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SUMMARY   Enzyme-mediated damage repair or mitigation, whilst common for nucleic acids, is 

rare for proteins. Examples of protein damage are elimination of phosphorylated Ser/Thr to 

dehydroalanine/dehydrobutyrine (Dha/Dhb) in pathogenesis and aging. Bacterial LanC enzymes 

use Dha/Dhb to form carbon-sulfur linkages in antimicrobial peptides, but the functions of 

eukaryotic LanC-like (LanCL) counterparts are unknown. We show that LanCLs catalyze addition 

of glutathione to Dha/Dhb in proteins, driving irreversible C-glutathionylation. Chemo-enzymatic 

methods were developed to site-selectively incorporate Dha/Dhb at phospho-regulated sites in 

kinases. In human MAPK-MEK1 such ‘elimination damage’ generated aberrantly activated 

kinases, which were deactivated by LanCL-mediated C-glutathionylation. Surveys of endogenous 

proteins bearing damage from elimination (the eliminylome) also suggest it is a source of 

electrophilic reactivity. LanCLs thus remove these reactive electrophiles and their potentially 

dysregulatory effects from the proteome. As knockout of LanC2 in mice can result in premature 

death, repair of this kind of protein damage appears important physiologically.  
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INTRODUCTION 

Lanthionine-containing peptides or lanthipeptides are ribosomally synthesized and post-

translationally modified peptides produced by bacteria (Repka et al., 2017). Lanthionines are 

installed through dehydratase-mediated conversion of Ser/Thr residues in precursor peptides to 

dehydroamino acids. Subsequently, intramolecular addition of thiols of cysteines onto the 

dehydroamino acid residues is mediated by LanC enzymes or LanC-type domains in bifunctional 

LanM proteins (Repka et al., 2017). Mammalian genomes encode multiple LanC-like proteins 

(LanCLs) but lack genes encoding an obvious dehydratase ortholog. The structure of human 

LanCL1 resembles NisC (a bacterial LanC); both structures contain two-layered α-helix barrels 

that bind Zn
2+

 (Figure 1A) (Li et al., 2006; Zhang et al., 2009). LanCL1 and 2 are ubiquitously 

expressed in various tissues (Bauer et al., 2000; Eley et al., 2002; Mayer et al., 2001b; Mayer et 

al., 1998), with the highest expression levels in brain, heart and testes, whereas the expression 

pattern of LanCL3 remains to be determined due to the lack of a specific antibody. Human LanCL1 

and LanCL2 bind to GSH and LanCL1 possesses weak glutathione S-transferase activity in assays 

with a xenobiotic substrate (Chung et al., 2007; Huang et al., 2014; Mladkova et al., 2010; Zhang 

et al., 2009). However, the endogenous function of LanCL proteins remains unknown. 

Bacterial LanC catalyze the addition of thiols of Cys to dehydroamino acids. In mammals, 

dehydroamino acids are thought to be rare, but under certain conditions they are formed in proteins 

as a result of enzymatic or background non-specific chemical elimination of the phosphate group 

of phosphoserine/phosphothreonine (pSer/pThr) or of oxidized Cys residues (Cooper et al., 2011). 

For instance, pathogens like Salmonella or Shigella contain effector proteins as virulence factors 

that eliminate the phosphate from pSer/pThr in the activation loop of kinases to generate Dha/Dhb 

(Li et al., 2007; Zhu et al., 2007). In addition to this enzymatic process during infections, non-

enzymatic elimination of phosphate is thought to lead to irreversible damage to proteins during 

aging since Dha/Dhb residues cannot be rephosphorylated (Wang et al., 2014). Because Dha and 

Dhb are reactive electrophilic residues, they can also lead to protein crosslinking during aging 

(Linetsky et al., 2004). Collectively, we will call Dha/Dhb-containing proteins in the proteome the 

‘eliminylome’. 

Scattered clues to the enigmatic function of LanCLs exist. The crystal structure of a 

bacterial LanM unexpectedly showed structural homology of its dehydratase domain with 

mammalian kinases. In particular, the adjoining LanC-type cyclase domain in the LanM structure 
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makes intramolecular interactions with the dehydratase domain (Dong et al., 2015). LanCL 

proteins have previously been shown to interact with kinases such as Akt and mammalian target 

of rapamycin (mTOR) (Zeng et al., 2014). Based on such inferred domain-domain interaction of 

kinase-type domains with LanC-type domains, we explored its fuller possible significance in 

mammalian systems. 

Here we report that LanCL proteins catalyze conjugate addition in an intermolecular 

manner. They activate the Cys thiol of GSH and catalyze C–S bond-forming C-glutathionylation 

of dehydroamino acid-containing peptides and kinases in their activation loops. Unexpected partial 

activation of MEK1 by dehydroamino acids in the activation loop and then deactivation by such 

LanCL ‘scavenging’ identifies a putative role for this reaction in the removal of potentially 

dysregulatory protein function within the eliminylome. Mice with all three LanCL knocked out 

(triple knockout – TKO) mostly show no phenotype, but in response to a currently unknown 

stimulus ~25-30% of them display a striking phenotype of premature death by six months of age. 

 

RESULTS 

 

Structure of LanCL2 

The NisC and LanCL1 crystal structures were previously reported (Li et al., 2006; Zhang 

et al., 2009). In this work we solved the structure of 1-18-LanCL2 (PDB ID 6WQ1), which proved 

more amenable to crystallization than full length protein. Its overall structure resembles that of 

NisC and LanCL1 and is made up of two layers of 14 α-helices with a zinc ion binding site located 

on one side (Figure 1A). The Zn2+-binding residues in LanCL2 are Cys321, Cys367, and His368 

and corresponding residues are both conserved in NisC and essential for NisC activity (Figure 1B) 

(Li and van der Donk, 2007; Zhang et al., 2009). Bovine LanCL1 binds GSH (Chung et al., 2007) 

using five residues: Arg4, Lys317, Arg364, Asp367, Glu374. The corresponding residues in 

LanCL2 are Arg22, Lys362, Arg409, Asp412, and Glu419. Importantly, these residues are not 

conserved in bacterial LanC proteins or the LanC domains of LanM proteins but highly conserved 

in eukaryotic LanCLs suggestive of a common yet distinct and undiscovered function for the 

eukaryotic LanCLs compared to bacterial LanC/LanMs. 

 

LanCL proteins interact with a range of kinases 
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Beyond its binding of GSH, LanCL2 interacts with Akt and mTOR (Zeng et al., 2014). 

This finding was intriguing since in bacterial LanM proteins, the LanC-like domain is part of the 

same polypeptide as a kinase domain (Figure 1D). We investigated here whether LanCLs also 

interact with other cellular kinases. We expressed C-terminal His-tagged recombinant human 

LanCL2 in bacteria and incubated the purified protein with HEK293 cell lysate followed by His-

pulldown. As expected, mTOR was detected in the pulldown by Western blotting (Figure 1E). The 

pulldown samples also contained several other protein and lipid kinases, including ATR (a PIK-

related kinase like mTOR), p110 (catalytic subunit of a class I phosphatidylinositol 3-kinase), 

PIP4K2A (a phosphatidylinositol-5-phosphate 4-kinase), Vps34 (class III phosphatidylinositol 3-

kinase), and the Ser/Thr kinases p70-S6K1, ERK1/2 and MEK1/2 (Figure 1E and Figure S1A). 

On the other hand, glyceraldehyde-3-phosphate dehydrogenase and leucyl-tRNA synthetase were 

not present in the pulldown samples (Figure 1E). These data suggested that LanCL2 might have a 

broad binding affinity towards kinases. 

We also tested whether LanCL1 demonstrates binding affinity toward kinases. Using His6-

LanCL1 pulldown assays, LanCL1 was shown to interact with mTOR, ATR, Akt, 

p110 PIP4K2A and MEK1/2 but not p70-S6K1 and ERK1/2 (Figure 1E and Figure S1B). The 

seemingly general interaction of LanCLs with a range of kinases was surprising and somewhat 

difficult to explain. We also analyzed the pulldown samples by mass spectrometry. Several of the 

aforementioned kinases were again observed compared to control experiments, but also many non-

kinases suggesting LanCLs interact directly or indirectly with a wide range of proteins 

(Supplemental Table 1). 

 

LanCLs add GSH to dehydroamino acids in peptides corresponding to kinase activation 

loops 

The structural and interaction data suggested that LanCLs bind both GSH and broad protein 

motifs. Bacterial LanC enzymes catalyze the intramolecular addition of Cys thiols to Dha/Dhb (Li 

et al., 2006). By extension of mechanistic logic, we investigated whether LanCLs could catalyze 

intermolecular GSH addition to eliminated (Dha- or Dhb-containing) peptide sequences 

corresponding to functional motifs (e.g. the activation loops of kinases). Indeed, the possibility 

that LanCL proteins might catalyze Michael-type additions to dehydroamino acids has been 

previously, presciently postulated but not experimentally tested (Brennan and Barford, 2009). 
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The bacterial pathogen pThr lyases SpvC and OspF catalyze phosphate elimination from 

mitogen activated protein kinase (MAPK) activation loop peptides containing pThr to form the 

corresponding Dhb-containing peptides (Chambers et al., 2018; Li et al., 2007; Zhu et al., 2007). 

We therefore used these lyases to mimic such pathogen-induced damage to prepare model, Dhb-

containing peptides corresponding to the activation loops of ERK and Akt (Figure 2A; Figure S1C). 

Following this generation of eliminative damage, we tested LanCL activity. The Dhb-containing 

ERK peptides (containing either Tyr or pTyr, Figure S1D-F) were reacted with GSH and 

recombinant LanCLs and analyzed by matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-TOF MS). Strikingly, a glutathione adduct was observed when the 

Dhb-ERK peptides were treated with wild-type (wt) LanCL1/2, but not with mutant LanCL1/2 in 

which residues corresponding in sequence and structure to amino acids that are critical for NisC 

activity (see below) were mutated (Figure 2B; Figure S1G) (Li and van der Donk, 2007). This 

observation constitutes not only an experimentally-demonstrated catalytic function for LanCLs but 

also implicates some of the key catalytic residues responsible (see following section). 

Next, we evaluated the substrate tolerance of LanCL1/2-mediated catalysis. The Dhb-

containing Akt peptide was incubated with wt LanCL1/2 and again a 307 Da shift corresponding 

to GSH was observed when compared to negative controls using mutant LanCL1/2 (Figure 2C). 

Together these data suggested LanCLs are capable of potentially broad ‘trapping’ of eliminated 

peptide motifs. We also evaluated alternative nucleophiles. The dipeptide -glutamyl-Cys and free 

Cys were both substrates but less efficient than GSH with Dhb-Erk peptide, whereas the dipeptide 

GlyCys or the reactive Cys-containing protein thioredoxin were not accepted (Figure S1H). 

 

LanCLs use residues conserved in LanC cyclases to catalyze intermolecular C–S-bond-

forming C-glutathionylation 

His212 in NisC has been proposed to protonate the enolate intermediate generated upon 

Cys addition to Dha/Dhb (Li and van der Donk, 2007; Yang and van der Donk, 2015) and this 

residue is conserved in LanCLs (His219 in LanCL1; His264 in LanCL2). Furthermore, the zinc 

binding residues (Cys284, Cys330, His331) in NisC are conserved in LanCL1 (Cys276, Cys322, 

His323) and LanCL2 (Cys321, Cys367, His368) (Figure 2D) (Li and van der Donk, 2007; Zhang 

et al., 2009). The H212N and C330A mutants of NisC cannot produce correctly cyclized nisin (Li 

and van der Donk, 2007). The corresponding variants LanCL1-H219A and C322A and LanCL2-
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H264A and C321A/C367A were expressed in E. coli Rosetta 2 (DE3) with N-terminal or C-

terminal hexahistidine-tags and purified by affinity chromatography. None of the variants was able 

to catalyze GSH addition to Dhb-ERK (Figure 2C,E,F). These data suggest that the active site 

residues have similarly important functions in NisC and LanCL. 

 

Kinases with dehydro amino acids in the activation loop show unexpected activation 

 Activation by phosphorylation in kinases is attributed to conformational changes in 

activation loops (Alessi et al., 1994; Gopalbhai et al., 2003; Zheng and Guan, 1994). Given the 

greater planarity (flattening) at C caused by elimination we wondered if this too might act as a 

source of conformational alteration in kinases. Whilst access to cleanly eliminated peptide motifs 

from the activation loop of representative kinases could be accomplished enzymatically (see above) 

we chose to also explore a scaleable chemical method for site-selectively and cleanly installing 

dehydroamino acids in the activation loops of full-length MAPKKs. 

We have previously developed a three-step, one-pot method (involving bis-

alkylation/elimination) that chemically converts free Cys residues to Dha using the reagent 

DBHDA (Figure 3A) (Chalker et al., 2011). We considered applying this strategy to a human 

kinase identified above as interacting with LanCLs, MEK1. However, MEK1 contains several 

existing, native Cys residues and, in preliminary experiments, removal of these native Cys created 

functional alterations and/or expression problems (Wagle et al., 2011; Zhao et al., 2014); these 

observations therefore prevented direct application of prior methods that relied upon complete 

removal of native Cys residues. 

We therefore considered a more challenging approach based on regio-selective chemical 

conversion of target Cys residues to Dha in the presence of other non-target native Cys residues. 

Current chemistries for targeting one free Cys residue in proteins amongst other Cys are rare; they 

require engineering (Dai et al., 2016) or exploitation of privileged arrangements of residues that 

were not applicable in MEK1 (Willwacher et al., 2016). In principle, however, the different protein 

environments around each Cys residue could allow direct, chemical differentiation. In the three-

step conversion of Cys to Dha (Figure 3A, inset), the first irreversible alkylation step is rate- and 

hence regio-selectivity determining. We reasoned therefore that reagent tuning (without losing 

reactivity in steps 2-3) could allow the site-to-site control required for this chemical process. 
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Wild-type MEK1 contains six free, native Cys residues at positions 121, 142, 207, 277, 

341, and 376. To discriminate potential reactivities of these residues, relative side-chain 

accessibility was estimated using a predictive computational approach (Hubbard and Thornton, 

1993) based on accessible surfaces determined from x-ray crystal structures (Figure 3B) (Lee and 

Richards, 1971). A similar approach has proven successful previously for predicting chemical 

regioselectivity in other protein modifications (van Kasteren et al., 2007). This analysis, when 

applied to the apo-MEK1 structure (Figure 3B), predicted that a MEK1 mutant in which Cys was 

introduced at activation loop phosphorylation sites 218 and/or 222 (and removed from non-

functional sites 277 and 376) would allow regioselective elimination. Importantly, when expressed, 

the MEK1-C277S/C376S mutant kinase displayed essentially identical enzymatic properties to wt 

MEK1 (Supplemental Table 2; STAR Methods). The same predictive analysis of reactivity (based 

on analyses of binary (MEK1•ATPγS [PDB 3W8Q]) or ternary (MEK1•ATPγS•Mg [PDB 3EQD] 

(Fischmann et al., 2009) and MEK1•ADP•Mg [PDB 3EQI]) complexes) as well as prior studies 

(Lamoureaux and Lee, 2011) also suggested the additional consideration of nucleotides (ATPγS, 

ATP, ADP) and metals (Mg(II)) as masking or enhancing ligands to usefully enhance the 

selectivity of this chemistry (Figure 3C and STAR methods). 

In this way, we designed and generated three mutant variants of MEK1 for testing with this 

regioselective elimination chemistry: MEK1-C218, MEK1-C222, and MEK1-C218C222 (bearing 

five, five or six Cys residues, respectively – see STAR methods for full mutational patterns used 

to remove and introduce Cys). Next, we tuned a panel of systematically-varied 1,4-bis-alkylating 

reagents derived from parent reagent DBHDA (Figure S2A). These varied in their reactivity, 

hydrophobicity, sterics and charge whilst all retaining the ability to create 5-membered ring 

sulfonium intermediates that are critical to elimination of the side chain of the Cys residues 

introduced (Chalker et al., 2011). Finally, consistent with our design predictions, use of these 

reagents in combination with masking ligands and metals (see STAR methods) allowed clean 

access (avoiding competing pathways, Figure 4) to different MEK1 kinases containing complete 

elimination at different sites in their activation loops: MEK1-Dha222, MEK1-Dha218 and MEK1-

Dha218Dha222 (Figure 4A-C, respectively; Figures S2-S5). 

The enzymatic activities of these ‘eliminated’ MEK1 variants on the native substrate 

protein ERK (both mono- (kf1) and di-phosphorylation (kf2)) were assessed directly by real time 

monitoring using total protein ESI-MS (Figure S6). The ERK1-K71R mutant that cannot 
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autophosphorylate (Robbins et al., 1993) was utilized to allow cleaner analysis of ERK by MS. 

Strikingly, all Dha-containing MEK1 variants showed activated phosphorylation kinetics over wt 

MEK1. Moreover, His6-MEK1-Dha218 and His6-MEK1-Dha218Dha222 displayed similar or 

even higher activity than ‘constitutively active’ MEK1-Ser→Glu mutants (Supplemental Table 2; 

STAR Methods). Notably, despite different behaviour as a kinase, elimination in an alternative 

construct His6-Δ1-60-MEK1-Dha218 (which displays altered selectivity due to deletion of the ERK-

docking domain (Xu et al., 1999)) also caused significant activation, suggesting a general function 

of manipulation of the activation loop of MEK1 and not peculiar artefacts of one kinase structure. 

Notably, His6-MEK1-S218A and His6-MEK1-S222A variants of MEK1 are inactive (Alessi et al., 

1994) although they differ only from the activated His6-MEK1-Dha218 and His6-MEK1-Dha222 

in unsaturation. This precisely implicates the presence of the sp2 centre at the α-carbon of Dha218 

and Dha222 in this activation, thereby highlighting the eliminylome as a putative source of 

unwanted dysregulation through activation. This reasoning is also consistent with the greater effect 

seen at the α-helical site 218 (c.f. site 222, which is in a flexible loop). Any such conformational 

effects were too localized to be detected by global measures, such as circular dichroism (Figure 

S5F). 

 

LanCLs add GSH to dehydroamino acids in representative kinases and deactivate 

dysregulated MEK1 

 Next, we tested LanCL activity against full-length MEK1 proteins. First, we investigated 

the interaction between LanCL proteins and dehydroamino acid containing MEK1. MBP-tagged 

LanCL2 was expressed in bacterial cells and purified. The MBP-tagged LanCL2 was incubated 

with His6-MEK1-Dha218 and pulled down by cobalt resin. The pulldown assay shows that 

LanCL2 has a direct physical interaction with His6-MEK1-Dha218 (Figure 5A). 

Second, we investigated C-glutathionylation activity. The Dha218-containing MEK1 was 

treated with wt LanCL1/2 and GSH, and the reactions were monitored by MS. A GSH adduct was 

observed, whereas no reactions occurred with LanCL mutants (Figure 5B). Kinetic analyses using 

intact protein MS were performed in the presence of increasing amounts of GSH, and initial rates 

of forming glutathione conjugate were plotted against substrate concentration. The data 

demonstrated that C-glutathionylation of His6-MEK1-Dha218 was catalyzed by LanCL1 and 

LanCL2, with LanCL1 exhibiting a higher catalytic activity than LanCL2 (Figure 5C and 5D; 
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Figure S6). Pseudo-single substrate plots of initial reaction velocity versus GSH concentration and 

non-linear Michaelis-Menten regression analyses (Figure 5D) provided apparent KM and kcat values 

(Table 1). 

Third, to test other targets, we also investigated the addition of GSH to Dha-containing 

ERK (chemically-generated in a similar manner to that used for eliminated MEK1 – see STAR 

Methods). GSH addition experiments were conducted using Erk1-Dha202. Compared with 

controls (background and mutant LanCL proteins), higher percentages of ERK1-GS202 adducts 

were formed in samples treated with wt LanCL1 or LanCL2 (Figure S7). Some background 

reactivity of Erk1-Dha202 was observed, and therefore we also generated the Dhb version of 

ERK2 (ERK2-Dhb185) by phosphorylating ERK2 using MEK-Dha218Dha222 and then using the 

pThr lyase OspF to eliminate the pThr (see STAR Methods). Dhb-containing peptides and proteins 

showed negligible background reaction with GSH, but LanCL2 again catalyzed addition of GSH 

to ERK2-Dhb185 as demonstrated by MS and Western blot analysis (Figure S1J,S7C). 

Interestingly, a doubly eliminated variant of ERK1 (ERK1-Dha82Dha202, created in essentially 

the same manner as for ERK1-Dha202) was C-glutathionylated once by LanCL2 with essentially 

the same kinetics as ERK1-Dha202, suggesting that LanCL selectively addresses elimination at 

the natural phosphosite 202 but not when found at non-phosphorylated site 82. Taken together, our 

data demonstrate that LanCL proteins not only catalyze GSH addition to Dhb-containing peptides 

but also catalyze glutathionylation of Dha/Dhb-containing MEK1 and ERK1/2. 

The observed LanCL activity generates a carbon-sulfur thioether bond between GSH and 

the protein (C-glutathionylation) as opposed to the well-known (reversible) S-glutathionylation of 

Cys residues via disulfide linkages (Cooper et al., 2011; Dalle-Donne et al., 2009; Grek et al., 2013; 

Yang et al., 2016). As such, the non-canonical glutathionylation activity demonstrated here 

produces an irreversible modification of dehydroamino acids in proteins (Cooper et al., 2011). 

Notably, the GSH-adducts of MEK1 showed reduced kinase activity compared to their 

Dha-containing counterparts (Supplemental Table 2) suggesting the possibility not only of an 

effective scavenging/trapping pathway to remove reactive electrophiles, but also one that directly 

reduces kinase activity dysregulation caused by elimination (see above). 

 

LanCL proteins have plastic but selective substrate specificity 
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Based on the data with the ERK and Akt peptides and the MEK and ERK proteins, LanCLs 

appear to have considerable substrate tolerance with respect to the sequences in which the 

dehydroamino acids can be embedded. To further investigate the substrate scope, we assessed the 

reactivity of several bacterial peptides with LanCL2. We first focused on a prochlorosin peptide 

(Li et al., 2010) (ProcA 2.8-mut, Figure 6A) that contains a single Dha and reacted it with wt or 

mutant LanCL2 proteins. MALDI-TOF MS analysis demonstrated glutathionylation with wt 

LanCL2 protein but not with mutant LanCL2 (Figure 6A). Next, we used the cytolysin peptides 

(CylLL'' and CylLS'') that are virulence factors in Enterococcus faecalis and that contain several 

dehydroamino acids and lanthionine rings (Figure 6B) (Duan et al., 2019; Tang and van der Donk, 

2013). CylLS'' contains two lanthionine rings and two Dhb residues. LanCL2 added one GSH 

whereas no adduct was formed by a LanCL2 mutant (Figure 6B). MS/MS analysis showed that 

the glutathionylation site on CylLS'' was Dhb7 that is outside of the lanthionine rings (Figure S1K). 

CylLL'' contains a Dha and Dhb located within rings and two Dhb residues that are outside of rings 

(Figure 6C). LanCL2 catalyzed glutathionylation of the two Dhb residues located outside of 

lanthionine rings (Dhb10 and Dhb30; Figure 6C; Figure S1K). Lanthionine rings might prevent 

LanCL2 from adding GSH to dehydroamino acid residues within rings through steric hindrance. 

 We also investigated other dehydroamino acid-containing proteins. Glutathione peroxidase 

(GPX) contains a selenocysteine in its active site that is important for catalysis but is prone to 

oxidative elimination generating Dha (Cho et al., 2010; Ma et al., 2003; Wang et al., 2011). 

LanCL1/2 were unable to add GSH to the Dha-containing GPX (Fig. S1I), presumably because 

the Dha is in a protected active site pocket. 

Mammalian systems contain multiple glutathione S-transferases (Wu and Dong, 2012). 

The glutathione transferase A4 (GSTA4) has been demonstrated to catalyze GSH addition to 

another α,β-unsaturated compound, 4-hydroxynonenal (Bruns et al., 1999; Hubatsch et al., 1998). 

Because GSTA4 catalyzes Michael-type addition, we tested its activity with Dhb-containing ERK 

peptide in parallel with LanCL2 and the reaction mixtures were monitored by MALDI-TOF MS. 

GSH addition was observed with LanCL2-His6 treatment, however, no glutathionylation was 

observed with His6-GSTA4 (Figure 6D). These data suggest that LanCL proteins might be 

specialized in catalyzing GSH addition to eliminated (Dha- and Dhb-containing) peptides or 

proteins. 
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To test if LanCLs have substrate preference, we compared the kinetics of LanCL2 with 

Dhb-ERK peptide and CylLS''. Two-substrate steady-state kinetic analysis was performed with 

saturating GSH at a concentration similar to that found in cells (1 mM) (Meister and Anderson, 

1983). The production of glutathionylated product was monitored and quantified by LC/MS. The 

KM and kcat values observed for the Dhb-ERK and CylLS'' substrates are similar (Table 1) 

suggesting that LanCL2 does not have a clear sequence preference and Dha/Dhb might serve as 

the recognition feature. LanCL1 displayed similar kinetic parameters as LanCL2 with the Dhb-

ERK peptide (Table 1). 

 

Other cellular proteins do not add glutathione to dehydroamino acids 

To test if endogenous LanCL adds GSH to MEK1-Dha222, the latter protein was incubated 

with cell lysates from wt or LanCL1-3 TKO mouse embryonic fibroblast (MEF) cells (He et al., 

2017). The primary MEF cells were isolated and cultured as described in the STAR Methods, and 

expression of LanCL1 and LanCL2 in wt MEF cells but not TKO MEF cells was observed by 

Western blotting (Figure 6E). Equal numbers of wt and TKO MEF cells were collected, lysed, and 

incubated with His6-MEK1-Dha222. Cobalt-bound resin was used to enrich the His-tagged MEK1 

protein, and the protein was glutathionylated in the presence of wt MEF cell extract but not in the 

presence of TKO MEF cell extract as detected by Western blot with an anti-GSH antibody (Figure 

6E and Figures S1J, S1L). These data suggest that endogenous LanCL proteins are the major, if 

not only, enzymes that can catalyze glutathione addition to His6-MEK1-Dha222 in cells. 

 

Glutathione addition by LanCL is stereoselective 

Methyllanthione (MeLan) formed by LanC enzymes typically have the DL-configuration 

(Figure 6F) (Chatterjee et al., 2005). The −carbon from the former Thr residue possesses the D-

configuration whereas the −carbon on the Cys retains the L-configuration. In order to determine 

the stereochemistry of the GSH adduct generated by LanCL2, the glutathionylated ERK peptide 

was hydrolyzed and derivatized. The derivatized sample was analyzed by gas chromatography-

mass spectrometry (GC/MS) with a chiral stationary phase. The MeLan residue in the 

glutathionylated peptide has the (2S, 3S, 6R) configuration as shown by coinjections with synthetic 

MeLan standards (Liu et al., 2011; Tang and van der Donk, 2012) (Figure 6G). The data indicate 

that LanCL2 catalyzes stereoselective GSH addition to Dhb forming a D-stereocenter, which may 
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contribute to the aforementioned deactivation of MEK1-Dha218 upon glutathionylation by 

creating non-natural stereochemistry. 

 

Survey of the eliminylome from proteomics databases and MEF cells 

To examine the extent of the kinase-associated eliminylome we conducted analyses of 

published proteomics data on human cell kinomes (Médard et al., 2015) (Supplemental Table 3). 

These analyses confirmed that Dha and Dhb are detected in many proteins. Amongst these are at 

least 30 protein kinases (MAPK1, MAPK3, MAPK8, MAPK9, MAPK10, MAPK14, MAP2K3/6, 

MAP3K19, MAP4K5, PRKAA1, CAMK2B, CAMK2D, CAMK2G, PRKX/Y, CDK5, PTK2, 

PTK2B, GSK3B, Src, Akt1/2, Ribosomal protein S6 kinase, Stk3, MRCK, N1, Nek9, TBK1, 

CSK, Fer, Fes, Lck, Lyn). About ~50% of these Dha/Dhb sites map to corresponding Ser/Thr sites 

that have been observed to be phosphorylated (including MAPK1, MAPK14, MAPK3, MAP3K19, 

MAP2K3/6, CAMK2D, PTK2, Ribosomal protein S6 kinase, MRCK, N1, Nek9, TBK1, Lck, 

Lyn). Another smaller number of Dha and Dha-adducts detected in the proteomic databases are at 

Cys sites suggesting that elimination also takes place at these residues (Supplemental Table 3). 

We attempted to detect dehydroamino acid-containing proteins by incubating lysates of 

TKO and wt MEF cells with GSH and LanCL1/2, and conducting Western blot analysis with anti-

GSH antibodies. No clear differences were observed. We attribute the absence of an abundance of 

dehydroamino acid containing proteins in the TKO MEF cells to the expected low rate and hence 

low occurrence of elimination as well as the relatively short timepoints (days) of these cell-based 

assays. Therefore, the eliminylome is not anticipated to be highly abundant and catalytic effects 

due to misregulation of enzymatic signalling activity such as shown for MEK1 may be more 

detrimental than stoichiometric effects through the formation of electrophiles in the proteome. 

 

LanCL1/2/3 TKO mice are at risk of premature death 

 We previously reported that TKO mice did not display any obvious phenotype (He et al., 

2017). However, at two different time periods separated by several years (see STAR methods), we 

observed a strikingly similar and prominent phenotype for LanCL KO mice. In both cases, roughly 

25-30% of KO mice died prematurely at ages between 2 and 6 months whereas age-matched wt 

mice that were co-housed with the KO mice did not display such a phenotype (Figures 6H and 

S7D&E). The KO mice that did not die by 6 months did not display any further phenotype. The 
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TKO mice that died were submitted for histopathology analysis but no common underlying 

abnormalities were detected that could explain the premature death (see STAR methods). In 

addition, heart and brain tissue of mice that died prematurely as well as age- and gender matched 

wt and surviving TKO mice were incubated with LanCL1/2 and GSH and analyzed by Western 

blot for glutathionylated proteins. No differences were observed for the three populations. Thus, 

the cause of death is not known and neither is the stimulus that causes the highly similar phenotype 

at two different times (2011 and 2020), but not in the intervening period. However, the premature 

death of a large number of LanCL KO mice (Figures 6H and S7D,E) clearly demonstrates that 

under certain circumstances the absence of these proteins causes lethality. 

 

DISCUSSION 

LanCL proteins were first identified two decades ago (Bauer et al., 2000; Mayer et al., 

2001b; Mayer et al., 1998), but their activity remained unknown. The possibility that these proteins 

might be responsible for generation of lanthionine in the brain was recently ruled out (He et al., 

2017). In this study, we uncovered a non-canonical glutathionylation activity of LanCL proteins. 

Pathogen effector pThr lyases were utilized to generate dehydroamino acid containing peptides 

that mimic the activation loop of ERK and Akt kinases. With these peptides, LanCL proteins added 

GSH to the Dhb residues, which are much less electrophilic than Dha residues and do not show 

appreciable non-enzymatic background reactivity with GSH. Importantly, the glutathionylation 

activity results in a thioether-linked structure as opposed to the well known disulfide linked S-

glutathionylation generated in response to oxidative stress (Cooper et al., 2011; Dalle-Donne et al., 

2009; Grek et al., 2013; Yang et al., 2016). 

Additionally, Dha-containing MEK and ERK were generated using a chemical 

mutagenesis strategy and glutathionylation activity was observed when treating Dha-MEK1 and 

Dha-ERK1 with LanCL1/2. These data potentially explain why LanCL proteins have affinities 

toward many different cellular kinases in mammalian systems (Figure 1E), but unbiased proteomic 

analysis suggests LanCL1/2 interact with many other proteins that are not kinases. Consistent with 

a potentially wide array of substrates, LanCL proteins appear tolerant of the protein sequence in 

which the dehydroamino acids occur as GSH was added to both mammalian and bacterial 

substrates. Collectively, these findings potentially indicate that LanCL proteins might act on a 

variety of dehydroamino acid-containing proteins, which may be formed by damage to 
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phosphorylated proteins as well as proteins that undergo eliminative damage at Cys. Our data also 

show that His6-MEK1-Dha222 is glutathionylated by wt MEF cell extracts but not by triple LanCL 

knockout MEF cell extracts. These data imply that no other GSH activating proteins can catalyze 

non-canonical C-glutathionylation of Dha-MEK1 in these cells. Importantly, the glutathione-

conjugated MEK1 proteins lost most of the activity present in Dha-containing MEK1. 

Overall, our study provides insights into the longstanding puzzle of LanCL protein 

activities. Glutathione adducts have been observed previously in cells with long-lived proteins in 

tissues such as the human lens, cardiac myocytes, and neurons, but were believed to be formed 

non-enzymatically (Cooper et al., 2011; Friedman, 1999; Linetsky et al., 2004; Linetsky and 

LeGrand, 2005; Wang et al., 2014). Importantly, these adducts are found at sites that are 

phosphorylated during normal physiology and the dehydroamino acids are thought to be formed 

by non-enzymatic phosphate elimination (Wang et al., 2014). Intriguingly, LanCL levels in eyes, 

brain, cardiac myocytes and neurons are elevated at the transcriptomic and proteomic level (Forrest 

et al., 2014; Geiger et al., 2013; Huttlin et al., 2010; Kawaji et al., 2017; Kim et al., 2014; Mayer 

et al., 2001a; Mayer et al., 2001b), providing a potential link between tissue distribution of the 

enzyme and substrate presence. Whereas non-enzymatic GSH addition to Dha has a detectable 

background rate (Figure 5), non-enzymatic addition to Dhb is not detected under physiological 

conditions. Therefore, the GSH adducts observed in proteomic studies at positions that are known 

Thr phosphorylation sites (Wang et al., 2014) would very likely require enzymatic catalysis. The 

data with the cell extracts of wt and TKO mouse MEF cells demonstrate that endogenous LanCL, 

but not other proteins, can catalyze addition of GSH to Dha-MEK1. The high sequence tolerance 

with respect to dehydroamino acid containing peptides/proteins accepted as substrates by 

LanCL1/2 would ensure that electrophilic sites in the form of dehydroamino acids present in 

diverse proteins could be removed. It is possible that LanCL1-3 will have substrate selectivity in 

cells and organisms and indeed such selectivity is observed in vitro (e.g. Figure 5C). 

In addition to the glutathione adducts that have been detected previously, protein cross-

links such as lanthionine (Lan), histidinoalanine (HAL) and lysinoalanine (LAL) have been 

identified in various settings including the human lens and the abundance of these cross-links are 

increased in aged human cataractous lens (Friedman, 1999; Linetsky et al., 2004). These crosslinks 

are thought to be formed by nucleophilic addition of the side-chains of Cys, His, and Lys to Dha 

and Dhb generated in turn by phosphate elimination of pSer and pThr (Linetsky et al., 2004; Wang 
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et al., 2014). It has been predicted that dehydroamino acids are likely generated in other tissues as 

well by -elimination of activated Ser/Thr/Cys residues (Cooper et al., 2011), leading to the 

suggestion that an eliminylome may be present in cells (Brennan and Barford, 2009). Indeed, our 

initial survey of proteomics data suggests that elimination at known Cys and phosphorylated Ser 

sites to Dha and phosphorylated Thr sites to Dhb may be quite common. It would be surprising if 

mammals would not have evolved a protection mechanism to prevent protein cross-linking and 

irreversible kinase (in)activation involving dehydroamino acids. Non-canonical glutathionylation 

catalyzed by LanCL proteins might serve this function. Glutathionylation does not repair 

eliminated proteins, unlike for instance the repair methyltransferases that convert isoAsp back to 

Asp (McFadden and Clarke, 1987). But LanCL proteins would provide containment of the 

eliminylome. The importance of such containment is implied by the phenotype of LanCL KO mice. 

At present we do not know why the striking premature death phenotype is not observed 

continuously and suspect that a currently unknown environmental factor likely induces the 

phenotype when in a LanCL(-) background. The absence of a clear pathological cause of death 

makes it challenging to identify the molecular mechanism especially since a potential misregulated 

enzyme such as that shown for MEK1 could be formed in very small amounts, and yet, due to its 

catalytic signalling potential, have major and/or amplified effects. Future studies will need to 

investigate the many lines of research that may be able to provide more insights for such transient 

and/or amplified events. 

Notably, the existence of an eliminylome was previously suggested to be part of a regulated 

suppressing mechanism (Brennan and Barford, 2009). Here we reveal that it can be part of an 

activating mechanism. Given the natural occurrence of elimination and the existence of pathogens 

that utilize virulence-determining enzymes that drive phosphate elimination at kinase activation 

sites, we speculate that such elimination processes might have a further, dysregulatory effect in 

addition to primary, dynamic phosphorylation-dephosphoryation. Conflicting observations have 

been made on the effect of the pathogen effector protein OspF upon host kinase activity: whilst 

some suggest decreased activity (Arbibe et al., 2007), other studies suggest that OspF instead 

drives higher kinase activities (Zurawski et al., 2006). Similarly, in the phosphoproteomes of 

Shigella-infected human epithelial cells both decreases and increases of global phosphorylation 

levels have been reported (Schmutz et al., 2013). The basis of the previously unexplained 

activation of the MEK/ERK pathway in cellulo following Shigella infection (Zurawski et al., 2009) 
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might be explained by effects similar to the elimination-activation effects that we demonstrate in 

vitro for MEK1. Kinases that would be activated by phosphate elimination would no longer be 

sensitive to dephosphorylation by phosphatases and therefore a subsequent glutathionylation event 

would be essential for preventing dysregulation. 

 

Limitations of the Study 

The current study demonstrates that LanCL1 and -2 add GSH to dehydro amino acids in peptides 

and proteins. We cannot rule out that these enzymes also have activity with other electrophilic 

substrates. Our data show that elimination of phosphate in the activation loop of MEK1 leads to 

activation of its kinase activity but the generality of this effect in other enzyme contexts needs to 

be investigated. The premature death phenotype of TKO mice appears triggered by one or more 

currently unknown factor(s) that need to be identified. We propose that the phenotype is caused 

by dysregulation caused by eliminative damage to one or more unknown proteins, but this needs 

to be confirmed in future studies. 
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Figure legends 

 

Figure 1. Structural and pulldown analyses of LanC-type domains and LanCL proteins 

reveal common architectures and affinity for kinases. (A) Crystal structures of human LanCLs, 

bacterial NisC (PDB ID 2G0D), and a LanC-domain in a LanM (CylM; PDB ID 5DZT). (B) Partial 

sequence alignment of NisC, the cyclase domain of CylM, and human LanCLs. The residues 

proposed to protonate the enolate intermediate during Michael-type addition to dehydroamino 

acids are in red. Zinc ion binding residues are in yellow. (C) GSH binding pocket is conserved in 

LanCL1 and LanCL2 but not LanC/LanMs. The apo structure of 1-18-LanCL2 (green sticks) was 

superimposed with the LanCL1-GSH co-crystal structure (blue sticks; PDB: 3E73). Arg22 is not 

observed in the electron density of LANCL2. Pink sticks show GSH. (D) Crystal structure of CylM 

showing interaction of a LanC-type cyclase domain (red) with a kinase-like dehydratase domain 

(gold). (E) His-pulldown assay with LanCL proteins. Recombinant His-tagged human LanCL1 

and LanCL2 show affinity for several cellular kinases from HEK293 cell extracts. For pulldown 

of endogenous LanCL2 with a subset of these kinases, see Figure S1. 
 

Figure 2. Eliminative damage in peptides catalyzed by the pathogen pThr lyases SpvC or 

OspF and addition of GSH to these eliminated peptides by wt LanCL1 and LanCL2 but not 

mutants. (A) MALDI-TOF mass spectra of phospho-ERK peptide treated with His6-SpvC and 

phospho-Akt peptide treated with His6-OspF resulting in a loss of 98 Da. See Supplemental Table 

2 for calculated and observed masses and Figure S1C for fragmentation data. (B) MALDI-TOF 

mass spectra of Dhb-containing ERK peptide treated with wt LanCL1- and 2 or mutants in the 

presence of GSH. (C) MALDI-TOF mass spectra of Dhb-containing Akt peptide treated with wt 

LanCL1 and LanCL2 or mutants. (D) Active sites of LanCL1 bound to GSH (PDB ID 3E73) and 

the intra-molecular C-S bond forming catalyst NisC (PDB ID 2G0D). (E,F) Loss of catalytic 

activity upon mutation reveals the importance of the His proposed to protonate the enolate during 

intramolecular nisin cyclase C–S-bond-forming activity as well as intermolecular LanCL-

catalyzed C-glutathionylation. The zinc ion binding Cys residues are also essential for LanCL 

activity. 

 

Figure 3. A strategy for chemical generation of eliminated MEK1 proteins. (A) Overall 

sequence for site-selective incorporation of Dha at regulatory Ser sites in kinases. Reaction of the 

most reactive Cys over less reactive Cys was used to allow chemical, regioselective incorporation 

of Dha at different sites. SDM, site directed mutagenesis. (B) MEK1, its six native free Cys (black, 

grey, red) and two activating Ser sites 218 (cyan) and 222 (blue); Table: Predicted side-chain 

accessibility of sites with/without ‘masking’ nucleotide and Mg(II); (C) Schematic of predicted 
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structural and accessibility effects of ‘masking’ and enhancing ligands; Cys207 is blocked by 

ATPγS; 218 & 222 are more accessible with Mg(II). See also Figure S2. 

 

Figure 4. Reagent-controlled, regioselective, chemical elimination reactions of MEK1 allow 

single site and double site elimination. Switching of reagents and conditions selectively avoids 

unwanted, competing chemical pathways (dotted) and yields clean chemical elimination (bold) to 

desired proteins: (A) MEK1-Dha222 (B) MEK1-Dha218, or (C) MEK1-Dha218Dha222. Intact 

protein LC-ESI-MS shown; see Supplemental Table 2 for calculated and observed masses, Figure 

S2 for structures of reagents, and Figures S3-S5 for all data. 

 

Figure 5. LanCL proteins catalyze non-canonical C-glutathionylation of dehydroamino acid 

containing proteins. (A) In vitro binding analysis of MBP-LanCL2 with His6-MEK1-Dha218 by 

His-pulldown assay. (B) LanCL1 and LanCL2 (2 µM) C-glutathionylate His6-MEK1-Dha218. The 

conversions of Dha-MEK1 (2 µM) to GS-MEK1 after 40-min incubation with 1.0 mM GSH at 25 
oC (Dha-MEK1: LanCL = 1:1) are shown as deconvoluted LC mass spectra. (C) Time course of 

GSH (2.5 mM) addition to MEK1-Dha218 (6 µM) catalyzed by LanCL1/2 (1.2 µM). The 

formation of GS-MEK1 was monitored according to the intensities of each product from 

deconvoluted spectra on LCMS. (D) Pseudo-single substrate Michaelis-Menten plot in the 

presence of LanCL1 or LanCL2 (Dha-MEK1, 6 µM; LanCL1/2, 1.2 µM). All kinetic assays were 

performed in triplicate. Initial reaction velocity at different GSH concentrations was calculated by 

linear regression fit to the Michaelis-Menten equation of the formation of GS-MEK1 over time 

using OriginPro9.7 for apparent kinetic parameters KM and kcat. For spectra and data with Dhb-

Erk2 see Fig. S7; for kinase activity of Dha- and GS-MEK1, see Fig. S6. 

 

Figure 6. LanCL-catalyzed C-glutathionylation shows flexible substrate selectivity, high 

stereoselectivity, is the major C-glutathionylation activity in cells, and under certain 

circumstances the absence of LanCL proteins leads to lethality. (A, B, C) LanCL2, but not an 

active site variant, adds GSH to (A) ProcA 2.8 mut, (B) CylLS'', and (C) CylLL''. Eliminated (Dha 

or Dhb) residues are highlighted in red; Cys residues involved in thioether linkages are in green. 

(D) Comparative activity of LanCL2-His6 and His6-GSTA4 with Dhb-containing ERK peptide. 

(E) Non-canonical glutathionylation was observed with His6-MEK1-Dha222 when incubated with 

wt MEF cell extracts. No glutathionylation was observed when His6-MEK1-Dha222 was treated 

with cell extract of LanCL1-3 triple knockout (TKO) MEF cells. (F) Structure of DL- and LL-

MeLan. (G) GC-MS analysis of the methyllanthionine in glutathionylated Dhb-ERK peptide. Deep 

blue: DL-MeLan synthetic standard; Red: LL-MeLan synthetic standard; Cyan: derivatized 

residue from GS-ERK peptide; Co-injection of derivatized MeLan from the GS-ERK peptide with 

DL standard (orange) or LL standard (pink). (H) Kaplan-Meier survival curve of WT (n = 58) and 

LanCL TKO (n = 47) FVB mice. Censored individual mice are shown as a tick mark (see STAR 

methods). Gehan-Breslow-Wilcoxon test showed a P value of 0.0004. Statistical significance was 

accepted at P < 0.05. 

 

TABLES 

 

Substrate Enzyme KM (µM) kcat (min-1) Vmax (µM/min) 

MEK-Dha218 

MEK-Dha218 

LanCL1 

LanCL2 

28.1 ± 6.1a 

63.4 ± 10.0a 

0.15 ± 0.01a 

0.021 ± 0.002a 

0.18 ± 0.01a 

0.025 ± 0.002a 
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Dhb-ERK peptide LanCL1 115 ± 21b 7.7 ± 0.5 3.9 ± 0.3 

Dhb-ERK peptide LanCL2 210 ± 75b 10.1 ± 1.9 5.0 ± 1.0 

Dhb-CylLs'' LanCL2 250 ± 51b 11.8 ± 1.2 5.9 ± 0.6 

 

Table 1. Kinetic parameters of addition of GSH to various substrates catalyzed by LanCL1/2. a 

Apparent Km,GSH and kcat values at fixed [MEK-Dha218] of 6.0 M. b Km,peptides at 1 mM GSH. 

The error bars are derived from fits of the data from triplicate experiments by global least-square 

regression to solutions of the Michaelis Menten equation using OriginPro9.7. 

 

Supplemental Figure Legends 

 

Figure S1. His-pulldown assays with His6-LanCL1 and LanCL2-His6, generation of Dhb-

peptides, and activity of LanCL mutants. Related to Figure 1 and 2. (A) His-pulldown assay 

for LanCL2-His6 and His6-LanCL1. Only a small fraction of each kinase was pulled down by His6-

LanCL1 and LanCL2-His6. (B) Endogenous LanCL1/2 were co-immunoprecipitated by anti-p110, 

anti-mTOR and anti-Vps34 antibodies in HEK293 cells. (C) MSMS for Dhb-ERK peptide and 

Dhb-Akt peptide. (D-F) Phosphate elimination by His6-SpvC and glutathionylation of Dhb-ERK 

(with pTyr) by LanCL2-His6. (D) Phosphate elimination by His6-SpvC using phospho-ERK 

peptide containing a pTyr residue as substrate. (E) MSMS for Dhb-ERK (with pTyr residue). (F) 

ESI-LC-MS analysis of LanCL2 activity using Dhb-ERK (with pTyr residue) as substrate. EIC, 

extracted ion chromatogram; ESI, electrospray ionization. (G) Generation of Dha in GSH 

peroxidase (GPX) by H2O2 treatment, which was verified by addition of biotinylated cysteamine. 

No GSH adduct was observed upon incubation of the Dha-GPX with LanCL1/2 and GSH. (H) 

Left, partial conversion with -Glu-Cys (-EC) (1 mM) and Dhb-Erk by LanCL2 but not its double 

mutant after 12 h. Right, near complete conversion with free Cys (1 mM) and Dhb-Erk by LanCL2 

but not its double mutant after 12 h. (I) Anti-GSH antibody can recognize non-canonical 

glutathionylation. (J) His6-phospho-ERK2 was eliminated by His6-OspF and the resulting His6-

ERK2-Dhb185pTyr187 was glutathionylated by MBP-LanCL2 as demonstrated by Western blot. 

(K) Tandem MS analysis of native and glutathionylated CylLS'' and CylLL''. (L) Non-canonical 

glutathionylation is catalyzed by endogenous LanCLs. Glutathionylation of His6-MEK1-Dha222 

was observed by Western blotting. 

 

Figure S2. Scoping and Controlling Chemical Elimination of MEK1. Related to Figure 3. (a) 

Panel of DBHDA derivatives used in this study. 1,4-Bis-alkylating/elimination agents ‘tuned’ by 

indicated properties (magenta). (b) Reagent Synthesis: i. SOCl2, reflux, 1.5h then NBS,HBr/CCl4, 

reflux, 3 h; ii. NH3OH, 0 °C, 1.5h; iii. NaI, acetone, reflux, 4 h; iv. H2O/THF (1:1), 0 °C, 2 h; v. 

SOCl2, reflux, 1.5h then RNH2 then trituration in H2O.  (c) Differential scanning fluorimetry 

(Niesen et al., 2007) showed strong binding of putative masking/enhancing ligands to form 

MEK1•ATP(Mg) and MEK1•ATPγS(Mg2+) for model mutant substrate MEK1-C222. (d)  

MEK1 mutant proteins, in the absence of masking nucleotide / metal gave products of unwanted 

reaction at Cys207 with parent reagent DBHDA. MEK1-C218 (22 µM) in 20 mM Tris, 100 mM 

NaCl, pH 8 buffer treated with DBHDA (4.4 mM) at 37 °C afforded overalkylated MEK1Dha218 

(Mcalc.=45862, Mobs.=45866) after 4 h; MEK1-C222 (22 µM) in the same buffer treated with 

DBHDA (4.4 mM) at 37 °C afforded overalkylated MEK1-Dha222 (Mcalc.=45862, Mobs.=45867) 

after 4 h, MSMS of the tryptic peptide 206-227 confirmed the overalkylation at C207; MEK1-

C218C222 (22 µM) in the same buffer treated with DBHDA (4.4 mM) at 37 °C afforded 
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overalkylated stapled MEK1-C218C222 (Mcalc.=46052, Mobs.=46057) after 4 h. (e) Use of 

alternative alkylating agents did not prevent unwanted C207 reaction in MEK1-C222. MEK1-

C222 (33 µM) in 20 mM Tris, 100 mM NaCl, pH 8 buffer treated with DBDMet (6.6 mM) at 37 

°C afforded a mixture 85% MEK1-Dha222 (Mcalc.=45642, Mobs.=45646) and 15% overalkylated 

MEK1-Dha222 (Mcalc.=45890, Mobs.=45891) after 3 h; MEK1-C222 (22 µM) in the same buffer 

treated with DBDGla (4.4 mM) at 37 °C afforded overalkylated MEK1Dha222 (Mcalc.=45982, 

Mobs.=45981) after 3 h; MEK1-C222 (33 µM) in the same buffer treated with DBHDAc (6.6 mM) 

at room temperature afforded substituted MEK1 (Mcalc.=45979, Mobs.=45983) after 24 h. (f) 

Treatment of MEK1-C222 with DBHDA in the presence of ATP. MEK1-C222 (22 µM) in 20 mM 

Tris, 100 mM NaCl, 10 mM ATP, pH 8 buffer treated with DBHDA (4.4 mM) at 37 °C afforded 

a mixture of 85% MEK1-Dha222 (Mcalc.=45642, Mobs.=45645) and 15% overalkylated MEK1-

Dha222 (Mcalc.=45862, Mobs.=45866) after 6 h. 

 

Figure S3. Construction of MEK1-Dha222. Related to Figure 4. (a) Treatment of MEK1-C222 

with DBHDA in the presence of ADP-Mg. MEK1-C222 (33 µM) in 20 mM Tris, 100 mM NaCl, 

10 mM ADP, 25 mM MgCl2, pH 8 buffer treated with DBHDA (6.6 mM) at 37 °C afforded pure 

MEK1-Dha222 (Mcalc.=45642, Mobs.=45646); (b) LCMSMS of the tryptic/AspN peptides 

containing cysteine residues confirmed the formation of Dha exclusively at position 222. (c) 

MEK1-C222 (44 µM) in 20 mM Tris, 100 mM NaCl, 10 mM ADP, 25 mM MgCl2, pH 8 buffer 

treated with DBDGla (8.8 mM) at 37 °C afforded MEK1-Dha222 (Mcalc.=45642, Mobs.=45641) 

after 4 h; Dha position was confirmed by LC-MSMS of peptide 206-227; (d) MEK1-C222 (44 

µM) in 20 mM Tris, 100 mM NaCl, 10 mM ADP, 25 mM MgCl2, pH 8 buffer treated with DIB 

(2000 equiv) at 37 °C afforded MEK1-Dha222 (Mcalc.=45642, Mobs.=45645) after 20 h; Dha 

position was confirmed by LC-MSMS of peptide 207-227; (e) MEK1-C222 (44 µM) in 20 mM 

Tris, 100 mM NaCl, 10 mM ADP, 25 mM MgCl2, pH 8 buffer treated with MDBP (4.4 mM) at 

37 °C afforded MEK1-Dha222 (Mcalc.=45642, Mobs.=45642) after 5 h, Dha position was confirmed 

by LC-MSMS of peptide 217-227. 

 

Figure S4. Construction of MEK1-Dha218. Related to Figure 4. (a) Treatment of MEK1-

C218 with DBHDA in the presence of ADP-Mg. MEK1-C218 (22 µM) in 20 mM Tris, 100 mM 

NaCl, 10 mM ADP, 25 mM MgCl2, pH 8 buffer treated with DBHDA (4.4 mM) at 37 °C 

afforded a mixture of MEK1Dha218 (Mcalc.=45642, Mobs.=45645) and 25% overalkylated 

MEK1-Dha222 (Mcalc.=45785, Mobs.=45785) after 15 h; (b) LC-MSMS of the tryptic peptide 

206-227 confirmed the formation of Dha at position 218; (c) Longer reaction time lead to the 

formation of more adducts. (d) MEK1-C218 (44 µM) in 20 mM Tris, 100 mM NaCl, 10 mM 

ADP, 25 mM MgCl2, pH 8 buffer treated with DBDGla (4.4 mM) at 37 °C afforded exclusively 

MEK1-Dha218 (Mcalc.=45642, Mobs.=45647) after 20 h, the position was confirmed by LCMSMS 

analysis of peptide 206-227; (e) MEK1-C218 (44 µM) in the same buffer treated with MDBP 

(4.4 mM) at 37 °C afforded exclusively MEK1-Dha218 (Mcalc.=45642, Mobs.=45647) after 4 h, 

the position was confirmed by LC-MSMS analysis of peptide 206-227. (f) Treatment of Δ1-

60MEK1-C218 with MDBP in the presence of ADP-Mg. Δ160MEK1-C218 (55 µM) in 20 mM 

Tris, 100 mM NaCl, 10 mM ADP, 25 mM MgCl2, pH 8 buffer treated with MDBP (5.5 mM) at 

room temperature only afforded Δ160MEK1-Dha218  (Mcalc.=36611, Mobs.=36616) after 14 h. 

 

Figure S5. Construction of MEK1-Dha218Dha222. Related to Figure 4. (a) Treatment 

of MEK1-C218C222 with DBHDA analogues in the presence of nucleotide-Mg. MEK1-
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C218C222 (22 µM) in 20 mM Tris, 100 mM NaCl, 10 mM ATP, 25 mM MgCl2, pH 8 

buffer treated with DBHDA (4.4 mM) at 37 °C afforded a mixture 60% pMEK1-Dha222 

(Mcalc.=45738, Mobs.=45741), 20% MEK1-Dha222 (Mcalc.=45658, Mobs.=45661) and 20% 

phosphorylated stapled MEK1-C218C222 (Mcalc.=45912, Mobs.=45914) after 5 h; (b) 

MEK1-C218C222 (22 µM) in 20 mM Tris, 100 mM NaCl, 10 mM ADP, 25 mM MgCl2, 

pH 8 buffer treated with DBHDA (4.4 mM) at 37 °C afforded a mixture 50% MEK1-

Dha222 (Mcalc.=45658, Mobs.=45658) and 50% stapled MEK1C218C222 (Mcalc.=45832, 

Mobs.=45831) after 5 h; (c) MEK1-C218C222 (44 µM) in 20 mM Tris, 100 mM NaCl, 10 

mM ADP, 25 mM MgCl2, pH 8 buffer treated with DBHDA (8.8 mM) at 37 °C afforded a 

mixture 23% MEK1-Dha218Dha222 (Mcalc.=45624, Mobs.=45627), 18% MEK1-Dha222 

(Mcalc.=45658, Mobs.=45668) and 59% stapled MEK1-C218C222 (Mcalc.=45946, 

Mobs.=45951) after 14 h. (d) Treatment of MEK1-C218C222 with MDBP in the presence of 

ADP-Mg. MEK1-C218C222 (22 µM) in 20 mM Tris, 100 mM NaCl, 10 mM ADP, 25 mM 

MgCl2, pH 8 buffer treated with MDBP (4.4 mM) at room temperature afforded exclusively 

MEK1-Dha218Dha222 (Mcalc.=45624, Mobs.=45628) after 15 h; (e) LCMSMS of the tryptic 

peptide 206-227 confirmed the formation of Dha at position 218 and 222. (f) Comparative 

circular dichroism measurement of MEK1-Cs and MEK1-Dhas. 

 

Figure S6. Kinase activity assay of MEK1. Related to Figure 5. (a) Sequential and 

distributive proposed mechanism of ERK1 phosphorylation by MEK1. (b) The 

phosphorylation of ERK1K71R by MEK1 construct was monitored by LCMS. The 

intensities of the deconvoluted peaks corresponding to ERK1 (Mcalc. = 44058), pERK1 (Mcalc. 

= 44138), and ppERK1 (Mcalc. = 44218) were recorded over time (Figure S18). The 

conversions were calculated from these intensities and plotted. (c) Differential equation 

defined the phosphorylation constants kf1 and kf2. These constants were calculated by fitting 

the analytical equations. (d) ESI-MS progress curves allowing time course analysis of ERK1 

by MEK1 variants. ERK1-K71R was incubated with MEK1 variant in 50 mM Tris, 30 mM 

NaCl, 1 mM ATP, 10 mM MgCl2, 0.2 mM DTT,  pH 7.5 at 30 °C. 

 

Figure S7. LanCL proteins catalyze C-glutathionylation of MEK-Dha and ERK2-Dha. 

Related to Figure 5 and Table 1. (A) End-point assays of LanCL1 and LanCL2 (6.0 µM) with 

His6- MEK1-Dha218 as the substrate for glutathionylation. The conversions of MEK1-Dha218 (6 

µM) to MEK1-GS218 after 2-h incubation with 1.0 mM GSH at 25 oC were shown by 

deconvoluted spectra of LC-MS. (B) Wild-type or mutant LanCL catalyze C-S glutathionylation 

of ERK1-Dha202. The Michael addition of 0.5 mM GSH to Dha-containing ERK protein (6 µM) 

was monitored by LC-MS after 3-h incubation with LanCL proteins (6.0 µM) at 25 oC. Top right 

inset: Time-dependent GSH addition to ERK1-Dha202 catalyzed by wild-type (LanCL1 or 

LanCL2) or mutant LanCL proteins (LanCL1-C322A or LanCL2-C321A/C367A). The conversion 

to ERK1-GS202 was quantified using intact mass LC-ESI-MS and is plotted here as the value over 

background chemical GSH addition (~0.13 M-1 s-1 under these conditions) in the absence of 

enzyme. (C) LanCL2 adds GSH to GST-3XFlag-ERK2-Dhb185pY187 generated using the pThr 

lyase OspF. (D) Kaplan-Meier survival curve of female WT (n = 33) and LanCL TKO (n = 27) 

FVB mice (P = 0.0052) and male WT (n = 25) and LanCL TKO (n = 20) FVB mice (P = 0.0332). 

Gehan-Breslow-Wilcoxon P test. (E) Survival curve of age-matched FVB WT mice (n = 24) and 

LanCL2 -/- mice (n = 50). 
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Excel Supplemental Table titles and legends 

 

Supplemental Table S1. Unbiased protein pulldown and proteomics analysis. Related to 

Figure 1E. 

 

Supplemental Table S2. Chemical generation of Dha-containing MEK1 variants and their 

kinase activity. Related to Figures 3 and 4, and Supplemental Figures S2-S6. 

 

Supplemental Table S3. Analysis of the proteomic literature for the presence of Dha and 

Dhb proteins and their conjugates with GSH, -mercaptoethanol, Cys, and dithiothreitol. 

Related to Figures 5, S7. 

 

Supplemental Table S4. Oligonucleotide sequences used in this study. Related to the STAR 

Methods. 

 

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, Wilfred van der Donk (vddonk@illinois.edu). 

 

Materials Availability 

Plasmids generated in this study for preparation of LanCL1/2, their variants, and their protein 

substrates were deposited to Addgene.  

 

Data and Code Availability 

The published article includes all datasets analyzed during this study. Structural data has been 

deposited in the PDB under ID 6WQ1. Mass spectral data and Western blot data have been 

deposited at Mendeley Data, http://dx.doi.org/10.17632/sgjzwcxgsr.1 and at 

https://ora.ox.ac.uk/objects/uuid:d8729aad-ca98-4f06-b14a-0a75ea306584 . 

 

 

EXPERIMENTAL MODEL DETAILS 
 

Cell culture and primary cell isolation 

Human embryonic kidney (HEK) 293 cells and primary mouse embryonic fibroblasts 

(MEFs) were cultured in Dulbecco’s Modified Eagle Media (DMEM) with 10% (v/v) fetal bovine 

serum (FBS) (Gibco) and 1X penicillin/streptomycin (final concentration for penicillin: 100 

unit/mL, streptomycin: 100 g/mL) (DMEM complete media). MEFs were isolated from 13-day 

mouse embryos. In brief, the mouse embryos were harvested and rinsed with 70% ethanol. The 

embryos were transferred into PBS buffer and organs were removed for each embryo. After all 

embryos were dissected, the tissues were minced with a scalpel and then incubated with 0.25% 

trypsin-EDTA (Thermo Fisher) at 37 °C for 15 min. Trypsin was inactivated by adding DMEM 

complete media. The isolated cells were re-suspended in DMEM complete media and cultured in 

mailto:vddonk@illinois.edu
http://dx.doi.org/10.17632/sgjzwcxgsr.1
https://ora.ox.ac.uk/objects/uuid:d8729aad-ca98-4f06-b14a-0a75ea306584


 25 

T-75 flasks. LanCL1/2/3 triple knockout (TKO) MEF cells were obtained from TKO mice (He et 

al., 2017). 

 

Animal husbandry 

All animal strains were generated in a FVB background (He et al., 2017). All animal 

experiments in this study followed protocols approved by the Animal Care and Use Committee at 

the University of Illinois at Urbana-Champaign. FVB/NJ mice were purchased from the Jackson 

Laboratory (Stock Number #001800). LanCL1-3 TKO FVB mice were generated at the University 

of Illinois at Urbana Champaign. Neither wt nor TKO FVB mice were involved in previous 

procedures and were drug and test naïve. All mice were housed and maintained in the Institute for 

Genomic Biology on a 12 h/12 h light/dark cycle with access to clean water and food (2018 Teklad 

global 18% protein rodent diet). No special treatment was given to experimental animals. Sick 

animals were given moist food by mixing their diet with clean water. 

 

Bacterial growth conditions for protein expression 

His6-SpvC, His6-OspF, His6-LanCL1, His6-LanCL1-H219, His6-LanCL1-C322A, 

LanCL2-His6, LanCL2-His6-H264A, LanCL2-His6-C321A/C367A and MBP-LanCL2 were 

expressed in E. coli Rosetta 2 (DE3) cells as either His6- or maltose binding protein (MBP) fusion 

proteins. Cells were grown in LB media with appropriate antibiotics (final concentrations: 

ampicillin, 100 g/mL; chloramphenicol, 25 g/mL) until OD600 reached 0.7. Cells were then 

induced with 0.2 mM IPTG after cooling on ice and incubated at 18 °C for 18 h unless otherwise 

noted. Cells were isolated by centrifugation and stored at -80 °C until protein purification. 

The His6-ERK2-MEK1-R4F plasmid was expressed in E. coli T7 lysY cells (New England 

Biolabs). Cells were grown in LB media with appropriate antibiotics (final concentrations: 

ampicillin, 100 g/mL; chloramphenicol, 25 g/mL) until the OD600 reached 0.7. Cells were then 

induced with 0.5 mM IPTG after cooling on ice and incubated at 18 °C for 20 h. Cells were isolated 

by centrifugation and stored at -80 °C until protein purification. 

The mutant plasmids MEK-C218 and MEK-C222 were used to transform E. coli BL21 

(DE3) competent cells and expressed as N-terminal His6-fusion proteins. Cells were grown in LB 

media with 50 µg/mL kanamycin and induced with 1 mM IPTG when the OD600 reached 0.6. The 

incubation was continued for another 12-16 h at 25 °C. Cells were isolated by centrifugation and 

stored at -80 °C until protein purification. 

 

METHOD DETAILS 
 

Plasmids 

The gene encoding LanCL1 was cloned into pET15b using XhoI and NdeI cloning sites 

(pET-15b-LanCL1; Addgene 154189). For bacterial expression of C-terminal His-tagged LanCL2, 

the human LanCL2 cDNA was subcloned into pETDuet-1 using NcoI and NotI cloning sites in 

multiple cloning site I (MCSI; pETDuet1-WT-LanCL2-C-Ter-His; Addgene 154186). The gene 

encoding LanCL2 was cloned into pMAL-p2x vector using BamHI and SalI sites (pMAL-p2x-

LanCL2; Addgene 154192). All LanCL1 and LanCL2 mutants were generated by site-directed 

mutagenesis (Addgene 154187, 154188, 154190, 154191). The cDNA encoding the 

phosphothreonine lyase OspF was synthesized by Integrated DNA technologies and amplified by 

polymerase chain reaction (PCR). The SpvC encoding gene was directly amplified by PCR using 

genomic DNA as template from S. typhimurium strain 14028 (gift from Dr. James M. Slauch at 
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the University of Illinois at Urbana-Champaign). The cDNA encoding SpvC or OspF was cloned 

into the pET15b vector using NdeI and BamHI cloning sites. The human glutathione transferase 

A4 (GSTA4) cDNA was subcloned into the pET15b vector using NdeI and BamHI sites. All 

lanthipeptides were co-expressed using the pRSFDuet vector system with the corresponding 

modification enzyme as previously reported (Dong et al., 2015; Yang et al., 2018). The ProcA2.8 

mutant (C3A/C19A/S13A) was generated by site directed mutagenesis. A list of primers for 

generating all constructs is provided in the KEY RESOURCES TABLE and Supplemental Table 

4. 

pET28a-MEK1-S222C/C277S/C376S plasmid was prepared by Genscript (1 μL, 200 

ng/μL). This plasmid encodes for an N-terminal His6 tag. In order to overcome gluconoylation, the 

plasmid was mutated at G(-19)F to afford MEK1 G(-19)F/S222C/C277S/C376S referred to as 

MEK1C222 herein. All desired mutations and deletions were performed from this original plasmid. 

MEK1-C218 (S218C/C277S/C376S; Addgene 164639), MEK1-C222 (S222C/C277S/C376S; 

Addgene 164638), MEK1-C218C222 (S218C/S222C/C277S/C376S: Addgene 164640), ERK1-

C202 (K71R/C82S/C144S/C178S/C183S/T202C/ C271S; Addgene 164647) and ERK1-C82C202 

(K71R/C144S/C178S/C183S/T202C/C271S; Addgene 164650) mutants were obtained by site-

directed mutagenesis using standard protocols and were deposited at Addgene. A list of primers 

for generating all constructs is provided in the KEY RESOURCES TABLE and Supplemental 

Table 4. The N-terminal truncated (residues 1-60) MEK1 C277SC377S, referred as Δ1-60MEK1 

mutant with a C-terminal His6 tag (residues 323-329), was constructed and cloned by SGC (Dr. 

Apirat Chaikuad) from the MEK1 plasmids described above. The gene encoding MEK1 was 

cloned into pET28a between NcoI and BamHI restriction sites (C222: Addgene 164641; C218 

Addgene 164643; C218C222 Addgene 164645).  

The following plasmids were obtained from Addgene: human ERK1 gene inserted between 

EcoRI and BamHI sites of NpT7-5 vector (gift from Melanie Cobb; RRID: 

Addgene_39229).pGEX-4T-1-3XFlag-ERK2 (gift from Kevin Janes; RRID:Addgene_47573) 

(Bose and Janes, 2013); pET-His6-ERK2-MEK1_R4F_coexpression (gift from Melanie Cobb; 

RRID:Addgene_39212) (Khokhlatchev et al., 1997). 

 

Solid-phase peptide synthesis 

Peptide synthesis was performed on a CEM Liberty microwave peptide synthesizer. 

Standard Fmoc protected amino acids were used unless otherwise noted. 2-(6-chloro-1H-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) was used as 

activator, 2 M N,N-diisopropylethylamine (DIPEA) in N-methyl-2-pyrrolidone (NMP) as activator 

base and 20% piperidine in dimethylformamide (DMF) as deprotection agent. Synthetic peptides 

were cleaved from the resin by adding cleavage cocktail (90/7.5/2.5 TFA/triisopropylsilane/H2O) 

for 2 h and crude peptides were precipitated in ice-cold diethyl ether. Precipitants were then air-

dried to remove residual diethyl ether. The dried precipitants were dissolved in water and purified 

by RP-HPLC (Macherey-Nagel, VP 250/10 Nucleodur C18 HTec, 5 m) at 1 mL/min flow rate 

with the following gradient of solvent A (0.1% trifluoroacetic acid in H2O) and B (0.1% 

trifluoroacetic acid in MeCN): linear gradient from 2% to 85% B in 40 min, followed by a gradient 

from 85% to 98% B in 2 min. 

 

Protein purification 

For His-tagged proteins, cell pellets from 1 L of cell culture were resuspended and lysed 

in 25 mL of lysis buffer (20 mM Tris, 500 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 
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5 mM imidazole, 10% glycerol, pH 8.0). Lysates were centrifuged at 4 °C for 30 min at 75,000 g 

and supernatants were filtered with centrifugal filters (Fisher Scientific). NiNTA purification was 

performed using a 5 mL HisTrap coumn (GE Healthcare). After loading the clarified lysate, the 

column was applied to an Äkta Pure FPLC system (GE Healthcare) using solvent A (20 mM Tris, 

500 mM NaCl, 1 mM TCEP, 5 mM imidazole, 10% glycerol, pH 8.0) and solvent B (20 mM Tris, 

500 mM NaCl, 1 mM TCEP, 500 mM imidazole, 10% glycerol, pH 8.0). The loaded column was 

washed at 1.5 mL/min with a linear gradient from 0 to 20% solvent B over 23 column volumes 

(CV) and eluted with 100% solvent B for 10 CV. The purest fraction was identified by SDS-PAGE 

and concentrated by 10 kDa cutoff Amicon ultracentrifugal filters (Millipore). For MBP-tagged 

protein purification, cell pellets from 1 L of cell culture were resuspended and lysed in 10 mL of 

MBP purification buffer (20 mM Tris, 150 mM NaCl, pH 8.0). Lysates were centrifuged at 4 °C 

for 30 min at 75,000  g and supernatants were filtered with centrifugal filters (Fisher Scientific). 

The filtered lysate was applied to 3 mL of amylose resin (New England Biolabs) and eluted with 

MBP elution buffer (20 mM Tris, 150 mM NaCl, 200 mM maltose, pH 8.0). Fractions were 

identified by SDS-PAGE and concentrated using 10 kDa cutoff Amicon ultracentrifugal filters 

(Millipore).  

For purification of the phosphorylated His6-ERK2 protein, cell pellets from 1 L of cell 

culture were resuspended and lysed in 25 mL of lysis buffer (20 mM Tris, 500 mM NaCl, 1 mM 

tris(2-carboxyethyl)phosphine (TCEP), 25 mM NaF, 1 mM NaVO3, 25 mM -glycerophosphate, 

5 mM imidazole, 10% glycerol, pH 8.0). Lysates were centrifuged at 4 °C for 30 min at 75,000 g 

and supernatants were filtered with centrifugal filters (Fisher Scientific). The His6-ERK2 was 

purified using the same procedure as described above, and its phosphorylation was confirmed by 

intact protein MS. 

Pellets of cells expressing MEK-C218 and MEK-C222 were resuspended in 30 mL of lysis 

buffer (50 mM HEPES, 500 mM NaCl, 20 mM imidazole, 5% glycerol, 0.5 mM TCEP, 1% Triton 

X-100, pH 7.5) for 1 h and sonicated using a microtip. The supernatant was separated by 

centrifugation (20,000 rpm, 30 min at 4 oC) and loaded onto a 5 mL HisTrap column. The column 

was washed using HEPES buffer with increased amounts of imidazole (20-60 mM). The target 

protein was eluted with 80 to 500 mM imidazole in HEPES buffer, identified with SDS-PAGE 

and mass spectrometry, and concentrated by the use of Vivaspin 6 10kDa-cutoff concentrator. 

Expression of ERK1-C202 and ERK1-C82C202 mutants 

For in vitro MEK1 activity assay and the generation of dehydroalanine-containing ERK1, 

a series of plasmids encoding wt ERK1 or mutants (ERK1-C202 and ERK1-C82C202) was 

constructed. ERK1 wt or mutant gene with a His6-tag at its N-terminus was inserted into the 

expression vector NpT7-5 between EcoRI and BamHI sites, and the plasmid was used to transform 

E. coli BL21(DE3) competent cells. °C Then 1 mM IPTG was added to induce protein expression, 

and after further 16-h incubation at 25 oC, cell pellets were harvested. ERK1 protein was purified 

by the use of Ni-NTA column, and its purity verified through SDS-PAGE and LC-MS. 

 

His-pulldown assays for Western blot analysis 

HEK293 cells were rinsed with ice-cold PBS buffer and lysed in His-pulldown buffer (20 

mM Tris, 150 mM NaCl, 25 mM NaF, 25 mM β-glycerolphosphate, 0.1 mM NaVO3, 20 mM 

imidazole, 0.3% Triton X-100, pH 8.0 and 1X Halt protease inhibitor cocktail [Thermo Fisher]). 

HEK293 cell extracts were micro-centrifuged at 14,100 g for 20 min at 4 °C and supernatants 

were transferred into clean vials. Recombinant His-tagged LanCL1 or LanCL2 (4 M) were added 
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into HEK293 cell extracts and incubated at 4 °C. After 2 h, cell extracts were treated with 30 L 

of HisPur Cobalt resin (Thermo Fisher) for His-pulldown at 4 °C for 1 h. The cobalt resin was 

washed with 500 L of His-pulldown buffer three times and boiled with 30 L of 2X Laemmli 

buffer (Bio-Rad). All samples were analyzed by Western blotting. 

 

His-pulldown assays for unbiased MS-based proteomics 

HEK293 cells were rinsed with ice-cold PBS buffer and lysed in His-pulldown buffer (20 

mM Tris, 150 mM NaCl, 25 mM NaF, 25 mM β-glycerolphosphate, 0.1 mM NaVO3, 20 mM 

imidazole, 0.3% Triton X-100, pH 8.0 and 1X Halt protease inhibitor cocktail [Thermo Fisher]). 

HEK293 cell extracts were micro-centrifuged at 14,100 g for 20 min at 4 °C and supernatants 

were pre-cleaned with 20 L of HisPur Cobalt resin (Thermo Fisher) for 30 min at 4 °C. The pre-

cleaned cell extracts were transferred into clean vials. Recombinant His-tagged LanCL1 or 

LanCL2 (4 M) were added to the HEK293 cell extracts and incubated at 4 °C. Equivalent amounts 

of LanCL storage buffer were added to the negative controls. After 2 h, cell extracts were treated 

with 30 L of HisPur Cobalt resin for His-pulldown at 4 °C for 1 h. The cobalt resin was washed 

with 500 L of His-pulldown buffer three times and boiled with 30 L of 2X Laemmli buffer (Bio-

Rad). A small fraction was used for Western blot analysis as described above and most of the 

samples were resolved on a 4-20% TGX gel (Bio-Rad). The gel was cut into slices that were 

submitted to the Harvard Taplin Mass Spectrometry Facility for proteomics analysis where they 

were treated with trypsin and the resulting digest analyzed by MS.  

 

Proteomics Sequence Analysis 

Excised gel pieces were washed and dehydrated with acetonitrile and completely dried with 

a speed-vac. Acetonitrile-free gel pieces were rehydrated with 50 mM ammonium bicarbonate 

solution containing 12.5 ng/µL of modified sequencing-grade trypsin (Promega, Madison, WI) at 

4 ºC for 45 min. Trypsin solution was replaced with 50 mM ammonium bicarbonate solution and 

samples were left at 37 ºC overnight. Peptides were extracted by removing the ammonium 

bicarbonate solution followed by one wash with 50% acetonitrile and 1% formic acid.  The extracts 

were dried in a speed-vac for approximately 1 h and stored at 4 ºC until analysis.  Samples were 

reconstituted in 5 - 10 µL of 5% acetonitrile and 0.1% formic acid solution.  A nano-scale reverse-

phase HPLC capillary column was created by packing 2.6 µm C18 spherical silica beads into a 

fused silica capillary (100 µm inner diameter x ~30 cm length) with a flame-drawn tip (Peng and 

Gygi, 2001).  Samples were loaded on to the column via a Famos auto sampler (LC Packings, San 

Francisco CA). A gradient was formed, and peptides were eluted with increasing concentrations 

of 97.5% acetonitrile, 0.1% formic acid solution.   

Eluted peptides were subjected to electrospray ionization and then entered into an LTQ 

Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA).  

Peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of specific 

fragment ions for each peptide. Peptide sequences were determined by matching protein databases 

with the acquired fragmentation pattern by the software program Sequest (Thermo Fisher 

Scientific, Waltham, MA).  All databases include a reversed version of all the sequences and the 

data was filtered to between a one and two percent peptide false discovery rate.    

The intensity of ions corresponding to individual proteins were summed and compared to the 

negative control. If the protein was also observed in the negative control the data are expressed as 

fold-change compared to the negative control with a 10-fold change used as cut-off for inclusion. 
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If the protein was not observed in the negative control, the protein is indicated as unique to the 

LanCL pulldown sample. The data are presented in Supplemental Table 1. 

 

Purification of ProcA 2.8 mut, CylLs'' and CylLL'' 
E. coli BL21(DE3) cells were transformed with the corresponding plasmid and protein 

expression was induced with 0.3 mM IPTG in TB media at 18 °C  for 18 h (Dong et al., 2015; 

Yang et al., 2018). Cell pellets were resuspended at 0.2 mg/mL in LanA buffer B1 (4 M guanidine-

HCl, 20 mM NaH2PO4, 500 mM NaCl, 0.5 mM imidazole, pH 7.5) and lysed by sonication. 

Insoluble debris was removed by centrifugation at 16,500 g for 30 min at 4 °C. The supernatant 

was purified by immobilized metal affinity chromatography using 2-4 mL of His60 Ni Superflow 

Resin (Takara). Following 30 min incubation at room temperature, the resin was washed with 

LanA B2 buffer (4 M guanidine-HCl, 20 mM NaH2PO4, 300 mM NaCl, 30 mM imidazole, pH 

7.5). For the ProcA 2.8 mutant (ProcA 2.8 mut: C3A/S13A/C19A), the peptide was eluted with 

LanA elution buffer (4 M guanidine hydrochloride, 20 mM NaH2PO4, 100 mM NaCl, 0.5 M 

imidazole, pH 7.5). The elution fractions were desalted by C4 SPE column and purified on a 

Machery-Nagel NUCLEODUR® C18 HTec C18 column, (250 mm  7 µm; part no. 762566.100). 

For CylLS'' and CylLL'', resins were washed again with LanA co-expression buffer (20 mM 

NaH2PO4, 300 mM NaCl, 30 mM imidazole, pH 7.5) and eluted with LanA co-expression elution 

buffer (20 mM NaH2PO4, 300 mM NaCl, 0.5 M imidazole, pH 7.5). To the eluted fractions, the 

protease CylA was added to a final concentration of 10 µg/mL to remove the leader peptides (Tang 

et al., 2019) and produce CylLL'' and CylLS''. The core peptide was purified by preparatory HPLC 

(Agilent) equipped with a Phenomenex Jupiter® 4 µm Proteo 90 Å LC column (250  10 mm; 

Part No. 00G-4396-N0) using the gradient described in the section on peptide synthesis. 

 

Generation of Dhb-containing ERK peptide by phosphothreonine lyase and 

glutathionylation by LanCL2 

Phosphate elimination was carried out using 5 M phosphothreonine lyase and 25 

 peptide in reaction buffer (25 mM Tris, 150 mM NaCl, pH 8.0). For phospho-peptides that 

mimic the activation loop of ERK, peptides were treated with His6-SpvC or His6-OspF at 30 °C 

for 90 min. For the phospho-Akt peptide, peptide was treated with His6-OspF at 30 °C for 18 h. 

The phosphate elimination process was monitored by matrix-assisted laser-desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) and dehydroamino acid containing peptides 

were purified by RP-HPLC (Macherey-Nagel, VP 250/10 Nucleodur C18 HTec, 5 m). For 

glutathionylation of the ERK peptide, 25 M Dhb-containing peptide was dissolved in reaction 

buffer (25 mM Tris, 150 mM NaCl, 1 mM glutathione (GSH), 1 M TCEP, pH 8.0) and incubated 

with 5 M LanCL2-His6 at 25 °C for 18 h. The glutathionylation process was monitored by 

MALDI-TOF MS and the resulting peptide was purified by RP-HPLC (Macherey-Nagel, VP 

250/10 Nucleodur C18 HTec, 5 m). All peptides described in this section were purified by HPLC 

as described in the peptide synthesis section. 

 

Hydrolysis of glutathionylated ERK peptide (GS-ERK), derivatization of the amino acids 

and GC-MS analysis of GS-ERK peptide 

GS-ERK peptide was enzymatically synthesized by LanCL2 from Dhb-ERK and purified 

by RP-HPLC (Macherey-Nagel, VP 250/10 Nucleodur C18 HTec, 5 m). GS-ERK peptide (1.5 

mg) was dissolved in 6 M DCl in D2O (3 mL). The reaction mixture was heated in an oil bath with 

stirring at 110 °C for 24 h. After cooling down the reaction mixture to RT, the solvent was removed 
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by rotary evaporator. Acetyl chloride (1.5 mL) was added dropwise to pre-chilled MeOH (5 mL). 

The mixed solution (3 mL) was added to the hydrolyzed peptide and heated to 110 °C for 1 h. The 

reaction mixture was cooled to RT and the solvent was removed by rotary evaporation. The residue 

was dissolved in CH2Cl2 (3 mL) and pentafluoropropionic anhydride (1 mL) was added into the 

reaction vessel. The reaction vessel was heated to 110 °C for 1 h with reflux. After cooling down 

the reaction vessel to RT, the sample was dried under a stream of argon. The dried residue was 

dissolved in MeOH and transferred to a clean vial. The samples were analyzed by GC-MS on an 

Agilent HP 6890N mass spectrometer with an Agilent CP-Chirasil-L-Val column (25 m  0.25 

mm  0.12 m). The derivatized sample was diluted with MeOH and injected into the instrument 

with helium gas at a flow rate of 2.0 mL/min. Samples were analyzed by the following gradient: 

the injection was held at 160 °C for 5 min and increased to 190 °C at 3 °C /min. The selected ion 

mode (SIM) was used to monitor 379 Da for derivatized methyllanthionine (MeLan) (Tang and 

van der Donk, 2012). The derivatized sample was co-injected with characterized synthetic 

standards of DL- and LL-methyllanthionine to identify the stereochemistry of GS-ERK peptide 

(Tang and van der Donk, 2012, 2013). 

 

LanCL1/2 kinetic assays with dehydroamino acid containing peptides 

Kinetic assays were performed with His6-LanCL1 or LanCL2-His6 and Dhb-ERK/CylLs'' 

purified as described previously. Assay mixtures consisted of 0.5 mL containing 1 mM GSH, 

different concentrations of Dhb-containing peptides (50/100/150/200/250/300/350 µM), 0.5 mM 

TCEP, 0.1 mM ZnCl2, 150 mM NaCl and 100 mM Tris, pH 7.5. The assay was performed at room 

temperature for 30 min. After addition of His6-LanCL2 at a final concentration of 0.5 µM, reaction 

aliquots of 45 µL were collected and quenched with 5 µL of LanCL quench buffer (1.1 M citric 

acid and 5.5 mM EDTA) at 0, 1, 2, and 3 min timepoints. Quenched reaction aliquots (5 µL) were 

injected onto a Macherey-Nagel NUCLEODUR® 100-5 C18 ec column (125 mm  2 mm; catalog 

no. 7600001.20) attached to a quadrupole/time-of-flight (Q/TOF) Synapt-G1 mass spectrometer 

(Waters). All kinetic and control experiments were performed in triplicate. The column was eluted 

with solvent A (100% H2O, 0.1% formic acid) and  solvent B (100% MeCN, 0.1% formic acid) 

with a gradient of 2-100% solvent B over 15 min at a flow rate of 0.18 mL/min. The Synapt 

instrument settings were as follows: positive ion mode, V optics, capillary voltage = 2.0 V, cone 

gas = 40 L/h, desolvation gas = 600 L/h , souce temperature = 120 °C, desolvation temperature = 

200 oC. The instrument was externally calibrated with a 0.1% phosphoric acid standard. Data were 

collected over a m/z window of 50-2000 Da in continuous mode with a 0.2 s scan rate using a 

leucine-enkephalin lockspray solution for internal calibration. Spectra were smoothed and 

baselines were subtracted using the MassLynx software package (Waters). Extracted ion 

chromatograms (EICs) were generated by applying a mass window of 2.5 Da around the center of 

the most intense peak of each product. The EICs were integrated using MassLynx software to 

generate peak areas. The EIC peak areas were used to calculate the concentration of 

glutathionylated product at each time point by comparison with standard curves. Initial rates at 

different substrate concentrations were calculated by linear regression fit of product concentration 

over time and fit to the Michaelis-Menten model using Prism 6 (GraphPad) for kinetic parameters 

KM,peptide and kcat. 

 

In vitro binding assays 

To determine the direct physical interaction of MEK1-Dha218 and LanCL2, 500 nM of 

MBP or MBP-LanCL2 and 700 nM of His6-MEK1-Dha218 were mixed at 4 °C for 30 min and 
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subsequently incubated with 30 L HisPur cobalt resin (Thermo Fisher) for 7 min. The resin was 

washed with 500 L of His-pulldown buffer three times and boiled with 30 L of 2X Laemmli 

buffer (Bio-Rad). The samples were analyzed by Western blotting. MBP or MBP-LanCL2 was 

detected by anti-MBP tag antibody and His6-MEK1-Dha218 was detected by an anti-His tag 

antibody. 

 

Preparation of MEF cell extracts for enzymatic analysis 

MEF cells (2x106) were seeded in 100 mm cell culture dishes and cultured with DMEM 

complete media for two days. The MEFs were then washed with ice-cold PBS buffer and cell 

pellets resuspended with enzymatic buffer (25 mM Tris, 150 mM NaCl, 1 mM GSH, 1 M TCEP, 

pH 8.0). Cells were lysed by sonication followed by microcentrifugation at 14,100 g for 30 min 

at 4 °C. The supernatant was transferred into fresh tubes and the protein concentration was 

determined by bicinchoninic acid (BCA) assay (Thermo Fisher). Equal amounts of total protein 

(500 g) from wt and triple LanCL knockout MEFs were incubated with His6-MEK1-Dha222 

(final concentration 1.5 M) at 25 °C for 4 h. His6-MEK1-Dha222 was enriched by incubating 

with 30 L of HisPur Cobalt resin (Thermo Fisher) for 10 min followed by washing the resin with 

500 L of His-pulldown buffer three times and boiled with 30 L of 2X Laemmli buffer (Bio-

Rad). All samples were analyzed by Western blotting. 

 

Site-selective formation of MEK-Dha218, MEK-Dha222, and MEK-Dha218Dha222 

MEK1C proteins in reaction buffer at pH 8.0 were treated with bisalkylating/elimination 

agents (added from a stock solution in DMSO, <2% v/v). The mixtures were shaken at 600 rpm at 

37 °C or at room temperature. The reactions were monitored using LCMS-ESI-TOF. For more 

details see Figures (S2-S6 and Supplemental Table 2). For example, specifically for use of 2,5-

methyldibromopentonate (MDBP), the purified MEK-C218 or MEK-C222 protein was desalted 

into reaction buffer (20 mM Tris, 100 mM NaCl, 25 mM MgCl2, and 10 mM ADP, pH 8.0) via 

PD SpinTrap G25 column. The concentration of desalted protein was measured by BCA protein 

assay. In order to obtain the dehydroalanine (Dha) form of MEK1 proteins through in vitro site-

directed modification, MEK-C218 or MEK-C222 protein was incubated with 0.5 or 0.2 mM TCEP, 

and 400 (or 200) molar equivalents of MDBP. The mixtures were kept at 25 oC for 1 h, followed 

by increase of the reaction temperature to 37 oC. After 2 h, MEK-C218 or MEK-C222 reached 

100% conversion to its Dha form (MEK-Dha218 or MEK-Dha222), as monitored by LC-MS using 

a XEVO mass spectrometer (Waters). The excess MDBP and TCEP were removed by the use of 

a SpinTrap G25 column. MEK-Dha proteins were stored in reaction buffer and kept at -80 oC. 

 

Generation of Full Length MEK-Dha/MEK-GSH ERK Variants for Phosphorylation 

Assay 

Eliminated MEK1 variants, 30 µM MEK-Dha222 or MEK-Dha218Dha222 were treated 

with 50 mM glutathione (GSH) in Tris buffer (20 mM Tris, 100 mM NaCl, pH 8.0). After 2-hour 

incubation at 25 oC, the complete conversion to glutathione adduct (MEKGS222 or 

MEKGS218GS222) was achieved and verified by LC-ESI-MS analysis (Xevo). The excess of 

glutathione in each MEK glutathione adduct was removed by a SpinTrap G25 column. The target 

product was obtained and confirmed by LC-ESI-MS analysis (Xevo). 

For eliminated MEKGS218 variant, 30 µM MEK-Dha218 was incubated with 20 mM 

glutathione and 3.5 µM LanCL1 protein. After 1-hour incubation at 25 oC, the complete conversion 

to glutathione adduct was achieved and verified by LC-ESI-MS analysis (Xevo). The excess of 
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glutathione in each MEK glutathione adduct was removed by a SpinTrap G25 column. The target 

product was obtained and confirmed by LC-ESI-MS analysis (Xevo). 

 

MEK variants – ERK Phosphorylation Assay 

Purified ERK1 (0.5, 1.0 or 1.8 µM) was incubated with MEK1 variants in kinase buffer 

(50 mM Tris pH 7.5, 30 mM NaCl, 10 mM MgCl2, 0.2 mM DTT) at 30 oC. 1 mM ATP was added 

to the reaction mixture. At the indicated time, an aliquot was removed and analyzed by LC-ESI-

MS after the addition of 50 mM EDTA to quench the reaction. The amounts of phosphorylated 

ERK were quantified using the intensities of ERK deconvoluted peaks from mass spectra and fitted 

by global least-square regression to solutions of kinetic models (see Figure S6) using OriginPro9.7. 

To control for the presence of residual potential LanCL1 protein (in any MEK-GS adducts that 

were synthesized using LanCL1) in phosphorylation assays, a control experiment of ERK 

phosphorylation also in the presence of 3.5 µM LanCL1 protein was performed under the same 

conditions; the additional presence of LanCL1 had no significant effect on activity. 

 

Formation of ERK1-Dha202 and ERK1-Dha82Dha202 

In order to generate ERK1-Dha202, the mutant protein ERK1-C202 was desalted into the 

reaction buffer consisting of 20 mM Tris, 100 mM NaCl, 0.1 mM TCEP pH 8.0. After 1 h 

incubation, TCEP was removed with a PD SpinTrap G25 column. ERK1-C202 protein was treated 

with 100 molar equivalents of MDBP immediately and the reaction was monitored by MS using a 

XEVO mass spectrometer. ERK1-C202 protein reached fully convertion to ERK-Dha202 within 

24 h at 25 oC and excess MDBP was removed with a SpinTrap G25 desalting column. ERK1-

Dha82Dha202 was generated using the same method as ERK1-Dha202. 

 

MS/MS of Eliminated MEK and ERK variants 

‘In-solution’ tryptic digestions were performed following an MS-compatible protocol. 

Specifically, for 10 µg ERK1-Dha202 or ERK1-Dha82Dha202 protein sample was diluted into 

100 µl with 8 M urea, 100 mM Triethylammonium bicarbonate (TEAB) buffer and treated with 

10 mM TCEP at room temperature for 30 mins. The mixture was incubated with 50 mM freshly 

prepared iodoacetamide at room temperature for 30 mins in dark. Then a ten-time dilution was 

performed with a buffer containing 8 M urea and 50 mM TEAB. The mixture was treated with 

trypsin (1:20 w/w trypsin:protein) at 37 oC overnight. The salts within the digested samples were 

extracted by an Oasis HLB 1cc Vac cartridge (Waters) and the eluted peptide fragments were 

concentrated overnight on SpeedVac. The dried sample was dissolved in 10 µl MilliQ water 

containing 0.1% formic acid and 2% acetonitrile for LC-MS/MS analysis on Orbitrap Elite mass 

spectrometer (Thermo Fisher). 

For MEK-Dha218, MEK-Dha222 and MEK-Dha218Dha222 samples (25 μL, around 1 

mg/mL) were diluted with 8 M urea solution (75 μL). 200 mM aqueous DTT (2 μL) was then 

added and the mixture was heated at 56 °C for 15 min. The mixtures were cooled down to room 

temperature and treated with a 36 mg/mL iodoacetamide in 50 mM ammonium carbonate solution 

(2 μL). The mixture was left standing in the dark for 30 min. 200 mM aqueous DTT (2 μL) was 

then added to neutralize the iodoacetamide. The mixture was diluted four times with 50 mM 

ammonium bicarbonate solution and treated with trypsin (1:50 w/w ratio enzyme:protein). The 

mixture was incubated at 37 °C overnight. Some samples were also treated with AspN (1:50) and 

incubated at 37 °C for 4 h. The sample was diluted down to 200 fmol/μL with, either milliQ water 
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or 1% formic acid before analysis LC-MS/MS analysis on an Orbitrap Elite mass spectrometer 

(Thermo Fisher). Data was processed and analysed using PEAKS software v7.0. 

 

Kinetics of glutathionylation of MEK-Dha by LanCLs 

LanCL1/2 were incubated with 0.1 mM zinc chloride before adding to the reaction due to 

its Zn2+-binding property. The reaction mixtures, consisting of 6 µM MEK-Dha218 protein and 

1.2 µM LanCL1/2, were incubated at 25 oC with up to 120 µM glutathione (GSH). At each time 

point, an aliquot (1 µL) was diluted with 49 µL of 100 mM ammonium acetate solution (pH 8.0), 

and the conversion of MEK-Dha218 to MEK-GS218 was monitored and quantified by using a 

XEVO mass spectrometer. Initial rates of forming MEK-GS218 conjugate were plotted against the 

concentrations of substrate GSH, the apparent KM,GSH and kcat values were obtained using a fit of 

the data to the Michaelis-Menten equation using Origin9.7.  

The following MS set-up was used: Xevo G2-S and G2-XS mass spectrometer systems 

(Waters) were coupled to an Acquity UPLC using a Thermo ProSwiftTM RP-2H column (4.6 mm 

x 50 mm; catalog no. 064296).  All kinetic experiments were carried out in triplicate. Water (as 

solvent A) and acetonitrile (as solvent B) both containing 0.1% formic acid were used as the mobile 

phase with a gradient of 5-95-5% solvent B over 10 min at a flow rate of 0.3 mL/min. The 

electrospray source was operated with a capillary voltage of 3 kV and a cone voltage of 20 V. 

Spectra were calibrated by use of an internal lock-spray. Desolvation temperature was 400 oC and 

desolvation gas at a total flow of 700 L/h or 650 L/h for Xevo G2-S or G2-XS mass spectrometer, 

respectively. Total mass spectra were deconvoluted from multiply charged ion series using the 

MaxEnt algorithm preinstalled on MassLynx Software (V4.1). 

 

Glutathionylation of ERK1-Dha202 and ERK1-Dha82Dha202 Comparative Time Course 

LanCL1/2 wt or mutant proteins (LanCL1-C322A or LanCL2-C321A/C367A) were pre-

treated with 0.1 mM ZnCl2 for 30 mins. 6 µM ERK1-Dha202 or ERK1-Dha82Dha202 was 

incubated with 1.0 mM glutathione (GSH) and 1.2 µM LanCL proteins at 25 oC up to 3 h. A 

negative control experiment without the addition of LanCL proteins was performed under the same 

conditions. At each time interval, an aliquot from the above mixture was diluted with 100 mM 

ammonia acetate (pH 8.0) buffer and analysed by Xevo mass spectrometer. The deconvoluted 

spectra of LC-MS were used to quantify the conversion to target ERK1-GS202 or ERK1-

Dha82GS202. 

 

Generation of dehydrobutyrine-containing ERK2 (ERK2-Dhb185pY187) 

GST-Flag-ERK2 purification 

The plasmid pGEX-4T-1-3xFlag-ERK2 with a GST-tag and triple Flag-tag at the N-

terminus was obtained from Addgene (plasmid no. 47573; gift from Kevin Janes). The 3xFlag tag 

was inserted at BamHI site, and a new BamHI site was regenerated at its downstream. erk2 gene 

was inserted between BamHI and SalI sites of this pGEX-4T1 vector. GST-Flag-ERK2 protein 

was expressed in E. coli Rosetta 2 (DE3) cells. The overnight cultures were inoculated in a 1L 

fresh LB media with 100 µg/ml ampicillin at 37 oC. Cells were induced with 0.5 mM IPTG until 

OD600 reaches 0.7 and incubated at 18 oC for further18 h. Cell pellets were harvested and then 

lysed in a 25 ml ice-cold PBS buffer with 1X protease inhibitor. The supernatants were 

centrifugated at 76,000 x g for 30 mins at 4 oC, filtered by centrifugal filters and then applied onto 

a GSTrap column (GE healthcare) at a flow rate of 1.5 mL/min. The loaded column was washed 

with 10 column volumes of PBS to remove non-bound components and the purified GST-Flag-
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ERK2 protein was recovered from the column with a elution buffer (1xPBS buffer containing 10 

mM reduced glutathione and 1X protease inhibitor). The fractions with desired protein were 

analysed by SDS-PAGE and verified by Xevo mass spectrometer.  

 

Phosphorylation of ERK2 using MEK-Dha218Dha222 

The mutant protein His6-MEK-C218/C222 was expressed in E. coli BL21(DE3) cells and 

purified by Ni2+-NTA column according to the same methods as shown for MEK-C218 and MEK-

C222 proteins. The purified MEK-C218C222 protein in reaction buffer (20 mM Tris, 100 mM 

NaCl, 25 mM MgCl2, 10 mM ADP, pH 8.0) was incubated with 0.2 mM TCEP for 1 h at 25 oC 

and then treated with 600 molar equivalents of bis-alkylating reagent MDBP gradually. The 

mixture was kept at 25 oC for 1 h, followed by incubating at 37 oC for 2 h. The fully converted 

MEK-Dha218Dha222 protein was verified by LC-ESI-MS using Xevo mass spectrometer (Waters) 

and desalted by a SpinTrap column to remove excess of MDBP and TCEP.  

Double phosphorylation of GST-Flag-ERK2 at Thr185 and Tyr187 residues was achieved 

by incubating 200 µM GST-Flag-ERK2 protein with 4 µM His6-MEK-Dha218Dha222 in the 

reaction buffer (20 mM Tris, 100 mM NaCl, 25 mM MgCl2, 25 mM ATP, pH 8.0) at 25 oC for 4 

h and then at 4 oC for 16 h. The fully phosphorylated GST-Flag-ERK2-pT185pY187 was 

confirmed by Xevo mass spectrometer. To remove His6-MEK-Dha218Dha222 protein from 

double phosphorylated ERK, the reaction mixture was applied to a 1 ml pre-equilibrated HisTrap 

column and incubated at 4 oC for 1 h. The column was washed with 3 column volumes of Tris 

buffer (20 mM Tris, 100 mM NaCl, pH 8.0) and the proteins were eluted with increased amounts 

of imidazole (20 to 500 mM). Each fraction was analysed by SDS-PAGE. The purified GST-Flag-

ERK2-pT185pY187 was in the fractions containing 20 mM imidazole and concentrated by a 

Vivaspin6 10 kDa-cutoff concentrator. 

 

Elimination of ERK2-pThr185-using Phosphothreonine Lyase 

Phosphate elimination was achieved with 80 µM GST-Flag-ERK2-pT185pY187 and 16 

µM His6-OspF at 25 oC for 1 h. The reaction process was monitored by Xevo mass spectrometer. 

The dehydrobutyrine-containing ERK protein (GST-Flag-ERK2-Dhb185pY187) was separated 

from His6-OspF by a 1 mL HisTrap column using the similar procedures as mentioned above. The 

fractions of purified GST-Flag-ERK2-Dhb185pY187 (containing 20 mM imidazole in Tris buffer) 

were combined and desalted to remove imidazole.  

 

Test of glutathionylation of Dhb-containing ERK2 (ERK2-Dhb185pY187) by LanCL1/2 

For the glutathionylation of ERK2-Dhb185pY187 protein, 10 µM Dhb-containing ERK2 

was incubated with 1 mM GSH and 10 µM LanCL protein (LanCL1 or LanCL2) for up to 7 h at 

25 oC. At each time interval, an aliquot (2 µL) of reaction mixture was diluted into 48 µL 100 mM 

ammonia acetate (pH 8.0) buffer (with 1 mM DTT) and monitored by Xevo mass spectrometer. 

The conversion of ERK2-Dhb185pY187 protein to ERK2-GS185pY187 was monitored and 

quantified by the deconvoluted spectra of LC-MS. 

 

Western blot analysis of phosphate elimination and glutathionylation of His6-ERK2  

Phosphate elimination was carried out using 5 µM bisphosphorylated His6-ERK2 (obtained 

by co-expression with MEK1-R4F (Khokhlatchev et al., 1997)) and 1 µM His6-OspF and 

incubated at 30 °C for 1 h. A total of 1 µM MBP-LanCL2 was added into the reaction mixture and 

incubated at 25 °C for 3 h. Phosphorylation of ERK2 and Dhb formation were first verified by MS. 
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His6-ERK2-pThr185pTyr187 was analyzed with a Thermo Q Exactive Ultra High Mass Range 

(UHMR) Mass Spectrometer. First buffer exchange was performed for phospho-ERK2 (50 M) 

using a Zeba spin column with 25 mM ammonium acetate. The resulting sample was analyzed. 

Calculated mass: 42329.53 Da Observed mass: 42333.72 Da. For the Dhb-containing ERK2 in 

solution tryptic digestion was performed and the resulting peptides were analyzed by using a 

Thermo Fusion Orbitrap Tribrid Mass Spectrometer. Calculated mass for the relevant peptide 

phosphorylated on Tyr and containing Dhb at the position of the former pThr: 2204.9508 Da 

Observed: 2204.9528 Da. All reaction mixtures were also boiled with 2X Laemmli buffer (Bio-

Rad) and analyzed by Western blotting. Phosphate elimination was detected using anti-phospho-

ERK1/2 antibody (Cell Signaling Technology). Glutathionylation was monitored using anti-GSH 

antibody (Virogen). The amount of total ERK2 protein was detected using anti-ERK1/2 antibody 

(Cell Signaling Technology). 

 

Accessibility analysis for Cys residues 

Accessibility analysis applied to unbound apo-MEK1 structure [generated from the binary 

MEK1-ATPS structure (PDB 3W8Q) minus ligand ATPS] predicted (Figure 3B) that Cys might 

be added through SDM at sites 218 and/or 222 to give residues with highest predicted reactivity, 

as long as higher accessibility residues C277, C376 (93.5, 21.9% accessibility, respectively, Figure 

3B) were removed. Thus, mutation to near-isosteric, unreactive Ser yielded MEK1-C277S/C376S 

with essentially identical enzymatic properties to MEK1wt (Supplemental Table 2). This protein 

was used as the base mutant sequence for all subsequent alterations. 

Critically, in the mutated construct used in this study, C207, C121, C142 and C341 were 

retained. C207 lies within the ATP-binding pocket; C121, 207, 341 mutants variously (Wagle et 

al., 2011; Zhao et al., 2014) alter activity and C207 is a key target site for covalent inhibitors (Liu 

et al., 2013). 

Importantly, the same predictive analysis of reactivity suggested that in binary 

(MEK1•ATPγS [PDB 3W8Q]) or ternary (MEK1•ATPγS•Mg [PDB 3EQD] & MEK1•ADP•Mg 

[PDB 3EQI]) complexes accessibility to C207 is dramatically decreased (accessibility 

22.4→~0.1%, Figure 3B,C), consistent with C207’s location in the nucleotide binding site of 

MEK1. In these complexes, predicted accessibilities of proposed reaction sites C222 and C218 

were also importantly either unaffected or enhanced (Fig. 3C). Notably, Mg(II) induces a 

conformational change that usefully enhances accessibility of both sites (C222: 38.4→93.4%, 

C218: 8.9→15.2%, respectively, Figure 3C). These analyses prompted the additional 

consideration of nucleotides (ATPγS, ATP, ADP) (Lamoureaux and Lee, 2011) and metals (Mg(II)) 

as masking or enhancing ligands to usefully modulate regioselectivity (Figure 3C). In this way, we 

designed and generated three key mutant variants of MEK1 for testing as substrates in 

regioselective elimination chemistry: MEK1-C218, MEK1-C222, MEK1-C218C222 (bearing five, 

five or six Cys residues, respectively). 

Prior to reactivity testing, interactions with masking agents were confirmed: differential 

scanning fluorimetry (Niesen et al., 2007) showed strong binding of putative masking/enhancing 

ligands to form MEK1•ATP(Mg) and MEK1•ATPγS(Mg) (Figure S2). 

Consistent with predictions, all of the MEK1 mutant proteins, in the absence of masking 

nucleotide/metal gave products of unwanted reaction at Cys207 with parent reagent DBHDA 

(Figure 4A, Figure S2, Supplemental Table 2). For elimination of MEK1-C222, use of alternative 

alkylating agents did not prevent unwanted C207 reaction (Figure S2, Supplemental Table 2). 

However, use of nucleotide additive proved successful: thus, whilst ATP only partially masked 
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C207 in MEK1-C222 (Figure S2), ATP•Mg with DBHDA masked it fully, successfully allowing 

elimination reaction at site 222 (Figure 4A). Concomitant observation of ~25% phosphorylated 

MEK1-Dha222 (plus ADP release, Figure 4A) also revealed competitive autophosphorylation 

during reaction. To solve this problem, the same reaction was performed ‘masked’ instead by 

ADP•Mg and this led to clean, selective formation of desired MEK1-Dha222 after 5 h (Figure 4A, 

Figure S3). Use of other reagents from the panel similarly allowed clean formation of MEK1-

Dha222 at tuneable rates (Figure S3, Supplemental Table 2). 

Reaction of MEK1-C218 with less accessible site 218 was slower: DBHDA + ADP•Mg gave fully 

converted MEK1-Dha218 in 15 h (Figure 4B) along with unwanted side-products of 

overalkylation without elimination that increased with longer reaction (Figure S4, likely 

pyrrolidine-Lys). Other conditions were therefore sought: screening of alternative reagents 

(Supplemental Table 2) revealed clean, site-selective Dha formation (Figure 4B, Figure S4) using 

DBDGla (20 h, 37 ˚C) or MDBP (Morrison et al., 2015) (4 h, 37 °C). 

Following successful regio-selective formation of both MEK1-Dha218 and MEK1-

Dha222 through single site elimination, we tested double elimination in MEK1-C218C222. 

DBHDA alone showed no Dha formation and only partial alkylation (Fig. 4C, Figure S2). 

Promisingly, DBHDA + ATP•Mg gave partial conversion (~80%) to MEK1 bearing Dha, albeit 

with concomitant autophosphorylation (Figure S5). Screening of reagents and masking agents 

(Supplemental Table 2) revealed that DBDGla + ADP•Mg gave only low conversion to MEK1-

Dha218Dha222 (23%, 14 h, Figure S5). Pleasingly, however, MDBP + ADP•Mg cleanly gave 

MEK1-Dha218Dha222 (Fig. 4C, Figure S5). 

Synthetic chemistry procedures 

General consideration 

Reagents 

Chemicals and solvents were purchased from Sigma-Aldrich UK, Acros UK, Alfa Aesar 

UK, or Fischer UK and were used as delivered unless stated otherwise. This includes 2,5-

methyldibromopentanoate (MDBP). 

Small molecule characterisation 

Proton nuclear magnetic resonance (δH) spectra were recorded on a Bruker AV400 (400 

MHz), or on a Bruker AVII500 (500 MHz) spectrometer. Carbon nuclear magnetic resonance (δC) 

spectra were recorded on a Bruker AV400 (100.7 MHz) spectrometer or on a Bruker AVII500 

(125.8 MHz) spectrometer. All chemical shifts are quoted on the δ scale in ppm using residual 

solvent as the internal standard (1H NMR: CDCl3 = 7.26, CD3OD = 4.87; 13C NMR: CDCl3 = 77.0; 

CD3OD = 49.0; D2O = 4.80). The following splitting abbreviations were used: s = singlet, d = 

doublet, t = triplet, q = quartet, a = apparent. All NMR spectra are found in Supplemental Methods 

S1. Infrared spectra were recorded on a Bruker Tensor 27 Fourier Transform spectrophotometer 

by attenuated total reflectance (ATR) attachment –oil or crystals of the compound were placed 

directly against the stage. A background measurement was subtracted from each spectrum and a 

new background measurement was recorded before each spectrum was recorded.. Absorption 

maxima (υmax) are reported in wavenumbers (cm-1) and classified as strong (s) or broad (br). Only 

signals representing functional groups are reported; CH absorptions as well as the fingerprint 

region are not listed. Low resolution mass spectra were recorded on a Micromass Platform 1 

spectrometer using electrospray ionization (ESI). High resolution mass spectra were recorded on 

a Walters 2790-Micromass LCT electrospray ionization mass spectrometer. m/z values are 
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reported in Daltons. Thin layer chromatography (TLC) was carried out using Merck aluminium 

backed sheets coated with 60F254 silica gel. Visualization of the silica plates was achieved using 

a UV lamp (λmax = 254 nm), and/or ammonium molybdate (5% in 2M H2SO4), or potassium 

permanganate (5% in 1M NaOH). Flash column chromatography was carried out using BDH 

PROLAB® 40-63 mm silica gel (VWR).  

Synthesis of bisalkylating/elimination agents 

2,5-Dibromohexanediamide, DBHDA 

 
Adipic acid (25 g, 171.1 mmol) was suspended in thionylchloride (75 mL, 1034 mmol). 

The reaction was heated to reflux (open to air, bath temp 80 ºC). After 30 min at reflux, the solid 

had dissolved. The reaction was stirred for an additional 60 min at reflux and then cooled to room 

temperature. Carbontetrachloride (100 mL) was added to the reaction followed by N-

bromosuccinimide (73 g, 411 mmol). The reaction was stirred vigorously and 10 drops of HBr 

(48% aq.) was added by pipette. The reaction was heated to reflux, again open to air. The reaction 

gradually turns from red to black over the course of an hour. After 2 h at reflux, the reaction was 

cooled to room temperature and then to 0 ºC. The mixture was stirred at 0 ºC to ensure all 

succinimide had precipitated. The solid was removed by filtration. Diethylether (50 mL) was used 

to rinse and complete the filtration. The filtrate was concentrated under reduced pressure to give a 

thick, dark red liquid. In a 500 mL round bottom flask, 200 mL of NH4OH (25% aq.) was cooled 

to 0 ºC. The crude acid chloride was added dropwise over 20 min to the ammonia solution with 

rapid stirring. After the addition was complete, the reaction was stirred vigorously at 0 ºC for 1 h. 

The bis-amide product precipitated from the reaction mixture. The dark solid was isolated by 

filtration and partially dried. The product was purified by triturating in MeOH/H2O: The solid was 

suspended in H2O (100 mL) and MeOH (100 mL) and heated to 60 ºC. The mixture was stirred 

rapidly at 60 ºC for 30 min. After this time, the mixture was cooled to room temperature. The 

resulting white solid (a mixture of meso and D/L diastereomers) was isolated by filtration and 

washed with MeOH (200 mL). The title compound was dried under high vacuum to afford 28.4 g 

(55 %) as an off-white solid. 
1H NMR (400 MHz, DMSO-d6) δ ppm 1.75-2.08 (4H, m, H3, H4), 4.28-4.36 (2H, m, H2, H5), 

7.30 (2H, s, H7, H8), 7.69 (2H, s, H7, H8). 13C NMR (100 MHz, DMSO-d6): (both diastereomers 

reported), δ ppm 32.5 (s, C3, C4), 32.6 (s, C3, C4), 48.2 (s, C2, C5), 48.5 (s, C2, C5), 169.87 (s, 

C1), 169.92 (s, C5) (Supplemental Methods S1). IR (υmax, KBr): 3302, 2946, 2801, 1684, 1418, 

1319, 1277, 1250, 1220, 1194, 978, 876. HRMS m/z (ESI+): Found 300.9178 [M+H]+; 

C8H11O2N2
79Br2 requires 300.9182. 

 

2,5-Dibromohexanedioic acid, DBHDAc 

 
Adipic acid (2.0 g, 13.7 mmol) and thionyl chloride (2.98 mL, 41.1 mmol) were stirred at 

reflux for 1 h. The mixture was cooled down to room temperature and treated with 

N-bromosuccinimide (7.3 g, 41.1 mmol). The mixture was stirred at 75 °C for 3 h. The mixture 
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was cooled down to 0 °C before addition of a 1:1 mixture of water/tetrahydrofuran (20 mL). The 

mixture was stirred vigorously for 2 h. The mixture was filtered. The residue was stirred in 

dichloromethane for 1 h. Filtration afforded 1.3 g (32 %) of the title compound (mixture of 

racemate and meso diastereoisomer) as an off-white solid. 
1H NMR (400 MHz, DMSO-d6) δ ppm 1.83 - 2.22 (m, 4H, H3, H4), 4.45 - 4.60 (m, 2H, H2, H5), 

13.32 (br. s., 2H, H7, H8). 13C NMR (101 MHz, DMSO-d6) δ ppm 32.05 (s, C3, C4), 32.17 (s, C3, 

C4), 46.74 (s, C2, C5), 46.88 (s, C2, C5), 170.44 (s, C1, C6). (Supplemental Methods S1). HRMS 

m/z (ES-): Found 300.8718 [M-H]-; C6H7O4
79Br2 requires 300.8717. 

The compound (50 mg, 0.016 mmol) was stirred in water (1 mL) for 16 h. The solid was filtered 

to afford meso-2,5-dibromohexanedioic acid. 

 

2,5-Dibromo-N,N'-dimethylhexanediamide, DBDMet  

 
2,5-Dibromohexanedioic acid (100 mg, 0.33 mmol) and thionyl chloride (239 µL, 3.3 

mmol) was stirred at reflux for 2 h. The solution was cooled down to room temperature before 

evaporation under reduced pressure. The residue was then added to a stirred 40% wt aqueous 

solution of methyl amine (1 mL, 13.6 mmol) at 0 °C. The mixture was stirred vigorously for 2 h. 

The precipitate was filtered and stirred in a minimum of dichloromethane. Filtration afforded 35 

mg (32 %) of title compound as a white solid.   
1H NMR (400 MHz, DMSO-d6) δ ppm 1.67 - 2.13 (m, 4H, H3, H4), 2.61 (d, J = 4.58 Hz, 6H, H10, 

H12), 4.23 - 4.45 (m, 2H, H2, H5), 8.13 - 8.36 (m, 2H, H9, H11). 13C NMR (101 MHz, DMSO-

d6) δ ppm 25.87 (s, C10, C12), 32.67 (s, C3, C4), 48.24 (s, C2, C5), 168.31 (s, C1, C6) 

(Supplemental Methods S1). IR (υmax, KBr): 3279, 1650, 1571.  HRMS m/z (ESI+): Found 

328.9493 [M+H]+; C8H15O2N2
79Br2 requires 328.9495. 

 

meso-N,N'-bis(2-amino-2-oxoethyl)-2,5-dibromohexanediamide, DBDGla  

 
2,5-Dibromohexanedioic acid (100 mg, 0.33 mmol) and thionyl chloride (100 µL, 1.38 

mmol) was stirred at reflux for 1.5 h. The solution was cooled down to room temperature before 

evaporation under reduced pressure. The residue was then diluted in diethyl ether (1 mL). The 

solution was added dropwise to a stirred solution of glycinamide hydrochloride (72 mg, 0.66 mmol) 

in a mixture of diethyl ether (500 µL) and 2 M aqueous sodium hydroxide solution (660 µL) at 0 

°C. The mixture was stirred for 1 h at room temperature. The organic layer was separated. The 

aqueous was acidified to pH~2 with addition of a 1 N hydrochloric acid solution. The mixture was 

washed with ethyl acetate (2 mL). The aqueous layer (suspension) was separated, evaporated under 

reduced pressure and azeotroped twice with toluene. The residue was stirred in acetonitrile for 1 h 

at room temperature. The precipitate was filtered to afford 130 mg of crude material. 40 mg of this 

material were stirred in water for 16 h. Filtration afforded 7 mg (17 %) of the title compound as a 

white solid. 
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1H NMR (400 MHz, DMSO-d6) δ ppm 1.73 - 1.92 (m, 2H, H3, H4), 2.02 - 2.19 (m, 2 H, H3, H4), 

3.55 - 3.83 (m, 4 H, H10, H12), 4.43 - 4.63 (m, 2H, H2, H5), 7.09 (br. s., 2 H, H14, H16), 7.39 (br. 

s., 2 H, H14, H16), 8.44 (t, J = 5.62 Hz, 2H, H9, H11). 13C NMR (101 MHz, DMSO-d6) δ ppm 

32.65 (s, C3, C4), 42.04 (s, C10, C12), 48.01 (s, C2, C3), 168.27 (s, C13, C14), 170.24 (s, C1, C6) 

(Supplemental Methods S1). IR (υmax, KBr): 3292, 1679, 1651, 1600, 1556. HRMS m/z (ESI-): 

Found 412.9467 [M-H]-; C10H15O4N4
79Br2 requires 412.9466.  

 

({(meso)-2,5-dibromo-6-[(carboxymethyl)amino]-6-oxohexanoyl}amino)acetic acid, DBDGly 

 
2,5-Dibromohexanedioic acid (100 mg, 0.33 mmol) and thionyl chloride (100 µL, 1.38 

mmol) was stirred at reflux for 1.5 h. The solution was cooled down to room temperature before 

evaporation under reduced pressure. The residue was then diluted in diethyl ether (1 mL). The 

solution was added dropwise to a stirred solution of glycine (50 mg, 0.66 mmol) in a mixture of 

diethyl ether (500 µL) and 2 M aqueous sodium hydroxide solution (660 µL) at 0 °C. The mixture 

was stirred for 1 h at room temperature. The organic layer was separated. The aqueous was 

acidified to pH~2 with addition of a 1 N hydrochloric acid solution. The mixture was washed with 

ethyl acetate (2 mL). The aqueous layer (suspension) was separated, evaporated under reduced 

pressure and azeotroped twice with toluene. The residue was stirred in acetonitrile for 1 h at room 

temperature. The precipitate was filtered to afford 100 mg of crude material. 40 mg of this material 

were stirred in water for 16 h. Filtration afforded 4 mg (9 %) of the title compound as a white solid. 

The solid was highly soluble in water. 
1H NMR (400 MHz, DMSO-d6) δ ppm 1.77 - 1.93 (m, 2H, H3, H4), 2.01 - 2.15 (m, 2H, H3, H4), 

3.80 (dd, J = 5.87, 3.42 Hz, 4H, H10, H12), 4.38 - 4.59 (m, 2H, H2, H5), 8.60 (t, J = 5.75 Hz, 2H, 

H9, H11), 12.66 (br. s, 2H, H14, H16). 13C NMR (101 MHz, DMSO-d6) δ ppm 32.69 (s, C3, C4), 

40.95 (s, C10, C12), 47.56 (s, C2, C5), 168.44 (s, C13, C15), 170.78 (s, C1, C6) (Supplemental 

Methods S1). IR (υmax, KBr): 3279, 1650, 1571. HRMS m/z (ESI+): Found 416.9292 [M+H]+; 

C10H15O6N2
79Br2 requires 416.9291.  

 

Eliminylome Analysis 

Previously deposited MS raw data by Medard et al. (Médard et al., 2015) were processed 

using MaxQuant software integrated with the Andromeda search engine (Cox and Mann, 2008; 

Cox et al., 2011). 

For identification of putative eliminylome components of serine and threonine residues, 

the peak lists were searched using MaxQuant software against the human protein database with 

carbamidomethyl as fixed modification for cysteine residues. Elimination of serine and threonine 

residues to form Dha and Dhb, respectively, as well as their Michael adducts with DTT, beta-

mercaptoethanol (bME), and glutathione were used along with acetylation (at N-terminus), 

oxidation (at M), and phosphorylation (at S, T, or Y) as variable modifications. Trypsin was 

selected as the proteolytic enzyme, and up to two missed cleavages were allowed. The mass 

tolerance of the precursor ion was set to 4.5 ppm and for fragmentation ion to 0.5 Da. Protein and 

PSM false discovery rate were set at 0.01. The threshold score for modified protein selected for 

inclusion was set at 40. A parallel search was performed for identification of putative eliminylome 

components of cysteine residues. Elimination of cysteine residues to form Dha as well as their 
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Michael adducts with DTT, beta-mercaptoethanol (bME), and glutathione were used along with 

carbamidomethyl (at C), acetylation (at N-terminus), oxidation (at M), and phosphorylation (at 

S,T, or Y) as variable modifications. All other processing parameters were kept same as previously 

mentioned. 

The resulting data were then manually curated for correlation of elimination to Dha or Dhb 

at S or T phosphorylation sites in protein kinases, respectively, and Cys sites in kinase domains 

using at least one occurrence as noted under the post-translational modification function in UniProt 

(The Uniprot Consortium 2019; Veuthey et al., 2013) and PhosphoSitePlus (Hornbeck et al., 2015). 

 

Generation of Dha-GPX by H2O2 oxidation 

Glutathione peroxidase (GPX) from bovine erythrocytes was purchased from Sigma-Aldrich in 

the form of lyophilized powder and contained DTT. To remove DTT, the initial powder was 

dissolved in Tris buffer (25 mM Tris, 150 mM NaCl, pH 7.5) and purified by Zeba spin column. 

The concentration of the resulting GPX solution was quantified by nanodrop. Following a reported 

protocol (Cho et al., 2010), Dha-GPX was generated by incubating the GPX solution with 1 mM 

H2O2 for 1 h at 37 ºC. The oxidation product was purified by Zeba spin column to remove excess 

H2O2 and quantified by nanodrop. 

 

Synthesis of biotinylated cysteamine to detect dehydroalanine (Dha) in GPX 

Nonenzymatic thiol Michael addition was used to detect whether Dha was successfully generated 

in GPX upon H2O2 oxidation (Rhee and Cho, 2010). For this purpose, biotinylated cysteamine was 

synthesized. Cysteamine hydrochloride (11.4 mg, 0.1 mmol) was treated with 0.5 mL of PBS 

solution of NaHCO3 (1 M) and 0.1 mL of a DMF solution of EZ-linked N-hydroxysuccinimide 

biotin (0.5 M) for 3 h at room temperature. To the above reaction mixture was added TCEP 

hydrochloride (45 mg, 0.15 mmol). The resulting solution was incubated at room temp for another 

2 h. After lyophilizing the reaction mixture, the sample was dissolved in 0.1% TFA, filtered 

through a 0.2 µM filter, and purified by reversed-phase HPLC on a C18 column. The mass of 

biotinylated cysteamine was confirmed by MS (ESI): [M + H]+ calculated, 304.1075; found, 

304.1145. The detection of Dha in GPX was performed by following an established protocol (Rhee 

and Cho, 2010). Briefly, Dha-containing GPX (~3 g) was treated with a PBS solution containing 

0.1 M NaHCO3, 0.5 mM biotinylated cysteamine, 1 mM TCEP, and 1% SDS for 20 h at 37 ºC. 

The reaction mixture was then boiled with 2X Laemmli buffer (Bio-Rad) and separated by SDS-

PAGE. The separated proteins were transferred to a nitrocellulose membrane for blot analysis with 

HRP-conjugated streptavidin (Thermo Scientific). GPX was used as the control in the Western 

blot analysis (Figure S1H). 

 

Investigating the possibility of LanCL-catalyzed GSH addition to Dha-GPX 

Dha-containing GPX (10 µM) was dissolved in reaction buffer (25 mM Tris, 150 mM NaCl, 1 

mM GSH, 1 mM TCEP, pH 7.5) and incubated with 2 µM His6-LanCL1 or LanCL2-His6 

(preactivated with 0.1 mM ZnCl2 at room temperature for 0.5 h) at room temperature for 2 h. The 

reaction mixtures were boiled with 2X Laemmli buffer and analyzed by Western blotting. No 

protein bands were detected upon staining with anti-GSH antibody (Virogen) compared to positive 

control, which suggests that LanCL does not catalyze GSH addition to Dha-GPX. 

 

Investigating the possibility of LanCL2-catalyzed crosslinking of thioredoxin and Dhb-ERK 

peptide 
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To investigate whether LanCL may catalyze protein crosslinking, we performed a preliminary 

exploration based on a model system in which thioredoxin was chosen as the thiol nucleophile 

given its reactive and accessible Cys and Dhb-ERK was chosen as the electrophile. Dhb-ERK (25 

µM) and thioredoxin (Trx, 100 µM) in reaction buffer (25 mM Tris, 150 mM NaCl, 1 mM TCEP, 

pH 7.5) were incubated with 5 µM LanCL2-His6 (preactivated with 0.1 mM ZnCl2) at room 

temperature. The reaction mixture was monitored by MALDI-TOF MS over 5 h. No crosslinking 

products were detected. To test whether LanCL2-His6 was still active, 1 mM GSH was introduced 

to the reaction at the end of the above incubation. The GSH-containing reaction mixture was 

further incubated at room temperature for an additional 1 h and then analyzed by MALDI-TOF 

MS. The glutathionylation of Dhb-ERK was clearly detected in the presence of LanCL2-His6. 

Thus, LanCL2 was active but did not add Cys from Trx to Dhb-ERK. 

 

Knock-out mice phenotype 

In 2011 we first generated LanCL2-/- KO mice. The first generation of these mice displayed the 

phenotype shown in Figure S7E where about 30% of the KO mice died between ~2 and 6 months. 

Histopathology analysis did not identify any common cause of death and for most mice no obvious 

cause of death was found. The surviving KO mice did not display any phenotype and subsequent 

generations did not display the premature death phenotype. Hence, we assumed that a subset of 

mice for unknown reasons possibly associated with other genetic differences died and that we had 

lost the phenotype in the surviving mice. In the subsequent years we generated LanCL1-/- and 

LanCL3-/- mice and through breeding generated TKO mice in 2016. These mice did not display 

any obvious phenotype when we used them to test the hypothesis that LanCL proteins are 

responsible for lanthionine formation in the brain (He et al., 2017). However, a colony of TKO 

mice that were born in early 2020 displayed near-identical premature death phenotype (Fig. 6H & 

S7D) as observed in 2011. 

Multiple seizures were observed before death in several of the TKO mice that died prematurely. 

Necropsy specimen from nine mice were examined, including one TKO male, six TKO females, 

one sacrificed wt male, and one wt female. Four out of six TKO female mice examined had 

necrotic livers containing coagula of hypereosinophilic, hepatocellular debris with degenerative 

neutrophils. Two TKO female mice had necrotic endometrium with bacterial infection. Steiner 

stain of necrotizing mouse livers was negative. Gram stain on endometrium and placentae showed 

intralesional colonies of gram-positive cocci. No significant histopathological abnormality was 

seen in wt mice or TKO males. Overall no common cause of death was evident in TKO mice that 

died prematurely. 

 

Survival analysis 

A total of 105 mice (58 WT and 47 LanCL TKO) were studied and used to generate 

Kaplan-Meier (KM) survival plots (Fig. 6H and S7D). Survival times were monitored for up to 

210 days. The following data were collected, i) age (if mice were alive then, age = age at end of 

study, if mice died then, age = age at death), ii) sex; differences between wt and TKO survival 

were determined by the Gehan-Breslow-Wilcoxon test. Statistical significance in all tests was 

accepted at P < 0.05. The KM plots were generated using GraphPad Prism 8.0.2. The older 

LanCL2 data involved 50 LanCL2 -/- mice and 24 wt mice and provided similar overall numbers 

(Figure S7E). Censored subjects are healthy mice that were sacrificed to compare tissues 

containing high LanCL levels (based on previous studies) to monitor for potential differences in 
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GSH-adduct in wt and TKO mice (see below). In addition, all surviving mice at the end of the time 

interval are considered censored as their long term survival was not known at the end of the study. 

 

Protein extraction from mouse brain and heart tissue 

 Mouse brain and heart from deceased TKO mice, sacrificed TKO, or wt mice were 

dissected and snap frozen immediately in liquid nitrogen. Frozen tissue was homogenized and 

lysed in tissue extraction buffer (200 nM Tris HCl pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM 

EDTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerol phosphate, 1 mM sodium orthovanadate, 

2% Triton X-100 and a protease inhibitor) using a tissue homogenizer. Homogenized tissue was 

rotated for 30 min and centrifuged at 14,100 ×g for 10 min at 4 °C. Supernatant was transferred to 

a clean vial and protein concentration was determined using Pierce™ BCA Protein Assay Kit. 

LanCL1/2 and GSH, or GSH only were added to the protein, and the samples were analyzed by 

Western blot after SDS-PAGE under reducing conditions using anti-glutathione antibody 

(Virogen). No difference was observed between TKO and wt samples. 

 

Immunoprecipitation of ERK1/2 from total mouse brain protein and reaction with LanCL2 

In an effort to potentially concentrate a dehydroamino acid containing protein, mouse brain 

total protein was pre-cleaned with Protein A Agarose Beads (Cell Signaling Technology) to 

remove endogenous IgG and incubated with ERK1/2 antibody (Cell Signaling Technology) at 4 

°C overnight. The solution was then incubated with Protein A Agarose Beads at 4 °C for 4 h and 

micro-centrifuged at 250 g for 1 min. Supernatant was removed and beads were washed with 

tissue extraction buffer 3 times. 

Beads with ERK1/2 immunoprecipitated from 200 g of WT or TKO mouse brain total 

protein were treated with 4 M LanCL2, 500 g glutathione (GSH) (Sigma-Aldrich), and 0.5 mM 

tris(2-carboxyethyl) phosphine (TCEP), and incubated at 37 °C for 1 h. Samples were washed 

three times with tissue extraction buffer and boiled with 20 L of 2X Laemmli buffer (Bio-Rad). 

All samples were analyzed by Western blotting to detect C-glutathionylated Erk using anti-

glutathione antibody (Virogen). No difference was observed between TKO and wt brain. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 
For all non-quantitative experiments such as mass spectrometric analysis, experiments were 

performed in triplicate with a typical outcome shown that was representative of all three 

experiments. Kinetic experiments with dehydroamino acid containing peptides were performed in 

triplicate. The amounts of products formed were quantified by LC-MS as previously reported 

(Thibodeaux et al., 2014). The EICs were integrated using MassLynx software to generate peak 

areas. The EIC peak areas were used to calculate the concentration of glutathionylated product at 

each time point by comparison with standard curves. Initial rates at different substrate 

concentrations were calculated by linear regression fit of product concentration over time and these 

intitial rates were fit to the Michaelis-Menten model using Prism 6 (GraphPad) for kinetic 

parameters KM,peptide and kcat. For kinetic experiments to determine kinase activity of MEK variants, 

the amounts of phosphorylated ERK were quantified using the intensities of ERK observed in 

deconvoluted peaks from mass spectra obtained by LC-MS. The results, shown as mean ± standard 

deviation of triplicate experiments, were fitted by global least-square regression to solutions of 

kinetic models (see Figure S6) using OriginPro9.7. 
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