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Introduction

The uptake, processing, and storage of metals in organisms,
from mammals to microorganisms, has attracted the interest
of scientists from different fields, for example, bioinorganic
chemistry, genetics, medicine, and ecology. A specially fascinat-
ing case is the complex Mo metabolism in N2-fixing bacteria
which has been particularly extensively investigated for Azoto-
bacter vinelandii.[1] Correspondingly, several proteins involved
in this metabolism have been thoroughly characterized; most
of them are members of the “molbindin” family (Mop and Mod
proteins), share a common “Mop motif” in their amino acid se-
quence, and contain Mo in the form of monomeric molybdate
anions.[2]

In A. vinelandii, an aerobic bacterium that is widespread in
soils and waters, another Mo protein exists, designated as the
“molybdenum storage protein” (MoSto), which is functionally
connected to nitrogen fixation[3] and enables the accumulation
of enormous amounts of Mo inside the cell,[3–5] thus supplying
the conventional nitrogenase system with Mo even in an Mo-
deficient environment. The bioavailability of Mo in soils is
highly variable and may easily become a growth-limiting factor
for nitrogen-fixing bacteria. It has been observed that even in
habitats where some Mo is available, the growth of N2-fixing
organisms may cause a self-produced Mo starvation in the sur-
rounding environment.[6] Due to its high Mo uptake activity,
A. vinelandii has even been used to remove molybdate from
liquid growth media, thus very rapidly (within 10–15 min) cre-
ating almost Mo-free nutrient solutions which are used for de-
repression of the Fe nitrogenase system in Rhodobacter capsu-

latus.[4] It is therefore clear that in natural habitats, where or-
ganisms compete for molybdate ions, species like A. vinelandii,
equipped with such a high-capacity storage system that scav-
enges Mo very effectively from the close environment, will
certainly have a great selective advantage.

Remarkably, despite the obvious physiological and ecologi-
cal importance of MoSto, research into this protein has been
neglected so far. Since its first isolation and basic characteriza-
tion more than 20 years ago,[3] no further detailed publication
has followed. The only attempt ever to obtain information
about the nature of the protein-bound Mo was based on time-
differential perturbed angular correlation of g rays (TDPAC)
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Azotobacter vinelandii is a diazotrophic bacterium characterized
by the outstanding capability of storing Mo in a special storage
protein, which guarantees Mo-dependent nitrogen fixation even
under growth conditions of extreme Mo starvation. The Mo stor-
age protein is constitutively synthesized with respect to the nitro-
gen source and is regulated by molybdenum at an extremely low
concentration level (0–50 nm). This protein was isolated as an
a4b4 octamer with a total molecular mass of about 240 kg mol�1

and its shape was determined by small-angle X-ray scattering.
The genes of the a and b subunits were unequivocally identified ;

the amino acid sequences thereby determined reveal that the Mo
storage protein is not related to any other known molybdopro-
tein. Each protein molecule can store at least 90 Mo atoms. Ex-
tended X-ray absorption fine-structure spectroscopy identified a
metal–oxygen cluster bound to the Mo storage protein. The bind-
ing of Mo (biosynthesis and incorporation of the cluster) is de-
pendent on adenosine triphosphate (ATP); Mo release is ATP-inde-
pendent but pH-regulated, occurring only above pH 7.1. This Mo
storage protein is the only known noniron metal storage system
in the biosphere containing a metal–oxygen cluster.
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measurements with 99Mo described by M�ller et al.[5] Despite
the limitations of this method (yielding a fingerprint only, no
explicit structural information like interatomic distances, bond
angles, etc.) and the fact that the experiments were done only
with whole cells and cell-free extracts, and not with purified
protein, the TDPAC spectra gave the first hint that the Mo
component in MoSto might be a polynuclear metal–oxygen
cluster.[5] The iron storage proteins ferritin[7] and frataxin[8, 9] are
currently the only reported examples of biological metal stor-
age in the form of such a cluster.

The work presented herein is the first comprehensive bio-
chemical characterization of MoSto, including data on the Mo-
binding/release mechanism, identification of the encoding
genes, determination of the protein shape by means of small-
angle X-ray scattering (SAXS) analysis, and characterization of
the protein-bound Mo component by using extended X-ray
absorption fine-structure (EXAFS) spectroscopy.

Results and Discussion

Purification of MoSto, molecular mass, subunits, and Mo
content

The purification protocol described in the literature[3] has been
improved. As summarized in Table 1, DEAE–Sephacel anion-ex-
change chromatography was applied as the first step and was
followed by ammonium sulphate fractionation (40–50 % satu-
ration) and gel filtration on Superdex 200; this resulted in
MoSto preparations which were >95 % pure according to
electrophoretic analyses (Figure 1 A).

The crucial improvement in this procedure was the use of
Superdex 200 as the gel filtration material. Sephadex G-100
had been applied in the first, and so far only, isolation of
MoSto more than 20 years ago.[3] Due to its fractionation range
of 4–150 kg mol�1, that material is definitely not suitable for
the separation and molecular-mass determination of proteins
of the size of MoSto. On Sephadex G-150 (fractionation range:
5–300 kg mol�1), Sephadex G-200 (5–600 kg mol�1), and Super-
dex 200 (10–600 kg mol�1) columns, MoSto eluted at a point
corresponding to a molecular mass of about 240 kg mol�1,
while a molecular mass of 247 kg mol�1 was determined inde-
pendently from SAXS data by reference to a standard sample
of bovine serum albumin.

SDS-PAGE results proved that MoSto consists of equal
amounts of two different subunits (Figure 1 A), for which
matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF) mass spectrometry on a purified sample yielded
masses of 29.12 (a subunit) and 28.15 kg mol�1 (b subunit).
This demonstrates that the functional protein is an a4b4 octa-
mer rather than an a2b2 tetramer (90 kg mol�1) with subunit
masses of 21 and 24 kg mol�1, as assumed by Pienkos and

Brill.[3] MoSto molecules present
in a tetrameric state have never
been found to exist in our prep-
arations.

The most important criterium
for a successful purification on
the one hand and for the intact-
ness and quality of the native
storage protein on the other
hand is certainly the Mo content
of the isolated protein. The Mo

content of MoSto was, depending on the preparation condi-
tions, highly variable. In samples from purifications with Sepha-
dex G-200 as the gel filtration material, values of 30–45 Mo
atoms per protein molecule (125—190 mmol of Mo per gram
of protein) were typically obtained. This corresponds to the
Mo content reported by Pienkos and Brill,[3] who determined
14.5 atoms per MoSto molecule based on an assumed protein
mass of only 90 kg mol�1. It is pertinent to note that we some-
times obtained higher Mo-to-protein ratios with less pure sam-
ples from early stages of the purification than with the final
pure product, a fact indicating that, at least during the final
gel filtration step, a certain proportion of Mo was lost. The Mo
loss could be prevented to a great extent by changing the gel
filtration medium from Sephadex G-200 to Superdex 200, thus
avoiding extensive dilution of the protein solution and speed-
ing up the whole purification to fit it into one day (15 h). This

Table 1. Purification of MoSto.

Preparation Volume Total Mo Total protein Mo/protein Mo recovery
[mL] [mmol] [mg] [mmol g�1] [%]

crude extract 20 9.6 570 16.8 100
DEAE–Sephacel peak fractions 40 4.9 36 136 51
ammonium sulphate precipitate (50 %) 0.9 2.2 15 147 23
Superdex 200 peak fractions 25 1.2 4.2 286 12.5

Figure 1. A) Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE ; tris(hydroxymethyl)aminomethane (Tris)/glycine buffer system, Coomassie
staining) of solutions from different steps of MoSto purification. Lane 1: molec-
ular mass marker, with bands at 66, 45, 36, 29, 20 and 14 kg mol�1. Lane 2:
crude cell-free extract. Lanes 3–5: protein solution after diethylaminoethyl
(DEAE) chromatography (3), ammonium sulphate fractionation (4), and gel fil-
tration (5). MoSto forms a characteristic double band at approx. 29 kg mol�1.
B) Western immunoblot analysis of the influence of molybdate concentration
on MoSto expression. The intensity of the twin bands representing the a and b

subunits of MoSto increases with increasing [MoO4]2� concentration. The con-
centrations used in the cultures were: lane 1: no added [MoO4]2� ; lane 2: 1 nm

[MoO4]2� ; lane 3: 2 nm [MoO4]2� ; lane 4: 10 nm [MoO4]2� ; lane 5: 50 nm

[MoO4]2�.
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procedure (see the Experimental
Section) yielded samples with up
to 70 Mo atoms per molecule
(292 mmol g�1). However, even
then, a loss of at least 23 % of
the bound Mo in a low-molecu-
lar-weight form could be ob-
served, from which an Mo con-
tent of approximately 90 atoms
per molecule can be estimated
for the MoSto preparation prior
to the Superdex step. The real
Mo storage capacity of MoSto
might even be higher. A similar
variability in metal content has
been reported for the Fe storage
system ferritin. Isolated ferritins
carry 800–2500 metal atoms, a
value corresponding to approxi-
mately 15–55 % of the maximum
load.[7]

Molecule shape and amino acid sequence

The shape of MoSto was calculated ab initio with a resolution
of approximately 20 � by using SAXS data. Although no sym-
metry constraints were imposed on the calculations, the result-
ing models indicate not a spherical, but an elongated molecule
(about 12 nm long) with twofold symmetry (Figure 2). It is
therefore conceivable that MoSto might be a dimer of a2b2 tet-
ramers that results in an octameric (a2b2)2 subunit arrange-
ment.

The subunits were separated by SDS-PAGE and sequences of
about 30 amino acids each could be determined from their N-
termini. These starting sequences match the products of the
or5808 and or5807 genes in the Azotobacter Genome Project
database.[10] Those genes code peptide chains with molecular
masses of 29 188 g mol�1 and 28 225 g mol�1, which agree with
our mass spectrometry results. We propose to name those
genes coding the a and b sub-
units of MoSto, mosA and mosB,
respectively. The complete
amino acid sequences as trans-
lated from the genome are
given in Figure 3. The subunits
are related to each other (42 %
identical residues) and probably
evolved from a duplicated single
gene.

Interestingly, the so-called
Mop unit is not present in
MoSto. The Mop unit is a well-
conserved single-molybdate-
binding domain of about
70 amino acids, which is
common to bacterial proteins
involved in Mo transport (for ex-

ample, ModC), Mo-dependent gene regulation (ModE), and
intracellular Mo-concentration buffering (ModG and the Mop
proteins).[2, 11] On comparing the MoSto sequences with those
of the Mop domains of 13 different molybdate-binding pro-
teins,[11] no satisfactory alignment with either of the two sub-
units could be found.

A PSI-BLAST comparison against online protein databases[12]

revealed that the two MoSto subunits are related to a family of
uridine monophosphate kinases, enzymes that catalyze the re-
action ATP + UMP!ADP + UDP (ATP = adenosine triphosphate,
UMP = uridine monophosphate, ADP = adenosine diphosphate,
UDP = uridine diphosphate). In fact, from a closer inspection of
the sequences it turned out that the amino acid residues 77–
82 of the a subunit and 75–80 of the b subunit (indicated by
arrows in Figure 3) resemble the P-loop motif[13] of an ATP-
binding site.

The protein database check also showed that the Azotobact-
er MoSto is probably not as unique as hitherto believed. The

Figure 2. The shape of MoSto determined ab initio by SAXS analysis in three different views. As indicated, the molecule
appears to have a twofold symmetry (C2 axis).

Figure 3. Sequence alignment between the a and b MoSto subunits as translated from the Azotobacter genome.
Black boxes indicate identical amino acid residues, while grey boxes indicate those which are chemically similar and
may fulfil a comparable function in proteins. The starting methionines of the subunits are not present in the function-
al protein. The sequence regions which represent the potential ATP-binding sites (P-loop motifs) are indicated by the
arrows.
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recently sequenced genome of Rhodopseudomonas palustris[14]

contains two adjacent genes (rpa1441 and rpa1442) coding
peptide chains that are 273 and 270 amino acids long and that
are each more than 80 % identical with the respective A. vine-
landii MoSto subunits. The similarities are so striking that we
feel it fairly safe to predict that the product of those genes is a
functional and structural homologue of A. vinelandii MoSto.
Another closely related peptide of 318 amino acids, which is
coded by a plasmid gene (pRhico094) from Azospirillum brasi-
lense,[15] exhibits 86 % identity with the A. vinelandii MoSto b

subunit in an overlap that is 251 amino acids long.

Regulation of MoSto

Growth experiments with A. vinelandii, followed by electro-
phoretical examination of crude cell-free extracts confirmed
the statement of Pienkos and Brill[3] that MoSto is not coregu-
lated with nitrogenase, but is synthesized constitutively, inde-
pendent of the nitrogen source. It was formed in nitrogen-
fixing A. vinelandii cells as well as in cells grown under nitro-
genase-repressing conditions in the presence of ammonia.
However, we found that, with respect to molybdenum, MoSto
is coregulated with the conventional Mo nitrogenase. Mo has
been determined to be an absolute requirement for expression
of the structural genes of this nitrogenase system in A. vine-
landii.[16] In the case of the Mo storage protein, the existence
of Mo regulation has been denied,[3] which is probably due to
the fact that this regulation occurs at nanomolar concentra-
tions. Commercially available chemicals used in growth media

are often contaminated with Mo amounts sufficient to exceed
such low concentrations. Having carefully removed Mo from
the nutrient solutions to a concentration of <0.1 ppb (see the
Experimental Section), we were able to follow the Mo-induced
formation of the storage protein.

MoSto was quantitatively assayed by using Western immu-
noblot analysis. No MoSto could be detected in cells grown in
Mo-depleted medium (Figure 1 B, lane 1). In the range of 1–
50 nm molybdate, the intensity of the MoSto bands increased
significantly (Figure 1 B, lanes 2–5). At concentrations higher
than 50 nm molybdate, the MoSto content of the cells re-
mained almost unchanged.

The Mo core

In order to structurally characterize the Mo sites, Mo–K-edge X-
ray absorption spectroscopy (XAS) data were collected on a
frozen solution of MoSto. Figure 4 displays the EXAFS and cor-
responding Fourier transformed spectra of MoSto (detailed fit
results are given in the Experimental Section, Table 2, and
Figure 8). As indicated by the vertical dashed lines, contribu-
tions of neighboring Mo atoms at r(Mo···Mo) = 3.27 � and at
r(Mo···Mo) = 3.42 � were identified. Shells of back-scattering
contributions with shorter distances were attributed to oxygen
ligands (2 oxygens atoms each at 1.72, 1.91, and 2.28 �). These
results clearly proved that the MoSto sample contained a mo-
lybdenum–oxide cluster.

Does it follow from this conclusion that the detected cluster
is bound to the protein? From the chemical point of view (see

Figure 4. Measured Mo–K-edge EXAFS (left) and Fourier transform (right) results for MoSto (brown) in comparison to the spectra of salts of heptamolybdate (Mo7,
red), octamolybdate (Mo8, green), [Mo36O112(H2O)16]8� (Mo36, blue), and a sodium molybdate solution (Mo1, yellow). Dashed vertical lines in the Fourier transform re-
sults indicate coinciding Mo···Mo back-scattering contributions for MoSto and Mo7 only. The refined spectra of MoSto and Mo7 with the corresponding EXAFS pa-
rameters are given in the Experimental Section (Figure 8). Vertical offsets were applied for the spectra of Mo1, Mo8, and Mo36, and the Fourier transform results of
Mo1 were scaled by 0.5 for better comparison. Abbreviations: c = EXAFS amplitude, k = photoelectron wave number, r = distance (phase-corrected for first shell of
back-scattering atoms), FT = Fourier transform amplitude.
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the literature on the formation of polyoxomolybdates[17]), it is
unlikely that such a cluster will be present in solution under
the conditions used in our experiments. We performed a con-
trol EXAFS experiment by using a 3 mm disodium molybdate
solution in 3-morpholino-propanesulfonic acid (MOPS) buffer
(50 mm, pH 6.5), that is, exactly the same conditions as in the
MoSto sample, but without the protein. In fact, only the mono-
meric molybdate [MoO4]2� was identified (4 oxygen atoms at
1.77 �; Figure 4, yellow curve) and no clusters had been
formed. This result conclusively confirmed that the cluster
detected in the MoSto sample must be protein-bound.

To further characterize the structure of this cluster, the spec-
tra of three putative model systems were compared with the
MoSto spectrum: tetraethylammonium b-octamolybdate (Mo8 ;
Figure 4), ammonium heptamolybdate (Mo7; detailed fit
results are given in the Experimental Section), and
K8[Mo36O112(H2O)16]·32–40 H2O (Mo36). These compounds repre-
sent the most common iso-polymolybdate(vi) species in aque-
ous solution (at pH 1–7 and with a molybdate concentration of
0.01–1 m).[17] Of these compounds Mo7 has been found to ex-
hibit the most structural similarity to the cluster present in
MoSto (Figure 4; a direct comparison of the EXAFS parameters
of MoSto and Mo7 is given in Figure 8 and Table 2): It is evident
that the EXAFS spectra of Mo7 and MoSto are in phase over
the entire data range. Furthermore, both signals share
common spectral features, such as the double peak in the
Fourier transform traces at approximately 34 �, which origi-
nates from Mo back-scattering atoms (see the dashed vertical
lines in Figure 4). It should be noted that, in contrast, this spec-
tral region differs considerably from the spectrum with Mo36,
where further Mo–Mo contributions are present, as well as
from that with Mo8 (two upper spectra of Figure 4). In addition,
multiple scattering contributions can be identified for Mo8 (k =

6–8 ��1 in the EXAFS spectrum) that are not present in the
other samples.

Moreover, resolved double maxima in the EXAFS spectra of
Mo7 (for example, k = 11 and 13 ��1) correspond to plateaux in
the MoSto fine structure. However, the lower resolution of
spectral details in the EXAFS spectra and the smaller Fourier
transform amplitude for MoSto compared to Mo7 suggest
much larger structural disorder of the metal–oxide cluster
bound to the storage protein. Disorder could originate from
1) a higher mobility in protein solution (before freezing) com-
pared to solid heptamolybdate, 2) the presence of spatially
more extended clusters compared to heptamolybdate, or
3) the coexistence of slightly different kinds of clusters in the
protein solution.

Binding and release of Mo

The reaction conditions required for the processes of Mo re-
lease from and rebinding of Mo to the storage protein were
studied with crude extracts as well as with the purified protein,
both from cells grown with NH4

+ , that is, under conditions of
strict repression of nif-encoded proteins, including the MoFe
nitrogenase protein and all proteins involved in the FeMo co-
factor biosynthesis. Under such conditions, the storage protein

proved to be the predominant Mo-containing protein in
A. vinelandii cells,[5] so that even in the extracts the Mo-release/
binding processes could be followed without significant dis-
turbance by other Mo proteins. The results of the study strong-
ly indicate the occurrence of unique biological mechanisms:

1) Regardless of whether extracts or samples of purified stor-
age protein are used, the Mo release follows a pH-regulated
“switch on” mechanism within a very narrow range. Where-
as at pH 6.5–7.0 the Mo-containing holoprotein is stable,
molybdenum is released (as molybdate) above pH 7.1, and
at pH 7.6 the release is quantitative (Figure 5). The degree

and velocity of the Mo release is certainly also influenced
by the temperature, incubation time, and protein concen-
tration. (Detailed data on these aspects will be published
elsewhere.) The key condition triggering the mechanism of
Mo release is, however, the slight shift from neutral to
weakly alkaline pH values. This is, in principle, in line with
observations made in the field of polyoxomolybdate
chemistry. In aqueous solutions increasing pH values lead to
degradation of larger species into smaller.[18] This process is,
however, reversible, while in MoSto the Mo release cannot
be reversed by simply lowering the pH value to <7.1 again.

2) “Binding of Mo” to the apoprotein, which involves the bio-
synthesis and insertion of the Mo–oxide-based cluster into
the protein, requires ATP (or a related nucleotide) in a pro-

Figure 5. Sephadex G-25 gel filtrations of the molybdenum storage protein at
different pH values in the presence (1 mm) and absence of ATP. The protein
was homogenously purified, samples were pretreated, and column runs were
carried out as described in the Experimental Section. A) MoSto-Mo : Mo-elution
profile of an untreated MoSto sample at pH 6.5 (protein-bound Mo as refer-
ence) ; Molybdate: Mo-elution profile of a molybdate solution sample (low-mo-
lecular-weight reference) ; Protein : protein-elution profile obtained by measuring
the absorption of the fractions at 280 nm, average of all three runs with
MoSto. B) Mo released : Mo-elution profile after pretreatment and column run
of the sample at pH 7.6 in the absence of ATP; Mo rebound : Mo-elution profile
after pretreatment of the sample at pH 7.6 in the absence of ATP (Mo release),
a second treatment at the same pH value but in the presence of ATP (Mo
rebinding), and subsequent column run.
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cess that is pH-independent (in the range 6.5–8.0). Mo,
once released from the protein at weakly alkaline pH
values, becomes reincorporated only in the presence of ATP
(Figure 5). The role of ATP is in accordance with amino acid
sequence data which indicate that MoSto might contain an
ATP-binding site (see above). An earlier study had already
shown that the exchange of MoSto-bound tungsten and
free molybdate required a nucleotide (ADP or ATP); how-
ever, the exact role of ATP remained unclear with regard to
whether it enabled the release of tungstate or led to the
binding of molybdate.[19]

Since both the release and binding of Mo function not only
with cell-free extracts but also with highly purified storage pro-
tein, it can be concluded that none of these processes is de-
pendent on the presence or involvement of other proteins
such as Mo acceptor/transfer protein(s) or accessory protein(s)
with insertase and/or chaperone functions, respectively.

The biosynthesis of the Mo–oxygen cluster in MoSto is a fas-
cinating problem connecting aspects of both metalloprotein
biochemistry and inorganic cluster chemistry. In the case of fer-
ritin, the formation of the Fe–O core involves the oxidation
FeII!FeIII and subsequent condensation processes.[7] In con-
trast, a redox process for the formation of the polynuclear
metal core in MoSto is unlikely. From the point of view of inor-
ganic molybdate chemistry and particularly from the experi-
ence with the recently synthesized giant Mo–O clusters which
are the largest structurally characterized laboratory-made dis-
crete species in inorganic chemistry,[20–22] four factors are
known to promote significant cluster growth: 1) low pH value,
2) high molybdate concentration, 3) the presence of certain
other (ionic) template-type species which initiate the formation
of a large number of different basic building units, and 4) par-
tial reduction of MoVI to MoV. In the case of MoSto, factors 1
and 4 can be dismissed: due to its high number of exchange-
able protons, a soluble cytoplasmic protein is not likely to pro-
vide an efficient barrier to sustain a pH gradient, while, on the
other hand, a partially reduced MoV–O cluster would be in-
tensely blue and MoSto does not show significant absorption
in the visible spectrum (data not shown). Additionally, the
presence of Mo in a reduced state would correspond to a K-
absorption edge position at lower energy in the XAS spectrum
as compared to molybdate(vi). However, our XAS results indi-
cate only the presence of MoVI centers in the protein (data not
shown). On the other hand, factors 2 and 3 provide feasible
conditions: the molybdate might be ATP-dependently trans-
ported into the protein, where aggregation would occur im-
mediately due to the high local concentration, that is, under
so-called confined geometries, and where the anionic Mo–
oxide-based cluster(s) could finally be stabilized by positively
charged amino acid side chains.

In this context it would be a challenge to investigate wheth-
er new clusters could be created biosynthetically, either in a
protein modified by site-directed mutagenesis, that is, by ex-
changing an amino acid in the vicinity of the clusters, or by
exposing the MoSto apoprotein to different oxometalates. The
fact that the MoSto core is metal–oxide-based may even be

the starting point for links to research on molybdenum oxides,
which play a major role in materials science and catalysis.[23]

Conclusion

Based on protein-structure characteristics and the type of Mo
compound present in the protein, molybdoproteins can be
divided into five classes (Figure 6):

1) Mo nitrogenases contain a polynuclear iron–molybdenum
cofactor (FeMoco) of Fe7S9MoN/homocitrate composition.[24]

2) Several types of oxidases, dehydrogenases, and hydroxylas-
es contain an Fe-free molybdenum cofactor (Moco) com-
posed of an organic pterin component and a mononuclear
molybdenum–oxide fragment (an Mo atom bound to O and
S atoms).[25] An exceptional position is taken by the carbon
monoxide dehydrogenase from Oligotropha carboxidovor-
ans. This enzyme contains a binuclear [CuSMo(=O2)] cluster
in which the Mo atom of the Moco is linked to copper
through a sulphide bridge.[26]

3) Molybdate-binding proteins (Mod/Mop proteins, “molbin-
dins”) are involved in Mo transport, intracellular transfer, ho-
meostasis, and gene regulation. These proteins contain up
to eight molybdate ions (for example, ModG of A. vine-
landii).[2]

4) The small “orange protein”, so far the only representative of
this class of molybdoproteins, has been detected in Desulfo-
vibrio gigas, is of unknown function, and has been proposed
to contain a pterin-free trinuclear molybdenum–copper sul-
fide cluster in a linear [S2MoS2CuS2MoS2] arrangement.[27]

5) The Mo storage protein of A. vinelandii, characterized in this
work, represents a completely new type of molybdoprotein.
This conclusion is based on several outstanding properties
which differ fundamentally from those of all other known
Mo-containing proteins:
a) MoSto can take up at least 90 Mo atoms per protein

molecule.
b) The EXAFS spectroscopy results clearly prove that MoSto

contains a Mo–oxide aggregate that is structurally relat-
ed to the well-known heptamolybdate. Regardless of
whether this aggregate may be present in the protein as
a large single cluster or in the form of several smaller
ones, it represents an unprecedented structure of a Mo

Figure 6. Classification of Mo-containing proteins according to the structure of
the Mo component.

410 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 405 – 413

A. M�ller et al.

www.chembiochem.org


compound incorporated in a protein. Furthermore,
MoSto is the only known noniron metal storage system
with a metal–oxide-based core.

c) The storage protein is much larger and more complex
than the conventional molybdate-binding proteins. Its
quaternary structure appears to be octameric, probably
present as an (a2b2)2 arrangement.

d) The amino acid sequence of MoSto does not show any
similarity with sequences of other molybdoproteins. It
revealed, on the other hand, that MoSto is related to a
family of nucleotide monophosphate kinases which has
hitherto been unknown in connection to Mo.

e) Both the ATP-dependent Mo-binding and the pH-regulat-
ed Mo-release processes in the storage protein appear to
follow unique biological mechanisms.

The Mo storage protein is not an exclusive feature of the
genus Azotobacter, as hitherto assumed. MoSto genes have
been shown also to occur in Rhodopseudomonas palustris, and
with the rapidly increasing data on microbial genomes this
storage system might also be found in a number of other
nitrogen-fixing bacteria.

Experimental Section

Bacterial growth : The bacterial strain used in this study was
A. vinelandii wild-type strain OP (DSM 366; ATCC 13705). The cells
were grown under aerobic conditions in a modified Burk
medium.[28] Nitrogenase synthesis was strictly repressed by adding
20 mm ammonium acetate to the medium. Main cultures (600 mL
in 2-L flasks) were incubated in a rotary shaker at 32 8C for 24 h up
to an optical density (E436) of 12–14. The cells were harvested by
centrifugation and the resulting pellet was stored at 20 8C.

Mo-regulation experiments : Cells applied for Mo-regulation ex-
periments were precultured twice in Mo-depleted growth medium
and subsequently used for inoculation of the main cultures
(100 mL of Mo-depleted medium in 300-mL flasks) which were
supplemented with different amounts of molybdate. Effective Mo
depletion of the growth medium (removal of Mo impurities from
chemicals) was achieved by incubation of the medium with Mo-
starved resting cells of A. vinelandii according to the method of
Schneider et al.[4] Cells from the late logarithmic growth phase
were harvested and extracts prepared with lysozyme as described
earlier.[5] The cell-free extracts were finally subjected to Western
immunoblot analyses (see below).

Protein purification : MoSto was kept in a buffer solution of MOPS
(50 mm, pH 6.5) during the entire purification procedure. The har-
vested Azotobacter cells, suspended in the standard MOPS buffer,
were disrupted in an Aminco–French pressure cell at 90 MPa. To
remove unbroken cells, cell debris, and membrane particles, the re-
sulting extract was centrifuged at 4 8C for 30 min at 80 000 g. The
supernatant is referred to as the crude extract.

The cell-free extract was loaded on a DEAE–Sephacel column (2.5 �
13 cm). The column was washed with 50 mm NaCl in MOPS buffer
(50 mL) then eluted with a linear NaCl gradient (200 mL, 50!
250 mm). MoSto was eluted at approximately 110 mm Cl� .

The combined MoSto peak fractions were subjected to a 40–50 %
ammonium sulphate fractionation. The precipitated MoSto was re-

dissolved in MOPS buffer, loaded on a Superdex 200 gel filtration
column (2.5 � 60 cm) and eluted with the same buffer.

Analytical methods:Standard molybdenum assay : The catalytic
method invented by Pantaler was used as described.[29] The experi-
mental scale was reduced by a factor of 10 so that the reaction
could be carried out in standard 3-mL cuvettes. Prior to the assay,
samples in gas-tight vessels were placed in a boiling water bath
for 15 min, cooled to room temperature, and centrifuged to
remove precipitated protein.

ICP-MS analyses : For higher accuracy and as a control for the cata-
lytic routine assay, the level of Mo was also determined in some
samples by mass spectrometry with inductively coupled plasma
(ICP-MS), by using a Perkin–Elmer/Sciex ICP-QMS Elan 6000 instru-
ment.

Protein determination : The protein content was determined by
using the bicinchoninic acid method.[30]

Polyacrylamide gel electrophoresis : The purity of protein com-
ponents and molecular masses of the subunits were routinely
analyzed by Tris/glycine SDS-PAGE, according to the method of
Laemmli.[31] The protein samples were supplemented with dithio-
erythritol (20 mm) prior to their denaturation. The stacking gel con-
tained 4.8 % (w/v) acrylamide and 0.13 % (w/v) bisacrylamide cross-
linker, whereas the resolving gel comprised 12.5 % (w/v) acrylamide
and 0.33 % (w/v) bisacrylamide.

Western immunoblot analysis : Rabbit antisera containing mono-
specific polyclonal immunoglobulin G (IgG) antibodies directed
against purified MoSto were employed in the immunoassays. West-
ern immunoblot experiments were conducted according to the
procedure described by Siemann et al.[32] and principally based on
the method of Towbin et al.[33]

Experiments on Mo-binding and -release mechanisms : Cell-free
extracts were prepared as described earlier[5] and homogeneously
purified storage protein was prepared as described above. While
purified protein samples were directly used for Mo-binding/release
experiments, the cytoplasmic fraction of the crude extract was first
subjected to the following treatment: the extract solution was pre-
cipitated by ammonium sulphate (>80 % saturation) in order to
remove [MoO4]2�, ATP, and other low-molecular-weight species,
then the pellet was washed twice with >80 % saturated (NH4)2SO4

and redissolved in MOPS buffer (50 mm, pH 6.5). Aliquots of this
solution (1.5 mg of protein per mL) or of the solution of the puri-
fied protein (2 mg per mL) were taken and the pH value was ad-
justed to the required value. Samples for “Mo-release experiments”
were then incubated for 1 h at 30 8C, subsequently loaded onto a
Sephadex G-25 gel filtration column, and eluted with MOPS buffer
(50 mm) at a pH value identical to that of the sample. In the case
of “Mo-binding experiments”, the sample was divided into two
halves after the 1 h incubation (30 8C). One half was subjected to
Sephadex G-25 gel filtration to ascertain that Mo had really been
released completely from the protein after this incubation period
(control run). ATP and MgCl2 (1 mm each) were added to the other
half (which had not been gel-filtrated) and the sample was left for
a second incubation period under the same conditions. Finally, this
latter sample was gel-filtrated on Sephadex G25. The elution buffer
contained ATP at the same concentration as the sample itself. The
resulting fractions (1 mL each) were analyzed for Mo and protein
content.

SAXS investigations : For SAXS analysis, the peak MoSto fractions
from gel filtration were combined and concentrated 15-fold in an
Amicon B15 concentrator. The concentrated solution (correspond-
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ing to the sample applied to the SDS gel in lane 5 of Figure 1 A)
was centrifuged and the supernatant (protein content 17 g L�1)
was used to prepare a set of samples with different protein con-
centrations (see below) by diluting with MOPS buffer. Dithiothreitol
was added to each sample (final concentration 10 mm) in order to
prevent oxidative degradation of the protein during measurement.

SAXS data on MoSto solutions were collected at the European Mo-
lecular Biology Laboratory (EMBL) X33 beam-line on the storage
ring DORIS at Deutsches Elektronensynchrotron (DESY), Hamburg,
Germany,[34] at a wavelength, l, of 0.15 nm and at ambient temper-
ature. A linear-delay line-readout proportional gas detector[35] was
used to record the scattering patterns in time frames of one
minute. Data reduction including normalization to the intensity of
the primary beam and the protein concentration, correction for
the detector response, and subtraction of the scattering from the
buffer was done by using the program SAPOKO.[36] The scattering
curves I(s) versus s (smax = 2 sinqmax/l= 0.5 nm�1; s = scattering
vector; 2q= scattering angle) for three different protein concentra-
tions (3.75, 10, and 13 g L�1) were averaged for further data analy-
sis. The molecular mass of MoSto was determined from the ex-
trapolated forward scattering I(0) with an uncertainty of approxi-
mately 10 % by using a solution of bovine serum albumin with
known concentration as the reference. The shape was calculated
ab initio with the chain-compatible dummy residues approach.[37]

Input data consisted of the distance distribution obtained from the
averaged scattering data by using the program GNOM[38] as well as
the number of amino acid residues (a4b4) from Figure 3. Figure 2
displays the best structure obtained from 20 independent calcula-
tions; the theoretical scattering curve and distance distribution cor-
responding to this structure are compared with the experimental
data in Figure 7. The 20 structural models were compared pairwise

in terms of distance root mean square deviation (rmsd) or normal-
ised spatial discrepancy (NSD) value.[39] The structure with the
smallest average distance rmsd from all other structures in the set
of 20 calculations was considered to be the best. Deviations from
the best structure were typically in the range of 5 � (distance
rmsd).

EXAFS investigations : XAS data were collected at the EMBL bend-
ing magnet EXAFS beam-line D2, DESY, Hamburg, Germany, with
an Si(311) double-crystal monochromator, a focusing mirror, and a
set-up for absolute energy calibration.[40] The samples were mount-
ed in a two-stage Displex cryostat and kept at about 25 K. The X-
ray absorption of the MoSto sample was recorded as a MoKa fluo-
rescence excitation spectrum by employing a Canberra 13-element
solid-state detector. Solid model compounds were observed in the

absorption mode. Data reduction and analyses of the EXAFS of
Mo–K-edges (an edge position of 20 002 eV was assumed) were
achieved with the EXPROG program package[41] and the refinement
program EXCURV98,[42] respectively. Experimental XAS data and fits
for MoSto and Mo7 (EXAFS and Fourier transform) are shown in
Figure 8; corresponding parameters appear in Table 2.

For the EXAFS experiments, a protein sample of the preparation
obtained from the ammonium sulphate fractionation step (50 % sa-
turated precipitate) was used. Even if this preparation was not yet
homogeneous (�70 % purity; see lane 4 in Figure 1 A), it proved to
have an excellent quality for the EXAFS study. Careful Mo analyses
of all gel filtration fractions had shown that the Mo storage protein
was the only detectable Mo protein present in the ammonium sul-
phate fraction used. Since EXAFS analysis is an element-specific
technique, Mo-free components of the sample do not interfere
with the Mo EXAFS signal. Before application, the precipitated

Figure 7. Averaged X-ray scattering curve (left) and corresponding distance dis-
tribution function (right) for MoSto. Experimental data are represented as black
curves ; the calculated curves (dark red) correspond to the model shown in
Figure 2. Abbreviations : I(s) = scattering intensity, s = scattering vector,
P(R) = distance distribution, R = distance, a.u. = arbitrary units.

Figure 8. Mo–K-edge EXAFS (left) and Fourier transform (right) results for
MoSto (experimental : black, calculated: dark red) in comparison to the spec-
trum of heptamolybdate (Mo7, experimental: black, calculated : magenta).
EXAFS parameters of the calculated spectra are given in Table 2.

Table 2. EXAFS parameters[a] for MoSto and [Mo7O24]6�. The corresponding
spectra are shown in Figure 8.

Sample Atom N[b] r [��1] 2s2 [�2] E0 [eV] R [%]

MoSto O 2 1.722(3) 0.003(1) �9.7(12) 27.4
O 2 1.908(11) 0.021(4)
O 2 2.279(20) 0.030(8)
Mo 1.7 3.274(7) 0.009(1)
Mo 1.7 3.422(7) 0.007(1)

[Mo7O24]6� O 2 1.721(2) 0.003(1) �11.3(6) 12.9
O 2 1.933(3) 0.006(1)
O 2 2.201(6) 0.019(2)
Mo 1.7 3.230(2) 0.005(1)
Mo 1.7 3.407(2) 0.003(1)
Mo 0.6 4.296(10) 0.010(2)
Mo 0.6 5.409(13)[c] 0.006(3)
Mo 0.6 5.675(13)[c] 0.009(3)

[a] N = number of back-scattering atoms, r = distance, 2s2 = Debye–Waller
parameter, E0 = energy correction (see manual of EXCURV98[42]), R = R
factor (reflects the goodness of the fit ; see ref. [42]). Values in parentheses
correspond to the numerical uncertainty of the last digit (twice the stan-
dard deviation). As the typical precision for distance determination is
0.01–0.02 �, only two digits are given in the Results section of the paper.
[b] Coordination numbers were fixed at the average values in heptamo-
lybdate. Due to nonequivalent Mo sites, the coordination numbers are ra-
tional values. [c] Distances larger than 5 � are not shown in Figure 8 but
were included in the fit.
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MoSto was redissolved in MOPS buffer (50 mm, pH 6.5) and passed
over a Sephadex G-25 column to remove ammonium sulfate, chlo-
ride, and non-protein-bound Mo. This MoSto solution (75 mL; total
protein content 15 g L�1; Mo concentration 2.5 mm, that is, approx-
imately 55 Mo atoms per protein molecule) was placed into
sample cells of plexiglass covered with polyimide windows. Refer-
ence samples were prepared by mixing each of the model com-
pounds, heptamolybdate (40 mg), octamolybdate (40 mg), and
[Mo36O112(H2O)16]8� (30 mg), with boron nitride (100 mg) in order to
avoid thickness effects.[43] The mixtures were pasted homogene-
ously into sample cells similar to that used for the protein solution.

Origin of the reference compounds used for EXAFS measurements:
Analytical grade ammonium heptamolybdate was purchased from
Merck (Germany). Tetraethylammonium-b-octamolybdate was pre-
pared as described by Fuchs et al.[44] K8[Mo36O112(H2O)16]·32–40 H2O
was prepared as described by Krebs and Paulat-Bçschen.[45] The
identity of the synthesized products was confirmed by determining
the unit-cell dimensions with single-crystal X-ray diffraction.

The protein sequence data reported in this paper will appear in
the Swiss-Prot and TrEMBL knowledgebase under the accessian
numbers P84308 and P84253.
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