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Background: Some molybdoenzymes in prokaryotes contain the bis-molybdopterin guanine dinucleotide cofactor.
Results: The bis-Mo-MPT cofactor is a novel intermediate in Moco biosynthesis in E. coli.

Conclusion: Bis-MGD formed by MobaA is fully functional and restores the catalytic activity in apoTorA.
Significance: Bis-Mo-MPT assembles spontaneously on MobA prior to forming bis-MGD.

The molybdenum cofactor is an important cofactor, and its
biosynthesis is essential for many organisms, including humans.
Its basic form comprises a single molybdopterin (MPT) unit,
which binds a molybdenum ion bearing three oxygen ligands via
a dithiolene function, thus forming Mo-MPT. In bacteria, this
form is modified to form the bis-MPT guanine dinucleotide
cofactor with two MPT units coordinated at one molybde-
num atom, which additionally contains GMPs bound to
the terminal phosphate group of the MPTs (bis-MGD). The
MobA protein catalyzes the nucleotide addition to MPT, but
the mechanism of the biosynthesis of the bis-MGD cofactor
has remained enigmatic. We have established an in vitro sys-
tem for studying bis-MGD assembly using purified com-
pounds. Quantification of the MPT/molybdenum and molyb-
denum/phosphorus ratios, time-dependent assays for MPT
and MGD detection, and determination of the numbers and
lengths of Mo-S and Mo-0O bonds by X-ray absorption spec-
troscopy enabled identification of a novel bis-Mo-MPT inter-
mediate on MobA prior to nucleotide attachment. The addi-
tion of Mg-GTP to MobA loaded with bis-Mo-MPT resulted
in formation and release of the final bis-MGD product. This
cofactor was fully functional and reconstituted the catalytic
activity of apo-TMAO reductase (TorA). We propose a reac-
tion sequence for bis-MGD formation, which involves 1) the
formation of bis-Mo-MPT, 2) the addition of two GMP units
to form bis-MGD on MobA, and 3) the release and transfer of
the mature cofactor to the target protein TorA, in a reaction
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that is supported by the specific chaperone TorD, resulting in
an active molybdoenzyme.

The biosynthesis of the molybdenum cofactor (Moco)* is an
ancient, ubiquitous, and highly conserved pathway leading to
the biochemical activation of molybdenum (1). In Moco, the
molybdenum atom is coordinated to the dithiolene group of the
6-alkyl side chain of a tricyclic pyranopterin called molybdop-
terin (MPT) (2). Moco biosynthesis has been studied in detail in
Escherichia coli by using a combination of biochemical, genetic,
and structural approaches (3, 4) and has been divided into four
major steps: 1) formation of cyclic pyranopterin monophos-
phate from 5'-GTP (5, 6), 2) formation of MPT from cyclic
pyranopterin monophosphate by insertion of two sulfur atoms
(7-10), 3) insertion of molybdenum to form Mo-MPT via an
adenylated MPT intermediate (11-13), and 4) additional mod-
ification by the covalent addition of GMP or CMP to the C4’
phosphate of MPT via a pyrophosphate bond to form the MPT-
guanine or MPT-cytosine dinucleotide cofactors (MGD (14) or
MCD (15)), respectively.

After the synthesis of MCD or MGD in E. coli, the cofactor
can be further modified. In MCD-containing enzymes, like the
periplasmic aldehyde oxidoreductase PaoABC (16), the Moco
contains an equatorial sulfido ligand at the molybdenum atom,
which is essential for the catalytic activity of this class of
enzymes (17). For the final step of MGD biosynthesis, two
cofactor molecules are ligated to one molybdenum atom, form-
ing the bis-MGD cofactor (18). In E. coli, GMP attachment to
Mo-MPT is catalyzed by the MobA and MobB proteins,
thereby forming MGD (19). MobA is crucial for this reaction
and acts as a GTP:molybdopterin guanylyltransferase (14),
whereas MobB is not essential (20). The type of Moco and

“The abbreviations used are: Moco, molybdenum cofactor; BVS, bond
valence sum; EXAFS, extended X-ray absorption fine structure; hSO,
human sulfite oxidase; MGD, molybdopterin-guanine dinucleotide; MCD,
molybdopterin-cytosine dinucleotide; MPT, molybdopterin; TMAO, tri-
methylamine N-oxide; XANES, X-ray absorption near edge structure; XAS,
X-ray absorption spectroscopy.
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ligand composition at the molybdenum atom divides the
molybdoenzymes of E. coli into three families with the follow-
ing coordination environment: the sulfite oxidase family (di-
oxo Mo-MPT with a protein cysteinate ligand), the xanthine
oxidase family (mono-oxo MCD with a terminal sulfur ligand),
and the dimethyl sulfoxide (DMSO) reductase family (bis-
MGD with one oxo and one amino acid ligand) (1, 3). Most
E. coli molybdoenzymes, like the TMAO reductase TorA,
belong to the DMSO reductase family and utilize the bis-MGD
form of Moco (21). However, it has remained unclear at which
stage of Moco biosynthesis the bis-form of the MGD cofactor is
built and whether this occurs on MobA or at the respective
target enzyme during the insertion process.

It has been shown that MGD was only formed by MobA
when the molybdenum atom was already ligated to MPT (22,
23). The crystal structure of MobA has revealed two conserved
binding sites, one of which was predicted to bind MPT and the
other of which was proposed to bind GTP (24). The MobA
enzyme has an overall a3 architecture, in which the N-terminal
domain of the molecule adopts a Rossmann fold (24). From the
crystal structure and from previous studies, it is not known so
far whether MobA, in addition to MGD formation, also cata-
lyzes the step of the bis-MGD assembly (21).

The last steps of Moco modification, including the formation
of bis-MGD, prepare the cofactor for insertion into the specific
apoenzymes. The insertion step is catalyzed by Moco-binding
molecular chaperones, which bind the respective molybdenum
cofactor and insert it into the target molybdoenzyme (25). With
a few exceptions, most of the molybdoenzymes have a specific
chaperone for Moco insertion. One well studied example is the
TorD/TorA system for TMAO reductase in E. coli. TorD was
shown to be the specific chaperone for TorA (26) and plays a
direct role in the insertion of Moco into apoTorA (27). During
this reaction, TorD interacts with both MobA and apoTorA
and further stabilizes apoTorA for Moco insertion to avoid a
proteolytic attack of the latter. This is consistent with its role as
“facilitator” of the bis-MGD insertion and maturation of the
apoenzyme (21, 25, 28).

In this work, we have established an in vitro system for spe-
cifically addressing the mechanism for bis-MGD formation. By
studies quantifying the metal and cofactor content, in addition
to determination of the structure of the molybdenum center by
X-ray absorption spectroscopy (XAS), we show that bis-Mo-
MPT formation precedes nucleotide addition in the bis-MGD
synthesis and that these steps are solely catalyzed by MobA.
The detection of the bis-Mo-MPT intermediate is a novel find-
ing for Moco biosynthesis in E. coli.

MATERIALS AND METHODS

Expression and Protein Purification—Human sulfite oxidase
(hSO) was expressed from plasmid pTG718 (29) in E. coli
TP1000 (19) cells and purified as described previously (29). The
proteins MobA (pCT800A (22)), MoeA (pJNeAll (30)), and
MogA (pMW15gA (31)) were expressed as fusion proteins con-
taining N-terminal Hisg tags in E. coli BL21(DE3) cells. After
cell lysis, the cleared lysates were applied to 0.75 ml of nickel
tris(carboxymethyl)ethylene diamine/liter of culture. The col-
umn was washed with 20 column volumes of phosphate buffer
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containing sequentially 10 and 20 mm imidazole. Proteins were
eluted with phosphate buffer containing 250 mm imidazole,
dialyzed against 50 mm Tris, 1 mm EDTA, pH 7.5, and stored at
—80 °C until further use. ApoTorA (from pJF119EH (27)) and
TorD (from pET28TorD (27)) were expressed and purified as
described previously but applied to 0.5 ml of nickel nitrilotri-
acetate resin (Qiagen)/liter of culture. TorD was induced with
0.2 mM L-arabinose as described before (27).

Moco Binding Experiments—MogA, MoeA, and MobA were
incubated with Mo-MPT extracted from hSO (29, 32) under
anaerobic conditions. Mo-MPT was extracted from aliquots of
hSO (240 -250 um) by incubation at 95 °C for 4 min. The super-
natant was filtered through Centricon ultrafiltration devices
(10 kDa cut-off). The filtered Mo-MPT was added to either
30-40 uMm MogA, MoeA, or MobA and incubated for 2 h in a
total volume of 7— 8 ml. After separation of the protein fractions
using G25 columns (PD10, GE Healthcare), the proteins were
concentrated to molybdenum contents of 0.5-1 mMm for XAS
measurements. The binding experiments were performed in
the presence or absence of 2.5 mm MgCl, and 380 um GTP.

Metal and Cofactor Content Quantification—Molybdenum
analysis and quantification of further components in protein
samples were performed using inductively coupled plasma
optical emission spectroscopy on a PerkinElmer Life Sciences
Optima 2100DV instrument as described previously (33) or
total reflection X-ray fluorescence analysis (34) on a PicoFox
spectrometer (Bruker). By total reflection X-ray fluorescence
analysis, molybdenum and phosphorus contents per protein
were determined in samples, to which sodium phosphate
and/or molybdenum acetate had been added as standards in a
concentration series. The respective element concentrations in
the protein samples were determined from linear fits to the
magnitudes of the elemental K, X-ray fluorescence of the sam-
ple series and extrapolation to the point of zero molybdenum or
phosphorus addition (not shown), relative to cesium acetate
and gallium elemental standards (Sigma) and relative to the
respective protein concentration. MPT contents were deter-
mined fluorometrically after conversion of the molecule to
form A, as described previously (35). The formation of MGD
was assayed fluorometrically after its conversion to form
A-GMP (36). The fluorescence of form A and form A-GMP was
monitored by an Agilent 1260-series detector using excitation
at 383 nm and emission detection at 450 nm.

Time-dependent MGD Formation by MobA—MGD forma-
tion as a function of the incubation time was assayed at room
temperature in a total sample volume of 200 ul, containing 5
M MobA, 1 mm MgCl,, 1 mM GTP, 50 ul of supernatant of 300
uM heat-denatured hSO (incubated at 95 °C for 2 min), and 120
wl of 100 mm Tris buffer (pH 7.2).

Bis-MGD Insertion into apoTorA—An in vitro assay was used
for the insertion of in vitro synthesized bis-MGD into apoTorA
(26). The assay consisted of apoTorA (1 um), MobA (0.955 um),
GTP (1 mm), MgCl, (1 mm), and 200 ul of Mo-MPT filtrate
from heat-denatured hSO (250 uM) (29) in a total volume of 300
wl of 100 mMm phosphate buffer (pH 6.5) and was incubated at
37 °C under anaerobic conditions. The assay was performed in
the presence or absence of TorD (3.74 um). TorA activity was
measured in 3944 pl of 100 mm phosphate buffer (pH 6.5),
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containing 20 ul of 1.5 M TMAO, 16 ul of 100 mMm benzyl violo-
gen, 30 ul of the incubation mixture and was adjusted with
sodium dithionite to an A, of 1.0. The oxidation of reduced
benzyl viologen was monitored at 600 nm. The specific TorA
activity was defined as the oxidation of 1 umol of benzyl violo-
gen/min/mg of protein.

XAS—XAS at the molybdenum K-edge was performed at
SOLEIL (Paris, France) at the SAMBA beamline as described
previously (37), using an Si[220] double-crystal monochroma-
tor. The synchrotron was operated at a current of 400 mA in
top-up mode. The incident energy axis was calibrated (accu-
racy =0.15 eV) using the first inflection point at 20,003.9 eV in
the simultaneously measured absorption spectrum of a molyb-
denum foil as a standard. Fluorescence-detected XAS spectra
were measured using energy-resolving 7- or 36-element solid-
state germanium detectors (Canberra), which were shielded by
10-um zirconium foil against scattered incident X-rays. Sam-
ples were held in a liquid helium cryostat at 20 K. Dead time-
corrected XAS spectra (1-2 scans/sample spot) were averaged
(5-10 scans/sample) and normalized, and EXAFS oscillations
were extracted as described previously (38). k*-weighted
EXAFS spectra were simulated (S,> = 1.0) using phase func-
tions calculated with FEFF7 (39). Fourier transforms of EXAFS
spectra were calculated using in-house software and cos® win-
dows extending over 10% at both k-range ends (k = 2-14 A1)
E, was refined to 20,014 = 2 eV in the fit procedure. The fit
quality was judged by calculation of the Fourier-filtered R-fac-
tor (Rg) (38). The pre-edge structure of XANES spectra was
isolated by subtracting a polynomial spline from the main
K-edge rise using the software XANDA (XANES Dactyloscope
for Windows, K. V. Klementiev; available on the World Wide
Web). K-edge energies reflect values at 50% of normalized edge
absorption (edge half-height).

Bond valence sum (BVS) calculations were performed using
Equation 1 (41) and N (coordination number) and R (inter-
atomic distance) values derived from EXAFS analysis (the sum
is over all Mo—S and Mo—O bonds). The used B value was 0.37.
For R, values, see the legend to Table 4.

BVS = >N exp(ROBR> (Eq. )

RESULTS

Characterization of MGD Cofactor Formation by MobA—To
analyze the reaction catalyzed by MobA, we made use of an in
vitro system consisting of purified MobA, Mo-MPT from hSO,
MgCl,, and GTP (22). On the basis of this system, MGD forma-
tion was quantified fluorimetrically after conversion to its sta-
ble fluorescent degradation product form A-GMP (36). Fig. 1
shows that MobA catalyzed the step of MGD formation con-
tinuously in the reaction mixture. A saturation was reached
after 2 h, due to the limitation of intact Mo-MPT in the incu-
bation mixture. In addition, the reaction was dependent on the
presence of MgCl,, as suggested by the Rossman fold of the
protein, showing that GTP is only bound and converted as a
Mg-GTP complex. However, the results also showed that MGD
was produced by MobA under the experimental conditions and
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FIGURE 1. Time-dependent MGD production by MobA. Incubation mix-
tures contained 5 um MobA, Mo-MPT (supernatant of 300 um heat denatured
hS0), and 1 mm GTP, in the absence (open circles) or presence (solid circles) of
MgCl,. MGD production was monitored under anaerobic conditions by quan-
tification of the fluorescence of form A-GMP (36) (excitation at 383 nm and
emission at 450 nm) after separation on a reversed phase HPLC column. Error
bars, S.D.
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FIGURE 2. Release of the bis-MGD product from MobA. A, relative form
A-GMP contents in reaction mixtures containing 5 um MobA, Mo-MPT (super-
natant of 300 mm hSO, incubated for 2 min at 95 °C), 1 mm GTP, and 1 mm
MgCl, after 2 h of incubation at 37 °C. The form A-GMP content was deter-
mined in the total incubation mixture (/), in the protein fraction (/), and in the
respective supernatant (///) after separation on a G25 gel filtration column.
Total MGD determined was set to 100%. B, relative molybdenum contents
from assaying the molybdenum K, X-ray fluorescence intensity at ~17,400
eV (not shown) in samples containing 0.47 umol of MobA, to which Mo-MPT
from hSO had been added and, in addition, no GTP (/) or 0.033 umol (/l), 4.6
umol (/ll), or 38 umol (IV) of Mg-GTP. Data were normalized to the molybde-
num content of the MobA + Mo-MPT sample without Mg-GTP. Error bars, S.D.

that the incubation mixture was suitable to analyze the reaction
product of MobA further.

We therefore analyzed whether a portion of MGD remained
bound to MobA after the nucleotide addition. MobA was sep-
arated from the small molecular weight fraction of the reaction
mixture by gel filtration on a desalting column, and the total
MGD content was related to MGD that remained bound to
MobA or was released to the solution. MGD was quantified
after its conversion to form A-GMP (Fig. 24). The purified
MobA fraction contained about 19.3 = 7.9% of the total MGD
formed, whereas the majority of MGD (90.9 * 15.5%) was
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FIGURE 3. Reconstitution of TMAO reductase activity in apoTorA. Oxida-
tion of benzyl viologen by TorA was determined at 37 °C under anaerobic
conditions. ApoTorA (1 um), MobA (0.955 um), GTP (1 mm), and MgCl, (1 mm)
were mixed, and the reconstitution was started by the addition of Mo-MPT, in
the presence (solid circles) or absence (open circles) of 3.74 um TorD. Open
squares, incubation mixtures in the absence of MobA. Error bars, S.D.
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found in the supernatant, showing that the product of MobA
was released from the protein.

This result was further corroborated by determination of the
relative molybdenum contents by assaying the molybdenum
X-ray fluorescence intensity (not shown) in the MobA samples
used in the XAS experiments described further below. After the
addition of Mg-GTP to MobA, the molybdenum content was
decreased to ~50% for a 9-fold excess of GTP and to ~20% for
an 80-fold excess of GTP, in comparison with a MobA sample
containing only bis-Mo-MPT (Fig. 2B). These observations
consistently suggest the formation of bis-MGD on MobA in the
presence of Mg-GTP and subsequent release of the product
from the protein. Additionally, we determined the oligomeri-
zation state of MobA during the experiments by dynamic light
scattering. The results showed that during the course of the
reaction, MobA did not change its oligomerization state and
existed as a monomer in solution, also in the incubation mix-
tures containing Mg-GTP and Mo-MPT (data not shown).

Reconstitution of ApoTorA Using Mo-MPT, Mg-GTP, and
MobA—The molybdoenzyme TorA (TMAO reductase from
E. coli) was used to investigate whether the cofactor produced
by MobA was able to reconstitute enzyme activity in the puri-
fied apoprotein isolated from a Moco-deficient strain. Purified
apoTorA was incubated with MobA, Mo-MPT, GTP, and
MgCl, at 37 °C, and TMAO reductase activity was determined
after increasing incubation times of the reaction mixture (Fig.
3). The data showed that the presence of only MobA was suffi-
cient for pronounced activation of apoTorA. No activation was
observed in the absence of MobA, showing that other compo-
nents besides MobA in the reaction mixture were not active in
apoTorA activation and that MobA is essential to provide the
matured cofactor for TorA, which probably is the bis-MGD
cofactor. However, in the presence of the specific Moco-bind-
ing chaperone TorD (26), an about 2-fold increase of the max-
imal TorA activity was observed (Fig. 3). Accordingly, TorD
either stabilized the released bis-MGD cofactor synthesized by
MobA or facilitated its insertion into apoTorA, thus leading to
the higher activity of TorA.
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TABLE 1

MPT/molybdenum and phosphorus/molybdenum ratios in different
protein samples

MPT“/ Phosphorus/
Sample Molybdenum” Molybdenum*®
MobA + Mo-MPT 2.18 = 0.64 2.2+0.7
MobA + Mo-MPT + Mg-GTP 2.28 = 0.68 3.7+08
MoeA + Mo-MPT 0.98 = 0.06 ND“
hsO 1.02 + 0.03 ND
TorA ND 35+06

“ MPT was detected after conversion to form A.

? Molybdenum was quantified by inductively coupled plasma optical emission
spectroscopy.

¢ Phosphorus and molybdenum contents were determined by total reflection X-
ray fluorescence analysis. The given ratio for MobA + Mo-MPT represents the
average of measurements on five independent samples; two samples each for the
other conditions were analyzed. The error gives the S.D. MobA + Mo-MPT
samples contained 0.67 * 0.20 mM protein, 0.44 * 0.18 mm phosphorus, and
0.21 * 0.09 mM molybdenum on average, consistent with ~30% cofactor load-
ing of MobA. TorA was used at a concentration of 0.42 mm.

4 ND, not determined.

Quantification of the MPT/Molybdenum and Phosphorus/
Molybdenum Ratios on MobA—To get further proof that bis-
MGD was formed on MobA, we quantified the MPT/molybde-
num ratios in samples containing the MobA protein loaded
with Mo-MPT. Samples incubated in the presence or absence
of Mg-GTP were compared with those of purified hSO (binding
Mo-MPT) and MoeA incubated with Mo-MPT in the same
manner (Table 1). An MPT/molybdenum ratio close to 1:1 was
found in hSO, consistent with the quantitative presence of the
Mo-MPT cofactor in the enzyme. A similar ratio was deter-
mined for MoeA incubated with Mo-MPT, supporting previ-
ous suggestions that this protein is able to bind exogenously
added Mo-MPT (42, 43). These controls emphasized the accu-
racy of the used method for detection of the MPT/molybdenum
ratio.

The MobA protein, which was incubated with Mo-MPT and
purified thereafter from the reaction mixture, revealed an
MPT/molybdenum ratio close to 2:1, irrespective of the pres-
ence or absence of GTP and MgCl, (Table 1). These results
show that, most likely, two MPT units were bound to a single
molybdenum ion on MobA, and apparently GTP and MgCl,
were not necessary for the formation of this novel bis-Mo-MPT
cofactor precursor. To obtain further proof for the bis-Mo-
MPT intermediate, total reflection X-ray fluorescence analysis
was used to determine the molybdenum/phosphorus ratios in
MobA samples in comparison with the bis-MGD-containing
TorA used as a control (Table 1). In samples containing the
MobA protein to which Mo-MPT had been previously added,
but GTP was absent, a phosphorus/molybdenum ratio close to
2:1 was determined, consistent with one molybdenum and two
MPT molecules, which carry one phosphate group each. After
the addition of Mo-MPT and Mg-GTP, the phosphorus/mo-
lybdenum ratio for MobA was close to 4:1 and is thus similar to
the value derived for TorA, which contains the bis-MGD cofac-
tor. This suggested the attachment of two GMP units to the
bis-Mo-MPT cofactor on MobA in the presence of Mg-GTP
and hence formation of the bis-MGD cofactor (containing four
phosphate groups in total).

Determination of Molybdenum Oxidation States and Site
Structures by XAS—To further verify the formation of a bis-
Mo-MPT intermediate formed on MobA before the Mg-GTP
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FIGURE 4. Molybdenum K-edge (XANES) spectra. The asterisk marks the
pre-edge features shown in the magnification in the inset, after subtraction of
the main edge slope. Spectra were vertically displaced for comparison. All
protein samples contained Mo-MPT from hSO. Vertical dashes in the inset
denote the pre-edge energy for the molybdate ion. Protein spectra are com-
pared with the following reference compounds. MoO,, [Mo"'0,]*~ ion in 5
mMm aqueous solution (pH 7.5); MoS,0 model, a synthetic bis-dithiolene com-
plex containing Mo(1V) (see Ref. 45); MoS,, Mo(IV) in solid MoS,.

addition, XAS experiments were performed to determine the
valence state and first-sphere coordination of the molybdenum
atom. The coordination of the molybdenum atom was analyzed
in samples of MogA, MoeA, or MobA, which were incubated
with Mo-MPT in the presence or absence of Mg-GTP. In addi-
tion, protein spectra were compared with further reference
compounds with known molybdenum coordination. In the
hSO enzyme, for example, the molybdenum in the Moco is
coordinated by the two sulfurs of the dithiolene moiety of the
MPT, two oxygen ligands, and the sulfur from the thiol group of
a cysteine residue (MoS;0,).

The molybdenum K-edge (XANES) spectrum reflects elec-
tronic transitions from the 1s core level to unoccupied localized
states with mainly metal-d/p characters (Fig. 4). The main dif-
ferences in the XANES spectra of the proteins and reference
compounds were observed with respect to the amplitude of the
pre-edge peak (Fig. 4, asterisk). In the case of coordination of
molybdenum by oxygen and/or sulfur ligands, this feature is
attributable to formally dipole-forbidden 1s—4d transitions
into 7* orbitals oriented along Mo—O bond vectors and thus
gains intensity for an increasing number of oxygen ligands (44).
The pre-edge peak magnitude therefore was particularly large
for the molybdate ion (MoO, coordination), decreased for
MoS,0O coordination in a synthetic bis-dithiolene model com-
plex (45), and almost absent for MoS, coordination in molyb-
denum disulfide (Fig. 4), revealing a direct dependence of the
pre-edge area on the number of oxygen ligands at molybdenum

(Fig. 5).
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FIGURE 5. Oxygen ligands per molybdenum from XANES analysis. Shown
are pre-edge areas of the indicated protein samples (solid circles) and of the
following reference compounds (open circles). MoS,, Mo(lV) in solid MoS,;
MoS,0, Mo(IV) in a bis-dithiolene model complex (see Ref. 45); MoS;0,, Mo(VI)
in the Moco in hSO (data not shown); MoO,,, Mo(VI) in the aqueous molybdate
ion (5 mm, pH 7.5). Pre-edge areas were derived from Gaussian fits (not
shown) to datain Fig. 4 (inset). The straight line represents a fit to the reference
data.

The pre-edge peak areas as determined from the XANES
spectra of the protein samples (Fig. 4, inset) were compared
with the correlation between the pre-edge area and the number
of oxygen ligands (Fig. 5). The determined ~3.5 oxygen ligands in
the Mo-MPT sample from hSO exceeded the number expected
for an (MPT)S,MoO, coordination, suggesting an admixture of
molybdate of up to ~50%, presumably reflecting oxidatively
degraded Moco. The presence of close to 3 oxygen ligands per
molybdenum in the MogA + Mo-MPT and MoeA + Mo-MPT
samples was in agreement with almost pure (MPT)S,MoO; coor-
dination. For MobA + Mo-MPT, a pronounced decrease of the
number of oxygen ligands to a value close to unity was observed,
irrespective of the presence or absence of Mg-GTP. This indi-
cated the loss of two oxygen ligands at the molybdenum center
in the cofactor bound to MobA compared with MoeA.

The position of the K-edge on the incident energy axis is
indicative of the metal oxidation state. For various molybde-
num reference compounds, the edge energy increased by ~1.2
eV per oxidation state in the range of Mo(IV) to Mo(VI) for
varied sulfur/oxygen ligand configuration, but the absolute
energies depended on the relative numbers of sulfur and oxygen
ligands and were higher by ~5.5 eV for oxygen-only compared
with sulfur-only coordination of molybdenum (data not
shown). The K-edge energies for the protein samples were
determined from the XANES spectra (Fig. 4) and compared
with the edge energies of the references (Table 2). The edge
energy of the Mo-MPT sample, intermediate between the ones
of the Mo(VI)O5 and Mo(VI)S,0O; species, supports a Mo(VI)
oxidation state in the intact cofactor. The value for the MogA +
Mo-MPT sample was in agreement with an almost pure
Mo(VI)S,0; coordination. MoeA + Mo-MPT was located
closest to the Mo(V)S,0; level. A pronounced edge energy
decrease by ~2.5 eV compared with MoeA was observed for
MobA + Mo-MPT, both in the absence and presence of Mg-
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TABLE 2
Molybdenum K-edge energies and oxidation states

Sample K-edge energy

eV
Mo-MPT“ 20,017.4
MogA + Mo-MPT“ 20,016.2
MoeA + Mo-MPT“ 20,015.2
MobA + Mo-MPT* 20,013.0
MobA + Mo-MPT + Mg-GTP” 20,012.8
Mo(V)O,” 20,018.7
Mo(VI)S,0.,” 20,016.3
Mo(V)S,0, 20,015.1
Mo(1V)S,0° 20,012.9

“ K-edge energies were determined from XANES spectra in Fig. 4.
 K-edge energies were determined for molybdenum reference compounds with
the indicated metal coordination.

481 A | 105] B

Mo-MPT

MogA+Mo-MPT

MoeA+Mo-MPT

FT of EXAFS
EXAFS xk*

MobA+Mo-MPT

MobA+Mo-MPT+GTP

MoS,0 model

0 L Y N A A N A R
0 1 2 3 4 5 6

reduced distance / A

357 91113
k/A"

FIGURE 6. EXAFS analysis of protein samples. A, Fourier transforms (FT) of

EXAFS oscillations in B. Thin lines, experimental data; thick lines, simulations

with parametersin Table 3 (fits 2,4, 6,8, 10, 12,and 14). Spectra were vertically

displaced for comparison.

GTP (Table 2). This suggests Mo(V)S,O coordination in MobA
(Table 2).

EXAFS analysis was performed to determine the bond
lengths and numbers of oxygen and sulfur ligands in the first
molybdenum coordination sphere in the protein samples in
comparison with selected reference compounds (Fig. 6). Visual
inspection of the Fourier transforms in Fig. 6A calculated
from the EXAFS oscillations in Fig. 6B revealed two main
Fourier transform peaks for the protein spectra, which are
attributable to molybdenum-oxygen (shorter distances) and
molybdenum-sulfur (longer distances) bonds, in compari-
son with the references.

Simulations of the EXAFS spectra yielded the fit parameters
listed in Table 3. We show the results of two fit approaches, the
first one including only variable fit parameters and the second
one using best fit rounded values for the coordination numbers
(N). The fit results may be summarized as follows, in particular
emphasizing the sulfur/oxygen ligand ratios (Table 3). For the
Mo-MPT sample, the N values for oxygen ligands were higher
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and for sulfur ligands the values were lower than for a pure
MoS,0; coordination. The EXAFS spectra of MogA + Mo-
MPT and MoeA + MPT were well described by N values, which
were close to a pure MoS,0; coordination. However, MoeA +
Mo-MPT showed two longer Mo—O™ bonds (~1.8 A) and one
shorter Mo=0 bond (~1.7 A), whereas for MogA + MPT, this
was reversed. This is further evidence for the presence of more
reduced molybdenum in MoeA. For the MobA + Mo-MPT
samples, irrespective of the presence or absence of Mg-GTP,
resulting coordination numbers, in comparison with a MoS,0
model complex (45), consistently revealed only one short
Mo=0 bond and four Mo-S bonds. This clearly indicates the
presence of two MPT units bound to molybdenum in MobA.
The differences in Mo—S bond lengths of ~0.08 A suggest that
each dithiolene moiety of the two MPT units contributes one
longer and one shorter Mo—S bond to the asymmetric ligation
at the molybdenum in MobA.

The BVS, as calculated from the molybdenum ligand dis-
tances, is a measure of the molybdenum oxidation state (41).
BVS values for the protein samples, which were calculated from
the distances in Table 3, are summarized in Table 4. The BVS
values for the Mo(VI)O, and Mo(IV)S,O reference compounds
were in good agreement with the known oxidation states. For
the Mo-MPT and MogA + Mo-MPT samples, the BVS
revealed an oxidation state close to the Mo(VI) level, whereas
for MoeA + Mo-MPT, it was closer to Mo(V). For the MobA +
Mo-MPT samples, with and without added Mg-GTP, a consid-
erably decreased BVS was in agreement with the predominant
presence of Mo(V).

In summary, the XANES and EXAFS analyses provided a
consistent picture of the molybdenum oxidation states
and coordination environments. Mo-MPT extracted from
hSO, which was used for the binding experiments, revealed
only a ~50% fraction of intact cofactor. Nonspecific binding
of the cofactor to MogA could be used for purification
and stabilization of the intact cofactor, in terms of
(MPT)S,Mo(VI)(=0),0" coordination in Mo-MPT. MoeA was
also binding only intact Mo-MPT, but this lead to an apparent (par-
tial) reduction of the molybdenum in (MPT)S,Mo(V)(=0)(O™),
sites. The addition of Mo-MPT to MobA produced
S,Mo(V)(=0) species with similar structures both in the
absence and presence of added Mg-GTP, thus indicating the
formation of bis-Mo-MPT or bis-MGD cofactors solely by
MobA.

DISCUSSION

This report describes the formation of a bis-Mo-MPT cofac-
tor, which represents a novel intermediate in Moco biosynthe-
sis in E. coli. Our stepwise in vitro assay showed that bis-Mo-
MPT formation is solely catalyzed by the MobA protein in the
presence of Mo-MPT. The formation of bis-Mo-MPT on
MobA was unambiguously detected, first, by the MPT/molyb-
denum ratio of 2:1 and second by the phosphorus/molybdenum
ratio of 2:1. Proteins used in comparison showed by X-ray crys-
tallography previously Mo-MPT binding (hSO) (46, 47) or bis-
MGD binding (TorA) gave MPT/molybdenum ratios of 1:1 for
the former and a phosphorus/molybdenum ratio of 4:1 for the
latter enzyme. Third, XAS studies clearly revealed the presence
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TABLE 3
Simulation parameters for EXAFS spectra

Simulation parameters describe EXAFS spectra in Fig. 6. N, coordination number; R, interatomic distance; 207, Debye-Waller parameter; Ry, error sum as defined in Ref.

38 and calculated for a reduced distance range of 1-2.5 A.

Oxygen Sulfur
Sample Fit no. N (per molybdnum) R 20> x 10® N (per molybdenum) R 20> X 10® R;
A A? A A? %
MoO, 1 3.89 1.76 4 12.5
2 29 1.71 2 114
2% 1.77 1
Mo-MPT 3 3.39 1.75 7 1.68 2.44 9 13.0
4 2.57 1.72 2 1.5% 2.43 8 12.8
1“ 1.80 1
MogA + Mo-MPT 5 2.82 1.76 7 1.90 2.38 5 13.8
6 2% 1.72 3 1“ 2.34 7 14.1
1“ 1.81 2 1“ 2.39 2
MoeA + Mo-MPT 7 3.01 1.74 15 2.13 2.37 7 16.2
8 1“ 1.72 2 1“ 2.34 4 8.5
2% 1.81 7 1“ 242 1
MobA + Mo-MPT 9 1.04 1.71 2 3.88 2.38 7 12.1
10 1“ 1.70 2 2% 2.31 17 7.2
2% 2.39 2
MobA + Mo-MPT + Mg-GTP 11 1.14 1.72 4 3.76 2.38 7 13.0
12 1“ 1.71 2% 2.32 23 7.7
2% 2.38 2
MoS,O model 13 1.02 1.71 3 4.12 2.39 6 10.3
14 1“ 1.72 3 2% 2.38 5 9.2
2% 2.48 7

“ Parameters that were fixed in the simulation procedures. MoS,O model denotes a synthetic bis-dithiolene complex (45).

TABLE 4

Bond valence sums from molybdenum-ligand distances

BVS values, which are a measure of the molybdenum oxidation state, were calcu-
lated from bond lengths in Table 3 for best fits of EXAFS spectra with rounded
coordination numbers, using R, values that were the average of values for
Mo(IV,V,VI) species (i.e. R,(Mo—0O) = 1.878 A and R,(Mo-S) = 2.285 A (40, 41).

Sample BVS
Mo-MPT 6.09
MogA + Mo-MPT 6.35
MoeA + Mo-MPT 5.51
MobA + Mo-MPT 5.02
MobA + Mo-MPT + Mg-GTP 4.97
Mo(VD)O, 6.16
Mo(IV)S,0 model 4.15

of four sulfur ligands, from two dithiolene functions, and one
Mo=0 bond at the molybdenum in MobA, as opposed to only
two Mo-S and three Mo—O bonds in the unbound Mo-MPT
and in Mo-MPT bound to MoeA and MogA. The proteins
MogA and MoeA, which act in the Moco biosynthesis sequence
prior to MobA, did not show any activity in bis-Mo-MPT for-
mation. The formation of the bis-Mo-MPT cofactor thus is the
first step in the bis-MGD formation catalyzed by MobA.

Only after the addition of Mg-GTP to the bis-Mo-MPT
structure on MobA was the final product bis-MGD formed, and
the cofactor was released from the protein thereafter. The
mature cofactor could be readily inserted into apoTorA, result-
ing in reconstitution of TMAO reductase activity. This shows
that the bis-MGD cofactor formed under our in vitro condi-
tions is fully functional and that only MobA is involved in this
step. The activity of reconstituted TorA was 2-fold increased in
the presence of TorD, which is the specific chaperone for TorA,
suggesting either stabilization of bis-MGD in the mixture or
facilitation of the insertion process by TorD. The results show
that TorD itself is not involved in the bis-MGD formation.

In our study, a Mo-MPT preparation extracted from heat-
denatured hSO (29) was used as an effective in vitro source for
the production of functional bis-MGD by MobA. In vitro sys-
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tems have been used before to insert the cofactor produced by
MobA into molybdoenzymes. Moco produced by E. coli MobA
has been inserted into Rhodobacter sphaeroides DMSO reduc-
tase (22). Alternatively, E. coli TMAO reductase was used to
test the activity of MobA in conjunction with TorD using the
total extract from E. coli cells as a rather undefined Moco
source (26). These assay systems thus were intrinsically
inhomogeneous, because proteins and/or (non-purified) cofac-
tors from different organisms were used. In our present system,
only enzymes from E. coli were employed. In addition, a defined
Mo-MPT source from hSO was used, which proved to be more
effective, because reconstitution of TMAO reductase required
less incubation time as compared with the system using DMSO
reductase. Inclusion of TorD in the incubation mixture resulted
in a 2-fold higher rate of reconstitution and of the maximum
activity; thus, TorD accelerates bis-MGD insertion 2-fold and
additionally acts as a stabilizing protein for TorA and bis-MGD
in this reaction, as proposed before (26).

The molecular mechanism of bis-Mo-MPT formation and its
binding mode to MobA, however, need further consideration.
Presumably, one molecule of molybdate is released during the
combination of two Mo-MPT molecules to form the bis-Mo-
MPT cofactor, but the underlying chemistry remains elusive. It
also remains possible that MobA binds one Mo-MPT molecule
and one MPT molecule from which the bis-Mo-MPT could be
formed. Crystal structures have shown either a monomeric (48)
or an octameric (24) organization of MobA in the crystals. We
have studied the oligomerization state of MobA using analytical
gel filtration or dynamic light scattering techniques, which
revealed that MobA was present as a monomer in solution
under all tested conditions, including the presence of Mo-MPT
and Mg-GTP and high protein concentrations. Accordingly,
bis-Mo-MPT formation from two Mo-MPT/MPT molecules in
solution may occur on monomeric MobA using the MPT and
predicted GTP binding sites.

VOLUME 288-NUMBER 41-OCTOBER 11,2013



MobA Catalyzes Bis-Mo-MPT and Bis-MGD Formation

MogA MobA

ATP + Mo

MPT

2 Mo-MPT
or
Mo-MPT + MPT

2GTP

FIGURE 7. Proposed reaction sequence for bis-MGD formation from bis-Mo-MPT and the involvement of MogA, MoeA, MobA, and TorD in the
reconstitution of catalytic activity in apoTorA. Details are given under “Discussion.” SS, TAT signal sequence

Here we observed facilitated release of bis-MGD from MobA
in the presence of GTP, which could suggest release of the
product by competition of GTP with the same site occupied by
an MPT unit. Binding of GTP and MPT to the same site may
indeed occur, because MPT is derived from GTP in a reaction
catalyzed by the MoaA protein (6). Based on these results, we
propose that two MPT moieties bind to both the predicted
GTP-binding site and the predicted MPT binding site, thus
enabling bis-Mo-MPT and bis-MGD synthesis by monomeric
MobA. The favorable release only of the final product may then
be induced by a different binding mode of bis-MGD compared
with bis-Mo-MPT to MobA.

In our in vitro system, the formation of bis-MGD readily
occurred after the addition of Mg-GTP to MobA loaded with
bis-Mo-MPT. In vivo, however, MobB, a GTP-binding protein
interacting with MobA (20, 49), may assist the GTP binding
step. A docking model of MobA and MobB has suggested that
GTP is bound to a shared binding site at the interface between
both proteins (20). However, MobB did not enhance the activity
of MGD formation under our assay conditions (data not
shown). In the cell, MobB may deliver GTP to MobA with a
high specific affinity in a reaction, which was not required in
our in vitro assay due to the higher concentrations of GTP. The
mature bis-MGD cofactor after its release from MobA is cap-
tured by Moco-binding chaperones like TorD, TorZ, NarJ,
DmsD, FdhD, or NarW (21). These chaperones assist bis-MGD
insertion into the respective target proteins. This has been
studied in detail for the TorA/TorD system (25, 28), revealing
that a complex comprising the TorA, MobA, and TorD pro-
teins is involved (28).

Based on our present findings and the earlier results, we pro-
pose the following sequence of events during bis-MGD biosyn-
thesis for TorA activation in E. coli (Fig. 7). 1) MogA forms an
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MPT-AMP intermediate from MPT and ATP. 2) MoeA takes
over the product, inserts the molybdenum ion derived from
molybdate in a Zn>*-dependent reaction, and detaches the
AMP to form Mo-MPT (43). The MoeA reaction may involve
reduction of molybdenum to the Mo(V) level, and the short
molybdenum-oxygen bond lengths of the (MPT)MoS,0, site
suggest that no amino acid-derived metal ligands are involved
in the Mo-MPT binding to MoeA. 3) Mo-MPT is then captured
by MobA, which first forms the bis-Mo-MPT cofactor and
thereafter attaches two GMP molecules in a GTP- and MgCl,-
dependent reaction, producing bis-MGD. MobA-bound bis-
Mo-MPT and bis-MGD seemingly contained Mo(V), and the
MoS,0O coordination suggests that amino acids are not ligating
the molybdenum of either cofactor. 4) TorD then is involved in
channeling bis-MGD to apoTorA, and MobA and TorD are
released from the complex, resulting in cofactor-loaded
enzyme (pre-TorA) (25). 5) Pre-TorA is translocated to the
periplasm, where active TorA enzyme is finally generated (21).
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