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Abstract: Native reactive electrophile species (RES) are long-recognized regulators of 

pathophysiology; yet, knowledge surrounding how RES regulate context-specific biology remains 

limited. The latest technological advances in profiling and precision decoding of RES sensing and 

signaling have begun to bring about improved understanding of localized RES regulatory 

paradigms. However, studies in purified systems—prerequisites for gaining structure/function 

insights—prove challenging. We here introduce emerging chemical biology tools available to probe 

RES signaling, and the new knowledge that these tools have brought to the field. We next discuss 

existing structural data of RES-sensor proteins complexed with electrophilic metabolites or small 

molecule drugs (limited to < 300 Da), including challenges faced in acquiring homogenous RES-

bound proteins. We further offer considerations that could promote enhanced understanding of 

RES regulation derived from three-dimensional structures of RES-modified proteins. 

Keywords: electrophile signaling; reactive metabolites; crystal structures of protein-electrophile 

complexes 

 

1. Introduction 

Reactive electrophile species (RES) act as cellular signals through non-enzymatic covalent 

modifications of sensor proteins and play functional roles in myriad pathophysiological processes, 

including aging, metabolic and cardiovascular diseases, inflammation and cancer (Figure 1A).[1] 

Different classes of RES are produced by various cellular physiological processes.[1,2] For instance, 

the tricarboxylic acid cycle (TCA) generates electrophilic metabolites directly (e.g. fumarate) or 

indirectly (e.g. itaconate, from cis-aconitate); peroxidation of membrane polyunsaturated fatty acids 

results in lipid-derived electrophiles (LDEs) formation.[1,3,4] While TCA cycle metabolites and LDEs 

were first characterized several decades ago, recent years have witnessed renewed interests towards 

understanding their subcellular functions; in particular, how they impinge on local proteome 

functions and signaling pathways. Beyond natural electrophiles, the inventory of small molecule 

covalent drugs and inhibitors housing electrophilic motifs is rapidly expanding.[5–8] Interestingly, 

the mode of action of some approved electrophilic drugs mimics that of natural electrophiles.[9] On 

the other hand, understanding of native electrophile signaling pathways has proven beneficial 

towards precision drug design and development.[7,10]  
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Figure 1. (A) RES endogenously generated via different cellular processes such as membrane lipid 

peroxidation or the TCA cycle are “sensed” by kinetically-privileged sensor (KPS) proteins. Such non-

enzyme-assisted post-translational electrophile modifications of KPS proteins often result in signaling 

events, in a process termed “electrophile signaling”. (B) Chemical structures of representative 

electrophilic metabolites and approved drugs discussed herein, with year of FDA approval shown in 

parentheses. 

Despite such fundamental and translational importance of electrophile regulation, we know 

very little thus far about how these diffusible and reactive small molecules interact with individual 

protein targets and help shape biological decision making. Over the past ~25 years, ingenious work 

leveraging advanced chemoproteomics tools has enabled indirect profiling of electrophile-sensor 

proteins in both cells and animals.[2,11,12] However, these methods are unable to dissect 

spatiotemporal regulatory nuances of electrophile sensing and signaling, and are intrinsically limited 

in their ability to differentiate effects of on-target electrophilic modification(s) from off-target 

consequences, or cell toxicity/stress-related phenotypes. These major limitations are due to: (i) bulk 

administration from outside cells/animals (i.e., bolus dosing) of RES—highly toxic molecules that are 

often rapidly metabolized into additional reactive molecules in vivo; (ii) the use of lysates or 

homogenized tissue samples at the point of indirect target identification using proxy-electrophile 

probes—conditions that do not recapitulate nuances of the compartmentalized cellular environment 

(e.g., redox balance, physiological concentrations); (iii) indirect loss-of-signal readouts using non-
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biologically relevant electrophiles such as iodoacetamide; and (iv) low coverage of the cysteome (< 5 

%).[13–15]  

Recent innovations from our laboratory that leverage a “localized precision electrophile delivery 

concept” and associated REX technologies have begun to enable identification of individual 

protein/electrophile pairs and decoding the functional consequences of a single protein-specific 

electrophile sensing and signaling event in living systems.[16,17] Although different in their 

applications, all REX technologies are based on the same core system consisting of two main 

components: (i) in vivo locale-specific expression of HaloTag (either fused or not, to a putative 

electrophile-sensor protein of interest, and (ii) a cell/animal-permeable biocompatible and bioinert 

small-molecule photocaged electrophile probe that covalently reacts with HaloTag. Following wash-

out of the excess unbound probe, light exposure releases a brief burst of the designated electrophile 

in the vicinity of HaloTag, at a preordained time. We refer interested readers to technological reviews 

and protocols focused on REX technologies.[16–22] These methods, equipped with rigorous technical 

and biological controls, lead us to several key findings, including: (i) low occupancy, i.e. 

substoichiometric modification of a RES on a given protein, is often sufficient to drive functional 

signaling outcomes; (ii) many electrophile-sensor proteins identified by REX technologies display 

enhanced RES adduction rates, i.e. are kinetically-privileged sensor (KPS) proteins, compared to 

others identified using the bolus RES treatment underpinning all state-of-the-art profiling methods; 

(iii) KPS proteins identified and validated by REX technologies have often not been previously 

profiled by existing chemoproteomics methods (fundamental underlying differences leading to this 

outcome have been comprehensively reviewed elsewhere); (iv) nuanced regulatory pathways 

involving RES are often masked by using bolus dosing conditions; and (v) applying REX technologies 

in zebrafish (D. rerio) and worms (C. elegans) reveals that mechanisms of electrophile sensing and 

signaling are largely conserved throughout evolution.[1,9,13,16,17,19–21,23–32] 

Despite the myriad profiling tools [spearheaded by the innovative activity-based protein 

profiling (ABPP) method and its derivatives] and emerging function-guided proximity mapping-

based REX technologies (T-REX, Z-REX, G-REX, and more recently, Localis-REX), several 

fundamental questions remain unaddressed, particularly with regard to structure/function 

relationship principles underlying electrophile-sensor protein regulation (Figure 2).[16,17,19–21] For 

instance, what makes a protein a KPS, given that a two units change in thiol pKa can only increase 

the reaction rate with peroxide by no more than 20-fold and that full cysteine thiol deprotonation 

only enhances the Michael addition reaction rate with the electrophile acrolein by a maximum of 10-

fold, i.e. how is the more functionally relevant kinetic selectivity, such as transition state stabilization, 

achieved?[1] How does modification of a single site affect the sensor protein’s activity/function, or 

how does it modulate the function of a binding partner, the interactome or downstream signal 

transduction ? Insights into such fundamental mechanisms, especially from structure/function 

perspectives, and generalizable principles—should there be any—of electrophile sensing and 

signaling remain hugely limited, particularly for pleiotropic native electrophiles such as LDEs and 

TCA cycle metabolites, and related low molecular weight (< 300 Da) covalent drugs.  
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Figure 2. Electrophile regulation of KPS proteins is often studied in purified systems or intact living 

models (e.g., cultured cells or whole animals). Studies in animal models with programmable 

spatiotemporal control are uniquely enabled by precision REX technologies. Accumulating cell-based 

data and in vivo investigations have shown that RES modification of a given KPS can affect, for 

instance, its subcellular localization and/or its function/activity, or that of binding partners, ultimately 

affecting downstream pathways.[9,10,19,27,28] By contrast, structural information on electrophile-

bound proteins, especially KPS proteins, in purified systems is still sorely missing, despite its 

fundamental relevance in the process toward painting a complete picture of precision electrophile 

signaling regulation. 

Three-dimensional structural information on proteins bound to small molecule ligands remain 

invaluable for potentially predicting molecular mechanisms governing ligand-gated protein activity, 

function or changes in interactions with macromolecular binding partners. Such structural 

information also heavily aids drug design and development, mode of action prediction and structure-

activity relationship (SAR) efforts towards improving binding affinity. Despite increasing interests 

in electrophilic drugs and native electrophilic metabolites, the number of available protein structures 

bound to a small molecule electrophile (molecular weight < 300 Da) remains alarmingly low. An 

extensive search of the RCSB Protein Data Bank (PDB) and the literature yielded only two structures 

of proteins covalently bound to a small electrophilic drug (limited to < 300 Da) and two structures of 

electrophile-sensor proteins bound to an endogenous reactive electrophilic metabolite (limited to < 

200 Da) (Table 1).[33–37]  

Table 1. Available structures of proteins covalently complexed to small molecule electrophilic drugs 

and metabolites. 

PDB code Electrophile Protein Binding site Resolution (Å) 

6XPP Itaconate (a) ICL-1 Cys191 (c) 1.55 

3JS1 4-hydroxynonenal (a) AFABP Cys117 (d) 1.81 

6IQ6 Monomethyl fumarate (b) GAPDH Cys152 (c) 2.29 

5O1S Dimethyl fumarate (b) RSK2 
Cys599 (e), 

Cys436 (e) 
1.90 

(a) endogenous electrophile, (b) approved drug, (c) catalytic site, (d) endogenous ligand 

binding site, (e) allosteric site. 

Here, we review these available data and interrogate their functional relevance. We also offer 

some perspectives toward what we believe are key considerations in acquiring improved structural 

information of homogeneous protein states complexed to reactive and pleiotropic small molecule 

electrophilic ligands. Beyond the low molecular weight limit above, our search was also centered on 

endogenous LDEs, electrophilic metabolites and small molecule drugs (or their close derivatives) of 

fewer than 12 carbons bearing an α,β-unsaturated carbonyl motif and bound to their sensor/target 

protein (Figure 1B). Structures of enzymes catalyzing transformations of electrophilic metabolites 

such as fumarate reductases are omitted from the discussion. Where available and relevant, we have 

further discussed structures of proteins non-covalently bound to either synthetic drugs or 

endogenous electrophiles. 

2. Structural basis of and putative insights into dimethyl fumarate mode of action 

Dimethyl fumarate (DMF, Tecfidera) is an anti-inflammatory electrophilic drug structurally 

related to the endogenous metabolite fumarate (Figure 1B). DMF was initially approved for treatment 

of systemic psoriasis in 1994 and is used in the treatment of relapsing remitting multiple sclerosis 

(RRMS) since 2013.[38–40] Recently, two other fumarate analogs were approved for the treatment of 

RRMS: Vumerity in 2019 and monomethyl fumarate (MMF, Bafiertam) in 2020.[41,42] The exact mode 
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of action of DMF and its derivatives had remained elusive for a long time. Although at its point of 

approval DMF was proposed to mainly target the Kelch-like ECH-associated protein 1 

(Keap1)/nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated antioxidant response (AR) 

pathway, this theory was questioned after a study revealed that DMF-mediated immune modulation 

is not ablated in Nrf2-knockout mice.[43] Additional target proteins and pathways identified by bolus 

dosing-based profiling methods also failed in functional genetic validation experiments.[44] The 

application of precision REX technologies in zebrafish, combined with functional and genetic 

validations in primary macrophages and other relevant models, has recently uncovered that immune 

cell-specific Keap1/WD repeat-containing protein 1 (Wdr1)-dependent mitochondrial-targeted 

apoptosis is necessary and sufficient to explain DMF-induced cell death, specifically in the innate 

immune system.[9] Besides functional studies in living systems, DMF’s mode of action has been 

investigated from a structure/function perspective. We identified crystal structures of three protein 

targets in complex with DMF, MMF and/or the native metabolite fumarate that we evaluate here. 

Andersen et al. report the only structure available to date of DMF covalently complexed with the 

C-terminal kinase domain (CTKD) of ribosomal protein S6 kinase alpha-3 (RSK2), a mitogen-

activated protein kinase (MAPK)-cascade effector found directly downstream of extracellular signal-

regulated kinase (ERK).[45] Following incubation of RSK2 CTKD (8 mg/mL, corresponding to ~200 

µM) with ~25-fold excess DMF (5 mM) [30 minutes at room temperature in 10 mM Tris-HCl (pH 8.0) 

and 5 mM tris(2-carboxyethyl)phosphine (TCEP)], co-crystallization experiments yielded a 1.90 Å 

resolution structure showing DMF covalently bound to Cys599. DMF is favorably positioned for 

Michael addition to Cys599 through contacts with several neighboring residues, including 

hydrophobic interactions with Ile633 and Leu710, only in the non-activated kinase state. This 

covalently bound ligand at Cys599 is thought to create steric hindrance preventing obligatory 

conformational change of the kinase activation loop required for phosphorylation-mediated kinase 

activation (Figure 3A).[34]  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2023                   doi:10.20944/preprints202301.0209.v2

https://doi.org/10.20944/preprints202301.0209.v2


 6 

 

 

 

Figure 3. (A) Crystal structure of RSK2 CTKD domain in its inactive state (light gray, PDB 5O1S) 

covalently modified by DMF (pink) at Cys436 and Cys599. Movement of the kinase activation loop 

(orange) into its active conformation (green, from the phosphorylated kinase p70S6K1, PDB 3A62) is 

postulated to be hampered by steric hindrance resulting from covalent adduction of DMF at Cys599. 

(B) Crystal structure of tetrameric human GAPDH covalently modified by MMF (pink) at Cys152 in 

each monomer (colored ribbons, PDB 6IQ6) superimposed with the crystal structure of NAD+-bound 

human GAPDH (light gray ribbons, NAD+ in dark grey, PDB 4WNC) shows steric clash between 

MMF and the co-factor in the substrate binding pocket. The crystal structure revealed two binding 

modes of MMF: in addition to the formation of a covalent bond with Cys152, MMF forms a hydrogen 

bond with either His179 (shown here) or Asn316. 

Notably, apparent IC50 of purified WT-RSK2 CTKD (IC50 ~250 µM) and C599V-RSK2 CTKD (IC50 

~400 µM) only become significantly different after 48 hours of DMF treatment, but remain similar at 

shorter time points (1 hour and 24 hours). These IC50 values are determined using a time resolved 

fluorophore-conjugated antibody-based activity assay following incubation of ~100 nM 

recombinantly-purified WT-RSK2 CTKD with increasing amounts of DMF (albeit at undisclosed 

concentrations) and subsequent ERK2-mediated RSK2 CTKD activation. Notably, excess reactive 

electrophile is not removed before incubation with ERK2 (at 0.1 µM) and may therefore negatively 
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affect ERK2-mediated RSK2 CTKD activation. Interestingly, the combined mutations of the four other 

cysteine residues found in RSK2 CTKD (Cys436, Cys439, Cys560 and Cys579) initially lead to a 

decreased inhibitory capacity of DMF (IC50 ~700 µM), compared to WT-RSK2 CTKD, analyzed after 

1 hour DMF treatment. However, the measured IC50 of this tetra-cysteine mutant significantly 

decreases to 350 µM after 48 hours. The authors thus postulate that the key labeling site (Cys599) is 

slowly modified over time and that the other cysteine residues play a role in the initial inhibitory 

effects observed of DMF. It is further speculated that the inhibitory effect due to the presence of the 

other four cysteine residues in the kinase domain is lost over time, as IC50 slightly increases from 1 

hour to 48 hours for C599V-RSK2 CTKD, although this change is not analyzed as statistically 

significant. Such uncertainties underlying multi-site conjugation potential of reactive small 

electrophiles like DMF are not uncommon. Indeed, establishing a functional model of site-selective 

labeling at the most kinetically-privileged electrophile-sensor site that impacts protein function (over 

labeling at non-functional sites yielding thermodynamically more stable adducts) remains a thorny 

problem. 

Since IC50 varies with time for covalent inhibitors, a more meaningful parameter reflecting 

covalent inhibitor efficacy in purified systems is the second-order rate of covalent inactivation, i.e., 

kinact/Ki, which is unfortunately not evaluated in this study.[10] Second-order rate constants for DMF 

addition with thiols vary from 0.79 M-1 s-1 for glutathione to 2.19 M-1 s-1 for glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and 22.8 M-1 s-1 for Keap1, the latter two being DMF target 

candidates.[46] Estimating the second-order rate constants of DMF reaction with RSK2 CTKD WT, 

C599V and tetra-cysteine mutant would be a more relevant and informative way of comparing the 

relative functional contributions of different cysteines in DMF-mediated RSK2 inhibition. 

On the other hand, transient expression of full length C599V-RSK2 in HEK293 cells ablates 

enzyme inhibition upon whole cell DMF treatment (140 µM, 1 hour) followed by epidermal growth 

factor (EGF) stimulation, as estimated by quantification of RSK2 autophosphorylation in western blot 

analysis of cell lysates. By contrast, ~50 % loss in kinase activity is observed when WT-RSK2 is 

expressed in an otherwise identical setup. The tetra-cysteine mutant previously used in in vitro assays 

is not assessed in these cell-based assays. Notably, determining the inhibitory dosage effective for 

purified proteins versus intact cells is less straightforward for RES since, beyond the extent of 

permeability and intracellular distribution (parameters that do not apply in purified systems), RES 

such as DMF or 4-hydroxynonenal (4-HNE) are vulnerable to metabolic conversion and 

degradation.[1,13,47] Interestingly, although the ATP-binding pocket residue Cys436 is reported in 

the same crystal structure as an additional (albeit less well-defined) modification site for DMF on 

RSK2 CTKD, its mutation to valine does not functionally impair DMF-mediated RSK2 inhibition in 

cells. Excess DMF used during crystal preparation may explain additional modification of this non-

functionally relevant site. Indeed, this observation underscores the fundamental challenges often 

encountered in procuring homogenous single-site-modified states of proteins adducted with reactive 

small molecules. On the other hand, upregulation of ERK commonly associated with RRMS, 

presumably leads to hyperactivation of RSK2 and masking of Cys599 by the kinase activation 

loop.[48] Thus, the accessibility of RSK2 Cys599 to DMF in disease-relevant states remains unsettled.  

As a postulated LDE- and fumarate-sensor protein, the essential glycolytic enzyme GAPDH has 

long been suspected to be a DMF target.[49,50] Using tandem mass spectrometry, Kornberg et al. 

identified a covalent modification of GADPH by DMF/MMF in DMF-treated mice and RRMS patient-

derived samples.[51] Additional work in mouse and human immune cells led to the conclusion that 

DMF inhibits GAPDH through formation of a covalent bond with its catalytic cysteine, thereby 

leading to downregulation of aerobic glycolysis in activated immune cells and reduction of 

inflammatory responses.[51] A 2.29 Å crystal structure reports the covalent modification of human 

GAPDH catalytic site Cys152 by MMF.[35] The authors rationalize that inhibition of GAPDH occurs 

as a result of MMF covalent modification, preventing both the catalytic conversion of glyceraldehyde 

3-phosphate to glycerate 1,3-bisphosphate within the catalytic site, and the binding of the co-factor 

NAD+ through steric hindrance (Figure 3B). Notably the GAPDH-MMF complex was obtained by 
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incubation of the recombinant enzyme with ~18-fold excess DMF [3 hours at 37 °C in 250 mM HEPES-

NaOH (pH 7.7), 1 mM EDTA, 0.1 mM neocuproine]. Although DMF is known to be rapidly converted 

to MMF by esterases after oral administration, DMF has a half-life of over 12 hours in phosphate 

buffer at pH 7.4.[52,53] The reason why only the MMF adduct is observed in the crystal structure is 

unclear.  

The third reported structure of a DMF target protein complex is interestingly a non-covalent 

complex between DMF (or fumarate) and the C-terminal Kelch domain of murine Keap1. Keap1 is 

an established cellular LDE-sensor.[54] Under oxidative/electrophilic stress conditions, Keap1 is 

modified by electrophilic species and releases the transcription factor Nrf2 for nuclear translocation 

and activation of cytoprotective genes.[55] Incubation of purified Kelch domain of murine Keap1 

(10.5 mg/mL, ~300 µM) with ~1.7-fold excess DMF or fumarate (500 µM) [overnight at 4 °C in 20 mM 

Tris-HCl (pH 8.3), 150 mM NaCl and 20 mM dithiothreitol (DTT)] followed by co-crystallization 

studies yielded protein structures at 1.54 Å and 1.75 Å resolution of the respective ligand-bound 

complexes.[56] Each structure reveals three non-covalent binding sites for DMF/fumarate, including 

two located at the Nrf2-binding interface, the target of numerous inhibitors currently in 

development.[57] Incubation of recombinant Keap1-Kelch domain with 1.8-fold excess DMF for 30 

minutes inhibits binding of a fluorescein isothiocyanate (FITC)-tagged Nrf2 peptide by ~40 %, 

although there is no evidence that this effect is mediated by non-covalent binding of DMF to Keap1. 

Indeed, Keap1 is known to form covalent bonds with a number of electrophilic species through its 

multiple cysteine residues outside of its Kelch domain.[58] Recent studies in fact indicate that 

functional triple-cysteine-mutant of human Keap1 (Cys151S/Cys273W/Cys288E, all found outside 

the Kelch domain) renders the system refractory to 4-HNE-induced innate immune cell loss in 

zebrafish models, whereas wild type human Keap1 is covalently adducted by 4-HNE, leading to 

reduced innate immune cell count.[9] Of note, the same immune cell loss phenotype is observed upon 

DMF treatment in these studies. Collectively, these data highlight the criticality of functionally 

correlating RES-binding sites (whether this information be obtained from structural or biochemical 

data, or both) with target-specific biological output (through functional biological or phenotypic 

assays) wherever possible. In this specific case, the large excess (20 mM) of reducing agent used 

during the incubation of DMF/fumarate with the protein could have significantly depleted the pool 

of reactive electrophilic molecules available to form covalent bonds with the protein. The prolonged 

reaction time (overnight), followed by the crystallization period (7 days), also increase the likelihood 

of initially-formed Michael adducts being removed via retro-Michael addition reactions with residual 

DTT. Furthermore, such prolonged crystallization periods may result in Keap1 cysteines being air-

oxidized and no longer available for covalent reaction with DMF. Taken together, the aforementioned 

issues could have contributed to the exclusive observation of only the non-covalent complex between 

Keap1 and the reactive Michael-acceptor ligand. 

3. Structures of proteins covalently bound to native electrophiles resembling canonical 

substrates 

Both itaconate and 4-HNE are well-studied native electrophiles, each known to interact with a 

number of context-dependent cellular target proteins.[1,59] The crystal structures of: (i) itaconate 

covalently bound to Mycobacterium tuberculosis isocitrate lyase isoform 1 (Mtb ICL-1); and (ii) murine 

adipocyte fatty acid binding protein (AFABP) complexed with 4-HNE, collectively offer some crucial 

structural insights into how each of these reactive metabolites may interact with its respective protein 

target, potentially explaining how these interactions result in their inhibitory behaviors.[33,36]  

Itaconate is an anti-microbial metabolite generated from cis-aconitate in mammalian 

macrophages.[60,61] This small molecule electrophile is a known inhibitor of M. tuberculosis ICLs, 

enzymes that are essential for pathogen virulence and survival, as they catalyze the (retro)conversion 

of isocitrate (or methylisocitrate) to glyoxylate (or pyruvate) and succinate, a structural analog of 

itaconate, in the presence of magnesium ions (Figure 4A, top).[62,63] The reported 1.55 Å crystal 

structure, obtained after incubation of recombinant ICL-1 with 2.5-fold excess itaconate [4 hours on 
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ice in 50 mM HEPES (pH 7.5), 500 mM NaCl and 5 mM MgCl2] reveals complexation via a covalent 

bond between the enzyme catalytic site Cys191 and C2 of itaconate (Figure 4A, bottom).[36] The two 

carboxylate moieties of itaconate additionally form critical hydrogen bonds with a number of other 

residues present in the catalytic pocket as well as water molecules. Importantly, the C5-carboxylate 

is stabilized by chelation to the magnesium ion. Consistent with this metal-ligand interaction, follow-

up biochemical experiments using recombinant ICL-1 demonstrate that itaconate binding and 

covalent adduct formation is strictly magnesium-dependent. Interestingly, the rate of itaconate 

adduction significantly increases in the presence of glyoxylate. The authors rationalize that 

glyoxylate helps maintain itaconate in a conformation favorable for Michael addition to Cys191. 

Replacement of carboxylates by methylesters and/or derivatization of C2 leads to decreased 

inhibitory capacity of the derivatives, presumably indicating that both the negative charge and 

minimizing steric hindrance are key factors that favor ICL-1 covalent interaction with itaconate. 

However, since the relative inhibitory efficacies across different itaconate analogs are only assessed 

by IC50 values (6- to > 20-fold increase, as a result of above-mentioned derivatizations), we cannot 

discern to what extent the rates of covalent adduction (kinact) are also affected in each case. The authors 

propose derivatization of itaconate as a potential means to provide new perspectives for the design 

of itaconate-like ICL-1-selective inhibitors. 

 

Figure 4. (A) Itaconate is a known inhibitor of ICL-1-mediated conversion of (methyl)isocitrate to 

succinate and glyoxylate/pyruvate. The inhibition mechanism involves itaconate (pink) adduction of 

the catalytic site Cys191 within each monomer of tetrameric ICL-1 (colored ribbons, PDB 6XPP). 

Carboxylate groups within itaconate are stabilized in the substrate-binding pocket through columbic 

interactions with a magnesium ion (green sphere) and via hydrogen bonding with neighboring 

residues and water molecules (red spheres). (B) 4-HNE (pink) inhibits AFABP (green ribbons, PDB 

3JS1) by forming a covalent bond with residue Cys117 and indirect hydrogen bonds with Arg126 and 

Tyr 128 supported by water molecules (red spheres); superimposing the structure of oleic acid-bound 

AFABP (oleic acid in dark grey, light gray ribbons, PDB 1LID) shows 4-HNE positions itself in the 

substrate-binding pocket, likely leading to blockage of AFABP-mediated fatty-acid transport due to 

steric hindrance. Note: in both structures, amino acids Asp71 to Lys81 are hidden for clarity. 

Modification of murine AFABP by 4-HNE is another example where relative resemblance of the 

native electrophilic metabolite to the canonical protein substrate, i.e. fatty acids, likely plays some 

role in covalent addition of the electrophile to the target protein. 4-HNE is a native LDE involved in 

several cellular processes, including the antioxidant response through covalent modification of 

Keap1 and upregulation of the Nrf2/AR pathway discussed above.[29] AFABP was first identified as 

a potential target of carbonyl-bearing electrophiles by tandem mass spectrometry analysis of protein 

extracts from obese mouse adipose tissue subjected to biotin-hydrazide treatment.[64] Carbonylated 
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AFABP was detected by western blot analysis using streptavidin-HRP and an anti-4-HNE antibody. 

The corresponding signals were not present in similar samples derived from AFABP-null mice. These 

results lead to the proposal that AFABP is a 4-HNE target protein in murine adipose tissue.[33,64] 

Subsequent co-crystallization experiments yielded a 1.81 Å resolution crystal structure of AFABP 

covalently complexed with 4-HNE, following incubation of the recombinant protein at an unknown 

concentration with 500 µM 4-HNE [70 minutes at room temperature in 10 mM potassium phosphate 

(pH 7.4) and 150 mM NaCl]. The structure hints that 4-HNE may irreversibly inhibit AFABP by 

blocking the fatty acid binding pocket through covalent bond formation with Cys117 and several 

non-covalent hydrophobic interactions within the substrate binding site. The residues forming these 

hydrophobic contacts build similar interactions with the hydrocarbon chain of oleic acid, a known 

fatty acid substrate of AFABP. Additionally, complexation with 4-HNE leads to a 180° flip of the 

amide bond between Ala36 and Lys37 compared to the apo form of AFABP, an effect also observed 

in the presence of oleic acid in the substrate binding site. As 4-HNE adopts  a similar conformation 

tooleic acid in the substrate binding site, and despite obvious chemical and structural differences 

between the two small molecules (9 versus 18 carbons, α,β-unsaturated aldehyde versus carboxylate 

head), the authors propose that AFABP may be potentially well-suited to act as an electrophile 

scavenger. Indeed, fatty acid binding proteins such as AFABP have been postulated to behave as 

reactive aldehyde scavengers, i.e. antioxidant proteins.[64,65] The authors postulate that as the most 

abundant protein in adipocytes, such antioxidant activity would only marginally impair fatty acid 

transport.[66] Impairing AFABP-mediated lipid transport results in a convoluted phenotype that 

encompasses inflammation and decreased insulin resistance.[67,68] Hellberg et al. rationalize these 

effects by proposing that AFABP knockout or small molecule inhibition could lead to increased 

cellular 4-HNE levels, and therefore additional reactions with other electrophile-sensor proteins 

eliciting cellular responses ultimately leading to additional biological effects, including decreased 

insulin resistance. Further investigations are however needed to identify protein players involved in 

this putative process. 

4. Capturing structural data on kinetically-privileged electrophile-sensor proteins 

Identification of physiologically relevant electrophile-sensor proteins remains challenging. This 

limitation is in large part due to continued reliance on bolus dosing-based approaches where 

cells/organisms are bathed in (often excess quantities of) highly reactive and toxic electrophiles, 

followed by either direct or indirect capture of modified proteins, post-cell lysis. These uncontrolled 

treatment approaches fail to recapitulate near-physiological conditions, where availability of 

electrophilic metabolites is limited, depends on specific space, time, and biological context, and where 

subtle alterations in electrophilic chemotypes can occur due to cellular metabolic processing, 

reactions with other intracellular small molecules, etc. As a result, top protein hits obtained from 

bolus treatment approaches often fail functional validation experiments, namely: (i) the observed 

electrophile-induced phenotype is not ablated by mutation of the electrophile-sensing site identified 

from bolus dosing; (ii) the observed electrophile-induced phenotype is not ablated (altered) by 

knocking out (down) the identified protein hit. Indeed, under bolus dosing conditions, many 

nucleophilic residues on numerous cellular proteins are modified. Parameters such as nucleophilicity 

of protein sites, nature of the surrounding residues, subcellular pH and redox states, etc., certainly 

play roles in tuning a given cysteine’s reactivity or kinetic privilege toward RES sensing. However, 

prediction of functional electrophile-sensing sites within a given target protein remains formidable, 

especially in the cellular context.[1]  

REX technologies are able to deliver an electrophilic metabolite in near-physiological conditions, 

i.e. a limited amount of electrophile in a specific locale under temporal control. In the precision 

localized electrophile delivery set-up used in G-REX and Localis-REX, we allow the natural 

competition between the electrophile’s native diffusion rate and the rate of the electrophile’s 

irreversible reaction with local proteins/residues (and, to some extent, localized metabolic 

processing/degradation of the electrophile).[19,28] As a result, the best electrophile-sensor proteins 
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within the locale compete for the electrophile transiently made available in limited quantities. Under 

these conditions, the KPS proteins in a given biological context can be quantitatively ranked based 

on ligand occupancy.[17,19,28] Substoichiometric ligand occupancy (10-50 %) are typically observed 

for numerous KPS proteins that we have validated thus far. [16,17,27,28,30,32] In many cases, such 

low occupancy modifications are sufficient to drive gain-of-function or dominant negative loss-of-

function phenotypes, similarly to what is observed for enzyme-mediated post-translational 

modifications (PTMs). [10,16,17,27,28,30,32] Notably, functional electrophile-sensing sites are often 

identified outside of substrate-binding pockets, such as in loops [e.g., RAC-gamma serine/threonine-

protein kinase (Akt3)], non-catalytically active sites [e.g., ubiquitin-conjugating enzyme E2 variant 1 

and 2 (Ube2v1/2)] or in unstructured regions [e.g., Keap1, cyclin-dependent kinase 9 (Cdk9)].[19,27–

29] Aside from the current limitations of REX methods that we have described elsewhere, these tools 

are designed specifically for probing electrophile-sensors and signal propagators in intact living 

models.[17] As such, they do not offer structure/function insights into electrophile-modified state of 

the proteins. 

Overall, the existing crystal structures of RES-bound protein complexes discussed above provide 

a collective lens into how pleiotropic electrophilic drugs or native metabolites may help shape target 

selectivity and/or alter protein function/activity. Notably, all these structures were obtained from co-

crystallization experiments, following incubation with supra-physiological amounts of electrophilic 

compounds. In three out of four of these available structures, the electrophile-binding site is the 

substrate binding pocket of the target protein, with ~100 % ligand occupancy in at least one case 

(RSK2/DMF) as estimated by mass spectrometry analysis of recombinant RSK2 CTKD pre-incubated 

with DMF. Given that functional electrophile signaling is often substoichiometrically operative, akin 

to canonical PTMs in cell signaling, fundamental structure/function understanding of 

substoichiometric electrophile sensing and signaling may not necessarily be derivable from these data. 

There is thus a crucial need for three-dimensional structural data of KPS proteins to which 

electrophilic drugs or reactive metabolites are functionally bound with substoichiometric ligand 

occupancy, and on which we can begin to build structure/function knowhow that remains missing 

to date. Beyond the reactive enals and ene-dicarbonyls such as respectively HNE and DMF, as 

discussed above, native reactive electrophilic molecules, such as methylglyoxal or 15-deoxy-Δ(12,14)-

prostaglandin J₂ (15d-PGJ₂)—nature’s small molecules playing functional roles in various disease-

relevant biological processes—constitute additional classes of native reactive electrophiles, where 

gaining a comprehensive picture of how these electrophiles form functional covalent complexes with 

their target proteins, could prove helpful.[69–71] A couple of crystal structures of 15d-PGJ₂-protein 

complexes have been reported, although we did not include them here as our discussion was 

restricted to native reactive electrophiles of 200 Da or less.[72–74] On the other hand, and to the best 

of our knowledge, no structural data exist for the non-Michael-acceptor-based electrophile 

methylglyoxal-bound proteins.  

However, site selective RES modification of proteins in purified systems requires extensive and 

careful optimization of reaction conditions. In the cellular context, the presence of RES scavengers 

(e.g., glutathione) as well as the enzyme-assisted metabolic vulnerability of RES, render native RES 

to be short-lived and mitigate non-specific reactions with non-kinetically-privileged electrophile-

sensor sites/proteins.[1,13] By contrast, when proteins in purified systems are subjected to RES in the 

absence of the above-mentioned ‘self-maintenance or intrinsic regulation’ commonly manifested in 

intact cells and living organisms, Michael acceptor-based RES often indiscriminately label several 

nucleophilic sites (typically Cys, Lys, His). As a result, selective labeling of kinetically-privileged 

functional sites is best achieved by setting the quantity of electrophilic ligand used in the labeling 

reaction to be substoichiometric (or at least in 1:1 molar ratio) to that of the protein under 

study.[28,30,32] The reaction time should also be limited to a few seconds/minutes.[28,30,32] 

Leveraging these conditions, we have successfully developed an in-gel fluorescence approach to 

derive the apparent bimolecular rate of reactive ligand labeling to multiple KPS proteins.[28,30,32] 

Careful investigations of a range of concentrations of both the reactive electrophile and KPS protein 
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are recommended, typically in the low micromolar range or lower, using the wild type protein in 

direct comparison with a functional mutant where the kinetically-privileged sensing residue is 

mutated to a relevant non-nucleophilic residue. Such titration series using wild type against sensing-

defective-but-otherwise-functional mutant provide a reliable approach to identify conditions that 

mitigate side reactions of the reactive electrophilic ligand under study with less kinetically-privileged 

nucleophilic sites. We propose that similar strategy can be applied to obtain homogenous proteins 

covalently bound to a given electrophile ligand at the desired functional sensing site for subsequent 

structural studies. It is worth noting that for KPS proteins with particularly low ligand occupancy, 

unreacted electrophile molecules need to be removed from the solution (e.g., by protein precipitation 

and subsequent refolding, dialysis or using desalting columns) as soon as the reaction is judged 

complete. 

When designing these experiments, special considerations should be given to the choice of 

reducing agents and their concentrations used during RES-labeling reaction with KPS. Reducing 

agents are crucial to maintain protein-cysteines in a reduced state, but can lead to unwanted and 

uncontrolled reduction of/reaction with the RES under study, especially when used in large excess. 

DTT, β-mercaptoethanol (BME) and TCEP are among the most widely used reducing agents in 

biochemical and structural investigations. However, as thiol-based molecules, DTT and BME are 

prone to react with electrophilic compounds such as DMF or 4-HNE, through Michael addition 

reaction, and may outcompete protein cysteines. As alluded to above, DTT or BME may also lead to 

reversal of protein cysteine-RES adducts through retro-Michael addition reactions. On the other 

hand, as a phosphine-based and bulkier reducing agent, TCEP is less likely to react with α,β-

unsaturated Michael acceptors, compared to DTT or BME, although the use of TCEP in large excess 

is best avoided. Quantitative information on rates of adduction of these common reducing agents on 

native RES or related electrophilic drugs is unfortunately limited. Second-order rate constants at pH 

7.4 for (phospha-)Michael addition reaction between acrylamide and TCEP or BME, are 

approximated to be 0.07 M-1 s-1  and 0.004 M-1 s-1, respectively.[75,76] Reaction of TCEP with β-

substituted electrophiles such as HNE and DMF, is however chemically less favored both from steric 

and electronic grounds. For instance, in our own hands, low concentration of TCEP (up to ~3 mM) is 

tolerable to numerous HNEylated proteins we have studied thus far, whereas this is not often the 

case for BME and DTT. It is also worth highlighting here the short half-lives of DTT and BME in 

solution (10 hours at pH 7.5 and 20 °C).[77] TCEP (in solution in a neutral pH range) is more stable, 

with only ~10 % oxidation in solution after a week, and should be preferred when setting-up 

crystallization screens that may remain in contact with air for several weeks/months.[78] A possible 

alternative, although logistically more complex, is to perform the crystallization screens under inert 

atmosphere (e.g. inside a glovebox). Some thought/attention should also be given to possible 

deleterious effects of crystallization buffer components, such as amine- or alcohol-based reagents, as 

the probability that these nucleophiles inadvertently react with, and impair the studies of, RES 

increases with time and dosage employed. 

Furthermore, in procuring a homogenous ligand-bound state of the KPS protein for three-

dimensional structural data acquisition, removal of non-ligand-bound protein molecules may prove 

necessary. In this case, enrichment of electrophile-bound protein may be achieved by introducing a 

biorthogonal chemical handle on the electrophilic ligand under study. Judicious choice of a 

minimally invasive chemical handle is essential to minimize potential bias and to preserve the 

structure of the electrophile as close as possible to its native state. Finally, where technically possible, 

the use of solution-based protein NMR spectroscopy or cryo-electron microscopy are likely more 

suited to study RES-modified proteins compared to protein crystallography. The prolonged 

crystallization period often required in the latter could result in inadvertent oxidation (due to 

depletion of available reducing agents), degradation, and/or further reaction of these reactive, and 

oftentimes labile, small molecules complexed with proteins under study. NMR spectroscopy that 

allows measurements of protein/ligand dynamics, can additionally offer an enhanced functional 

understanding of the ligand-bound state. 
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5. Summary and Outlook  

Leveraging the innovative bolus-electrophile-dosing-based and activity-based target profiling 

methods, and emerging precision REX technologies, our broader understanding of the regulatory 

roles of electrophilic metabolites and related low molecular weight covalent drugs continues to 

expand rapidly. Encouragingly, applications of precision REX tools—that to date remain the only 

means to spatiotemporally map electrophile-sensor proteins and study their ‘on-target’ 

consequences—in multiple living models have unequivocally shown that precision electrophile 

regulation operates with low ligand occupancy, similarly to canonical enzyme-mediated PTMs. 

These results have fundamentally underlined the nuanced role of substoichiometric non-enzyme-

assisted electrophilic PTMs in cell decision making.[13,24,79] They have further proven helpful in 

precision covalent inhibitor design.[10] While advances as such are being made at the live cell/animal-

based levels with high spatiotemporal resolution, structure/function basis of substoichiometric 

electrophile-sensor protein regulation remains a critically missing knowledge gap. However, because 

of the practical challenges in dealing with reactive small molecules alluded to above, successfully 

achieving the homogenous protein state with the reactive ligand bound exclusively at the designated 

functional RES-sensing site clearly necessitates tailored conditions and dedicated reaction 

optimization efforts in purified protein systems. Nonetheless, we believe that these endeavors will 

prove worthwhile, and hope that our perspective shines light on the need, relevance, and importance, 

of being able to establish such structure/function knowhow. 
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