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ABSTRACT The transition element molybdenum (Mo) is of primordial importance for
biological systems, because it is required by enzymes catalyzing key reactions in the
global carbon, sulfur, and nitrogen metabolism. To gain biological activity, Mo has to
be complexed by a special cofactor. With the exception of bacterial nitrogenase,
all Mo-dependent enzymes contain a unique pyranopterin-based cofactor coordinating
a Mo atom at their catalytic site. Various types of reactions are catalyzed by Mo-enzymes
in prokaryotes including oxygen atom transfer, sulfur or proton transfer, hydroxylation,
or even nonredox reactions. Mo-enzymes are widespread in prokaryotes and many of
them were likely present in the Last Universal Common Ancestor. To date, more than
50 – mostly bacterial – Mo-enzymes are described in nature. In a few eubacteria and
in many archaea, Mo is replaced by tungsten bound to the same unique pyranopterin.
How Mo-cofactor is synthesized in bacteria is reviewed as well as the way until its
insertion into apo-Mo-enzymes.

INTRODUCTION
The transition element molybdenum (Mo) is of essential importance for
biological systems because it is required by enzymes catalyzing key reactions
in the global carbon, sulfur, and nitrogen metabolism (for recent reviews,
see references 1 and 2). But tungsten is also biologically important. Both
elements have a very rich redox chemistry, which might explain why they are
the only members of the second (molybdenum) and third (tungsten) tran-
sition series with known biological functions. Molybdenum is very abundant
in the oceans in the form of the molybdate anion (MoO4

2–), whereas the
tungsten concentration (as tungstate WoO4

2–) is 100-fold lower (3). Under
anaerobic conditions and high sulfur concentrations that prevail in deep-sea
hydrothermal vents, molybdenum occurs as MoS2 and thus becomes un-
available for biological systems. This is the site where tungsten-using
extremophilic bacteria (archaea) were found. In soils, the oxidation state
of molybdenum varies from II to VI, but only the soluble molybdate anion
is bioavailable.

In order to gain biological activity, Mo has to be complexed by a special
cofactor. With the exception of bacterial nitrogenase, all Mo-dependent en-
zymes utilize a molybdenum cofactor (Moco) consisting of a mononuclear
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Mo atom coordinated via a cis-dithiolene moiety to the
organic molecule pyranopterin (PPT) (formerly called
molybdopterin or MPT) at their catalytic site (4). Ac-
cordingly, an extreme conservation of the Moco bio-
synthetic machinery (see below) is observed. More than
50 different Mo/W enzymes have been described in na-
ture so far. The molybdoproteome might even be more
diverse than previously recognized in prokaryotes as
suggested by the study of Cvetkovic et al. (5) revealing the
existence of several Mo-binding proteins with unrelated
sequence homology to any known Mo-enzymes. In a few
eubacteria and in many archaea, Mo is replaced by
tungsten bound to the same unique pterin (see for in-
stance, reference 6). With the exception of nitrogenase,
Mo or W ions in prokaryotes are coordinated by either
one or two pyranopterins allowing categorization to
three families based on the distinct coordination pat-
tern of the metal ion: the sulfite oxidase (SO) family,
the xanthine oxidase (XO) family, and the dimethyl
sulfoxide (DMSO) reductase family. For enzymes of the
SO family, the Mo is coordinated by a single PPT mol-
ecule. A clear distinction with members of the XO family
is the additional presence of an inorganic sulfur at the
Mo center further coordinated by a PPT or a cytosine-
substituted PPT. Finally, members of the DMSO re-
ductase family have a Mo atom coordinated by two
guanosine-substituted PPTs. These latter enzymes are
extraordinarily diverse in terms of structure and/or sub-
unit composition, but were named, referring to the first
representative that was crystallized (7), as members of
the DMSO reductase family. However, the latter en-
zyme represents an exception rather than the rule among
this family in terms of structure and subunit compo-
sition, and this denomination furthermore refers to a
precise enzymatic activity (2). The name Complex Iron–
Sulfur Molybdoenzyme (CISM) superfamily was later
introduced for heterotrimeric enzymes harboring a
Mo/W-bisPGD cofactor in their catalytic subunit and
containing both a FeS subunit and a membrane anchor
one (8). Again, today, exceptions are more frequent than
the rule. We therefore recommend the use of the “Mo/W-
bisPGD” denomination instead of “DMSO reductase”
for a safe description of the actual recognized diversity of
this large enzyme family exclusively found in prokaryotes
(2, 9).

In this context, Escherichia coli represents a unique sit-
uation in having members of all three families (Fig. 1).
Most Mo-enzymes belong to the Mo/W-bisPGD family,
and, only a few years ago, members of the SO (i.e., YedY)

or XO families (i.e., PaoABCD, XdhABC, and XdhD)
were identified.

In this article, we will review how Moco is synthesized
and follow the way until its insertion into apo-Mo-
enzymes. For the W-enzymes it is assumed that the
formation of the W cofactor follows the same principles
as outlined for bacterial Moco (6). At the same time,
very restrictive reactions should enable a clear discrimi-
nation between these related metals because they are both
bioavailable and known to often represent antagonists
for each other (10). As such, exquisitely discriminating
systems have evolved at the levels of metal uptake into
bacterial cells, metal insertion into the cofactor, and the
possible interplay of Mo-enzyme specific chaperones
with cofactor incorporation.

MOLYBDENUM COFACTOR BIOSYNTHESIS IN E. COLI
Genetics of Molybdenum Cofactor Biosynthesis
The investigation of Mo metabolism started with the
genetic analysis of mutants of the filamentous fungus
Aspergillus nidulans (11) that were defective in nitrate
reductase. Cove and Pateman (12) isolated nitrate re-
ductase-deficient mutants that showed concurrently the
loss of two Mo-dependent enzymes, nitrate reductase
and xanthine dehydrogenase. Because Mo was the only
link between these two otherwise very different en-
zymes, it was suggested that both enzymes should share
a common Mo-related cofactor, named molybdenum
cofactor. Later, Johnson et al. (13) demonstrated that the
organic compound of Moco from different Mo-enzymes
is a unique pterin, which they called molybdopterin.

In parallel to the achievements of fungal biochemical
genetics, also in E. coli, Moco mutants had been isolated
by using the same selection principle: growth of muta-
genized cells in the presence of high concentrations of
chlorate. Mutants selected for chlorate resistance (chl)
do not reduce chlorate to the toxic chlorite because
they have lost chlorate reductase activity, which appears
to be a nonphysiological catalytic activity of the Moco-
dependent nitrate reductase (14, 15). The chlorate-
resistant phenotype reflects the lack of nitrate reductase
activity either due to a mutation in the corresponding
structural genes or to a loss of Moco. It is noteworthy
that most of the Moco-dependent enzymes are involved
in multiple anaerobic respiratory pathways (see below)
and none of them are essential for the growth of E. coli.
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Accordingly, Moco deficiency is nonlethal, allowing
isolation of pleiotropic mutants. It turned out that the
loci chlA, chlB, chlD, chlE, and chlG were all essential for
Moco biosynthesis, and Stewart and MacGregor (16)
isolated a large series of Mu-phage insertion mutants for
all these loci. In 1992, the Moco-specific chl loci were
renamed in mo loci (17).

In pregenomic times, a detailed mutant characteriza-
tion had already contributed significantly to our under-
standing of the genetics and biochemistry of Moco
biosynthesis in bacteria, plants, fungi, and humans.
Investigations such as phenotype suppression by external
molybdate or reconstitution experiments mixing cell-
free protein extracts of different complementation groups
provided evidence for two intermediates of the bio-
synthetic pathway. As a next step, the defects in molyb-
date uptake and processing could be assigned to specific
mutants. As in all organisms, several different genetic
complementation groups were identified, and the exis-
tence of a conserved multistep biosynthetic pathway of
Moco was proposed. Comprehensive analyses of these
mutants involving molecular, genetic, and biochemical
studies by several laboratories led to a detailed picture of
Moco biosynthesis in E. coli. Five operons (moaABCDE,
mobAB, modABC, modEF, moeAB, and mogA) are re-
quired for Moco biosynthesis encoding 15 proteins,
and details for these genes/proteins are summarized in
Table 1.

Molybdenum Uptake
When we follow the way that Mo takes from entry into
the cell until its final position within the Mo-enzyme’s
catalytic center, the first step is the active uptake of Mo
in the form of its molybdate anion (see for review, ref-
erence 18). The analysis of Moco biosynthesis started
with the identification of mutants exhibiting a so-called
molybdate-repairable phenotype (19). Those mutants
were found in all organisms where Moco deficiency was
studied and they are characterized as mutants with par-
tially or completely restored Mo-enzyme activity after
growth on unphysiologically high concentrations of
molybdate (up to 1 mM). Mo uptake requires specific
systems to scavenge molybdate in the presence of com-
peting anions. E. coli cells grown aerobically in 10 nM
molybdate contain 1 μM molybdate (20, 21). In E. coli
and other bacteria, high-affinity ABC-type molybdate
transporters (encoded by the modABC operon) are
described, consisting of three protein components and

requiring ATP hydrolysis for operation (18). The peri-
plasmic molybdate-binding protein ModA specifically
binds molybdate and tungstate with a very high affinity
(KD 20 to 50 nM). ModB is the dimeric membrane-
integral translocation component, and ModC is the cy-
toplasmic membrane-associated protein that couples
ATP hydrolysis with molybdate translocation through
the membrane into the cytoplasm (Table 1). Diverging
from the E. coli modABC operon is another one encoding
ModE and ModF proteins (22). ModF is homologous to
ModC and has no defined function. ModE is a tran-
scriptional regulator member of the LysR family present
in a few bacteria in which it is found in the molybdate
transport locus. The ModE regulator protein comprises
two domains: a DNA-binding domain and a molybdate-
binding domain with a similar KD of 0.8 μM for molyb-
date or tungstate (23, 24, 25). Binding of the oxyanions
strongly increases the ModE affinity for DNA because of
extensive conformational changes within the molecule
(26). The molybdate-bound form of the ModE protein
activates transcription of genes for several Mo-enzymes,
dimethyl sulfoxide reductase (dmsABC) (27), formate
hydrogenlyase (hyc and fdhF), and nitrate reductase
(narGHJI) (28), and for molybdenum cofactor bio-
synthesis (moaABCD) (22, 29) (see below). Moreover,
ModE-Mo represses the expression of the modABC op-
eron as might be expected if Mo is available (30). While
ModA proteins cannot discriminate between molybdate
and tungstate, tungsten-specific transporters have been
identified in Eubacterium acidaminophilum (of the Tup-
type) (31, 32) or in Pyrococcus furiosus (of the Wtp-type)
(33). In addition to the high-affinity transport system,
two low-affinity transport systems are operating for
molybdate and tungstate, such as the CysPTWA sulfate-
thiosulfate permease, and can also transport sulfate or
selenate (34, 35).

Regulation of Molybdenum Cofactor Biosynthesis
In E. coli, Moco biosynthesis is enhanced under an-
aerobiosis already through the moa operon, which en-
codes the enzymes required for the first step of Moco
synthesis. Expression of moa is enhanced under anaer-
obic growth conditions through transcriptional activa-
tion by Fumarate and Nitrate reduction (FNR) regulator
but is repressed in strains able to synthesize active mo-
lybdenum cofactor (36). Molybdate acts as a major posi-
tive regulator of moa and its action requires the ModE
protein (29). Transcription of moa is controlled at two
sigma-70-type promoters immediately upstream of the
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moaA gene. The distal promoter is the site of the an-
aerobic enhancement that is FNR dependent. The mo-
lybdate induction of moa is exerted at the proximal
promoter. The molybdate activation of moa, however, is
revealed only in a molybdenum cofactor-deficient back-
ground, since moa is effectively repressed in molybde-
num cofactor-sufficient strains. Interestingly, tungstate is
also able to relieve the repression of themoa operon (29).
This ensures that Moco is synthesized under conditions
of anaerobicity (FNR) and sufficient molybdate (ModE),
while preventing overproduction by binding free Moco.
A new aspect of molybdenum cofactor biosynthesis regu-
lation has been the discovery of a highly conserved RNA
motif located upstream of the moaA gene in E. coli (37).
This RNA aptamer located in the untranslated region of
the moaA gene controls the moa operon in response to
cofactor production by binding Moco. Most interest-
ingly, such a riboswitch is also located upstream of genes
encoding Mo transport and Mo-enzymes in various
prokaryotes, including Gamma- and Deltaproteobacteria,
clostridia, actinobacteria, and deinococcus, and, as such,
may regulate the initiation of translation or transcrip-
tion elongation (38). Recently, regulation of the moa
operon has been further complicated by the discovery
that CsrA, a posttranscriptional regulator that affects
translation of its gene targets by binding mRNAs, posi-
tively controls expression of the moaA gene (39). While
CsrA is well-known to regulate genes that function in
aerobic carbon metabolism (see for review, reference
40), RNA-seq analyses identified many mRNA targets of
CsrA that are necessary for anaerobic respiration, in-
cluding the uptake of molybdate (modA), biosynthesis
of Moco (moaA and moeA), and the production of
Moco-dependent enzymes (narL, narGHJI, fdoGHI, bisC,
dmsABC, fdnGHI, napA, and torZ) (41). Interestingly,
the above-mentioned RNA aptamer located upstream of
the moaA gene serves as a target for posttranscriptional
regulation, not only by Moco, but also by CsrA, which
binds the moaA leader with high affinity and specificity
(39). As such, CsrA should enhance the Moco biosyn-
thesis under conditions of high metabolic demand. The
exact understanding of such an intricate regulation
awaits further studies.

Also, the moe operon is regulated, and it was found that
its expression is independent of genes coding for Mo
transport and for PPT synthesis; instead, anaerobic con-
ditions as well as nitrate stimulate moe expression via the
transcriptional factors NarL and ArcA, respectively (42).
Earlier, the authors reported that the product of the
MoeA-catalyzed reaction is required for Mo-dependent
control of genes coding for E. coli Mo-enzymes (43).
Apparently, the bacterium coordinates Moco biosynthe-
sis with apoprotein synthesis at the level of moe operon
transcription. Posttranscriptional regulation by CsrA as
suggested by the RNA-seq analyses needs to be con-
firmed. Finally, themob locus appears to be constitutively
expressed (44).

Biosynthesis of the Molybdenum Cofactor
Most of our knowledge about Moco biosynthesis was
obtained from studies in E. coli, and this work was
pioneered by Rajagopalan, Johnson, and coworkers (45,
46). Moco biosynthesis proceeds in four steps, and
these steps are defined by the following biosynthetic in-
termediates: cyclic pyranopterin monophosphate (cPMP,
formerly precursor Z), pyranopterin (PPT), adenylated
pyranopterin, and Mo-bound pyranopterin (Fig. 1). In
prokaryotes, a nucleotide is added during a fifth step,
thus forming the Mo-bisPGD (i.e., pyranopterin guanine
dinucleotide) or Mo-PCD (i.e., pyranopterin cytosine
dinucleotide). However, we will describe steps four and
five as one combined last step (Fig. 1).

Step 1: conversion of GTP to cPMP
PPT is the only pterin known to be substituted with a
four-carbon side chain, while several other pteridines
such as biopterin have three-carbon side chains. Two
pathways are known for the synthesis of pteridines (47)
and flavins (48) that start with the conversion of GTP
by the enzymes cyclohydrolase I and II, respectively,
whereas Moco synthesis depends on a third route also
starting with GTP. Based on labeling studies in E. coli, it
was determined that a guanosine derivative is the initial
precursor for cPMP formation, the first stable interme-
diate of Moco biosynthesis (49, 50). Originally, this first

Figure 1 Molybdenum cofactor biosynthesis in E. coli. Shown are the known biosynthetic intermediates dividing the whole pathway into four
steps and giving rise to the different forms of cofactor found in the three distinct Mo-enzyme families: the Mo/W-bisPGD family, the sulfite
oxidase family, and the xanthine oxidase family. Ribbon representation of the crystal structures of the Moco biosynthetic proteins are shown:
MoaA (56), MoaC (58), MoaD-MoaE complex (63), MoeB-MoaD complex (68), MogA (91), MoeA (222), MobA (111, 112), and MobB (114).
Individual figures were generated with PYMOL (223) using the deposited coordinates from the protein structure data base. doi:10.1128/
ecosalplus.ESP-0006-2013.f1
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intermediate was named precursor Z (51). In 2004, its
chemical structure was clarified by mass spectrometry
and 1H nuclear magnetic resonance (NMR) spectroscopy
(52). It was demonstrated that the molecule is a pyrano-
pterin, similar toMoco, and carries a geminal diol at the C1′
position of the side chain (53). Therefore, precursor Z was
renamed cPMP for cyclic pyranopterin monophosphate.

In E. coli, two proteins MoaA and MoaC were identified
as essential for cPMP synthesis (Fig. 1 and Table 1).

MoaA contains two oxygen-sensitive [Fe-S] clusters that
are bound via three highly conserved cysteine residues
(54) and shows sequence similarities to a number of
proteins, including biotin synthase or thiamine synthase.
MoaA and all homologues belong to the family of S-
adenosylmethionine (SAM)-dependent radical enzymes.
Members of this large family catalyze the formation of
protein and/or substrate radicals by reductive cleavage of
SAM by a [4Fe-4S] cluster (55). The structure of MoaA
was determined in the apo-state as well as with the

Table 1 Genetic and biochemical characteristics of the proteins involved in Moco biosynthesis in E. coli

Gene
Localization
(min) Operon

Phenotype of
the mutant Protein

Molecular
mass and
quaternary
architecture Property/functiona

3D
structure

Biosynthesis
step

Interacting
partner

moaA 17.6 moa Moco deficient MoaA 37 kDa, α Conversion of GTP
to cPMP

Yes Step 1: cPMP
biosynthesis

MoaC?

moaB 17.6 moa No phenotype MoaB 18.5 kDa, α6 ND Yes ND

moaC 17.6 moa Moco deficient MoaC 17.3 kDa, α Conversion of GTP
to cPMP

Yes Step 1: cPMP
biosynthesis

MoaA?

moaD 17.6 moa Moco deficient MoaD 8.6 kDa, α Small subunit of the
PPT synthase

Yes Step 2: PPT
biosynthesis

MoaE,
MoeB

moaE 17.6 moa Moco deficient MoaE 17 kDa, α Large subunit of the
PPT synthase

Yes Step 2: PPT
biosynthesis

MoaD

moeA 18.6 moe Moco deficient MoeA 44 kDa, α2 Metal addition
and hydrolysis
of PPT-AMP

Yes Step 4: metal
addition

MogA,
MobA,
MobB

moeB 18.6 moe Moco deficient MoeB 26.5 kDa, α PPT synthase
sulfurase

Yes Step 2: PPT
biosynthesis

MoaD

mogA 0.2 Moco deficient MogA 21 kDa, α3 Adenylylation of
PPT

Yes Step 3: PPT-AMP
biosynthesis

MoeA,
MoaDE,
MobB

mobA 87 mob Moco deficient MobA 21.5 kDa, α Guanosine
nucleotide
addition

Yes Step 4: nucleotide
addition

MoeA,
MobB

mobB 87 mob No phenotype MobB 18.7 kDa, α2 ND Yes ND MogA,
MoeA,
MobA

modA 17 modABCD Mo repairable ModA 27 kDa, α Periplasmic Mo
binding protein

Yes Molybdate
transport

ModB,
ModC

modB 17 modABCD Mo repairable ModB 25 kDa, α2 Membrane-bound
component of the
ABC transporter

Yes Molybdate
transport

ModA,
ModC

modC 17 modABCD Mo repairable ModC 39 kDa, α ATPase component
of the ABC
transporter

Yes Molybdate
transport

ModA,
ModB

modE 17 modEF ModE 28 kDa, α2 Mo-ModE acts
as repressor of
the modABCDE
operon

Yes

modF 17 modEF No phenotype ModF 54 kDa ND No ND ND
aND, not determined.
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cosubstrate SAM or the 5′-GTP (56, 57). These data were
of considerable value because they provided insights into
the radical reaction underlying the conversion of 5′-GTP
to cPMP. Indeed, MoaA is not able itself to catalyze the
release of pyrophosphate, which indicates that, during
catalysis, 5′-GTP and its reactive radical intermediates
are tightly anchored by the triphosphate moiety to pre-
vent their escape. MoaC appears to be responsible for
pyrophosphate release. The X-ray crystallographic struc-
ture of E. coliMoaC reveals that it forms a homohexamer
(58) with a hypothetical active site made up by several
strictly conserved residues at the interface of two MoaC
monomers. Nevertheless, complete understanding of this
reaction step, which most likely involves multistep re-
actions, must await further studies. Also, the detailed
function played by MoaC remains enigmatic.

Recently, it has been reported that the chemical synthesis
of a tricyclic pyranopterin intermediate can be success-
fully converted in vitro into a functional Moco (59).
These studies appear most promising for the treatment
of human patients suffering from a Moco deficiency as
already demonstrated by cPMP curation (60, 61).

Step 2: conversion of cPMP to PPT
During the second step of Moco biosynthesis, the PPT
dithiolate is formed by incorporating two sulfur atoms
into cPMP (Figs. 1 and 2). This reaction is catalyzed by
PPT synthase, a heterotetrameric complex of two small
(MoaD) and two large (MoaE) subunits that stoichio-
metrically convert cPMP into PPT (Fig. 2 and Table 1).
Biochemical studies using in vitro assembled PPT syn-
thase from individually expressed and purified subunits
demonstrated that the C terminus of MoaD carries the
sulfur as thiocarboxylate (62). The functional importance
of this thiocarboxylate was also demonstrated in the
crystal structure of the E. coli PPT synthase, which shows
that the C terminus of MoaD is deeply inserted into
the large subunit MoaE to form the active site (63). The
heterotetramer is formed by dimerization of two large
subunits forming two clearly separated active sites. In-
terestingly, although the thiocarboxylate moiety on the
MoaD subunit is essential for PPT synthase activity, it
is not required for formation of the synthase hetero-
tetramer. Detailed investigations of the thermodynamic
properties of the interaction between MoaD and MoaE
in PPT synthase revealed an increased binding affinity
of MoaD-SH to MoaE consistent with the proposed re-
action mechanism (64). Moreover, the solvent-accessible

surface area buried on formation of the heterotetramer
was considerably increased on activation of the protein,
changing from 2,376Å to 4,117Å. In 2008, the crystal
structure of the PPT synthase in complex with cPMP
provided insights into the mechanism and the delinea-
tion of a model for conversion of cPMP to PPT (65).
Because each small subunit of PPT synthase carries a
single sulfur atom, a two-step mechanism for the for-
mation of PPT dithiolate has been proposed, which
involves the formation of a mono-sulfurated intermedi-
ate (62, 65, 66). Together with this two-step mechanism
is the proposed existence of an intermediate in which
the MoaD C terminus is covalently linked to the sub-
strate via a thioester linkage, further resolved by a water
molecule (65).

After PPT synthase has transferred the two sulfurs to
cPMP, it has to be resulfurated in a separate reaction.
This resulfuration is catalyzed by MoeB involving an
adenylation of the small subunit MoaD in a MoaD-MoeB
complex by using Mg2+-ATP as substrate followed by
sulfur transfer (67) (Fig. 2). The crystal structures of
MoeB in complex with MoaD have been determined in
the apo-, ATP-bound, and MoaD-adenylate form (68),
depicting a conserved mechanism of acyl-adenylate for-
mation in ubiquitin-dependent protein degradation
and in the synthesis of Moco. MoaD and homologous
proteins harbor in their C-terminal region a conserved
double-glycine motif also found in ubiquitin, a crucial
protein in eukaryotic protein degradation (69). Only the
terminal glycine appears to be essential for proper func-
tion of MoaD (70). Besides the homology of MoaD and
MoeB to the ubiquitin-activating system, similarities be-
tween Moco biosynthesis and thiamin biosynthesis can
also be seen in E. coli. The proteins ThiF, ThiS, and
ThiI participate in the synthesis of the thiazole moiety.
Begley and coworkers (71, 72, 73) have shown that ThiS
is thiocarboxylated by ThiF (homologous to MoeB) and
ThiI (sulfurtransferase) (for review, see reference 74).
A similar way of sulfur activation (i.e., adenylation of
the sulfur transfer protein MoaD or ThiS followed by
exchange of AMP for sulfur) has been proposed for the
synthesis of biotin and lipoic acid (see for review, refer-
ence 75).

MoeB alone is not sufficient to reactivate carboxylated
MoaD. Conversion of the acyl-adenylate of MoaD to a
thiocarboxylate by sulfur transfer is made through the ac-
tion of the major pyridoxal phosphate-dependent E. coli
L-cysteine desulfurase IscS (76). One has to mention that
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IscS serves as a major sulfur donor for a number of dif-
ferent processes through direct protein interaction with
various sulfur-accepting proteins (77). A further partici-
pant to the sulfur transfer process between IscS andMoeB
has been discovered with YnjE in E. coli, thus mediating
sulfur transfer and directing IscS toward Moco biosyn-
thesis (78). However, YnjE is not essential for Moco
biosynthesis, an effect being observed only upon deletion
of both ynjE and iscS genes. Recently, studies aimed at
understanding the pleiotropic effect of the deletion of the
tusA gene encoding a sulfur mediator protein between

IscS and TusBCD in thiomodification of tRNAs (79) have
reported a pronounced effect on the E. coli transcriptome
(80). In particular, in the absence of TusA, sulfur trans-
fer for FeS biosynthesis is increased while the activity
of several Mo-enzymes is drastically reduced. It has
been proposed that TusA is involved in regulating the
IscS pool and shifting it away from IscU and FeS bio-
synthesis, thereby making IscS available for sulfur transfer
for PPT biosynthesis. At this stage, the actual interplay
of YnjE and TusA in Moco biosynthesis remains to be
clarified.

Figure 2 Conversion of cPMP to PPT (step 2). See the text for a detailed description of the reaction mechanism leading to the two-step conversion
of cPMP to PPT. doi:10.1128/ecosalplus.ESP-0006-2013.f2
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Step 3: adenylylation of PPT
After synthesis of PPT, the chemical backbone is ready
to bind and coordinate the molybdenum atom. Mo has
to be taken up into the cell in the form of molybdate
followed by the coordination to PPT. In this context, it is
worth mentioning that the high-affinity ModABC trans-
porter is subjected to molybdate-dependent gene regu-
lation by the Mo-ModE complex (22). The Mo-loaded
ModE protein also enhances the expression of the moa
operon (29) as well as several Mo-enzymes (27, 28). Once
inside the cell, a key question of Moco biosynthesis
resides in whether the molybdate serves as a donor for
insertion of Mo into PPT or whether it has to undergo
intracellular processing before insertion. In the following,
we will discuss the existence of an additional interme-
diate in Moco biosynthesis, adenylated PPT (PPT-AMP),
preceding the Mo insertion step (Fig. 3).

In bacteria, two proteins, MogA and MoeA, are involved
in Mo insertion (Table 1), while during evolution to

eukaryotes, these two proteins were fused to a two-
domain protein (see for review, reference 81). Whereas
it had earlier been postulated that one protein should
be essential for PPT binding, the other being in charge of
generating an activated form of Mo, the exact mechanism
was initially uncovered in plants where the protein Cnx1
catalyzes this step (82). The C-terminal domain (Cnx1-
G) known to complement a mogA mutant was shown to
tightly bind PPT (83). The crystal structure of Cnx1-G in
complex with PPT confirmed the proposed binding of
PPT (84). Further, the Cnx1-G active site was mapped by
structure-based mutagenesis and functional analysis to a
large surface depression with a clear discrimination be-
tween PPT binding and catalysis (85, 86). Unexpectedly,
the structure of a variant (S583A) with a gain of function
revealed a novel intermediate in Moco biosynthesis as
an adenosine moiety was covalently bound via a pyro-
phosphate bound to the C4′ carbon of PPT, thereby
forming adenylated PPT (84). Subsequently, it has been
demonstrated that Cnx1-G adenylates PPT in a Mg2+-

Figure 3 Adenylylation of PPT (step 3). See the text for a description of the reaction mechanism leading to MPT adenylylation. doi:10.1128/
ecosalplus.ESP-0006-2013.f3
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and ATP-dependent way and forms PPT-AMP that
remains bound to Cnx1-G (82) (Fig. 3). This interme-
diate appears to be mechanistically relevant because it
serves as a substrate for the subsequent Mg2+-dependent
Mo insertion reaction by MoeA (or the equivalent Cnx1-
E domain) (87) (Fig. 4). Based on the ability of Cnx1-G to
reconstitute mogA mutants and on their nearly identical
X-ray structures, one can conclude that both proteins
catalyze the PPT adenylation reaction, which is essential
for and takes place before metal insertion. Overall, the
process can be described as follows in E. coli: before Mo
addition by MoeA, PPT is activated by MogA-dependent
adenylation under physiological Mo concentrations, be-
cause this activation step appears unnecessary at high
molybdate concentrations (> 1 mM) (88).

Within the moa operon, the second open reading frame
encodes for a protein, MoaB, with significant sequence
similarity to MogA (Table 1). Crystal structures of MoaB
(89, 90) and MogA (91) confirmed their strong structural
similarity, supporting the idea of a conserved function.
However, the function played by MoaB in E. coli remains
enigmatic asmogAmutants show Moco deficiency, while
moaBmutants do not affect the activity of Mo-dependent
enzymes (92). Careful examination of the MoaB structure
reveals the absence of the catalytically essential residues
present in MogA, pointing toward a loss of function of
MoaB in E. coli. Such bioinformatic analyses have been
confirmed experimentally (93). In archaea, MoaB pro-
teins could have a MogA-like function in the biosynthesis
of W-cofactors since MoaB homologous proteins were
predominantly found (93).

Step 4: Mo insertion and nucleotide addition
Considering that adenylated PPT is an intermediate of
Moco biosynthesis in bacteria as well, two further steps
need to be accomplished for synthesis of the active form
of Moco found in most prokaryotic Mo-enzymes. Indeed,
the vast majority of these enzymes that make use of Mo
do so through nucleotide-substituted Moco. In E. coli,
this cofactor contains a nucleotide, mostly a guanosine
monophosphate, covalently linked to PPT via a pyro-
phosphate bond resulting in the PPT dinucleotide co-
factor (Fig. 1). A cytosine monophosphate was also
shown to be an alternative to GMP in E. coli and to be
present exclusively in a specific group of Mo-enzymes
belonging to the XO family (94, 95). Other prokaryotic
variants of the cofactor containing CMP, AMP, or IMP
linked to the PPT were identified as well in bacteria (45).

It is important to notice that, in addition to the nucleotide
moiety, another difference compared with eukaryotes
is the formation of bis-PPT-based cofactors where one
Mo (or W) atom is coordinated by two dithiolenes of two
PPT molecules. Therefore, in addition to Mo insertion,
dinucleotide formation has to be performed in the final
stages of Moco biosynthesis (Fig. 4). There is cumulative
evidence that these two steps are linked to each other, so
that we will discuss both steps as a fourth step of Moco
biosynthesis.

For a long time, the exact mechanism underlying Mo
incorporation remained one of the most enigmatic aspects
of Moco biosynthesis. Leimkuhler et al. (96) reported that
the activity of the PPT-dependent xanthine dehydroge-
nase in a Rhodobacter capsulatus moeA mutant could be
recovered on growth with 1 mM sodium molybdate in-
dicating that MoeA is involved inMo incorporation. Later
on, Nichols and Rajagopalan (97) clearly demonstrated
that, while mutations in either mogA or moeA have no
effect on PPT biosynthesis, they completely abolish the
ligation of Mo to PPT. Interestingly, Kuper et al. (84)
reported copper coordination by the adenylated PPT
bound to MogA, copper having higher affinity for the
dithiolene group than molybdate and suspected of having
a protective role of the intermediate. Moreover, copper,
cadmium, or arsenite ions can all insert nonspecifically
into PPT without the aid of MoeA or MogA (98).

As mentioned above, the vast majority of E. coli Mo-
enzymes contain a bisPPT-type cofactor and moeA
mutants show no molybdate-repairable phenotype with
respect to the activity of those enzymes (99). One can
argue that a bisPPT-based cofactor should require a
different metal insertion process than a mono-PPT-based
cofactor, as found in all eukaryotes as well as in some
bacterial enzymes. Interestingly, a novel PPT-type oxi-
doreductase (YedY) was identified and characterized
in E. coli that belongs to the eukaryotic SO family of Mo-
enzymes (100, 101). Finally, three E. coli enzymes be-
longing to the XO family appear to bind Mo-PCD as
cofactor (94, 102, 103), further expanding the list of
Moco types in this organism. These data indicate that
both mono- and bis-PPT forms of Moco do exist in
E. coli. In this context, it is important to notice that the
function of E. coli moeA cannot be reconstituted by
Cnx1-E as seen on the basis of bis-PPT-dependent en-
zyme activity. These observations provide further sup-
port for functional diversity between bacterial and
eukaryotic Mo insertion processes. In vitro studies have
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shown that MogA stimulates, in an ATP-dependent
manner, the activity played by MoeA in mediating Mo
incorporation to PPT using eukaryotic PPT-dependent
aposulfite oxidase as reporter enzyme (104). Future in-
vestigations aimed at testing the effect of these purified
proteins on the activity of a bis-PPT-type cofactor-
dependent enzyme are thus of substantial importance.

Because of its intrinsic instability, Moco has to remain
bound to proteins during the whole biosynthetic process
until its final delivery to apo-Mo-enzymes. Interestingly,
the use of an in vivo approach, the bacterial two-hybrid
system, was proven to be valuable in determining the
conditions required for visualization of the interaction
between proteins involved in the late stages of Moco
biosynthesis (Fig. 5). Indeed, PPT appears to be of crucial
importance for the interaction between MogA and MoeA
(105). Based on the conserved fusion event occurring
between eukaryotic MogA andMoeA and on the observed
interactions between E. coli counterparts in the presence
of PPT, Magalon et al. (105) suggested that during evo-
lution it became important to facilitate substrate-product
flow by the existence of a Moco-biosynthetic multienzyme
complex. Formation of such complexes would ensure both
the fast and protected transfer of reactive and oxygen-
sensitive intermediates within the reaction sequence
from PPT to Mo-PPT. These data pointed to a concerted
mechanistic action of MogA and MoeA, and this concept
was later fully supported by biochemical analyses (82, 87),
as seen below. Previous biochemical studies had indicated
that newly formed PPT remains tightly bound to the PPT
synthase complex until its transfer to MogA by direct
protein interaction (88). The same applies to the newly
synthesized adenylated PPT remaining associated with
Cnx1-G (equivalent to MogA) (82). Later on, Llamas et al.
(87) demonstrated that PPT-AMP and molybdate bind
with high affinity in a cooperative and equimolar manner
to Cnx1E. Once transferred from Cnx1G to Cnx1E, PPT-
AMP is rapidly hydrolyzed in the presence ofMg2+ or Zn2+

in a molybdate-dependent manner with rates that are
several orders of magnitude higher than PPT-AMP syn-
thesis (82). Therefore, PPT-AMP synthesis seems to be
the rate-limiting step in Cnx1 reaction. Recently, estab-
lishment of a fully defined in vitro system with the full-
length gephyrin protein (equivalent to the plant Cnx1
and corresponding to a MogA-MoeA fusion) allowed re-
searchers to confirm that the intimate interaction between
MogA and MoeA domains significantly enhances the
overall catalytic efficiency (106). Overall, these results sub-
stantiate the idea according to which substrate-product

channeling is operating within the reaction sequence from
PPT toMo-PPT andmay be responsible for the functional
origin of a domain fusion in eukaryotes exemplified by
Cnx1 or gephyrin. In summary, MogA and MoeA are
both essential for the two-step reaction leading to metal
transfer to PPT (Fig. 4).

While the reaction mechanism that leads to the forma-
tion of Mo-PPT is known, in which order, however, must
those steps take place that lead not only to nucleotide
addition, but also to the formation of a bis-PPT-type
cofactor? At first, the mobAB locus is responsible for
nucleotide attachment in E. coliMoco biosynthesis (Fig. 4
and Table 1). MobA catalyzes the conversion of PPT and
GTP to PGD (107), whereas MobB, a GTP-binding
protein, is not absolutely required for PGD synthesis (44,
108). Using a fully defined in vitro system, Temple and
Rajagopalan (109) demonstrated that MobA alone, when
incubated with GTP, Mg2+, and a source of PPT, catalyzes
the formation of PGD, indicating that it is both necessary
and sufficient for GMP attachment. Specific protein-
protein interactions have already been shown to play a
central role in the early stages of Moco biosynthesis
(110). In the same way, Magalon et al. (105), with the use
of a bacterial two-hybrid approach, were able to dem-
onstrate that MobA interacts with MoeA and MobB
in vivo (Fig. 5). In particular, the interaction between
MobA and MoeA strictly depends on the presence of
PPT. The crystal structure of MobA was solved and
indicated an overall α/β architecture and a nucleotide-
binding Rossmann fold within the N-terminal half (111,
112). The active site was defined by highly conserved
residues as well as by cocrystallization of MobA with
GTP that is bound in the N-terminal half (111). An im-
portant finding was that MobA can also be copurified
along with PPT and PGD, demonstrating a tight binding
of both its substrate and product (113).

Consistent with its ability to bind GTP, the amino acid
sequence of MobB reveals a putative nucleotide-binding
motif, the Walker A motif. Crystal structure of MobB
indicated a dimeric state of the protein and confirmed
the lack of structural elements required to interact with
and efficiently bind a nucleotide base (114). Structural
homologues of MobB include a number of nucleotide-
binding proteins. Based on the observation that MobA
and MobB interact in vivo, McLuskey et al. (114) pro-
posed a model in which the formation of a MobA-MobB
complex enhances the efficiency of conversion of PPT to
PGD through better GTP binding and utilization.
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Interestingly, MobB not only interacts with MobA, but
also with MogA and MoeA (105) (Fig. 5). The functional
significance for such interactions is not yet understood.
It is worth mentioning that MobB does exist in some
organisms as a fusion protein with MoeA in Gamma-
proteobacteria such as Vibrio species and Shewanella
oneidensis (Fig. 6). In this case, MoeA exists in two forms,
fused with MobA or not, both forms harboring the
essential catalytic residues. In other bacteria such as
Chlorobium species or Geobacter metallireducens, MobB
is fused with MobA. An extensive network of protein
interactions has thus been revealed among proteins in-
volved in the final stages of Moco biosynthesis. Although
clear understanding of these steps has not yet been
attained, these data provide further evidence that the
processes of Mo insertion and of dinucleotide attach-
ment are strongly linked. Clearly, an understanding of
the exact function played by MobB in Moco biosynthesis
awaits further studies.

Recently, members of the XO family have been identified
in E. coli with XdhABC, XdhD, and PaoABC (94, 102,
103). All three enzymes bind Mo-PCD (i.e., pyranopterin
cytosine dinucleotide) as a cofactor, thereby requiring
an alternative factor to MobA for nucleotide addition
during PCD biosynthesis. Indeed, PCD formation is cat-
alyzed by MocA sharing nearly 20% of sequence identity
with MobA (95). MocA exhibits a CTP:molybdopterin
cytidylyl transferase activity thanks to a range of amino
acid substitutions allowing high affinity toward the py-
rimidine nucleotide CTP (115). Interestingly, two sepa-
rate domains have been defined in both MobA and MocA
and are associated with distinct functions. While the
N-terminal domain defines specificity toward nucleotide
binding, the C-terminal domain allows specific interaction
with the target Mo-enzymes in conjunction with their
requirement for either a PCD- or PGD-type cofactor.

Further Modifications of the Cofactor
Apart from the nucleotide addition in prokaryotes, a
distinct modification of the cofactor consists in the ex-
change of a Mo oxygen ligand with a sulfur atom.
Sulfurated Moco is the characteristic form of the cofactor
present in all members of the XO family (116) but also in
a few members of the Mo/W-bisPGD family (117, 118,

119, 120). To date, genetic and biochemical studies have
provided evidence for the participation of a chaperone
protein dedicated for its target Mo-enzyme and which
is involved in the sulfuration step. The current working
model states that these proteins not only ensure pro-
tected sulfuration of the Mo cofactor, but also its sub-
sequent incorporation into target enzymes timely with
other metal insertion and folding processes. This has
been illustrated by XdhC for the xanthine oxidoreductase
in R. capsulatus (121). XdhC specifically promotes the
sulfuration of Mo-PPT by interaction with a cysteine
desulfurase, which transfers the sulfur to Moco bound to
XdhC. XdhC protects the sulfurated form of Moco from
oxidation before its transfer into apoXdhAB (122). Im-
portantly, to prevent all available Mo-PPT in the cell
from being converted to Mo-bisPGD and to guarantee a
Mo-PPT supply for XdhAB, XdhC interacts with MoeA
and MobA proteins involved in the final stages of Moco
synthesis (123). Whereas interaction with MoeA allows
Mo-PPT transfer to XdhC, its interaction with MobA
prevents Mo-bisPGD formation.

Recently, Thome et al. (124) reported that FdhD, a
chaperone dedicated to the formation of active formate
dehydrogenases in E. coli, is a sulfurtransferase between
the major cysteine desulfurase IscS and FdhF. In partic-
ular, the interaction of IscS with FdhD results in a sulfur
transfer in the form of persulfides bound by conserved
cysteine residues in FdhD. Furthermore, formate dehy-
drogenase activity of FdhF is sulfur dependent and crit-
ically depends on the integrity of the conserved cysteine
residues of FdhD. Overall, these results strongly suggest
that formate dehydrogenases in E. coli harboring Mo-
bisPGD as cofactor may require sulfuration of the Mo
atom for their reactivity. It is noteworthy that the X-ray
crystal structure of the tungsten-containing formate
dehydrogenase from Desulfovibrio gigas sharing high
structural similarity with FdhF reveals the presence of
an additional sulfur atom at the tungsten coordination
sphere (117). Furthermore, reinterpretation of the X-ray
data of E. coli FdhF shows that sulfur refines better than
oxygen at the apical position of the molybdenum coor-
dination sphere (118). In a more recent study, Arnoux
et al. (125) reported that E. coli FdhD binds Mo-bisPGD
in vivo and has submicromolar affinity for GDP, used as a
surrogate of the Moco’s nucleotide moieties. The crystal

Figure 4 Mo insertion and nucleotide addition (step 4). See the text for description of the reaction mechanism leading to Mo addition and of the
different postulated pathways for the nucleotide addition step leading to the Mo-bisPGD molecule. doi:10.1128/ecosalplus.ESP-0006-2013.f4
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structure of E. coli FdhD shows that each monomer folds
into two domains, an N-terminal domain (NTD; resi-
dues 1 to 97) that is unique to the FdhD family, and a
C-terminal domain (CTD; residues 142 to 277) bearing
some structural homology with the cytidine deaminase
fold. A long loop connects the NTD to the CTD in FdhD
(residues 98 to 146). This loop is disordered, in part, in
each monomer with residues 113 to 131 not visible in the
electron density map. Remarkably, this disordered part of
the loop contains the pair of cysteine residues (Cys121–
Cys124) shown to be functionally important (124). It is
more interesting that this crystal structure of E. coli FdhD
was obtained in complex with GDP at 2.8 Å, revealing
two symmetrical binding sites located on the same face of
the dimer (Fig. 7). These binding sites are connected via a
tunnel-like cavity to the opposite face of the dimer where
two dynamic loops, each harboring two functionally im-
portant cysteine residues, are present. A striking feature
in the crystal structure of the FdhD/GDP complex is the

distance that separates the two GDP moieties in the
dimeric complex. Indeed, this distance approximately
corresponds to the distance observed in Mo-bisPGD-
containing enzymes. For example, the distance between
the two N2 atoms of the guanine base is on average 32.9 ±
1.2 Å in a selection of 13 independent Mo-bisPGD-
containing enzymes, while it corresponds to 28.8 Å in
FdhD. Furthermore, the large solvent exposed pocket
that is present between the two GDP molecules in the
FdhD/GDP complex could accommodate such a large
molecule as shown by molecular modeling. The current
working model anticipates a sophisticated mechanism by
which the sulfur is transported from IscS on one side of
the FdhD dimer to the molybdenum cofactor on the
other side before its final insertion into formate dehydro-
genases. Therefore, Mo cofactor sulfuration step goes
beyond the biosynthesis itself; rather, it is part of a pro-
cess by which the synthesized cofactor is trafficked to the
target enzymes by dedicated chaperones.

Figure 5 Interactions network among Moco biosynthetic proteins in E. coli during the four-step process. The arrows represent the interactions
as detected by using bacterial two-hybrid methodology, TAP-Tag, or biochemical assays (see the text for details and references). doi:10.1128/
ecosalplus.ESP-0006-2013.f5
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ASSEMBLY OF MO-ENZYMES AND
INSERTION OF MOCO
Prokaryotic Mo-enzymes constitute a large and diverse
group of metalloproteins harboring several metal co-
factors (hemes b and c, [Fe-S] clusters) in addition to
the Moco (2, 126). X-ray crystallographic studies of
all known Mo-enzymes revealed that the Moco is not
located at the surface of the protein, but it is buried
deeply within the enzyme and, in some cases, in close
proximity to [Fe-S] clusters (see for review, references
127 and 128). This observation suggests that Moco in-
sertion is intimately connected to protein folding and
subunit assembly.

Another consideration is that, once Moco is liberated
from the holoenzyme, it loses Mo and undergoes rapid
and irreversible loss of function due to oxidation.
Consequently, the lability of the cofactor has limited
elucidation of the biosynthesis of Mo-bisPGD and its
incorporation into Mo-enzymes. To date, it is assumed
that there is no free Moco present in the cell and that
Moco occurs permanently protein bound in the cell.
Since the availability of sufficient amounts of Moco is
essential for the bacterial cell to meet its changing de-
mand for synthesizing Mo-enzymes, the existence of a
Moco-storage protein would be a good way to buffer
supply and demand of Moco. In contrast to the green
algae Chlamydomonas reinhardtii (129, 130, 131) or the
plant Arabidopsis thaliana (132) where Moco carrier
proteins (MCP) shuttle synthesized Moco from the bio-
synthetic machinery to the apo-Mo-enzymes, a complex
of proteins involved in the last steps of Moco synthesis is
in charge of Moco delivery to different apo-Mo-enzymes
in E. coli (105, 133). This process appears to be highly
regulated and assisted by enzyme-specific chaperones (also
named REMPs for redox enzyme maturation proteins

[134]). These proteins are in charge of coordinating the
metal insertion and folding processes and are not part of
the final structures.

Early work in Giordano’s group has shown that a lesion
in the narJ gene present in the nar operon, encoding for
the nitrate reductase A complex, blocks the generation of
an active enzyme complex (135). Similarly, the fdhD and
fdhE genes flanking the fdo operon encoding for the
aerobic formate dehydrogenase-O complex in E. coli have
been shown to be essential for synthesis of both active
formate dehydrogenase-O and -N (136, 137). Because of
its essential character, the NarJ protein has constituted
the prototype of an accessory protein for Mo-enzymes in
prokaryotes. Later on, many groups reported the impli-
cation of similar proteins in the synthesis of active
Mo-enzymes, such as trimethylamine-N-oxide (TMAO)
reductase (138), dimethyl sulfoxide (DMSO) reductase
(139, 140, 141), periplasmic nitrate reductase (142, 143,
144), putative tetrathionate reductase (145), or xanthine
dehydrogenase (121, 146). This list considerably expanded
with the genomic era, and numerous operons encoding
for prokaryotic Mo-enzymes have revealed the existence
of additional genes, each encoding for a putative enzyme-
specific chaperone (see for review, reference 126).

As recently reviewed by Grimaldi et al. (2), the modular
organization of many Mo-enzymes can involve multiple
subunits and can be tethered to the cytoplasmic mem-
brane often through b-or c-type cytochromes. The mem-
brane subunits connect the cytoplasmic or periplasmic
redox reactions with electron transport to or from the
respiratory quinone/quinol pool (see for review, refer-
ence 147). In addition to the Sec machinery, membrane
insertion may require the help of the accessory protein
YidC (148). These enzymes can form subcomplexes of

Figure 6 Schematic representation of the fusion proteins
involving MobB. Identity percentages are indicated by
using E. coli proteins as reference. doi:10.1128/ecosalplus.
ESP-0006-2013.f6
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cytoplasmic subunits in the absence of the membrane-
anchoring subunits, and these subcomplexes can retain
oxidoreductase activity, although this activity is uncou-
pled from the electron transfer chain. This suggests
that the attachment of the enzymes to the membrane by
their membrane anchor subunits is the last step in
complex assembly. Within the prokaryotic cell, successful
synthesis and assembly of Mo-enzymes is thus an intri-
cate process that requires several steps such as the syn-
thesis of the different subunits in the cytoplasm, their
assembly, the incorporation of various types of metal or
organic cofactors, and the anchoring of the complex
to the membrane. In the case of periplasmic or outer-
membrane Mo-enzymes, the assembly and metal cofac-
tor incorporation steps takes place in the cytoplasm be-
fore translocation across the inner membrane via the Tat
apparatus (149). Importantly, enzyme-specific chaper-
ones often assist formation of active Mo-enzymes. In

this context, Li et al. (150) reported the interaction of
the enzyme-specific chaperone DmsD with a number
of general chaperones illustrating their more general
participation in metalloenzyme maturation. Altogether,
these enzyme-specific and general chaperones may func-
tion to stabilize the substrates against misfolding and
proteolysis, such that a certain level of structure is ac-
quired before Moco insertion can proceed, as well as to
help escort Tat substrates to the translocon while pre-
venting early engagement with the Tat machinery. Bac-
terial Tat systems export folded proteins, including
[Fe-S]-containing proteins, partner subunits of most ex-
ported Mo-enzymes, but also proofread these substrates.
When Tat substrates are misfolded, they are subjected
to proteolysis, likely through a Tat-independent process
(151, 152, 153). Although it is most likely that all these
events occur in a coordinate fashion to yield a final
functional multimeric metalloprotein, information about

Figure 7 Space-filling structure of different REMPs for Mo/W-bisPGD enzymes. (A) NarJ-like from Archaeoglobus fulgidus (PDB ID code 2o9x).
(B) DmsD from Escherichia coli (PDB ID code 3efp). (C) TorD monomer from Shewanella massilia (PDB ID code 1n1c). (D) NapD from E. coli
(PDB ID code 2jsx). (E) FdhD dimer from Escherichia coli in complex with GDP (PDB ID code 4PDE). (F) FdhE from Pseudomonas aeruginosa
(PDB ID code 2fiy). NarJ-like, DmsD, and TorD belong to the Pfam PF02613 family. Individual figures were generated with PYMOL (223) by
using the deposited coordinates from the protein structure database. The proteins are represented in cartoon with α-helices colored in red and β-
sheets colored in yellow. Two GDPs are cocrystallized with FdhD, while two iron atoms are coordinated by FdhE (represented by green spheres).
doi:10.1128/ecosalplus.ESP-0006-2013.f7
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how this coordination is performed is scarce. Most of
the available information concerns members of the Mo/
W-bisPGD and XO families and will be extensively de-
scribed below. Concerning the maturation of aldehyde
oxidoreductase and sulfite oxidase family enzymes, no
enzyme-specific chaperones have yet been reported while
the presence of several cofactors within the catalytic
subunit or the periplasmic location of the enzyme
precludes involvement of enzyme-specific chaperones
(see below).

Enzyme-specific chaperones have been grouped in a
much larger classification encompassing other metallo-
proteins than Mo/W-enzymes, the REMPs (134). Those
proteins, in common, interact with specific partner sub-
units either to prevent premature folding or to induce a
proper folding but not being part of the final structures.
When considering the REMPs associated with Mo/W-
enzymes, a broad range of functions can now be assigned
to them thanks to extensive biochemical studies during
the past two decades. Functions ranged from binding to
the N-terminal signal peptide, or to a remnant one, to FeS
binding, Moco binding, or its sulfuration (10). This list is
far from being exhaustive because the exact function of a
number of them is still unclear. At this stage, as exem-
plified below, one can conclude that a salient feature of
those REMPs associated with Mo/W-enzymes is their
multifunctionality, making it difficult to classify them
according to their function. On the contrary, these pro-
teins can be divided into subfamilies according to
structural data. X-ray structures of several REMPs asso-
ciated with Mo/W-enzymes revealed the existence of
single-domain proteins sharing a common all-helical fold
(145, 154, 155, 156, 157, 158) and allowing the descrip-
tion of a new family of chaperones (Pfam PF02613) to
which NarJ, DmsD, and TorD belong (Fig. 7). It has to be
mentioned that their limited size (less than 250 residues)
precluded any reliable structure-guided phylogenetic
analysis. Furthermore, distinct folding is associated with
all other REMPs, such as NapD, FdhD, FdhE, and XdhC,
sharing no sequence homology. As developed below,
these four proteins are involved in distinct functions.
The actual view is that a single folding state of the REMPs
as deduced from X-ray data can hardly be reconciled
with their multifunctional character. A better under-
standing of this structure-function relationship would be
most welcome and may be attained through more sys-
tematic consideration of their structural flexibility, which
bestows their multifunctionality, and a structure-guided
search of domains associated with a specific function.

Maturation of Mo/W-bisPGD Enzymes
The archetypal NarGHI-NarJ couple
The first step of the bacterial denitrification pathway is
catalyzed by the cytoplasmically oriented membrane-
bound NarGHI-type nitrate reductase (i.e., nNar) which
is directly coupled to the generation of a pmf to sustain
cell growth (Fig. 8). The nNar is largely conserved among
all nitrate-respiring bacteria. The enzyme has been ex-
tensively studied in mesophilic nitrate-reducing bacteria,
such as the ammonifier E. coli and the denitrifiers Para-
coccus and Pseudomonas species. The E. coli nNarGHI
enzyme has been crystallized (159, 160), and, apart from
serving as the prototype in our understanding of the
structure and function of respiratory nitrate reductases in
other bacteria, it was also one of the first Mo-enzymes
whose maturation pathway was intensively studied. In
the early 1990s, initial biochemical and genetic studies
indicated that the NarJ protein encoded by the narGHJI
operon plays an essential role in nitrate reductase activ-
ity, promoting correct assembly of the enzyme complex
without being part of the final structure (135). Based
on these properties, a role as a private or system-specific
chaperone was proposed (135, 161, 162). E. coli synthesizes
a second nitrate reductase complex, the nNarZYV iso-
enzyme, whose maturation involves the NarW protein, a
NarJ homologue, which is interchangeable with NarJ (163).

Recent progress in the functions associated with the
NarJ chaperone has provided significant insights into
this process (164, 165, 166) (Fig. 9). Two distinct NarJ-
binding sites were mapped on the NarG catalytic subunit,
one of them corresponding to the N terminus (167). NarJ
binding to this region represents part of a chaperone-
mediated quality control process preventing membrane
anchoring of the soluble and cytoplasmic NarGH com-
plex before all maturation events have been completed.
In particular, NarJ ensures complete maturation of the
b-type cytochrome NarI by proper timing for membrane
anchoring of the cytoplasmic NarGH complex (164).
Indeed, the absence of the proximal heme bP in a narJ
strain has been interpreted as the result of a loss of co-
ordination between maturation of the NarI and NarGH
components since both hemes are inserted in the absence
of the catalytic dimer and NarJ. This process strongly
resembles the “Tat proofreading” of periplasmic me-
talloproteins, of which the best-studied example relates
to EcTorA (168). This idea is further supported by the
similarity between the Tat signal peptides and the N
terminus of the nonexported nNarG (134, 169). More-
over, in archaea and some bacteria, the NarG sequence
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harbors a typical Tat signal peptide responsible for
the periplasmic localization of the NarGH complex (see
for review, reference 2). A second yet undefined NarJ-
binding site within the catalytic subunit NarG is re-
sponsible for sequential insertion of the FeS cluster
(FS0) followed by Mo-bisPGD (164). The exact function
of NarJ in this process is unclear. Nevertheless, NarJ is
an indispensable component of the Moco insertional
process in authorizing the interaction of the apoenzyme
with a complex made up of several cofactor biosynthetic
proteins in charge of Moco delivery (167).

A combination of biophysical approaches allowed for
the recognition mode between NarJ and the N terminus
of NarG to be deciphered. NMR structural analysis
demonstrated that the N terminus of NarG adopts a
helical conformation in solution that remains largely
unchanged upon NarJ binding (165). NarJ recognizes
and binds the helical NarG(1–15) peptide within a highly
conserved and elongated groove, mostly via hydrophobic
interactions (165, 166). Mechanistically, isothermal titra-
tion calorimetry and BIAcore experiments support a
model whereby the protonated state of the chaperone
controls the time dependence of peptide interaction

(165). Protonation of a specific residue of NarJ increases
the affinity toward the N terminus of NarG, in particular,
via the lifespan of the complex. A tentative model for the
physiological NarJ chaperone cycle can be deduced from
these data and initiates with the rapid binding of the N
terminus of NarG by the protonated chaperone at high
affinity (KD ∼3 nM) followed by its release at a later stage
of the process by a deprotonated chaperone at lower
affinity (KD ∼3 μM) and reduced lifespan once cofactor
loading and protein folding are complete. The nature
of the signal that may trigger dissociation of the com-
plex remains unclear; however, preliminary results from
structural analysis of the apo-Mo-NarGH complex pro-
duced in the absence of NarJ are consistent with a sub-
stantial conformational change of NarG allowing access
to the interior of the protein to metal cofactors (Magalon
A, unpublished data). Structural modifications associated
with metal cofactor insertion within NarG may thus be
responsible for NarJ dissociation from the N terminus.

A second yet undefined NarJ-binding site within the cat-
alytic subunit NarG is responsible for sequential in-
sertion of the proximal [Fe-S] cluster (FS0) and of the
Mo-bisPGD (164). Moreover, NarJ-assisted FS0 insertion

Figure 8 Schematic representation of the membrane-bound nitrate reductase from E. coli. The NarGHI complex is surface-represented (PDB ID
code 1q16) and represented as a homodimer. NarG is colored in pink and in green, NarH in yellow and in cyan, and NarI in gray and fuchsia. The
cytoplasmic membrane is represented as two ellipses, one colored in red at the interface with the periplasm and the other one colored in blue at the
interface with the cytoplasm. Metal centers are shown on the left. The Mo-bisPGD is buried in NarG close to the [Fe-S] cluster (FS0). NarH
harbors 4 [Fe-S] clusters: FS1, FS2, FS3, and FS4. NarI harbors two b-type hemes: bP (P as proximal) and bD (D as distal). doi:10.1128/ecosalplus.
ESP-0006-2013.f8
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constitutes a prerequisite for Mo-bisPGD insertion
(Fig. 9). This was later confirmed by X-ray structural
analysis of specific mutants of the FS0 coordination
sphere (170). Overall, while the lack of Mo-bisPGD does
not preclude FS0 insertion, substitution of cysteine
ligands of the FS0 cluster or the absence of NarJ prevents
insertion both of FS0 and of Mo-bisPGD. The exact
function of NarJ in this process is unclear. Nevertheless,
NarJ is an indispensable component of the Mo-bisPGD
insertional process in authorizing the interaction of
apoNarGH with a complex made up of several cofactor
biosynthetic proteins in charge of Mo-bisPGD delivery
(133).

The multifunctional character of this enzyme-specific
chaperone raises the question, at a structural level, of how
this can be achieved. Indeed, as mentioned above, NarJ
belongs to a new family of proteins sharing a common
fold (Pfam PF02613). It is tempting to speculate that
the ability of NarJ to recognize and interact with distinct
sites of a metalloprotein partner or with several metal-
loprotein partners is based on a structural flexibility.
Initial NMR studies conducted on E. coli NarJ reported a
global change of the 1H,15N-HSQC spectrum of NarJ
upon peptide binding, which has been interpreted as
the result of a conformational change upon complex
formation. Recently, the combination of site-directed

Figure 9 Biogenesis model of the E. coli nitrate reductase A (NarGHI) and the TMAO reductase (TorCA) complexes. NarG and NarH constitute
the catalytic dimer, while NarI is the b-type membrane anchor subunit of the complex. NarI maturation takes place in the inner membrane where
the two b-type bD and bP hemes are sequentially inserted. Concomitantly, the apoNarGH complex retained by the enzyme-specific chaperone
NarJ in the cytoplasm is maturated. First, [Fe-S] clusters are inserted in the NarH subunit through the action of one of the [Fe-S] biosynthetic
machineries. Second, both Moco and its proximal [Fe-S] cluster, FS0, are inserted in the catalytic subunit NarG in a NarJ-dependent manner.
On complete maturation of the NarGH complex, NarJ dissociates, allowing membrane anchoring of the NarGH dimer. TorA constitutes the
catalytic subunit of the TMAO reductase system and harbors a twin-arginine signal peptide at the N terminus. Early interaction of the enzyme-
specific chaperone TorD on apoTorA facilitates Moco insertion. Subsequently, mature TorA is exported to the periplasm through the Tat
translocase. TorC, a pentahemic membrane-bound cytochrome c, constitutes the electron donor to TorA. Whatever the considered system, Moco
insertion proceeds as the action of a multiprotein complex of Moco biosynthetic proteins and chaperones (70, 125). doi:10.1128/ecosalplus.ESP-
0006-2013.f9
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spin-labeling electron paramagnetic resonance spectros-
copy and ion mobility mass spectrometry has unearthed
conformational substates of the dedicated chaperone
NarJ and during the partner binding process, revealed
distinct molecular species and conformational dynamics
(166). In particular, NarJ is represented by at least three
discrete conformations in equilibrium. Furthermore,
evidence was provided for the existence of a conforma-
tional selection mechanism operating during binding of
the N terminus of NarG by NarJ. Therefore, the binding
of the N terminus of NarG results from the selection of
an accessible conformation of the NarJ chaperone and
its further rearrangement induced upon protein recog-
nition. It may be anticipated that a structural flexibility
of the chaperone is at play for other members and even is
a common feature as deduced from the observation of
several disordered regions (154, 155, 171). In support of
this idea, different folding forms of the EcTorA-specific
chaperone TorD are associated with different biological
activities (172). The function of these chaperone proteins
is not restricted to the recognition and binding of the
N terminus of the nascent metalloprotein, but includes
their participation in metal cofactor insertion processes
through additional contacts with their specific partner.
However, no information is available concerning the
binding interface for the multiple partners of the REMPs
involved in metal center delivery during the assembly
process of the cognate metalloprotein. In this context,
stabilization of a specific conformer of NarJ with NarG(1–
15) peptide binding and thus redistribution of the protein
conformational ensembles recalls allostery, a mechanism
by which binding of the ligand at one site can affect bind-
ing of others through a propagated change in the protein
shape (173). Overall, the shift in population resulting from
binding the N terminus of the cognate Mo-enzyme could
be one of the keys to facilitate subsequent binding of ad-
ditional partners at yet unidentified sites of NarJ.

In the absence of NarJ, a global defect in metal incor-
poration into NarGHI is observed. In addition to both
metal cofactors of the catalytic subunit NarG, the prox-
imal heme bP is absent because of the loss of coordination
between maturation of the NarI and NarGH components
(164). Finally, the absence of NarJ did not affect the
stability or the cellular distribution of the apoenzyme that
remains largely associated to the cytoplasmic membrane
(167, 174). An explanation may derive from the analysis
of the apoNarGHI structures lacking either the Mo-
bisPGD (PDB ID code 1siw) (175) or both FS0 and
Mo-bisPGD (PDB ID code 3ir6) (170). In both cases,

GDP moieties can be inserted into positions corre-
sponding to GDP-P and GDP-D, thus conferring a rel-
ative structural stability to the enzymatic complex. Such
a situation has also been encountered in the case of the
CO dehydrogenase from Hydrogenophaga pseudoflava
expressed from tungstate-grown cells (176) or in the case
of the Rhodobacter sphaeroides DorA protein heterolo-
gously expressed in a Mo-bisPGD deficient E. coli strain
(109). One could envision that the chaperone either
catalyzes the rapid exchange of the nucleotides for Mo-
bisPGD or prevents nucleotide insertion through direct
contacts with the metalloenzyme.

Altogether, these data demonstrated that NarJ orches-
trates metal cofactor insertion, subunit assembly, and
membrane-anchoring steps during the maturation of
the NarGHI complex (Fig. 8). NarJ proofreads metal
center insertion within the catalytic subunit before mem-
brane anchoring through binding to a remnant Tat signal
peptide. The underlying mechanism described herein is
comparable to the one that occurs during translocation
of Tat substrates. Importantly, it can be inferred from
comparison with other multimeric Mo-enzymes that the
multiple functions played by NarJ in the biogenesis pro-
cess of the nitrate reductase complex will be extended to
other related systems (Fig. 9). Indeed, the phylogenetic
tree from sequence comparison of the catalytic subunit
of all known archaeal and bacterial Mo-enzymes be-
longing to the Mo/W-bisPGD family indicates that all
contain a [Fe-S] cluster in close proximity to the Mo/
W-bisPGD with the exception of a small clade including
DorA/TorA/BisC enzymes only present in proteobacteria
(8, 9). This taxonomic distribution indicates that the
entire group of DorA/TorA/BisC enzymes arose at a late
stage on the microbial evolutionary timescale. Accord-
ingly, their REMPs (with TorD as prototype) may have
lost the function associated with the strict requirement
in FS0 insertion prior to Mo-bisPGD, as seen in NarJ.

The periplasmic and multimeric
Mo-bisPGD enzymes
The DMSO reductase DmsABC and formate dehy-
drogenase FdnGHI, two periplasmically oriented and
membrane-bound heterotrimeric complexes in E. coli,
share strong similarities in terms of subunit and redox
cofactor composition with the NarGHI complex and may
follow the same folding and assembly pathways and be
assisted by a system-specific chaperone sharing func-
tional similarities to NarJ.
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Oresnik et al. reported that DmsD is essential for the
assembly of a fully active DmsABC complex (140). The
dmsD gene (formerly ynfI) is part of the ynf operon
encoding putative Tat targeted selenate reductases (177,
178). Interestingly, DmsD ensures the folding and as-
sembly of both the DmsABC and the two putative sele-
nate reductases, which contrasts with the usual exquisite
specificity displayed by the so-called enzyme-specific
chaperones (178). The strong sequence similarity of the
corresponding catalytic subunits may explain such be-
havior. X-ray structural analysis of DmsD from E. coli
(PDB ID codes 3efp and 3cw0) (157, 158) and Salmonella
enterica serovar Typhimurium (PDB ID code 1s9u)
(156) indicate an all-helical architecture as in NarJ and
TorD. DmsD displays a structural plasticity, as revealed
by the existence of different folding forms (171) or a
disordered loop in the X-ray data (156), which may
be beneficial for interaction with multiple partners as
suggested above for NarJ. Furthermore, DmsD was iso-
lated as a protein binding the Tat signal peptide of DmsA
with a KD ∼220 nM (140, 171). Its ability to interact
with two components of the Tat translocase, namely
TatB and TatC located in the inner membrane, suggests
a role in delivering the DmsAB substrate to the TatBC
receptor complex (179, 180). More recently, DmsD has
been shown to interact with general chaperones and
with several Moco biosynthesis proteins extending its
interactome (150). Combining genetic, biochemical, and
structural analysis on EcDmsD, a pocket of surface resi-
dues important for signal peptide binding was modeled
and is made up of hydrophobic sections of three con-
served loops (158, 181). Microcalorimetric analysis of
peptide binding by either NarJ, DmsD, or TorD chap-
erones provide further support to the hydrophobic
character of the interaction (165, 171, 182). Finally,
deletion of the DmsA signal peptide results in the for-
mation of a less stable but soluble and cytoplasmically
active DmsAB complex (183). Accordingly, the DmsA
variant has likely benefited from the action of DmsD to
a second unidentified binding site for metal cofactor
acquisition. Concerted action of DmsD on both the sig-
nal peptide and most likely on a second site of the DmsA
protein, in the same way as NarJ, is thus required for
productive synthesis of DmsABC. For instance, Weiner’s
group recently reached the same conclusion to the
NarGHI enzyme (164) by showing that FS0 insertion
in the catalytic subunit DmsA is a prerequisite for
Mo-bisPGD insertion (184). In the case of NarGHI,
NarJ chaperone has been shown to be essential for FS0
insertion.

A number of periplasmic or periplasmically oriented
multimeric molybdo-enzymes of the Mo/W-bisPGD
family have been genetically or biochemically charac-
terized in different bacteria or archaea, such as the sele-
nate (185), nitrate (186), chlorate (187), or perchlorate
(188) reductases and the ethylbenzene (189) or dimethyl
sulfide (190) dehydrogenases. Considering their related-
ness to the NarGHI or DmsABC complexes and the
existence of an additional gene encoding for a NarJ/
TorD/DmsD-like chaperone protein in the correspond-
ing operons that include similar phylogenetic traits (9), it
is tempting to speculate that the folding and assembly of
these Mo-enzymes will follow the same trend (Fig. 9).
Exceptions are the periplasmic and multimeric arsenite
oxidase (Aro), polysulfide (Psr), and arsenate reductase
(Arr) enzymes that do not possess in their respective
operons an additional gene encoding for a REMP (191,
192). However, the presence of a Tat signal peptide and
of a [Fe-S] cluster together with the Mo-bisPGD in
the catalytic subunit support the hypothesis that their
maturation pathway will need assistance by an as yet
unidentified REMP that may be located elsewhere in the
genome. Examination of the phylogenetic tree that can be
inferred from comparative sequence analysis of the cat-
alytic subunit of those members of the Mo/W-bisPGD
family discloses the singular situation of the periplasmic
nitrate reductases (Nap) and formate dehydrogenases
forming two separate but closely related phyla and dis-
tant from the others (9). As developed below, peculiar
situations are encountered in those enzymes with the
participation of REMPs that do not belong to the NarJ
family (Pfam PF02613).

E. coli synthesizes three formate dehydrogenases. Two
of these are periplasmically oriented membrane-bound
respiratory complexes, namely, the nitrate-inducible
FdnGHI and the cryptic FdoGHI (193). Typical Tat sig-
nal peptides are present on the FdnG and FdoG catalytic
subunits. The third formate dehydrogenase, composed
of a single cytoplasmic subunit (FdhF), is part of the
formate hydrogenlyase complex (194). All three iso-
enzymes harbor a [4Fe-4S] cluster in addition to the
Mo-bisPGD cofactor in their catalytic subunit. Genetic
studies have demonstrated that both fdhD and fdhE
genes, located astride the fdo operon, are involved in the
formation of active formate dehydrogenase enzymes,
fdhE being restricted to periplasmic ones (136, 153, 195,
196, 197). Interestingly, FdhD and FdhE do not share any
structural similarity with other REMPs such as NarJ/
TorD/DmsD. FdhD contains several cysteine residues
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and displays a mostly helical architecture as revealed by
the crystal structure of FdhD from E. coli (PDB ID code
4PDE) (Fig. 7) (125). Careful analysis of the X-ray
crystal structure of E. coli FdhD in complex with GDP
shows the presence of a structural motif known to in-
teract with nucleotides: a α/β-Rossmann fold. FdhE is
an iron-binding rubredoxin that possesses four con-
served CX2C motifs essential both for FdhE stability
and biological function (198). As disclosed by the crystal
structure at 2.1 Å of FdhE from Pseudomonas aeruginosa
PAO1 (PDB ID code 2fiy), each two pairs of CX2C
motifs located in disordered loops coordinate an iron
atom with an as-yet unclear role (Fig. 7). It has to be
mentioned that, contrary to FdhD, FdhE is only required
for the activity of periplasmically located formate de-
hydrogenases, surmising its involvement in the translo-
cation event. However, if FdhE was shown to interact
both with the FdnG and FdoG catalytic subunits, a direct
role for a Tat proofreading chaperone has not yet been
demonstrated (198). Recently, Thome et al (124) re-
ported that FdhD functions as a sulfurtransferase be-
tween the major cysteine desulfurase IscS and FdhF.
As described above, Arnoux et al. (125) reported Mo-
bisPGD binding in vivo and proposed a working model
where FdhD ensures sulfuration of Moco and its sub-
sequent protected transfer to apo-formate dehydrogen-
ases, thereby combining sulfurtransferase and chaperone
activities. Such a mechanistic model not only explains
the presence of inorganic sulfur at the metal ion co-
ordination sphere of Mo- or W-formate dehydrogen-
ases (117, 118), but also its essential character for the
reactivity.

As in the case of the E. coli formate dehydrogenases,
folding and assembly of the periplasmic nitrate reduc-
tase (NapAB) involves two cytoplasmic proteins, NapD
and NapF, which do not display any sequence or struc-
ture similarity with other REMPs. Maillard et al. (199)
reported that E. coli NapD displayed a ferredoxin-type
fold and is involved in Tat signal peptide binding. Re-
cently, NMR studies reported that the Tat signal peptide
of NapA adopts a helical conformation during complex
formation with NapD and binds mostly through hydro-
phobic contacts (200). Despite the unrelated structures of
NarJ and NapD, a similar situation has been observed
with a helical conformation of the remnant signal pep-
tide of EcNarG (165). Moreover, detailed analysis of the
binding process by ITC revealed the existence of two
distinct populations of NapD, a minor one (35%) having
an apparent KD of ∼3 nM and a major one (64%) having

a much higher KD of∼140 nM (200). While no molecular
explanation for such a phenomenon in NapD is pro-
vided, protonation of a specific residue within the bind-
ing pocket of NarJ was shown to be responsible for such
variation of the binding constants. Altogether, these simi-
larities may point toward a common mode of action. On
the contrary, NapF interacts directly with the catalytic
subunit NapA, and may be involved in NapA folding and
assembly prior to export via the Tat translocon (201).
NapF harbors four conserved tetracysteine motifs coor-
dinating labile [Fe-S] clusters. Interestingly, NapF from
R. sphaeroides was shown to be required for [Fe-S] cluster
insertion within the catalytic subunit NapA (202). Re-
cently, Kern and Simon reported that a napF knockout
mutant accumulates the inactive cytoplasmic NapA pre-
cursor in Wolinella succinogenes (203). However, there
are many examples of organisms that lack napF such as
Campylobacter species. One may envision that the napF
gene could have been lost during evolution if it had been
functionally redundant in the cell.

In addition to formate dehydrogenases, the Mo/W-
bisPGD family includes other members for which an
additional sulfur ligand of the Mo atom is encountered
at the catalytic site. The X-ray crystal structure of the
periplasmic nitrate reductase (Nap) of Cupriavidus
necator was resolved at 1.5 Å and shows the presence
of a terminal sulfur ligand at the molybdenum coordi-
nation sphere (119). These results confirm X-ray data
obtained on the homologous NapA from Desulfovibrio
desulfuricans ATCC 27774, which revealed a unique
coordination sphere of six sulfur ligands bound to the
Mo atom (120). Although the resolution was not suffi-
cient to ascertain the identity of the Mo ligands in two
other Nap structures (204, 205), altogether, these obser-
vations raise the question of the sulfuration of the Moco
being a general feature of this group of enzymes. The
mechanism could be enzyme-specific, as described for
FdhD or for the R. capsulatus xanthine dehydrogenase
that requires XdhC for sulfuration (121, 122) (see below).
Alternatively, the sulfuration mechanism for Nap could
involve a sulfurtransferase dedicated to several enzymes,
as is the case for ABA3, the A. thalianaMoco sulfurase of
all members of the XO family. ABA3 carries L-cysteine
desulfurase activity and interacts with the Moco for
sulfuration of both xanthine oxidase and aldehyde oxi-
dase (206, 207, 208). In this regard, further work is re-
quired for the identification of the sulfurtransferase that
would be required for the sulfuration and thus enzymatic
activity of periplasmic nitrate reductases.
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The periplasmic and monomeric
Mo-bisPGD enzymes
While biogenesis of multimeric Mo-enzymes harboring a
[Fe-S] cluster and a Mo-bisPGD in the catalytic subunit
appears to be intricate and requires a REMP, what is the
situation in those monomeric Mo-enzymes (TorA/DorA/
BisC) harboring Mo-bisPGD as a sole prosthetic group?
Among them, BisC is the unique nonexported Mo-
enzyme, and it is unclear whether Moco insertion is
assisted by a REMP. Conversely, formation of an active
and periplasmically localized TorA/DorA enzyme relies
on the action of REMPs.

In E. coli, reduction of TMAO is mainly ensured by a
respiratory system encoded by the inducible torCAD
operon (209, 210). The terminal reductase, TorA, is a
periplasmic Mo-enzyme of 97 kDa harboring Mo-
bisPGD cofactor as the sole prosthetic group as disclosed
by the X-ray structure of the Shewanella massilia coun-
terpart (211). The last gene of the tor operon, torD, en-
codes a cytoplasmic protein of 23 kDa behaving as a
private chaperone of TorA (138). Interestingly, the TorD
chaperone from S. massilia forms multiple and stable
oligomeric species and has been crystallized as a dimer
with domain swapping between the two monomers
having an all-helical fold (PDB ID code 1n1c) (Fig. 7)
(154, 212). Nevertheless, the biological significance of
these oligomers is still under debate, because no gain of
function in terms of binding affinity, usually encountered
through domain swapping, has been observed on di-
merization. Pommier et al. (138) reported that a torD
knockout mutant produces twofold less but still active
and correctly localized TorA. Furthermore, the produced
enzyme in a torD strain is fully degraded under thermal
stress conditions, Moco deficiency, or molybdenum star-
vation (213). Instability of the apo-Mo-enzyme is also
observed with RcDorA, in the absence of the REMP DorD
(139). These observations differ markedly from the multi-
meric nitrate reductase where the absence of the NarJ
chaperone does not significantly affect the stability and
the cellular localization of the enzyme complex (167, 174).
An explanation can be provided by the initial formation
of a stable apo-NarGH complex prior to the action of NarJ
in comparison with the monomeric DorA/TorA enzymes.

As in the case of NarJ or DmsD, TorD interacts on two
distinct sites of the TorA enzyme; one of them is the Tat
signal peptide located at the N terminus (182, 214). This
property is a general principle for this new class of chap-
erones (Pfam PF02613). Considering the periplasmic

location of the TorA enzyme and the fact that Moco
incorporation is a strictly cytoplasmic event, it is im-
portant that export is prevented until all assembly pro-
cesses are complete. One of the mechanisms that ensures
proper coordination between cofactor insertion and ex-
port is based on the ability of the chaperone to shield the
signal peptide from interaction with the Tat translocase
until Moco insertion proceeds (168). This mechanism is
reminiscent of the protection of the N terminus of NarG
by NarJ to allow proper timing for membrane anchoring
of the soluble and cytoplasmic NarGH complex (164,
167). Interestingly, while TorD has a weak affinity for
GTP (KD∼ 370 μM), which is enhanced by signal peptide
binding (182), only the dimeric form displays a low in-
trinsic magnesium-dependent GTP hydrolysis activity
despite the absence of classical nucleotide-binding motifs
(172). The role of nucleotide binding or hydrolysis in
modulating the interaction between the signal peptide
and TorD remains unclear. Alternatively, Genest et al.
reported TorA signal peptide protection by TorD re-
gardless of the presence of Moco and or the Tat trans-
locase (215). At this stage, it is not clear whether TorD
binding to the signal peptide monitors the folding and
assembly of the substrate, or alternatively, retards the
export kinetics sufficiently to allow completion of the
Moco insertion process.

A second TorD-binding site was established on the core
of the TorA enzyme and is responsible for a confor-
mational change of the latter (138). With the use of an
in vitro system, Mo-bisPGD insertion within apo-TorA
was shown to be strongly facilitated by the presence
of TorD with no significant effect upon removal of the
signal peptide as judged by TorA activity (216, 217). In
this context, SAXS experiments have been conducted in
E. coli on a complex made between TorD and apoTorA
with or without its Tat signal peptide (218). These studies
further confirm that a stable complex between the chap-
erone and its target can be made independently of
the signal peptide. Binding to the core of TorA is medi-
ated by helix 5 of TorD and appears to be necessary for
Mo-bisPGD insertion (214). In this context, TorD was
shown to interact with Moco biosynthesis components,
including MobA, and Mo-PPT (214). The authors sug-
gest that TorD, while being dispensable, acts as a plat-
form connecting the last step of the synthesis of the
Mo-bisPGD with its insertion into TorA. The immediate
question raised by these observations is whether this role
is shared by other REMPs. An answer to this question
awaits further studies on various chaperones.
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Maturation of Mo-PPT Enzymes
While E. coli has been considered for a long time to only
synthesize Mo-bisPGD cofactor, a Mo-PPT-dependent
enzyme (YedYZ) belonging to the SO family (101),
and members of the XO family using Mo-PCD as co-
factor (XdhABC, XdhD and PaoABC), as well, were
also identified in this organism (94, 102, 103). A clear
distinction between the sulfite oxidases and xanthine
oxidoreductases is the presence of a sulfur atom on the
Mo coordination sphere in the latter. A conserved post-
translational mechanism from bacteria to eukaryotes for
Moco sulfuration has been studied in detail during the
past decade where a Moco-binding protein, through di-
rect interaction with a cysteine desulfurase, ensures both
the sulfuration step of the cofactor and its protected
transfer to the apo-Mo-enzymes. Whereas, in eukaryotes,
the two components are fused into a single polypeptide,
also called Moco sulfurase (206), this is not the case in
prokaryotes where a system-specific chaperone is oper-
ating together with a cysteine desulfurase (121, 122).

We will review the incorporation of sulfurated Mo-PPT
using R. capsulatus xanthine dehydrogenase as the model.
This enzyme consists of a cytoplasmic heterodimeric
complex (α2β2) that catalyzes the hydroxylation of hy-
poxanthine and xanthine, the last two steps in purine
degradation (128). The XdhA subunit contains two [2Fe-
2S] clusters in addition to flavin adenine dinucleotide
(FAD), while the XdhB subunit binds Mo-PPT (219) as
confirmed by the crystal structure (220). Functional
synthesis of the R. capsulatus XdhAB complex requires
the presence of an additional protein, XdhC (33 kDa),
encoded by the xdhABC operon, which entails binding
and sulfuration of Mo-PPT and participation in the in-
sertional process into XdhB subunit (146). Considering
the structure of the heterotetrameric enzyme and the
presence of three different metal centers, biochemical
and biophysical studies revealed that assembly of XdhAB
is a multistep process that occurs in an ordered manner.
It involves the synthesis and interaction of both subunits,
followed by [Fe-S] cluster and FAD insertion within
XdhA, dimerization of the XdhAB complex, and, finally,
insertion of sulfurated Moco into XdhB, resulting in
an active enzyme (221). Such a model is reminiscent of
the nitrate reductase complex where insertion of [Fe-S]
clusters precedes Moco insertion (164). Furthermore,
scrutiny of the crystal structure of the bovine xanthine
oxidase allowed Hille et al (128) to envision that rotation
of a small conserved domain of the protein is sufficient to
provide access to the interior of the complex as well as

defining a new interacting motif for the Moco insertion
machinery. Clearly, experimental investigations of the
Moco insertion process into a complex enzyme structure,
which may have to accommodate other metal centers
beforehand, are most required.

On the other extreme, it would be interesting to compare
the situation with a Mo-PPT enzyme of the sulfite oxi-
dase family that does not require sulfuration of the
cofactor. To date, no REMPs have been reported to be
involved in maturation of such enzymes. In particular,
E. coli YedY is a soluble periplasmic oxidoreductase that
contains Mo-PPT as the unique redox cofactor as dis-
closed by the crystal structure (101).

CONCLUDING REMARKS
Our understanding of the biological role and the function
of Mo is progressing rapidly. Now that most of the rel-
evant genes are cloned and the principles of Moco bio-
synthesis are known, research concentrates on the steps
beyond Moco biosynthesis, i.e., studying the release of
Moco from the biosynthetic complex, its transfer and
possible storage, its modification via sulfuration, and in-
sertion of Moco into diverse target enzymes. The latter
can be grouped into two classes. Class 1 is represented by
enzymes harboring Moco as the sole redox cofactor in
their catalytic subunit. This class groups essentially mo-
nomeric enzymes of the Mo/W-bisPGD family (Tor,
Dor, Bis), but also members of the SO and XO family
being either monomeric (YedY) or multimeric (XdhA,
XdhD, PaoC). Class 2 represents those enzymes (Nar,
Fdn, Nap, and Dms) that are multimeric and harbor a
[Fe-S] cluster in addition to Moco in their catalytic
subunit. Genomic analyses indicate that most of pro-
karyotic Mo-enzymes fall into class 2 and belong to the
Mo/W-bisPGD family. Accordingly, their REMPs are
markedly different: chaperones specific for class 1 en-
zymes only facilitate Moco insertion (with TorD as the
prototype) for Tor/Dor/Bis enzymes or add a sulfuration
step before its insertion for XO enzymes, while those
specific for class 2 enzymes (with NarJ as the prototype)
orchestrate sequential incorporation of both the [Fe-S]
cluster and Moco into the catalytic subunit. In the spe-
cific case of formate dehydrogenases and periplasmic
nitrate reductases, the associated REMPs would ensure
sulfuration of the cofactor and its subsequent insertion in
a coordinated fashion into a catalytic subunit harboring a
FeS cluster. There are several open questions to address.
How is the multienzyme complex for Moco biosynthesis
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organized? What is the detailed mechanism of Moco
insertion into target enzymes? In particular, how is Moco
trafficked from the multienzyme complex to the differ-
ent apoenzymes, and what is the exact function played by
class 2 REMPs in this process? How is Moco sulfurated
for enzymes that need a terminal sulfur ligand in the Mo
center? How is Moco biosynthesis regulated to meet the
changing demands of the cell for Moco? The coming
years will bring insight into the integration and (perhaps
unexpected) regulatory connections of Moco biosynthe-
sis and Mo-enzymes within the metabolic and physio-
logical network of the cell.
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