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a b s t r a c t

The trace element molybdenum (Mo) is the catalytic component of important enzymes involved in global
nitrogen, sulfur, and carbon metabolism in both prokaryotes and eukaryotes. With the exception of nitro-
genase, Mo is complexed by a pterin compound thus forming the biologically active molybdenum cofactor
(Moco) at the catalytic sites of molybdoenzymes. The physiological roles and biochemical functions of
many molybdoenzymes have been characterized. However, our understanding of the occurrence and
evolution of Mo utilization is limited. This article focuses on recent advances in comparative genomics of
Mo utilization in the three domains of life. We begin with a brief introduction of Mo transport systems,
olybdoenzyme
omparative genomics
volution

the Moco biosynthesis pathway, the role of posttranslational modifications, and enzymes that utilize Mo.
Then, we proceed to recent computational and comparative genomics studies of Mo utilization, including
a discussion on novel Moco-binding proteins that contain the C-terminal domain of the Moco sulfurase
and that are suggested to represent a new family of molybdoenzymes. As most molybdoenzymes need
additional cofactors for their catalytic activity, we also discuss interactions between Mo metabolism and
other trace elements and finish

Abbreviations: Moco, molybdenum cofactor; AOR, aldehyde:ferredoxin oxi-
oreductase; ABC, ATP-binding-cassette; SO, sulfite oxidase; XO, xanthine oxidase;
MSOR, dimethylsulfoxide reductase; MOSC, Moco sulfurase; Mop, Mo-binding
rotein; cPMP, cyclic pyranopterin monophosphate; MGD, molybdopterin guanine
inucleotide; XDH, xanthine dehydrogenase; AO, aldehyde oxidase; MCP, Moco
arrier protein; MoBP, Moco-binding protein; mARC, mitochondrial amidoxime
educing component.
∗ Corresponding author. Tel.: +1 617 5255122; fax: +1 617 5254705.

E-mail address: vgladyshev@rics.bwh.harvard.edu (V.N. Gladyshev).

010-8545/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.02.016
with an analysis of factors that may influence evolution of Mo utilization.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The trace element molybdenum (Mo) plays a critical role in
several metabolic pathways and functions as a catalytic compo-
nent of certain metalloenzymes that are essential for nearly all

living organisms, including animals, plants, fungi and bacteria
[1–3]. Enzymes containing Mo at their active sites catalyze oxo-
transfer reactions in the metabolism of carbon, nitrogen and sulfur
compounds [2–6]. With the exception of the multinuclear iron
(Fe)–Mo cofactor in nitrogenase [7,8], all Mo-dependent enzymes

dx.doi.org/10.1016/j.ccr.2011.02.016
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:vgladyshev@rics.bwh.harvard.edu
dx.doi.org/10.1016/j.ccr.2011.02.016
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molybdoenzymes) use this metal in the form of the Mo cofactor
Moco), which consists of Mo coordinated to an organic tricyclic
yranopterin moiety, referred to as molybdopterin [3–5,9–11]. In
ome microorganisms (mostly thermophilic archaea), tungsten (W)
s also coordinated by pyranopterin (Wco) [12,13,6]. In addition,

can be selectively transported into prokaryotic cells by certain
ransporters [14,15] and is an essential element for enzymes within
he aldehyde:ferredoxin oxidoreductase (AOR) family [16,17]. Due
o the chemical and physical similarities between Mo and W,
t is often impossible to distinguish the utilization of these two
lements based on sequence analysis of proteins and analysis of
etabolic pathways. In this review, the term Moco refers to the

tilization of both metals.
Identification of Mo transport systems and the Moco biosynthe-

is pathway are essential for characterization of the Mo utilization
rait. Three classes of high-affinity molybdate/tungstate ATP-
inding-cassette (ABC) transport systems have been reported in
rokaryotes, including ModABC, WtpABC and TupABC [14,15,18].

n contrast, eukaryotic Mo transport is poorly understood and only
high-affinity molybdate transport system, MOT1, was identified

n land plants and green algae [19,20]. On the other hand, Moco
iosynthesis is a conserved multi-step pathway that is similar in
rokaryotes and eukaryotes. This process depends on a set of gene
roducts that have been described in many research and review
rticles [1–6,9–11].

Molybdoenzymes (also including W-containing enzymes) cat-
lyze important redox reactions in the global carbon, nitrogen, and
ulfur cycles. More than 50 molybdoenzymes, mostly of bacterial
rigin, have been characterized so far [2–6]. These enzymes can
e grouped into four major families: sulfite oxidase (SO), xanthine
xidase (XO), dimethylsulfoxide reductase (DMSOR) and AOR (W-
ontaining). Each family could be further divided into a variety
f subfamilies based on substrate preferences [21,22]. Members
f all four families can be found in prokaryotes, whereas only a
imited number of enzymes belonging to the SO and XO fami-
ies occur in eukaryotes [9,23]. Very recently, novel Moco-binding
roteins have been reported in both eukaryotes (mARC in pig mito-
hondria) [24] and bacteria (YiiM and YcbX in Escherichia coli)
25]. These newly identified Moco-binding proteins share signif-
cant homology with the C-terminal domain of eukaryotic Moco
ulfurase (MOSC) and show catalytic activity strictly dependent
n Moco, suggesting that they belong to a novel molybdoenzyme
amily.

Recent dramatic advances in high-throughput sequencing
esulted in the generation of complete genomic sequences of a
arge number of organisms from the three domains of life. This
nformation provides an opportunity to examine occurrence and
volutionary trends of biochemical pathways that an organism
tilizes, including the pathway of Mo utilization. Comprehensive
nalyses of Mo transporters, the Moco biosynthesis pathway and
olybdoproteins may lead to a better understanding of utiliza-

ion and biological functions of Mo as well as their evolution. This
eview will focus on recent studies involving comparative genomics
nd phylogenetic analyses of Mo and discuss general evolutionary
rends of Mo utilization.

. Molybdenum transport and molybdenum cofactor
iosynthesis
Biosynthesis of Moco and its insertion into molybdoenzymes
epend on transport of molybdate anion, activation of molybdate,
nd finally incorporation of the activated Mo into molybdopterin
26]. A general scheme of Mo metabolism in prokaryotes and
ukaryotes is shown in Fig. 1.
Reviews 255 (2011) 1206–1217 1207

2.1. Molybdenum uptake systems

In bacteria, the first identified Mo transporter was the high-
affinity ModABC transport system, which consists of ModA
(molybdate-binding protein), ModB (membrane integral channel
protein) and ModC (cytoplasmic ATPase) [18,27,28]. In E. coli,
the modABC operon is regulated by ModE repressor, which may
sense intracellular levels of Mo and bind the promoter region of
modA [29,30]. E. coli ModE is composed of an N-terminal DNA-
binding domain (ModE N) and a C-terminal molybdate-binding
domain. The latter contains a tandem repeat of the Mo-binding
protein (Mop) domain, thus is also referred to as the Di-Mop
domain. The ModABC-ModE system is widespread in prokaryotes;
however, variations of ModE were also observed in Mo-utilizing
organisms [31,32]. Besides, two additional classes of Mo/W ABC
transport systems with different substrate affinity, WtpABC (dual
specificity for Mo/W) and TupABC (W-specific), were identified
[14,15]. Both transporter systems exhibit low similarity to Mod-
ABC. WtpA (periplasmic component of WtpABC) is homologous to
ModA and contains the same domain (COG0725), whereas TupA
(periplasmic component of TupABC) contains a different domain
(COG4662), which has a low similarity to ModB. Very recently,
it was reported that, in Campylobacter jejuni, a ModE-like pro-
tein which lacks the Mop domain can repress both ModABC (in
the presence of both Mo and W) and TupABC (in the presence of
W) transport systems [33]. However, the regulation of these two
transporters is still unclear. Very recently, a member of a universal
permease family, PerO, was found to import molybdate and other
oxyanions in Rhodobacter capsulatus, which is the first reported
bacterial molybdate transporter outside the ABC transporter
family [34].

In contrast to the well-studied Mo uptake and homeostasis in
bacteria, information on Mo transport in eukaryotes is limited.
MOT1 is the only known Mo transporter which was first charac-
terized in Arabidopsis thaliana [19] and Chlamydomonas reinhardtii
[20]. MOT1 belongs to the sulfate transporter superfamily. It is
strongly expressed in the roots of plants [35]. Nothing is known
about Mo uptake mechanism in animals which lack MOT1, imply-
ing that either there is a currently unknown Mo transport system,
or molybdate could be nonspecifically taken up through the sulfate
or phosphate uptake systems [23].

2.2. Molybdenum cofactor (Moco) biosynthesis and
storage/transfer

Moco is synthesized by an evolutionarily conserved multi-step
pathway in all three domains of life [1–6]. The overall process
includes (i) conversion of GTP into cyclic pyranopterin monophos-
phate (cPMP, also known as precursor Z); (ii) transformation of
cPMP into molybdopterin; (iii) metal incorporation; and (iv) mat-
uration to an active cofactor in some organisms, e.g., formation of
a dinucleotide form (molybdopterin guanine dinucleotide, MGD)
or substitution of a terminal oxygen ligand of Moco with a sulfur
ligand. In E. coli, the proteins required for biosynthesis and regula-
tion of Moco are encoded in the moa-mog operons (Fig. 1A) [36,37].
In eukaryotes, at least six proteins (named Cnx1–3 and Cnx5–7
in plants) are involved in Moco biosynthesis (Fig. 1B), which are
homologous to their counterparts in bacteria [3–5,38–40]. As dif-
ferent nomenclature has been used in humans and plants [38,41],
here we use the plant nomenclature to refer to the eukaryotic Moco
synthetic genes. Moreover, a Moco sulfurase, catalyzing the gener-

ation of the sulfurylated form of Moco that is needed for activation
of all XO family proteins such as xanthine dehydrogenase (XDH)
and aldehyde oxidase (AO), has been identified in both plants and
humans [42,43]. A recent study also showed that, in A. thaliana, the
first step of Moco biosynthesis is localized in the mitochondrial
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ig. 1. Biosynthesis of molybdenum cofactor. The pathway of Moco synthesis can be
B) Biosynthesis of molybdenum cofactor in eukaryotes. The proteins from E. coli an

olybdopterin guanine dinucleotide.

atrix, and a mitochondrial ABC transporter ATM3 (previously
mplicated in the maturation of extramitochondrial Fe–S pro-
eins) has a crucial role in Moco biosynthesis by transporting
PMP [44].

As Moco is highly unstable and oxygen-sensitive [1,4], after
ynthesis, it should be either transferred immediately to the molyb-
oenzymes or bound to a storage/carrier protein until further

nsertion. In bacteria, many molybdoenzymes have chaperones,
uch as NarJ for nitrate reductase and DmsD for DMSOR, which
an bind Moco and assist in cofactor incorporation [45–47]. Lit-
le is known about Moco buffering in eukaryotes. Recently, a

oco carrier protein (MCP) has been identified in C. reinhardtii
48]. MCP belongs to the lysine decarboxylase family and can
ind Moco with high affinity, whereas Mo-free molybdopterin is
ot bound, suggesting a specific metal-mediated interaction with
CP. Crystal structure of MCP showed a symmetric homotetramer
ith the monomers arranged in a Rossmann-like fold, and a pro-
osed Moco-binding site that was confirmed by structure-guided
utagenesis [48]. In addition, several homologous Moco-binding

roteins (MoBP), which also belong to lysine decarboxylase fam-

ly, were discovered in land plants that might be involved in
he cellular distribution of Moco [9,49]. However, the mecha-
ism of Moco protection, storage and transfer in mammals is still
nclear.
ed into three or four steps. (A) Biosynthesis of molybdenum cofactor in prokaryotes.
aliana catalyzing the respective steps are depicted and their names are given. MGD,

3. Molybdoenzymes

Molybdoenzymes illustrate the metabolic pathways in which
Mo is involved in. As mentioned above, on the basis of cofac-
tor composition and catalytic function, there are two groups: (i)
Mo-dependent nitrogenase that contains an Fe–Mo cofactor in the
active site, and (ii) all other molybdoenzymes that bind Moco.
Table 1 lists the majority of known molybdoenzymes.

Nitrogenase is required for biological nitrogen fixation, which is
an essential step in the nitrogen cycle in the biosphere. It reduces
atmospheric dinitrogen to ammonia under room temperature and
atmospheric pressure with high-energy input in the form of ATP
[7,8,50]. There are four known types of nitrogenases, each of which
has different combination of metals in the active site [50–52].
The most abundant and widely studied is the Fe–Mo-dependent
nitrogenase, which contains MoFe3S3 and Fe4S3 cuboidal subunits
triply joined by three bridging sulfurs [50,51].

The second group of proteins which utilize Moco as cofac-
tor contains sulfite oxidase, xanthine oxidase, dimethylsulfoxide
reductase, and aldehyde:ferredoxin oxidoreductase (mostly Wco-

containing) families and the novel Moco-binding proteins. Each
family includes a variety of subfamilies based on sequence similar-
ity, spectroscopic properties and substrate preferences (Table 1).
Compared to prokaryotes which contain diverse members belong-
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Table 1
Classification of molybdoenzymes.

Group Family Protein

Moco-binding
proteins

Sulfite oxidase Sulfite oxidase

Nitrate reductase (assimilatory)
Xanthine oxidase Xanthine oxidase

Xanthine dehydrogenase
Aldehyde oxidase
Aldehyde oxidoreductase
4-Hydroxybenzoyl-CoA reductase
CO dehydrogenase
Quinoline 2-oxidoreductase
Isoquinoline 1-oxidoreductase
Quinoline
4-carboxylate-2-oxidoreductase
Quinaldine 4-oxidoreductase
Quinaldic acid 4-oxidoreductase
Nicotinic acid hydroxylase
6-Hydroxynicotinate hydroxylase
Nicotine dehydrogenase
Picolinate hydroxylase
Pyridoxal oxidase
Nicotinate hydroxylase

Dimethylsulfoxide
reductase

Dimethylsulfoxide reductase

Biotin sulfoxide reductase
Trimethylamine-N-oxide reductase
Nitrate reductase (dissimilatory)
Formate dehydrogenase
Formylmethanofuran
dehydrogenase
Polysulfide/thiosulfate/arsenate
reductase
Arsenite oxidase
Pyrogallol-phloroglucinol
transhydroxylase

Aldehyde:ferredoxin
oxidoreductase
(W-containing)

Aldehyde:ferredoxin
oxidoreductase

Formaldehyde ferredoxin
oxidoreductase
Glyceraldehyde-3-phosphate
ferredoxin oxidoreductase
Carboxylic acid reductase
Hydroxycarboxylate viologen
oxidoreductase
Aldehyde dehydrogenase

MOSC-containing mARC/YcbX
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t
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l
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t
l
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f
f
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[
n

metalloproteins on a genome-wide scale [71]. They identified new
YiiM
Fe–Mo-binding

protein
Nitrogenase Nitrogenase

ng to the four major families, eukaryotes only have four typical
olybdoenzymes, including nitrate reductase and SO (members of

he SO family), as well as XDH and AO (members of the XO family)
4,9,23]. Two additional Moco-binding enzymes of the XO family
ere also reported: pyridoxal oxidase and nicotinate hydroxy-

ase, which were found exclusively in Drosophila melanogaster and
spergillus nidulans, respectively [4].

SO family members generally catalyze net oxygen atom transfer
o or from a heteroatom lone electron pair rather than hydroxy-
ation of a carbon center [53]. Typical enzymes belonging to this
amily include sulfite oxidase (the name-giving enzyme of the SO
amily) and assimilatory nitrate reductase. Moco in this protein
amily is covalently bound as Mo-MPT by a sulfur of a conserved
ysteine residue that links Mo with the apo-protein [9]. Sulfite
xidase is mainly found in eukaryotes and is located in the mito-
hondrial intermembrane space where it catalyzes the oxidation

f sulfite to sulfate, the terminal reaction in the oxidative degra-
ation of sulfur-containing amino acids cysteine and methionine
4,22,54]. Assimilatory nitrate reductase catalyzes the reduction of
itrate to nitrite and is responsible for the first step in the uptake
Reviews 255 (2011) 1206–1217 1209

and utilization of nitrate [23,55]. So far this enzyme is only found
in autotrophic organisms such as plants and fungi.

The XO family contains the largest and most diverse Moco-
containing enzymes, with members from all three domains of life
(Table 1). Members of this protein family are characterized by a
unique third terminal sulfur ligand in their Mo-MPT like cofac-
tor [9]. They catalyze oxidative hydroxylation of a wide range of
aldehydes and aromatic heterocycles [2,4]. The major enzymes of
the XO family include AO (catalyzes the oxidation of a variety of
aromatic and nonaromatic heterocycles and aldehydes, thereby
converting them to the respective carboxylic acid) [56], XDH (an
essential enzyme of purine degradation that oxidizes hypoxanthine
to xanthine and xanthine to uric acid) [57] and a variety of bacterial
enzymes such as aldehyde oxidoreductase [58], 4-hydroxybenzoyl-
CoA reductase [59] and quinoline 2-oxidoreductase [60].

Members of the DMSOR family are exclusively found in bac-
teria and archaea and bind a Mo-MGD cofactor consisting of
one Mo atom complexed by two MGD molecules [2–4,13]. They
are very diverse in reaction, function and structure [61]. Most
of these enzymes function as terminal reductases under anaero-
bic conditions where their respective cofactors serve as terminal
electron acceptors in respiratory metabolism. DMSOR (the name-
giving enzyme for the family) is found in a wide range of bacteria
and catalyzes reductive deoxygenation of dimethyl sulfoxide to
dimethyl sulfide. It is a periplasmic single-subunit protein in
some bacteria (such as Rhodobacter sphaeroides [62]), whereas
a membrane-bound protein composed of three subunits (Moco-
containing, four [4Fe–4S] cluster-containing and transmembrane
subunits) in some other bacteria (such as E. coli [63]). Formate
dehydrogenase, another widespread member of DMSOR family,
catalyzes the oxidation of formate to bicarbonate and is also a
selenocysteine (Sec)-containing enzyme in many organisms [64].
Other members include dissimilatory nitrate reductase, pyrogallol-
phloroglucinol transhydroxylase and several additional enzymes
exhibiting substantial sequence homology [2–4,13,61].

W-containing AOR catalyzes the interconversion of aldehy-
des and carboxylates and was the first member of the AOR
family to be structurally characterized as a protein contain-
ing a Wco cofactor that shows Mo-MPT like structure with the
tungsten center coordinated by two pyranopterin dithiolenes
[65,66]. Other members include formaldehyde ferredoxin oxidore-
ductase, glyceraldehyde-3-phosphate ferredoxin oxidoreductase,
carboxylic acid reductase and hydroxycarboxylate viologen oxi-
doreductase (a Moco-containing protein identified in Proteus
vulgaris [67]).

Additionally to the four major molybdoenzyme families, novel
Moco-binding proteins were recently identified in both pig liver
and E. coli [24,25]. In the pig, a Moco-dependent protein was found
in the outer mitochondrial membrane and named mitochondrial
amidoxime reducing component (mARC). In contrast to XO and
SO family proteins, mARC binds a Mo-MPT like Moco that carries
neither a terminal sulfur ligand like XO nor a covalently bound cys-
teine residue like SO, suggesting that these proteins represent a
new family of molybdoenzymes [68]. Recent studies have shown
that human mARC proteins catalyze the N-reduction of a variety
of N-hydroxylated substrates such as N-hydroxy-cytosine and Nω-
hydroxy-l-arginine albeit with different specificities [68,69]. So, it
might play a major role in drug metabolism and nitric oxide regu-
lation system [24,69,70].

Very recently, Cvetkovic et al. developed an elegant approach
to characterize metals an organism assimilates and identify its
metalloproteins (including novel Mo-containing proteins) in sev-
eral microorganisms, suggesting that metalloproteomes are more
extensive and diverse than previously recognized. However, con-
sidering that the metal dependency and affinity of these new
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(three types) and ModE N (two types), mostly in bacteria (Table 2).
Genomic context analyses of these ModE-related variations sug-
gested potential correlations with ModABC transporters as most
of these genes are close to or even in the same operon with mod-
ABC [72]. The functions of these ModE-related variants are unclear.

Table 2
Distribution of novel fusion forms of Mop and ModE N in prokaryotes.

Fusion form Occurrence

MerR-Mop Actinobacteria
Acidobacteria
Alphaproteobacteria

Unknown1-Mop Bacteroidetes
Chlorobi
Epsilonproteobacteria

Unknown2-Mop Cyanobacteria
210 Y. Zhang et al. / Coordination Che

o-binding proteins have not been analyzed yet, in this review,
e only focus on known molybdoenzymes.

. Comparative genomics of molybdenum utilization

While the majority of studies in the field focused on the
dentification and characterization of Mo uptake systems, Moco
iosynthesis pathways, and Mo-dependent enzymes in individual
rganisms, comprehensive analyses of the occurrence and evolu-
ionary trends in Mo utilization, which could greatly benefit our
nderstanding of Mo utilization and its evolutionary changes, have
een limited. In recent years, following the availability of a large
umber of newly sequenced organisms, several computational and
omparative studies have been carried out to investigate the phy-
ogeny of Mo utilization in prokaryotes and eukaryotes. In the
ollowing sections, we highlight the significant contributions from
hese studies.

.1. General trends in molybdenum utilization

We carried out comparative genomics analyses to examine
he occurrence and dynamics of Mo utilization in sequenced bac-
eria, archaea, and eukaryotes at the level of Mo transport, the

oco biosynthesis, and molybdoenzymes [72–74]. Details about
he strategy and procedures of comparative genomics approaches
ave been recently reviewed [74]. Overall, these studies provided a
rst glance at Mo utilization in all three domains of life and showed

ts widespread occurrence, yet limited use of this metal in individ-
al organisms.

A wide distribution of genes encoding Mo transporters, the
oco biosynthesis pathway and Mo-containing proteins was found

n sequenced genomes, and almost all Mo-utilizing organisms
ontained both Moco biosynthesis proteins and at least one
nown molybdoenzyme [72,73]. 74% bacteria, 98% archaea and 66%
ukaryotes utilize Moco. In bacteria and archaea, Mo was utilized
y almost all phyla (except Mollicutes and Chlamydiae), suggesting
hat Mo utilization is an ancient and essential trait that is common
o essentially all organisms in these two domains. In eukary-
tes, Mo is used by all animals, land plants, algae, certain fungi
all pezizomycotina and some basidiomycota) and stramenopiles;
owever, parasites, yeasts (saccharomycotina and schizosaccha-
omycetes) and free-living ciliates lack the Mo utilization trait [72].
t is possible that many protozoa, especially parasites, lost the abil-
ty to utilize Mo.

.2. Comparative analyses of molybdenum uptake and Moco
iosynthesis

An early computational study of the occurrence of the
odABC–ModE system in deltaproteobacteria revealed that all

nalyzed deltaproteobacteria have ModABC transporters, whereas
he full-length E. coli-type ModE was only observed in a few of them
32]. However, a single ModE N protein was found in some other
eltaproteobacteria, suggesting that a somewhat different regula-
ory mechanism may be present in these organisms.

Comparative analyses of Mo/W transport systems in all
equenced prokaryotes revealed that Mo/W transporters are often
resent in single copies [72,73]. Among them, ModABC is the most
ommon Mo transporter, which is present in approximately 90%
f Mo-utilizing bacteria (Fig. 2). The occurrence of the other two
ransporters, WtpABC and TupABC, is much more restricted, espe-

ially WtpABC, which is only detected in 3% of Mo-utilizing bacteria.
n contrast, WtpABC is the most frequently used transporter in
rchaea, whereas ModABC showed a restricted distribution in these
rganisms (Fig. 2). It appeared that WtpABC is mainly an archaeal
o/W transporter, whereas ModABC functions predominantly in
Fig. 2. Distribution of Mo/W transporters in Mo-utilizing organisms in bacteria and
archaea. Three classes of high-affinity Mo/W ABC transport systems are known:
ModABC, WtpABC and TupABC.

bacteria. The TupABC transport system has similar occurrence in
Mo-utilizing bacteria (26.2%) and archaea (32.6%), implying a com-
parable role of this W-specific transport system in both domains.

Although ModA and WtpA proteins contain the same conserved
domain, previous experiments showed that they have different
anion affinities. WtpA has a higher affinity for tungstate than
ModA and TupA, and the affinity for molybdate is similar to
that of ModA [14,16]. Phylogenetic analysis of ModA and WtpA
proteins showed that they may have evolved from a common
ancestral protein and functionally diverged during evolution [72].
Crystal structures showed that the residues involved in molyb-
date binding in E. coli ModA (1AMF) and tungstate binding in
Archaeoglobus fulgidus WtpA (2ONS) were different [75,76]. Inter-
estingly, sequence alignment of ModA and WtpA proteins from
different organisms revealed that the residues involved in sub-
strate binding are not highly conserved, not only between WtpA
and ModA, but also within the same family [72,74].

E. coli-type ModE regulation of ModABC transporters only
occurred in less than 30% of Mo-utilizing organisms, suggesting the
presence of novel or unspecific regulatory pathways for molybdate
uptake in many other organisms such as Gram-positive bacteria
and Cyanobacteria [31,72]. On the other hand, separate ModE N and
Mop/Di-Mop proteins, orphan ModE N proteins (lacking Mop pro-
tein in the same organism), and novel domain fusions for either
ModE N or Mop were observed in a variety of organisms that lack
full-length ModE, indicating complexity of ModE-related regula-
tion. So far, five types of novel fusion forms were observed for Mop
Unknown3-ModE N Epsilonproteobacteria
ModE N-COG1910 Alphaproteobacteria

Betaproteobacteria
Gammaproteobacteria
Archaea
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Fig. 3. Distribution of molybdoenzymes in Mo-utilizing organisms in the three
domains of life. SO, sulfite oxidase; XO, xanthine oxidase; DMSOR, dimethylsul-

F
e
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t was previously thought that a separate ModE N and Mop/Di-
op proteins together may have a function similar to that of

ull-length ModE, although ModE N may already have a weak role
n DNA binding for ModABC regulation [77]. Among these fusions,
he MerR-Mop form that contains MerR-like transcription factor
omain could be a novel candidate regulator for ModABC or other
o-related genes in organisms such as Actinobacteria. The ModE N-

OG1910 (periplasmic molybdate-binding protein/domain) form
ay have the similar function as E. coli ModE, in which the Di-Mop

omain is replaced with another Mo-binding domain). In contrast,
lmost half of ModABC-containing organisms lack both full-length
odE and its variants, indicating the presence of new regulators of
odABC in these organisms. Although the regulatory mechanisms

f the other two Mo transporters are not clear, it was assumed that,
n some organisms, TupABC and WtpABC transporters may also be
egulated by ModE-like mechanisms based on the genomic con-
ext analysis [72]. This hypothesis was recently verified by a study
howing that a ModE-like protein (unknown3-ModE N in Table 2)
ould repress both ModABC and TupABC transport systems in C.
ejuni [33].

As discussed above, in eukaryotes, MOT1 is the only character-
zed Mo transporter and was detected in less than 40% Mo-utilizing
rganisms (land plants, green algae, pezizomycotina and stra-
enopiles). Most Mo-utilizing species (including all animals)

ack this transporter family, suggesting the presence of currently
nknown Mo transport systems encoded in their genomes.

The majority of known proteins involved in Moco biosynthesis
athways (Fig. 1) could be detected in essentially all Mo-utilizing
rganisms. However, a very small number of prokaryotes which
ontain homologs of molybdoenzymes lack genes for either Moco
iosynthesis trait components or Mo/W transporters [73]. It is pos-
ible that Moco is dispensable for the molybdoprotein homologs
n these organisms. An alternative possibility, although unlikely, is
hat there is an unknown Mo utilization pathway in these organ-
sms. Nevertheless, these comparative studies suggested a very
ood correspondence between occurrence of the Moco biosyn-
hesis trait and Moco-dependent enzymes in all three domains of
ife.

.3. Comparative analyses of molybdoenzymes
Previously, several studies have been conducted to investigate
he evolution of certain molybdoenzymes in a limited num-
er of organisms, such as nitrate reductase and other DMSOR
amily members [78,79], which showed complexity in their evo-
utionary trajectories. Based on recent comparative analyses of

NifS-like domain
Moco sulfurase 

mARC

YcbX

YiiM

ig. 4. Domain organizations of Moco sulfurase and novel Moco-containing proteins. D
ukaryotic Moco sulfurase.
foxide reductase, AOR, aldehyde:ferredoxin oxidoreductase. 100% represents all
Mo-utilizing organisms in each domain of life.

Moco-utilizing enzymes and nitrogenase, we characterized the dis-
tribution of each molybdoenzyme family in sequenced genomes in
the three domains of life (Fig. 3).

In bacteria, DMSOR, SO and XO families were widespread,
especially DMSOR whose members (mostly DMSOR, dissimila-
tory nitrate reductase and formate dehydrogenase) were detected
in more than 90% Mo-utilizing organisms [72,73]. In contrast,
the W-containing AOR family was only detected in ∼15% Mo/W-
utilizing organisms. In archaea, DMSOR was also the most abundant
molybdoenzyme family, which was found in more than 95%
Mo-utilizing organisms. Interestingly, members of AOR family
had a much higher occurrence in archaea (∼70%). The FeMo-
utilizing molybdoenzyme, nitrogenase, was detected in ∼20% Mo-
utilizing bacteria (almost all also used Moco) and methanogenic
archaea.

Further investigation of molybdoenzyme sets (molybdopro-
teome) of each organism revealed both many molybdoprotein
homologs and variable occurrence of these proteins. Proteobacteria
appeared to have larger molybdoproteomes than other organ-
isms [73]. To date, the largest molybdoproteome in prokaryotes
was observed in a dehalorespiring bacterium, Desulfitobacterium
hafniense [80]. It contains at least 63 molybdoproteins, 95% of which
are members of the DMSOR family, suggesting particularly impor-

tant roles of DMSOR members in this organism [73].

As mentioned above, two major molybdoenzyme families, SO
and XO, have been reported in eukaryotes. Comparative genomics
studies of known molybdoenzyme families in this kingdom con-

MOSCMOSC_N

MOSCMOSC_N

Fe-S cluster 
binding 

MOSCMOSC_N

3-alpha 
domain

MOSC

ifferent domains are shown by different colors. MOSC, C-terminal domain of the
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ig. 5. Occurrence of mARC/YcbX and YiiM proteins in different phyla in bacteria
iosynthesis pathway.

rmed this fact [72–74]. Essentially all Mo-utilizing organisms

ad both families. Land plants possessed the largest molybdopro-
eomes in eukaryotes (10–11 molybdoproteins). On the other hand,
ll sequenced saccharomycotina (e.g., Saccharomyces cerevisiae)
nd schizosaccharomycetes (e.g., Schizosaccharomyces pombe) had
either known molybdoenzymes nor Moco biosynthesis proteins.
  160                 105             100                12 

ukaryotes. (A) Bacteria; (B) Eukaryotes. Moco (+), organisms containing the Moco

Although a small number of unsequenced yeast species, such as

Candida nitratophila, Pichia anomala and P. angusta, utilize Mo-
containing assimilatory nitrate reductase [81–83], the fact that
homologs of this protein and the Moco biosynthesis pathway are
absent in all sequenced yeast genomes suggests the loss of Mo
utilization in these organisms.
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Fig. 6. Novel fusion forms of MOSC-containing proteins. (A) New fusions of Yii

.4. in silico analyses of novel Moco-binding proteins

Novel Moco-binding proteins were recently identified in addi-
ion to the four major molybdoenzyme families [24,25,68–70]. The

ammalian mARC protein consists of two conserved domains, N-
erminal MOSC N (pfam03476) and C-terminal MOSC (pfam03473)
omains, which are also present in Moco sulfurases (Fig. 4). The
OSC domain is a superfamily of beta-strand-rich domains iden-

ified in the Moco sulfurase and several other proteins from both
rokaryotes and eukaryotes [84]. The MOSC domain of eukaryotic
oco sulfurase is involved in Moco binding with high affinity and

ts Moco carries a terminal sulfur ligand due to the catalytic activ-
ty of pyridoxal-5′-phosphate-dependent NifS-like domain [85].
n the other hand, Moco bound to the MOSC domain of mARC

howed no terminal sulfur ligand [68]. The function of the MOSC N
omain is unknown; however, it is predicted to adopt a beta
arrel fold.

Two additional Moco-dependent proteins were characterized
n E. coli, YcbX and YiiM, which may represent novel enzymatic
ctivities involved in the detoxification pathway of N-hydroxylated

ase analogs [25]. Both proteins contain the MOSC domain (Fig. 4).
he E. coli YcbX also contains the MOSC N and an additional Fe-S
luster binding domain (cd00207), whereas YiiM has a C-terminal
-alpha domain (pfam03475). Based on a similar domain organi-
ation (MOSC N + MOSC) and significant sequence similarity (48%)
binding region (cd06215) 

New fusions of mARC/YcbX. Different domains are shown by different colors.

between E. coli YcbX and mammalian mARC, they could be con-
sidered as orthologs of the same family (designated mARC/YcbX
family hereafter) in different kingdoms. On the other hand, no sig-
nificant sequence similarity could be detected between YiiM and
mARC/YcbX, suggesting that they belong to different families of
the MOSC superfamily. In general, mARC/YcbX and YiiM can be
easily separated based on the presence of MOSC N and sequence
similarity.

To further investigate the distribution of these novel MOSC-
containing molybdoproteins, we carried out a computational
analysis using a similar strategy previously applied for known
molybdoenzyme families [72,73]. All sequenced genomes in the
three domains of life were retrieved for BLAST-based homology
search. Orthologs of mARC/YcbX and YiiM were verified based on
domain composition, genomic context and phylogenetic analy-
ses. In bacteria, both mARC/YcbX and YiiM were widespread but
only detected in Moco-utilizing organisms (Fig. 5A). Compared
to E. coli sequences, many proteins only contain the prominent
domains (MOSC N + MOSC for mARC/YcbX, MOSC for YiiM). In con-
trast, the occurrence of these two families in archaea is limited,

where only organisms belonging to Euryarchaeota/Halobacteriales
had mARC/YcbX proteins (data not shown). It is possible that
archaea acquired this gene via horizontal gene transfer from bacte-
ria. In eukaryotes (Fig. 5B), mARC proteins were detected in more
than 95% Mo-utilizing organisms, suggesting a wide distribution of
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ig. 7. Phylogenetic tree of MOSC-containing proteins. Measurement of a distance
oco sulfurase, mARC/YcbX, YiiM and MOSC-like protein.

his novel molybdoenzyme family. Interestingly, several YiiM-like
roteins were detected in a small number of pezizomycotina, all of
hich contain MOSC and additional domains (see below).

Genomic context analyses of genes for mARC/YcbX and YiiM
evealed that, in some organisms, a single-MOSC-containing YiiM
ene is clustered with either modABC or Moco biosynthesis genes
uch as moaA, moaB, moaE and mobB. In addition, novel domain
usion forms were also observed, especially for YiiM family. In
rokaryotes, four types of new fusions were observed for YiiM
amily (YiiM-like MOSC domain plus new domains, Fig. 6A).
mong them, two are Moco biosynthesis components (MoaC and
ogA MoaB domains), suggesting that they may be involved in
oco biosynthesis pathway in these organisms. The third form

s the extension of the E. coli-type YiiM, which contains an
dditional FNR-like superfamily (cd06184, FAD NAD(P)H binding
omain of flavohemoglobin) and Fe-S cluster binding domains at
he C terminus. Interestingly, all YiiM-like proteins detected in
ukaryotes (pezizomycotina) have very similar domain organiza-
ion that also includes a FNR-like superfamily (cd06185, phthalate
ioxygenase reductase FMN binding domain) and an Fe–S clus-

er binding domain, implying they may have evolved from the
acterial fusion form (Fig. 6A). Only one novel fusion was iden-
ified for the mARC/YcbX family which was present in several
ammaproteobacteria (Fig. 6B). Again, a FNR-like domain (cd06215,
NR iron sulfur binding 1) was inserted between the MOSC and
e branch length is indicated. Four MOSC-containing protein families are included:

Fe–S cluster binding domains. Although the roles of these fusion
proteins are unclear, it appeared that both FAD/FMN and Fe–S clus-
ter may be essential for their function.

Interestingly, a novel group of MOSC-containing proteins (des-
ignated MOSC-like) was identified in a variety of prokaryotes
(unpublished data). These proteins were relatively small and had
low sequence similarity to mARC/YcbX and YiiM proteins. Phy-
logenetic analyses showed that the MOSC-like proteins formed a
separate branch of the MOSC proteins (Fig. 7). The MOSC domain
is the only domain detected in almost all sequences of this group,
but its function is still unclear. Considering the facts that all organ-
isms containing MOSC-like proteins are Moco-utilizing organisms
and that, in some organisms, genes for MOSC-like proteins are
located close to Moco biosynthesis components or molybdoen-
zymes such as MoaC and formate dehydrogenase, it is possible that
these MOSC-like proteins may serve as Moco chaperone involved
in Moco transfer or storage.

All above studies suggested complexity and diverse roles of
the MOSC superfamily, whose proteins may be (i) involved in
Moco modification pathway (Moco sulfurase); (ii) new molybdoen-

zymes (mammalian mARC, E. coli YcbX and YiiM); (iii) potential
Moco chaperones (MOSC-like); and (iv) involved in other func-
tions (unrelated to Moco utilization). Further experiments are
needed to better understand the functions of MOSC-containing
proteins.
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.5. Crosstalk between Mo and other trace elements

The interactions between Mo utilization and that of other trace
lements have been reported in several studies. These crosslinks
ot only highlight complexity of Mo metabolism, but also reveal
omplexity of trace element utilization in general.

It was previously reported that Mo metabolism is linked to Fe
etabolism at different levels. The majority of Mo-enzymes need

e (as either Fe–S cluster or heme). For example, the maturation
f Fe–Mo-dependent nitrogenase heavily relies on the synthesis
f complex Fe–S clusters [7,8]. In addition, enzymes involved in
he first step of Moco biosynthesis contain two [4Fe–4S] clusters
86,87]. Additionally, Moco-containing hydroxylases (XO family)
nd several members of DMSOR family also bind Fe–S clusters for
ntramolecular electron transfer [57,61], whereas some members
f SO family contain heme [54]. A recent study on the mitochondrial
BC transporter ATM3 from A. thaliana revealed a dual function:
xporting both Fe–S cluster precursors and cPMP from mitochon-
ria to the cytosol [44].

The molecular link between Mo and copper metabolism was
ecently identified in A. thaliana. The C-terminal domain of Cnx1
named Cnx1G) that catalyzes the insertion of Mo into molyb-
opterin binds copper, although the function of copper during
oco biosynthesis is unknown [88]. Copper may act as a protect-

ng group for MPT and/or play a role in molybdenum insertion
89]. Investigation of crystal structures revealed that either two
ater molecules (original Cnx1G) or one water molecule and
is618 (a Ser583Ala variant) are the copper ligands. However, fur-

her examination of the in vivo and/or in vitro activities of two
olybdoenzymes, DMSOR and NR, in E. coli and R. sphaeroides,

howed that their activities were not affected when copper was
epleted from the media [90]. Moreover, comparative analysis of
nx1G orthologs in various organisms showed that His618 was
ot conserved [73]. Although copper-binding function could not
e excluded for many Cnx1G proteins that lack His618, it is pos-
ible that while copper may be utilized during Moco biosynthesis
n some organisms such as plants, it does not appear to be strictly
equired for Moco biosynthesis in many other organisms. Further-
ore, another link between Mo and copper has been reported in
XO family protein of Oligotropha carboxidovorans, as its carbon
onoxide dehydrogenase is characterized by a Mo-MPT cofactor

orming a special dinuclear Cu–S–Mo center [91].
We also found an interesting link between Mo and selenium. A

ajor member of the DMSOR family, formate dehydrogenase alpha
ubunit, is also a Sec-containing protein that may be responsible for
aintaining the Sec utilization trait in sequenced prokaryotes [92].

omparison of the distribution of Mo- and Sec-utilizing organisms
n the three domains of life revealed that Sec-utilizing organisms

ere essentially a subset of Mo- utilizing organisms in prokaryotes
72,73]. Thus, the Sec utilization trait depends on the Mo utilization
rait in prokaryotes, most likely because of formate dehydrogenase,
hich is not only a widespread molybodoenzyme but is also the
ajor user of Se in prokaryotes.

.6. Analysis of factors that may affect evolution of Mo utilization

Since the Moco biosynthesis trait and molybdoenzymes were
resent in many but not all organisms, it is possible that cer-
ain common factors may have affected acquisition/loss of Mo
tilization during evolution. We previously analyzed the roles
f several factors, including environmental conditions (e.g., habi-

at, oxygen requirement, optimal temperature and optimal pH)
nd other factors (genome size, gram strain and G + C content),
n Mo utilization [72,73]. First, the majority of bacteria that do
ot utilize Moco were host-associated organisms (Fig. 8A), sug-
esting that host-associated lifestyle may leads to the loss of Mo
trait; Mo (−), i.e., lacking Mo utilization. (A) Habitat. (B) Different host-associated
life styles. (C) Relationship between parasitic lifestyles and Mo utilization trait in
eukaryotes.

utilization. Considering differences in host-associated conditions
(intra- or extracellular) and the relationship between these organ-
isms and their hosts (symbiotic or parasitic), we further divided
host-associated organisms into four groups: obligate intracellular
symbionts, extracellular symbionts, obligate intracellular parasites
and extracellular parasites. The majority of intracellular parasites
and symbionts lost the ability to utilize Mo, whereas more than 80%
of extracellular symbionts utilized the metal (Fig. 8B). Because most
obligate intracellular parasites and symbionts had more condensed
genomes than the organisms in the extracellular milieu, it is possi-
ble that Mo utilization is not essential for intracellular parasitic life
and hence has been lost due to limited bioavailability of Mo and
the evolutionary pressure on genome size (although these organ-
isms may still use Mo-dependent proteins of the host). In contrast,
Mo utilization was mostly preserved in extracellular symbionts.

Most parasitic eukaryotes also did not use Mo (Fig. 8C). Simi-
lar effects were observed for some other trace elements, such as
nickel and cobalt [73,93], suggesting that host-associated habitats
(except extracellular symbionts) affect the utilization of multiple
trace elements. Other factors, such as oxygen requirement, optimal
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emperature and pH, did not appear to have a significant influence
n the evolution of Mo utilization.

Similar host-associated trends were also found for molybdoen-
yme families. Moreover, additional features were observed for
ndividual molybdoenzymes: organisms possessing W-containing
OR proteins appear to favor an anaerobic environment, whereas
rganisms containing SO or XO proteins favor aerobic condi-
ions [72]. On the other hand, organisms possessing nitrogenase
avor both anaerobic and relatively warm conditions. These
ata suggest that although being dependent on the same pro-
esses, such as Mo availability and Moco synthesis, different Mo
nzymes are subject to independent and dynamic evolutionary
rocesses. Previous studies on several trace elements such as sele-
ium and copper showed that the size of cuproproteomes and
elenoproteomes correlates with oxygen utilization and/or aquatic
nvironment [92,94,95]. However, no significant correlation was
bserved between various factors examined and the size of Mo-
ependent metalloproteomes [73]. It would be very important to
xamine additional factors that may influence composition of Mo-
ependent metalloproteomes.

.7. Mo pathways provide evolutionary origins for other
unctions in eukaryotes

Mo utilization is an ancient and essential trait and during evo-
ution some proteins in the Moco biosynthesis pathway became
recursors for other functions in eukaryotes. The Moco biosyn-
hesis protein MoaD has an ubiquitin-like fold and is adenylated
t its C-terminal glycine residue by MoeB in a similar way as it
s known from the ubiquitin-activating enzyme Uba1. This obser-
ation explains the evolutionary origin of ubiquitin-like protein
onjugation [96,97]. Furthermore, the mammalian homolog of
nx1 (Gephyrin) was shown to be a neuroreceptor anchor protein

nvolved in the formation of glycinergic synapses and the post-
ynaptic aggregation of glycine receptors [98–100]. Additionally,
roteins utilizing Moco gained further functions (beyond their spe-
ific catalytic activity), e.g., mammalian xanthine dehydrogenase is
nvolved in the formation of milk fat droplets within the lactating

ammary epithelium acting as a membrane-associated structural
rotein [101,102]. Future investigations may find additional func-
ions of Mo enzymes.

. Concluding remarks

In recent decades, information on utilization and biological
unction of Mo has been rapidly developing. Most of the rel-
vant proteins, including Moco biosynthesis components and
o-dependent enzymes, have been characterized and their basic

unctions are now known. However, understanding of evolution
nd general features of Mo utilization is limited and lags behind
hese functional studies.

Our review is written to provide an overview of the gen-
ral features, phylogeny and evolution of Mo utilization, and to
roaden the scope of Mo research by considering insights offered
y recent studies on comparative genomics of Mo utilization.
e discuss how bioinformatics and comparative genomics can

e used to examine evolution and function of Mo utilization.
urrently known Mo-binding proteins are mostly well charac-
erized and their dependence on Mo is evolutionarily conserved.
lthough there is no tool available for prediction of the whole set of

o-dependent proteins in organisms, comprehensive analyses of

omologs of known molybdoenzymes, Mo transporters and Moco
iosynthesis genes may lead to significant advances in our under-
tanding of Mo utilization and its evolutionary trends at different
evels, and in turn may offer new insights and ideas for further
Reviews 255 (2011) 1206–1217

experimental studies. In recent years, several reports have been
published that used comparative genomics approaches to analyze
the occurrence and evolution of Mo uptake systems, Moco biosyn-
thesis pathways and molybdoenzymes. These studies may not only
help decipher the general principles of utilization of Mo across
the three domains of life but also help explain how its utilization
changed during evolution and which environmental conditions and
factors may play a role in shaping up the current Mo requirement
for life. The potential interactions between Mo and other trace ele-
ments (such as selenium) may provide clues regarding common
features and differences in their use. It may be expected that future
use of comparative genomics tools will bring new insights into the
biology of Mo.
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