., 2016) with a grid box defined for each cysteine: C168, C192, C216, C203, C247 and 

C280 of MYD88 (size x: 60, y: 60, z: 60 points). All dockings were performed using 

AutoDock 4.2.6 (Morris et al., 2009), generating 100 poses using the default LGA 

parameters. Poses with the best energy score were selected and analyzed. Figures were 
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generated using Pymol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 

LLC.).

• Pocket analysis with AutoSite: AutoSite (Ravindranath and Sanner, 2016) was used to 

analyze ligand-binding pockets located in proximity to the liganded cysteine sites identified 

as targets of elaborated compounds for which X-ray structures were available in the PDB. 

Briefly, AutoSite is a pocket prediction method based on the AutoDock maps, which 

provides an energy-based analysis used for identifying and characterizing small molecule 

binding sites on biological macromolecules. 74 cysteine sites in 68 structures have been 

considered for the pocket prediction (see Data S1) and the results have been analyzed by 

measuring the distance between the thiol sulfur of the labeled cysteine and the closest point 

of the pocket using a custom Python script.

By taking into account the length of acrylamide or chloroacetamide warheads and the 

optimal placement of ligands for establishing a covalent bond with the cysteine thiol, the 

distance of 6 Å was defined as the minimum distance cut-off between the thiol sulfur and the 

closest point of the predicted pocket in order to consider a pocket as adjacent to the modified 

cysteine. Using this cut-off, the software identified pockets for 68 % of the alkylated 

cysteines, suggesting that not all the modified residues lie in close proximity of a pocket that 

can be predicted using this approach. It must be noted that this approach does not address 

the possibility that transient pockets might be formed when the proteins under consideration 

interact with other proteins in larger assemblies or crowded cellular environments. Success 

rates for the distances of 5, 4 and 3 Å have been calculated as well. All the analyzed 

structures are derived from X-ray crystallography experiments except for ERCC3 and 

TMEM173, whose structures were solved using cryo-EM experiments.

• Reactive docking and flexible side chain covalent docking on MYD88: isoTOP-ABPP 

and TMT-ABPP experiments showed that the TIR domain of MYD88 is covalently modified 

with different potency by BPK-25 and BPK-21 at C203, and by KB02 and KB05 at either 

C274 or C280 within the tryptic peptide (270–282). Consequently, we applied two different 

docking techniques to rationalize the different potencies of the first compounds on C203, 

and to attempt resolving the ambiguity between C274 and C280 modification. In the first 

approach, we used the reactive docking method to sort the ambiguity between the labeling of 

the C274 and C280, then the flexible side chain covalent docking was used to generate 

putative binding modes of all the compounds and provide structural insight for their different 

activities.

We performed reactive docking simulations on the entire domain (PDB 4DOM) with ligands 

KB02 and KB05 and in addition, with BPK-25 and BPK-21 as a proof of concept, since 

experimental studies show direct labeling of C203 with BPK-25, but not BPK-21. Reactive 

docking analysis on BPK-25 and BPK-21 confirmed that the most favorable residue is C203, 

while C274 is the predicted residue for the covalent binding of KB02 and KB05. These 

results show that the position of C280 on the protein surface is less likely to be modified 

because it is largely solvent exposed, while on the contrary, C274 is located inside a cleft of 

the domain. Flexible side chain covalent docking was then used to refine the binding mode 

of compounds BPK-25 and BPK-21 (Figure 5G). In particular, the predicted binding mode 
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of BPK-25 shows that it could bind by establishing two hydrogen bonds with R188 and 

E183 via the amide moiety (Figure 5G, top right), which is missing in BPK-21 (Figure 5G, 

bottom right). The lack of these interactions justifies the lower efficacy reported for 

BPK-21 in modifying C203.

• Flexible side chain covalent docking on ERCC3: isoTOP-ABPP and TMT-ABPP 

demonstrated that compounds BPK-25 and BPK-21 bind to ERCC3 by alkylating C342. 

Flexible side chain docking simulations were performed to rationalize the higher efficacy of 

BPK-21 with respect to BPK-25, by modeling the two ligands bound to C342 on a low 

resolution Cryo-EM structure of the protein (PDB 5OF4, 4.4 Å resolution). Results showed 

that BPK-21 can form two hydrogen bonds with T469 and Q497 side chains, while its 

central aromatic ring establishes a π−π interaction with W493 (Figure 5H, bottom right). 
None of these interactions are possible for BPK-25 (Figure 5H, top right), which is 

reflected in a lower docking score.

• Flexible side chain covalent docking on TMEM173: In order to provide a structural 

insight of the direct labeling of C91 of the protein TMEM173 with ligands BPK-21 and 

BPK-25, we applied flexible side chain covalent docking method on a low-resolution Cryo-

EM structure (PDB 6NT5, res. 4.1 Å). Results show that both BPK-21 and BPK-25 engage 

the pocket by establishing a hydrogen bond with the carbonyl oxygen of the amide group 

and R86 (Figure S4I), while the rest of the molecule is involved in hydrophobic interactions. 

Despite their structural differences, both ligands occupy the pocket by establishing mostly 

hydrophobic interactions in a very similar manner, in agreement with the comparable 

reported efficacy.

Generation of reference protein tables (related to Data S1)—Immune-enriched 
genes were identified by analyzing microarray data from BioGPS (U133A and MOE430 

datasets for human and mouse, respectively) and RNASeq data from GTex (release V7). 

Briefly, data were first filtered to restrict analyses to microarray signals above 150 and 

median RPKM values above 10. Samples from each transcriptomic dataset were grouped to 

identify immune related cells and tissues. Within each group the highest-expressing sample 

was chosen and group-level values were converted to Z-scores to identify genes showing 

immune enrichment within each dataset. Immune-enriched Z-scores above 3 or 4 (for RNA-

Seq or microarray data, respectively) were summed across all probes and datasets and the 

summed Z-score was used to rank-order all genes. There were ~2004 genes with a summed 

Z-score above 11.0 and these were defined as “immune-enriched” as these represented the 

approximately 10% most-immune-enriched genes in the genome.

Genes with immune-related phenotypes were identified by parsing data in the Online 

Mendelian Inheritance of Man (OMIM) database (https://www.omim.org). OMIM 

associations were extracted from the human UniProt database downloaded in February 2019. 

From the 3925 genes for which human phenotypic associations could be identified, 655 

genes with immune-related phenotypes were selected by querying phenotype titles and 

descriptions for immune-related substrings (‘*immun*’, ‘*inflam*’, ‘*rheum*’, ‘*psoria*’, 

etc).
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Immune-relevant genes were defined as those genes that were immune-enriched and/or 

associated with immune-related phenotypes, as described above. In total there were 2476 

genes that met this criteria (Data S1).

• T cell proliferation gene list (SLICE) (Shifrut et al., 2018): Hits (genes with FDR < 0.2 

and |Z score| > 2, authors’ criteria) were taken from the manuscript by Shifrut et al.(Shifrut 

et al., 2018) and cross-referenced with cysteine ligandability profiling data (Data S1) based 

on UniProt accessions.

• Immune module lists (Rieckmann et al., 2017): Genes corresponding to immune 

modules were taken from Data S1 from the manuscript by Rieckmann et al.(Rieckmann et 

al., 2017) and cross-referenced with cysteine ligandability profiling data (Data S1) based on 

UniProt accessions.

• Transcription Factors: The list of putative transcription factors was adapted from the 

GSEA website (http://software.broadinstitute.org/gsea/msigdb/gene_families.jsp). (Messina 

et al., 2004)

• Adaptors and Scaffolding Proteins: To generate a list of putative adaptor and scaffolding 

proteins we combined data from several different sources including GO (Ashburner et al., 

2000; The Gene Ontology, 2019), UniProt (UniProt, 2019), the scaffold protein database 

ScaPD (Han et al., 2017), manual literature review, and a reagent list from R&D Biosystems 

(Adaptor Proteins Research Areas: R&D Systems https://www.rndsystems.com/research-

area/adaptor-proteins (accessed Sep 4, 2019)). Proteins associated with following GO terms 

were included: GO:0035591 (signaling adaptor activity), GO:0060090 (molecular adaptor 

activity), GO:0008093 (cytoskeletal adaptor activity), GO:0035615 (clathrin adaptor 

activity). Lists of proteins for these GO terms were downloaded from the Gene Ontology 

project website using the AmiGO tool (http://amigo.geneontology.org/amigo/; version 

2.5.12)(Carbon et al., 2009) with filters requiring that entries were of the type “protein” 

belonging to the “Homo sapiens” organism. Additionally, a keyword search was performed 

on a downloaded copy of SwissProt human data from Uniprot. Data was queried using 

BioPython (Cock et al., 2009) and the following search terms were used: “adapter”, 

“adaptor”, and “scaffold” and the search was performed against the following columns: 

comments prefixed with “FUNCTION”, associated GO term cross-references, keywords, 

and entry descriptions. The data that was used from the ScaPD database consisted of 

experimentally verified scaffold proteins.

The resulting list was then cross-referenced with cysteine ligandability profiling data (Data 

S1), and the categorization of every target protein was reviewed manually.

• SwissPalm list: SwissPalm proteins and sites (Release 3 (06/28/2019))(Blanc et al., 2015) 

were downloaded and cross-referenced with the cysteine ligandability profiling data (Data 

S1) based on UniProt accessions. Sites were deemed a match if any of the cysteine residues 

in the detected tryptic peptide matched the SwissPalm reference (Data S1). These lists are 

likely an underrepresentation of the full extent of palmitoylated proteins (especially in 

immune cells) and this remains an active area of research.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was preformed using GraphPad Prism version 7.03 for Windows 

(GraphPad Software, La Jolla California USA, www.graphad.com). Statistical values 

including the n and statistical significance are also reported in the Figure Legends. Statistical 

significance of western Blotting, ELISA, and FACS quantification data was defined as p < 

0.05 and determined by two-tailed unpaired t test with Welch’s correction (*, p < 0.05; **, p 

< 0.01; ***, p < 0.001; ****, p < 0.0001) compared to respective control treatment groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Chemical proteomics identifies cysteine reactivity changes in activated T cells

• Chemical proteomics maps ligandable cysteines in diverse immune-relevant 

proteins

• Cysteine-directed electrophilic compounds suppress T cells by diverse 

mechanisms

• Electrophile-cysteine interactions promote the degradation of immune 

proteins
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Figure 1. Chemical proteomic map of cysteine reactivity changes in activated T cells.
(A) Organizational diagram outlining the types of chemical proteomic experiments and 

electrophilic small molecules used to investigate and modulate the activation of primary 

human T cells, as well as the major advances enabled by each experiment type. IA-DTB - 

desthiobiotin polyethyleneoxide iodoacetamide; SAR – structure-activity relationship; MoA 

– mechanism of action.
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(B) Workflow for proteomic experiments measuring cysteine reactivity (TMT-ABPP) and 

protein expression (TMT-exp) in primary human T cells. See STAR Methods for more 

details.

(C) Protein expression differences between control and activated T cells. Results represent 

mean values from four biological replicates.

(D) Representative protein expression differences between control and activated T cells, 

where results from both TMT-ABPP (black dots) and TMT-exp (green dots) concordantly 

support expression changes.

(E) Fraction of proteins with cysteine reactivity changes observed for total proteins with the 

indicated numbers of quantified cysteines in TMT-ABPP experiments. Proteins with only 1–

2 quantified cysteines were not interpreted for reactivity changes (gray bars).

(F) Fraction of proteins with human genetics-based immune phenotypes and immune-

enriched expression from total proteins showing cysteine reactivity changes in activated T 

cells (Data S1).

(G) GO-term enrichment analysis for proteins undergoing reactivity (top, 160 total proteins) 

or expression (bottom, 1106 total proteins) changes in activated T cells. Top-10 enriched 

biological processes are shown for the expression changes group (Data S1). Red bold font 

highlights immune-relevant and cell redox homeostasis pathways enriched in expression and 

reactivity changes groups, respectively.

(H-J) Representative cysteine reactivity changes in activated T cells organized by functional 

category. Horizontal black lines mark average reactivity value for quantified cysteines from 

each protein, excluding the reactivity-changing cysteine(s), which are shown in red. (H) 

Active-site cysteines in redox-related proteins; crystal structure of glutathione reductase 

(GSR; PDB: 1GRF) with the reactivity-changing C102 shown in blue. (I) Metal-binding 

cysteines; NMR structure of the EF-hand domain of LCP-1 (PDB: 5JOJ) with the reactivity-

changing C42 shown in blue. (J) Cysteines at cofactor/metabolite-binding sites; crystal 

structure of isocitrate dehydrogenase 1 (IDH1) in complex with NADP (red), isocitrate 

(orange), and calcium (green ball) (PDB: 1T0L) with the reactivity-changing C269 

highlighted in blue.
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Figure 2. Chemical proteomic map of fragment electrophile-cysteine interactions in T cells.
(A) Workflow for chemical proteomic experiments measuring scout fragment engagement of 

cysteines in primary human T cells. See STAR Methods for more details.

(B) Structures of scout fragments KB02 and KB05. Red color indicates the reactive group 

for each fragment.

(C, D) Pie chart representations of cysteines (C) and proteins (D) liganded by scout 

fragments. Results were obtained by combining soluble and particulate proteomic data for 

KB02 and KB05 treatments (500 μM, 1 h) of both control and activated T cells. R-values 
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within each group were derived from 3–5 independent isoTOP-ABPP and TMT-ABPP 

experiments.

(E) Total number (left) and percentage (right) of liganded cysteines per total number of 

cysteines quantified across the indicated intrinsic reactivity ranges, which were determined 

as described previously (Weerapana et al., 2010).

(F) Total number (left) and percentage (right) of liganded proteins with expression or 

reactivity changes in activated T cells.

(G) Quantification of cysteines in PDCD1, revealing elevated expression of this protein in 

activated T cells (increased intensity of DMSO (act) signals for C93 and C241) and scout 

fragment-sensitivity for C93. Error bars represent SD from 2–4 independent experiments. 

****, p < 0.0001 compared to DMSO (act) group.

(H) Overlap of liganded proteins with immune-relevant proteins (Data S1).

(I) Fractions of liganded and quantified proteins from total proteins in OMIM database with 

immune phenotypes (Data S1, see STAR Methods for details).

(J) Location of liganded C408 (blue) and pathogenic missense mutations (yellow – mutation 

of H112, which is within 5 Å of C408, red – other mutations) in structure of adenosine 

deaminase CECR1 (PDB: 3LGD).
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Figure 3. Liganded cysteines in immune-relevant proteins.
(A) Ligandability analysis of Reactome pathways within Immune System (left, hierarchical 

level 2 grouped according to their parent nodes) or Signal Transduction (right, hierarchical 

level 2) categories. Liganded and quantified proteins are colored red and black, respectively. 

Also see Data S1.

(B) Diagram of TCR, TNF-alpha and NF-κB pathways marking proteins that possess 

cysteines liganded by scout fragments (green) or elaborated electrophilic compounds (blue). 
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The rectangular frame around each protein is colored to reflect expression changes (blue, >2 

fold, red, <2 fold, and black, unchanged, in activated T cells; yellow not quantified).

(C) Location of a liganded C61 at the DNA-binding interface of NFKB1 (CPDB: 2O61).

(D) Location of liganded active-site (C179) and non-active site (C464) cysteines in IKBKB 

(PDB: 4E3C).

(E) Fractions of liganded transcription factor and adaptor proteins that are also immune-

relevant; Data S1.
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Figure 4. Elaborated electrophilic compounds that suppress T-cell activation.
(A) Workflow for T-cell activation screen. Primary human T cells were treated with 

compounds (10 μM) or DMSO under TCR-stimulating conditions (96-well plates pre-coated 

with 5 μg/mL αCD3 and 2 μg/mL αCD28) for 24h. T-cell activation was measured by IL-2 

and IFN-γ secretion and surface expression of CD25 and CD69. Compounds were 

considered as active hits if they reduced IL-2 by >65% with <15% reduction in cell viability 

compared to DMSO control.

(B) Screening results for elaborated electrophilic compounds.
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(C) Structures of active compounds selected for follow-up studies: acrylamides (BPK-21, 

BPK-25), α-chloroacetamides (EV-3, EV-93), and DMF as a positive control. Red color 

indicates the reactive group for each elaborated compound.

(D) T-cell activation and cytotoxicity profiles for active compounds. Data are mean values ± 

SEM; n = 3/group.

(E, F) Structures (E) and activity (F) of four stereoisomeric compounds, where one 

compound (EV-96) inhibited T-cell activation (F). In (E), the stereoisomeric relationships are 

shown in blue (diastereomers) and red (enantiomers). Red color in chemical structures 

indicates the acrylamide reactive group. In (F), T-cell activation (CD25) and cytotoxicity 

profiles are shown for the stereoisomeric compounds (5 μM, 24 h treatment). Data are mean 

values ± SD; n = 2–5/group. ***p < 0.001 compared to EV-97.

(G) Concentration-dependent effects of EV-96 and EV-97 on T-cell activation (CD25). Data 

are mean values ± SEM; n = 4–5/group. **, p < 0.01 compared to 0.5 μM treatment groups.

(H) T-cell activation and cytotoxicity profiles for EV-96. Data are mean values ± SEM; n = 

3–5/group.
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Figure 5. Cysteines liganded by active compounds in human T cells.
(A) Heatmap showing liganded cysteines for active compounds in human T cells (treated 

with the indicated concentrations of compounds (μM) for 3 h followed by ABPP). Cysteines 

quantified for at least two active compounds with R values ≥4 (DMSO/compound) for at 

least one of the compounds are shown. Results were obtained by combining isoTOP-ABPP 

and TMT-ABPP data from 2–6 independent experiments. See STAR Methods for details.

(B) Heatmap showing cysteines liganded by active compounds in immune-relevant proteins.

(C) Distribution of protein classes containing cysteines liganded by active compounds.

(D, E) Comparison of cysteines liganded by active compounds versus scout fragments in 

human T cells, as displayed in correlation plot (D) and pie chart (E) analyses. In (D), 

cysteines liganded by both active compounds and scout fragments, only by active 

compounds, and only by scout fragments are showing in purple, blue, and red, respectively.

(F) Prediction success rate querying for pockets within the indicated distances from 

cysteines liganded by active compounds.
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(G) Modeling of active compound interactions with C203 in MYD88 (PDB 4DOM). 

Predicted pockets highlighted as green mesh and other cysteines in the structure are colored 

red. Docking shows preferential liganding by BPK-25 due to predicted hydrogen bonds with 

E183 and R188 (top), which are not accessible in docked structure of BPK-21 (bottom).

(H) Modeling of active compound interactions with C342 of ERCC3 (PDB 5OF4). Docking 

shows preferential liganding by BPK-21 (bottom) due to predicted hydrogen bonds with 

T469 and Q497 and π−π interaction with W493, which are less accessible in the docked 

structure of BPK-25 (bottom).
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Figure 6. Mechanistic analysis of active compounds in human T cells.
(A, B) Effects of active compounds on NFκB and mTOR pathways, as determined by 

western blotting for phosphorylation of IκBα (S32/S36) and S6K (T389), respectively, in 

stimulated T cells treated with DMSO, active or control (EV-97) compounds for 24 h. (A) 

Representative western blots. (B) Quantitation of p-IκBα (S32/S36) and p-S6K (T389). 

Data are mean ± SEM; n = 3–8/group. *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared to 

DMSO (αCD3/αCD28) control.

(C) Top: Heat map showing active compounds interactions with cysteines in BIRC2 and 

BIRC3. Bottom: Domain maps highlighting location of EV-3-sensitive C45 and C28 in 

BIRC2 and BIRC3, respectively.

(D) Location of C28 in structure of a BIRC3-TRAF2 protein complex (PDB: 3M0A).

(E) Western blots showing reductions in BIRC2 and BIRC3 content in human T cells treated 

with EV-3 (10 μM), but not other active compounds (DMF (50 μM), BPK-21 (20 μM), and 
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BPK-25 (10 μM)). The BIR3 domain ligand AT406 (1 μM) caused loss of BIRC2, but not 

BIRC3. Right panels: western blots showing that the proteasome inhibitor MG132 (10 μM) 

blocks EV-3-induced loss of BIRC2 and BIRC3. All treatments were for 24 h.

(F-G) Impact of cysteine mutagenesis on EV-3-mediated degradation of BIRC2 and BIRC3. 

FLAG-tagged wild-type (WT) or the indicated cysteine-to-alanine mutants of BIRC2 

(C45A) and BIRC3 (C28A) were expressed in primary human T cells. An mCherry-

expressing plasmid was used to control for transfection efficiency. Cells were then treated 

with DMSO, EV-3 (10 μM), or AT-406 (1 μM) for 24 h and analyzed by anti-FLAG blotting 

(F). (G) Quantitation of data, shown as mean values ± SEM; n = 3/group. *p < 0.05; **p < 

0.01 compared to respective DMSO controls.

(H) Effect of genetic disruption of BIRC2 and/or BIRC3 by CRISPR/Cas9 genome editing 

on T-cell activation. Target disruption was considered to have an effect on T-cell activation if 

suppression was >33% with a p value < 0.01. Data are mean values ± SEM; n = 6/group. **, 

p < 0.01 compared to control guides.

(I) Workflow for TMT-exp experiments evaluating protein expression changes caused by 

active compound treatment in human T cells.

(J) Volcano plot representation of protein expression changes caused by BPK-25 (10 μM, 24 

h) with significant decreases in NuRD complex proteins highlighted in red.

(K) Heatmap of top proteins with decreased expression in BPK-25-treated T cells showing 

that NuRD complex proteins (asterisks) were largely unaltered by other active compounds 

and blocked in degradation by MG132. Additional NuRD complex proteins also showed 

evidence of reduced expression (25–50%) in T cells treated with BPK-25.

(L) Representative western blot of time-dependent reductions in NuRD complex proteins in 

human T cells treated with BPK-25 (10 μM).

(M) T-cell activation and cytotoxicity profile of the pan-HDAC inhibitor vorinostat. Data are 

mean values ± SD; n = 2–4/group.
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Figure 7. EV-96 stereoselectively engages and degrades immune kinases in T cells.
(A) Heatmap showing cysteines engaged >50% by stereoisomeric compounds (5 μM, 3 h). 

For inclusion in the map, cysteines were also required to show increased engagement by the 

relevant stereoisomeric electrophile at 20 μM (see Data S1).

(B) Western blot showing decreased TEC protein in human T cells treated with EV-96, but 

not EV-97 (5 μM each, 24 h).

(C) TMT-exp experiments comparing protein expression in DMSO-treated αCD3/CD28-

stimulated (DMSO-stim)-versus-naïve control (DMSO-ctrl) T cells (y-axis) and EV-97-

treated-versus-EV-96-treated stimulated T cells (x-axis). T cells were treated with DMSO or 

compounds (5 μM each) for 8 h. Red background denotes proteins with: i) > 2-fold 

expression in stimulated T cells treated with EV-97 versus EV-96; and ii) < 1.5 fold change 
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in expression in DMSO-stim vs DMSO-ctrl T cells. The two proteins in this region are 

colored green. Proteins showing >2-fold changes in expression in DMSO-stim vs DMSO-

ctrl T cells were removed from the analysis.

(D) Protein sequences showing EV-96-liganded cysteine in TEC (C449) and its conservation 

in ITK (C442).

(E, F) Western blot analysis (E) showing reductions in ITK protein (8 h) and PLCG1 

phosphorylation (Y783, 24 h) in αCD3/CD28-stimulated (stim) T cells treated with EV-96, 

but not EV-97 (5 μM each). (F) Quantitation of data, shown as mean values ± SD; n = 2–5/

group. **p < 0.01 compared to EV-97 treatment.

(G) Western blot analysis showing reductions in ITK protein in stimulated, but not control 

(naïve) T cells treated with EV-96 (5 μM). Co-treatment with the proteasome inhibitor 

MG132 (10 μM) blocks EV-96-induced reductions in ITK. All treatments were performed 

for 8 h. See Figure S7D for quantitation of these western blotting data.

(H) Quantitation of TMT-exp data showing effects of EV-96 and EV-97 (5 μM each, 8 h) on 

ITK protein in naïve control (ctrl) T cells versus αCD3/CD28-treated (stimulated, stim) T 

cells. Data are mean values ± SEM; n = 4/group. ****p < 0.0001 compared to DMSO-

treated stim control.

(I) Western blot showing that pre-treatment with the ITK inhibitor PF-064655469 (1 h, 5 

μM) blocks EV-96-induced degradation of ITK, but did not independently alter ITK protein 

in T cells.
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