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Abstract

Ergothioneine (ERG) is an unusual thio-histidine betaine amino acid that has potent antioxidant activities. It is synthesised by a variety of
microbes, especially fungi (including in mushroom fruiting bodies) and actinobacteria, but is not synthesised by plants and animals who acquire
it via the soil and their diet, respectively. Animals have evolved a highly selective transporter for it, known as solute carrier family 22, member 4
(SLC22A4) in humans, signifying its importance, and ERG may even have the status of a vitamin. ERG accumulates differentially in various
tissues, according to their expression of SLC22A4, favouring those such as erythrocytes that may be subject to oxidative stress. Mushroom
or ERG consumption seems to provide significant prevention against oxidative stress in a large variety of systems. ERG seems to have strong
cytoprotective status, and its concentration is lowered in a number of chronic inflammatory diseases. It has been passed as safe by regulatory
agencies, and may have value as a nutraceutical and antioxidant more generally.
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Introduction when added at levels greater than a normal diet generally provides,
has come to be known as nutraceuticals, a coinage based on an
amalgamation of ‘nutrition’ and ‘pharmaceutical’ ™. Interest in such
nutraceuticals, also known as ‘functional foods’, has increased
enormously over the last few decades®“?? as our understanding
of the important roles of diet in health has improved. However,
the enthusiasm for such products has not always been matched
by the extent or quality of the evidence for their efficacy@23-29),

Since ERG classes as a nutraceutical, it seems timely to bring

Most of the classical vitamins such as vitamins A, By, B,, B3, C, D,
etc., were discovered by means of the fact that an inadequacy
in their supply led to overt forms of deficiency disease such
as blindness, beri-beri, pellagra, scurvy, rickets and so on.
Consequently, it was easy to establish those food sources that
contained such vitamins, since they relieved or prevented the
relevant syndromes®?. It is correspondingly hard, by these

means, to detect the presence of a vitamin if it is present in
virtually every foodstuff that an individual consumes. Recently,
however, L-(p)-ergothioneine, hereafter ergothioneine (ERG),
has emerged®19 as an important nutrient, and indeed possible
vitamin®), that has precisely these properties of a very widespread
occurrence coupled, commonly, to a functional undersupply.

A related class of nutrient, which has not been demonstrated
as necessary or essential for life yet provides health benefits

together the extensive but widespread knowledge of its biology
so that it may be made more widely available, and that is the pur-
pose of this review.

Discovery and structure

ERG is a somewhat unusual betaine amino acid. It was discov-
ered by Charles Tanret in 1909 while investigating the ergot

Abbreviations: egt, early G1 transcript; ERG, ergothioneine; O,>~, oxygen radical, OH*, hydroxyl radical; SLC22A4, solute carrier family 22, member 4.
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Fig. 1. Structures of ergothioneine and related molecules. For a colour figure, see the online version of the paper.

fungus Claviceps purpurea®39. |t is also known as 2-mercapto-
histidine trimethylbetaine, and its formal International Union of
Pure and Applied Chemistry (IUPAC) name is (2S)-3-(2-thioxo-
2,3-dihydro-1H-imidazol-4-yl)-2-(trimethylammonio)propanoate.
It is an c-histidine derivative that is N ,N ,N -trimethyl-L-histidine
in which the hydrogen at position 2 on the imidazole ring is
replaced by a mercapto group. Its structure®D, and those of some
related molecules, is given in Fig. 1, indicating that is a tautomer
that has both a thiol and a thione form. Although it is a thiol, and
hence an antioxidant®233), the thione tautomer is predominant at
physiological pHG*3), and this makes it unusually resistant to
autoxidation, i.e. simple oxidation by molecular O,(323-38)_|ts
midpoint potential for a thiol is consequently unusually high,
being p0-06V v. —0-2 to —0-4V for typical thiols including
glutathione™3%-41) and mycothiol“243), and —0-193 V for the also
somewhat oxidising thiol cofactor coenzyme M, which is
2-mercaptoethanesulfonate®®. Its reaction with hydroxyl
radicals (OH") is virtually instantaneous, while it reacts only
more slowly with H,0, and/or O,"~®®, Its Se equivalent
is known as selenoneine and also has strong antioxidant
properties®-52) put is not otherwise discussed here.

From a pharmaco-chemical point of view ERG is also
unusual, since — using our standard substructure analysis®%54
in KNIME®9) —we note that just two drugs marketed for human
consumption (the anti-thyroxine-production drug methima-
zole and its pro-drug carbimazole, Fig. 1), and no endogenous
genome-encoded metabolites from Recon2®% contain the
imidazole-2-thione substructure®”). This said, a good many
fungicides do contain the benzimidazole substructure®®,
and a variety of benzothiazoles are used as dyes.

Biosynthesis and phylogenetic distribution

A particular feature of ERG is that although it is more or less uni-
versally distributed among higher organisms, none of them — as

ww.cambridge.org/core/terms. https://doi.org/10.1017/S0954422419000301

is consistent with the idea that it may in fact be a vitamin requiring
exogeneous sources — can in fact biosynthesise it. The chief organ-
isms capable of its synthesis are fungi and certain yeasts®%60),
though actinobacteria and certain other micro-organisms®®-69),
including the slime mould Physarum polycephalum®®,
cyanobacteria®-") and methylotrophs("® are also naturally
capable of its production. The related mycothiol is typically
ten times more concentrated in actinobacteria than is ERG(3),
and its biosynthetic pathway might provide an antitubercular
drug target. Other organisms acquire ERG through transporter-
mediated uptake. Thus higher plants contain it but do not
biosynthesise it(¥); instead they and other organisms®®7 take
it up from fungal production in the soil79 and possibly via
actinobacterial® or fungal®#8D symbionts. Animals are also
considered not to biosynthesise it®?83, and accumulate it using
a particular transporter, detailed below, via the plants and ani-
mals that they eat. Although not easy, it is possible to raise ani-
mals such as pigs on a diet such as casein, sucrose, lard, butter
and salts that is considered to lack ERG; such animals are said to
have undetectable levels of the compound®, and rats treated
similarly have reproduced®>%9), However, we do not know
the minimum amount and its location that animals need, and
these are old experiments that need to be repeated with modern
techniques with lower detection limits. Only then might we have
a definitive statement as to whether ERG is absolutely required as
a true vitamin or not, and if so in what amounts for health. In a
similar vein, ERG can be present in cell culture media and cells
with organic cation transporter N1 (OCTNZ1)/solute carrier family
22, member 4 (SLC22A4) can accumulate it®, a fact little con-
sidered to date in cell culture studies.

To the extent that ERG is a ‘secondary’ metabolite, defined®®)
as a molecule whose synthesis has a relatively restricted distribu-
tion in different organisms, the biosynthetic pathways diverge
from primary metabolism via the amino acids histidine, cysteine
and methionine®-%). Thus (Fig. 2), histidine is trimethylated
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Fig. 2. The two main pathways of aerobic ergothioneine (ERG) biosynthesis, noting the relevant enzymes and thumbnails of three-dimensional structures where known.
SAM, S-adenosyl methionine. For a colour figure, see the online version of the paper.
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Table 1. Biosynthesis of ergothioneine in various non-recombinant micro-
organisms

Organism Selected references
Aspergillus fumigatus (257)
Aspergillus niger (59)
Aureobasidium pullulans (113)
Burkholderia pseudomallei (565)
Chlorobium limicola (99,100)
Claviceps purpurea (105,566,567)
Lactobacillus casei (568)
Methylobacterium aquaticum @)
Mycobacterium tuberculosis (91-93)
Neurospora crassa (89)
Schizosaccharomyces pombe (50.569)
Streptomyces coelicolor (255)

using S-adenosyl methionine to form trimethyl histidine, also
known as hercynine®>9), This reacts oxidatively with cysteine
to form hercynylcysteine sulfoxide®?, which is converted to
ERG. In some organisms, hercynine takes a more convoluted route
via -glutamylhercynylcysteine sulfoxide (Fig. 2)®4. Table 1 pro-
vides references for different organisms. An excellent phyloge-
netic analysis is given by Jones et al.®9, In more recent work, it
has been suggested that ERG was probably first biosynthesised
by anaerobes using a slightly different route that converts hercy-
nine directly to ERG®8-19) and that was later repurposed.
Three-dimensional structures are known for a number of the
relevant enzymes, including mycobacterial EgtB%V for exam-
ple, PDB 4XBE, EgtC(1% for example, PDB 4ZF), EgtD(103-105)
for example, PDB 4PIM, and Neurospora crassa early G1 tran-
script 2 (egt2) which is like egtE®%) for example, PDB 5UTS.
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Very recently, EgtB from Candidatus Chloracidobacterium
thermophilum was crystallised®%), and engineered towards
Egtl activity. Thumbnails are given in Fig. 2. Egtl from N. crassa
is 876 amino acids long®®, while egtD (from Mycobacterium
tuberculosis®®) is just 321 amino acids long; since the
N-terminal sequences are well conserved (Fig. 3), this implies
an extra C-terminal domain catalysing the production of hercy-
nylcysteine sulfoxide from hercynine.

In addition, enantiopure L-ERG has been synthesised
chemically(76110-112) and by fermentation of genetically engi-
neered micro-organisms (Table 2). Initial efforts in ERG synthesis
were carried out in Schizosaccahromyces pombe using egtl
overexpression under an inducible promoter. The N starvation
and glucose starvation conditions causing long quiescence led
to the maximum ERG production of 1606-3 m while the wild-
type strain produced 0-3 m®®. Methylobacterium aquaticum
strain 22A was engineered by expressing an additional copy
of egtBD genes and by deleting the gene encoding histidine
ammonia lyase, which degrades an ERG precursor L-histidine.
The resulting strain produced up to 7:0 mg EGT/g dry cell weight
and 100 g EGT/5ml per 7d in test-tubes*!®). The filamentous
fungus Aspergillus oryzae has also been engineered to produce
ERG by expression of egtl and egt2 genes from N. crassa, result-
ing in 231 mg ERG per kg of solid media4.

Expression of egtBCDE genes from Mycobacterium smeg-
matis in Escherichia coli and optimisation of medium compo-
sition has led to 24 mg/l or 104 w of secreted ERG®'), The
egtA gene from M. smegmatis was not expressed because
E. coli contains a homologous glutamate—cysteine ligase
encoded by gshA and involved in glutathione biosynthesis.
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