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Abstract

As one of the most abundant elements on earth, sulfur is part of many small molecular metabolites 

and is key to their biological activities. Over the past few decades, some general strategies have 

been discovered for the incorporation of sulfur into natural products. In this review, we summarize 

recent efforts in elucidating the biosynthetic details for two sulfur-containing metabolites, 

ergothioneine and ovothiol. Their biosyntheses involve an unprecedented trans-sulfur strategy, a 

combination of a mononuclear non-heme iron enzyme-catalyzed oxidative C–S bond formation 

reaction and a PLP enzyme-mediated C–S lyase reaction.

Graphical Abstract

Sulfur is a component of both small molecular metabolites and macromolecules,1–3 and the 

roles of sulfur in primary metabolism are well-established.4–8 Over the past few decades, 

studies of sulfur-containing vitamins/cofactors (e.g., thiamin pyrophosphate,9,10 biotin,
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9,11–14 lipoic acid,15 molybdopterin,16 coenzyme B,17 and coenzyme M18,19) have greatly 

enriched our understanding on the biosynthetic C–S bond construction strategies. In recent 

years, an explosion of genetic information from genome sequencing efforts revealed many 

potential sulfur-containing natural product biosynthetic gene clusters.20–23 Currently known 

enzymatic C–S bond formation reactions can be roughly divided into two categories: ionic 

mechanisms and radical mechanisms.

Ionic Types of C–S Bond Formation Biosynthetic Pathways

The pKa of cysteine thiol is ~8.3, and under physiological conditions (e.g., pH 7.4), a 

portion of the cysteine side chain is present as a thiolate, which could function as a 

nucleophile directly. In nisin 1 biosynthesis (Figure 1A),24 an example of lantibiotic 

biosynthesis,25 thioether bond formation involves several steps. The serine and threonine 

residues are dehydrated by NisB, resulting in a 2,3-didehydroalanine (Dha) or 2,3-

didehydrobutyrine (Dhb) moiety (Figure 1A). A Zn2+-containing cyclase, NisC, catalyzes 

the nucleophilic attacks on the β-carbon position of Dhb or Dha by cysteine residues, 

producing thioether linkages. In the NisC reaction, the coordination of a cysteine residue to 

Zn2+ decreases its pKa, facilitating thioether bond formation (Figure 1B).24 In the last step, a 

protease, NisP, cleaves off the leader peptide from the thioether-containing peptide to give 

nisin 1 as the final product (Figure 1A).

In some cases, electrophiles for the nucleophilic reactions are created by oxidative activation 

mechanisms. Several types of oxidases have been reported to be part of this type of 

activation mechanism, including P450 monooxygenases, non-heme iron enzymes, flavin-

dependent enzymes, and copper-containing oxidases.20 This strategy is present in the 

biosyntheses of gliotoxin [12 (Figure 2)],26,27 leukotriene D4,28,29 and glucosinolate.30 In 

gliotoxin 12 biosynthesis, a nonribosomal peptide synthetase, GliP, catalyzes the 

condensation between L-Ser 2 and L-Phe 3 to cyclo-phenylalanyl-Ser 4 (Figure 2). Hydroxyl 

groups are incorporated into the α-positions of 4 by a P450-catalyzed hydroxylation (GliC 

catalysis). The subsequent dehydration reaction of 5 produces an electrophilic acyliminium 

intermediate 5a, which then reacts with glutathione to form the C–S bonds in bis-

glutathionylated intermediate 6 (GliG catalysis). Then, a γ-glutamyl-transferase, GliK, 

cleaves the isopeptide bond, and the resulting Cys–Gly dipeptide bond in compound 7 is 

hydrolyzed by a metal-dependent dipeptidase, GliJ. A PLP-dependent C–S lyase, GliI, 

finishes the sulfur transfer process to produce the epidithiol 9. The disulfide bridge in 

gliotoxin 12 is formed by a flavin-dependent oxidase [GliT, 11 → 12 conversion (Figure 

2)].27,31,32

In many other ionic sulfur transfer reactions, sulfur atoms are first activated into a persulfide 

(R-S-SH)33 or a thiocarboxylate intermediate (R-CO-SH).4,34,35 Biosyntheses of sulfur-

containing cofactors (e.g., thiamine pyrophosphate10 and molybdopter-in16), and the tRNA 

modification reaction,9,36 provide mechanistic details about this type of transformation. 

These two intermediates were also proposed in several secondary metabolite biosynthetic 

pathways, including BE-7585A,37 thioquinolobactin,38,39 thiolactomycin,40–42 and 6-

thiogua-nine.43,44 The recently reported biosynthetic details for a thiosugar [BE-7585A, 15 
(Figure 3)] are consistent with the findings of studies of sulfur-containing cofactors, while 
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some unique features were uncovered.37 In the BE-7585A biosynthetic gene cluster, the 

BexX gene is homologous to the thiazole synthase thiG gene in thiamine biosynthesis.9,10,45 

The covalent adduct between BexX and the glucose 6-phosphate-derived 2-ketosugar has 

been confirmed biochemically45 [13a (Figure 3)], and the crystal structure of the BexX–

substrate complex has also been reported.37 Results from biochemical and structural studies 

support the mechanistic similarities between BexX in BE-7585A biosynthesis and ThiG in 

thiamine biosynthesis.37,45

Interestingly, the BE-7585A biosynthetic gene cluster does not contain any cysteine 

desulfurases, sulfur carrier proteins, or rhodanese-like proteins. These proteins are required 

for efficient transfer of the cysteine sulfur to BexX–substrate complex 13a, if the sulfur 

transfer strategy, described above, discovered in the biosynthesis of sulfur-containing 

cofactors is followed in BexX-catalysis. This observation raises the question of what sulfur-

delivery machinery is employed by BexX. The genome of the BE-7585A-producing strain, 

Amycolatopsis orientalis, contains five cysteine desulfurase homologues, four sulfur carrier 

protein homologues (ThiS, MoaD, CysO, and MoaD2), and five rhodanese homologues. The 

thiS, moaD, and cysO genes are part of the thiamine, molybdopterin, and cysteine 

biosynthetic gene clusters, respectively, while moaD2 is a stand-alone gene without clear 

association with any biosynthetic pathway. Moreover, the thiamine, molybdopterin, and 

cysteine biosynthetic gene clusters do not encode the enzyme responsible for activating the 

sulfur carrier proteins (SCPs). In the genome, there is a MoeZ gene whose N-terminus is 

homologous to ThiF, an activating enzyme in thiamine biosynthesis. The C-terminus of 

MoeZ has a rhodanese domain. MoeZ can catalyze the activation of both MoaD2 and CysO 

to produce the thiocarboxylate intermediate at the C-termini of these SCPs (Figure 3). In 

addition, the C-terminal rhodanese domain of MoeZ mobilizes the sulfur atom into the 

activated SCP (e.g., CysO or MoaD2), from which sulfur is transferred to the BexX–

substrate complex [13a → 14 conversions (Figure 3)].37 This study demonstrated that the 

sulfur-delivery system (e.g., desulfurases, sulfur carrier proteins, and their activating 

enzymes) may not be located in a particular secondary metabolite biosynthetic gene cluster. 

Instead, the sulfur transfer system can be used for multiple pathways, including both primary 

and secondary metabolism.

Radical Types of C–S Bond Formation Biosynthetic Pathways

Radical-type C–S bond formation chemistries include two major subcategories:18 anaerobic 

and aerobic reactions. Biotin synthase, lipoate synthase (anaerobic radical type), and 

isopenicillin N-synthase (IPNS) (aerobic radical type) are well-known examples. Biotin 

synthase is a radical SAM enzyme,46 and the reduction of S-adenosylmethionine (SAM, 16) 

by a [4Fe-4S] cluster leads to the formation of L-Met 17 and 5′-deoxyadenosyl radical (18, 

5′-dAdo•), which abstracts a hydrogen from the substrate to produce a substrate-based 

radical [19a (Figure 4B)]; this is followed by a sulfur insertion using an auxiliary [2Fe-2S] 

cluster in BioB as the sulfur source [19b → 19c (Figure 4)].11,12,15,18 The process is 

repeated one more time to form the thioether bond in biotin [19d → 20 conversion (Figure 

4B)].
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A similar process is also observed in the Escherichia coli lipoic acid biosynthetic pathway 

(Figure 5). In this pathway, an octanoyltransferase (LipB) first transfers an n-octanoyl 

moiety 21 to a conserved lysine residue on lipoyl carrier protein [22 (Figure 5)]. Then, a 

lipoyl synthase, LipA, mediates the sulfur transfer. Like other radical SAM enzymes, the 

first [4Fe-4S] cluster of LipA undergoes reductive cleavage of SAM to produce 5′-dAdo• 

[16 → 18 conversion (Figure 4)], which then abstracts a hydrogen atom from the C6 

position of the substrate to form a substrate-based radical 22a (Figure 5).46 The substrate-

based radical reacts with the bridging μ-sulfido ion of the auxiliary [4Fe-4S] cluster, while 

one of the Fe3+ ions is reduced to Fe2+ and released from the iron–sulfur cluster, resulting in 

intermediate 22b. The cycle is repeated one more time to incorporate the other sulfur into 

the C8 position of the octanoyl moiety to produce 22d. In this mechanism, LipA also 

functions as the sulfur source and supports only a single turnover. Determining how the 

iron–sulfur cluster is regenerated to support catalytic turnovers has been a challenge for 

decades. Recently, Booker et al. demonstrated that in E. coli, when iron–sulfur cluster carrier 

protein IscU or Nfu is included in the reaction, LipA can catalyze multiple turnovers. In this 

case, Nfu or IscU replenishes the auxiliary [4Fe-4S] cluster of LipA to support multiple 

turnovers.47,48

In addition to the aforementioned cases, another type of radical SAM enzyme-mediated C–S 

bond formation strategy has been reported recently (Figure 6). In sactipeptides, one subclass 

of ribosomally synthesized and post-translationally modified peptides (RiPP),20,49 there are 

also thioether linkages. However, different from lantibiotics discussed in Figure 1, the 

thioether linkage in sactipeptides is formed between a cysteine sulfur atom and the α-

carbon, instead of the β-carbon of another amino acid.50–53 Some recently characterized 

examples include subtilosin A, subtilosin A1,49,51 thuricin CD (composed of two peptides, 

thuricin α and thuricin β),52 and thuricin H.53 In the biosynthesis of subtilosin A, AlbA is a 

radical SAM enzyme with two [4Fe-4S] clusters. The first cluster undergoes reductive 

cleavage of SAM to produce 5′-dAdo• [16 → 18 conversion (Figure 4)], which then 

abstracts a hydrogen from the α-position of the amino acid, where the thioether bond will be 

formed [23 → 23a conversion (Figure 6)]. The role of the auxiliary [4Fe-4S] cluster in 

AlbA catalysis is not yet well-defined, but two mechanisms have been proposed (Figure 6). 

In the first model [pathway I (Figure 6)],49 SAM binds to the unique iron site of the first 

[4Fe-4S] cluster, while the sulfur group from the peptide substrate coordinates to one of the 

irons of the auxiliary [4Fe-4S] cluster [23b (Figure 6)]. The substrate-based radical reacts 

with the cysteine sulfur to form the thioether bond [23a → 23b conversion (Figure 6)]. At 

the same time, one electron is transferred from the substrate to reduce the auxiliary [4Fe-4S] 

cluster. In this model, the auxiliary [4Fe-4S] cluster serves as an electron acceptor. After the 

product is released, the reduced auxiliary cluster relays the electron back to the first 

[4Fe-4S] cluster to initiate another catalytic cycle.

In the other model [pathway II (Figure 6)], substrate-based radical 23a is oxidized by the 

auxiliary [4Fe-4S]2+ cluster. The intermediate is then trapped by the sulfur from a cysteine 

residue in the substrate to form a thioether [23c → 24 conversion (Figure 6)]. In this 

pathway, the auxiliary [4Fe-4S] cluster is also key to the redox chemistry required for 

thioether formation, while a direct coordination between the substrate and the auxiliary 
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[4Fe-4S] cluster is not necessary.54 Additional studies are required to differentiate between 

these two models.

In the biosynthesis of penicillin, isopenicillin N-synthase (IPNS) is responsible for installing 

β-lactam and thiazolidine rings through an aerobic radical type of sulfur insertion 

mechanism (Figure 7). IPNS is a mononuclear non-heme iron enzyme, which catalyzes a 

four-electron oxidation of a tripeptide δ-(L-α-aminoadipoyl)-L-cysteinyl-D-valine (LLD-

ACV, 25) to isopenicillin N 26 (Figure 7).55,56 After binding and activation of oxygen by the 

FeII center, the FeIII–superoxo intermediate oxidizes the cysteine sulfur to generate a 

thiolaldehyde 25a, which is attacked by the valine amide to form the β-lactam ring. 

Heterolytic cleavage of the O–O bond of the hydroperoxo intermediate generates FeIV═O 

species 25b, which abstracts a hydrogen atom from the CVal,β position, resulting in a valinyl 

radical 25c. Subsequently, the thiazolidine ring is formed by combining a valinyl radical and 

a thiol radical to produce the final product, isopenicillin N 26.57

There is currently growing interest in the biosynthesis of sulfur-containing natural products. 

The examples mentioned above represent some of the general strategies. Many of the 

recently discovered biosynthetic pathways for sulfur-containing natural products have not 

yet been biochemically characterized. In the next section, we summarize the sulfur transfer 

strategy in ergothioneine and ovothiol biosynthesis in which sulfur is incorporated through a 

combination of a mononuclear non-heme iron enzyme-catalyzed oxidative C–S bond 

formation reaction and a PLP enzyme-mediated C–S lyase reaction. This sulfur transfer 

strategy differs from all other examples discussed in previous sections (Figures 1–7).

BIOSYNTHESIS OF ERGOTHIONEINE AND OVOTHIOL

Early Ergothioneine Biosynthetic Studies Using Isotopically Labeled Precursors

Ergothioneine 32 and ovothiol 36a–c are histidine derivatives with sulfur substitutions at the 

ε-and δ-carbons of the histidine imidazole side chain, respectively. Ergothioneine [32 
(Figure 8A)] was isolated from ergot by Tanret in 1909.58 The biosynthetic community 

began the search for the ergothioneine biosynthetic details as early as the 1950s. At that 

time, ergothioneine had been isolated from various microorganisms.59–61 Feeding studies of 

ergothioneine-producing strains led to the structural characterization of some of the key 

intermediates. Culturing ergothioneine-producing strain Claviceps purpurea with 

[2-14C]acetate showed that L-His and ergothioneine have similar labeling distribution 

patterns, suggesting that L-His is an ergothioneine biosynthetic precursor.62 When [14C]His 

was fed to Neurospora crassa, it was efficiently incorporated into ergothioneine, whereas 

[14C]-thiohistidine was not.63 On the basis of these results, it was suggested that hercynine 

28 is most likely an intermediate in ergothioneine biosynthesis. The source of sulfur was 

also examined, and feeding studies indicated that thiosulfate and some sulfur-containing 

amino acids (e.g., cysteine and cystine) were the sulfur sources for ergothioneine. Using 

[14C]methyl-labeled methionine resulted in ergothioneine with 14C-labeled methyl groups, 

suggesting that methionine is the methyl source for ergothioneine. Feeding experiments in 

C. purpurea led to similar conclusions.63–65
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These early feeding studies suggested that ergothioneine biosynthesis most likely starts with 

the methylation of the L-His amino group to produce hercynine 28 (Figure 8A).66 This 

conclusion was further substantiated by using N. crassa cell extract, which catalyzes the 

conversion of L-His to hercynine using SAM as the methyl source.67,68 When 

[14C]hercynine and L-Cys were incubated with N. crassa cell extract, the production of 

ergothioneine was observed. Interestingly, in the presence of 200 μM hydroxylamine, S-(β-

amino-β-carboxyethyl)ergothioneine sulfoxide 31 accumulated. In addition, adding S-(β-

amino-β-carboxyethyl)ergothioneine sulfoxide 31 to the N. crassa cell extract resulted in 

ergothioneine production.69 Results from these studies suggested that sulfoxide 31 might be 

another ergothioneine biosynthetic intermediate (Figure 8A).

The exact enzymes responsible for these transformations in ergothioneine biosynthesis were 

not identified at that time. However, it was discovered that supplementing the N. crassa cell 

extract with Fe2+ and pyridoxamine phosphate (PLP) significantly improved the 

ergothioneine production yield. The identities of these enzymes were uncovered recently,70 

and their biochemical properties correspond to the observations in the study of N. crassa cell 

extract.

Ovothiol Biosynthetic Studies Using Cell Extracts

Ovothiol A 36a is another thiohistidine isolated from eggs and ovaries of marine 

invertebrates71 and trypanosomatids (Figure 8B).72,73 Similar to the ergothioneine studies, 

the initial characterizations of ovothiol A biosynthetic studies were conducted using the cell 

extracts from ovothiol-producing organisms. Using Crithidia fasciculate, an ovothiol-

producing organism, Steenkamp et al. demonstrated that ovothiol is derived from L-His and 

L-Cys and that the sulfur transfer occurs prior to methylation.74 Using partially purified 

proteins from Cr. fasciculate, Steenkamp and co-workers further demonstrated that ovothiol 

A biosynthesis also involves an iron enzyme-catalyzed oxidative coupling reaction and a 

PLP-catalyzed C–S lyase reaction.75 Thus far, only the identity of the non-heme iron 

enzyme is known.76

Ergothioneine and Ovothiol Biosynthetic Pathways

Recently, Seebeck and co-workers discovered the ergothioneine biosynthetic gene cluster 

using a comparative genomic approach (Figure 8A).77 In one of the ergothioneine-producing 

organisms, Mycobacterium aviu, there are 78 annotated methyltransferases, and among these 

genes, 29 of them have homologues in N. crassa, another ergothioneine-producing species. 

Eliminating homologues in ergothioneine nonproducing species narrows the list to 10 

candidate methyltransferases. Interestingly, one of them is located next to a PLP-containing 

enzyme in the context of a five-gene cluster, designated egtABCDE (EgtA–EgtE genes). The 

recombinant EgtD indeed catalyzes the methylation of L-His 27 to hercynine 28, and the 

methylation is processive (Figure 8A), resulting in hercynine 28 with only small amounts of 

mono- or dimethylhistidine products. This processivity is attributed to the fact that EgtD 

binds to dimethyl-histidine 70-fold more tightly than to histidine.78

Feeding study results discussed previously implied that an Fe-dependent enzyme is 

responsible for oxidative C–S bond formation. Indeed, EgtB in the gene cluster reported by 
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Seebeck is a non-heme iron enzyme. In addition, the presence of γ-glutamyl-cysteine ligase 

(EgtA) in the mycobacterium ergo-thioneine biosynthetic gene cluster suggests that γ-

glutamyl-cysteine 29 is the sulfur source.77 As expected, EgtB catalyzes the oxidative 

coupling between hercynine and γ-glutamyl-cysteine to form a sulfoxide 30. Then, the 

glutamate group is removed by a glutamine amidotransamidase homologue (EgtC). The last 

step of ergothioneine biosynthesis is catalyzed by a PLP-dependent C–S lyase (EgtE), whose 

activity has also been demonstrated in vitro.79,80 Recently, OvoA, an EgtB homologue, was 

identified from one of the ovothiol A producers, Erwinia tasmaniensis.76 Recombinant 

OvoA catalyzes the oxidative coupling between L-His 27 and cysteine to a sulfoxide 33 in 
vitro (Figure 8B). However, the proposed C–S lyase and methyltransferase in ovothiol 

biosynthesis remain to be identified.

Biochemical Information about Ergothioneine and Ovothiol Biosynthesis

In ergothioneine and ovothiol biosyntheses, the trans-sulfuration method differs from those 

discussed previously (Figures 1–7). A combination of a non-heme iron enzyme-catalyzed 

oxidative C–S bond formation (EgtB, OvoA catalysis) and a reductive C–S lyase represents 

one of the most efficient sulfur transfer strategies in natural product biosyntheses. After the 

discovery of the mycobacterial EgtB gene, the functions of its homologues in fungi (N. 
crassa,81 Aspergillus fumigates,82 and the fission yeast, Schizosaccharomyces pombe83) 

have also been examined by genetic studies. A systematic analysis of all completed genomes 

in the NCBI database indicated that ergothioneine biosynthetic genes are widely distributed 

in actinobacteria,84 while EgtB and EgtD were found across proteobacterial and 

cyanobacterial species.85

EgtB and OvoA both mediate sulfoxide formation; however, they differ in their substrate 

selectivity and C–S bond formation regioselectivity (panel A vs panel B of Figure 8). In 

ergothioneine biosynthesis, EgtB makes use of hercynine and γ-glutamyl-cysteine as the 

substrates and the C–S bond is formed at the ε-position (Figure 8A). OvoA, on the other 

hand, uses L-His and L-Cys as the substrates, resulting in the C–S bond being formed at the 

δ-position (Figure 8B). Interestingly, with hercynine 28 as the substrate, OvoA catalyzes the 

oxidative coupling between hercynine and L-Cys to hercynyl-cysteine sulfoxide [31 (Figure 

8C)].86,87 OvoA also mediates the oxidation of cysteine to cysteine sulfinic acid 34 (Figure 

8C), an activity solely reported in cysteine dioxygenase (CDO).88 On the basis of the EgtB 

and OvoA biochemical information and guided by sequence similarity network analysis 

results, we identified and characterized the Egt1 gene from fungal N. crassa biochemically 

in vitro. The fungal Egt1 preferentially catalyzes the oxidative coupling between hercynine 

28 and L-Cys to give hercyl-cysteine sulfoxide 31 (Figure 8A).70 These studies led to the 

elucidation of two aerobic ergothioneine biosynthetic pathways: the mycobacterial 

pathway77 [EgtA–EgtE (Figure 8A)] and the fungal N. crassa pathway70 [Egt1 and Egt2 

(Figure 8A)].

The discoveries of these aerobic ergothioneine biosynthetic pathways are in line with the 

function of ergothioneine as a cellular antioxidant. Seebeck and co-workers analyzed the 

genomes of a green sulfur bacterium Chlorobium limicola DSM 245 and identified 

Clim_1148 (EanA) as an EgtD homologue.89 Ch. limicola grows in illuminated anoxic 
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waters and conducts anaerobic photosynthesis using sulfides as the electron donor for carbon 

dioxide fixation. The recombinant EanA can catalyze the methylation of L-His 27 to 

hercynine 28. Analysis of the EanA gene neighborhood revealed a putative rhodanese-like 

sulfur transferase (EanB, Clim_1149). This pair of enzymes was found in at least 20 

genomes from predominantly anaerobic bacteria and archaea. In the presence of cysteine 

desulfurase IscS, EanB can mediate the transfer of sulfur from cysteine to hercynine 28 to 

yield ergothioneine (Figure 8D). This surprising discovery contradicts the general hypothesis 

of having ergothioneine as an antioxidant, which removes reactive oxygen species (ROS) or 

reactive nitrogen species (RNS) generated under aerobic conditions.90 The presence of 

ergothioneine in anaerobic organisms raised the question of its biological functions. In 

addition, the trans-sulfuration catalyzed by EanB is intriguing because this transformation 

differs from other rhodanase-catalyzed sulfur transfer reactions (Figure 3). This discovery 

suggests that at least three different ergothioneine biosynthetic pathways exist in nature: two 

aerobic and one anaerobic (Figure 8A,D).91

Mechanistic Characterization of Oxidative C–S Bond Formation in Ergothioneine and 
Ovothiol Biosyntheses

The crystal structure of Mycobacterium thermoresistible EgtB has been reported.92 It has an 

N-terminal DinB-like four-helix bundle (residues 7–150) and a C-terminal C-type lectin 

fold. The EgtB structure contains few secondary structural elements and is rich in loops 

stabilized by buried ionic interactions (Figure 9A). The enzyme active site is in a 15 Å deep 

and 10 Å wide tunnel, and at the bottom of the tunnel, the catalytic iron is coordinated by 

three histidine residues (H51, H134, and H138). The Fe2+ center is also coordinated to three 

water ligands. When the Fe2+ center was replaced with Mn2+, the structure of the 

EgtB·dimethylhis-tidine·γ-glutamyl-cysteine tertiary complex was obtained (Figure 9B). 

Dimethylhistidine (DMH) coordinates to the Mn2+ center using its imidazole side chain, 

while γ-glutamyl-cysteine coordinates to the metallocenter using its side chain sulfur. The 

sixth ligand is a water molecule, which is most likely the site for oxygen binding and 

activation. In this structure, the water ligand is hydrogen-bonded to the hydroxyl group of an 

active site tyrosine residue (Y377). Upon mutation of Y377 to F377 in EgtB, the dominant 

activity of this mutant is the cysteine dioxygenase activity [kcat of 1.2 s−1 (Figure 8E)], 

instead of oxidative C–S bond formation in wild-type EgtB. This activity is at a level 

comparable to that of native CDO activity (kcat of 1.8 s−1).93,94 This discovery suggested 

that Y377 might serve as a general acid–base or be part of the redox chemistries in EgtB 

catalysis.

The kinetic parameters (kcat and Km values for hercynine and γ-glutamyl-cysteine) for EgtB 

Y377F are very similar to those of wild-type EgtB.93 As in the case of wild-type OvoA 

catalysis, the γ-glutamyl-cysteine dioxygenase activity depends on the presence of 

hercynine 28. In the absence of hercynine 28, γ-glutamyl-cysteine is oxidized to γ-

glutamyl-cystine at a rate orders of magnitude lower than the γ-glutamyl-cysteine sulfinic 

acid or sulfoxide formation rates. Cysteine sulfinic acid formation and sulfoxide formation 

are possibly two pathways branching out from a common intermediate in both EgtB and 

OvoA catalysis (Figure 8).93,95
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These two reactions have also been characterized by studies measuring the kinetic isotope 

effect (KIE). Using [ε-2H]-hercynine 28 as the substrate, no primary KIEs were observed. 

The solvent KIEs on wild-type EgtB and the EgtB Y377F mutant were measured for both 

the γ-glutamyl-cysteine dioxygenase activity and the sulfoxide synthase activity. The 

solvent KIEs for wild-type EgtB sulfoxide synthase and Y377F mutant γ-glutamyl-cysteine 

dioxygenase activity were 1.2 ± 0.2 and 0.9 ± 0.1, respectively. For the sulfoxide synthase 

activity of the EgtB Y377F mutant, the determined solvent KIE is 1.9 ± 0.1.93 The 

chemistries involved in the ergothioneine and ovothiol biosynthetic pathways are very 

similar (Figure 8) despite the differences in substrate selectivity and product regioselectivity 

between EgtB/Egt1 and OvoA.70,76,77,86,95 In addition, cysteine dioxygenase activity was 

discovered in OvoA (Figure 8C).95 Although wild-type EgtB does not show γ-glutamyl-

cysteine dioxygenase activity, the dominant reaction in the EgtB Y377F mutant is γ-

glutamyl-cysteine dioxygenase activity (Figure 8E).93 The discovery of sulfur 

oxidation88,96,97 in EgtB and OvoA adds another level of complexity to their mechanistic 

investigations. Both EgtB catalysis and OvoA catalysis are four-electron oxidations, in 

which molecular oxygen is fully reduced to water. In this process, oxidative C–S bond 

formation and formation of sulfoxide each provide two electrons. In EgtB and OvoA 

catalysis, it has yet to be determined whether C–S bond formation or sulfur oxidation occurs 

first. Several mechanistic options have been proposed for EgtB and OvoA reactions.76,95

Using EgtB catalysis as the example, the proposed mechanistic models and roles of Y377 

are summarized (Figure 10). The EgtB mononuclear iron center has three histidine ligands 

and three exchangeable water ligands. In pathway I (Figure 10), the binding of substrates, γ-

glutamyl-cysteine and hercynine, replaces two exchangeable H2O ligands. The remaining 

ligand site is for oxygen binding and activation to produce FeIII–superoxo species, which 

reacts with the thiolate to form a γ-glutamyl-cysteine sulfenic acid and an FeIV═O species 

[38b (Figure 10)]. After formation of the FeIV═O species, both two-electron chemistry and 

one-electron chemistries have been proposed for the subsequent steps [pathways IA–IC 

(Figure 10)].76,98–100 The FeIV═O species may abstract a hydrogen atom from the histidine 

imidazole ring δ-carbon to produce an imidazole-based radical [38c, pathway IA (Figure 

10)]. Subsequently, the C–S bond forms by combining the thiol radical with the imidazole 

radical (38c → 30). Alternatively, one electron transfer from the imidazole ring to the 

FeIV═O species results in an imidazole cation radical [38d, pathway IB (Figure 10)]. After 

the C–S bond is formed (38d → 38e), Y377 is proposed to function as a base to deprotonate 

38e to finish the catalytic cycle (38e → 30). It has also been suggested that direct 

nucleophilic attack by the imidazole on the sulfenic acid functional group leads to C–S bond 

formation [38b → 38e, pathway IC (Figure 10)]. Subsequent deprotonation of the imidazole 

ring in 38e by a base, potentially Y377, results in coupling product 30.

Recently, the cysteine dioxygenase activity and the sulfoxide formation activity of EgtB 

have been examined through quantum mechanics/molecular mechanics (QM/MM)-based 

calculations (energy diagram in Figure 10B) using the M. thermoresistibile EgtB structure as 

a starting point.98 In the mechanistic model reported by Visser and co-workers, when 

oxygen binds to the iron center, the first intermediate is an FeIII–superoxo intermediate [38f, 
pathway II (Figure 10)]. In the subsequent step, the hydrogen bond network between Y377 
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and the active site water allows a proton-coupled electron transfer process to occur to 

produce FeIII–hydroperoxo species 38g along with a tyrosyl radical. Then, a nucleophilic or 

radical attack of the cysteine sulfur atom on the imidazole side chain of hercynine links the 

two substrates together through a thioether linkage (38g → 38h). Simultaneously with C–S 

bond formation, the hydrogen atom of hydroperoxo species is relayed back to the Y377-

based radical to regenerate tyrosine and at the same time leads to an FeII–superoxo 

intermediate 38h. In the next step, the FeII–superoxo intermediate abstracts a hydrogen atom 

from the imidazole ring to regenerate the aromaticity and produces the FeII–hydroperoxo 

intermediate [38i (Figure 10)]. In this pathway, the C–S bond formation step, specifically, 

the formation of intermediate 38h is the rate-limiting step with an energy barrier of ~14.2 

kcal/mol (Figure 10B). For 38h → 38i conversion, the energy barrier is ~4.4 kcal/mol and 

the transition from 38i to the product complex is energetically favorable (Figure 10B). The 

results from QM/MM-based mechanistic studies suggested that Y377 is involved in EgtB 

catalysis through a proton-coupled electron transfer process to reduce superoxo intermediate 

38f to a hydroperoxo intermediate 38g. This model differs from the model proposed by 

Seebeck originally, in which the Y377 serves as a Lewis acid to provide a proton to peroxo 

species to produce a hydroperoxo intermediate.92 In addition, Visser and co-workers also 

proposed that the reduction of FeIII–superoxo intermediate 38f by a proton-coupled electron 

transfer process from Y337 plays the key role in suppressing thiol dioxygenase activity [38b 
→ 37 (Figure 10A)].

Starting from the same M. thermoresistibile EgtB structure, Wei et al. also examined the 

EgtB catalytic mechanism using density functional theory.99 In this work, it is proposed that 

the first half of EgtB catalysis undergoes the sulfur oxidation to generate a sulfenic acid 

intermediate along with FeIV═O species 38b. Wei et al. proposed that the deprotonation of 

38e is the rate-limiting step (pathway IB in Figure 10A), and a KIE as high as 5.7 was 

predicted. Thus far, KIEs measured from at least two reports were all close to unity, far from 

the predicted value of 5.7.87,100

There is currently no crystal structure for OvoA; therefore, we generated an OvoA structure 

model using I-TASSER.101 In this model, Y417 in OvoA is likely the EgtB Y377 

counterpart.100 Wild-type OvoA has ~10% cysteine dioxygenase activity (Figure 8B). 

Replacing Y417 with a tyrosine analogue, 2-amino-3-[4-hydroxy-3-(methylthio)phenyl] 

propanoic acid [MtTyr, 39 (Figure 11A)], a mimic of the tyrosine–cysteine cross-link in 

cysteine dioxygenase,102–104 resulted in 30% cysteine dioxygenase activity (Figure 11A,B). 

In addition, for the OvoA Y417MtTyr variant, the amount of cysteine sulfinic acid further 

increases from 30% in H2O buffer to approximately 50% in D2O buffer. These results 

demonstrated that the two activities in OvoA catalysis can be modulated by replacing the 

active site tyrosine using a tyrosine analogue.100 Further systematic characterization using 

tyrosine analogues could provide mechanistic insights related to these novel transformations. 

Thus far, no mechanistic information for the anaerobic ergothioneine biosynthetic pathway 

is available (Figure 8D).89
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Mechanistic Studies of the C–S Lyase in Ergothioneine Biosynthesis

In ergothioneine and ovothiol biosynthesis, aside from the non-heme iron-dependent 

enzyme-catalyzed oxidative C–S bond formation (EgtB, Egt1, and OvoA catalysis), the 

other novel transformation is the EgtE/Egt2-catalyzed C–S lyase reaction. Most of the 

reported C–S lyases use thioethers as the substrates.105 The C–S lyase (EgtE/Egt2) in 

ergothioneine biosynthesis, however, is among the few lyases using sulfoxide substrates.
79,106 Through a combination of biochemical and structural approaches, we have 

characterized how the reduction process is coupled with the C–S lyase reaction. 

Recombinant EgtE makes use of both thioether 40 and sulfoxide 31 as its substrate; pyruvate 

41 and ammonia were produced as the side products (Figure 12A).79 Using thiol ether 40 as 

the substrate, ergothioneine was produced in a reductant-independent manner. When hercyl-

cysteine sulfoxide 31 was used as the substrate in the absence of a reductant, ergothioneine 

32 and ergothioneine-2-sulfinic acid 42b were isolated in a 1:1 ratio (Figure 12B). A 

plausible explanation for this result is that ergothioneine sulfenic acid 42 is the product of 

EgtE/Egt2 catalysis (Figure 12B). After intermediate 42 is released from the EgtE/Egt2 

active site, a disproportionation reaction between two molecules of ergo-thioneine sulfenic 

acid 42 leads to the formation of a thio-sulfinic acid 42a, which is hydrolyzed to 

ergothioneine 32 and ergothioneine-2-sulfinic acid 42b (Figure 12B). The spontaneous 

decomposition of ergothioneine sulfinic acid 42b produces hercynine and SO2. In the 

presence of DTT, ergothioneine sulfenic acid 42 is reduced to ergothioneine (Figure 12A). 

The sulfenic acid intermediate 42 has also been trapped using 1,3-cyclohexanedione, and the 

adduct was isolated and characterized.80

Recently, we have successfully determined the crystal structure of Egt2 (the N. crossa 
ergothioneine C–S lyase).80 In its native structure, PLP is covalently linked to Egt2 protein 

through a Schiff base with K247. The pyridine ring of PLP interacts with the aromatic ring 

of Y134 via π–π stacking interactions. The Egt2 Y134F mutant is much less active than 

wild-type Egt2, while this Egt2 Y134F mutant still maintains some enzymatic activity 

[kcat/Km of (4.8 ± 0.1) × 10−3 μM−1 s−1 at pH 7.0, which is ~11.5-fold lower than that of 

wild-type Egt2]. The low activity of the Egt2 Y134F mutant allowed us to capture several 

intermediates in Egt2 catalysis (Figure 13). In one of the monomers, the active site electron 

density is consistent with the assignment of the Egt2 Y134F·substrate 31 binary complex 

prior to external aldimine intermediate formation (Figure 13B). When the crystals were 

transferred to a cryo buffer (pH 8.0), the electron density of the active site suggests that the 

chemical reaction has occurred, and a sulfenic acid intermediate in Egt2 catalysis was 

trapped (Figure 13C). In addition to the sulfenic acid intermediate, the positive density next 

to the PLP C4′ position in one of the EgtE monomers is consistent with an aminoacrylate 

geminal diamine intermediate (Figure 13D).

On the basis of these biochemical and structural studies, a mechanistic model was proposed 

(Figure 13E). Similar to other PLP-containing enzymes, the first step is the formation of 

external aldimine intermediate 31a between the PLP cofactor and sulfoxide substrate 31. 

After deprotonation of the Cys α-carbon to generate a quinonoid intermediate 31b, 

subsequent C–S bond cleavage produces ergothioneine sulfenic acid 42 and the PLP-based 

aminoacrylate intermediate, which decomposes to pyruvate 41 and ammonia. Egt2 structural 
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analysis reveals a C156 residue located adjacent to the active site exit, implying that C156 

might trap ergothioneine sulfenic acid 42 to produce a disulfide intermediate. This 

intermediate is then reduced to ergothioneine and regenerates C156 for the next cycle 

[pathway I (Figure 13E)]. Alternatively, ergothioneine sulfenic acid 42 formed might be 

released to the solution directly, which is then reduced to ergothioneine by either a small 

molecular reductant (e.g., glutathione) or a thiol reduction system [e.g., the thioredoxin/

thioredoxin reductase pair, pathway II (Figure 13E)].

Ergothioneine Biological Functions

In humans, ergo-thioneine accumulates in many tissues with concentrations ranging from 

100 μM to 2 mM, with the highest concentrations being in erythrocytes, bone marrow, liver, 

kidney, seminal fluid, and the lens and cornea of eyes,107–110 through an ergothioneine-

specific transporter, OCTN1.110

The concentrations of ergothioneine in various tissues are correlated with the abundance of 

OCTN1 mRNA.111–113 In addition, when OCTN1 was deleted, ergothioneine accumulation 

is abolished, which suggests that OCTN1-mediated uptake is probably the sole 

ergothioneine uptake mechanism in animals.114,115 Ergothioneine has been suggested to 

play a role complementary to that of glutathione in vivo.90 The exact biological target of 

ergothioneine remains to be identified. Ergothioneine’s reduction potential (E0′ = −0.06 

V3,116,117) is significantly higher than that of glutathione (E0′ = −0.25 V118). It has been 

suggested that the primary role of ergothioneine is as an antioxidant to eradicate reactive 

oxygen species (ROS) and reactive nitrogen species (RNS),90 including •OH, peroxyl 

radicals, peroxynitrite (ONOO−), nitrosoperoxycarbonate (ONOOCO2
−), and carbonate 

radical. Several human diseases have been suggested to be related to ergothioneine, 

including rheumatoid arthritis,119,120 Crohn’s disease,121,122 neurodege-nerative diseases,
123–126 cardiovascular disorders,127 and diabetes.128 Ergothioneine can pass through the 

blood–brain barrier123–125 and might serve as a protection mechanism against 

neurodegenerative diseases. Overstimulation of N-methyl-D-aspartate (NMDA) leads to 

neuronal cell death due to an increased level of production of free radicals.129 Intravitreal 

injection of NMDA in rats leads to a significant loss of retinal neurons. However, the 

NMDA excitotoxicity was relieved by intraperitoneal injection of ergothioneine.126 

Ergothioneine treatment decreases the level of expression of adhesion molecules VACM-1, 

ICAM-1, and E-selectin. As a result, it inhibits the binding of monocytes to the endothelium,
130 which might be the reason explaining ergothioneine’s protective effects against 

cardiovascular disorders.127

Because of the wide distribution of ergothioneine in both aerobic and anaerobic systems, it 

is tempting to assume that ergothioneine may have biological roles besides being a 

biological antioxidant.89,91 Recently, Zhao et al. reported the biochemical characterization of 

lincomycin A biosynthesis, in which ergothioneine plays a key role (Figure 14).131 

Lincomycin 49 is an antibiotic produced from Streptomyces lincolnensis. It has an N-

methyl-4-propyl-L-Pro (PPL) moiety and an unusual eight-carbon sugar (lincosamide) 

decorated with a C-1 position methylthiol group. In the licomycin A (49) biosynthetic gene 

cluster, there is a DinB-2-like domain-containing protein, LmbV. DinB-2 domain-containing 

Naowarojna et al. Page 12

Biochemistry. Author manuscript; available in PMC 2019 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proteins make up a large superfamily with more than 10000 members, which are involved in 

the transformations using small molecular thiols.132 LmbV was proposed to mediate the 

incorporation of the thiol group at the lincosamide C-1 position. In the ΔlmbV mutant, as 

anticipated, no lincomycin A was produced. Surprisingly, an ergothioneine S-conjugate 46 
was isolated. To further characterize the function of LmbV, Zhao et al. overexpressed and 

isolated a LmbV homologue (CcbV, 57% identical to LmbV) because LmbV overexpression 

was challenging. When ergothioneine S-conjugate 46 and MSH were supplied as the CcbV 

substrates, MSH S-conjugate 47 was observed along with the formation of ergothioneine as 

the side product.131 This was the first discovery of ergothioneine being involved in sugar 

activation.

Sequence analysis suggests that LmbT is a glycosyltransferase. In vitro characterization 

demonstrated that LmbT mediates the equilibrium between GDP-lincosamide and the 

lincosamide–ergothioneine conjugate [44 → 45 (Figure 14)]. The LmbT-catalyzed reaction 

exhibited an equilibrium constant Keq of 1.94, and the reaction slightly favors GDP-

lincosamide 44.

Subsequent genetic and biochemical characterizations suggested that LmbC, LmbD, and 

LmbN work together to incorporate the PPL moiety into the lincosamide–ergothioneine 

conjugate to produce 46. LmbC encodes an adenylation protein, which activates PPL using 

ATP and transfers PPL onto the peptidyl carrier protein (PCP) domain of LmbN protein. 

LmbD then catalyzes the condensation between the activated PPL and EGT S-conjugate 45 
to yield 46. In the lincomycin-producing organism, S. lincolnensis, LmbE is an amidase 

homologue. As predicted, a MSH-associated lincomycin analogue 47 accumulated in the 

ΔlmbE mutant strain. The recombinant LmbE rapidly converts 47 to 1-O-(2-N-acetyl)-

glucosamine-D-myo-inositol-3-phosphate (GlcNAc-Ins-3-P) and 48. Thus far, most of the 

critical steps in licomycin A 49 biosynthesis have been established. This biosynthetic 

process involves two small molecular thiols, mycothiol (MSH) and ergothioneine (EGT).

Over the years, it has been suggested that small molecular thiols are involved in providing 

protection against oxidative stress or employed as tools to detoxify electrophilic toxins. The 

discovery of the key roles played by ergothioneine in lincomycin A biosynthesis is the first 

example of its involvement in a natural product biosynthetic pathway. Several biosynthetic 

pathways have been suggested to involve MSH S-conjugates. Given the presence of 

ergothioneine across biological systems, it is likely that many more roles of ergothioneine 

may be discovered in the future.133,134 S-Alk(en)yl-L-Cys sulfoxides have been discovered 

as metabolites in many plants, and some of them play important biological roles, e.g., 

suppression of hypercholesterolemia,135 stimulation of insulin secretion,136 or priming 

neutrophils for respiratory burst.137 In addition to an examination of the roles of 

ergothioneine and ovothiol, it may also be beneficial to characterize the biological function 

of ergothioneine and ovothiol biosynthetic intermediates (Figure 8).

In summary, ergothioneine and ovothiol biosynthetic studies not only provide an excellent 

system for characterizing new trans-sulfuration strategies in nature but also offer ample 

opportunities for future investigations of the biological functions of small molecular thiols.
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Figure 1. 
Ionic type of C–S bond formation in nisin biosynthesis. (A) Overall biosynthetic pathway of 

nisin. (B) NisC activates the cysteine thiol by coordinating to a Zn2+ ion, allowing 

nucleophilic attacks of the Dhb or Dha β-carbon position to give a thioether linkage.
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Figure 2. 
C–S bond formation through an ionic type of reaction in gliotoxin biosynthesis. In the 

gliotoxin 12 biosynthetic pathway, C–S bond formation mediated by GliG undergoes a 

nucleophilic attack by GSH on an acyliminium intermediate 5a, giving bis-glutathionylated 

intermediate 6.
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Figure 3. 
Sulfur-delivery machinery in BE-7585A biosynthesis. MoeZ not only activates the C-

terminus of a sulfur carrier protein (SCP) using ATP but also mediates the transfer of the 

sulfur to the activated SCP to form a thiocarboxylate. The activated SCP then incorporates 

sulfur into BexX–substrate complex 13a to produce 14.
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Figure 4. 
Radical type of sulfur insertion mechanism (BioB catalysis of biotin biosynthesis). (A) 

Reductive cleavage of SAM. (B) Proposed BioB catalytic mechanism in which thioether 

bond formation goes through two substrate-based radical intermediates, 19a and 19d.
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Figure 5. 
Proposed lipoic acid biosynthetic mechanism. In lipoic acid biosynthesis, a radical SAM 

enzyme LipA mediates the transfer of sulfurs from an auxiliary [4Fe-4S] cluster to octanoyl-

LCP substrate 22. The auxiliary [4Fe-4S] cluster is then replenished for the next cycle by the 

iron–sulfur cluster maturation system, e.g., iron–sulfur cluster delivered by IscU or Nfu 

protein.
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Figure 6. 
Proposed mechanistic models of Alba, which catalyzes sactipeptide thioether linkage 

formation in the biosynthesis of subtilosin A. The first [4Fe-4S] cluster undergoes reductive 

cleavage of SAM. The role of the auxiliary cluster is not yet clear.
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Figure 7. 
Proposed mechanistic model of IPNS that involves two stages:β-lactam 25b formation 

followed by thiazolidine ring formation (25c → 26) through an FeIV═O species 25b.
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Figure 8. 
Ergothioneine and ovothiol biosynthetic pathways. (A) Two aerobic ergothioneine 

biosynthetic pathways. (B) Proposed biosynthetic pathway of ovothiols. (C) OvoA reaction 

when hercynine 28 was used as the substrate, where OvoA changes its regioselectivity to the 

Egt1 type. (D) Anaerobic ergothioneine biosynthetic pathway, in which sulfur is 

incorporated at the ε-position of the hercynine imidazole ring by a rhodanese, EanB. (E) 

Dominant reaction of the EgtB Y377F mutant.
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Figure 9. 
M. thermoresistible EgtB structure. (A) Overall EgtB topology showing the N-terminus with 

a DinB-like helix bundle (blue) with the C-terminus containing a lectin fold (salmon/

orange). EgtB contains a two-stranded β-sheet region (cyan). (B) EgtB tertiary complex with 

dimethylhistidine (DMH, green sticks) and γ-glutamyl-cysteine (γGC, magenta sticks) as 

the ligands of the Mn2+ center (purple sphere), which is coordinated by H51, H134, and 

H138. Notably, the water ligand (red sphere) also forms a hydrogen bond with active site 

Y377.
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Figure 10. 
Proposed mechanistic models for EgtB catalysis. (A) In pathway I, substrate binding and 

oxygen activation result in an Fe(III)–superoxo intermediate, which reacts with cysteine 

thiolate to form sulfenic acid and an FeIV═O species 38b. In this pathway, Y377 is 

proposed to function as a general base. In pathway II, after oxygen activation, FeIII–

superoxo intermediate 38f oxidizes Y337 by a proton-coupled electron transfer process to 

generate a tyrosyl radical 38g. (B) Energy diagram of intermediates along pathway II in 

panel A based on quantum mechanics/molecular mechanics calculations.
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Figure 11. 
Modulating OvoA reactivity by replacing Y417 using a tyrosine analogue. (A) The active 

site of the cysteine dioxygenase crystal structure shows the tyrosine–cysteine cross-link, 

which is mimicked by a tyrosine analogue MtTyr in the OvoA Y417MtTyr variant. (B) 

Reaction results for wild-type OvoA and the Y417MtTyr variant, suggesting that the OvoA 

activities can be modulated by replacing Y417 using tyrosine analogues.
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Figure 12. 
EgtE/Egt2 reactions. (A) C–S lyase EgtE reactions using sulfoxide 31 as the substrate in the 

presence of reductants or thioether 40 as the substrate in the absence of reductants. (B) 

Mechanistic model for the reaction using sulfoxide 31 as the substrate in the absence of 

reductants, in which ergothioneine 32 and hercynine 28 are produced in a 1:1 ratio.
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Figure 13. 
Egt2 structure and our mechanistic model. (A) Overall structure of the Egt2 Y134F·substrate 

31 binary complex in which the central catalytic domain is colored salmon. (B) Active site 

of the Egt2 Y134F·substrate 31 binary complex (sulfoxide 31 shown as magenta sticks and 

the PLP cofactor as yellow sticks). (C) Interactions between the active site residues and 

ergothioneine sulfenic acid intermediate 42 (shown as magenta sticks). (D) Aminoacrylate 

germinal diamine intermediate (shown as yellow sticks). (E) Proposed Egt2 mechanistic 

model. Sulfenic acid intermediate 42 could be trapped by C156 at the exit of the active site 

(pathway I) or be reduced directly (pathway II) to ergothioneine by reductants after it is 

released from the active site.
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Figure 14. 
Lincomycin A biosynthesis shows the involvement of two small molecular thiols, 

ergothioneine (EGT) and mycothiol (MSH).
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