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a b s t r a c t

Cells acquire molybdenum and tungsten as their highly soluble oxoanions, MoVIO4
2− or WVIO4

2−, which
they internalize by means of an active (i.e. energy requiring) transmembrane importer, for subsequent
conversion into the metalloenzyme cofactors Moco or Wco (and FeMoco in nitrogen fixers). This import
system has been studied as one of the models for the functioning of the protein complex superfamily of
ey words:
olybdenum

ungsten
olybdate

ungstate
BC transporter
omeostasis

ABC (ATP binding cassette) transporters, but its mechanistic details are presently not clear. The complex
exhibits interesting variants, known as the microbial Mod, Tup, and Wtp system, and the – less well
defined – eukaryotic MOT1 system, which mutually differ in oxoanion coordination chemistry and in the
control of intracellular Mo/W levels. This evolutionary diversity of Mo/W transporters has resulted in
confusing nomenclature whos
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Fig. 1. Schematic drawing of a molybdate ABC transporter. This import system
118 W.R. Hagen / Coordination Chem

. Introduction

According to a basic rule of bioinorganic chemistry life will turn
n element into a general bio-building block whenever the element
beys the minimal requirement of bioavailability, namely, a certain
queous solubility combined with a not too restricted abundance
nd distribution over the earth’s lithosphere and hydrosphere [1].
olybdenum and, to a lesser extent, tungsten appear to come close

o compliance since, although individually they are not universal
ioelements, their combination (Mo and/or W) may well be one [2].
umerous forms of life (including man) do not use W, and at least

ome species (Pyrococcales) do not use Mo [3], but a cell that does
ot use either one is yet to be found.

The neutral aqueous chemistry of concentrated Mo and W can
e complicated by the thermodynamic and kinetic intricacies of
olyoxoanion formation (e.g., [4–6]), however, in most natural
nvironments (<10−8 M), and in laboratory fermentors (<10−5 M),
issolved concentrations are sufficiently low to warrant specia-
ion to be essentially limited to the mono-oxoanions, MoO4

2− and
O4

2−. Thus the questions to be addressed in this review become
i) how does a cell pick up one or both of these two anions from a

edium with other oxoanions? (ii) how does it transport them over
n ion-impermeable membrane? and (iii) how, and in what form,
re the metals finally presented to the biosynthetic machinery? A
ery brief answer would be: the ABC transporter binds the oxoanion
ith high specificity, then uses an ATP hydrolysis driven conforma-

ional change to move it through the membrane, and finally releases
t on the other site. The present state of our knowledge and under-
tanding (and the lack of it) regarding the details of these three
asic steps are reviewed in what follows.

A major point emphasized in this review is the existence of three
ifferent prokaryotic transporter systems whose oxoanion binding
roteins ModA, WtpA, and TupA do not only differ in their bind-

ng affinity for molybdate versus tungstate, but are also essentially
nrelated at the primary sequence level, and furthermore appear
o have very different oxoanion coordination chemistry. It is there-
ore imperative to reverse common practice of mixing up the labels

od, Wtp, Tup.

. The paradigmatic molybdate transporter

.1. The molybdate system Mod

According to the principle of unity in biochemistry one should,
ather than to go for taxonomic exhaustiveness, scrutinize the bio-
hemical system from one species as a paradigm for the rest of
ature. Subsequent comparison with a limited number of func-
ional homologs from preferably distant species may lead to added
nderstanding. Not uncommon, the model system initially cho-
en in molybdate transport studies was Escherichia coli, and the
hree adjacent structural genes encoding the three proteins that
ogether form the transporter were traditionally labeled with a
unction-indicating three-letter name (the ‘mod’ genes for the ‘Mod’

olybdenum transport proteins) and individually with alphabetic
dditions according to their position in the operon. The modABC
enes encode the proteins ModA, ModB, and ModC, which together
ssemble into the ModABC transporter. Note that the ABC labeling
sed here has nothing to do with the ABC in ‘ABC(=ATP binding
assette) transporter’; the motif (cassette) of amino acids forming
he ATP binding site is on the protein ModC, which is located on the
ytoplasmic site of the native ModABC complex; ModB is the trans-

embrane protein, and ModA is the molybdate-binding protein on

he periplasmic site (Fig. 1).
Thus one could legitimately say that “this ABC transporter is

n ABC transporter′′, meaning that the system, which binds ATP
o use its Gibbs free energy of hydrolysis for active transport, is a
has subunit stoichiometry AB2C2. The soluble, periplasmic A-protein scavenges the
oxoanion and then binds to the membrane complex which consists of a pair of
translocating, transmembrane B-subunits bound to a cytoplasmic pair of C-subunits
with ATPase activity.

complex made of three different subunits. In fact, the quarternary
structure of the complex is presumably pentameric, AB2C2 [7], and
furthermore, the operon encoding the transport system in E. coli
actually contains four consecutive open reading frames, modABCD,
that together are transcribed into a single polycistronic mRNA [8].
The function of the protein ModD is presently unknown. Upstream
of the modABCD operon, and in opposite reading direction, are the
genes modE and modF monocistronically encoding respectively for
a regulator of molybdate transport and for another protein with
unknown function [9]. Note that an ABC transporter does not have
to be made up of three different polypeptides. Export systems are
usually ABC transporters frequently made up of a homodimer of a
single polypeptide with two domains homologous to modBC of the
E. coli molybdate transporter.

2.2. The tungstate systems Wtp and Tup

Typically, mechanistic studies of complex proteins are based
on three complementary experimental approaches: (i) genetic
(modification) studies combined with phenotype analysis; (ii) bio-
chemical and biophysical studies of the isolated complex; and (iii)
X-ray crystallographic structural studies. The E. coli Mod system
(as well as that from other gram-negative bacteria) has been the
subject of several genetic and biochemical studies. Unfortunately,
crystallization of membrane proteins is not trivial; at present only
a crystal structure of the soluble ModA protein of E. coli is avail-
able [10]. No structures have been reported for individual ModB
and/or ModC proteins from any species, however, the complete
molybdate ABC transporter complex ModAB2C2 from the sulfate-
reducing archaeon Archaeoglobus fulgidus has been crystallized, and
its structure has been solved to 3.1 Å resolution [7]. The A. fulgidus
molybdate transport system has hardly been studied genetically
and biochemically, and so genetic, biochemical, and structural data
from rather different species contribute to our present picture
of the paradigmatic molybdate transporter. This is a complicat-
ing factor as is evident from the recently developed confusion

in nomenclature and possibly in functional understanding. It was
already known for some time that Eubacterium acidaminophilum
produces an ABC transporter TupABC (for tungsten uptake) that
is highly specific for tungstate although it has some homology
with the E. coli ModABC system [11]. Shortly before the A. fulgidus
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Table 1
Crystallographic structures of molybdate/tungstate transport proteins.

Species pdb Resolution Ligand Remark Refs

ModA
Escherichia coli 1AMF 1.75A Molybdate [10]

1WOD 1.75A Tungstate [10]
Azotobacter vinelandii 1ATG 1.20A Tungstate [22]
Xanthomonas axonopodis citri 2H5Y 1.7A Molybdate N-His-tag [23]

3GZG 1.55A Molybdate N-His-tag; K127S [23]

WtpA, WtpBC
Archaeoglobus fulgidus 2ONR 1.60A Molybdate [7]

2ONS 1.55A Tungstate [7]
2ONK 3.10A Tungstate ABC complex [7]
3CIJ 1.07A Tungstate [15]

Pyrococcus horikoshii 3CG3 1.80A Tungstate [15]
Pyrococcus furiosus 3CG1 1.60A Tungstate [15]
Methanococcus janaschii 3CFZ 1.70A Tungstate [15]
Methanosarcina acetivorans 3CFX 1.60A Tungstate [15]

3D31 3.00A Tungstate BC complex [16]
3K6U 1.95A apo [19]
3K6V 1.69A Citrate [19]
3K6W 2.45A Molybdate [19]
3K6X 2.25A Molybdate Different crystal [19]

TupA
Geobacter sulfurreducens 3LR1 1.80A Tungstate Se–Met [24]

ModE
Escherichia coli 1B9M 1.75A apo Se–Met form [25]

1B9N 2.09A apo Native [25]
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1H9R 1.90A
1H9S 1.82A
1NP6 1.90A

odAB2C2 structure became available a third class of molyb-
ate/tungstate binding proteins was characterized: WtpA (for W
ransport) encoded by a wtpA gene as part of a wtpABC operon for a
utative ABC transporter in the hyperthermophilic archaeon Pyro-
occus furiosus [12]. ModA, TupA, and WtpA clearly define distinct
hylogenetic entities (ibidem). The dissociation constant of WtpA
or tungstate, KD ≈ 10−11 M, is some three orders-of-magnitude less
han that for molybdate, which is consistent with P. furiosus’s strict
equirement of W for growth [13], its apparent incapacity to use
o [14], and the concentrations of tungstate and molybdate in its
arine volcanic habitat [3].
In hindsight, the phylogenetic analysis of ModA, TupA, and

tpA provided a particularly surprising result. A. fulgidus ModA
the putative molybdate-binding protein of the molybdate ABC
ransporter) is clearly not a ModA, but a WtpA, since it has virtually
o homology to the prototypical ModA of E. coli while it is highly
omologous to the prototypical WtpA of P. furiosus [12]. The rea-
on why the A. fulgidus system was labeled Mod in the original work
escribing its crystal structure [7] is not clear, since sequence data
n all three systems was available at the time. In addition to specific
mplications for our understanding of the physiology of A. fulgidus,
he general implication is that the protein data base contains a 3D
tructure of a WtpABC system, but not yet one of a ModABC sys-
em. The distinction is clearly important for the initial binding of
he oxoanion, which is very different for WtpA (covalent) compared
o ModA (H-bridges only); see below. Whether there are significant
unctional differences between the other components, is presently
nknown. Sequence similarity between WtpA and ModA proteins

s typically only circa 30%, while similarities between WtpBC and
odBC are in the 50–55% range [12].
.3. Nomenclature problems and their solution

To the re-assignment of A. fulgidus ModA as WtpA the crystallo-
raphers have reacted by re-naming the protein as ‘ModA/WtpA’,
or which they define the abbreviation <species>ModA, e.g.,
Tungstate Di-mop fragment [26]
Molybdate Di-mop fragment [26]
Molybdate [27]

AfModA ≡ Archaeoglobus fulgidus ModA/WtpA [15]. On the other
hand, they have chosen to continue to use the ‘Mod’ nomen-
clature for the associated transmembrane B-protein and the
ATP-hydrolyzing C-protein [15–18]. This reviewer takes the lib-
erty of expressing a firm dissent with the use of these ambivalent
namings, which are now leading to a rapid build-up of misunder-
standings.

The genome of the methanogenic archaeon Methanosarcina ace-
tivorans contains structural genes for both a ModABC system and a
WtpABC system [12]. The WtpBC complex has been crystallized in
a tungstate-inhibited complex, but the crystal structure is referred
to as M. acetivorans ModBC [16]. The structure of the isolated WtpA,
which was re-named as ModA/WtpA, has recently been reported
in its apo-form by another protein crystallography group using the
label MaModA and with no reference whatsoever to its being a
member of the Wtp family [19]. Also, in a recent review it was
claimed that A. fulgidus has, in addition to the Wtp system, “the
ABC transporter ModABC for molybdate, whose general structure
could be resolved very recently for the first time” [20]. This is incor-
rect because A. fulgidus does not contain a ModABC system, and
the resolved structure [7] is that of the WtpABC system. Similarly,
in a very recent genomic analysis of metal-related genes one can
find that one out of four Thermococcales with sequenced genomes
(presumably P. furiosus) has both a WtpABC system and a ModABC
system [21], which is, once more, not true. If we are to continue in
this vein, what then should we call the expression product of the
(yet to be explored) real modABC system in M. acetivorans?

ModA, WtpA, and TupA are distinct systems that differ in their
oxoanion binding properties, whose primary sequences are essen-
tially unrelated, and whose oxoanion binding modes are very
different (see below). This reviewer proposes to consistently use

the distinctive labeling Wtp, Tup, and Mod, which will facilitate
concentrating on the important already detected differences in
binding properties and in feed-back regulation, and on still to be
explored possible differences once structural data will become
available for the TupBC system and the ModBC system.
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Table 2
Dissociation constants of molybdate/tungstate-binding proteins.

System Species KD molybdate KD tungstate Ratio Refs

ModA Escherichia coli 20 nM Similar ∼1 [34]
Xanthomonas axonopodis citri 0.29 �M 0.58 �M 0.5 [40]

TupA Campylobacter jejuni 50 nM 1 pM 0.5 × 104 [41]
Eubacterium acidaminophilum 1.4 �M 1 nM 1.4 × 103 [20]

nd <0.5 �M ∼103 [11]

WtpA Pyrococcus furiosus 11 nM 17 pM 0.6 × 103 [12]

MoT1 Chlamydomonas reinhardtii 7 nMa nd – [38]
Arabidopsis thaliana 21 nMa nd – [37]
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ModE Escherichia coli 0.8 �M

a KM-values for overall transport.

Table 1 lists the proteins of molybdate/tungstate transporters
or which crystallographic structures have been determined. Note
hat all the Wtp proteins of Table 1 in the protein crystallographic
iterature are referred to as Mod or as ModA/WtpA.

. Bioanalytics of Mo/W transport

To monitor the transport systems in operation raises specific
nalytical chemical issues, which are briefly addressed in this sec-
ion.

.1. Oxoanion concentration determination

Molybdenum can be determined by a variety of colorimetric
ethods (e.g., [28,29]), but the biochemists appear to have settled

ver the years for dithiolene complexes such as toluene-3,4-dithiol
30] or methyldimercaptobenzene [31]. The procedures typically
equire multiple steps including a solvent extraction, the sensitivity
s not fantastic, and simultaneous determination of Mo and W is
roblematic.

ICP–MS is frequently used as a high-end solution of significantly
ncreased sensitivity. A less costly and even more sensitive alter-
ative, with only minor interference issues, is the simultaneous
olarographic determination of Mo and W (as oxoanions or as met-
lloproteins) on the hanging mercury drop electrode by adsorptive
tripping voltammetry [32].

.2. Determination of binding constants

Native polyacrylamide gel electrophoresis has been used to
onitor shifts in retention time (apparent mass) of proteins upon

inding of ligand. Experience with the determination of binding
roperties of molybdate and tungstate binding proteins ModA,
upA, and WtpA is disappointing as the method appears to afford
nly qualitative results at best [11,12,33].

An alternative approach is the monitoring of spectral changes
pon ligand binding. Unfortunately, the relevant oxoanions are
losed-shell systems with no absorption in the visible and near
V, and so one has to resort to the detection of induced minor
hanges in the UV absorption and/or fluorescence of the protein.
his approach has been reported to be practical for molybdate and
ungstate binding to ModA [12,33,34], but not for WtpA [12].

The (micro-)calorimetric technique of isothermal titration
alorimetry (ITC) is in principle generally applicable to the deter-
ination of the thermodynamical constants (�G and KD and, when

easured as a function of temperature, �H and �S) of any bind-

ng equilibrium, and the detected heats of reaction for the systems
f interest here are sufficiently pronounced to allow for accu-
ate analyses. ITC is typically optimal for dissociation constants in
he micromolar range with progressive loss of sensitivity towards
Similar ∼1 [42]

higher or lower concentrations. In practice, the very strong bind-
ing of, e.g., tungstate to WtpA and TupA proteins can usually still
be determined with high accuracy, but only indirectly by means
of displacement experiments. First molybdate is bound, which is
then subsequently displaced by the stronger binding tungstate with
measurement of the difference between the two binding constants
[12]. KD-values are given in Table 2.

Dissociation constants can also be determined from Scatchard
plots using radionuclide detection as bound ligand after chro-
matographic separation of free ligand. Suitable isotopes are 99Mo
(t1/2 = 66.4 h) and 187W (t1/2 = 23.9 h). The method has been used to
study binding of 99MoO4

2− to E. coli ModA and competition with
cold WO4

2− [34]. 187W has not been used yet. The radionuclide
experiment assumes no stripping of ligand over the column, i.e.
slow binding kinetics compared to the time scale of the overall
experiment, and this presents a possible problem, see Section 3.3.

The complete transport system, e.g., ModABC, in a cell (or recon-
stituted in a membrane) can be viewed upon as a black-box enzyme
with free molybdate in the external medium as the substrate, and
molybdenum, in whatever forms, in the cytoplasm as the product.
The activity of the transporter can then be determined in terms of
a kcat and KM value, assuming Michaelis–Menten kinetics, and we
can take the KM value as an approximation of the dissociation con-
stant (Table 2). The definition of kcat in whole-cell experiments can
be ambiguous with respect to enzyme concentration. Reported low
numbers, e.g., fmol molybdate (mg protein)−1 min−1, refer to total
cell protein rather than transporter concentration [35].

3.3. Metalloproteomics

Radioisotopes such as 99Mo or 187W can also be used as markers
of native Mo- or W-proteins. When cells are grown on a medium
containing these tracers, and the proteins are subsequently
extracted and separated by two-dimensional gel electrophoresis
under native conditions (i.e. retaining the metal–protein bond)
the radioactive metalloproteins can be spotted by autoradiogra-
phy on a phosphorescence screen. After ten half lifes of decay of
the radioactivity the spots can be excised and their protein con-
tent be prepared by tryptic hydrolysis for identification in tandem
mass spectrometry. The technique has been used to determine the
tungsten proteome of P. furiosus [36] and to monitor the substitu-
tion of W by Mo in tungsten–protein biosynthesis under pressure
of high [Mo]/[W] ratio [3]. This approach appears to be problematic
for the study of periplasmic molybdate- or tungstate-binding pro-

teins possibly because the oxoanion is lost by dilution during the
protein separation [36]; however, in the membrane fraction of cells
grown on 99Mo, labeled WtpA was found presumably as part of the
transporter complex [3]. A further exploration and development of
the method is called for.
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ig. 2. Basic phylogram of ModA, WtpA and TupA. The distance scale represents
etween species. The lengths of the branches indicate that evolutionary relationshi

. Natural variation: Mod, Tup, Wtp, Mot1

.1. Phylogenetics

Molybdate and tungstate are sequestered by the gram-negative
acultative anaerobic E. coli with ModA, by the gram-positive
naerobic bacterium E. acidaminophilum with TupA, and by the
yperthermophilic anaerobic marine archaeon P. furiosus with
tpA. Furthermore, it has recently become clear that plants (Ara-

idopsis thaliana) and green algae (Chlamydomonas reinhardtii) use
et another protein labeled MOT1 or MoT1 [37,38], while verte-
rates, including man, do not appear to synthesize any of these
our systems, and are therefore likely to have an as yet to be dis-
overed fifth system. How different are these oxoanion-binding
roteins from each other, and what is the relevance of the tax-
nomy for an understanding of their coordination chemistry and
heir role in physiology? The discovery of the Wtp system and ini-
ial sequence analysis on a limited number of species afforded a
imple phylogenetic tree with three well separated main branches,
.e. an indication that based on global sequence comparison the

odA, TupA, and WtpA form three evolutionary distinct entities
12].

The number of deposited sequences from ABC transporter sys-
ems tends to grow rather rapidly, and the molybdate transporter
s no exception to this rule. At the present time the total num-
er of sequences with significant homology to ModA, TupA, WtpA,
r MOT1 has become so large that even the more robust extant
oftware hicks up when asked for a comprehensive comparison.

hat this means can be illustrated with an in silico experiment
arried out with the robust MUSCLE + Gblocks + PhyML software on
he server of phylogeny.fr [39]. First a restricted Blast (expectation
alue E < 10−40) was run on each of the paradigmatic proteins, E. coli
odA, E. acidaminophilum TupA, P. furiosus WtpA, and A. thaliana
OT1. Then the resulting sets were phylogenetically compared in

ifferent combinations. This procedure affords phylogenetic trees
nder the assumption that all used sequences are evolutionary
elated through a common ancestor gene, and are so in a retraceable
anner. The software failed to produce trustworthy alignments

ven if limited to pairwise comparisons of groups. Leaving out the
OT1 group (because the average sequence lengths is longer than

hat of the other groups), and reducing the number of sequences in
ach remaining group to a small number, say five, still led to a fail-
re of Gblocks to identify eliminable non-overlapping sequences
nd to phylograms with numerous low-valued bootstrap numbers.

The conclusion should be that the four groups all are mutually
o different, that it is impossible to retrace any putative evolu-
ionary relationships between them, and thus that, for all practical
urposes, they are not related. A very simple illustration of this

s seen in Fig. 2 which gives a phylogram for a single represen-
ative only from the three groups ModA, WtpA, and TupA. The bar
ength indicates that in this example each pair is separated by a dis-

ance corresponding to circa one average replacement per amino
cid site; indeed pairwise sequence identity is well below 20% for
ll three combinations. The implication is that phylogenetic anal-
sis may be useful to study variation within a group; however, it
s not applicable to any combination of the groups. For example, a
erage number of changes per amino acid residue (i.e. 0.5 means 50% differences
ween the three example A-proteins are extremely distant.

recent conclusion, based on inconveniently low bootstrap values,
that the ModA2 protein from A. vinelandii and A. fulgidus ‘ModA’
(that we now know to be a WtpA) are members of a sub-branch of
the ModA family [23], is obviously untenable. A second implication
is that, from a coordination chemical point of view, we should con-
sider each group as independent with its own specific solution to
the problem of affinity and specificity for oxoanion association. This
notion of convergent functional evolution is indeed what transpires
from available structural data, as discussed in Section 5.

Thus, by employing more than one of these systems, an organ-
ism could possibly fine-tune its molybdate and tungstate uptake
capabilities. The bacterial and archaeal kingdoms scatter over the
three families of ModA, TupA, and WtpA. The occurrence of more
than one gene for molybdate/tungstate binding is quite common.
Methanosarcina mazei has genes for ModA and TupA, Haloarcula
marismortui encodes TupA and WtpA, and Methanosarcina activo-
rans can make ModA and WtpA. Desulfotalea psychrophila even has
the genetic information for ModA, TupA, and WtpA [12]. Some
species also have paralogous genes for two variants from a sin-
gle branch. Genes for two ModA’s are found in Desulfotomaculum
acetoxidans, two TupA’s in Bradyrhizobium japonicum, two WtpA’s
in Deferribacter desulfuricans, and two MOT1’s in Physcomitrella
patens. All this suggests again that it is likely to be meaningful to
explore differences with respect to coordination chemistry, phys-
iological function, and perhaps regulation, and it underpins the
necessity for an unambiguous nomenclature.

4.2. Differential binding affinities

Perhaps the most obvious and easily observable difference
between the four systems is selectivity in their affinity for molyb-
date versus tungstate. A few illustrative selected numbers are given
in Table 2.

Although as usual many more genes have been sequenced than
gene products have been biochemically characterized, the limited
data suggest that the TupA and WtpA systems are strongly selective
in favor of tungstate, while ModA does not discriminate between
the two oxoanions, nor does ModE. For the eukaryotic MOT1 system
no KD-values have yet been reported; we take the KM values as
approximation of KD.

4.3. Three-dimensional homology

The apparently considerable evolutionary distances in primary
sequence between the different molybdate/tungstate binding pro-
teins does not appear to translate in large structural differences.
It has been noted that the overall structure of E. coli ModA and A.
fulgidus WtpA are quite similar in terms of alpha-helical and beta-
sheet elements and in the position of the oxoanion binding site
approximately in the protein’s center of gravity [15]. This is per-
haps not surprising since in all cases the soluble binding protein

would be expected to possess an approximate two-fold symmetry
designed to interact with a dimeric transmembrane translocator.
All crystal structures presently available have been listed in Table 1.

The recently deposited first structure of a TupA protein at
1.80 Å resolution (with the somewhat misleading title ‘The crystal
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Fig. 3. Overall 3D fold of three types of A-proteins. The comparison of (a) E. coli
ModA, (b) P. furiosus WtpA, and (c) G. sulfurreducens TupA indicates a strong simi-
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arity in three-dimensional structure, although the primary structures are unrelated.
olor coding: magenta, �-helix; yellow, �-sheet; black ball(s), oxoanion atoms (in
he TupA structure the tungstate is only defined as a single point). PDB files: 1AMF,
CG1, 3LR1.

tructure of the tungstate ABC transporter from Geobacter sulfurre-
ucens’) has not been discussed yet in the literature [24]. Bound
ungstate is represented in the pdb file as a single ‘atom’ and the
oordination chemistry of the tungsten is not clear (see also below).
owever, a first impression of the overall structure in compari-

on with a ModA and a WtpA protein, in Fig. 3, clearly indicated a
onsiderable homology in secondary and tertiary structure. For the
ukaryotic MOT1 proteins no crystal structures have been reported
et.

.4. The ‘eukaryotic’ solution

The vast majority of our knowledge of molybdate transporters
s based on studies of prokaryotic systems, but recently a eukary-
tic system has been described from the plant Arabidopsis thaliana
37] and from the green alga C. reinhardtii [38]. The transporter
onsists of a single subunit of 457 amino acid residues (A. thaliana
OT1) or 519 residues (C. reinhardtii MoT1); the latter has nine

utative membrane-spanning domains and there are two con-
erved sequence motifs – of unknown function – in between
omains I–II and VI–VII [38]. The protein has not been isolated
nd purified yet, and the tertiary and quarternary structure are
ot known. Transport activity has been measured after expression

n the yeast Saccharomyces cerevisiae [37,38]. The plant MOT1 was
riginally reported to be localized in the plasma membrane (when
xpressed in tobacco cells) based on fluorescence imaging of the

rotein N-terminally fused to GFP (green fluorescent protein) [37],
ut a subsequent study, using a C-terminally fused GFP construct

n Arabidopsis leaf protoplasts, concluded that the localization is
itochondrial consistent with a predicted mitochondrial targeting

equence at the N-terminal [43]. In a recent study on a mutant of C.
Reviews 255 (2011) 1117–1128

reinhardtii, named ‘DB6’, molybdate-transport deficiency was asso-
ciated with mutation of another gene than the MoT1 gene, which
made the authors conclude that “Without a full understanding of
all the genes involved in molybdate transport, we are unable to
understand the regulatory mechanism of Moco biosynthesis” [44],
an opinion with which this reviewer would concur.

As a further complication, it appears from an initial phylogenetic
analysis that MOT1 homologs not only occur in plants, algae, and
fungi, but also in bacteria [38]. The genome of one of the species
cited in the analysis, Shewanella woodyi, also happens to carry genes
for a Tup system and two Mod systems, which leads one to wonder
whether there is such a thing as a eukaryotic molybdate trans-
porter.

5. Bio-coordination chemistry of molybdate/tungstate

5.1. Binding the substrate

How do the binding proteins discriminate between molyb-
date and tungstate? What is there to discriminate on? Due
to the lanthanide contraction the isoelectronic MoO4

2− and
WO4

2− tetrahedral anions are structurally very similar as evi-
denced, for example, by the metal–oxygen bond length in SrMoO4
(176.6 ± 0.5 pm) versus SrWO4 (177.9 ± 0.3 pm) [45]. A protein
that would bind oxoanions through hydrogen bonds to the oxy-
gen atoms should have no problem in excluding the isoelectronic,
but much smaller sulfate ion, however an effective discrimination
between molybdate and tungstate would seem to be near to impos-
sible.

Specific ionic bonding could lead to deformation of the tetrahe-
dron, and thus to changes in the metal-to-oxygen bonds [46], but
the changes would be rather similar for the Mo and W systems

It has recently been suggested that a difference in basicity,
where protonation may be part of a stable complex formation,
may contribute to discriminate the two metals [20]. The cited pKa-
values (no reference) for the first protonation of 3.8 (molybdate)
and 4.7 (tungstate) are at variance with other literature values, e.g.,
5.0 (molybdate) and 3.5 (tungstate) [4], or 3.7 (molybdate) and 3.8
(tungstate) [47].

A significant discrimination would require some form of direct
bonding to the metal so that the chelating protein can tune into
the differences in metal ionic radius, in Lewis acidity, and/or in
extent of relativistic effects [48]. Whatever the relative relevance of
these properties has on the stability of the protein–oxoanion com-
plex, the overall effect is likely to be significant as inferred from
the 0.3–0.8 V positive differences in reduction potential (i.e. rela-
tive stability of reduced over oxidized form) of isoelectronic Mo
versus W complexes with a variety of ligands [49], including the
W-substitutable Mo-enzyme DMSO-reductase from Rhodobacter
capsulatus [50].

5.2. The ModA binding mode: hydrogen bonds only

Crystal structures have been determined for ModA complexed
with its substrate from E. coli [10], A. vinelandii [22], and X. citri [23]
(note that all other so-called “ModA’s” deposited in the pdb at the
time of writing are actually WtpA’s; see Table 1). A schematic view
of the coordination in the E. coli protein is depicted in Fig. 4a.

Seven atoms of the protein are in H-bond donating distance from
the molybdate oxygens: three alcoholic oxygen groups (two Ser and

one Tyr) and four nitrogen backbones including two from the Ser’s).
There is no indication for significant distortion of the molybdate (or
tungstate) tetrahedron.

The binding site appears to be rather conserved. In the 67 ModA
sequences considered above (Section 4.1) the two alcoholic side
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Fig. 4. Coordination details of the oxoanion in different molybdate/tungstate bind-
ing proteins. (a) E. coli ModA, (b) P. furiosus WtpA, (c) G. sulfurreducens TupA, (d)
E. coli ModE. PDB files: 1AMF, 3CG1, 3LR1, 1H9S. The numbers are bond lengths in
Å
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species are not represented in the aqueous stability diagrams of
ngström. In panel (c) putative ligands to the tungstate are indicated by solid circles
<4.0 Å from the tungstate barycenter) or broken circles (<4.5 Å) with color coding
ed (oxygen) blue (nitrogen) or green (water).

roup residues Ser-12 (E. coli numbering) and Tyr-170 are fully
onserved; in some proteins the equivalent of Ser-39 is replaced

y Thr. Ala-125 is fully conserved in the pattern PAGxY, and Val-
52 is conserved in the motif V(R/K). Apparently, not only the
ize of the binding pocket is relevant for the discrimination of
olybdate/tungstate versus smaller oxoanions such as sulfate, but
Reviews 255 (2011) 1117–1128 1123

the specific coordination geometry is also of importance to bind
an undeformed molybdate/tungstate tetrahedron with nanomolar
dissociation constant.

Two ModA proteins of Azotobacter vinelandii belong to a slightly
diverged group of proteins, and the binding site in the crystal struc-
ture of ModA2 [22] has some subtle modifications compared to
E. coli ModA and X. citri ModA; the backbone-N and alcoholic-O
hydrogen bonds of Ser-39 (E. coli) have been retained in Ser-37
(A. vinelandii), and so has the N-backbone H-bond of Val-152 (Val-
147 in A. vinelandii). Also, the N-backbone H-bond of Ala-125 in
a PAG motif has an equivalent in the backbone-N from Tyr-118
in a PYG motif. However, the alcoholic-O H-bond of E. coli Tyr-
170 is absent in A. vinelandii; and the alcoholic-O and N-backbone
H-bonds of E. coli Ser-12 become amine-N and backbone-N from
Asn-10, extended with alcoholic-O and backbone-N from Thr-9.
Overall, the number of hydrogen bonds is seven in both cases.

5.3. The WtpA binding mode: double carboxylate coordination

Crystal structures have been determined for the oxoanion com-
plex of WtpA proteins from five different archaeal species: A.
fulgidus, M. janaschii, M. acetivorans, and the hyperthermophiles
P. furiosus and P. horikoshii [15]. The structure of the apopro-
tein has been determined for M. acetivorans WtpA [19]. The
tungstate/molybdate binding site is very different from that in the
ModA protein. In addition to multiple hydrogen bonds there are
two direct coordination bonds from monodentate carboxylate oxy-
gens to the metal (Mo or W) resulting in a major deformation of the
oxoanion to what appears to be an approximately octahedral MO6
configuration, however, with large differences in the metal–oxygen
bonds. In the 23 WtpA sequences considered here the coordinating
aspartate, Asp-160 (P. furiosus numbering) is fully conserved in a
DPxGYR motif (in one case out of 23, the translated gene sequence
of Methanocorpusculum labreanum, the Pro is substituted by Ala).
The second coordinating residue is a glutamate, Glu-218, which is
invariant in the species for which the WtpA 3D structure has been
determined, however, it is not conserved in the set of 23 sequences
(namely 12 Glu, 9 Ser, 2 Ala). The second carboxylate oxygen has
been proposed to form a hydrogen bond to a protonated oxygen
from the oxoanion [7,15]. Just like in the ModA structure two con-
served serine residues, Ser-42 in the motif AGSLxxP and Ser-75 in
the motif GS, form H-bonds through their alcoholic side groups
and also with their backbone nitrogens; a third H-bond from an
alcoholic side group is from conserved tyrosine-236. The maize is
completed with hydrogen bonds of backbone nitrogens from con-
served glycine-41 in the AGSLxxP motif and from a non-conserved
cysteine-162 in the DPxGYR motif.

A recent redox chemical study on P. furiosus WtpA has illumi-
nated how drastically the metal site in this protein differs from that
in an oxoanion (either free or H-bonded to ModA). Bulk titration
with sodium dithionite in the presence of organic-dye media-
tors, monitored with EPR spectroscopy, reveals a Mo(V) S = 1/2
species with reduction potentials E′0(Mo6+/Mo5+) ≈ −0.50 V and
E′0(Mo5+/Mo4+) ≈ −0.36 V, i.e. crossed-over potentials affording a
maximum of circa 3% Mo(V) at intermediate potentials [51]. The
potentials for the corresponding tungstate complex have not been
measured as they are presumably below the potential of dithion-
ite (−0.55 V at pH 8 for 10 mM dithionite). The observation of
this redox chemistry is remarkable since reduction of the aque-
ous oxoanions molybdate or tungstate only affords the insoluble
M(IV)O2 oxide at low potential, and, at low pH, the Mo3+ ion. M5+
molybdenum or tungsten, and a Mo(V) EPR species has never been
detected before for free or bound oxoanion.

The quasi-octahedral MO6 structure is not an artifact of crys-
tallization; it has been confirmed and determined with increased
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recision by tungsten L-edge X-ray absorption spectroscopy on
rozen solutions of WtpA [15]. The Fourier transform of the EXAFS
pectrum exhibits an unusual feature at 3.7–4.0 Å that is inter-
reted as evidence of multiple scattering events (i.e. involving
ack-scattering over more than one W–O bond), which would be
ossible only in a close-to-octahedral arrangement.

From a comparison of the oxoanion binding in WtpA versus
odA it would appear that the carboxylate coordination bonds

rovide WtpA’s selectivity of tungstate over molybdate. Asp-160
ould be the key residue since the Glu-218 is not conserved. How-
ver, binding characteristics and structural data have not yet been
eported for any WtpA in which the Glu-218 has been substituted.
uture comparative studies on Glu-218 substituted WtpA variants
nd on Asp-160 and/or Glu-218 site-directed mutants would pre-
umably be helpful to further pin down the molecular basis of the
electivity.

.4. The TupA binding mode: an arginine salt bridge?

Is the WtpA coordinating aspartate in a network of hydro-
en bonds nature’s unique solution for fishing out tungstate from
he typical excess of molybdate? We argued, above, that TupA
s apparently unrelated, or at least not strongly related, to WtpA
n its primary sequence. Just like WtpA, the paradigmatic E. aci-
aminophilum TupA exhibits a tungstate over molybdate selectivity
f circa three orders-of-magnitude, however with a circa 100-fold
ower absolute affinity (Table 2 [11,20]). Recent work on the TupA
rom Campylobacter jejuni reports on an even more impressive
electivity of four to five orders-of-magnitude with a tungstate dis-
ociation constant of circa 1 pM [41,52]. At this time the structural
asis for this remarkable property is far from established, but it
ppears to be clearly different from the WtpA solution.

Crystallographic data of E. acidaminophilum TupA has not yet
een deposited, although a 1.9 Å structure of the apo-protein with
itrate in the putative oxoanion binding site was announced and
riefly discussed some time ago [20] and details can also be found

n a publicly available thesis manuscript [53]. Three specific conclu-
ions were drawn from a preliminary X-ray analysis: (i) a conserved
TTS motif is a typical signature indicating a selective binding of
ungstate; (ii) a conserved histidine residue might be quite impor-
ant for a selective protonation of tungstate; (iii) mutagenesis of an
xtending (i.e. into the putative binding pocket) positively charged
esidue of arginine to lysine strongly diminishes the specific bind-
ng of tungstate [20,53].

Recently, the 1.8 Å structure of the Geobacter sulfurreducens
upA–tungstate complex has been released (3LR1.pdb), although a
ublication describing this structure has yet to appear [24]. Unfor-
unately, the tungstate oxoanion has been modeled as a single
oint in space, and since no EXAFS data on any TupA are avail-
ble, it is presently not clear whether the coordination geometry
round the tungsten is tetrahedral, or octahedral, or, for that matter,
nything else. We can, however, draw some preliminary conclu-
ions from inspection of the pdb file assuming the tungstate to
ave metal–oxygen bonds comparable to those in ModA and WtpA
1.7–2.2 Å cf Fig. 4a and b). In Fig. 4c the structural elements around
he oxoanion “W” are highlighted; in particular, all atoms are

arked that are within a radius of 4 Å (solid circles) or 4.5 Å (bro-
en circles) of the barycenter of the tungstate. The binding pocket
ppears to be open on one side with several water molecules in
ydrogen-bonding distance from the oxoanion. Although the 63
upA sequences considered here have several conserved aspar-

ates, none is even remotely in a position to form a coordination
ond with the metal, and it is clear that the Asp-160 effect in WtpA
as no equivalent in the TupA structure. In fact, no direct coordina-
ion to W appears to be possible for any amino acid. The predicted
xoanion-protonating histidine is not found in the G. sulfurreducens
Reviews 255 (2011) 1117–1128

structure. The His nitrogen closest to the tungstate barycenter is at
a distance of circa 7 Å. The TTTS motif is present and threonine-
9 and serine-11 are in a position to form hydrogen bonds to the
oxoanion. Another conserved threonine, Thr-124, is also in poten-
tially hydrogen-bond forming distance. The ‘extending’ arginine is
also in place as Arg-118 with its terminal nitrogens <4.5 Å, respec-
tively, <4 Å away from the W-point, and this positive charge clearly
represents a major difference compared to the WtpA or the ModA
structure. Why this particular structural element would afford the
(very) high selectivity of the TupA proteins remains to be resolved.

5.5. The MOT1 binding mode is not known

The eukaryotic MOT1 system has been studied only from two
species: the monocellular green alga C. reinhardtii [38] and the plant
A. thaliana [37]. A BLAST of A. thaliana MOT1 versus non-redundant
protein sequences returns homology with the C. reinhardtii MoT1
at an expectation value of circa 10−27, and with 35 eukaryotic
sequences of even lower E-value typically annotated as ‘puta-
tive sulfate transporter’. At least 11 residues are fully conserved
amongst the 37 sequences, suggesting that also this system carries
a rather well conserved binding pocket for its substrate molybdate.
No crystal structure has been reported; MOT1 has no significant
sequence homology to ModA, WtpA, TupA, or ModE.

5.6. ModE binding: extended H-bonding, a lysine salt bridge, and
a directing carbonyl?

As the cytoplasmic E. coli ModE is a negative regulator of expres-
sion of the ModABC transporter, it should undergo a significant
conformational change upon binding of molybdate, in order to
make it ready for interaction with double-stranded DNA. This is
indeed what transpires from a comparison of the apo and oxoanion-
bound crystal structures [25–27]. ModE is a homodimer, with
an N-terminal DNA binding domain and a C-terminal oxoanion-
binding domain in each subunit, affording two oxoanion binding
sites each with ligands from two subunits. Molybdate locks ModE
in its regulatory conformation with a binding pattern that not only
involves the significantly higher number of nine hydrogen bonds
than found in the periplasmic binding proteins ModA (seven) or
WtpA (seven or eight), but also a salt-bridge interaction with a
lysine-183, and finally, with what appears to be a direct coor-
dination bond with the backbone carbonyl oxygen of serine-126
(Fig. 4d). This Ser O–Mo bond has been proposed to have a direc-
tional effect on the oxoanion tetrahedron based on the observation
that the carbonyl oxygen is approximately equidistant from three of
the molybdate oxygens [26]. This unusual feature has a pendant in
non-biological coordination chemistry of high-valent molybdenum
in the Mo(VI) enolate complex [Mo(NAr)2Cl{�2-C(Me2)CO2But}]
[54].

A BLAST ran for this review of E. coli ModE against the non-
redundant protein sequences returns 33 homologs with E < 10−20

with almost full conservation of the molybdate ligands. In par-
ticular, the putatively coordinating carbonyl Ser-126 is conserved
in virtually all cases with one Ser to Thr substitution, the salt-
bridging Lys-183 is fully conserved, and so are Arg-128 and Thr-163.
Alcoholic-O H-bonding Ser-166 is replaced with Ala in two out of 34
cases, and backbone-N H-bonding Ala-184 is sometimes Ser (three
times) or Gly (once).

An equivalent of ModE for the Wtp or Tup systems has not been
identified (yet), but the WtpC protein of M. acetivorans (in literature

known as MaModC) has a C-terminal extension, not found (yet) in
any other WtpC system, that looks remarkably like the oxoanion-
binding part of ModE both in its secondary and its tertiary structure
[16]. The role of this WtpC extension is also a regulatory one:
binding of tungstate locks the WtpBC complex in a conformation
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ig. 5. Structures of transmembrane complexes in inward-facing and outward-fac
hosphates bound to the C-subunits, (b) M. acetivorans WtpB2C2 with two tungstate
ytoplasmic domain. The grey bar symbolizes the plasma mebrane. Arbitrary colors

hat blocks ATP hydrolysis and thus also transport of periplasmic
ungstate. This regulatory mechanism has been named trans inhi-
ition [16].

. Working mechanism(s) of Mo/W transport

.1. The minimal hypothesis: two states versus three states

For an evaluation of our present knowledge of the molybdate
ransporter as a molecular machine we start from an analogy with

macroscopic machine. Conceptually the simplest form of the
nternal combustion engine is the two-stroke variant. Although

two-state model may suffice to picture its primary mechanical
ovements, a minimum of three different events is required for

ven the most basic description of its mode of action: compres-
ion, power stroke, and exhaust. By the same token the working of
biological engine can be understood in basic terms as the cyclic

equence of minimally three events such as the three Boyer confor-
ations (loose, tight, open) of the catalytic subunits in ATPsynthase

55,56] or the torque generation (proton binding, power stroke,
roton release) that drives this synthase [57] (see also [58]). Clearly,
he number of states (or intermediates) increases with the level of
escriptional detail of these nano-engines in action, but the key
uestion that we will address here is whether a proposed mini-
al model of two conformations [7,16,18,59–61] finds sufficient

upport in structural studies of the molybdate transporter.

.2. Crystallographic studies of ABC transporters

ABC transporters are ‘active’, i.e. they exert work: they create a
olute gradient, at the expense of ATP hydrolysis. The central event
hould be a (at least one) conformational change induced either by
inding of ATP, or by its hydrolysis, or by release of ADP. Perhaps
he simplest way to picture such a two-state protein conformer
ould be an open-ended funnel-like structure (such as indicated

n the cartoon of Fig. 1) whose opening moves from one side of the
embrane to the other.

This simple mechanics is indeed what has been suggested to

ccur at the molecular level in the molybdate transporting machine,
s grasped from inspection of the two available 3D structures of
tp transporters in comparison with structures from a bacterial

xport system (Fig. 5).
nformations. (a) A. fulgidus WtpAB2C2 with tungstate bound to the A-protein and
nd to the C-subunits, (c) S. aureus Sav1866 dimer with two AMP-PNPs bound to the
sed to discriminate different subunits. PDB files: 2ONK, 3D31, 2ONJ.

The left-hand structure (a) is that of A. fulgidus WtpABC with
tungstate bound to the WtpA periplasmic binding protein and with
two ADPs bound to the two WtpC subunits that in vivo stick out
into the cytoplasm [7]. This is called the inward-facing orienta-
tion with reference to the conformation of the transmembrane
WtpB subunits that are thus blocked for reception of the oxoan-
ion. The middle structure is M. acetivorans WtpBC with two ATPs
bound to the WtpC dimer, and in this complex the WtpA protein
is absent [16]. Interestingly, this is also an inward-facing confor-
mation. The complex has been proposed to be stable by virtue of
the fact that this M. acetivorans variant of the Wtp system happens
to have C-subunits with elongated primary structure, and these C-
terminal extensions form two binding pockets for molybdate or
tungstate, which, when occupied (as in Fig. 5b), result in inhibi-
tion of ATP hydrolysis and thus in preventing the conformation to
change to outward-facing [16]. The right-hand structure (c) is the
B2C2 complex of the multidrug transporter Sav1866 from Staphy-
lococcus aureus in complex with the non-hydrolysable ATP analog
adenosine-5′-(beta,gamma-imido)triphosphate, or AMP–PNP, in
an outward-facing conformation [62].

From these conformational snapshots a two-state minimal
model has been deduced in the literature for the working mech-
anism of these ABC transporters; binding of ATP affords an
outward-facing conformation which, upon hydrolysis of ATP,
returns to an inward-facing conformation [7,16,18]. A cartoon of
this model is given in Fig. 6a.

6.3. The transport mechanism is insufficiently defined

In addition to the general objection that a machine in action
cannot be described with two states only, there are several specific
problematic issues, which are perhaps well illustrated by expand-
ing the two-state cartoon into a complete minimum hypothesis
scheme including the events of small-molecule binding and release
in Fig. 6b. Note that the outward-facing conformations of the
protein complex are color-coded in soft red to indicate that the
proposal implies these conformations to be metastably induced.

The following questions arise: (i) why is the M. acetivorans WtpBC
complex with ATP bound not in the outward-facing conforma-
tion; (ii) why is the S. aureus Sav1866BC complex with ADP bound
in the outward-facing conformation. Regarding the first question
the crystallographers claim that the inward-facing conformation
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Fig. 6. Schematic models for the mechanism of action of (molybdate/tungstate) ABC
transporters. The two colored bars with their middle connected by a ring symbolize
two BC dimers separated by a space that exceeds the size of the oxoanion. Red bars
are in an energized conformation; green bars are relaxed. Small ellipses are bound
ATP (red) or ADP (green). In panels c and d the grey arc is the periplasmic binding
protein, and the orange ball is the oxoanion. (a) A two-state model inferred from
crystallographic studies in which the transmembrane complex switches between
inward-facing and outward-facing conformations; (b) the same model but now
including all primary binding events; (c) a model in which binding of the loaded
p
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a
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hydrolysis [16]; (3) in some species (e.g., Clostridium pasteurianum
eriplasmic protein initiates pumping action; (d) the same model plus binding
vents; the X’s indicate that the order of occurrence of these intermediates is
nknown.

s retained because bound oxoanion prevents ATP hydrolysis [16],
owever, the model would require that bound molybdate prevents

change to the metastable conformation and how this could come
bout is unclear. In addressing the second question the crystallo-
raphers suggest that “purification and crystallization conditions,
n particular the presence of detergent, have shifted the conforma-
Reviews 255 (2011) 1117–1128

tional equilibrium of Sav1866 to the ATP-bound state” [63]. This
reviewer would venture the suggestion to be unsatisfactory, not
only because there is no proof that the two states are in equilib-
rium, but also because it is a de facto declaration of defeat on the
part of functional protein crystallography to solve the mechanism
of these transporters. Indeed, in a subsequent study no conforma-
tional difference whatsoever was observed between the complex
with ADP-bound versus that with the non-hydrolysable ATP analog
AMP–PMP-bound [62,63].

Originally for the E. coli maltose ABC transporter it has been
proposed that the periplasmic binding protein undergoes a con-
formational change upon binding of the substrate maltose and
that subsequent binding of the loaded protein to the transmem-
brane complex induces a mechanistically essential conformational
change, which triggers the pumping action [64]. Recently, this pro-
posal has also been adapted to describe the action of A. fulgidus
WtpABC tungstate transporter [65,66]. This signals a paradigm
change from a model in which ATP binding is the initiator of action
to one in which periplasmic protein binding in concert with (or
in sequence with) ATP hydrolysis are the triggers. It would also
be consistent with the recently reported conformational difference
between M. acetivorans WtpA in its apo-form versus its oxoanion-
bound form [19]. The published cartoons for this model [64–66]
are redrawn in our format in Fig. 6c, and since they are once
more incomplete, we also give an extended version in Fig. 6d that
includes the primary binding and release events.

Inspection of the schemes in Fig. 6 (and possible alternatives)
inevitably leads to the conclusion that crystallographic studies, in
spite of the intrinsic beauty of the resolved 3D structures of these
ABC transporters, have not yet led to consistent insight in their
mechanism of action. Several important mechanistic issues still
remain to be addressed, the most important one being the ques-
tion of what exactly is the stroke/leverage event in these machines.
Additional and related problems are: (a) is binding of the loaded
A-protein preceding or following binding of ATP? (b) What is the
order of events in the release of phosphate, molybdate/tungstate,
and apo A-protein? (c) Are the inward-facing and outward-facing
conformations largely different in total energy (i.e. a stable ground
state and a metastable excited state) or are they rather in quasi
equilibrium? (d) Is the oxoanion like a smooth ball rolling through
a ‘teflon-coated’ tunnel [18], or are there yet to be discovered
specific binding interactions? Experimentally addressing these dif-
ficult questions may well require combining the crystallography
with multiple forms of time-resolved spectroscopy.

6.4. Multiple controls of cellular Mo/W levels

Mo and W homeostasis also depend on other factors than the
functioning of their transporter systems. Since the subject trans-
gresses the scope of this chapter, we give here only a succinct
summary of the (limited) state of the art in terms of key factors
involved and of the experimental basis for their operation.

Fig. 7 is a cartoon for a generalized prokaryotic cell. Each pro-
cess appears to occur in some species, but all species may not
accommodate all events. Possible processes are: (1) at least some
of the molybdate ABC transporters exhibit ‘selection at the gate’,
i.e. the WtpA and the TupA systems discriminate between molyb-
date versus tungstate by means of differential binding affinities
[12,20,41]; (2) at least one system, the M. acetivorans WtpBC,
exhibits trans inhibition, i.e. binding of molybdate or tungstate to
the WtpC subunits blocks the pump presumably by preventing ATP
Mop) hexameric ‘molbindin’ proteins are found that can bind 6–8
molybdates and they have been proposed to act as storage devices
[67–71]. A different protein, thus far only studied in A. vinelandii,
has a more substantial binding capacity of some 100 oxoanions per
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Fig. 7. Overview of regulatory events in the homeostasis of intracellular molybdate
and/or tungstate. Not all events necessarily occur in a single species. The enclosure is
a plasma membrane; the oxoanion is symbolized by an orange ball; green half-moon
symbols indicate selection points; red quarter-moon symbols indicate inhibition
points. Regulatory events: (1) selection between molybdate versus tungstate by
A-protein binding; (2) trans inhibition by binding of oxoanion to regulatory sites
on the C-subunits; (3) storage of oxoanions in/on specific storage proteins; (4)
import of molybdate by non-specific pumps; (5) specific inhibition of transporter
gene transcription by DNA-binding of oxoanion-activated inhibitor protein (6) up-
or down-regulation of genes involved in molybdenum processing; (7) selection
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etween molybdate versus tungstate at the level of cofactor synthesis; (8) changes
n speciation of free oxoanion following changes in intracellular concentration of
omplexing solutes.

examer [72]; (4) molybdate can also enter through ‘leakage’ by
arasitic use of other systems, in particular the sulfate ABC trans-
orter [73]; (5) transcription of the ModABC operon is inhibited
hen the ModE dimer in complex with molybdate binds to the
roper DNA regulatory site [9,27]. Equivalent systems outside the
od family are yet to be discovered; (6) gene-expression rela-

ions can also be less specific than between molybdate/tungstate
nd synthesis of their ABC transporter mRNA. For example, the
od operon is upregulated by arsenite [74]. Also, production of

he Mo/Se-enzyme E. coli formate hydrogenlyase is antagonized by
ungstate [75]. And algal MoT1 synthesis is upregulated, and activ-
ty is stimulated, by nitrate [38]; (7) distinct but homologous sets
f enzymes catalyze the biosynthesis of the molybdenum cofactor
oco versus the tungsten cofactor Wco, but, e.g., the tungstate-

pecific P. furiosus set can also incorporate Mo, although with lower
verall yield [3]. Effectively these systems thus represent a second
election step for tungstate versus molybdate (or the other way
round); (8) finally, the free oxoanion will be subject to speciation
n the cytoplasm; cf. the specific complexation with the Mg2+ ion
n vitro [76]. Little is known about molybdate speciation in vivo.

The model in Fig. 7 presumes that the oxoanions are available
n the environment and are not hampered in their diffusive iti-
ary to the plasma membrane. That this is not necessarily true

or soil bacteria has been documented in a recent series of papers
n Mo homeostasis in Mo-nitrogenase producing A. vinelandii by
raepiel et al. (e.g., [77–80]). Siderophores (i.e. iron complexing
gents) of the bis- and tris-catecholate type also have relatively
igh affinity (submicromolar KD-values) for molybdate (they are
lso ‘molybdophores’), and their release can compensate for the low
ree molybdate concentration in soil due to oxoanion adsorption
o mineral surfaces and complexation by tannin-like compounds
80]. Coordination chemical information is thus far limited to XAS

ata comparison with model compounds of known structure [77].
he question whether sequestring of molybdate (and tungstate [78]
nd vanadate [79]) also occurs in other species (e.g., non-nitrogen-
xing, aquatic microorganisms) is yet to be addressed.
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7. What remains to be addressed

The coordination chemical contours of the initial sequestring
event by specific molybdate import systems are taking shape. The
principle of selectivity for Mo versus W needs sharper definition.
Apparently, at least four different modes of binding the oxoan-
ion can be discerned. Is there an underlying unifying principle in
these patterns, or do they represent multiple independent routes of
converting evolution? With a present paucity of data on synthetic
models for the binding interactions, it would seem that model-
compound chemistry could develop an important clarifying role
here.

The available X-ray data on the membrane-spanning Wtp com-
plexes attest clearly to the bearing of protein crystallography to our
understanding of molecular machines, however, their inspection is
yet to lead to insight in the primary molecular steps of energy-
consuming gradient building. Key features of the mechanism of
action, such as, what is (are) the energy-transducing event(s) and
what, if any, is the molecular interaction of oxoanions with the
pump channel, are unclear or even undefined.

The subject of molybdenum homeostasis, or the regulation of
intracellular Mo/W concentrations, has many loose ends waiting
to be addressed. Are there ModE equivalents in the Tup and Wtp
systems? Is the trans inhibition observed for the M. acetivorans Wtp
system an exception? What happens upon release of the oxoanion
from the pump, i.e. what is the intracellular (and in eukaryotic cells
organellar) speciation? And how does the biosynthetic machinery
contribute to Mo versus W selection while it converts the oxoanion
into the Moco/Wco thiolato complex?

The single-subunit eukaryotic MOT1 system, recently identi-
fied in plants and algae, is still poorly characterized. There are no
structural data yet. The Arabidopsis protein appears to function in
mitochondrial import, which raises the question whether there is
also a specific cytoplasmic importer. In addition to the MoT1 gene
Chlamydomonas carries another gene whose mutation appears to
lead to impaired Mo import. How ‘eukaryotic’ is this system any-
way, when homolog MoT1 genes are also found in bacteria. And
how do animals, including man, get essential molybdate into their
cells?

Breakthroughs in searches for answers to these numerous
questions are likely to come from an interplay between differ-
ent disciplines, notably, physiological, biochemical, and protein
crystallographical studies, and in this combination a strong coordi-
nation chemical component will have a notable presence.
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