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ARTICLE INFO ABSTRACT
Article history: The biosynthesis of the molybdenum cofactor in bacteria is described with a detailed analysis of each indi-
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1. Introduction

The importance of molybdenum to living organisms was first
reported in 1932 with the publication of studies suggesting
that molybdenum was essential for plant growth and that the
metal also plays a functional role in several bacterial, plant and
animal enzymes [1]. The severity of the pathology associated
with sulfite oxidase deficiency in humans was first described in
1967 [2], and subsequent characterization of sulfite oxidase as a
molybdenum-containing protein in 1971 established the essen-
tiality of molybdenum for normal human development [3]. These
findings were followed by studies on the nature of the molybde-
num cofactor (Moco) [4,5], the metal-containing prosthetic group
common to all molybdoenzymes with the exception of nitro-
genase [6-8]. Structural studies of Moco associated with liver
sulfite oxidase revealed the presence of a unique pterin compo-
nent that was termed molybdopterin (MPT) [9,10]. Later, several
MPT-dinucleotide variants of Moco were identified in bacterial
molybdoenzymes, including the molybdopterin guanine dinu-
cleotide (MGD) form present in the majority of Escherichia coli
molybdoenzymes [11].

A structure for MPT was first proposed in 1982 which revealed
a reduced pterin with an unusual 6-alkyl side chain consisting of
four carbons, a terminal phosphate ester and a unique dithiolene
group critical for metal ligation [5]. The structural complexity of
the MPT moiety coordinating the molybdenum atom suggested
that Moco assembly was likely to be a complex process involving
a number of enzymes catalyzing diverse chemical reactions [12].
Much of the early progress in understanding Moco biosynthesis was
achieved through studies of E. coli strains containing lesions at vari-
ous stepsin the pathway [13,14]. These studies were later amplified
through purification and crystallization of its target enzymes and
the proteins involved in the biosynthesis of Moco [6-8,15]. This
article summarizes the discovery of Moco and the elucidation of its
structure as well as the dissection of the individual steps of Moco
biosynthesis in E. coli.

2. The discovery of Moco

The first evidence for the existence of a common Moco was
obtained in the course of genetic studies characterizing gene muta-
tions affecting nitrate reductase activity in Aspergillus nidulans [16].
Subsequent investigation of the expression of xanthine dehydro-
genase (XDH) and nitrate reductase (NR) in A. nidulans led to the
discovery of pleiotropic mutants which produced inactive forms of
both enzymes [17]. These cnx strains (cofactor for nitrate reductase
and xanthine dehydrogenase) were assumed to carry mutations in
genes involved in the biosynthesis of a cofactor common to XDH
and NR [17] which was distinct from the nitrogenase iron molyb-
denum cofactor [18]. Detailed studies were also performed with
E. coli mutations leading to chlorate (chl) resistance, a property
initially associated with the lack of nitrate reduction. Phenotypic
characterization and genetic mapping of these chl mutants led to
the identification of the genes for molybdenum cofactor biosynthe-
sis and nitrate reductase [19]. The initial chl nomenclature was later
changed to moa-mog for genes involved in molybdenum cofactor
biosynthesis and nar for nitrate reductase genes [12,19-22]. Subse-
quent to these germinal studies, similar pleiotropic mutant strains
were also reported in Pseudomonas aeruginosa [23], Klebsiella aero-
genes [24], Drosophila melanogaster [25,26] and Nicotiana tabacum
[27]. Additional studies by Nason and coworkers [28-31] identified
a specific pleiotropic Neurospora crassa mutant termed nit-1, which
was incapable of growth on nitrate or xanthine. In vitro studies
using nit-1 extracts showed that the addition of denatured prepa-
rations of a variety of molybdoenzymes from different sources

resulted in the reconstitution of nitrate reductase activity [29].
The totality of these studies lead to the understanding that with
the exception of nitrogenase, Moco is the common element in all
molybdoenzymes from different organisms.

2.1. Structural studies on Moco derivatives

In addition to demonstrating the universality of Moco, the nit-
1 extract assays also demonstrated that Moco is very labile with
a lifetime of only a few minutes after release from molybdoen-
zymes [29,32,33], making chemical characterization of active Moco
difficult [4]. Therefore, structural characterization of Moco was
achieved through the analysis of stable degradation products [34].
For these studies, chicken liver sulfite oxidase was used as a Moco
source, since this enzyme was easy to purify in relatively large
quantities [35]. Using this source, it was observed that oxidation of
Moco under various acidic conditions generated two distinct flu-
orescent pterin derivatives (Form A and Form B) which could be
used for structural determination studies of Moco [34,36]. Form
A is generated by iodine oxidization of Moco under acidic condi-
tions, while Form B is generated by air-oxidization of Moco [32].
These two derivatives can be distinguished from each other by dif-
ferences between the absorption and fluorescence spectra of their
dephospho analogs [34]. For purification and characterization of the
derivatives, HPLC in conjunction with sensitive detection methods
provided separation for analytical quantities of samples. Addition-
ally, since it was not possible to purify sufficient quantities of these
Moco derivatives to permit elemental analysis, analytical methods
such as energy dispersive analysis of X-rays (EDAX) were used for
the quantification of sulfur and phosphorus in combination with
NMR studies [9].

2.1.1. The structure of Form A

The initial clue to the chemical nature of Form A was provided
by the finding that its absorption spectrum showed a red shift of
20nm compared to the spectra of pterins with side chains con-
taining saturated carbons [4,36,37]. This indicated that the pterin
ring conjunction extended into the side chain, either via a carbonyl
group on C1’ or an unsaturated bond between C1’ and C2'. Phos-
phate analysis of Form A revealed a single phosphate per pterin,
and this phosphate could be removed with alkaline phosphatase.
Periodate treatment of Form A produced pterin and formaldehyde,
suggesting that the two terminal carbons of the side chain of Form
A were present as a glycol function with one of the hydroxyls
being esterified to a phosphate. In contrast to pterins with satu-
rated side chains which yield pterin-6-carboxylic acid only after
prolonged heating, Form A generated pterin-6-carboxylic acid even
with cold alkaline permanganate [9]. Additionally, neither Form A
nor dephospho Form A generated a hydrazone when treated with
2,4-dinitrophenylhydrazine, indicating that the red shift observed
in the absorption spectrum of Form A is not due to the presence of
a carbonyl group on the C1’ of the side chain but was caused by the
presence of an unsaturated bond between C1’ and C2’ [9].

Mass spectral analysis of silylated dephospho Form A provided
definitive evidence for the presence of four carbons in the 6-alkyl
side chain [9], and the mass spectral data were in accordance with
a basic molecular formula of C;gHgO3N5 (MW =247) for underiva-
tized dephospho Form A [34]. From the NMR spectrum of Form A,
it was determined that the molecule contained the oxidized form
of the pterin ring. Based on these analyses, the structure shown
in Fig. 1 was proposed for Form A [37]. While elucidation of the
structure of Form A provided the basis for further Moco structural
studies, it shed little light on those aspects of Moco which were
important for its presumed interaction with molybdenum, since it
seemed unlikely that either the oxidized pterin ring of Form A or its
side chain would provide suitable ligands for molybdenum ligation.
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Fig. 1. Structures of Precursor Z, MPT, Moco and their derivatives. Shown are the structures of Precursor Z, molybdopterin (MPT) and the molybdenum cofactor (Moco).
Precursor Z is a cyclic pyranopterin monophosphate (cPMP) and Compound Z, its air-oxidized product, differs only in the reduction state of the pterin ring. MPT and Moco
are both 5,6,7,8-tetrahydropyranopterins. A unique dithiolene group coordinates the molybdenum atom (in Moco), which is shown in its dioxo coordination. Form B is the
air oxidized degradation product of MPT and Moco, while Form A is the iodine oxidized derivative. Form A and Form B are shown in their phosphorylated forms. Urothione

is the degradation product of Moco in humans which is excreted in the urine.

Thus, it was apparent that structural characterization of additional
cofactor derivatives would be needed before a plausible structure
for Moco itself could be inferred. The fact that Form B, the air oxida-
tion derivative of Moco could be also obtained as a pure compound
made it the material of choice for further studies [32].

2.1.2. The structure of Form B

Investigations of Form B showed that many of its properties
were similar to Form A [34]. Form B also contained an alkaline
phosphatase-sensitive phosphate ester linkage and it was only sen-
sitive to periodate oxidation after dephosphorylation. Surprisingly
though, no pterin-6-carboxylic acid was formed after alkaline per-
manganate oxidation of Form B. Analysis of permanganate-treated
Form B by thin-layer cellulose plate chromatography revealed two
fluorescent products with the minor product possibly correspond-
ing to a derivative of isoxanthopterin (7-oxopterin) with an anionic
substituent [9]. Since previous EXAFS studies had provided evi-
dence for ligation of molybdenum to at least two thiolate ligands in
various molybdoenzymes, it was conceivable that the Moco itself
might be the donor of one or more of these sulfur ligands [9]. The
fact that the green-fluorescent acidic product of permanganate oxi-
dation of Form B contained an anionic group with a pK lower than
that of a carboxyl group suggested that it could be a sulfonate group
arising from a sulfur atom of Form B [9].

In 1940, Koschara reported the discovery of a non-fluorescent
sulfur-containing pterin named urothione in a study involving
chromatographic analysis of components in human urine [38].
Thirty years later, a more detailed structural analysis by Goto et al.
[39] determined that urothione had the structure showninFig. 1. To
explore the possibility of structural similarities between Form B and
urothione, urothione was oxidized with alkaline permanganate to
yield the acidic, green-fluorescing compound pterin-6-carboxylic-
7-sulfonate [5]. Heating this with 4M HCI led to loss of the
6-carboxylic group and replacement of the 7-sulfonate function
with an -OH yielding isoxanthopterin. Heating of the sulfonate
compound in NaOH led to the formation of isoxanthopterin-6-
carboxylate. Further analysis indicated that alkaline permanganate

treatment of Form B yielded the same sulfonate generated by uroth-
ione and that this sulfonate had been partially degraded to yield
isoxanthopterin-6-carboxylate [5].

The presence of sulfur in Form B was verified when EDAX anal-
ysis of the molecule yielded a P/S ratio of 1:1 [9]. NMR analysis
found no evidence of the urothione -SCH3 substituent in Form B,
and mass spectral analysis identified a difference of 46 in molecular
weight between dephospho Form B and urothione, correspond-
ing to the replacement of the —SCH3 group by a proton [5]. Thus
it became apparent that Form B and urothione were structurally
similar apart from the —-SCH3 group and that the inherent high
fluorescence of the thienopterin ring was totally quenched in uroth-
ione by the presence of the -SCH3 group [5]. In addition, urothione
could be converted to dephospho Form B by desulfuration. The
Form B structure derived from these results is shown in Fig. 1.
The marked structural similarities between urothione and Form
B implied a metabolic link between the two molecules, and con-
clusive evidence for this was obtained by the finding that the
urine of patients with Moco deficiency did not contain urothione
[5].

2.1.3. The proposed structure of MPT

In 1982, the structure for MPT shown in Fig. 1 was proposed
using the information obtained from structural characterization of
the three Moco derivatives (Form A, Form B and urothione) and the
following rationalizations [5,9]:

. Form A and Form B both contain the same number of carbons.

. The presence of two sulfurs in urothione must reflect the sulfur
content of MPT. Form B and Form A are formed by the loss of one
or both of these sulfurs, respectively.

3. The presence of sulfurs on adjacent carbons in urothione is

indicative of the presence of vicinal thiols in MPT.

4. During the in vivo conversion of MPT to urothione, the phosphate

group is removed and the methyl group of the -SCH3 is added to

facilitate excretion.

N =
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5. The double bond in the thiophene ring of Form B and urothione
indicates the presence of a dithiolene (enedithiol) grouping on
C1’ and C2’ of the MPT side chain.

6. Although Form B and urothione are thienopterins, it is likely that
their thiene rings are the result of cyclization of a linear MPT
6-alkyl pterin side chain.

2.1.4. The structure of alkylated MPT

The presence of a dithiolene group in MPT would be expected to
contribute to the extreme lability of the molecule [40]. It therefore
seemed probable that isolation of a stable MPT derivative retaining
both sulfur atoms would require attenuation of the reactivity of the
thiol groups [9]. This conclusion was corroborated by the success-
ful isolation of a stable di-(carboxamidomethyl)-derivative of MPT
(camMPT) from sulfite oxidase and XDH by a procedure involving
treatment with iodoacetamide under mild conditions [41]. Deter-
mination of the structure of camMPT to be that shown in Fig. 1
confirmed the previously proposed structure of MPT as a 6-alkyl
pterin with a four-carbon side chain containing an enedithiol at
carbons-1’ and -2/, a hydroxyl at carbon-3’, and a terminal phos-
phate group at carbon-4’ [5]. Thirteen years later, the proposed
MPT structure was confirmed by the publication of the first crys-
tal structures of MPT-containing proteins, the tungsten-containing
aldehyde-ferredoxin oxidoreductase from Pyrococcus furiosus by
Chanetal. [42] and the aldehyde oxidoreductase from Desulfovibrio
gigasby Ramdo et al. [43]. The only difference between the proposed
MPT structure and that observed in the crystal structures was that
the pterin system was modified by an intramolecular cyclization
resulting in a three-ringed pyranopterin structure in the crystals
(Fig. 1).

2.1.5. Identification of dinucleotide analogs of MPT

Early studies on Moco from various sources using the N. crassa
nit-1 NR reconstitution assay let to the widespread belief of the
universality of a single Moco structure [29]. However, as an increas-
ingly large number of purified molybdoenzymes were studied,
reports suggesting the possible existence of different forms of Moco
in some of these enzymes became more common. For example,
the cofactor from Methanobacterium formicium formate dehydro-
genase was reported to be inactive in the nit-1 reconstitution assay,
but was capable of producing Form A [44]. Additionally, studies by
Meyer and coworkers [45,46] showed that the CO dehydrogenase
from Hydrogenophaga pseudoflava contained a more complex form
of the pterin molecule. The study of alkylated pterin derivatives
of molybdoenzymes from various sources, particularly the Moco
in Rhodobacter sphaeroides DMSO reductase [47], eventually lead
to the identification of a new form of MPT termed molybdopterin
guanine dinucleotide (MGD) [9]. The structure of this phospho-
ric anhydride of MPT and 5'GMP shown in Fig. 2 was elucidated
through detailed chemical investigations showing that the novel
pterin contained two phosphates per pterin and that a 5’GMP moi-
ety was liberated by acid hydrolysis or nucleotide pyrophosphatase
treatment of the cofactor [11]. Further studies of the structure of
the Moco present in molybdoenzymes from various sources deter-
mined that while enzymes from eukaryotic sources contain only
MPT, eubacterial molybdoenzymes usually contain a dinucleotide
derivative of the cofactor formed by the addition of GMP to yield
MGD or by the addition of CMP to yield molybdopterin cytosine
dinucleotide cofactor (MCD) as shown in Fig. 2 [11,48,49]. Since
MGD has the same relationship to MPT as that of FAD to FMN, it
was concluded that the purine nucleotide of MGD probably plays a
passive role in Moco activity such as providing additional binding
interactions with the protein [9].

The crystal structure of a tungsten-containing aldehyde ferre-
doxin oxidoreductase from Pyrococcus reported by Chan et al. [42]
showed that the tungsten atom in this cofactor was coordinated by

the four thiolate ligands from the dithiolenes of two MPT molecules,
revealing yet another level of complexity in Moco structure. In
1996, the presence of a molybdenum atom coordinated by the four
dithiolene ligands of two MGD molecules in the bis(tMGD)-Mo form
of Moco shown in Fig. 2 was identified in R. sphaeroides DMSO
reductase [50]. Subsequently, crystallographic studies by Schin-
delin et al. [51] confirmed that bis-MGD is the form of Moco present
in active DMSO reductase.

2.2. Determination of molecules involved in the early steps of
Moco biosynthesis

2.2.1. Identification of Precursor Z

Investigations in the 1980s indicated that unlike wild type E. coli
extracts, oxidation of E. coli extracts from cells containing muta-
tions in either the moaD or moeB genes did not produce Form A,
implying that no MPT was present in these extracts [14]. During
additional analysis of these moaD~ and moeB~ strains, accumula-
tion of a small Moco biosynthetic intermediate named Precursor
Z that was converted to MPT when incubated with the protein
fraction of extracts from moaA~ cells was observed [14,52]. Ini-
tial attempts to characterize Precursor Z were unsuccessful since it
proved to be labile under aerobic conditions and was readily oxi-
dized to a stable, inactive fluorescent molecule termed Compound
Z. Emulating the method that had proven successful for structural
determination of the unstable MPT molecule, structural characteri-
zation of Compound Z was undertaken to shed light on the structure
of Precursor Z [53]. Through a combination of chemical and spec-
tra analysis, it was determined that Compound Z is a 6-alkyl pterin
with a 4-carbon side chain. The side chain had no sulfur, but did
have a phosphate moiety in the form of a cyclic phosphate bound
at C2’ and C4’ as seen in Fig. 1 [53].

Further studies demonstrated that Precursor Z oxidized directly
to Compound Z without the accumulation of stable intermediates
and that Precursor Z, like MPT, was a pyranopterin. EDAX analysis
clearly showed that Precursor Z, like Compound Z, did not contain
any sulfur atoms and mass spectral data indicated that Compound
Z was just 2 Da smaller than Precursor Z [54]. The structure for Pre-
cursor Z shown in Fig. 1 was proposed in 1993 [54], and differs
from Compound Z only in the reduction state of the pterin ring. An
alternative structure for Precursor Z was more recently proposed
by Santamaria-Araujo et al. [55] who found that Precursor Z anal-
ysis by TH-NMR supported a structure with a geminal diol at the
C1’ position instead of a keto group. However, since it is known
that geminal diols are readily formed by dehydration of a carbony],
both models are chemically similar, and it has been proposed that
Precursor Z can exist in either form depending on the local solvent
and protein environment [56].

2.2.2. Determination of the initial molecule in Moco biosynthesis

It had previously been shown that GTP serves as the initial start-
ing compound for the biosynthesis of the pterin/pteridine rings
of folate, riboflavin and tetrahydrobiopterin in both plants and
microorganisms [15,57]. To determine if GTP served a similar func-
tion in Moco biosynthesis, studies involving in vivo labeling of
Precursor Z were undertaken [58]. For these studies, uniformly
14C-Jabeled guanosine was added to cultures of an E. coli moeB~
strain growing on minimal medium. The Precursor Z produced
by these cells was then converted to Compound Z and purified
[58]. In order to assess the distribution of label between the pterin
ring and side chain carbons, Compound Z was subjected to alka-
line potassium permanganate oxidation. This treatment resulted
in loss of the phosphate and three terminal side chain carbons and
yielded pterin-6-carboxylic acid. Extended UV illumination of this
molecule released the remaining side chain carboxylate carbon in
the form of CO, leaving free pterin in solution. When Compound Z,
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is formed from 5'GTP with cPMP and MPT as intermediates. The molybdoenzymes are classified into three different enzyme families, the DMSO reductase family, the sulfite
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is further modified by the attachment of GMP to form MGD, and two equivalents of MGD are bound to a single molybdenum to form the bis-MGD variant of the cofactor.
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the sulfite oxidase family, Moco is directly inserted without further addition of a nucleotide and coordinated by an additional cysteine ligand in the enzyme. For enzymes
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are shown in blue.

pterin-6-carboxylic acid and pterin were analyzed for the presence
of radioactivity, label was present in all three molecules, and the
ratios of their specific radioactivities indicated that all of the side
chain carbons had been labeled by the [U-14C] guanosine [58].

In the first step of the biosynthesis of biopterin, folate and
riboflavin, the C8 carbon of GTP is released as formate in a reaction
catalyzed by GTP cyclohydrolase I or II [59,60]. Thus, no transfer
of label from [8-14C] GTP to biopterin, folate or riboflavin would

be observed. However, when moeB~ cells were grown in medium
containing [8-14C] guanosine and Compound Z was analyzed as
described above, label was transferred to Compound Z, but solely
at the C1’-position. Additionally, the label present in Compound
Z purified from cultures grown on [8,5-3H] guanosine was lost by
removal of the three terminal side chain carbons [58]. These results
indicated that a guanosine derivative is indeed the initial substrate
for the biosynthesis of Precursor Z, however, unlike the synthesis of
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Fig. 3. Organization of the genes involved in the biosynthesis of Moco in E. coli. In total, 17 genes are involved in the biosynthesis of Moco in E. coli. These are organized
into 6 different gene loci termed moa, mob, moc, mod, moe and mog. Genes of known function are colored in grey. Black dots indicate promotor regions. The genes are drawn
approximately to scale. Their locations on the E. coli chromosome are indicated in minutes at the far right. Additional operons involved in Moco biosynthesis, such as the isc

operon, which is also involved in other biosynthetic pathways, are not shown.

all other previously studied pterins, during MPT biosynthesis, the
C8-carbon of the initial guanosine precursor is retained and incor-
porated as the first carbon of the MPT side chain [58]. Consistent
with this, the synthesis of Precursor Z was shown to be cyclohy-
drolase [ independent [9]. In a similar set of experiments utilizing
minimal media containing a variety of 13Cand >N multiply-labeled
substrates and NMR analysis of the resulting labeled Compound Z,
Rieder et al. subsequently verified both the fate of the GTP gua-
nine C8 during Moco biosynthesis and the fact that all five of the
guanosine ribose carbons were retained in MPT with two being
incorporated into the pterin ring and the remaining three becoming
C2’, C3’ and C4’ of the Precursor Z side chain [61].

Following TH-NMR results in 2004 by Santamaria-Araujo et al.
[55] indicating that Precursor Z exists in the cyclo pyrano-form, the
alternative name of cyclic pyranopterin monophosphate (cPMP)
was proposed for Precursor Z. Both names have been used in more
recent publications, however, since cPMP describes the nature of
the molecule better than the original name Precursor Z, the term
cPMP will be used for the remainder of this chapter.

3. Biosynthesis of MPT and Moco

Using a combination of biochemical, genetic, and structural
approaches, Moco biosynthesis in E. coli has been extensively stud-
ied for decades. These studies have identified at least 17 E. coli genes
involved in Moco biosynthesis [6,20]. As seen in Fig. 3, these genes
are located in 6 different mo loci that are specific to Moco biosynthe-
sis, and the corresponding proteins are highly conserved in other
organisms [15,20]. As seen in Fig. 2, E. coli Moco biosynthesis can be
divided into four steps [6,20]: (i) formation of cPMP, (ii) conversion
of cPMP to MPT, (iii) insertion of molybdenum to form Moco, and
(iv) additional modification of Moco via the attachment of different
nucleotides such as CMP or GMP to form the MCD and MGD cofac-

tors, respectively. The first three steps through the formation of the
mononucleotide form of Moco are identical for all Moco-containing
proteins in all microorganisms, while the final Moco modification
steps vary between different Moco proteins and organisms. The
proteins and biochemical reactions involved in each of these four
steps are described in detail below.

3.1. Conversion of GTP to cPMP

In E. coli, the moaA and moaC gene products are responsible for
the complicated chemical reactions required to generate cPMP. As
described earlier, labeling studies had determined that a guano-
sine derivative was the initial starting point for cPMP formation
[58,61]. More recently, Hinzelmann and Schindelin [62,63] used
an in vitro system for cPMP synthesis containing MoaA and MoaC
proteins purified from Staphylococcus aureus to demonstrate that
5-GTP is the specific initial substrate for Moco biosynthesis. As
shown in Fig. 4, formation of cPMP from GTP involves several
steps including opening of the guanine imidazole ring to generate
a formyl-diaminopyrimidine nucleotide intermediate, insertion of
the guanine C-8 formyl group between C-2’ and C-3’ of the ribose,
closure of the new pterin ring, generation of a cyclic monophos-
phate with elimination of pyrophosphate, and formation of a pyran
ring through attack by the 3’ hydroxyl of the side chain on the
pterin. The cooperative participation of the MoaA and MoaC pro-
teins in this step of Moco biosynthesis bring about significant
carbon rearrangements whose net result is that the two carbon
atoms added into the newly formed cPMP pterin ring originated as
C-1" and C-2’ of the GTP ribose ring, and the 4-carbon side chain is
formed from the GTP guanine C-8 and C-3/, C-4’ and C-5' of the GTP
ribose in that order [58,61].

Based on sequence similarities to proteins such as biotin syn-
thase, pyruvate-formate-lyase-activating enzyme and anaerobic
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dihydropyrazine intermediate. cPMP is shown in the dihydropyrano form. The structures of MoaA (S. aureus) and MoaC (E. coli) were derived using coordinates from the

Protein Data Bank (accession numbers 1TV8 and 1EKR, respectively).

ribonucleotide reductase-activating enzyme, MoaA has been clas-
sified as a member of the S-adenosylmethionine (SAM)-dependent
radical enzyme superfamily [64]. In the reactions catalyzed by
members of this family, SAM serves as the free radical initiator and
undergoes cleavage to methionine and a 5’ deoxyadenosyl radi-
cal that in turn initiates radical formation of substrate molecules
or of glycyl residues within the target enzymes to activate them
for radical-based chemistry. The source of the electron required
for the cleavage of SAM is a reduced form of a conserved FeS clus-
ter within the protein [64]. MoaA contains two oxygen-sensitive
[4Fe-4S] clusters, one typical for SAM-dependent radical enzymes
at the N-terminus and an additional C-terminal cluster unique to
MoaA proteins [62].

Although MoaA is involved in the first step in the Moco biosyn-
thesis pathway, it was actually the last Moco biosynthetic protein

to be structurally characterized when in 2004, Hinzelmann and
Schindelin reported the crystal structure of S. aureus MoaA [62].
The core of this protein was characterized by an incomplete (a[3)s
TIM barrel type fold formed by the N-terminal part of the protein,
and this portion of the protein also contained the SAM charac-
teristic [4Fe4S] cluster bound to three cysteine residues. SAM is
the fourth ligand to the cluster and is bound to the Fe as an
N/O chelate. The lateral opening of the incomplete TIM barrel
is covered by the C-terminal portion of the protein containing
the additional [4Fe4S] cluster, and the two clusters are separated
by 17A [62]. The C-terminal [4Fe4S] cluster is also ligated by
three cysteine ligands, with its non-cysteinyl-ligated Fe site pos-
sibly involved in the binding and activation of 5'-GTP [63]. The
5’desoxyadenosyl radical generated from SAM at the N-terminal
cluster was proposed to be in close proximity to the 5'-GTP where
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position, coupled to the hydrolysis of the cPMP cyclic phosphate. An intermediate is formed in which the MoaD C-terminus is covalently linked to the substrate via a thioester
linkage that is subsequently hydrolyzed by a water molecule and generates a hemisulfurated intermediate at C2'. Opening of the cyclic phosphate shifts the location of
the intermediate within the complex to a position where C1’ becomes more accessible. A new MoaD thiocarboxylate attacks the C1’ resulting again in a second covalent
intermediate which is converted to MPT via the elimination of a water molecule and hydrolysis of the thioester intermediate. On the left side, the structure of cPMP is shown
in the middle with the C1’ and C2’ carbons labeled. Conserved E. coli MPT synthase residues in the active site are shown with MoaE residues in cyan and magenta and the
C-terminus of MoaD in yellow with the thiocarboxylate sulfur in orange. The structures of MPT synthase and MoeB were derived using the coordinates from the Protein Data
Bank (accession numbers 1NVI and 1JW9, respectively). The model was adapted after figures from Daniels et al. [56].

itis probably involved in facilitating hydrogen abstraction at either
the C8 of the guanine or the C2’ or C3’ atoms of the ribose [63,65].
Insertion of the formyl group between the ribose C2’ and C3’
carbons might also require radical mediation. The proposed inter-
mediates during the reaction catalyzed by MoaA are shown in
Fig. 4.

The crystal structure of E. coli MoaC reported by Wuebbens et al.
in 2000 revealed that it is present in solution as a hexamer com-
posed of a trimer of dimers with a putative active site located
at each dimer interface [66]. It has been speculated that MoaC is
involved in the cleavage of the dihydropyrazine-type intermediate
pyrophosphate group and formation of the cPMP cyclic phosphate
group [67]. Alternatively, data obtained from the structure of a
co-crystal of Thermus thermophilus HB8 MoaC with bound 5'GTP
has been interpreted to suggest that the formamidopyrimidine-
type intermediate may be the MoaC substrate rather than
5'GTP [68]. Further studies are required to elucidate the exact
nature of the involvement of both MoaA and MoaC in cPMP
formation.

Recently, it has been reported that a human patient suffering
from molybdenum cofactor deficiency was cured with cPMP puri-
fied from E. coli cells, confirming the universal structure of cPMP
among the kingdoms of life [69], which additionally was shown by
cPMP treatment of Moco deficient mice before [70].

3.2. Insertion of sulfur into cPMP and formation of MPT

While cPMP is structurally quite similar to MPT, it lacks the
dithiolene function essential for molybdenum ligation in Moco.
Therefore, for the conversion of cPMP to MPT, two sulfur atoms
must be incorporated at the C1’ and C2’ positions of cPMP (Fig. 2).
In E. coli, this reaction is catalyzed by the MPT synthase protein
(Fig. 5). MPT synthase activity was first identified in 1989, when
it was reported that the N. crassa nit-1 strain accumulates cPMP
that can be converted to Moco by an activity present in extracts
from an E. coli moaA~ strain [53]. Purification of this MPT syn-
thase activity identified a heterotetrameric enzyme consisting of
two small (~8750Da) and two larger (~16,850 Da) protein sub-
units, later shown to be encoded by the E. coli moaD and moaE loci,
respectively [52]. Pitterle et al. were able to establish an in vitro sys-
tem for MPT synthesis consisting solely of MPT synthase and cPMP
[71]. They also demonstrated that the MoaD small subunit of MPT
synthase carries the sulfur used for generation of Moco since pre-
treatment of MoaD with the sulfhydryl reagents N-ethylmaleimide,
N-bromobimane, or iodoacetamide abolished activity in the in vitro
assay, while similar treatment of MoaE had no effect on activity
[72]. These data were confirmed by electrospray mass spectrome-
try experiments that found a mass increase of 16 Da when active
MoaD was compared to inactive MoaD. This difference corresponds
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to the change in mass expected for the exchange of an oxygen atom
for a sulfur atom at the C-terminal glycine carboxylate of MoaD [ 72].
These results were confirmed 8 years later when Gutzke et al. used
an in vitro intein-based expression system to generate preparative
amounts of thiocarboxylated MoaD and showed that this protein
readily assembled with MoaE to form active MPT synthase which
was able to convert cPMP to MPT [73].

The high-resolution crystal structure of the MPT synthase com-
plex published by Rudolph et al. in 2001 revealed that within the
MPT synthase heterotetramer, the two MoaE subunits form a cen-
tral dimer, and one MoaD subunit is located at the opposite end of
each dimer as seen in Fig. 5 [74]. The MoaD protein has a 3-grasp
fold characteristic of ubiquitin-like proteins, all of which contain a
highly conserved double glycine motif at their C-termini [74]. The
C-terminus of each MoaD monomer is inserted into a pocket at
the edge of its adjacent MoaE partner. These pockets are lined with
highly conserved MoaE amino acids, and serve as the cPMP binding
sites [75].

Publication of the structure of MPT synthase prompted spec-
ulation as to whether the addition of both dithiolene sulfurs to
a single cPMP molecule occurs independently at both active sites
[76], or whether a hemisulfurated intermediate is transferred from
one active site to the other within a single MPT synthase tetramer
for addition of the second sulfur atom [73]. Based on purification
of a hemisulfurated intermediate that was tightly associated with
the MPT synthase complex, a model was proposed for the reaction.
After transfer of its thiocarboxylate sulfur to cPMP, the MoaD sub-
unit would dissociate from the MPT synthase complex [76]. This
would be followed by subsequent binding of a second, thiocar-
boxylated MoaD (MoaD-SH) to the same active site and transfer of
the second sulfur to form MPT. In this model, each cPMP molecule
remains bound at a single active site until conversion to MPT is
completed by the exchange of carboxylated and thiocarboxylated
MoaD molecules.

In 2008, Daniels et al. reported the structure of a co-crystal of S.
aureus MPT synthase with cPMP bound to the active site along with
further chemical analysis of the reaction products [56]. In the co-
crystal, cPMP was bound to the MoaE subunit of MPT synthase in its
keto form rather than as a geminal diol, and a more detailed reac-
tion mechanism was proposed in which initial attack and transfer
of the first sulfur atom from a MoaD-SH occurs at the C2" posi-
tion and is coupled to hydrolysis of the cPMP cyclic phosphate as
seen in Fig. 5. During the course of this reaction, an intermediate is
formed in which the MoaD C-terminus is covalently linked to the
substrate via a thioester linkage which is subsequently hydrolyzed
by a water molecule. The opening of the cyclic phosphate is pro-
posed to shift the location of the intermediate within the protein
so that the C1’ position now becomes more accessible to attack by
the second MoaD-SH resulting in a second covalent intermediate
between the two that is converted to MPT via the elimination of a
water molecule and hydrolysis of the thioester intermediate [56].

For MPT synthase to act catalytically, it is necessary to regener-
ate the transferable sulfurs at the C-terminus of the MoaD proteins
after each sulfurtransfer to cPMP [72]. In addition to strains bearing
mutations in the moaD and moaE loci, the observation that an E. coli
strain carrying a mutation in the moeB locus also accumulated cPMP
suggested that the MoeB protein might be involved in the MPT syn-
thase reaction [14]. This observation led to the eventual conclusion
that MoeB serves as the MPT synthase sulfurase, the protein respon-
sible for regenerating the thiocarboxylate group at the C-terminus
of MoaD [77]. It was later demonstrated that MoeB-dependent
activation of MoaD required ATP consumption [78], and sequence
analysis indicated that MoeB shares significant sequence similari-
ties to the ubiquitin-activating enzyme, E1 [77,79]. The functional
and sequence similarities of MoeB to E1-like enzymes combined
with the structural similarity of MoaD to ubiquitin-like proteins

led to the proposal that activation of MPT synthase by MoeB might
resemble the process of ubiquitin-dependent protein degradation
[78,80]. The first step in this degradation process is activation of
ubiquitin by formation of an acyl-adenylate intermediate at its C-
terminal glycine. This is followed by formation of a thioester bond
between the ubiquitin and a conserved cysteine residue on the
El-activating enzyme [80]. Further analysis determined that the
activation of MoaD by MoeB did resemble the first step in ubiquitin
activation [78]. These data were also confirmed by the MoaD-MoeB
crystal structure which was solved in the apo-, ATP-bound and
MoaD-adenylate forms [80]. The crystal structure of this complex
revealed a (MoaD-MoeB), heterotetramer in which the MoeB sub-
units form a dimer. In the MoeB-MoaD-ATP ternary complex, ATP
is bound in close proximity to the C-terminus of MoaD. The overall
shape of the binding pocket distorts the ATP molecule and induces a
kink at the a-phosphate. In the next step, the MoaD-acyladenylate
intermediate is formed, consisting of the C-terminal MoaD-Gly81
covalently linked to the a-phosphate through a mixed anhydride
and the release of PP; [78,81].

In the ubiquitin-E1 system, it has been determined that the
reaction proceeds via an absolutely ordered mechanism with ATP
binding to E1 preceding ubiquitin binding which is followed by
ubiquitin-adenylate formation [82-85]. Ubiquitin residue Arg72
and the terminal glycine (Gly76) are involved in interactions
between ubiquitin-AMP and its E1, and Arg72 plays a particularly
critical role in determining the ubiquitin specificity with respect to
its E1 [86]. In contrast, the formation of the (MoaD-MoeB), het-
erotetramer clearly occurs in the absence of ATP [87]. A similar
reaction also occurs between the ThiS and ThiF proteins dur-
ing thiamine biosynthesis [88], showing a general mechanism
of ubiquitin-like and E1-like proteins in bacteria. Thus, although
members of the MoeB/E1 enzyme superfamily have diversified to
be used in seemingly unrelated pathways, their mechanism for
acyl-adenylate formation has been evolutionarily conserved [81].

Although stable, thiocarboxylated MoaD (MoaD-SH) freely
exists in solution, in the ubiquitin system, a free ubiquitin thiocar-
boxylate is never formed [81]. Rather, the ubiquitin acyladenylate
reacts with a cysteine on E1 to form a thioester. This species then
acts as the ubiquitin donor for proteins targeted for degradation
[81]. In E. coli thiamine biosynthesis, a persulfurated Thil protein
displaces AMP from the ThiS acyl-adenylate to form a ThiS-Thil
acyl-disulfide [89,90]. Through disulfide interchange, ThiF then
plays a second role in the thiamine pathway by formation of a
ThiS-ThiF acyl-disulfide at ThiF Cys184 [89,91]. This species serves
as the thiazole donor for thiamine synthesis, and again, there is no
evidence for a free ThiS thiocarboxylate. Conversely, in the MPT
synthase system, no evidence has been found for the existence of a
MoeB-bound sulfur or for a thioester or disulfide linkage between
MoeB and MoaD [78]. Additionally, individual substitution of each
MoeB cysteine residue with alanine revealed that the only cysteine
residues essential for MoeB activity were those involved in binding
of the structurally stabilizing zinc atoms [78]. Given these data and
the existence of free MoaD-SH in solution, it is clear that although
their initial steps seem similar, the pathway for MoaD-SH forma-
tion differs greatly from both the ubiquitin and thiamine pathways
after the first activation step [81].

After formation of the activated MoaD acyl-adenylate in the
complex with MoeB, sulfur is inserted to form the terminal MoaD
thiocarboxylate group on MoaD-Gly81 (Fig. 6). It was determined
that in E. coli, L-cysteine serves as the origin of the MPT dithiolene
sulfurs and that the cysteine sulfur is transferred to the acti-
vated MoaD acyl-adenylate by the action of a persulfide-containing
protein [92]. Initial results showed that this protein could be
any of the three pyridoxal-phosphate-dependent E. coli L-cysteine
desulfurases IscS, CsdA or SufS, since all three were capable of
transferring their protein-bound persulfide sulfur to MoaD in the
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Fig. 6. Formation of the thiocarboxylate group on E. coli MoaD. cPMP is converted to MPT by the transfer of two sulfur groups from the C-terminal thiocarboxylate of the
MoaD subunit of MPT synthase. Regeneration of the MoaD-SH sulfur occurs in a MoaD/MoeB complex where adenylylated MoaD is formed by attachment of an AMP moiety at
the MoaD C-terminus with loss of pyrophosphate. MoaD-AMP is then sulfurated by a protein-bound persulfide group on the IscS sulfurtransferase, likely by the formation of
an IscS-MoaD disulfide intermediate. Reductive cleavage of the disulfide bond could then occur by attack of the thiol group of MoeB-C187, and in turn, MoaD-SH is generated
and released from the ternary complex. The disulfide bond formed between MoeB and IscS is likely reduced by the thioredoxin system in vivo (in vitro reduction by DTT is
shown). The sulfur donor for IscS is L-cysteine. After formation of the thiocarboxylate group, MoaD-SH dissociates from the MoeB dimer and reassociates with MoaE.

MoaD-MoeB-complex in an in vitro reaction [92]. These results
were in agreement with studies indicating that the persulfide
sulfurs formed on an active site cysteine residue of pyridoxal 5-
phosphate-dependent cysteine desulfurases are incorporated into
the biosynthetic pathways of a variety of sulfur-containing cofac-
tors and thionucleosides [93]. More detailed studies by Zhang et al.
[94] of the L-cysteine desulfurase reaction in E. coli Moco biosyn-
thesis indicated that of the three possible desulfurases, only IscS
interacts specifically with MoeB and MoaD (Fig. 6). These results
were confirmed by in vivo studies showing that IscS is the pri-
mary physiological sulfur-donating enzyme for the generation of
the thiocarboxylate of MPT synthase in MPT biosynthesis [94].

Summarizing these results, a sulfurtransfer mechanism shown
in Fig. 6 for the formation of the MoaD thiocarboxylate group was
proposed which is similar to the reaction postulated for the homol-
ogous human proteins [95]. In the (MoaD-MoeB), complex, MoeB
activates MoaD by formation of an acyl-adenylate bond, and IscS
in its persulfide-bound form is able to interact with this com-
plex. A possible reaction could be that MoaD is transferred to the
IscS-Cys328 persulfide group, forming a disulfide bond. Release of
the MoaD thiocarboxylate requires a second thiol group, which is
proposed to be MoeB-Cys187, but other reducing factors are also
possible. In comparison, a disulfide intermediate for sulfurtransfer
exists between ThiS and ThiF and the rhodanese-like protein Thil in
thiamine and thiouridine biosynthesis [89,90]. Whether in addition
to IscS, arhodanese like protein acts as a mediator for sulfurtransfer
in Moco biosynthesis in E. coli remains to be determined.

After the sulfurtransfer reaction, MoaD-SH dissociates from the
complex and reassociates with MoaE to form active MPT syn-
thase (Fig. 6). The binding constants within the different complexes
of MoaD follow the order (MoaD-SH-MoaE), >(MoaD-MoeB), >

(MoaD-MoaE), [87]. This order is mechanistically logical given
that during the course of MPT biosynthesis, MoaD-SH first binds
to MoaE to form the active MPT synthase complex where transfer
of the MoaD-SH thiocarboxylate to cPMP yielding MPT and inactive
MPT synthase occurs. MoaD must then dissociate from this inactive
complex to form a new complex with MoeB, a prerequisite for the
regeneration of MoaD-SH. In addition, the (MoaD-MoeB), complex
is stabilized by ATP addition and the subsequent formation of the
acyl-adenylate on MoaD. In this form, IscS-SH transfers the sulfur
to MoaD, generating MoaD-SH. After the formation of the (MoaD-
SH-MoaE), complex, introduction of the dithiolene moiety to MPT
completes the formation of the chemical backbone necessary for
binding and coordination of the molybdenum atom in Moco (Fig. 2).

3.3. Insertion of molybdenum into MPT

Molybdenum enters the cell as the soluble molybdate oxyanion
and high affinity transporters for molybdate have been described in
bacteria [96]. The first identified gene involved in E. coli molybdate
transport, modC, was identified due to the fact that molybdoenzyme
activity in modC-cells could be restored by addition of molybdenum
at a 1000-fold higher concentration (>0.1 mM) than that sufficient
for wild-type cells [21]. The modC~ phenotype is pleiotropic for all
molybdoenzymes. It has since been determined that E. coli ModC is
the ATP-binding component of a high-affinity molybdenum uptake
system. This system belongs to the ATP-binding cassette (ABC)
superfamily of proteins responsible for the transport of a wide vari-
ety of molecules in prokaryotes and eukaryotes [97,98]. In their
most common bacterial form, ABC transporters consist of a dimer
of integral membrane proteins (ModB for molybdate transport in
E. coli), and each ModB subunit binds one hydrophilic peripheral
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Fig. 7. Insertion of molybdate into MPT. The E. coli MoeA and MogA proteins catalyze the specific incorporation of molybdenum into MPT in a multistep reaction with an
adenylated MPT intermediate (MPT-AMP), which was first identified in the A. thaliana Cnx1-G protein [112]. While MogA forms the MPT-adenylate intermediate, MoeA
mediates molybdenum ligation to MPT at low concentrations of MoO42~. The structures of MogA and MoeA were derived using the coordinates from the Protein Data Bank

(accession numbers 1DI6 and 1G8L, respectively).

membrane protein (the ATP-binding protein ModC for molybdate
transport in E. coli). In Gram-negative bacteria, a periplasmic bind-
ing protein, in this case ModA, captures the substrate (molybdate)
and delivers it to the transporter complex in the inner membrane.
Both molybdate and tungstate bind to ModA in the periplasm in
a tetrahedral complex stabilized by seven hydrogen bonds formed
between the oxygen of the bound anion and the protein groups
from two different ModA domains [99].

Expression from the modABC operon is subject to molybdate-
dependent regulation controlled by the ModE protein since when
bound to molybdate, ModE binds to the operator region of mod-
ABC [100]. ModE/molybdate also enhances the transcription of
molybdenum-dependent enzymes such as DMSO reductase [101]
and nitrate reductase A [102] as well as the molybdenum cofac-
tor biosynthesis operon moaABCDE [103]. Schuttelkopf et al. [104]
determined that ModE is a homodimer, and each monomer
can be subdivided into four structural domain: the N-terminal
DNA-binding domains, a linker domain and two molybdate-
binding (Mop) domains. ModE binds two molybdate molecules per
dimer and molybdate binding results in extensive conformational
changes enabling DNA binding.

In E. coli, insertion of the metal into the MPT is accomplished
by the moeA and mogA gene products (Figs. 2 and 7) [14,105]. The
structure of E. coli MogA shown in Fig. 7 was published by Liu
et al. in 2000 [106] and was the first Moco biosynthesis protein
crystal structure to be reported. MogA is a trimer in solution with
each monomer folded into a single compact domain, and MogA
binds MPT with high affinity [106]. Two crystal structures for
E. coli MoeA published in 2001 by Xiang et al. [107] and Schrag
et al. [108] both reported a dimeric structure with an elongated
monomer consisting of four distinct domains, one of which was
structurally related to MogA (Fig. 7). Nichols and Rajagopalan
[109] reported that the proteins performed different functions in
the chelation reaction. MoeA appeared to mediate molybdenum

ligation to newly synthesized MPT in vitro at low concentrations
of Mo0Q42~. This reaction was strongly inhibited by MogA in the
absence of ATP, but in the presence of ATP, MogA doubled the rate
of molybdenum ligation [109]. Llamas et al. [110-112] were the
first to verify the catalytic formation of an MPT-AMP intermediate
during the reaction, which was identified by the crystal structure
by the crystal structure of a variant of the Arabidopsis thaliana Cnx1
protein (Cnx1-S583A) [112]. The accumulation of a comparable
MPT-AMP intermediate in E. coli moeA~ extracts has also been
verified (Leimkiihler, unpublished data). Thus, it appears that in
E. coli, MPT is only activated by MogA-mediated adenylation prior
to molybdenum insertion by MoeA under physiological molybde-
num concentrations (Fig. 7), a reaction which is not required under
high molybdenum concentrations [113].

Interestingly, when Kuper et al. [112] reported the crystal
structure of the A. thaliana Cnx1-S583A protein in complex with
MPT-AMP, they found copper bound to the MPT dithiolene sul-
furs. They proposed that the function of this copper was to protect
the dithiolene group prior to molybdenum insertion. In subsequent
studies, a comparable copper-bound MPT-AMP intermediate could
not be detected in E. coli [114]. However, it was shown that bivalent
copper and cadmium ions as well as trivalent arsenite ions could
all insert nonspecifically into MPT without the presence of either
MoeA or MogA and that copper had a higher affinity for the dithi-
olene group of MPT than molybdate. It was additionally found that
under physiological molybdate concentrations (1-10 wM), MogA is
required in E. coli to form an MPT-AMP intermediate that facilitates
molybdate insertion on the dithiolene sulfurs. Under high molyb-
date concentrations (>1 mM), MPT-AMP formation by MogA is not
required and molybdate can be directly inserted into MPT with
the aid of the MoeA protein [114]. Thus, ATP-dependent activa-
tion of MPT and molybdenum is only required under physiological
molybdenum concentrations. Copper is not needed to protect the
dithiolene group of MPT, and it actually decreases molybdoenzyme
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activity when present at high concentrations due to nonspecific
insertion into MPT [113]. These results were confirmed by in vivo
studies by Morrison et al. [115] who investigated the effect of
copper-limiting media on the synthesis of molybdoenzymes in
E. coli and R. sphaeroides. They demonstrated that the activities of
DMSO reductase and nitrate reductase were not repressed under
copper starvation, verifying that copper is not required for the
biosynthesis of Moco in bacteria [115].

3.4. Additional modification of Moco

3.4.1. Attachment of GMP and CMP

To date, the YedY protein, an E. coli sulfite oxidase homologue
with unknown function, is the only E. coli molybdoenzyme known
to bind the simple Mo-MPT form of Moco [116,117]. Indeed, prior to
the identification of YedY in 2004 [104], it was commonly believed
that all E. coli molybdoenzymes contained the bis-MGD form of
Moco [6,20]. In E. coli, MGD is formed by covalent addition of the
GMP moiety from GTP to the C4’ phosphate of MPT via a pyrophos-
phate bond leading to release of the B- and y-phosphates of GTP
as pyrophosphate as shown in Fig. 8 [11,118]. This reaction is cat-
alyzed by MobA, one of two proteins encoded by the mob locus
(Fig. 3) [119]. While MobaA is essential for this reaction [120], the
role of MobB, the second protein encoded by the mob locus, remains
uncertain. Based on its crystal structure, McLuskey et al. [121] pos-
tulated that MobB could be an adapter protein, acting in concert
with MobA to achieve the efficient biosynthesis and utilization of
MGD. In vitro, however, MobA, GTP, MgCl, and Mo-MPT are suffi-
cient for the formation and insertion of bis-MGD into R. sphaeroides
DMSO reductase without MobB [118,122]. Significantly, it was
shown that addition of the nucleotide to the cofactor occurs only
after insertion of molybdenum into MPT [123]. The crystal struc-
ture of monomeric MobA showed a nucleotide-binding Rossman
fold formed by the N-terminal half of the protein that also contains
the GTP binding site. A possible MPT binding site was localized to
the C-terminal half of the protein [118,124].

As mentioned earlier, in all E. coli MGD-containing molybdoen-
zymes, a single molybdenum atom is coordinated by the dithiolene

groups of two MGD molecules, forming the bis-MGD cofactor [50].
The structure of bis-MGD Moco was verified when the crystal
structure of DMSO reductase from R. sphaeroides was reported by
Schindelin et al. [51]. The formation of bis-MGD is one of the most
enigmatic steps in E. coli Moco biosynthesis. It is still not known
whether the two MGD molecules assemble on MobA or at the
cofactor binding sites of the molybdoenzymes themselves. Crystal
structures for both monomeric and octameric forms of MobA have
been reported by Lake et al.[118]. While a binding groove that could
accommodate MGD was identified in the monomer, there was no
comparable position in the monomer large enough for bis-MGD
binding. However, the central cavity of the octameric form of MobA
is large enough to support bis-MGD formation, and hydrophilic
residues in the octamer channel could facilitate bis-MGD binding
and storage prior to insertion into molybdoenzymes [118]. Alter-
natively, MGD binding to proteins involved in the maturation of
several molybdoenzymes such as TorD protein, the system-specific
chaperone for E. coli TMAO reductase has been observed, so it is
also possible that the bis form of the MGD cofactor is formed in
conjunction with these types of proteins [125,126].

In prokaryotes other than E. coli, variants of the cofactor con-
taining CMP, AMP, or IMP dinucleotide forms of MPT have been
identified [11,127]. For many years, it was believed that E. coli was
incapable of synthesizing dinucleotide forms of the cofactor other
than MGD, an idea supported by the fact that heterologous expres-
sion of MCD-containing enzymes in E. coli was unsuccessful [128].
Recently, however, three E. coli enzymes in the xanthine oxidase
family named XdhABC, XdhD, and PaoABC were found to contain
the MCD form of the cofactor [129,130], and the existence of MCD
in E. coli molybdoenzymes was clearly demonstrated by the thor-
ough characterization of the periplasmic aldehyde oxidoreductase
PaoABC [131]. Additionally, using amino acid sequence alignments
based on the E. coli MobA sequence, the specific protein involved in
E. coli MCD biosynthesis was identified [132]. This protein, named
MocA (for molybdopterin cytosine dinucleotide synthesis) (Fig. 2),
exhibits 22% amino acid sequence identity to E. coli MobA [132]. The
catalytic reaction of MocA is similar to the reaction of MobA, in that
it acts as a CTP:MPT cytidylyl transferase and covalently links MPT
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and CMP with the concomitant release of the (3- and y-phosphates
of CTP as pyrophosphate (Fig. 8) [132].

Comparison of the two transferases revealed that MobA is highly
specific for binding of the purine nucleotide GTP, while MocA is
specific for binding of the pyrimidine nucleotide CTP. The most
significant sequence differences between the two proteins were
observed in two conserved motifs at their N-terminal domains.
The crystal structure of MobA with bound GTP showed that the
guanine moiety is mainly bound by the 2LAGG!> and 78 GPLAG#2
amino acid sequence segments [118,133].In MocA, these sequences
are altered to '2TAAG'5 and 78GLLTS®2. Site directed mutagene-
sis studies revealed that the introduction of only 5 amino acid
exchanges in the two N-terminal regions of either MobA or MocA
was sufficient to cause loss of specificity for the pyrimidine or
purine nucleotides so that both proteins were able to bind either
CTP or GTP to almost the same extent. In addition, the C-terminal
domains of MocA and MobA play an important role in determining
the specificity of their interaction with the target molybdoenzymes
[134]. This domain had previously been implicated in MPT binding
[133].

3.4.2. Formation of sulfurated Moco

Apart from the attachment of additional nucleotides in prokary-
otes, Moco can be further modified by an exchange of the equatorial
molybdenum oxygen ligand with a sulfur atom. The result is the
sulfurated or mono-oxo form of Moco shown in Figs. 2 and 8. Sul-
furated Moco is the form of the cofactor present in all members
of the XO family [7]. Cofactor sulfuration is mediated by the help
of members of the XdhC family of molecular chaperones. These
molecular chaperones are required for the maturation of molyb-
doenzymes of the xanthine oxidase family but are not part of the
active holo-molybdoenzymes themselves [135]. Investigation of
Rhodobacter capsulatus XdhC showed that it binds the Moco pro-
duced by MoeA/MogA and protects it from oxidation until the
terminal molybdenum sulfurligand isinserted [123,136]. XdhCalso
interacts with the R. capsulatus L-cysteine desulfurase, NifS4, the
protein that actually replaces the cofactor equatorial oxygen ligand
with a sulfido ligand [137]. The sulfur for this reaction originates
from L-cysteine, and a NifS4 persulfide group is formed during the
course of the reaction. After the sulfuration reaction, it is believed
that XdhC with its bound sulfurated Moco dissociates from NifS4
and forms a new interaction with the XdhB subunits of the R. cap-
sulatus (a3), XDH heterotetramer [123,138]. Dimerization via the
XdhB B-subunits of this protein is required to stabilize a structure
that s suitable for Moco insertion [139]. Since XdhC s a dimer itself,
it has been suggested that the XdhC dimer interacts with the XdhB
dimer to simultaneously insert mature, sulfurated Moco at both
XdhB active sites. Following cofactor insertion, XDH folds into its
correct conformation and XdhC dissociates from the complex. Since
XdhC is extremely labile in the absence of Moco, it is believed to
degrade in the cell at this point. Although the mode of control has
not yet been identified, insertion of Moco into XDH must be strictly
regulated in R. capsulatus since only sulfurated Moco is inserted
into XDH [138].

From the R. capsulatus studies it appears that XdhC-like proteins
perform a number of functions in the late steps of Moco synthe-
sis including stabilization of the newly formed Moco, interaction
with an L-cysteine desulfurase to ensure that Moco sulfuration
occurs [137] as well as interaction with their specific target pro-
teins for insertion of the sulfurated Moco. Because Moco is deeply
buried in the protein, it is also believed that the XdhC proteins
may act as chaperones to facilitate the proper folding of the tar-
get proteins after Moco insertion [135]. This model implies that
molybdoenzymes requiring the sulfurated form of Moco exist in a
Moco competent “open” apo-molybdoenzyme conformation until
the insertion of sulfurated Moco. After insertion, the protein adapts

the final active “closed” conformation that can no longer accept
Moco [135].

The E. coli aldehyde-oxidoreductase PaoABC protein complex
contains the sulfurated MCD cofactor [131], and the PaoD protein
is essential for the insertion of sulfurated MCD into PaoABC (Fig. 8).
Since PaoD belongs to the XdhC family, it would be expected to
play arole similar to that of XdhC with the only difference being that
PaoD facilitates sulfuration and insertion of an MCD cofactor rather
than an MPT cofactor (Fig. 8). The specific L-cysteine desulfurase
involved in E. coli sulfuration of PaoD-bound MCD has not yet been
identified.

4. The regulation of Moco biosynthesis

Genetic analysis of the regulation of Moco biosynthesis deter-
mined that the moaABCDE genes are organized in one operon
structure [140] and that this is the main target for transcriptional
and translational regulation of Moco biosynthesis [103]. Expres-
sion of this operon is enhanced under anaerobic conditions and in
the presence of molybdate. The dimeric ModE protein binds two
molybdate ions, and this complex acts as a positive regulator that
binds to the moa promotor region and enhances transcription of
the operon as seen in Fig. 9. Dimeric ModE binds two molybdate
ions and has a positive effect on molybdoenzyme transcription, e.g.
on the operons encoding DMSO reductase and nitrate reductase A
in E. coli [141]. It can also act as a transcriptional repressor of the
modABCD molybdate transport operon when molybdate is already
present in sufficient quantities in the cell [102,104]. In addition
to the ModE/molybdate complex, transcription of the moaABCDE
operon in E. coli is also upregulated by the FNR protein (fumarate
and nitrate reduction regulatory protein) as seen in Fig. 9 [103].
FNR is a transcriptional regulator that is essential for expressing
the proteins involved in anaerobic respiratory processes [142]. The
fnr gene was initially identified by Spiro and Guest [143] through
the isolation of a number of pleiotropic mutants which lacked
the ability to use fumarate and nitrate as reducible substrates for
growth under anaerobic conditions. FNR directly senses the ambi-
ent oxygen concentration via the disassembly and reassembly of its
[4Fe-4S] clusters [144]. The combined regulation of moaABCDE by
both ModE and FNR ensures that transcription of the Moco biosyn-
thesis proteins only occurs under conditions where they are both
needed (anaerobic growth conditions as sensed by FNR) and capa-
ble of producing active Moco (sufficient molybdate levels as sensed
by ModE) [103].

Regulation of the moeAB operon is more complicated, since it
is regulated by FNR, ArcA (the DNA-binding response regulator
in a two-component regulatory system in which ArcB represses
transcription of aerobic genes and activates some anaerobic genes)
and NarL (part of a two-component regulator protein system for
nitrate/nitrite response that acts with the sensor protein NarX)
[145]. Surprisingly, FNR represses the nitrate-dependent transcrip-
tion of the moe operon, but it is assumed that under anaerobic
conditions, an intermediate level of transcription from the moeAB
operon is ensured by the antagonistic effects of FNR and ArcA-P.
In addition, NarL regulates a nitrate-dependent increase in moeAB
expression [145].

The observation that transcription of the moaABCDE operon is
decreased when Moco is present in excess implied there was an
additional level of regulation in the system that was not mediated
by FNR or ModE [103]. The possible existence of a regulatory region
located upstream of the moaA start codon that was responsive to
the availability of Moco was first described by Anderson et al.[103].
Its existence was confirmed in 2008 when Regulski et al. [ 146] iden-
tified a highly conserved RNA motif upstream of the moa operon in
E. coli which was also present upstream of genes encoding molyb-
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doenzymes in a number of different organisms. They determined
that the RNA molecule encoded by this sequence controlled gene
expression in response to Moco production and suggested that this
family of RNA sequences represented a novel class of riboswitches
that sense Moco [146]. Riboswitches are structured RNA domains
that selectively bind metabolites or metal ions and function as
gene control elements [147,148]. Prior to the identification of the
Moco RNA family, four previously identified classes of riboswitch
aptamers were known to exist in E. coli. These respond to coenzyme
B12, thiamine pyrophosphate, flavin mononucleotide and lysine
[147].

Regulski et al. [146] determined that the architectural features
of the Moco RNA, which spans 138 nucleotides and forms at least
five conserved stem-loop elements as seen in Fig. 9, are similar to
other classes of riboswitches. They found that translation of the
moa operon is prevented when the Moco RNA structure and Moco
are present, although a direct binding of Moco to this RNA motif has
not been demonstrated to date due to the lability of isolated Moco
[146]. They also suggested that only the molybdenum derivative
of Moco binds to the RNA region and not the tungsten deriva-
tive which would have its own class of riboswitches. This would
imply that Moco RNAs are able to distinguish between these two
nearly identical cofactors [146]. A Moco sensing riboswitch would
ensure that translation of the proteins encoded by the moaABCDE
operon is down regulated when Moco is already present in suf-
ficient amounts. Thus riboswitch regulation, in combination with
ModE and FNR regulation, would allow for a rapid and efficient
response to the changing demand for Moco within the cell.

5. Outlook

Since conserved genes for Moco biosynthesis are found in bac-
teria, archaea, fungi, plants and animals, it has long been proposed
that, with the exception of some organisms like yeast that appar-
ently possesses no molybdoenzymes [149], the biosynthesis of
Moco is conserved in all organisms. Thus it seems that deter-
mination of the Moco biosynthetic pathway would have been
a relative straightforward endeavor. However, more than fifteen

years after the report of the first crystal structure of a Moco-
containing enzyme, and almost 30 years after publication of the
first proposed structure for Moco, a number of questions remain
about the pathway of Moco biosynthesis as discussed in this chap-
ter. In addition, elucidation of the details of the pathway for Moco
biosynthesis in a variety of organisms has revealed that signifi-
cant differences in the biosynthetic pathways do exist [15,20]. For
example, in higher eukaryotes, many individual Moco biosynthe-
sis proteins appear to be involved in several different biosynthetic
pathways and perform several roles as a consequence of gene
sharing [15,20]. 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, bacteria
contain a large variety of molybdoenzymes that catalyze specific,
usually non-essential, redox-reactions. 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.
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