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Summary

The biosynthesis of the molybdenum cofactor (Moco)
is highly conserved among all kingdoms of life. In all
molybdoenzymes containing Moco, the molybdenum
atom is coordinated to a dithiolene group present in
the pterin-based 6-alkyl side chain of molybdopterin
(MPT). In general, the biosynthesis of Moco can be
divided into four steps in in bacteria: (i) the starting
point is the formation of the cyclic pyranopterin
monophosphate (cPMP) from 5-GTP, (ii) in the sec-
ond step the two sulfur atoms are inserted into cPMP
leading to the formation of MPT, (iii) in the third step
the molybdenum atom is inserted into MPT to form
Moco and (iv) in the fourth step bis-Mo-MPT is
formed and an additional modification of Moco is
possible with the attachment of a nucleotide (CMP or
GMP) to the phosphate group of MPT, forming the
dinucleotide variants of Moco. This review presents
an update on the well-characterized Moco biosynthe-
sis in the model organism Escherichia coli including
novel discoveries from the recent years.

Introduction into general aspects of the molybdenum
cofactor and its biosynthesis

The transition element molybdenum is an important trace
element for bacteria, archaea and eukaryotes. In its bio-
logically active form molybdate (MoO,27), it enters the
cell by active transport systems (Aguilar-Barajas et al.,
2011). In the cell, molybdenum is either coordinated to
the molybdenum cofactors (Moco) which contain a
dithiolene group on the 6-alkyl side chain of a pterin
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called molybdopterin (MPT) (Rajagopalan and Johnson,
1992), or in some bacteria to the Fe-S cluster based iron-
molybdenum cofactor (FeMoco) which forms the active
site of nitrogenase (Schwarz et al., 2009; Ribbe et al.,
2013), an enzyme which is not covered in this review.
Molybdenum forms the active site of molybdoenzymes to
which the substrate is bound, and these enzymes exe-
cute key transformations in the metabolism of nitrogen,
sulfur and carbon compounds (Hille, 1996; Hille et al.,
2014). Molybdenum has a chemical versatility that is use-
ful to biological systems: it is redox-active under physio-
logical conditions (ranging between the oxidation states
VI and IV); since the V oxidation state is also accessible,
the metal can act as transducer between obligatory two-
electron and one-electron oxidation—reduction systems
and it can exist over a wide range of redox potentials
(Hille, 1996, 2002).

The catalyzed reactions are in most cases oxo-transfer
reactions, e.g. the hydroxylation of carbon centres, how-
ever, also C-H bond cleavage reactions are catalyzed
(Hille et al., 2014). Evolutionary studies indicate that
molybdoenzymes can be divided into ‘ancient’ members
already present in LUCA and into recently evolved
enzymes (Baymann et al., 2003; Schoepp-Cothenet
et al., 2012). By comparative genomics analyses, it was
shown that 74% of bacteria from almost all phyla harbour
enzymes containing Moco (LeimkUhler and lobbi-Nivol,
2016). The number of molybdoenzymes synthetized var-
ies from one organism to another and the largest number
of molybdoenzymes was identified in Desulfiftobacterium
hafniense (Kim et al., 2012). This organism contains
about 60 different molybdoenzymes, while in contrast the
well-studied model organism Escherichia coli harbours
19 different molybdoenzymes most of which have been
characterized to date. In the redox reactions catalyzed,
electron transfer from or to Moco is mediated by addi-
tional redox centres like Fe-S centres, cytochromes or
FAD/FMN cofactors that are bound to the protein (lobbi-
Nivol and Leimkuihler, 2013; Yokoyama and Leimkdhler,
2015). During these redox reactions, the molybdenum
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atom can exist in the oxidation states IV, V and VI and
couples proton transfer to electron transfer (Hille, 2002).

The chemical nature of Moco has been determined by
Rajagopalan and Johnson (1992). In general, the struc-
ture of Moco is a ftricyclic pyranopterin with a unique
dithiolene group coordinating the molybdenum atom.
Moco biosynthesis is a highly conserved pathway which
has been best studied in E. coli by using a combination
of biochemical, genetic and structural approaches
(Leimkuhler et al., 2011). In all prokaryotes, Moco biosyn-
thesis can be divided into four general steps based on
stable intermediates that were isolated (Rajagopalan,
1996; Mendel and Leimkihler, 2015): (i) formation of
cyclic pyranopterin monophosphate (cPMP), (ii) formation
of MPT from cPMP by the insertion of two sulfur atoms,
(iii) insertion of molybdenum into MPT to form Mo-MPT
and (iv) formation of bis-Mo-MPT from two Mo-MPT moi-
eties in addition to possible further modifications of Moco
by the attachment of different nucleotides like CMP or
GMP, forming the MPT cytosine dinucleotide cofactor
(MCD) and bis-molybdopterin guanine dinucleotide (bis-
MGD) cofactors respectively. These dinucleotide modifi-
cations are not present in eukaryotic molybdoenzymes.

In E. coli, five gene loci are directly involved in the bio-
synthesis of Moco that were named moa (moaABCDE),
mob (mobAB), moc (mocA), moe (moeAB) and mog
(mogA) (Shanmugam et al., 1992). These loci are orga-
nized in operons and code for 11 proteins in total with
9 of those having an essential role in Moco biosynthesis
(Table 1) (Shanmugam et al., 1992; Rajagopalan, 1996).
Each of the steps of Moco biosynthesis will be described
in detail in the following sections.

Different modifications in the ligand sphere of the
molybdenum atom or additional modifications at the
pterin backbone have been identified. According to these
differences, molybdoenzymes have been classified into

Table 1. Proteins for Moco biosynthesis in bacteria, plants and
humans and the catalyzed reactions.

Bacteria Reaction catalyzed

MoaA Formation of (3',8-cH,GTP) from 5'-GTP

MoaB Unknown function

MoaC Formation of cPMP from (3',8-cH,GTP)

MoaD Sulfur transfer to cPMP, formation of MPT

MoaE Binding of cPMP, formation of MPT

MoeB Adenylation of MPT synthase small subunit

MogA Formation of MPT-AMP

MoeA Molybdate insertion into MPT-AMP, Mo-MPT formation

MobA Formation of bis-Mo-MPT, GMP transfer to bis-Mo-MPT,
formation of bis-MGD

MobB Not essential role in Moco biosynthesis

MocA CMP transfer to Mo-MPT, formation of MCD

IscS L-cysteine desulfurase

TusA Persulfide-containing sulfur transferase additionally

involved in s2U34 tRNA modification

three families: the xanthine oxidase (XO) family, the sul-
fite oxidase (SO) family and the dimethyl sulfoxide
(DMSO) reductase family (Hille, 1996) (Fig. 1). Newer
classifications also include the tungsten-containing
enzymes in one enzyme family (Hille, 2002; Magalon
et al., 2011). Since E. coli does not contain tungsten-
containing enzymes, we will stick to the original classifi-
cation with three enzyme families in this review. Enzymes
of the XO family contain in general a Moco with an MPT
(or MCD)-Mo"'OS(OH) ligand sphere, and typical mem-
bers in bacteria are xanthine dehydrogenases and alde-
hyde oxidoreductases (Hille et al., 2014). Enzymes of the
SO family contain a Moco with an MPT-Mo"'0,Cys core,
and this family comprises bacterial sulfite dehydroge-
nases and methionine sulfoxide reductase (MsrP).
Enzymes of the DMSO reductase family are exclusively
found in prokaryotes. These enzymes comprise a Moco
with an MGD,-Mo"'XY core with X being either a sulfur
or an oxygen ligand and Y either being a hydroxo or
amino acid ligand (Ser, Cys, Sec and Asp ligands were
identified so far). In contrast, mainly anaerobic archaea
and some bacteria require tungsten (W) instead of molyb-
denum and bind the W in a similar manner to the
dithiolene group of MPT, forming the tungsten cofactor
(Wco) (Hagen, 2011). While the biosynthesis of Moco is
well characterized, the biosynthesis of Wco has not been
studied in detail so far. In general, it is believed that the
basic mechanisms of Moco and Wco synthesis are simi-
lar, because most genes with an assigned function in
Moco biosynthesis are also present in the genome of
organisms that use tungsten in their metabolism.

This review will focus on the biosynthesis of Moco in
bacteria, and its incorporation into specific target proteins
with a particular focus on the one in E. coli, which repre-
sents the best studied model organism for Moco biosyn-
thesis and molybdoenzymes so far. For an overview on
tungsten-containing enzymes, the reader is referred to
other reviews (Johnson et al., 1996; Kletzin and Adams,
1996; Romao, 2009; Hagen, 2011).

First step: Conversion of 5-GTP to cPMP

The biosynthesis of Moco starts with 5'-GTP which is
converted to cPMP (Fig. 2). cPMP is the first stable inter-
mediate in Moco biosynthesis that was identified in 1993,
initially named Precursor Z and later identified to be a
6-alkyl pterin with a cyclic phosphate group at the C2' and
C4' atoms (Wuebbens and Rajagopalan, 1993, 1995;
Santamaria-Araujo et al., 2004). The synthesis of cPMP is
catalyzed by two enzymes, and the reaction was studied
in detail using the bacterial enzymes from Staphylococ-
cus aureus (Hover et al., 2013; Mehta et al.,, 2013). In
bacteria, the moaA and moaC gene products are involved
in this reaction (Wuebbens and Rajagopalan, 1993, 1995)

© 2020 The Author. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Fig. 1. Different structures of Moco in bacteria.

The basic form of Moco (Mo-MPT) is a 5,6,7,8-tetrahydropyranopterin (MPT) with a dithiolene group coordinating the molybdenum atom in a
trioxo form.

The molybdenum atom is coloured in red, the characteristic dithiolene group is coloured in orange, the pterin group is coloured in blue, the
pyrano-ring is coloured in green and the phosphate group is coloured in turquois.

Moco exists in different variants and is divided into three enzyme families according to the coordination at the molybdenum atom: the SO family,
the XO family and the DMSO reductase family.

The SO family is characterized by a molybdenum ligation with one oxo, one hydroxide and one cysteine ligand from the protein backbone. In
Escherichia coli, the XO family contains the sulfurated MCD, while in other bacteria also the sulfurated form of Mo-MPT without an additional
nucleotide has been identified.

The DMSO reductase family contains two MPTs (bis-Mo-MPT) or two MGDs (bis-MGD) ligated to one molybdenum atom with additional ligands
being an O/S, and a sixth ligand which can be a serine, a cysteine, a selenocysteine, an aspartate or a hydroxide ligand.

(Fig. 2, Table 1). MoaA belongs to the superfamily of S-
adenosyl methionine (SAM)-dependent radical enzymes
(Sofia et al., 2001; Hanzelmann et al., 2004). The X-ray
structure of MoaA from S. aureus showed that MoaA is a
homodimer (Hénzelmann and Schindelin, 2004) and each
monomer contains two [4Fe-4S] clusters. It was shown that
the N-terminal [4Fe-4S] cluster binds SAM and generates
the 5'-deoxyadenosyl radical, which subsequently initiates
the transformation of 5'-GTP bound by the C-terminal [4Fe-
48] cluster (Hanzelmann et al., 2004; Hanzelmann and
Schindelin, 2006). In this reaction, the C8 of GTP is
inserted between the C2' and C3' carbons of the ribose

addition to the formation of the cyclic phosphate group
(Hover et al., 2013). The structure of MoaC from Ther-
mus thermophilus HB8 with bound 5-GTP has been
solved (Kanaujia et al., 2010a), which revealed that the
protein forms an (ap); complex (Wuebbens et al., 2000;
Kanaujia et al., 2010b).

Second step: Formation of MPT by sulfur transfer
to cPMP

In the next step of Moco biosynthesis, cPMP is converted

(Hover et al., 2013; Mehta et al., 2013). An (8S)-3',8-cyclo-
7,8-dihydroguanosine  5'-triphosphate  (3',8-cH.GTP)
intermediate is formed during the reaction (Fig. 2). This
intermediate is then converted by MoaC to cPMP, a
reaction which involves pyrophosphate cleavage in

to MPT in a reaction catalyzed by MPT synthase (Pitterle
and Rajagopalan, 1989; Pitterle et al., 1990, 1993; Pit-
terle and Rajagopalan, 1991, 1993). In this reaction two
sulfur atoms are inserted to the C1’ and C2’ positions of
cPMP (Daniels et al., 2007). The purification of MPT

© 2020 The Author. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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synthase identified a heterotetrameric enzyme, consisting
of two small (~8750Da) and two large subunits
(~16,850 Da) (Fig. 3), encoded by moaD and moaE
respectively (Pitterle and Rajagopalan, 1989) (Table 1).
Pitterle et al. (1993) were able to establish an in vitro sys-
tem for MPT synthesis, consisting solely of MPT
synthase and cPMP. By using sulfhydryl reagents, it was
shown that the small subunit of MPT synthase carries the
sulfur atoms in form of a thiocarboxylate group at the C-
terminus of MoaD (Gutzke et al., 2001; Leimkihler et al.,
2003). The X-ray structures of the E. coli and S. aureus
MPT synthases showed that the central dimer is formed
by two MoaE subunits containing one MoaD at each end
(Rudolph et al., 2001; Daniels et al., 2007). Both MoaE—
MoaD dimers act independently during the reaction, and
each MoaE subunit thereby binds one cPMP molecule
(Wuebbens and Rajagopalan, 2003). Studies on the
reaction mechanism showed that the first sulfur is added
by one MoaD molecule at the C2' position of cPMP, for-
ming a hemisulfurated intermediate (Fig. 3). This reaction
is coupled to the hydrolysis of the cPMP cyclic phosphate
group (Daniels et al., 2007). After transfer of its
thiocarboxylate sulfur to cPMP, the first MoaD subunit
dissociates from the MPT synthase complex (Wuebbens
and Rajagopalan, 2003; Daniels et al., 2007) and a new
MoaD molecule containing a thiocarboxylate group
(MoaD-SH) associates with the complex and attacks the

Fig. 2. Synthesis of cPMP from
5'-GTP.

The conversion of 5'-GTP to cPMP is
catalyzed by MoaA (PDB: 1TV8) and
MoaC (PDB: 1EKR) in bacteria.

All carbon atoms of the 5-GTP are
found within cPMP. The C8 atom
(coloured in pink) from the 5-GTP is
inserted between the C2' and C3'
atoms of the ribose (coloured in
green), forming the 3',8-cH,GTP inter-
mediate. The guanine is coloured in
blue and the «-phosphate group is
coloured in turquois. This reaction is
catalyzed by MoaA, which belongs to
the superfamily of SAM-dependent
enzymes.

In the reaction catalyzed by MoaC,
the pyrophosphate group is cleaved,

N forming cPMP. The [4Fe4S] clusters

present on MoaA are shown schemat-
ically to highlight them.

C1’ atom. MPT is then formed and released from the
MPT synthase heterotetramer (Fig. 3).

The regeneration of sulfur at the C-terminal glycine of
MoaD is catalyzed by MoeB (Fig. 3; Leimkuhler et al.,
2001; Schindelin, 2005). The X-ray structure of the
(MoaD-MoeB), complex showed that the C-terminus of
MoaD is first activated by the formation of an acyl-
adenylate group at its terminal glycine (Lake et al., 2001;
Leimkuhler et al., 2001; Schmitz et al., 2007). MoaD-
AMP then receives the sulfur from a sulfur transferase
and MoaD-SH is formed. The sulfur is directly transferred
to MoaD in the (MoaD-MoeB), complex, additionally
releasing (MoeB), and AMP. MoaD-SH dissociates from
the complex and reassociates with MoaE to form the
active MPT synthase heterotetramer (Fig. 3) (Tong et al.,
2005; Schmitz et al., 2007). It was determined that in E.
coli, L-cysteine serves as the origin of the MPT dithiolene
sulfurs (Leimkihler and Rajagopalan, 2001). In the sulfur
transfer reactions to MoaD, the proteins IscS and TusA
are involved, forming a sulfur relay system in which a
persulfide-sulfur is formed on a conserved cysteine resi-
due of these proteins (Dahl et al., 2013; Zhang et al.,
2010; Fig. 3). IscS has been initially described to have a
role in the assembly of house-keeping Fe-S clusters
(Zheng et al., 1998; Hidese et al., 2011). In addition, a
second L-cysteine desulfurase is present in E. coli,
named SufS, with a role under iron-limiting conditions or

© 2020 The Author. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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and the sulfur is transferred from the C-terminal thiocarboxylate group of MoaD to cPMP. A hemisulfurated intermediate is formed during the

reaction.

MoaD is regenerated and a new MoaD-SH thiocarboxylate is formed on MoeB, where MoaD is first activated under ATP consumption to form an
activated MoaD-acyl adenylate. MoaD-AMP is then sulfurated by a protein-bound persulfide, which is transferred from IscS via TusA to MoaD.
After the formation of the thiocarboxylate group, MoaD-SH dissociates from the MoeB dimer and reassociates with MoaE, forming the active

MPT synthase.

under oxidative stress (Outten et al., 2004). It was shown
SufS cannot replace IscS in its ability to mobilize the sul-
fur from L-cysteine, based on the fact that SufS is unable
to interact with TusA (Buhning et al., 2017). It is believed
that the sulfur of one of these persulfide-containing pro-
teins interacts with the (MoaD-MoeB), complex and
attacks the MoaD-AMP bond, releasing AMP and creat-
ing a transient MoaD perthiocarboxylate intermediate with
the sulfur transferase, which further is reductively cleaved
(lobbi-Nivol and Leimkuhler, 2013).

Overall, Moco biosynthesis is closely linked to Fe-S
cluster assembly by sharing the protein IscS for sulfur
mobilization from L-cysteine (Leimkihler, 2014; Yokoyama
and Leimkuihler, 2015). The IscS protein has been identi-
fied as major player that mobilizes the sulfur not only for
Fe-S cluster assembly but also for the biosynthesis of
Moco in addition to other sulfur-containing biomolecules
such as thiamin, biotin, lipoic acid and thionucleosides in
transfer RNA (tRNA) (Leimkihler et al., 2017). In total,
there is a complex protein—protein interaction network
around IscS, transferring the sulfur in the form of a

persulfide further to specific sulfur acceptor proteins
(Leimkihler et al., 2017). It remains, however, still elusive
how the preference for the specific interaction partner is
regulated and which factors direct the sulfur transfer
towards the synthesis of a specific biomolecule.

In addition to IscS, also TusA has been described to
be involved in a second cellular sulfur transfer pathway.
TusA was initially described to be involved in the forma-
tion of mnm°s?U34 modified tRNA for Lys, GIn, Glu
(Ikeuchi et al., 2006). Thiomodifications of tRNAs were
shown to be important for proper function of prokaryotic
and eukaryotic organisms (Suzuki, 2005; Shigi, 2014).
For the formation of mnm®s?U in tRNA for Lys, Gin, Glu
in E. coli, a sulfur-relay system was identified including
the initial sulfur mobilization by the L-cysteine desulfurase
IscS and the proteins TusA, TusBCD, TusE and MnmA
(Ikeuchi et al., 2006). Among them, tusB, tusC and tusD
are encoded on a single operon and their gene products
form the TusBCD complex composed as a dimer of a
heterotrimer (apy).. Efficient 2-thiouridine formation can
be achieved in vitro using purified tRNA incubated with

© 2020 The Author. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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purified proteins IscS, TusA, the TusBCD complex, TuskE
and MnmA (Ikeuchi et al., 2006). TusA thereby directly
interacts with IscS, stimulates its desulfurase activity and
directs the sulfur flow to 2-thiouridine formation. In con-
clusion, the IscS/TusA interaction presents a way to coor-
dinate Fe-S cluster assembly, Moco biosynthesis and
translation efficiency in the cell.

Third step: Molybdate transport and insertion
into MPT

The introduction of molybdate to the dithiolene moiety in
MPT completes the formation of the chemical backbone
for binding and coordination of the molybdenum atom
(Grunden and Shanmugam, 1997). Molybdenum enters
the cell as the soluble oxyanion molybdate for which
high-affinity transporters have been described in bacteria
(Grunden and Shanmugam, 1997; Self et al., 2001;
Aguilar-Barajas et al., 2011). The first high-affinity molyb-
date transport mutant, E. coli modC (Shanmugam et al.,
1992), was identified because molybdoenzyme activity
could be restored by addition of molybdenum at a
1000-fold higher concentration (>0.1 mM) than that is suf-
ficient for wild-type cells (Shanmugam et al., 1992). The
modC mutant phenotype is pleiotropic for all molyb-
doenzymes. Escherichia coli ModC is the ATP-binding
protein of a high-affinity molybdenum uptake system
belonging to the ATP-binding cassette (ABC) superfamily
of transporters that is responsible for the transport of a
wide variety of molecules in prokaryotes and eukaryotes
(Higgins, 1992; Davidson and Chen, 2004). In their most
common form in bacteria, ABC transporters consist of
two integral membrane proteins (ModB for molybdate
transport in E. coli), and two hydrophilic peripheral mem-
brane proteins (the ATP-binding protein ModC for molyb-
date transport in E. coli). In Gram-negative bacteria, a
periplasmic binding protein captures the substrate and
delivers it to the transporter complex in the inner mem-
brane (ModA for the molybdate transport system in E.
coli). Both molybdate and tungstate bind to the E. coli
ModA protein in the periplasm as a tetrahedral complex
which is held by seven hydrogen bonds formed between
the oxygen of the bound anion and the protein groups
from two domains (Hu et al., 1997). For molybdate-
dependent regulation, the modABC operon expression is
controlled by the ModE protein, which binds to the opera-
tor region of the modABC operon in its molybdate-bound
form (McNicholas et al., 1997). ModE also enhances the
transcription of molybdenum-dependent enzymes like
DMSO reductase (dmsABC) (McNicholas et al., 1998) or
nitrate reductase (narGHI) (Self et al., 1999) and also
of the Moco biosynthesis operon moaABCDE (Anderson
et al., 2000). ModE is a homodimer and each monomer
can be subdivided into four structural domains: the N-

terminal DNA-binding domain, a linker domain and two
molybdate-binding (Mop) domains (Schuttelkopf et al.,
2003). ModE binds two molybdate molecules per dimer,
and molybdate binding subsequently results in extensive
conformational changes of the domain thus enabling
DNA binding (Schittelkopf et al., 2003). For the synthesis
of molybdoenzymes, the cell needs to activate the molyb-
date after transport into the cell to an appropriate form for
incorporation into MPT.

In the step of molybdenum insertion into MPT, the
gene products of moeA and mogA are involved
(Table 1). MogA was the first protein of Moco biosynthe-
sis for which the crystal structure was solved (Liu et al.,
2000). The crystal structure of MoeA showed a two-
domain structure, with one domain being structurally
related to MogA (Schrag et al., 2001; Xiang et al., 2001).
It was suggested that E. coli MoeA and MogA proteins
are both essential for the incorporation of molybdenum in
the cofactor, indicating a multistep reaction of molybde-
num chelation (Nichols and Rajagopalan, 2002).

During the reaction, MogA first forms an MPT-AMP
intermediate under ATP consumption (Kuper et al.,
2004), and this intermediate is further transferred to
MoeA, which mediates molybdenum ligation at low con-
centrations of MoO,2~ (Fig. 4; Nichols and Rajagopalan,
2002, 2005). The selection of molybdenum over tungsten
for insertion into the MPT backbone has been proposed
to occur by MogA and MoeA (Llamas et al., 2006). Some
organisms that contain tungstoenzymes have duplicated
versions of MogA or MoeA, suggesting a metal-specific
role for each protein pair (Bevers et al., 2008). In a
medium containing high tungstate concentrations, tung-
sten has been shown to be inserted instead of molybde-
num into various enzymes expressed in E. coli; thus, the
control system by MogA and MoeA can be bypassed
(Neumann and Leimkuhler, 2008).

Also, under high molybdate concentrations (>1 mM),
MPT-AMP formed by MogA has been revealed to be not
essential for the molybdate insertion step, since molyb-
date was directly inserted into MPT without the aid of the
MogA and MoeA proteins (Neumann and Leimkuhler,
2008). This shows that the ATP-dependent activation of
MPT and molybdenum is only required under physiologi-
cal concentrations. The end product of the MoeA and
MogA reaction is Mo-MPT in a tri-oxo form, the basic
form of the Moco which can be further modified by nucle-
otide addition in the next step (Reschke et al., 2013).
Alternatively, the Mo-MPT cofactor can be directly
inserted into enzymes of the sulfite oxidase family, where
Moco is coordinated by a cysteine ligand which is pro-
vided by the polypeptide chain of the protein, forming an
MPT-Mo"'0,-Cys core in its oxidized state (Hille et al.,
2014; Loschi et al., 2004; Fig. 1). In E. coli, the MsrP pro-
tein is so far the only protein of the SO family for which a
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The bacterial MogA (PDB: 1DI6) and MoeA (PDB: 1G8lI) proteins catalyze the specific incorporation of molybdenum into MPT in a multistep reac-

tion with an adenylated MPT intermediate (MPT-AMP).

MogA forms the MPT-adenylate intermediate from Mo-MPT and Mg-ATP and transfers it to MoeA, which mediates molybdate ligation to MPT in

an Mg?*-dependent manner.

binding of the Mo-MPT cofactor has been confirmed
(Table 2; Gennaris et al., 2015).

Fourth step: Further modification of Moco
Formation of bis-Mo-MPT and bis-MGD

In most prokaryotes, the majority of molybdoenzymes
belong to the DMSO reductase family (Hille et al., 2014;
Fig. 1, Table 2). These molybdoenzymes contain two
dithiolene moieties from two MPT backbones ligated to
the molybdenum atom and most often a GMP group at
the terminal phosphate group of each MPT moiety, for-
ming the bis-MGD cofactor. The synthesis of bis-MGD
was shown to occur in a two-step reaction which solely
requires Mo-MPT, MobA and Mg-GTP (Reschke et al.,
2013; Table 1, Fig. 5). In the first reaction, the bis-Mo-
MPT intermediate is formed on MobA with Mo-MPT as
substrate (directly delivered from MoeA; Fig. 5). For this
reaction the ligation of molybdenum to MPT is essential
(Temple and Rajagopalan, 2000), but no further cofactors

or molecules are required. Recently, the YdhV protein
has been identified in E. coli to bind the bis-Mo-MPT
cofactor (Reschke et al., 2019). The identification of bis-
Mo-MPT to be used as cofactor in a molybdoenzyme rep-
resented a novel discovery, since this form of Moco has
not been identified earlier. So far, enzymes containing
the bis-cofactor without a nucleotide were all described to
be tungstoenzymes, harbouring tungsten instead of
molybdenum at the dithiolenes of MPT (Culka et al.,
2017). In YdhV, also the bis-W-MPT could be inserted;
however, the enzyme was shown to have a preference of
molybdenum over tungsten, so that YdhV was classified
as a molybdoenzyme (Reschke et al., 2019). The bis-Mo-
MPT cofactor of YdhV was revealed to be redox-active,
despite the fact that the functional substrate for YdhV still
remains elusive. The failure to identify any substrate for
YdhV may be explained by the fact that an inactive
enzyme was purified due to the lack of a functional [4Fe-
48] cluster in proximity to the bis-Mo-MPT cofactor.
According to a bioinformatic analysis, YdhV has been
grouped to an enzyme class containing a so-called
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Table 2. Overview of the molybdoenzymes in Escherichia coli, their substrates, subunit composition, localization and form of Moco present.

Mo-enzyme (substrate/product) Subunits Oligomerization Moco Localization = Tat-leader =~ Chaperone
DMSO reductase family

Nitrate reductase A NarGHI (apy)2 bis-MGD Cytosol -2 NarJ
(NO3/NO,)

Nitrate reductase Z NarzZYV (afy)2 bis-MGD Cytosol - NarW
(NO3/NO,)

Periplasmic nitrate reductase NapAB ap bis-MGD Periplasm NapA NapD
(NO3/NO,)

TMAO reductase A TorAC ap bis-MGD(S)°  Periplasm TorA TorD
((CH3)sNO/(CHg)3N)

TMAO reductase Z TorZY ap bis-MGD Periplasm TorZz ?°
((CH3)sNO/(CHg)3N)

DMSO reductase DmsABC apy bis-MGD Periplasm DmsA DmsD
((CH3)2S0/(CHs)2S)

Formate dehydrogenase N FdnGHI (apy)s bis-MGD Periplasm FdnG FdhD
(HCOO™/COy)

Formate dehydrogenase O FdoGHI (oBy)s bis-MGD Periplasm FdoG FdhD
(HCOO™/COy)

Formate dehydrogenase H FdhF o bis-MGD(S)°  Cytosol - FdhD
(HCOO™/COy)

Biotin sulfoxide reductase BisC o bis-MGD Cytosol -

(biotin sulfoxide/biotin)

Selenate reductase YnfEFGH apy bis-MGD Periplasm YnfE/YnfF  DmsD
(selenite/selenite)

? YdhYVUX ? bis-Mo-MPT Periplasm YdhX Ydhw
?

? YdeP ? bis-MGD Cytosol - ?

?

Xanthine oxidase family

Aldehyde oxidoreductase PaoABC apy MCD (S)° Periplasm PaoA PaoD
(aldehydes/carboxylic acids)

Xanthine dehydrogenase (aBy)2 MCD (S)° Cytosol - YqeB?
(xanthine/uric acid)

? XdhD ? MCD Cytosol - YqeB?
?

Sulfite oxidase family

Methionine sulfoxide reductase MsrPQ ap Mo-MPT Periplasm MrsP
(protein-methionine sulfoxides/protein-methionine)

MOSC family enzyme YcbX ? Mo-MPT? Cytosol -
(6-N-hydroxylaminopurine?)

MOSC family enzyme YiiM ap Mo-MPT? Cytosol -

(6-N-hydroxylaminopurine?)

a. No Tat translocation/no chaperone required.

b. The (S) group indicates the presence of a sulfido ligand at the Mo active site.

c. Role not known/protein not identified.

‘hyperactive’ cysteine residue that contributes to [4Fe-
48S]-cluster instability during the purification of YdhV even
under strict anaerobic conditions (Wang et al., 2018).
The unexpected presence of a bis-Mo-MPT cofactor in
an enzyme in E. coli opened an additional route for Moco
biosynthesis and expanded the canon of the structurally
highly versatile Mocos.

After bis-Mo-MPT formation by MobA, for most
enzymes in E. coli, two GMP moieties from GTP are
added to the C4’ phosphates of bis-Mo-MPT, forming the
bis-MGD cofactor (Palmer et al., 1996; Lake et al., 2000).
While MobA was shown to catalyze both reactions, bis-
Mo-MPT formation and the addition of the nucleotides
the phosphate groups of both MPTs (Fig. 5), the molecu-
lar mechanism of bis-Mo-MPT formation and its binding

mode to MobA has not been completely resolved to date
(Reschke et al., 2013). The crystal structure of MobA
showed that the protein is a monomer containing two
domains, in which the N-terminal domain of the molecule
adopts a nucleotide (GTP)-binding Rossmann fold, and
the second domain at the C-terminus harbours a possible
MPT binding site (Lake et al., 2000; Stevenson et al.,
2000). Since for bis-Mo-MPT formation two Mo-MPT moi-
eties have to be bound to monomeric MobA, it was
suggested that this occurs by using both the MPT and
predicted GTP binding sites on one MobA monomer
(Reschke et al., 2013). During this reaction, one molecule
of molybdate has to be released when two Mo-MPT mol-
ecules are combined. The bis-MGD cofactor can either
be inserted into enzymes of the DMSO reductase family
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Fig. 5. Formation of dinucleotide and sulfurated forms of Moco.

After its synthesis, Mo-MPT is inserted into enzymes of the sulfite oxidase family, like MsrP, YiiM (predicted) and YcbX (predicted).

Alternatively, Mo-MPT can be further modified in prokaryotes by the addition of GMP or CMP to the C4 phosphate of MPT via a
pyrophosphate bond.

For enzymes of the XO family, MCD is formed by the MocA protein, which acts specifically on CTP. For PaoABC, MCD is further modified in
Escherichia coli by exchange of the equatorial oxygen to a sulfido ligand, forming sulfurated MCD. This step is carried out by the PaoD protein in
conjunction with IscS.

After sulfuration, MCD is inserted by the aid of PaoD into PaoC. XdhA and XdhD are also expected receive the MCD cofactor.

For enzymes of the DMSO reductase family, the bis-MGD cofactor is formed by the MobA protein, which specifically binds GTP, in a two-step
reaction via the formation of a bis-Mo-MPT intermediate. Bis-Mo-MPT is the cofactor that is inserted into YdhV. The bis-MGD cofactor without fur-
ther modification is inserted into the subunits of enzymes like NarG, NarZ, DmsA, BisC, YnfE/F and likely YdeP.

Bis-MGD can be further modified by sulfuration. In the reaction for bis-MGD sulfuration IscS is involved. Sulfido-containing bis-MGD is inserted
into FdhF, FdnG, FdoG, TorA and likely TorZ (predicted) and NapA (predicted).

which displays a high level of amino acid sequence con-
servation when compared with MobA (Neumann et al.,
2011). In contrast to MobA, MocA is specific for the pyrim-
idine nucleotide CTP. The overall catalytic reaction of
MocA is similar to the second part of the reaction of
For enzymes of the XO family in bacteria, Mo-MPT can MobA, in which MocA acts as a MPT-CTP transferase

or in some enzymes is further modified by the insertion of
a sulfido ligand to the molybdenum atom (see below).

Formation of the MCD cofactor

be further modified by formation of the MCD (Neumann
et al., 2009b; lobbi-Nivol and Leimkihler, 2013). How-
ever, some bacteria directly bind Mo-MPT after sul-
furation without the additional attachment of a nucleotide
(Leimkuhler et al., 1998). The addition of CMP to Mo-MPT
is catalyzed by the E. coli MocA protein (Table 1, Fig. 5),

and covalently links MPT and CMP with the concomitant
release of pyrophosphate (Neumann et al., 2009b). How-
ever, in this reaction CMP is added to Mo-MPT and not to
bis-Mo-MPT. The existence of bis-Mo-MCD in bacterial
molybdoenzymes has not been identified to date. In a
follow-up reaction, the MCD cofactor for all enzymes of
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the XO family is further modified and contains an equato-
rial sulfido ligand at its active site which is essential for
enzyme activity (see below).

Moco sulfuration of MCD and bis-MGD cofactors

Sulfurated Moco is the form of the cofactor that is present
in all members of the XO family (Hille, 1996; Hille et al.,
2014). In E. coli, the aldehyde oxidoreductase PaoABC
was shown to bind the sulfurated form of MCD (Fig. 5;
Neumann et al., 2009a). For Moco sulfuration, the cofac-
tor is handed over to Moco binding chaperones, which
belong to the XdhC-family of chaperones (Neumann and
Leimkdhler, 2011; lobbi-Nivol and Leimkiihler, 2013). In
E. coli, PaoD and YqgeB were described to belong to this
family (Table 2). PaoD is the specific Moco-binding chap-
erone for the periplasmic aldehyde oxidoreductase
PaoABC (lobbi-Nivol and Leimkihler, 2013). These
chaperones were shown to bind Moco to protect it from
oxidation during the sulfur insertion reaction. Further-
more, an interaction with an L-cysteine desulfurase has
been demonstrated, the protein that replaces the equato-
rial oxygen ligand of Mo-MPT by a sulfido ligand
(Neumann et al., 2007b; Fig. 5). After the Moco sul-
furation reaction, the matured cofactor is inserted into the
apo-target molybdoenzyme (Neumann et al., 2007a,
2007b). Since Moco is deeply buried in these prefolded
proteins, XdhC-like proteins were suggested to perform
several chaperone reactions: first to ensure that Moco is
sulfurated by the interaction with an L-cysteine
desulfurase (Neumann et al., 2007b) and second, after
sulfuration they have to interact with a specific target pro-
tein for insertion of sulfurated Moco. Third, it has also
been suggested that these chaperones are involved in
proper folding of the target protein after Moco insertion
(Leimkuhler and Klipp, 1999). This model implies that
apo-molybdoenzymes exist in a Moco-competent ‘open’
conformation until the insertion of sulfurated Moco and
that after the insertion reaction, the protein adopts the
final active ‘closed’ conformation, which is incapable to
accept Moco (Leimkuhler and Klipp, 1999).

For enzymes of the XO family, the Mo-sulfido group
has long been established to be a characteristic modifica-
tion of this class of molybdoenzymes. However, also
enzymes of the DMSO reductase family are modified with
a sulfido-ligand after formation of the bis-MGD cofactor.

For the E. coli FdhD protein, it was reported that it
binds bis-MGD and acts as a sulfur transferase between
the L-cysteine desulfurase IscS and the formate dehydro-
genase FdhF, a mechanism which is essential to yield
active FdhF (Table 2; Thome et al., 2012). FdhF was
inactive when FdhD was absent during expression but
could be activated by chemical sulfuration. For sulfuration
of bis-MGD, FdhD first binds bis-MGD and then interacts

with the L-cysteine desulfurase IscS. It has been
suggested that IscS transfers the sulfur from L-cysteine to
FdhD in form of a persulfide. In the sulfur transfer pro-
cess from IscS to bis-MGD, the cysteines 121 and 124 in
a conserved CXXC motif of FdhD were proposed to be
involved, which are present on a disordered loop that
facilitates the interaction with both IscS and the bis-MGD
cofactor (Arnoux et al., 2015). Cysteine to alanine vari-
ants in these residues were shown to produce an inactive
FdhF enzyme. However, the cysteine residues in the
motif CXXC are not conserved among FdhD-like pro-
teins, so that also other mechanisms for sulfur transfer to
bis-MGD have to exist (Schwanhold et al., 2018).
Escherichia coli FdhD was co-crystallized in complex
with GDP (Arnoux et al., 2015), and direct binding of bis-
MGD to FdhD was confirmed later (Bohmer et al., 2014;
Schwanhold et al., 2018).

In addition to formate dehydrogenases, the DMSO
reductase family includes other members for which an
additional sulfur ligand of the molybdenum atom has
been reported at the catalytic site. The X-ray crystal struc-
ture of the periplasmic nitrate reductase (Nap) of
Cupriavidus necator showed the presence of a terminal
sulfur ligand at the molybdenum coordination sphere
(Coelho et al., 2011). Similar data were obtained for the
homologous NapA protein from Desulfovibrio desulfuricans
ATCC 27774, for which the crystal structure showed a
unique coordination sphere of six sulfur ligands bound to
the molybdenum atom (Najmudin et al., 2008). These
observations might suggest that sulfuration of bis-MGD is
more common in this group of enzymes than previously
expected. This hypothesis was further confirmed by the
identification of a sulfido ligand present in the coordination
sphere of E. coli TMAO reductase (TorA; Kaufmann et al.,
2018). This sulfido ligand at the bis-MGD cofactor was
shown to be sensitive to oxygen exposure in TorA. The
specific mechanism of Moco sulfuration in these enzymes
has not been studied so far.

Consequently, it has to be considered also for other
enzymes of the DMSO reductase family that a sulfido
ligand might be present at the molybdenum atom, since
TMAO reductase represents the third enzyme in addition
to nitrate reductase and formate dehydrogenase for
which a sulfido ligand has been identified (Raaijmakers
and Romao, 2006; Coelho et al., 2011; Hartmann et al.,
2016). Anaerobic expression and purification might be
obligatory for conserving the intact Mo coordination envi-
ronment (Kaufmann et al., 2018).

Molecular chaperones for bis-MGD insertion into target
enzymes

The last step of Moco modification, including the forma-
tion of bis-Mo-MPT, the addition of GMP and the insertion
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of a sulfido ligand are modifications that occur before the
insertion of the bis-MGD variants into the specific apo-
enzymes. Until now it is not completely understood how
bis-MGD is inserted into the folded proteins. The crystal
structures of several molybdoenzymes revealed that
Moco is deeply buried inside the proteins, at the end of a
funnel-shaped passage giving access only to the sub-
strate (Kisker et al., 1997). The insertion step is catalyzed
by bis-MGD-binding molecular chaperones, which bind
the respective Moco variant and insert it into the target
molybdoenzyme (Genest et al., 2009). Most of the molyb-
doenzymes of the DMSO reductase family in E. coli have
a specific chaperone for Moco insertion (Table 2; lobbi-
Nivol and Leimkihler, 2013): NarJ is the chaperone for
nitrate reductase A NarGHI (Blasco et al., 1998), NarW is
the chaperone for nitrate reductase Z NarZYV (Blasco
et al., 1992) and NapD the chaperone for NapA. How-
ever, exceptions exist, since DmsD is the chaperone for
the two enzymes DmsABC (Ray et al., 2003) and YnfE/F
(Guymer et al., 2009) and FdhD is the chaperone for the
three enzymes FdhF (Thome et al., 2012), FAnGHI and
FdoGHI. Also other exceptions exists, since no defined
specific chaperone has been identified so far for the cyto-
plasmic molybdoenzymes BisC or the periplasmic
molybdoenzyme TorZ (llbert et al., 2004; Turner
et al., 2004).

The step of Moco insertion into target molyb-
doenzymes has been best studied for the TorD/TorA pair
of TMAO reductase in E. coli. TorD was shown to be the
specific chaperone for TorA (Genest et al., 2005) and
plays a direct role in the insertion of Moco into apo-TorA
(Genest et al., 2006). During this reaction, TorD interacts
with both MobA and apoTorA and further stabilizes
apoTorA for Moco insertion to avoid a proteolytic attack
of the latter. This is consistent with its role as ‘facilitator’
of the bis-MGD insertion and maturation of the apo-
enzyme (Genest et al., 2008; Genest et al., 2009; lobbi-
Nivol and Leimkihler, 2013). For the chaperone TorD, it
was described that it is able to bind to the signal peptide
of apo-TMAO reductase until the bis-MGD is inserted
and TMAO reductase is correctly folded (Genest et al.,
2008). Pre-TorA is then translocated to the periplasm
where the active TorA enzyme is finally generated after
cleavage of the signal peptide (lobbi-Nivol and
Leimkihler, 2013).

Targeting of molybdoenzymes to the periplasm

After Moco insertion and final maturation of the molyb-
doenzymes, the enzymes are targeted to their final
destination. Being part of respiratory systems, most
molybdoenzymes in E. coli are either membrane-associated
or located in the periplasm (lobbi-Nivol and Leimkihler,
2013). It was shown that the insertion of Moco occurs
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before the translocation of molybdoenzymes either to the
membrane or the periplasmic space. The Tat pathway
(twin-arginine translocation) is dedicated to the transport of
folded proteins (Jack et al., 2004). Proteins are targeted
to the Tat translocase by N-terminal signal peptides
harbouring consecutive, essentially invariant, arginine res-
idues within an SRRxFLK consensus motif (Berks, 1996).
This signal sequence has been identified in E. coli on
subunits of DMSO reductase and a homologue (DmsA
and DmsB, YnfE/F and YnfG), formate dehydrogenases
(FAnG and FdnH, FdoG and FdoH), periplasmic nitrate
reductase and its electron donor protein (NapA and
NapG), TMAO reductase and a homologue (TorA and
TorZ), one subunit of the bis-Mo-MPT aldehyde ferredoxin
oxidoreductase-like enzyme (YdhX), the MsrP and the
periplasmic aldehyde oxidoreductase (PaoA; Table 2)
(Berks et al., 2005; Ize et al., 2009).

Using the TorA/TorD pair as example, TorD has a dual
role in binding to the Tat-leader peptide of TorA and
preventing its translocation by the Tat system until bis-
MGD is inserted into TorA and final folding has been
accomplished (Leimkuhler and lobbi-Nivol, 2016). By
binding to the core of the apoTorA as second binding site
of TorD, TorD induces a conformational change of
apoTorA that becomes thereby competent for Moco
insertion (Genest et al., 2008). After bis-MGD insertion
into apoTorA, TorD is released from the complex and
TorA has to be targeted to the Tat machinery. This step
is facilitated by the fact that insertion of Moco into the cat-
alytic site of TorA modifies the affinity between the inter-
acting region of TorA and TorD allowing the release of
TorD (Pommier et al.,, 1998). Consequently, the Tat
leader peptide is exposed after TorD release and mature
TorA can be targeted to the Tat-machinery.

On overview of the roles of molybdoenzymes in E. coli

In E. coli, 19 molybdoenzymes are present, to which a
short overview is presented on what is known about their
roles and cellular localization. Overall, reduction of nitrate
can be carried out by at least three respiratory systems
(Cole, 1996) (Fig. 6): at high concentrations of nitrate,
only the membranous NarGHI system is synthesized
(Stewart, 1988), whereas at very low concentrations the
periplasmic Nap system is produced (Brondijk et al.,
2004). The operon encoding a third system, narZYWV
(Table 2), is expressed during the early stationary phase
independent of the presence of nitrate (Chang et al.,
1999). Furthermore, the formate dehydrogenase FdhGHI
is a component of the nitrate respiratory pathway, where,
under anaerobic conditions, formate oxidation is coupled
to nitrate reduction (NarG) via lipid-soluble quinone
(Jormakka et al., 2003). FdoGHI and NarZYV are the
corresponding isoenzymes that are additionally present
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Fig. 6. Proposed localization of Escherichia coli molybdoenzymes.

FdnGHI/FdoGHI are components of the nitrate respiratory pathway, in which formate oxidation is coupled to nitrate reduction (NarGHI/NarVYZ).
The periplasmic nitrate reductase NapAB is produced under nitrate-limiting conditions. TMAO is reduced to TMA by at least two respiratory sys-
tems, TorCA and TorYZ which are located in the periplasm.

The DMSO reductase DmsABC reduces DMSO to DMS and is located in the periplasm. FdhF is part of the formate/hydrogen lyase system oxi-
dizing formate and producing hydrogen. The cofactors of the Hyc-subunits are not shown.

BisC is the cytoplasmic biotin sulfoxide reductase. The role of YdeP is also not characterized yet but is expected to be a cytoplasmic protein. The
selenite reductase YnfEFGH is located in the periplasm. The substrates for YdhVYUX have not been identified yet, but a periplasmic localization
is proposed, since YdhX contains a Tat-leader peptide.

PaoABC is localized in the periplasm and detoxifies aromatic aldehydes. XdhABC and XdhD are located in the cytoplasm. The role of XdhD is
so far unclear.

The MsrQP protein is localized in the periplasm and uses whole proteins as substrates to reduce oxidized methionine sulfoxides to methionine.
The role of the two cytoplasmic MOSC proteins YcbX and YiiM have not been identified in detail to date. The cofactors present in these proteins

are schematically shown.

under aerobic conditions to ensure rapid adaptation dur-
ing a shift from aerobiosis to anaerobiosis (Table 2, Fig. 6)
(Abaibou et al., 1995). A third formate dehydrogenase is
present in E. coli, namely FdhF, which is facing the cyto-
plasm and forms the formate hydrogen lyase (FHL)
complex together with the hydrogenase-3 (encoded by
hycBCDEFG) (Sawers, 1994). The FHL complex is
membrane-bound and produces H, and CO, under fer-
mentative conditions (Rossmann et al., 1991). The three
E. coli formate dehydrogenases have in common that
their catalytic subunits coordinate the bis-MGD cofactor
with a selenocysteine ligand and a sulfido ligand, and as
additional cofactor a [4Fe-4S] cluster that is present in
vicinity (Hartmann et al., 2015). FAnGHI expression is
induced in the presence of nitrate under anaerobic condi-
tions. In contrast, FdoGHI is also present at low levels
under aerobiosis, during fermentative conditions and dur-
ing nitrate respiration. The so far uncharacterized YdeP
protein has amino acid sequence homologies to FdhF,

FdnG and FdoG (Masuda and Church, 2002, 2003).
Deletion of ydeP has been described to decrease the
acid resistance of cells in the exponential phase (Masuda
and Church, 2002).

A further respiratory molybdoenzyme under anaerobic
conditions is DMSO reductase, encoded by dmsABC in
E. coli (Rothery and Weiner, 1993). DMSO reductase
reduces DMSO to DMS, and the enzyme from E. coli and
some other species is a afy-heterotrimer that is located
in the periplasm (Bilous and Weiner, 1988). Escherichia
coli DMSO reductase has a broad substrate specificity,
being able to reduce S- and N-oxides.

The chaperone for DMSO reductase, DmsD, is located
in the ynfEFGHdmsD operon encoding selenate reduc-
tase. On the basis of sequence similarity, the ynfEFGH
gene cluster is predicted to encode an oxidoreductase
complex closely related to the dimethyl sulfoxide reduc-
tase heterotrimer DmsABC (Lubitz and Weiner, 2003).
Genetic analysis of E. coli ynfE and ynfF null mutants
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has implicated the cluster in selenate reduction (Guymer
et al., 2009). The exact role of this enzyme still has to be
elucidated.

Another alternative electron acceptor that is used under
anaerobic conditions by E. coli is TMAO (McCrindle et al.,
2005). TMAO reductase is encoded by the torCAD operon
in E. coli (Mejean et al., 1994). The TMAO respiratory
proteins face the periplasm and have a high substrate
specificity towards TMAO as substrate. Escherichia coli
harbours a second TMAO reductase, encoded by torYZ
(Gon et al., 2000). In contrast to torCAD, the expression
of torYZ is very low and is not induced by TMAO
or DMSO.

Escherichia coli also produces a biotin sulfoxide/MsrP
encoded by the bisC gene (Pierson and Campbell, 1990;
Ezraty et al., 2005). BisC is a cytoplasmic enzyme
(Mejean et al., 1994) and was first identified as a biotin
sulfoxide reductase that reduces a spontaneous oxidation
product of biotin, biotin-d-sulfoxide, back to biotin. BisC
also exhibits methionine-S-sulfoxide reductase activity,
acting specifically on the S enantiomer in the free, but not
the protein-bound form. It thus plays a role in assimilation
of oxidized methionines (Ezraty et al., 2005).

The YdhV protein has been described to bind bis-Mo-
MPT as novel cofactor form in E. coli (Reschke et al.,
2019). The YdhV protein is encoded by the ydhYVWXUT,
and YdhV, YdhY, YdhU and YdhX are expected to
form the oxidoreductase enzyme system that is located
in the periplasm (Fig. 6). An ydhV mutant was reported
to be impaired in the anaerobic utilization of certain
sulfur sources, e.g. L-cysteine, b-cysteine, L-cysteic
acid, hypotaurine and butane sulfonic acid (Partridge
et al., 2008).

Escherichia coli also contains three enzymes annotated
to belong to the XO family that bind the MCD cofactor. The
periplasmic aldehyde oxidoreductase, PaoABC, is an oxi-
doreductase with a possible role in the detoxification of
aldehydes. Purified PaoABC oxidizes a broad spectrum of
aldehydes with a preference for aromatic aldehydes such
as vanillin and cinnemaldehyde (Neumann et al., 2009a).
PaoABC was revealed to use molecular oxygen as termi-
nal electron acceptor (unpublished results).

E. coli also contains the coding region for a predicted
xanthine dehydrogenase, xdhABC. The enzyme has not
been characterized yet, but from amino acid sequence
alignments, it is predicted to bind the MCD cofactor
(Neumann et al., 2009a). An xdhA mutant was shown to
exhibit sensitivity to adenine, which is indicative of a
defect in purine salvage (Xi et al., 2000).

A third gene in E. coli was identified, the xdhD gene,
which is predicted to code for a protein with homologies
to xanthine dehydrogenases. This putative enzyme has
also not been characterized yet. It was reported that an
xdhD mutant also exhibited sensitivity to adenine

The biosynthesis of the molybdenum cofactors 2019

(Xi et al., 2000). However, no xanthine dehydrogenase
activity could be detected so far (Neumann et al., 2009a).

Also enzymes belonging to the SO family of molyb-
doenzymes have been identified in E. coli. MsrP (formerly
designated as YedY (Loschi et al., 2004; Brokx et al.,
2005)) was characterized as a periplasmic MsrP
(Gennaris et al., 2015). MrsP interacts with MsrQ, an
inner membrane heme-binding protein. The MsrPQ sys-
tem was described to act on whole proteins as sub-
strates. The main role of MsrP is to protect periplasmic
proteins from oxidative damage by acting as an MsrP at
the N-terminus (Gennaris et al., 2015).

Two further proteins are predicted to belong to the SO
family of molybdoenzymes in E. coli, named YcbX and
YiiM (Kozmin et al., 2008). Both proteins contain a MOSC
(Moco sulfurase C-terminal) domain, based on sequence
homologies to the C-terminal domain of Moco sulfurase
(Anantharaman and Aravind, 2002). The presence of
Moco has not been identified in these proteins yet. YcbX
contains three domains, an N-terminal $-barrel domain, a
central MOSC domain and a C-terminal [2Fe-2S]-ferre-
doxin-like domain (Kozmin et al., 2008). YcbX functions
in the detoxification of N-hydroxylated base analogues,
an activity that was shown to depend on the Moco—
biosynthesis pathway (Kozmin et al., 2008). The CysJ fla-
vin reductase functions as a partner of YcbX, potentially
by providing the reducing equivalents required for an
YcbX-catalyzed detoxification reaction.

YiiM contains an N-terminal MOSC domain and a C-
terminal helical domain (Anantharaman and Aravind,
2002) (Kozmin et al., 2008). Crystal structures of YiiM
have been solved (Namgung et al., 2018); however,
Moco could not be detected in the crystallized protein.
YiiM also has a role in the Moco-dependent pathway for
detoxification of N-hydroxylated base analogues (Kozmin
et al., 2008; Kozmin and Schaaper, 2013).

The regulation of Moco biosynthesis

Genetic analysis of the regulation of Moco biosynthesis
revealed that mainly the moaABCDE operon is the target
for transcriptional and translational regulation (Anderson
et al., 2000). It was shown that the expression of
moaABCDE is enhanced under anaerobic conditions and
in the presence of sufficient amounts of molybdate, but
repressed in strains which are to synthesize an excess of
Moco. When molybdate is available, molybdate-bound
ModE acts as a positive regulator and binds to the moa
promotor region, thereby enhancing the transcription of
the operon (Anderson et al., 2000). In addition, a regula-
tion of the moaABCDE operon by the carbon storage reg-
ulator CsrA has been described (Patterson-Fortin et al.,
2013). CsrA is a global regulator that represses station-
ary phase metabolism and activates central carbon
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metabolism (Sabnis et al., 1995). Two binding sites of
CsrA were identified within the moaA promoter region
(Patterson-Fortin et al., 2013). For Moco biosynthesis,
CsrA was shown to activate the transcription, and it has
been suggested that CsrA enhances Moco biosynthesis
under conditions of high demand (Zupok et al., 2019b).

In E. coli, transcription of the moaABCDE operon is
also upregulated by FNR (fumarate and nitrate reduction
regulatory protein) (Anderson et al., 2000; Zupok et al.,
2019a). FNR is a transcriptional regulator that is essential
for expressing anaerobic respiratory processes (Unden
et al.,, 2002). FNR senses the oxygen concentration
directly via the disassembly and reassembly of its [4Fe-
48] clusters (Unden and Schirawski, 1997). In addition,
the moeAB operon was also shown to be regulated by
FNR in addition to ArcA (Hasona et al., 2001). Surpris-
ingly, FNR represses the nitrate-dependent transcription
of the moe operon, but it is expected that under anaero-
bic conditions, an intermediate level of transcription is
ensured of the moeAB operon by the antagonistic effects
of FNR and ArcA-P (Hasona et al., 2001). FNR further
regulates the expression of most molybdoenzymes in E.
coli, like the narGHJI operon (Melville and Gunsalus,
1996; Lamberg and Kiley, 2000), the dmsABC operon
(Lamberg and Kiley, 2000), the napFDAGHBC operon
(Stewart et al., 2003), the xdhABC operon (Salmon et al.,
2003), the ynfEFGH operon (Kang et al., 2005; Xu et al.,
2009), the fdhF gene (Salmon et al., 2003), the
ydhYVWXUT operon (Kang et al., 2005), the fdnGHI
operon (Li and Stewart, 1992) and the torCAD operon
(Zupok et al., unpublished).

For the moa-operon, an additional level of regulation
was identified, since expression of this operon is
prevented, when Moco is present in excess (Anderson
et al.,, 2000). A highly conserved RNA motif located
upstream of the moa operon was identified that controls
gene expression in response to Moco production
(Regulski et al., 2008). It was suggested that this struc-
tured RNA represents a riboswitch that senses Moco
(Regulski et al., 2008). A regulatory region responding to
the availability of Moco upstream of the moaA start codon
was first described by Anderson et al. (2000). The archi-
tectural features of Moco RNA, which spans 138 nt and
forms at least five conserved stem-loop elements,
strongly suggested that Moco RNA representatives are
metabolite-sensing riboswitches where Moco regulates
translation of the downstream operon by binding to the
RNA element without a protein factor (Regulski et al.,
2008). It has also been suggested that only Moco can
bind to the RNA region and not the tungsten derivative of
the cofactor, implying that Moco RNAs are able to distin-
guish between these two nearly identical cofactors
(Regulski et al., 2008). It was shown that translation of
the moa operon is prevented when the Moco RNA

structure and Moco are present (Regulski et al., 2008). A
Moco sensing riboswitch would ensure that the transla-
tion of the proteins encoded by the moaABCDE operon
is downregulated when Moco is present in sufficient
amounts or when molybdoenzymes are not needed. This
would allow a rapid and efficient response to the chang-
ing demand for Moco within the cell. However, due to
instability of Moco and its intermediates, so far, it was
impossible to perform direct mRNA binding experiments,
as direct proof of Moco binding to RNA without the
involvement of proteins.

Outlook

In general, the biosynthesis of Moco is conserved in all
organisms which contain molybdoenzymes. Although a
wide range of variations on the basic Moco structure
exists in bacteria, no dinucleotide forms of Moco have
been identified in eukaryotes to date. Additionally, bacte-
ria contain a large variety of molybdoenzymes that cata-
lyze specific, usually non-essential, redox-reactions.
Often, molybdoenzymes contribute to anaerobic respira-
tion. In humans, however, only four molybdoenzymes
have been identified, and a defect in Moco biosynthesis
is lethal due to the loss of sulfite oxidase activity.

In the last few years it became obvious that Moco bio-
synthesis in E. coli is more diverse than initially expected.
Novel forms of Moco have been identified recently, like
the bis-Mo-MPT cofactor without a nucleotide attach-
ment, which so far has been described only for enzymes
containing tungsten. Furthermore, also a sulfido ligand
was identified to be present on enzymes of the DMSO
reductase family, which initially has been a characteristic
ligand only for enzymes of the XO family. In enzymes like
formate dehydrogenase and TMAO reductase, this sulf-
ido ligand was shown to be lost upon oxygen exposure.
This suggests that anaerobic purification of enzymes
containing the sulfido-ligand is mandatory to keep the
enzyme intact.

In the upcoming years, it is expected that more details
on Moco biosynthesis and the versatile roles of molyb-
doenzymes will be revealed. High-resolution X-ray and
cryo-EM structures will unravel the molecular details of
these enzymes even further.
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