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ABSTRACT: Ergothioneine is a histidine-derived sulfur metabolite that is
biosynthesized by bacteria and fungi. Plants and animals absorb ergothioneine as
a micronutrient from their environment or nutrition. Several different
mechanisms of microbial ergothioneine production have been described in the
past ten years. Much less is known about the genetic and structural basis for
ergothioneine catabolism. In this report, we describe the in vitro reconstitution of
a five-step pathway that degrades ergothioneine to L-glutamate, trimethylamine,
hydrogen sulfide, carbon dioxide, and ammonia. The first two steps are catalyzed
by the two enzymes ergothionase and thiourocanate hydratase. These enzymes
are closely related to the first two enzymes in histidine catabolism. However, the crystal structure of thiourocanate hydratase from
the firmicute Paenibacillus sp. reveals specific structural features that strictly differentiate the activity of this enzyme from that of
urocanate hydratases. The final two steps are catalyzed by metal-dependent hydrolases that share most homology with the last two
enzymes in uracil catabolism. The early and late part of this pathway are connected by an entirely new enzyme type that catalyzes
desulfurization of a thiohydantoin intermediate. Homologous enzymes are encoded in many soil-dwelling firmicutes and
proteobacteria, suggesting that bacterial activity may have a significant impact on the environmental availability of ergothioneine.

■ INTRODUCTION
Ergothioneine is a ubiquitous sulfur metabolite that occurs in a
broad range of different organisms, including pathogenic,
photosynthetic, or halophilic bacteria, fungi, plants, and
animals.1−4 Ergothioneine derives from bacterial and fungal
production and migrates up the food chain either directly or
via plants and animals into humans where this micronutrient is
believed to participate in the cellular protection against
oxidative stress.5 Indeed, studies with genetically modified
model organisms rendered unable to import ergothioneine
were shown to suffer from increased susceptibility to oxidative
damage.6−8 A growing body of evidence suggests that limited
dietary uptake of ergothioneine may cause long-term health
problems or even reduce life expectancy.5,9−12 Hence
ergothioneine may be considered as a food additive to
overcome reduced resorption in certain patients or to fortify
food that does not contain sufficient amounts of this
micronutrient. Indeed, concerns have been raised that modern
agricultural methods that limit the exposure of plants to fungi
and soil bacteria may produce food crops with reduced
ergothioneine content.13 This new connection between long-
term human health and the composition of arable soil also
raises renewed interest into the microbial processes that
modulate ergothioneine availability.
It is now clear based on genetic evidence that ergothioneine

biosynthesis is a fairly common trait. Almost all fungi and
bacteria from many different phyla, including actinobacteria,
cyanobacteria, firmicutes, and proteobacteria, encode ergo-
thioneine biosynthetic enzymes.14,15 Biochemical and struc-

tural characterization of exemplary proteins showed that the
ability to convert histidine to ergothioneine has emerged at
least three times through independent evolutionary pro-
cesses.4,14,16,17 Although catabolism of ergothioneine may be
equally widespread and diverse, much less is known about how
microorganisms compete with plants and animals for this
nutrient.
Early observations documented ergothioneine degrading

activity in several enterobacterial strains.18−20 More recently,
the enzyme ergothionase which converts ergothioneine to
thiourocanic acid and the enzyme thiourocanate hydratase
from Burkholderia sp. HME 13 have been identified, cloned,
and characterized.21,22 The crystal structure of ergothionase
from Treponema denticola provided first insights into the
catalytic mechanism of this enzyme.23 The conservation of
critical active site residues in hundreds of bacterial homologues
suggests that ergothioneine degradation may be a common
activity in gastrointestinal and soil microbiomes.
In this report, we describe the in vitro reconstitution of the

complete five-step pathway that degrades ergothioneine to
trimethylamine, glutamate, hydrogen sulfide, carbon dioxide,
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and ammonia (Figure 1). The third enzyme in this pathway−a
thiohydantoin desulfurase−shares no discernible homology to

any protein with known function and thus represents a new
type of C−S bond cleaving enzyme.24 The last two steps are
catalyzed by two metal-dependent hydrolases that share
similarity with enzymes that participate in uracil degradation.
The crystal structure of thiourocanate hydratase in complex
with urocanate and the cofactor NAD+ identifies key structural
determinants that differentiate the catalytic activity of this
enzyme from that of the closely related homologue urocanate
hydratase.25

■ RESULTS AND DISCUSSION
Identification of Ergothioneine Degradation En-

zymes in Paenibacillus sp. The crystal structure of
ergothionase from T. denticola (TdETL) highlighted four
active site residues (Tyr54, His84, Glu412, and Lys384) that
are essential for the specific recognition and turnover of
ergothioneine. In the genome of Paenibacillus sp. Soil724D2,
we found an open reading frame (ORF, KRE36541) coding for
an ergothionase homologue with 49% sequence identity to
TdETL (seq id.) with all four critical active site residues
conserved (Figure S3). The neighboring ORF (KRE36542)
codes for a protein of unknown function (DUF917). The next
ORF (KRE36543) codes for a protein sharing 63% seq id. with
the recently reported thiourocanate hydratase (TUC) from
Burkholderia sp. HME13, suggesting that the homologue from
Paenibacillus may have the same activity.22 The fourth and fifth

ORFs (KRE36544 and KRE36545) code for putative metal-
dependent hydrolases. Cursory inspection of the genome
neighborhood of the putative thiourocanate hydratase
(KRE36543) using the Genome Neighborhood Tool showed
that clusters of these five genes in variable arrangements are a
recurring motif in genomes of numerous firmicutes and
proteobacteria.26 To test whether this locus codes for a
catabolic pathway, we produced the putative thiourocanate
hydratase and the three enzymes of unknown function in E. coli
and characterized their activity in vitro.

In Vitro Reconstitution of Complete Ergothioneine
Degradation. Thiourocanate (2, Figure 2) was generated by
incubation of 1 mM ergothioneine in phosphate buffer (pH
8.0) with ergothionase (5 μM) from Bacillus sp. at 25 °C for 10
h (reaction B, Figure 3).23 The product thiourocanate and all

subsequent products were identified by high resolution
electrospray mass spectrometry (HR-ESI-MS, Table S3) and

Figure 1. Five enzymes from Paenibacillus sp. catalyze the degradation
of ergothioneine (1) to glutamate, trimethylamine (TMA), hydrogen
sulfide (H2S), carbon dioxide (CO2), and ammonia (NH3).

Figure 2. Yellow box: The in vitro reconstituted enzymes from Paenibacillus sp. mediate degradation of ergothioneine (1) and isotope labeled
ergothioneine (1a) via the intermediates thiourocanic acid (2, 2a), 3-(5-oxo-2-thioxoimidazolidin-4-yl)propanoic acid (3, 3a, thiohydantoin), 3-
(2,5,-dioxoimidazolidin-4-yl)propanoic acid (4, 4a, hydantoin), and N-carbamoyl glutamate (5). Selenoneine (1b) is degraded by the same
enzymes via the equivalent intermediates 2b, 3b, and 4b. Red box: The first two steps are similar to the first steps in histidine degradation via the
intermediates urocanate (6), 4,5-dihydro-4-oxo-5-imidazolepropanoate (7), and N-formimino-L-glutamate (8). Blue box: The last two steps share
more similarities with the last steps in uracil degradation via the intermediates 5,6-dihydrouracil (9) and 3-ureidopropanoate (10).

Figure 3. Reversed-phase HPLC analysis of reactions containing A:
ergothioneine; B: A + ergothionase; C: B + thiourocanate hydratase;
D: C + thiohydantoin desulfurase; and E: D + hydantoinase. The
peaks highlighted in gray were identified as compounds 1−4 by 1H
NMR and HR-ESI-MS (Table S3). The product of E + glutamate
carbamoylase was identified as glutamate after derivatization with o-
phthalaldehyde and 3-mercaptopropionic acid (Figure S13).
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by 1H/13C NMR (Supporting Information). Addition of the
putative thiourocanate hydratase from Paenibacillus sp.
Soil724D2 (PaTUC) converted thiourocanate to thiohydan-
toin (3, reaction C). This compound was not further modified
by either of the two metal-dependent hydrolases. Instead,
addition of the putative enzyme DUF917 converted 3 to
hydantoine (4, reaction D), suggesting that this enzyme
removes hydrogen sulfide from 3 by hydrolysis. Subsequently,
one of the hydrolases−termed hydantoinase−converted 4 to
N-carbamoyl glutamate (5, reaction E) which no longer
absorbed at 220 nm. The second hydrolase−termed N-
carbamoylase−converted 5 into glutamate. To facilitate
detection, glutamate was derivatized with o-phthalaldehyde
and 3-mercaptopropionic acid. Comparison with the same
derivatives made from authentic L- or D-glutamate by chiral
HPLC identified L-glutamate as the final product of
ergothioneine degradation (Figure S14). Feeding the same
five-step pathway with isotope labeled ergothioneine (1a,
Figure 2) produced the same metabolites with the correspond-
ingly higher masses (Table S3).27 Selenoneine (1b), the
naturally occurring selenium analog of ergothioneine, was also
confirmed as a substrate of this pathway (Figure S15).28,29

Glutamate is a central primary metabolite that is used as a
building block for protein synthesis, as an amine donor for
many transaminases, and−after oxidation to α-ketoglutarate−
as a feedstock for the citric acid cycle. Hence, the pathway
described here provides a direct channel by which
ergothioneine and selenoneine can be tapped as a source of
reduced carbon, nitrogen, sulfur, or selenium.
Thiourocanate Hydratase (PaTUC). In the next step, we

examined the individual enzymes in more detail. The second
enzyme in the degradation pathway−thiourocanate hydratase−
shares 51% seq ID with urocanase from Pseudomonas putida
(PDB: 1W1U, Figure S4).25 Urocanase, also known as
imidazolone-propionate hydrolase, is a remarkable catalyst
because it uses tightly bound NAD+ as an electrophilic
cofactor.30 This enzyme catalyzes the addition of water to
urocanate (6) as the second of three universally conserved
steps in histidine degradation (Figure 2).31 Given the close
sequence homology and the similarity of the substrates, it is
likely that thiourocanate hydratase also uses NAD+ to catalyze
addition of water via a similar catalytic mechanism.22 However,
despite these similarities, there must be specific differences
between the two enzymes, since thiourocanate hydratase
cannot turn over urocanate.22

In phosphate buffered solutions (pH 8.0), the recombinant
PaTUC catalyzes substrate turnover with slightly higher
catalytic efficiency than the previously reported homologue
from Burkholderia sp. HME13 (Table 1). No product
formation was observed when PaTUC was assayed with

urocanate as a substrate, showing that this enzyme is at least
103-fold less active toward urocanate than toward thiour-
ocanate (Figure S8). After removal of the N-terminal His-tag,
thiourocanate hydratase from Paenibacillus sp. (TaTUC) was
crystallized in the presence of urocanate as an unreactive
substrate analog. One of the crystals selected for analysis by X-
ray crystallography diffracted to a resolution of 1.9 Å. Data
collection and refinement statistics of the diffraction data are
summarized in Table S4. The observed electron density map
revealed a continuous polypeptide chain from Glu2 to Asn546
(numbering according to ORF KRE36543). The overall
structure and most of the active site of PaTUC closely
resembles that of urocanase from P. putida (PDB: 1W1U).25

The asymmetric unit of the crystal contains one thiourocanate
hydratase molecule. Two molecules from adjacent asymmetric
units form a symmetric dimer via a large monomer−monomer
interface. The same dimeric structure has been observed for
urocanases, suggesting that dimer formation is a conserved
feature of this enzyme family.25 The residual electron density
in the putative substrate binding pocket could be modeled as
urocanate bound with an occupancy of 69%. The position and
orientation of this ligand is specified unambiguously by the
shape of the electron density and by polar interactions to
Arg352 and Tyr42 (Figure 4 and Figure S20). Residual
electron density in the cofactor binding pocket could be
modeled as the NAD+ bound with full occupancy (Figure 4
and Figure S20). The nicotinamide ring adopts two
orientations that emerge from a 93° rotation along the N-
glycosidic bond. In the dominant conformer (conformer 1,
Figure S21), the plane of the nicotinamide ring is positioned
perpendicular to the imidazole ring of urocanate. In the minor
conformer (conformer 2, Figure S21), the two aromatic rings
are nearly parallel. According to the proposed mechanism of
thiourocanase hydratase (see below), this minor conformation
is more representative of the productive substrate/cofactor
complex. Structural characterization of urocanases from P.
putida (PDB: 1W1U),25 Bacillus subtilis (2FKN), Geobacillus
stearothermophilus (1X87), Legionella pneumophilia (7JFZ), and
Trypanosoma cruzi (6UEK)32 found NAD+ in a number of
conformers, suggesting that the nicotinamide ring retains
significant rotational freedom in complex with the enzyme.
Two conspicuous differences may explain the distinct

substrate specificities of urocanase and thiourocanate hydra-
tase.22 First, in urocanases from P. putida (1W1U), B. subtilis,
G. stearothermophilus, and T. cruzi, the 2′-hydroxyl group of the
nicotinamide riboside forms two hydrogen bonds. One is
accepted by the backbone carbonyl of a glycine residue in a
conserved GGGVG motif (Gly493 in 1W1U); the other is
donated from a glutamine side chain (Gln131X in 1W1U). In
PaTUC, this motif is changed to GGGGY (Figure S4). The
corresponding loop adopts an alternative conformation that
positions the last residue of this motif (Tyr485) as the only
hydrogen bonding partner of the 2′-hydroxyl group (Figure
S22). The glutamine residue which interacts with the 2′-
hydroxyl group in urocanases corresponds to Gly123 in
PaTUC. This substitution leaves the 2′-hydroxyl group of
NAD+ as a frustrated hydrogen bond acceptor. A model of this
enzyme in complex with thiourocanate suggests that the thiol
tautomer of this substrate would be well positioned to donate
the missing hydrogen bond to the cofactor (Figure 5 and
Figure S23).
The second key difference between urocanases and TUCs

relates to substrate activation. PaTUC interacts with the Nπ of

Table 1. Kinetic Parameters of Bacterial Thiourocanate
Hydratases

kcat [s
−1] kcat/KM [M−1 s−1]

Paenibacillus sp.a 0.43 ± 0.01 4.2 × 104

Burkholderia sp.b 0.071 2.4 × 103

aReactions conditions: 0.4 μM enzyme, 4−96 μM thiourocanate in
100 mM potassium phosphate buffer, pH 8.0, 23 °C. Time-dependent
substrate consumption was monitored by UV spectroscopy at 311 nm
(ε311 = 22500 M−1 cm−1). The corresponding rate vs [S] plots are
shown in Figure S7. bFrom ref 13.
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the imidazole ring of the substrate via a hydrogen bond with
Tyr42 (Figure 4). Additional hydrogen bonds to the backbone
amides of Leu122 and Thr123 likely stabilize Tyr42 in an
anionic form. Nτ makes no contact with any hydrogen bonding
partner. Urocanases interact the same way with the urocanate
Nπ (Tyr52 in 1W1U). In addition, Nτ forms a hydrogen bond
with a conserved arginine residue (Arg455 in 1W1U). This
second interaction is critical for catalysis because it stabilizes
the imidazole of the substrate (pKa 6.5) in neutral and
therefore nucleophilic form.25 The Arg455 to Ala mutant of

urocanase from P. putida is completely inactive.25 The authors
of the same study noticed the existence of urocanase
homologues that lack these arginine residues and correctly
predicted that these enzymes may have different activities.
Indeed, the structurally equivalent residue in PaTUC is Ile445.
Since mercaptoimidazoles are neutral at physiological pH (pKa
= 10−12), a cationic charge is not needed to bind the substrate
in neutral form. Despite these two active site differences, it is
safe to conclude that TUCs and urocanases catalyze water
addition to their corresponding substrates via essentially the

Figure 4. Left: The thiourocanate hydratase structure depicted as a physiological dimer in a ribbon representation with NAD+ and urocanate
shown as red sticks (red). Frame: A close-up of the most important active site residues depicted in a stick representation and H2O as a red sphere.
The 2m|Fo|−D|Fc| map contoured at the σ-level = 1.0 and shown as a blue mesh. NAD+ is in a mainly populated conformation. Bottom: The
nicotinamide ring of NAD+ could be modeled in two distinct positions. The polder omit map of density that could be modeled by NAD+ is
depicted in A as a green mesh contoured at the σ-level = 3.0. B: The 2m|Fo|−D|Fc| map contoured at the σ-level = 1.0 and a stick representation of
NAD+ in the mainly populated conformation plus the m|Fo|−D|Fc| map contoured at the σ-level = 3.0 (green mesh positive, red mesh negative)
giving an indication for the minor NAD+ conformation. C: A stick representation of the two superimposed NAD+ species with the 2m|Fo|−D|Fc|
map contoured at the σ-level = 1.0 as a blue mesh.

Figure 5. Proposed mechanism of thiourocanate hydratase by analogy to the mechanism of urocanase.25
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same mechanism (Figure 5).25 The substrate specificity
profiles do not overlap because of the different ways that the
two enzymes solvate their substrates in activated form.
A sequence similarity network of the urocanase protein

family based on sequences from the UniProtKB database
shows that homologues containing the GGGGY motif form a
distinct cluster that is separated from two clusters of bacterial
and eukaryotic urocanases (Figure S24).26 Species that encode
thiourocanases are predominantly terrestrial firmicutes and
proteobacteria that have been isolated from soil samples and
plant roots (Table S5). Interestingly, Streptococcus thermophilus
also contains a TUC homologue coencoded with an
ergothionase homologue, suggesting that this lactic acid
bacterium that is often used for yogurt production has the
ability to degrade ergothioneine as well.
Thiohydantoin Desulfurase (THD). The third enzyme in

the pathway eliminates sulfur from thiohydantoin (3). This
hydrolase belongs to an uncharacterized protein family
(PF06032) that contains homologues from bacterial, archaeal,
plant, and animal species. Interestingly, many members of this
enzyme family are encoded either in the same gene cluster or
fused in the same ORF as hydantoinase-like enzymes. Hence,
hydrolysis of heterocyclic thiones−such as sulfur-modified
nucleobases33 or small secondary metabolites34−36 −may be a
common function of this enzyme type. It is important to note
that thiohydantoin 3 is not turned over by the hydantoinase at
an appreciable rate, prior to removal of sulfur. Hence,
desulfurization may also be an essential step in the hydrolytic
breakdown of other heterocyclic thiones. In a phosphate
buffered solution (pH 8.0) at 23 °C, thiohydantoin desulfurase
from Paenibacillus sp. (PaTHD) catalyzes hydrolysis of
thiohydantoin with a turnover frequency (kcat) of 0.16 s−1

and a catalytic efficiency (kcat/KM) of 2300 M−1 s−1 (Figure
S9). Characterization of the substrate by 1H NMR in
deuterium oxide showed that the C5−H bond in the
thiohydantoin ring of 3 exchanges rapidly with solvent protons,
suggesting that the substrate used to assay PaTHD was likely
racemic. Therefore, the catalytic efficiency for the preferred
enantiomer may be 2-fold higher than the given value. In
contrast, the hydantoin ring of 4 did not fully epimerize even
after 1 day. Since intermediate 5 is even more stable with
regard to stereochemistry, and the final product is the S-amino
acid L-glutamate, we deduce that the S-isomer of 3 is the
preferred substrate of PaTHD (Scheme 1). The simpler

substrate derivative 2-thioxo-4-imidazolidinone (2-thiohydan-
toin) is not turned over at measurable rates (Figure S12),
suggesting that the carboxylate side chain of 3 is important for
substrate recognition. The enzyme is fully active in the
presence of 0.5 mM EDTA, suggesting that the catalytic
mechanism does not depend on a reversibly bound metal. The
purified protein is devoid of any spectroscopic features above
280 nm (Figure S2) and does not contain any covalent
modifications as inferred by HR-ESI-MS analysis (Table S1).
Based on these observations we conclude that PaTHD is a
cofactor-independent enzyme.

The Metal-Dependent Hydrolases. Hydantoin 4 is
hydrolyzed to N-carbamoyl glutamate 5. The corresponding
hydantoinase is encoded by the ORF KRE36545 and belongs
to a family of cyclic amidohydrolases (PF01979). This family
includes dihydropyrimidinases (EC 3.5.2.2, Figure 2) and
allantoinases. The closest homologue with known structure
and function is allantoinase from Escherichia coli (31% seq. ID,
PDB: 3E74).37 This enzyme binds two bivalent metal ions in
the active site by coordination through the side chains of four
histidines, one aspartate, and a N-carboxylated lysine.
Sequence alignment suggests that the hydantoinase from
Paenibacillus sp. contains the same set of metal-coordinating
residues (Figure S5), suggesting that this enzyme also binds
two metals in the active site. The recombinant protein is active
without addition of metal salts, but treatment with EDTA
eliminates activity. Reconstitution of the metal-depleted
enzyme with different bivalent metal salts (1 mM) induced
activity with MnII and CoII (100%), some activity with ZnII

(75%), and no measurable activity with FeII, MgII, or CaII

(<5%, Table S2).
The final step removes the ureido group from 5. This

reaction is catalyzed by an N-carbamoylase (KRE36544).
Sequence homology places this protein in the peptidase M20
enzyme family (PF01546). One of the closest homologues
with known structure and function is β-alanine synthase (EC
3.5.1.6, Figure 2) from Saccharomyces kluyveri (32%, PDB:
1R3N).38,39 β-Alanine synthase requires two zinc ions and
catalyzes the last step in the breakdown of pyrimidine bases
(EC 3.5.1.6, Figure 2). The homologous enzyme from
Paenibacillus sp. contains the same set of metal-binding
residues (Figure S6), suggesting that this enzyme also hosts
a dinuclear metal center. However, in contrast to β-alanine
synthase, the activity of the N-carbamoylase depends on CoII

instead of ZnII (Table S2).

■ CONCLUSIONS
In this report, we delineate a complete enzymatic pathway
through which select bacteria can catabolize ergothioneine.
The sequence homology of the involved enzymes with catalysts
from other metabolic functions sheds light onto the evolu-
tionary origin of this pathway. Ergothionase and thiourocanate
hydratase are closely related to the histidine degrading
enzymes histidase and urocanase. The last two steps are
catalyzed by the metal-dependent hydantoinase and N-
carbamoylase that are related to the uracil-degrading enzymes
dihydropyrimidinase and β-alanine synthases. These similar-
ities suggest that this ergothioneine degradation pathway has
emerged by repurposing parts of existing pathways of the
primary metabolism. A detailed structural comparison of
thiourocanate hydratase with urocanase showcases how few
strategic modifications in the active site completely changed
the substrate specificity from urocanate to thiourocanate. The
high sequence identity between PaTCU and urocanase from P.
pudida (51% seq. id.) indicates that this particular
ergothioneine degradation pathway may not be very old. The
evolutionary origin of the thiohydantoin desulfurase is less
clear, because this C−S bond cleaving enzyme is the first
member of this protein family with a demonstrated function.
However, the observation that desulfurization is essential for
ring-opening hydrolysis by the metal-dependent hydantoinase
and the frequent occurrence of genes coding for desulfurase-
like enzymes in a broad range of organisms suggest that this
enzyme type may participate in numerous pathways that

Scheme 1
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require hydrolysis of heterocyclic thiones. Finally, the
occurrence of genes coding for ergothionases and thiour-
ocanate hydratases in the genomes of a large number of soil-
dwelling bacteria supports the idea that this bacterial activity
could play a significant role in limiting the availability of
ergothioneine for plants and potentially reduce the concen-
tration of this valuable micronutrient in our nutrition. As this
manuscript was under review, the discovery of thiohydantoin
desulfurase from Burkholderia sp. HME13 was published.40

The description of this enzyme is consistent with our
characterization of the homologue from Paenibacillus sp.
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