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Structural basis of ergothioneine biosynthesis
Anja R Stampfli1, Wulf Blankenfeldt2,3 and Florian P Seebeck1

Ergothioneine is a sulfur-containing histidine derivative

synthesized by many bacteria and most fungi but it also finds its

way into human tissue by way of specific absorption from the diet.

The precise role of ergothioneine is not yet known but there is

growing evidence that it plays a role as an antioxidant protecting

human cells from oxidative stress and pathogenic bacteria from

host defenses. In this review we highlight recent advances in

understanding the structural basis of ergothioneine biosynthesis.

In addition to unusual carbon–sulfur bond forming enzymology this

research has revealed that ergothioneine biosynthesis has

emerged at least three times by independent molecular evolution.
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Introduction
Ergothioneine (Figure 1) is a sulfur containing histidine

derivative that is produced by many bacteria and by most

fungi.Fromtherethiscompoundmovesupthefoodchainto

plants and animals — including humans. The

2-mercaptoimidazole side chain of ergothioneine is charac-

terized by unique redox properties and may therefore

participate in cellular redox homeostasis [1�,2–4]. The

precise physiological functions of ergothioneine and its

therapeutic potential as a food additive are not yet under-

stood. One approach to address these open questions is to

examine the biosynthetic origin of ergothioneine and

related compounds such as ovothiol or selenoneine

(Figure 1) [5,6]. For example, identification of the ergothio-

neine biosynthetic enzymes EgtABCDE in mycobacteria

(Figure 1) and subsequent gene deletion studies revealed

that this antioxidant protects Mycobacterium tuberculosis
against oxidative stress and supports drug resistance and

virulence [7,8�,9]. Hence, mycobacterial ergothioneine

biosynthesis may be a novel drug target. The discovery

of an alternative biosynthetic pathway (EanAB, Figure 1)

for ergothioneine production in anaerobic bacteria and

archaebacteria revealed that ergothioneine may also play

a physiological role under anoxic conditions [10]. In addi-

tion, the finding that cyanobacteria recruited an ovothiol

biosynthetic enzyme to produce ergothioneine demon-

stratedthatergothioneinebiosynthesishasemergedat least

three times by independent molecular evolution [11]. The

structural characterization of these enzymes by crystallog-

raphy provides a platform to examine the catalytic mecha-

nisms of these enzymes, and opened new avenues to

develop ergothioneine biosynthesis inhibitors and to

optimize ergothioneine production by fermentation of

recombinant microorganisms [12,13].

Herein we summarize the most recent progress published

between 2017 and early 2020 in the structural characteri-

zation of three key ergothioneine biosynthetic enzymes,

the histidine-specific methyltransferase EgtD, the sulfox-

ide synthase EgtB and the sulfurtransferase EanB. The

articles that describe original crystal structures of ergothio-

neine biosynthetic enzymes have been denoted as very

important (red, Figure 1).

Histidine methyltransferase is the most
conserved enzyme in ergothioneine
biosynthesis
The gene for the histidine-specific methyltransferase

EgtD (EC 2.1.1.44) was first discovered as part of the

mycobacterial egtABCDE gene cluster. This cluster is

conserved in most actinobacteria and encodes the five

enzymes required to make ergothioneine from the

primary metabolites cysteine, histidine, S-adenosyl-
methionine, glutamate and ATP (Figure 1) [7]. EgtD

belongs to the MT_33 methyltransferase superfamily and

is the only enzyme that occurs in all known ergothioneine

biosynthetic pathways (Figure 1). Most EgtD homologs

are encoded in the same gene cluster or fused to other

ergothioneine biosynthetic enzymes, indicating that

these methyltransferases are likely specific for histidine.

Select fungal homologs were however found to be more

specific for tyrosine, tryptophan or dimethylallyl trypto-

phan and therefor participate in the biosynthesis of other

alkaloids [20–22]. Gene deletion studies in M. tuberculosis
confirmed that EgtD is indeed essential for ergothioneine

production. Ergothioneine deficiency was found to increase

susceptibility to antimycobacterial drugs, and to decrease

viability in macrophages and in mice [8�]. EgtD may
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therefore be a viable target for the development of novel

therapeutics against multi-drug-resistant M. tuberculosis
[23]. Structure-based development of EgtD inhibitors is

now possible due to several published structures of

EgtD in complex with substrates, products and inhibitors

[20,24,25��]. As typical for a methyltransferase, EgtD

consists of a Rossmann-fold domain that houses the

SAM-binding site (Figure 1). A second domain that hosts

the histidine-binding pocket is composed of 60 N-terminal

residues and a 100-residue insertion in the middle of the

Rossman-fold. The active site is located in a deep cleft

between the two domains where the two substrates meet.

2 Catalysis and regulation

Figure 1

(a) (b) (c) (d)

EgtD I
(Egt1, EanA)

EanB 

EgtC

EgtE
(Egt2)

EgtB II
(Egt1)

EgtB I

OvoA

EgtA TMH

TMH

sulfoxide 2

sulfoxide 1

sulfoxide 3

ergothioneine ovothiol A

ATP

3 x SAM 3 x SAH

Cys + Glu

pyruvate
NH4, [O]

γ-GC + O2

ADP + Pi

S

Current Opinion in Structural Biology

Top: Three different pathways for ergothioneine biosynthesis have thus far been discovered so far (red: enzymes with available crystal structures).

In Actinobacteria five enzymes (EgtABCDE) produce ergothioneine from histidine and cysteine. The S-adenosylmethionine (SAM)-dependent

methyltransferase EgtD produces N-a-trimethylhistidine (TMH), EgtA produces g-glutamyl cysteine (g-GC). The sulfoxide synthase EgtB catalyzes

O2-dependent coupling of TMH and g-GC to form sulfoxide 1. From this intermediate the amidotransamidase EgtC eliminates the glutamyl moiety

and the PLP-dependent b-lyase EgtE produces ergothioneine [7,14,15]. In other bacteria such Chloracidobacterium thermophilum and

Burkholderia thailandensis type II sulfoxide synthases accept cys as sulfur donor to produce sulfoxide 2 directly [16,17��]. In fungi the same steps

are mediated by a bifunctional methyltransferase-sulfoxide synthase (Egt1) and the PLP-dependent lyase Egt2 [18]. A number of anaerobic

bacteriodetes and archaebacteria transfer sulfur onto TMH in a O2-independent reaction. The sulfoxide synthase OvoA from Erwinia tasmaniensis

was shown to produce sulfoxide 3 from histidine and Cys as an precursor of ovothiol A [19]. Bottom: Overall view of the structures discussed in

this review EgtD (a) monomeric EgtB (type I) (b) tetrameric EgtB (type II) (c) and EanB (d).
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The structure of EgtD in complex with N-a-dimethyl

histidine (DMH, PDB: 4PIN, Figure 2) revealed a dense

array of polar interactions by which EgtD recognizes the

imidazole ring, the carboxylate and the N-a-amino function

of the methyl acceptor. Inspection of this structure,

compounded with kinetic characterization demonstrated

that the ternary enzyme:substrate complex forms via a

sequential ordered binding mechanism, in which the methyl

acceptor is the leading substrate (Figure 2) [25��]. This

obligatory binding mechanism distinguishes EgtD from

Structural basis for ergothioneine biosynthesis Stampfli, Blankenfeldt and Seebeck 3

Figure 2
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Top: Crystal structures of EgtD in complex with histidine (a) PDB: 4UY7, 2.3 Å), DMH (b) 4PIN, 1.9 Å), TMH (c) 6FNQ, 1.8 Å) and (S)-2-chloro-3-imidazyl

propionic acid (d) 6FNR, 1.8 Å). Middle: Substrate-binding mechanism of EgtD. Bottom: EgtD-binding histidine derivatives.
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all characterized natural product methyltransferases which

follow a SAM-first or a random binding mechanism. Equally

unusual and related to the binding mechanism is the fact that

EgtD is inhibited by the final product N-a-trimethylhisti-

dine (TMH) at relatively low concentrations (Ki = 40 uM). It

ispossiblethat feed-back inhibitionofEgtDinmycobacteria

prevents accumulation of TMH in the event of downstream

inhibition of ergothioneine production are inhibited. This

same feature may be exploited to design artificial inhibitors.

Indeed, simple a-substituted 2-imidazoyl propionic acids

1–4 (Figure 2) were found to inhibit EgtD in a histidine

competitive mechanism characterized by with a Ki values of

less than 10 uM [25��]. The considerable potency and the

simplicity of these first generation racemic inhibitors bodes

well for the further development of effective EgtD inhibi-

tors that may inhibit ergothioneine biosynthesis in patho-

genic bacteria.

Sulfoxide synthases are unusual iron-
dependent oxidases
From a chemical perspective the most intriguing and

complex chemical step in ergothioneine biosynthesis is

the formation of the carbon–sulfur (C–S) bond [26]. This

reaction couples C–S bond formation with the four-

electron reduction of O2 to release one oxygen atom as

water and attaching the other to the sulfur atom of the

product. Early investigations on ergothioneine biosynthe-

sis in Neurospora crassa identified an iron-dependent and

O2-dependent activity that produced sulfoxide 2 from

cysteine and TMH [27]. In Mycolicibacteria smegmatis
(previously known as M. smegmatis) [28], this activity

was later attributed to the enzyme EgtB [7]. The recom-

binant form of this enzyme was found to catalyze oxida-

tive coupling between TMH and a thiol. However, to

some surprise, this enzyme utilizes g-glutamyl cysteine

(g-GC) as the sulfur donor (Figure 1), instead of cysteine

[7]. A subsequent study confirmed that the equivalent

enzyme from N. crassa does in fact use cysteine as sulfur

donor [29]. As a further variation the enzyme OvoA from

Erwinia tasmaniensis was found to catalyze oxidative

coupling of cysteine to histidine via carbon 5 of the

imidazole ring [19]. This reaction produces sulfoxide

3 as the first intermediate in the biosynthesis of ovothiol

(Figure 1) [5].

The structure of type I sulfoxide synthase
MthEgtB
These sulfoxide synthases from Mycolicibacteria (EgtB,

EC 1.14.99.50), N. crassa (Egt1, EC 1.14.99.51) and

E. tasmaniensis (OvoA, EC 1.14.99.52) represent a new

class of enzymes that are distinct from other iron-

dependent oxygenases in both reactivity and structure

[30]. The crystal structure of EgtB from Mycolicibacterium
thermoresistibile (MthEgtB) revealed that sulfoxide synthases

consists of a C-terminal FGE-like domain (FGE =

formylglycine-generating enzyme) [31] and a N-terminal

four helix bundle domain (DinB_2) [32]. This

architecture is unique to sulfoxide synthases with no

relation to the cupin fold that is common among other

iron-dependent oxidases. The active site of MthEgtB is

located at the interface between the two domains in a

deep tunnel. The N-terminal domain provides the

metal-binding site while the concave surface of the

FGE-domain provides much of the substrate-binding

pocket [30]. The catalytic metal is coordinated by a

three-histidine facial triad, leaving three coordination

sites for binding the Nt of the TMH imidazole ring,

the thiolate of g-GC and a water molecule that is likely

replaced by O2 during catalysis (Figure 3a). A second

narrow and water filled tunnel leads from the exterior

directly to the presumed O2-binding site, to which the

phenolic side chain of Tyr377 points in towards

(Figure 3c) [30]. This residue is crucial for the reaction

specificity of MthEgtB. Mutation of this residue to Phe

produces an enzyme that catalyzes S-dioxygenation of

g-GC instead of sulfoxide production [33]. The equiva-

lent mutation in OvoA was shown to produce similar

results [34]. In view of the important role of Tyr377 for

sulfoxide production, the precise catalytic role of this

residue has emerged as a controversial topic. While all

proposed models include an enzyme in complex with

g-GC, TMH and an iron (III) superoxide as the initial

reactive species, the models disagree as to whether and

when Tyr377 or the equivalent residue in OvoA serves as

a catalytic acid, base, radical or as an electron donor

[17��,34,35,36,37]. One source of ambiguity may be that

the crystal structures observed at cryogenic temperatures

may not necessarily reflect the conformations of the

active site residues in the reactive complex at room

temperature. However, comparison of the structures of

MthEgtB in complex with different sets of ligands

suggests that the active site geometry does not change

upon substrate-binding (MthEgtB native: 4X8B; PDB;

MthEgtB:TMH, PDB: 4X8E; MthEgtB:DMH:g-GC,

PDB: 4X8D) suggesting that the active site of this

enzyme is rather rigid.

The structure of type II sulfoxide synthase
CthEgtB
All of these mechanistic proposals have been formulated

based on the empirical structure of MthEgtB in complex

with TMH and g-GC. Examining enzymes with similar

function but different active site structures may therefor

provide a fruitful approach to resolve these controversies.

The structure of type II EgtB from Chloracidobacterium
thermophilum CthEgtB (EC 1.14.99.51) may enable a first

step in this direction [17��,38��]. Unlike type I EgtBs

from Actinobacteria, CthEgtB (type II), Egt1 from fungi

(type III) and OvoA-like enzymes (type IV) that produce

sulfoxide 2 (type IV) prefer Cys instead of g-GC as a

sulfur donor [11,16,17��,29]. The structure of CthEgtB
revealed a completely different configuration of active

site residues that are involved in O2-binding and activa-

tion (Figure 3d, CthEgtB Native: 6QKI, CthEgtB:TMH:

4 Catalysis and regulation
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6QKJ) [17��]. This enzyme does not contain a structurally

equivalent residue to Tyr377, and instead of a rigid

tunnel, the active site is formed in part from two flexible

loops that fold over the iron center and the substrate-

binding sites (Figure 3b and d). In the closed

conformation loop 1 delivers two Tyr residues (Tyr93

and Tyr94) to point towards the presumed O2-binding

site. Mutation of Tyr93 to Phe produces a similar phe-

notype as the Tyr377 mutation in MthEgtB, while muta-

tion of Tyr94 primarily reduces the enzymes ability to
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Comparison of the active sites of MthEgtB and CthEgtB. Important metal-binding or substrate-binding residues are shown as sticks and are

colored according to domain or segment. Fe is shown in blue, Mn in purple, DMH and TMH in yellow, modeled Cys in gray, g-GC in orange, and

chloride ions and water as spheres in green and red, respectively. Upper panel: A front-on view of the active site, focusing on the metal

coordination sphere and TMH and g-GC/Cys-binding sites. Active site loop 1 in CthEgtB has been omitted for clarity. Lower panel: This view

focuses on the oxygen-binding site and is rotated by approximately 90� to the left from the top view. Active site loop 2 has been omitted for

clarity. (a) and (c) Active site of MthEgtB (4X8D, 2.0 Å) with Tyr377 pointing toward the proposed oxygen-binding site occupied by a water

molecule (red sphere). (b) and (d) Active site of CthEgtB in complex with iron (II) and TMH (6QKJ, 2.2 Å), cysteine is modeled into the active site of

CthEgtB based on the location of the cysteinyl moiety of g-GC in MthEgtB.
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activate O2 [17��]. A third notable difference between

type I and type II EgtBs is that MthEgtB is monomeric,

while CthEgtB forms a stable tetramer. Oligomerization of

enzymes is a common strategy to increase the global

stability of proteins. However, in the case of type II

EgtBs it is also possible that the quaternary structure

may have played a role in facilitating the dramatic reor-

ganization of the active site that occurred during the

speciation of the two EgtB types (Figure 1c).

Diversity of sulfoxide synthases
The diversity of the sulfoxide synthases extends to upon

the type I and II EgtBs discussed above. Sequence

comparison of in vitro characterized sulfoxide synthases

suggests that there are at least five distinct subtypes, each

of which is characterized by a unique combination of

active-site features. Type III encompass the fungal EgtB

enzymes, most of which are produced as a fusion protein

(Egt1) with histidine-specific methyltransferases. Fungal

EgtBs utilize cysteine yet lack two active site Arg residues

that are important for substrate recognition in type I

(Arg87 and Arg90, Figure 3a) and II (Arg106 and

Arg103, Figure 3b) [17��]. These eukaryotic enzymes

must therefore bind cysteine in a significantly different

way. Similarly, type IV sulfoxide synthases (OvoA-like)

lack these substrate-recognizing Arg residues. While gen-

uine OvoAs from E. tasmaniensis or from Trypanosoma
cruzi produce sulfoxide 3 (Figure 1) [19], a small number

of cyanobacterial OvoA-like enzymes were found to

exhibit EgtB like activity, producing sulfoxide 2 instead.

This finding suggests that an ancestral ovothiol producing

cyanobacterium switched to ergothioneine production –

possibisulfurization of other imidazlity as a result of

changing environmental conditions [11]. Characterization

of a Type IV enzyme also suggests that substrate

orientation in the active site – rather than a competing

mechanism – controls product specificity between OvoA

and EgtB [11,39]. Finally, sequence comparisons suggest

that cyanobacterial EgtB homologs, for example from

Thermosynechococcus elongate, may constitute a fifth class

of sulfoxide synthases, indicating that the structural und

functional diversity of this enzyme class is yet to be fully

explored [17��]. The evolutionary dynamics that led to

the emergence of enzymes differing in substrate and

product specificity, substrate-binding mode, active site

architecture and quaternary structure are unknown. Fur-

ther exploration of sequence diversity and additional

structural insight may be necessary to address this

question.

O2-independent ergothioneine biosynthesis
Ergothioneine biosynthesis can occur via an entirely

different mechanism. Given that ergothioneine is widely

viewed as an antioxidant that protects cells from reactive

oxygen species it came as a surprise that select anaerobic

archaebacteria and eubacteria, including the green sulfur

bacterium Chlorobium limicola produce ergothioneine via

an O2-independent pathway (Figure 1) [10]. These organ-

isms encode an EgtD-like histidine methyltransferase,

yet lack a EgtB-like sulfoxide synthase. Instead, these

methyltransferases are closely associated with rhodanese-

like sulfur transferases. In vitro reconstitution of the

6 Catalysis and regulation
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Left: Crystal structure of EanB in complex with TMH (6H9A, 2.8 Å). Right: Proposed catalytic mechanism for EanB-catalyzed sulfurization of TMH.
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methyltransferase EanA and the sulfurtransferase EanB

(Ergothioneine anaerobic enzymes A and B) showed that

these two enzymes catalyze the transformation of histi-

dine to ergothioneine. EanB is the first example of a sulfur

transferase that catalyzes oxidative sulfurization. Other

C–S bond forming rhodanese-like enzymes such as ThiI

and MOCS3 substitute an activated leaving group such as

phosphate with sulfur [40,41].

EanB consists of three rhodanese-like domains (Figure 1).

The active site is located at the interface between the

second and third domain which form a pseudo-C2-

symmetric dimer. The N-terminal domain does not par-

ticipate in catalysis but may be important to stabilize the

catalytic dimer. The crystal structure of EanB in a native

form (PDB: 6H98), in complex with its native substrate

TMH (PDB: 6H9A) and the structure of EanB with an

active site cysteine as a persulfide (Cys412, PDB: 6H99)

were reported recently [42��]. These structures, com-

pounded with kinetic characterization informed a first

model as to how this enzyme might catalyze sulfurization

of an imidazole without a cofactor and without prior

activation (Figure 4). First, EanB that contains an addi-

tional sulfur atom on the active site cysteine (Cys412,

hydropersulfide) binds TMH binds with a neutral imid-

azole ring (A, Figure 4). Proton-transfer from an active

site tyrosine (Tyr353) activates the imidazole ring for

nucleophilic attack by the hydropersulfide anion on

Cys412 (B). Finally, deprotonation by Tyr353 rearoma-

tizes the imidazole ring to produce the final product

ergothioneine (C and D). One aspect of this study that

may spur future research is that most catalytic residues of

EanB are conserved among a large number of triple-

domain rhodanese-like proteins [43]. These putative

enzymes most likely also catalyze oxidative sulfurization

of other imidazole-based, purine-based or pyrimidine-

based heterocycles.

Concluding remarks
In the past few years genetic, mechanistic and structural

investigations have revealed that ergothioneine biosyn-

thesis is a surprisingly common trait among bacteria and

fungi. The enzymes involved in this activity are remark-

ably diverse and use catalytic mechanisms that have not

been described before. Structural characterization of

the histidine methyltransferase EgtD sets the stage

for structure-based development of ergothioneine bio-

synthesis inhibitors as potential therapeutic against

tuberculosis. The structures of two types of sulfoxide

synthases have provided a new study system for those

interested in enzyme-catalyzed O2 activation. The

identification and structural characterization of an

anaerobic erothioneine synthesizing sulfur transferase

provides first evidence of an unknown class of natural

products with sulfur containing heterocycles. These

new perspectives provide fresh food for thought and

objectives to aspire to.
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