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Ergothioneine is a histidine derivative with a 2-mercaptoimidazole
side chain and a trimethylated @-amino group. Although the physiological function
of this natural product is not yet understood, the facts that many bacteria, some
archaea, and most fungi produce ergothioneine and that plants and animals have
specific mechanisms to absorb and distribute ergothioneine in specific tissues
suggest a fundamental role in cellular life. The observation that ergothioneine
biosynthesis has emerged multiple times in molecular evolution points to the same
conclusion. Aerobic bacteria and fungi attach sulfur to the imidazole ring of
trimethylhistidine via an O,-dependent reaction that is catalyzed by a
mononuclear non-heme iron enzyme. Green sulfur bacteria and archaea use a
rhodanese-like sulfur transferase to attach sulfur via oxidative polar substitution. In
this report, we describe a third unrelated class of enzymes that catalyze sulfur
transfer in ergothioneine production. The metallopterin-dependent ergothioneine
synthase from Caldithrix abyssi contains an N-terminal module that is related to the tungsten-dependent acetylene hydratase and a
C-terminal domain that is a functional cysteine desulfurase. The two modules cooperate to transfer sulfur from cysteine onto
trimethylhistidine. Inactivation of the C-terminal desulfurase blocks ergothioneine production but maintains the ability of the
metallopterin to exchange sulfur between ergothioneine and trimethylhistidine. Homologous bifunctional enzymes are encoded
exclusively in anaerobic bacterial and archaeal species.

ergothioneine, molybdopterin, sulfur transfer, cysteine desulfurase

iron-dependent sulfoxide synthase (EgtB or Egtl, EC
1.14.99.50/52) catalyzes O,-dependent coupling of a cysteine
or y-glutamylcysteine to carbon 2 of the imidazole ring of
TMH (Figure 1)."*7'° Subsequent steps trim the resulting
sulfoxide intermediate to ergothioneine. A similar pathway
emerged by convergent evolution in a small group of

transporter (ETT)."> A growing body of evidence indicates cyanobacteria that recruited a sulfoxide synthase from a
. . SRR .

that ergothioneine may protect against inflammation and different process to make ergothioneine. ” An alternative way

reduces the risk of cardiovascular and neurological diseases.”™” that involves different chemistry is catalyzed by an O,-

The remarkable redox activity of the 2-mercaptoimidazole side indep endent. ergothlonelr.le sypt}}ase 1(8E anB) f"rom the green
chain is consistent with the idea that ergothioneine might sulfur bacterium Chlorobium limicola.”® EanB is a rhodanese-

protect tissue against damage induced by UV radiation, Eﬁilzngirlliec tg:;r:;?sfzrzbs;:gs;ifrlg_g?l}::ﬂf:iess:o 'ZstNiIc_lI Ey
reactive oxygen species, or redox active transition metals.’ P ¢ 7o &8 Y
e L . others, through a carbene-type mechanism.”™ Because most
However, it is not yet clear as to how these in vitro properties : . .
translate to protective effects in vivo 78 EanB homologues are encoded in anaerobic bacteria and
Ergothioneine is not only ubiquitous but also has been archaea, the discovery of this pathway raised questions as to
« » . . . . whether ergothioneine may also serve functions under anoxic
invented” multiple times in the course of natural evolution.

The most common pathway occurs in fungi, actinobacteria,

Ergothioneine (1, Figure 1) is a metabolite in many bacterial,
archaeal, and eukaryotic species. Despite wide distribution in
higher organisms, ergothioneine is almost exclusively produced
by microorganisms. Humans and other animals absorb this
compound from their diet through a specific ergothioneine

cyanobacteria, and many proteobacteria.g_12 These organisms June 21, 2022
are indeed often exposed to light, drought, and oxygen, which August 4, 2022
is consistent with the idea that ergothioneine could serve as an August 5, 2022

antioxidant. In this pathway, first an S-adenosylmethionine- August 16, 2022

dependent methyltransferase (EC 2.1.1.44) converts histidine
to Na-trimethylhistidine (2, TMH)."” In a second step, an
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Figure 1. Three biosynthetic strategies for the sulfurization of Na-
trimethylhistidine (TMH) that emerged through convergent
evolution. (i) O,-dependent sulfurization by sulfoxide synthase
EgtB; (ii) O,-independent pathway catalyzed by ergothioneine
synthase EanB with polysulfides as a sulfur donor; (iii) O,-
independent sulfurization by a metallopterin (MPT)-dependent
ergothioneine synthase MES that uses cysteine as a sulfur donor

(red).

conditions and whether this compound may be of ancient
origin.

This report adds further evidence to these notions. We
describe a third unrelated class of enzymes that catalyzes
ergothioneine production. These proteins consist of an N-
terminal metallopterin-binding domain (MPT) and a C-
terminal pyridoxyl-S-phosphate-dependent (PLP) cysteine
desulfurase (Figure 2). Our observations suggest that the
two modules cooperate to transfer a sulfur atom from L-
cysteine to TMH. Among the diverse family of mononuclear
molybdenum- and tungsten-dependent enzymes,”> *° the
metallopterin-dependent ergothioneine synthase (MES) is
the first example that catalyzes carbon—sulfur bond formation.
Homologous enzymes occur in a variety of strictly anaerobic
organisms, including Caldithrix abyssi and other bacterla that
were isolated from deep-ocean hydrothermal vents.”

Three-fold methylation at the @-amino group of histidine is the
first step in ergothioneine biosynthesis in any pathway (Figure
1). This activity was discovered in cell-free lysates from
Neurospora crassa.”® The gene coding for an enzyme (EgtD)
with this specific act1v1ty was identified in the genome of
Mycobacterium smegmatis."’ The crystal structure of EgtD in
the complex with substrates, intermediates, and products
revealed sequence motifs that allow reliable prediction of
histidine-specific methyltransferases based on primary sequen-
ces (Figure S1).">**7*" Most members of this enzyme family
(IPR035094) occur in species that also contain EgtB-like
sulfoxide synthases or EanB-like ergothioneine synthases. In
addition, we also identified approximately 80 genomes (Table
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S1) coding for histidine-specific methyltransferases but without
any discernable candidate for the TMH sulfurizing enzyme.
Instead, in 55 of these genomes, the methyltransferases are co-
encoded with a putative PLP-dependent cysteine desulfurase
fused to an MPT-binding enzyme. As the subsequent analysis
will show, these enzymes are MESs.

The N-terminal MPT-binding module (residues 1—718) of
MES from C. abyssi (CaMES) shares low but significant
sequence similarity to the tungsten-dependent acetylene
hydratase (ACH) from Syntrophotalea acetylenica (27%, PDB
code: 2E7Z)* and to the molybdenum-dependent DMSO
reductase (DMSOR) from Cereibacter sphaeroides (27%,
1EU1).>> These enzymes have a bis-metallopterin guanine
dinucleotide cofactor (bis-MGD, Figure 2) that forms a single
coordination bond between the metal center and a Cys (ACH)
or a Ser (DMSOR) residue. a-Fold modeling predicts that the
MPT-binding module of CaMES adopts a very similar overall
fold.>* Furthermore, sequence alignment (Figure S2) suggests
that the residues that make direct contacts with the bis-MGD
cofactor in ACH and DMSOR are largely conserved (Figure
S2), suggesting that CaMES likely binds the same cofactor and
that the metal is coordinated by a Cys residue (Cys153, Figure
2). Conservation of four Cys residues at the N-terminus
(Cysl4, Cysl7, Cys2l, and Cys48) indicates that MES
contains a similar iron/sulfur (Fe,S,) cluster as ACH. The
C-terminal module (residues 747—1136) of MES resembles
bacterial cysteine desulfurases, such as NifS from Helicobacter
pylori (44%, PDB: SWT2) or IscS from E. coli (44%, 1P3W).
Members of the class V aminotransferase protein family
(IPR000192) form obligatory dimers because their two
symmetry-related active sites consist of residues from both
chains.>® Therefore, we can expect that the MES is also
dimeric.

Despite testing several conditions for cell culturing, we were
unable to purify full-length MES from recombinant E. coli.
Therefore, we examined the activity of this enzyme in vivo. To
quantify the concentration of intracellular ergothioneine in E.
coli, we established a protocol for cell lysate analysis by way of
high-resolution electron-spray mass spectrometry (HR-ESI-
MS) using heavy isotopologues of TMH and ergothioneine for
calibration (Supporting Information).”® This method allows
the detection of the two compounds at cellular concentrations
as low as 20 nM (Figure S6). With this assay, we could
establish that untransformed E. coli grown in either Luria—
Bertani broth (LB) or chemically defined medium (CD
medium: M9 salts, amino acids, glucose, vitamins) do not
contain ergothioneine above this detection limit (Table S4). In
contrast, TMH could be detected in cells grown in LB medium
(110 nM) and in CD medium (70 nM) likely because the
growth media also contain this compound at a level near the
detection limit (LB: 330 nM, CD: <20).

We transformed a strain derived from E. coli K-12 (E. coli
Amtn)*>* with pCOLADuet-1 vectors each containing a
codon-optimized gene for a MES homologue from Candidatus
Abyssubacteria bacterium (AbMES),*" C. abyssi (CaMES),”’
and Euryarchaeota archaeon ADurb.Bin009 (EaMES) or from a
hydrothermal vent metagenome (hvMES). The transformed E.
coli cells were grown in CD medium (Table S2) at 37 °C to an
optical density (ODgy,) of 0.5. The cultures were supple-
mented with 0.1 mM isopropyl f-p-1-thiogalactopyranoside
(IPTG), 1 mM TMH, and 10 uM Na,MoO, or Na,WO, and
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Figure 2. Top: schematic structure of MES. The C-terminal cysteine desulfurase domain extracts sulfur from L-cysteine. This sulfur atom is
transported to the N-terminal metallopterin-binding module that mediates oxidative sulfurization of TMH. The intramolecular transport of the
sulfur atom may occur via transient formation of persulfides on Cys1074 and Cys1135 (persulfide relay).*>*” Mutation of Lys952, Cys1074,
Cys113S, or Cys153 eliminates all measurable ergothioneine biosynthesis in recombinant Escherichia coli. The mechanism by which desulfurases
convert cysteine to alanine has been discussed previously.*® A possible mechanism by which the MPT-binding domain introduces sulfur into TMH
is shown in Figure S. Bottom: proposed structure of the bis-MGD cofactor of MES. All members of the DMSO reductase (DMSOR) family bind
similar cofactors with either terminal oxo or sulfido ligands and with Ser, Asp, or Cys as a single protein-derived metal ligand.>**°

Table 1. Ergothioneine Production by Recombinant MES in E. coli

entry enzymes strain +MoO,*~ +WO, no metal
1 - E. coli (Amtn) <20 nM <20 nM <20 nM
2 CaMES E. coli (Amtn) 370 + 31 uM 411 + 146 uM 420 = 72 yM
3 CaMES E. coli BL21 22 + 2 uM na. 23 £ 3 uM
4 AbMES E. coli (Amtn) 04 + 03 uM 04 + 02 uM 0.4 uM
S EaMES E. coli (Amtn) 10 + 8 uM 27 + 22 yM 0.6 uM
6 hvMES E. coli (Amtn) 85+ S uM 83 + 3 uM 153 uM

“Cells were grown in CD medium in the presence of 1 mM TMH, 0.1 mM IPTG, and 10 gM Mo or W for 20 h at 25 °C. Cell-free lysates were
cleared by centrifugation. Ergothioneine content was estimated based on an external standard (see the Supporting Information).

incubated further for 20 h at 25 °C (Table 1). Quantification production rates are largely independent of supplemental
by high-performance liquid chromatography (HPLC) high molybdenum or tungsten. Apparently, even the chemically
resolution electrospray ionization mass spectrometry (ESI- defined medium contained sufficient levels of one of these
HRMS) showed that all four cell lines produced ergothioneine, metals. Conversely, the observation that supplementation of
although with significantly different efficiencies (Table 1, Mo or W did not inhibit the activity indicates that MES is
entries 1 and 3—S5). Cells with the gene for CaMES contained active with either metal. Indeed, several members of the
the highest concentration of ergothioneine by far (Table 1, DMSOR family, namely, DMSOR, ACH, and trimethyl amine
entry 1). Therefore, we focused on CaMES for subsequent oxidase (TMAOQ), were shown to be quite promiscuous in this
experiments. The data in Table 1 also reveal that the regard.”>** ™%
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Figure 3. Top left: ergothioneine production by E. coli Amtn cells containing CaMES and EgtD or E. coli Amtn cells containing CaMES grown
with supplemental TMH. Cells were grown in CD medium additionally supplemented with 10 #M Na,MoO, (+Mo) or Na,WO, (+W) for 20 h at
25 °C. Ergothioneine content was estimated based on single measurements with internal standard. Top right: ergothioneine production by CaMES
in E. coli Amtn strain grown in CD medium supplemented with 0.01—1000 M of TMH and/or 10 uM Na,MoO, (+Mo) for 20 h at 25 °C.
Ergothioneine content was estimated based on an external standard. Bottom: ergothioneine production by CaMES mutants (right) and two-
plasmid construct (left) in E. coli Amtn strain grown in the CD medium supplemented with 100 uM of TMH and 10 uM Na,MoO, for 20 h at 25
°C. Ergothioneine content was estimated based on internal standard. Values given with standard deviations are averages from three independent

measurements.

BL21 cells transformed with the CaMES encoding vector
produced 10-fold less ergothioneine (entry 3, Table 1 and
Figure S7). This observation is consistent with the known
difficulties of BL21 cells to produce MPT-dependent
enzymes.**® CaMES-containing cells (E. coli Amtn) grown
in the presence of Na-methyl fluoro-TMH (4: F-TMH, Figure
2) instead of TMH produced Na-methyl fluoro ergothioneine
(3: F-ERG, m/z calcd: 248.0864; obsd: 248.086) with yields
that correlate with the concentration of F-TMH in the medium
(Figure S8). Since F-TMH is an exclusively synthetic
compound,47 we can eliminate any possibility that the detected
F-ERG originates from the growth medium instead from de
novo biosynthesis by CaMES. Finally, since CaME is translated
from a synthetic codon-optimized gene, we can also exclude
the possibility that the foreign nucleic acid instead of the
translated protein is responsible for the sulfurization of TMH
in E. coli.

In the next step, we examined as to whether production of
ergothioneine is more efficient if TMH is produced by an
intracellular histidine methyltransferase. To this end, we
transformed E. coli Amtn cells with two plasmids: one coding
for CaMES and the other coding for EgtD from M. smegmatis
(pET19_EgtD). After cultivation in CD medium for 20 h,
these cells contained approximately 200—300 uM ergothio-
neine. By contrast, E. coli Amtn cells without EgtD produced
>1 mM ergothioneine when supplemented with 1 mM TMH

2101

(Figure 3). These results suggest that an uptake from medium
is a more efficient source of TMH than intracellular
biosynthesis. Quantification of ergothioneine production in
the presence of 0.01—-1000 uM TMH showed that 100 uM
already saturates the system (Figure 3, top right). These data
also show that ergothioneine accumulates to concentrations
that are up to100-fold higher than the concentration of TMH
in the growth medium. It appears that the import of TMH
across the cellular membranes—presumably by promiscuous
cation transporters—is more efficient than the export of
ergothioneine. However, secretion of ergothioneine by
recombinant strains of E. coli has been reported.**

After confirming that MES from several organisms mediates
ergothioneine production, we turned to the question as to how
these bifunctional enzymes may work. First, we confirmed the
prediction that the C-terminal module of CaMES (Ca-
MES( (o) is indeed a cysteine desulfurase (EC 2.8.1.7).
This protein was produced in E. coli by expression of a pET28a
plasmid coding for residues 747—1136 of CaMES with an N-
terminal Hisq-tag. Unlike the full-length protein, this fragment
produced very well and could be purified to satisfactory
homogeneity following standard protocols (Figure S3). A
reaction containing 2 yM of this enzyme affords complete
conversion of 0.5 mM cysteine to alanine in the presence of 10
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Figure 4. Evidence that the MPT-binding modules accept sulfur exclusively from the C-terminal desulfurase domain from the same polypeptide
(path a, intramolecular), whereas intermolecular transfer (path b or c) is inefficient. Cells containing MES variants with an inactivated desulfurase
module (CaMESgos,4) or an inactivated MPT-binding module (CaMESc,s35) produce no ergothioneine. Coproducing the two variants in one
strain of E. coli gives rise to heterodimeric MES proteins (CaMESggs,5/ CaMES( s55). The observation that these heterodimers are also inactive

shows that sulfur transfer between CaMES polypeptides is inefficient.

mM dithiothreitol (DTT) in SO mM phosphate buffer (pH
8.0) at 25 °C within 2 h (Figures S4 and SS). This in vitro
activity suggests that the sulfur in MES-produced ergothio-
neine originates directly from L-cysteine. This result also shows
that the C-terminal desulfurase of MES is stable and active in
the absence of the N-terminal domain.

Previous studies on NifS- and IscS-type cysteine desulfurases
have shown that the sulfur atoms from the substrate cysteines
are transferred onto a cysteine residue near the active site.
From this position, the sulfane sulfur is loaded onto a variety of
external sulfur carriers.”® The C-terminal desulfurase of MES
contains a structurally related cysteine (Cysl1074). Two
additional cysteines, Cys1097 and Cys113S, are also strictly
conserved among MES homologues. We surmised that these
residues may also play a role in transporting sulfur to the N-
terminal MPT site. Sulfurization of molybdenum cofactors by
cysteine desulfurases is indeed a common theme among
molybdenum-containing enzymes.*” For example, the chaper-
one XdhC from Rhodobacter capsulatus introduces a terminal
sulfido ligand to the molybdenum center before the cofactor is
inserted into xanthine dehydrogenase.”* The cofactor of E. coli
formate dehydrogenase receives a sulfido prior to insertion.>’
In Arabidopsis thaliana, a moco sulfurase (Aba3) transfers a
sulfur atom to molybdenum as the last maturation step before
the MPT cofactor is inserted into aldehyde oxidases or
xanthine oxidase.”®*” In contrast to these documented
examples, sulfurization of the cofactor in MES must occur in
every catalytic cycle and most likely does not involve extraction
and reinsertion of the cofactor by a chaperone.

As a first test of the idea that cysteine-derived sulfur atoms
may migrate from the C- to the N-terminal module via a
persulfide relay, we examined the ergothioneine productivity of
CaMES variants lacking each one of these conserved cysteines
(CaMESc 4745, CaMES (4975, CaMESc 355)- As a control, we
also examined a variant with an inactivated desulfurase. This
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particular variant was constructed by mutating the conserved
active site Lys, which forms the activating iminium bond with
the PLP cofactor (CaMESgys,, Figure 2). Quantification of
ergothioneine in cells grown under standard conditions (E. coli
Amtn cells, CD media, 10 uM Na,MoO,, 100 uM TMH, 20 h
at 25 °C) revealed that mutation of Cys1097 caused only a
two-fold decrease in production compared to wild type (Figure
3). In contrast, the three remaining mutants produced 2000-
fold less ergothioneine. This result suggests that (a) cysteine
desulfurase activity by the C-terminal module is obligatory for
ergothioneine production and (b) Cys1074 and Cys113$ are
essential for the transport of sulfur to the TMH sulfurizing
center (Figure 2).

We then asked whether the C-terminal desulfurase module
delivers sulfur exclusively to the N-terminal module on the
same polypeptide (path a, Figure 4) or to the second chain in
the dimer (path b), or a different dimer (path c), or whether
there are no such restrictions at all. To address this question,
we examined as to whether an MES variant with an inactivated
desulfurase module (CaMESyq,,) can be complemented with
a variant with an inactive MPT-binding module if both variants
are produced within the same strain of E. coli and therefore
could form heterodimeric complexes. To obtain a variant with
an inactive MPT-binding module, we mutated Cys153 to Ser.
According to a structural model and sequence alignment
(Figure S2), this conserved Cys is a direct ligand to the bis-
MGD cofactor (Figure 2). Mutations of the single ligand of the
MPT-cofactor usually lead to dramatic loss of activity in
members of the DMSOR family.”'~>® Consistently, cells
containing the CaMES( 535 variant produced almost no
ergothioneine (Figure 3). If the desulfurase module from
one polypeptide can transfer sulfur to the MPT-binding
module of a different polypeptide, we would expect that cells
containing genes for CaMESggs;4 and CaMESc 535 can
produce ergothioneine (Figure 4). Counter to this expectation,
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Figure S. Left: E. coli cells containing CaMESgos,4 produce superheavy ergothioneine from heavy ergothioneine and heavy TMH suggesting that
sulfurization of TMH is reversible and that the MPT site is active despite an inactive desulfurase module. Right: proposed catalytic cycle: (i) base
catalysis activates the imidazole ring of TMH for nucleophilic attack onto the terminal sulfido ligand at the molybdenum center; (ii)
tautomerization allows ergothioneine to (iii) dissociate from the cofactor; (iv, v) the reduced metal center accepts a sulfur atom from a nearby

persulfide-containing cysteine residue.

we found that E. coli Amtn cells transformed with two plasmids
(pETDuet-1_CaMESqs,, and pET28a_CaMES35) did not
produce more ergothioneine than cells containing only one of
the mutated genes (Figure 3). Apparently, intramolecular
sulfur transfer is obligatory. Sulfurization of TMH only occurs
if a functional desulfurase and a functional MPT-binding
module are combined in a single polypeptide.

This behavior could be explained by two models: either
desulfurase activity is required to supply sulfur in each turnover
because the enzyme is unable to accept any other source of
sulfane sulfur—such as hydrogen polysulfides or organic
polysulfides—that are common cellular components.”>
Alternatively, intramolecular desulfurase activity is required
to keep the MPT-binding module in an active form, for
example, by assisting the insertion of the Fe,S, cluster at the N-
terminus or by maintaining the proper redox state of the
molybdenum center. To distinguish as to whether the
desulfurase is required for turnover or for activation, we
examined the functionality of the MPT-binding module in
CaMESgos,a. Cells containing CaMESyqs,, were cultivated in
the presence of 50 M **S-labeled heavy ergothioneine (5: **S-
ERG, m/z caled: 232.0916; obsd: 232.0915, Figure S) and 10
UM D¢-"Nj-labeled heavy TMH (6: *H'N-TMH, m/z calcd:
206.1462; obsd: 206.1461). Quantification of the ergothio-
neine isotopologues revealed that these cells accumulated not
only 410 + 120 uM of **S-labeled heavy ergothioneine (5)
from the growth medium but also 55 + 1 uM of D,-""N;-**S-
labeled superheavy ergothioneine (7: m/z caled: 239.1078;
obsd: 239.1076, Figure S9) and only 1.7 + 0.1 uM of
ergothioneine derived from heavy TMH and **S (8: m/z calcd:
239.1078; obsd: 239.1076, Figure S9). The latter two must
have been produced by MES because they were not produced
by cells containing CaMES,s;35. These observations show that
cells with CaMESgos,4 can transfer **S from heavy
ergothioneine to heavy TMH to generate superheavy
ergothioneine. Apparently, in cells containing CaMESqs,a,
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this shuffling process is more efficient than introducting **S
from alternative sulfur donors. Based on these results, we
conclude that (a) the MPT-binding module in CaMESgys,, is
still active but not in CaMES¢,s;s and (b) sulfurization of
TMH by a sulfur-containing MPT is chemically reversible
under physiological conditions (Figure 5).

The discovery of MES from C. abyssi and other strictly
anaerobic bacteria and archaea is significant for several reasons.
First, this result documents the fourth case of independent
emergence of ergothioneine biosynthesis. It is somewhat
puzzling that the different pathways use different chemistry for
C—S bond formation, whereas TMH is always produced by a
methyltransferase from a single protein family (Figure 1). Since
the methylation activity was available through horizontal gene
transfer, why was the sulfurase reinvented? One partial
explanation may be that ergothioneine biosynthesis has
emerged first in an ancient anaerobic world and was then
replaced by an O,-dependent sulfoxide synthase after the great
oxygenation event made O, available 2.4 billion years ago.”® A
second explanation could be that oxidative sulfurization of
heterocycles is or was a much more common microbial activity
than is currently appreciated. Some of the many EanB-like
enzymes,'™” and mononuclear molybdenum-containing en-
zymes that are encoded in bacterial genomes and have no
known function,”® may attach sulfur to heterocycles. An
abundance and diversity of such enzymes with promiscuous
activity for TMH may have facilitated the emergence of new
ergothioneine synthases.>®

Second, the discovery of MES in organisms from hot,
reducing, and completely dark habitats—under conditions that
are reminiscent of the early earth environment—adds further
evidence that ergothioneine could serve cellular functions that
are very different from those considered in the current
literature on human physiology.”**~°" Studying the metabo-
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lism of C. abyssi and other organisms from deep-sea
hydrothermal vents may highlight new aspects of ergothio-
neine biochemistry. The involvement of ergothioneine as a
cofactor in the biosynthesis of lincomycin A by Streptomyces
provides an intriguing example of how diverse such functions
may be.”

Finally, MES represents a new type of enzyme. The diverse
superfamily of mononuclear molybdenum-containing enzymes
has been classified into three subfamilies, represented by the
enzymes xanthine oxidase, sulfite oxidase, and DMSO
reductase.”> Known members of the third family all contain
a Mo- or W-containing bis-MGD cofactor and most catalyze
C—O bond formation by oxygen-atom transfer (DMSOR, EC
1.8.5.3), by hydroxylation (ethylbenzene dehydrogenase, EC
1.17.99.2),> or by hydration (acetylene hydratase, EC
4.2.1.112).°>> In addition, polysulfide reductase (EC
1.12.98.4) catalyze reductive S—S bond cleavage in the
conversion of elemental sulfur (Sg) to H,S and polysulfides.
The C—S bond forming activity of MES is unprecedented
among molybdenum-containing enzymes.””** A tentative
proposal for how MES catalyzes this reaction is shown in
Figure 5. The imidazole ring of TMH attacks the electrophilic
sulfido ligand of the Mo"" = S cofactor (i, Figure 5). Base-
catalyzed tautomerization (i) and dissociation of ergothio-
neine (iii) leave the enzyme in a reduced Mo' state (iv).
Resulfurization by a protein-borne persulfide restores the
Mo" -sulfido electrophile (v). C—S bond formation with the
opposite reaction polarity, namely, by attack of the sulfide from
a Mo"'—SH onto the imidazolium ring of TMH leads to an
intermediate that would require expulsion of a hydride to form
ergothioneine. We consider this mechanism less likely.
Irrespective of the mechanism, we anticipate that further
examination of the structure and mechanism of MES will open
new avenues for exploiting Mo-dependent enzymes in
biocatalysis,26 not the least for applications in the fermentative
prodlélfti(%n of ergothioneine in recombinant microorgan-
isms.” ™"

All standard reagents were purchased from Sigma—Aldrich if not
otherwise stated. Expression plasmids were purchased from Biocat
GmbH. Isotopologues of ergothioneine and F-TMH were produced
and characterized as described in previous work.”>*’

The gene coding for this protein fragment was expressed from a
pET28a vector. The resulting recombinant protein contained a N-
terminal Hiss tag. The plasmid was transformed into chemically
competent E. coli BL21 pLysS (DE3) and plated onto selective agar
plates. Cells were then grown in an auto-induction medium®
supplemented with 34 mg/L chloramphenicol and 50 mg/L
kanamycin. Growing conditions: 180 rpm, 37 °C until ODy, reached
0.6 and then incubated at 18 °C for 24 h. Cells were then harvested
by centrifugation at 4 °C at 8000 rpm for 20 min. The cells were
resuspended in lysis buffer (50 mM Na,HPO,, 300 mM NaCl, pH
8.0) and lysed by sonication. The cell-free lysates were cleared by
centrifugation (8000 rpm for 45 min at 4 °C). The cleared lysates
were supplemented with 10 mM imidazole and incubated with a Ni-
NTA resin (Qiagen GmbH) at 4 °C for 20 min. The resin was
collected in a column and washed with lysis buffer supplemented with
20 mM imidazole. The His,-tagged protein was eluted in lysis buffer
supplemented with 250 mM imidazole. Purified CaMESc .., was first
dialyzed into Tris buffer (50 mM Tris, 200 mM NaCl, 1 mM DTT,
150 uM PLP, pH 8.0) and then into S0 mM phosphate buffer, pH 8.0.
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The protein was then frozen in liquid nitrogen and stored at —80 °C
until use. The homogeneity of the purified protein was assessed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (12%) analysis (Figure S3). The identity of CaMES ., wWas
confirmed by HR-ESI-MS: m/z, (calcd) 44820.4, m/z (obsd) 44820.
This procedure yielded 15 mg of protein per L culture.

Transformation. Plasmids were transformed into electrocompe-
tent E. coli Amtn cells or chemically competent E. coli BL21 cells,
spread onto selective LB-agar (50 mg/L kanamycin) plates, and
incubated overnight at 37 °C. A single colony was picked, inoculated
into 5 mL of LB medium, and incubated overnight at 37 °C.
Overnight cultures were mixed with glycerol (total 30% glycerol) and
stored at —80 °C until further use. To generate cells containing two
plasmids, we first transformed electrocompetent E. coli Amtn cells
with the pET19b_EgtD plasmid. Individual colonies grown on
selective LB-agar (100 mg/L ampicillin) plates at 37 °C were used to
inoculate 5 mL of selective LB medium supplemented with 0.4%
glucose. After S h growth at 37 °C, ca. 1.3 mL of culture was
transferred into a sterile Eppendorf tube and centrifuged for 30 s at
12000 rpm. The pelleted cells were washed with a cold sterile
solution of 0.1 M CaCl, and 10% glycerol. After centrifugation, the
cells were resuspended in 100 uL of the same solution and incubated
on ice for 1 h. These cells were used for transformation with the
pCOLADuet-1_CaMES plasmid by heat shock and further grown on
agar plates supplemented with two antibiotics (100 mg/L ampicillin,
50 mg/L kanamycin).

Cell Cultures. Five milli-liter of preculture was grown in LB or
chemically defined medium (CD, Table S1) containing the
appropriate antibiotics overnight at 30 °C (180 rpm); 0.5—1 mL of
preculture was used to inoculate 30—100 mL of LB or CD medium
(with antibiotics). These cultures were incubated at 37 °C (180 rpm)
until an optical density (ODgg) of 0.6—0.8 was reached. IPTG was
then added to a final concentration of 1 mM, and cell cultures were
cooled down to 20 °C (180 rpm). From these cultures, 7 mL aliquots
were transferred to sterile falcon tubes (weighted) and supplemented
with Na,MoO,, Na,WO,, and/or substrates. These aliquots were
grown for 20 h at 25 °C. Concentrations of supplements are listed
separately for each experiment below. All additives were sterile
filtered.

Extraction of Ergothioneine and TMH. After incubation for 20
h at 25 °C, cells were centrifuged for 30 min (2000 rpm, 4 °C),
supernatant was removed, and wet cell pellets were weighed. The cells
were then resuspended in 1 mL of cold methanol and extracted by
sonication for S min in an ultrasonic bath. The crude extracts were
cleared by centrifugation (30 min, 2000 rpm, 20 °C). The methanolic
supernatant was dried using an Eppendorf concentrator under
vacuum for 1.5 h at 60 °C. The dry residues were dissolved in
milli-Q water (100 uL per 100 mg of wet pellet). Insoluble residues
were removed by centrifugation. The cleared supernatant was
analyzed by RP-HPLC ESI-HR-MS on a LC-coupled Bruker maXis II.

Quantification of Ergothioneine and TMH. To determine the
concentration of ergothioneine and TMH in cell-free lysates, we used
HR-ESI-MS analysis and quantified the detected signals for these
compounds by comparison to signals measured for authentic
standards with known concentrations. For external quantification,
standard solutions of authentic ergothioneine and TMH (20 yM in
H,0) were measured as independent samples in the same
measurement series with experimental samples. This procedure
allowed us to reliably quantify the concentration of analytes within
an order of magnitude. However, we noticed that external calibration
tends to underestimate the concentration of analytes within cellular
extracts. For more precise quantification, isotopologues of desired
products were used as internal standards: to quantify ergothioneine, 4
UL of supernatant was mixed with 4 uL of isotopically labeled
ergothioneine of known concentration (10 or 75 uM). The ion count
ratio of product/isotopologue in each sample was then calculated to
obtain the concentration of the analyte. For the analysis of mass
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spectra, extracted ion chromatograms (EIC) (Table S2, error +
0.001) were used on Bruker Compass HyStar software; analytes and
standards were identified in the MS spectrum provided (observed m/

z + § ppm) (Table S3).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00365.

Sequences of proteins used in this study; a list of
bacterial species that contain MES homologues;
supporting figures (Figures S1 and S2); analytical data
including NMR spectra; SDS-PAGE of purified proteins;
and exemplary mass spectra (Figures S3—S9) (PDF)

Florian P. Seebeck — Department of Chemistry, University of
Basel, 4002 Basel, Switzerland; Molecular Systems
Engineering, National Competence Center in Research
(NCCR), 4058 Basel, Switzerland; © orcid.org/0000-
0003-4625-1369; Email: florian.seebeck@unibas.ch

Mariia A. Beliaeva — Department of Chemistry, University of
Basel, 4002 Basel, Switzerland; Molecular Systems
Engineering, National Competence Center in Research
(NCCR), 4058 Basel, Switzerland

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.2c00365

CRediT: Mariia A. Beliaeva data curation, formal analysis,
investigation, methodology, validation, writing-original draft,
writing-review & editing; Florian P. Seebeck conceptualiza-
tion, data curation, formal analysis, funding acquisition,
investigation, project administration, supervision, visualization,
writing-review & editing.

The authors declare no competing financial interest.

This project was supported by the Swiss National Science
Foundation (grant number 182023), the University of Basel,
and the NCCR for Molecular Systems Engineering.

(1) Griindemann, D.; Hartmann, L.; Flégel, S. The ergothioneine
transporter (ETT): substrates and locations, an inventory. FEBS Lett.
2022, 596, 1252—1269.

(2) Griindemann, D.; Harlfinger, S.; Golz, S.; Geerts, A; Lazar, A,
Berkels, R.; Jung, N.; Rubbert, A.; Schoemig, E. Discovery of the
ergothioneine transporter. Proc. Natl. Acad. Sci. US.A. 2005, 102,
5256—5261.

(3) Cheah, I. K.; Halliwell, B. Ergothioneine, recent developments.
Redox Biol. 2021, 42, No. 101868.

(4) Servillo, L; D’Onofrio, N.; Balestrieri, M. L. Ergothioneine
Antioxidant Function: From Chemistry to Cardiovascular Therapeu-
tic Potential. J. Cardiovasc. Pharmacol. 2017, 69, 183—191.

(5) Oumari, M,; Goldfuss, B.; Stoffels, C.; Schmalz, H. G;
Griindemann, D. Regeneration of ergothioneine after reaction with
singlet oxygen. Free Radical Biol. Med. 2019, 134, 498—504.

2105

(6) Zhu, B.-Z.; Mao, L.; Fan, R.-M.; Zhy, J.-G.; Zhang, Y.-N.; Wang,
J.; Kalyanaraman, B.; Frei, B. Ergothioneine Prevents Copper-Induced
Oxidative Damage to DNA and Protein by Forming a Redox-Inactive
Ergothioneine-Copper Complex. Chem. Res. Toxicol. 2011, 24, 30—34.

(7) Cumming, B. M.; Chinta, K. C.; Reddy, V. P.; Steyn, A. J. C.
Role of Ergothioneine in Microbial Physiology and Pathogenesis.
Antioxid. Redox Signaling 2018, 28, 431—444.

(8) Paul, B. D.; Snyder, S. H. The unusual amino acid L-
ergothioneine is a physiologic cytoprotectant. Cell Death Differ.
2010, 17, 1134—1140.

(9) Genghof, D. S. Biosynthesis of Ergothioneine and Hercynine by
Fungi and Actinomycetales. ]. Bacteriol. 1970, 103, 475—478.

(10) Seebeck, F. P. In vitro reconstitution of Mycobacterial
ergothioneine biosynthesis. J. Am. Chem. Soc. 2010, 132, 6632—6633.

(11) Pfeiffer, C.; Bauer, T.; Surek, B.; Schoming, E.; Griindemann,
D. Cyanobacteria produce high levels of ergothioneine. Food Chem.
2011, 129, 1766—1769.

(12) Jones, G. W.; Doyle, S.; Fitzpatrick, D. A. The evolutionary
history of the genes involved in the biosynthesis of the antioxidant
ergothioneine. Gene 2014, 549, 161—-170.

(13) Vit, A; Misson, L. E.; Blankenfeldt, W.; Seebeck, F. P.
Ergothioneine Biosynthetic Methyltransferase EgtD Reveals the
Structural Basis of Aromatic Amino Acid Betaine Biosynthesis.
ChemBioChem 2015, 16, 119—125.

(14) Goncharenko, K. V.; Vit, A.; Blankenfeldt, W.; Seebeck, F. P.
Structure of the Sulfoxide Synthase EgtB from the Ergothioneine
Biosynthetic Pathway. Angew. Chem. Int. Ed. Engl. 2015, 54, 2821—
2824.

(15) Stampfli, A. R; Seebeck, F. P. The catalytic mechanism of
sulfoxide synthases. Curr. Opin. Chem. Biol. 2020, 59, 111—-118.

(16) Naowarojna, N.; Cheng, R.; Chen, L.; Quill, M.; Xu, M.; Zhao,
C.; Liu, P. Mini-Review: Ergothioneine and Ovothiol Biosyntheses, an
Unprecedented Trans-Sulfur Strategy in Natural Product Biosyn-
thesis. Biochemistry 2018, 57, 3309—3325.

(17) Liao, C.; Seebeck, F. P. Convergent Evolution of Ergothioneine
Biosynthesis in Cyanobacteria. ChemBioChem 2017, 18, 2115—2118.

(18) Burn, R;; Misson, L. E.; Meury, M.; Seebeck, F. P. Anaerobic
Origin of Ergothioneine. Angew. Chem. 2017, 129, 12682—12685.

(19) Leisinger, F.; Burn, R; Meury, M.; Lukat, P.; Seebeck, F. P.
Structural and mechanistic basis for anaerobic ergothioneine biosyn-
thesis. J. Am. Chem. Soc. 2019, 141, 6906—6914.

(20) Beliaeva, M. A; Burn, R; Lim, D.; Seebeck, F. P. In Vitro
Production of Ergothioneine Isotopologues. Angew. Chem., Int. Ed.
2021, 60, 5209—5212.

(21) Cheng, R;; Wy, L; Lai, R.; Peng, C.; Naowarojna, N.; Hu, W,;
Li, X.;; Whelan, S. A,; Lee, N.; Lopez, J.; Zhao, C.; Yong, Y.; Xue, J.;
Jiang, X.; Grinstaff, M. W.; Deng, Z.; Chen, J.; Cui, Q;; Zhou, J.; Liu,
P. Single-step Replacement of an Unreactive C-H Bond by a C-S
Bond Using Polysulfide as the Direct Sulfur Source in Anaerobic
Ergothioneine Biosynthesis. ACS Catal. 2020, 10, 8981—8994.

(22) Cheng, R;; Lai, R;; Peng, C; Lopez, J.; Li, Z.; Naowarojna, N;
Li, K; Wong, C.; Lee, N,; Whelan, S. A;; Qiao, L.; Grinstaff, M. W.;
Wang, J.; Cui, Q; Liu, P. Implications for an imidazol-2-yl carbene
intermediate in the rhodanase-catalyzed C-S bond formation reaction
of anaerobic ergothioneine biosynthesis. ACS Catal. 2021, 11, 3319—
3334.

(23) Hille, R; Hall, J.; Basu, P. The mononuclear molybdenum
enzymes. Chem. Rev. 2014, 114, 3963—4038.

(24) Leimkiihler, S.; Iobbi-Nivol, C. Bacterial molybdoenzymes: old
enzymes for new purposes. FEMS Microbiol. Rev. 2016, 40, 1—18.

(25) Seelmann, C. S.; Willistein, M.; Heider, J.; Boll, M.
Tungstoenzymes: Occurrence, Catalytic Diversity and Cofactor
Synthesis. Inorganics 2020, 8, No. 44.

(26) Le, C. C; Bae, M.; Kiamehr, S.; Balskus, E. P. Emerging
Chemical Diversity and Potential Applications of Enzymes in the
DMSO Reductase Superfamily. Annu. Rev. Biochem. 2022, 91, 475—
504.

(27) Miroshnichenko, M. L.; Kostrikina, N. A,; Chernyh, N. A
Pimenov, N. V,; Tourova, T. P, Antipov, A. N.; Spring, S,;

https://doi.org/10.1021/jacsau.2c00365
JACS Au 2022, 2, 2098-2107


https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00365/suppl_file/au2c00365_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00365/suppl_file/au2c00365_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00365?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00365/suppl_file/au2c00365_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+P.+Seebeck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4625-1369
https://orcid.org/0000-0003-4625-1369
mailto:florian.seebeck@unibas.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariia+A.+Beliaeva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00365?ref=pdf
https://doi.org/10.1002/1873-3468.14269
https://doi.org/10.1002/1873-3468.14269
https://doi.org/10.1073/pnas.0408624102
https://doi.org/10.1073/pnas.0408624102
https://doi.org/10.1016/j.redox.2021.101868
https://doi.org/10.1097/FJC.0000000000000464
https://doi.org/10.1097/FJC.0000000000000464
https://doi.org/10.1097/FJC.0000000000000464
https://doi.org/10.1016/j.freeradbiomed.2019.01.043
https://doi.org/10.1016/j.freeradbiomed.2019.01.043
https://doi.org/10.1021/tx100214t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx100214t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx100214t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1089/ars.2017.7300
https://doi.org/10.1038/cdd.2009.163
https://doi.org/10.1038/cdd.2009.163
https://doi.org/10.1128/jb.103.2.475-478.1970
https://doi.org/10.1128/jb.103.2.475-478.1970
https://doi.org/10.1021/ja101721e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101721e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodchem.2011.06.047
https://doi.org/10.1016/j.gene.2014.07.065
https://doi.org/10.1016/j.gene.2014.07.065
https://doi.org/10.1016/j.gene.2014.07.065
https://doi.org/10.1002/cbic.201402522
https://doi.org/10.1002/cbic.201402522
https://doi.org/10.1002/anie.201410045
https://doi.org/10.1002/anie.201410045
https://doi.org/10.1016/j.cbpa.2020.06.007
https://doi.org/10.1016/j.cbpa.2020.06.007
https://doi.org/10.1021/acs.biochem.8b00239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.8b00239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.8b00239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201700354
https://doi.org/10.1002/cbic.201700354
https://doi.org/10.1002/ange.201705932
https://doi.org/10.1002/ange.201705932
https://doi.org/10.1021/jacs.8b12596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202011096
https://doi.org/10.1002/anie.202011096
https://doi.org/10.1021/acscatal.0c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400443z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400443z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/femsre/fuv043
https://doi.org/10.1093/femsre/fuv043
https://doi.org/10.3390/inorganics8080044
https://doi.org/10.3390/inorganics8080044
https://doi.org/10.1146/annurev-biochem-032620-110804
https://doi.org/10.1146/annurev-biochem-032620-110804
https://doi.org/10.1146/annurev-biochem-032620-110804
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Stackebrandt, E.; Bonch-Osmolovskaya, E. A. Caldithrix abyssi gen.
nov., sp. nov., a nitrate-reducing, thermophilic, anaerobic bacterium
isolated from a Mid-Atlantic Ridge hydrothermal vent, represents a
novel bacterial lineage. Int. J. Syst. Evol. Microbiol. 2003, $3, 323—329.

(28) Ishikawa, Y.; Melville, D. B. The Enzymatic a-N-Methylation of
Histidine. J. Biol. Chem. 1970, 245, 5967—5973.

(29) Jeong, J. H,; Cha, H. J,; Ha, S. C.; Rojviriya, C,; Kim, Y. G.
Structural insights into the histidine trimethylation activity of EgtD
from Mycobacterium smegmatis. Biochem. Biophys. Res. Commun. 2014,
452, 1098—1103.

(30) Misson, L.; Burn, R; Vit, A; Hildesheim, J.; Beliaeva, M.;
Blankenfeldt, W.; Seebeck, F. P. Inhibition and regulation of the
ergothioneine biosynthetic methyltransferase EgtD. ACS Chem. Biol.
2018, 13, 1333—1342.

(31) Maurer, A.; Seebeck, F. P. Reexamination of the Ergothioneine
Biosynthetic Methyltransferase EgtD from Mycobacterium tuberculosis
as a Protein Kinase Substrate. Chembiochem 2020, 21, 2908—2911.

(32) Seiffert, G. B.; Ullmann, G. M.; Messerschmidt, A.; Schink, B.;
Kroneck, P. M,; Einsle, O. Structure of the non-redox-active tungsten/
[4Fe:4S] enzyme acetylene hydratase. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 3073—3077.

(33) Li, H. K; Temple, C.; Rajagopalan, K. V.; Schindelin, H. The
1.3 A Crystal Structure of Rhodobacter sphaeroides Dimethyl Sulfoxide
Reductase Reveals Two Distinct Molybdenum Coordination Environ-
ments. J. Am. Chem. Soc. 2000, 122, 7673—7680.

(34) Jumper, J.; Evans, R; Pritzel, A.; et al. Highly accurate protein
structure prediction with AlphaFold. Nature 2021, 596, 583—589.

(35) Mihara, H.; Esaki, N. Bacterial cysteine desulfurases: their
function and mechanisms. Appl. Microbiol. Biotechnol. 2002, 60, 12—
23.

(36) Wollers, S.; Heidenreich, T.; Zarepour, M.; Zachmann, D,;
Kraft, C,; Zhao, Y.; Mendel, R. R;; Bittner, F. Binding of Sulfurated
Molybdenum Cofactor to the C-terminal Domain of ABA3 from
Arabidopsis thaliana Provides Insight into the Mechanism of
Molybdenum Cofactor Sulfuration. J. Biol. Chem. 2008, 283, 9642—
9650.

(37) Lehrke, M.; Rump, S.; Heidenreich, T.; Wissing, J.; Mendel, R.
R; Bittner, F. Identification of persulfide-binding and disulfide-
forming cysteine residues in the NifS-like domain of the molybdenum
cofactor sulfurase ABA3 by cysteine-scanning mutagenesis. Biochem. J.
2012, 441, 823—832.

(38) Hidese, R.; Mihara, H.; Esaki, N. Bacterial cysteine
desulfurases: versatile key players in biosynthetic pathways of sulfur-
containing biofactors. Appl. Microbiol. Biotechnol. 2011, 91, 47—61.

(39) Liao, C.; Seebeck, F. P. S-adenosylhomocysteine as a methyl
transfer catalyst in biocatalytic methylation reactions. Nat. Catal.
2019, 2, 696—701.

(40) Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba,
M.; Datsenko, K. A.; Tomita, M.; Wanner, B. L; Mori, H.
Construction of Escherichia coli K-12 in-frame, single-gene knockout
mutants: the Keio collection. Mol. Syst. Biol. 2006, 2, 2006—2008.

(41) Momper, L; Aronson, H. S; Amend, J. P. Genomic
Description of ’Candidatus Abyssubacteria’, a Novel Subsurface
Lineage Within the Candidate Phylum Hydrogenedentes. Front.
Microbiol. 2018, 9, No. 1993.

(42) Bug, J.; Santini, C. L.; Giordani, R; Czjzek, M.,; Wu, L. F,;
Giordano, G. Enzymatic and physiological properties of the tungsten-
substituted molybdenum TMAO reductase from Escherichia coli. Mol.
Microbiol. 1999, 32, 159—168.

(43) Tenbrink, F.; Schink, B.; Kroneck, P. M. Exploring the Active
Site of the Tungsten, Iron-Sulfur Enzyme Acetylene Hydratase. J.
Bacteriol. 2011, 193, 1229—1236.

(44) Stewart, L. J; Bailey, S.; Bennett, B.; Charnock, J. M.; Garner,
C. D.; McAlpine, A. S. Dimethylsulfoxide Reductase: An Enzyme
Capable of Catalysis with Either Molybdenum or Tungsten at the
Active Site. J. Mol. Biol. 2000, 299, 593—600.

(45) Anderson, L. A,; McNairn, E.; Lubke, T.; Pau, R. N.; Boxer, D.
H. ModE-dependent molybdate regulation of the molybdenum

2106

cofactor operon moa in Escherichia coli. ]. Bacteriol. 2000, 182,
7035—7043.

(46) Pinske, C.; Bénn, M.; Kriiger, S.; Lindenstrauss, U.; Sawers, R.
G. Metabolic deficiences revealed in the biotechnologically important
model bacterium Escherichia coli BL21(DE3). PLoS One 2011, 6,
No. €22830.

(47) Peng, J; Liao, C.; Bauer, C.; Seebeck, F. P. Fluorinated S-
adenosylmethionine as a reagent for enzyme-catalyzed fluoromethy-
lation. Angew. Chem. 2021, 133, 27384—27389.

(48) Osawa, R.; Kamide, T.; Satoh, Y.; Kawano, Y.; Ohtsu, L; Dairi,
T. Heterologous and High Production of Ergothioneine in Escherichia
coli. J. Agric. Food. Chem. 2018, 66, 1191—1196.

(49) Schwarz, G.; Mendel, R. R; Ribbe, M. W. Molybdenum
cofactors, enzymes and pathways. Nature 2009, 460, 839—847.

(50) Arnoux, P.; Ruppelt, C.; Oudouhou, F.; Lavergne, J.; Siponen,
M. L; Toci, R;; Mendel, R. R; Bittner, F.; Pignol, D.; Magalon, A,;
Walburger, A. Sulphur shuttling across a chaperone during
molybdenum cofactor maturation. Nat. Commun. 2015, 6, No. 6148.

(51) Hilton, J. C.; Temple, C. A.; Rajagopalan, K. V. Re-design of
Rhodobacter sphaeroides dimethyl sulfoxide reductase. Enhancement of
adenosine N1-oxide reductase activity. J. Biol. Chem. 1999, 274,
8428—-8436.

(52) Pollock, V. V.; Barber, M. J. Serine 121 Is an Essential Amino
Acid for Biotin Sulfoxide Reductase Functionality. J. Biol. Chem. 2000,
275, 35086—35090.

(53) Mintmier, B.; McGarry, J. M.; Bain, D. J,; Basu, P. Kinetic
consequences of the endogenous ligand to molybdenum in the
DMSO reductase family: a case study with periplasmic nitrate
reductase. J. Biol. Inorg. Chem. 2021, 26, 13—28.

(54) Fukuto, J. M.; Ignarro, L. J.; Nagy, P.; Wink, D. A; Kevil, C. G;
Feelisch, M.; Cortese-Krott, M. M.; Bianco, C. L.; Kumagai, Y.;
Hobbs, A. J.; Lin, J; Ida, T.; Akaike, T. Biological hydropersulfides
and related polysulfides — a new concept and perspective in redox
biology. FEBS Lett. 2018, 592, 2140—2152.

(55) Hou, N; Yan, Z.; Fan, K; Li, H.; Zhao, R; Xia, Y.; Xun, L.; Liu,
H. OxyR senses sulfane sulfur and activates the genes for its removal
in T Escherichia coli. Redox Biol. 2019, 26, No. 101293.

(56) Fischer, W. W.; Hemp, J.; Valentine, J. S. How did life survive
Earth’s great oxygenation? Curr. Opin. Chem. Biol. 2016, 31, 166—178.

(57) Hinzelmann, P.; Dahl, J. U; Kuper, J; Urban, A.; Miiller-
Theissen, U.; Leimkiihler, S.; Schindelin, H. Crystal structure of YnjE
from Escherichia coli, a sulfurtransferase with three rhodanese
domains. Protein Sci. 2009, 18, 2480—2491.

(58) Tawfik, O. K. D. S. Enzyme Promiscuity: A Mechanistic and
Evolutionary Perspective. Annu. Rev. Biochem. 2010, 79, 471—505.

(59) Yadan, J. C. Matching chemical properties to molecular
biological activities opens a new perspective on l-ergothioneine. FEBS
Lett. 2022, 596, 1299—1312.

(60) Kondoh, H.; Teruya, T.; Kameda, M.; Yanagida, M. Decline of
ergothioneine in frailty and cognition impairment. FEBS Lett. 2022,
596, 1270—1278.

(61) Paul, B. D. Ergothioneine: A Stress Vitamin with Antiaging,
Vascular, and Neuroprotective Roles? Antioxid. Redox Signaling 2022,
36, 1306—1317.

(62) Zhao, Q; Wang, M.; Xu, D.; Zhang, Q.; Liu, W. Metabolic
coupling of two small-molecule thiols programs the biosynthesis of
lincomycin A. Nature 2015, 518, 115—119.

(63) Heider, J.; Szaleniec, M.; Siinwoldt, K.; Boll, M. Ethylbenzene
Dehydrogenase and Related Molybdenum Enzymes Involved in
Oxygen-Independent Alkyl Chain Hydroxylation. Microbiol. Physiol.
2016, 26, 45—62.

(64) Dunbar, K. L.; Scharf, D. H.; Litomska, A.; Hertweck, C.
Enzymatic Carbon-Sulfur Bond Formation in Natural Product
Biosynthesis. Chem. Rev. 2017, 117, 5521—-5577.

(65) Kim, M.; Jeong, D. W,; Oh, J. W,; Jeong, H. J.; Ko, Y. J.; Park,
S. E; Han, S. O. Efficient Synthesis of Food-Derived Antioxidant 1-
Ergothioneine by Engineered Corynebacterium glutamicum. J. Agric.
Food Chem. 2022, 70, 1516—1524.

https://doi.org/10.1021/jacsau.2c00365
JACS Au 2022, 2, 2098-2107


https://doi.org/10.1099/ijs.0.02390-0
https://doi.org/10.1099/ijs.0.02390-0
https://doi.org/10.1099/ijs.0.02390-0
https://doi.org/10.1099/ijs.0.02390-0
https://doi.org/10.1016/S0021-9258(18)62649-3
https://doi.org/10.1016/S0021-9258(18)62649-3
https://doi.org/10.1016/j.bbrc.2014.09.058
https://doi.org/10.1016/j.bbrc.2014.09.058
https://doi.org/10.1021/acschembio.8b00127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.8b00127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.202000232
https://doi.org/10.1002/cbic.202000232
https://doi.org/10.1002/cbic.202000232
https://doi.org/10.1073/pnas.0610407104
https://doi.org/10.1073/pnas.0610407104
https://doi.org/10.1021/ja000643e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000643e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000643e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000643e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1007/s00253-002-1107-4
https://doi.org/10.1007/s00253-002-1107-4
https://doi.org/10.1074/jbc.M708549200
https://doi.org/10.1074/jbc.M708549200
https://doi.org/10.1074/jbc.M708549200
https://doi.org/10.1074/jbc.M708549200
https://doi.org/10.1042/BJ20111170
https://doi.org/10.1042/BJ20111170
https://doi.org/10.1042/BJ20111170
https://doi.org/10.1007/s00253-011-3336-x
https://doi.org/10.1007/s00253-011-3336-x
https://doi.org/10.1007/s00253-011-3336-x
https://doi.org/10.1038/s41929-019-0300-0
https://doi.org/10.1038/s41929-019-0300-0
https://doi.org/10.1038/msb4100050
https://doi.org/10.1038/msb4100050
https://doi.org/10.3389/fmicb.2018.01993
https://doi.org/10.3389/fmicb.2018.01993
https://doi.org/10.3389/fmicb.2018.01993
https://doi.org/10.1046/j.1365-2958.1999.01340.x
https://doi.org/10.1046/j.1365-2958.1999.01340.x
https://doi.org/10.1128/JB.01057-10
https://doi.org/10.1128/JB.01057-10
https://doi.org/10.1006/jmbi.2000.3702
https://doi.org/10.1006/jmbi.2000.3702
https://doi.org/10.1006/jmbi.2000.3702
https://doi.org/10.1128/JB.182.24.7035-7043.2000
https://doi.org/10.1128/JB.182.24.7035-7043.2000
https://doi.org/10.1371/journal.pone.0022830
https://doi.org/10.1371/journal.pone.0022830
https://doi.org/10.1002/ange.202108802
https://doi.org/10.1002/ange.202108802
https://doi.org/10.1002/ange.202108802
https://doi.org/10.1021/acs.jafc.7b04924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.7b04924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature08302
https://doi.org/10.1038/nature08302
https://doi.org/10.1038/ncomms7148
https://doi.org/10.1038/ncomms7148
https://doi.org/10.1074/jbc.274.13.8428
https://doi.org/10.1074/jbc.274.13.8428
https://doi.org/10.1074/jbc.274.13.8428
https://doi.org/10.1074/jbc.M006872200
https://doi.org/10.1074/jbc.M006872200
https://doi.org/10.1007/s00775-020-01833-9
https://doi.org/10.1007/s00775-020-01833-9
https://doi.org/10.1007/s00775-020-01833-9
https://doi.org/10.1007/s00775-020-01833-9
https://doi.org/10.1002/1873-3468.13090
https://doi.org/10.1002/1873-3468.13090
https://doi.org/10.1002/1873-3468.13090
https://doi.org/10.1016/j.redox.2019.101293
https://doi.org/10.1016/j.redox.2019.101293
https://doi.org/10.1016/j.cbpa.2016.03.013
https://doi.org/10.1016/j.cbpa.2016.03.013
https://doi.org/10.1002/pro.260
https://doi.org/10.1002/pro.260
https://doi.org/10.1002/pro.260
https://doi.org/10.1146/annurev-biochem-030409-143718
https://doi.org/10.1146/annurev-biochem-030409-143718
https://doi.org/10.1002/1873-3468.14264
https://doi.org/10.1002/1873-3468.14264
https://doi.org/10.1002/1873-3468.14299
https://doi.org/10.1002/1873-3468.14299
https://doi.org/10.1089/ars.2021.0043
https://doi.org/10.1089/ars.2021.0043
https://doi.org/10.1038/nature14137
https://doi.org/10.1038/nature14137
https://doi.org/10.1038/nature14137
https://doi.org/10.1159/000441357
https://doi.org/10.1159/000441357
https://doi.org/10.1159/000441357
https://doi.org/10.1021/acs.chemrev.6b00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.1c07541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.1c07541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(66) van der Hoek, S. A.; Rusnak, M.; Wang, G.; Stanchev, L. D.; de
Fatima Alves, L.; Jessop-Fabre, M. M.; Paramasivan, K.; Jacobsen, 1.
H.; Sonnenschein, N.; Martinez, J. L.; Darbani, B.; Kell, D. B,;
Borodina, I. Engineering precursor supply for the high-level
production of ergothioneine in Saccharomyces cerevisiae. Metab. Eng.
2022, 70, 129—142.

(67) Han, Y.; Tang, X.; Zhang, Y.; Hu, X; Ren, L. J. The current
status of biotechnological production and the application of a novel
antioxidant ergothioneine. Crit. Rev. Biotechnol. 2021, 41, 580—593.

(68) Kamide, T.; Takusagawa, S.; Tanaka, N.; Ogasawara, Y,;
Kawano, Y.,; Ohtsu, I; Satoh, Y,; Dairi, T. High Production of
Ergothioneine in Escherichia coli using the Sulfoxide Synthase from
Methylobacterium strains. J. Agric. Food Chem. 2020, 68, 6390—6394.

(69) Studier, F. W. Protein production by auto-induction in high
density shaking cultures. Protein Expression Purif. 2008, 41, 207—234.

2107

https://doi.org/10.1021/jacsau.2c00365
JACS Au 2022, 2, 2098-2107


https://doi.org/10.1016/j.ymben.2022.01.012
https://doi.org/10.1016/j.ymben.2022.01.012
https://doi.org/10.1080/07388551.2020.1869692
https://doi.org/10.1080/07388551.2020.1869692
https://doi.org/10.1080/07388551.2020.1869692
https://doi.org/10.1021/acs.jafc.0c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.0c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.0c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.1016/j.pep.2005.01.016
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

