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Three-dimensional protein structures of the xanthine oxidase
family show different solutions for the problem of transfer-
ring electrons between the flavin adenine dinucleotide (FAD)
group and the molybdenum cofactor. In xanthine oxidase all
the cofactors lie within domains of the same protein chain,
whereas in CO dehydrogenase the Fe-S centres, FAD and
Mo cofactors are enclosed in separate chains and the enzyme
exists as a stable complex of all three. In aldehyde oxidore-

ductase, only Fe-S and Mo co-factors are present in a single
protein chain. Flavodoxin is docked to aldehyde oxidore-
ductase to mimic the flavin component on the intramolecular
electron transfer chain of aanthine oxidase and CO dehydro-
genase and, remarkably, the main features of the electron-
transfer pathway are observed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Molybdenum and tungsten are found in a mononuclear
form in the active site of a diverse group of enzymes that
catalyze, in general, oxygen-atom transfer and are distinct
from the nitrogenase enzyme that contains a complex
FeSMo cluster. Mononuclear Mo-enzymes have been classi-
fied into three main groups, called the xanthine oxidase
(XO), dimethyl sulfoxide reductase (DMSOR) and sulfite
oxidase (SO) families.!"?! The active site of these enzymes
contains the metal atom coordinated to one or two pyran-
opterin molecules and to a variable number of ligands con-
taining atoms such as oxygen (oxo, hydroxo, water, serine,
and aspartic acid), sulfur (cysteines) and selenium (seleno-
cysteines). Pyranopterin is an organic ligand that can be
either in the monophosphate form or have a nucleotide
molecule attached by a pyrophosphate link. In addition,
these proteins may have other redox cofactors such as iron-
sulfur (Fe-S) centres, hemes and flavin groups, which are
involved in intra- and intermolecular electron-transfer pro-
cesses.!!

There are a few known crystal structures of molybdenum
hydroxylases from the XO family. These include aldehyde
oxidoreductase (AOR) from Desulfovibrio gigas,*© xan-
thine oxidoreductase (XO) from Bos taurus'’! and Xanthine
dehydrogenase (XDH) from Rhodobacter capsulatus.®!
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There are also two known crystal structures of similar pro-
teins containing Mo, namely CO dehydrogenase (CODH)
from Oligotropha carboxidovorans, which catalyzes the oxi-
dation of CO to CO, without cleavage of a C—H bond,-'%]
and 4-hydroxybenzoyl-CoA Reductase (4-HBCR) from
Thaurea aromatica, which catalyzes reductive removal of an
aromatic hydroxy group.['!1?]

Despite their similarity, these proteins show three dif-
ferent sequence arrangements for the active sites participat-
ing in electron transfer between the FAD group: the two
[2Fe-2S] centres and the Molybdenum cofactor.[:>7-14 In
general, all the cofactors in XO and XDH lie within do-
mains of the same protein chain, although some exceptions
are found in prokaryotic XDHs such as the one isolated
from Rhodobacter capasulatus. In CODH and 4-HBCR,
two [2Fe-2S] centres, one FAD and one Mo cofactor are
enclosed in separate chains and the enzyme exists as a stable
complex of all three. In AOR only the two [2Fe-2S] centres
and Mo cofactor are present in a single and shorter poly-
peptide chain (Figure 1).

Although the arrangement of the 4-HBCR subunits con-
taining the FAD group, the molybdenum cofactor and the
two intermediary [2Fe-2S] centres is similar to that of
CODH, 4-HBCR is significantly different from CODH.
The gene sequences for the three subunits of 4-HBCR in
Rhodopseudomonas palustrist'>! and T. aromatical' reveal
significant differences between these proteins, and 4-HBCR
consists of three subunits of (afy), composition.['®!”] Each
monomer contains a [4Fe-4S] centrel!'®! in addition to the
prosthetic groups shared with CODH. The additional [4Fe-
48] centre is coordinated to conserved cysteinyl residues in
a unique stretch of approximately 40 amino acids in the 8
subunit.['>19] Nevertheless, for the purposes of this work
the important features of 4-HBCR are shared with CODH,
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Figure 1. Schematic representation of the domain sequence for the three enzymes XO, CODH, 4-HBCR (that includes an extra elongation
of the B-subunit that binds, in addition to the FAD moiety, the [4Fe-4S] center) and AOR (homologies among molybdenum hydroxylases).
The FAD domain is absent in the D. gigas aldehyde oxidoreductase. In the R. capsulatus Xanthine dehydrogenase and the Bos Taurus
XO, the iron-sulphur and flavin-binding portions of the protein constitute one subunit (XdhA), and the molybdenum-binding portion a
second (XdhB). In the O. carboxydovorans CO dehydrogenase, the iron—sulphur centres are together in one subunit (CoxS), the flavin in
a second (CoxM) and the molybdenum in a third subunit (CoxL). A comparison with the R. capsulatus XDH domain sequence is also

included (a variation of the XO domain theme).

namely the electron-transfer pathway involving the FAD,
the two [2Fe-2S] centres and the Mo cofactor.

The molybdenum [iron-sulfur] protein, first isolated from
Desulfovibrio gigas (DgAOR),['8] was later shown to medi-
ate the electronic flow from salicylaldehyde to a suitable
electron acceptor, and its 2,6-dichlorophenolindophenol
(DCPIP)-dependent aldehyde oxidoreductase activity was
studied in detaill'”! using a wide range of aldehydes and
analogues. A steady-state kinetic analysis (Ky; and Viay)
was performed for acetaldehyde, propionaldehyde, benzal-
dehyde and salicylaldehyde in the presence of a suitable
electron acceptor (DCPIP), and a simple Michaelis—Menten
model was shown to be applicable as a first kinetic ap-
proach. Xanthine, purine, allopurinol and N1-methylnico-
tinamide (NMN), however, could not be utilized as enzyme
substrates. DCPIP and ferricyanide were shown to be cap-
able of cycling the electronic flow, whereas other cation and
anion dyes [O, and NAD(P)*] were not active in this pro-
cess. This molybdenum hydroxylase was later shown to be
part of an electron-transfer chain that is capable of linking
the oxidation of aldehydes to the reduction of protons and
involves flavodoxin.?%!

The FAD domain, which is present in XO and CODH
but absent in AOR, and the evidence for in vitro electron
transfer between AOR and flavodoxin, led to the reasonable
assumption that flavodoxin can play the role of a reaction
partner for AOR that replaces the missing domain. Our hy-
pothesis was that the interaction between AOR and flavo-
doxin should mimic the arrangement of the domains or
subunits of the other similar proteins, therefore to test this
hypothesis we attempted to model the AOR-flavodoxin
complex using the BIGGER docking algorithm.[>!-2%]

Results and Discussion

Our hypothesis was thus that if flavodoxin assumed the
role of the missing FAD domain, the complex of flavodoxin
with AOR should be similar to the structures of CODH
and XO, and should be consistent with the experimental
data available.[?”
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The Nature of the Electron-Transfer Complex

The interaction between AOR and flavodoxin seems to
be driven mostly by electrostatics, since both partners are
highly charged and flavodoxins have high dipolar moments
(approx. 400 Debye). Both AOR and flavodoxin are acidic,
but the reaction rate of electron transfer, as measured using
aldehydes as electron donor through AOR and following
the formation of flavodoxin semiquinone state at 590 nm
(Figure 2) (experimental conditions as in ref.?%; see also
caption to Figure?2), increased with increasing ionic
strength up to 0.1 M. Although the strong ionic-strength de-
pendency of the reaction kinetics for the electron transfer
between AOR and flavodoxin from D. gigas indicates that
the interaction is driven mostly by electrostatics, it was intri-
guing that the reaction rate increased with increasing ionic
strength. However, the docking results (see below) helped
to explain this observation and called our attention to the
effect of ionic strength on the electrostatic field generated
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Figure 2. Dependency of the AOR-flavodoxin reaction rate on
ionic strength. The reaction rate was measured by the formation of
the semiquinone form of FAD, which was followed by spectroscopy
at 590 nm. Anaerobic formation of flavodoxin semiquinone was
followed at 580 nm, using benzaldehyde as electron donor, varying
the media ionic strength (adjusted with NaCl). The experiments
were conducted at 20 °C and pH 7.6 (Tris-HCI buffer). AOR was
2 um, flavodoxin 24 um and substrate 100 pm. General procedures
as detailed indicated in ref.[2]
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by AOR at the suggested interaction site, near the more
exposed [2Fe-2S] moiety. Figure 3 shows the electrostatic
field in this region at an ionic strength of 0.0, 0.1 and 0.5 m.
The electrostatic field was calculated by solving the lin-
earised Poisson—Boltzmann equation with a multi-grid fi-
nite difference solver,?3 with a grid resolution of 2 A. The
simplifying assumptions (equal concentrations and radii for
positive and negative ions and linearisation of the hyper-
bolic sine term) and the finite difference solution limit the
precision of the calculations, but this is not important for
the qualitative result that explains the effects of ionic
strength on this reaction. At higher ionic strength the over-
all negative charge of AOR has less influence near the posi-
tive patch surrounding the exposed [2Fe-2S] cluster, thus
allowing a positive region of the field to project farther
from the surface and possibly helping to guide the nega-
tively charged flavodoxin. This explains both the reaction
kinetics data and how these two strongly acidic proteins
may interact despite their large negative charge.

0.0m

0.1Mm 0.85m

Figure 3. The three panels show the positive regions of the electro-
static field projected by AOR at 0.0, 0.1 and 0.5 M of ionic strength.
The isopotential lines are for 0.1, 0.01 and 0.001 kcalmol. Only the
positive regions of the electrostatic field are shown. The more ex-
posed [2Fe-2S] cluster is shown on the lower part of each panel,
and the projecting positive region of the field corresponds to the
most likely docking site (Figure 4).

AOR-Flavodoxin Complex: Docking Model

We used the BIGGER”?!??! docking algorithm both with
the default soft docking parameters and with the hard
docking option for all docking runs. The first stage of the
docking algorithm was to select a set of 5000 solutions from
all possible configurations and generate candidate com-
plexes by shifting one of the partners relative to the other
in steps of 1 A of translation for each 15°-step in rotation.
This exhaustive search generated billions of possibilities,
most of which were excluded by eliminating excessive over-
lap and by keeping only those with the highest surface con-
tact areas.

The soft docking algorithm!®?! is a general docking algo-
rithm applicable to cases ranging from tightly binding en-
zyme-inhibitor complexes to transient electron-transfer in-
teractions, and so must take into account the effects of side-
chain flexibility, which is potentially essential in strong in-
teractions. This algorithm models side-chain flexibility im-
plicitly by allowing some interatomic clashes involving se-
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lected regions of flexible side-chains at the surface of the
protein. The downside is an increase in the fraction of in-
correct models retained in those cases where side-chain flex-
ibility is not a relevant factor. In such cases, which are com-
mon for weak interactions, the hard docking alternative
tends to provide clearer results. Our approach was to use
both alternatives to take advantage of the best features of
each. Agreement between hard docking and soft docking
results indicated that it was not necessary to account for
side-chain conformation changes. In such cases we can use
the hard docking results, which are generally clearer and
easier to interpret. If the results of the two alternatives dis-
agree, then we should use the soft docking models because
this suggests side-chain conformation changes may be an
important factor in the formation of the complex. In the
case of the AOR-flavodoxin complex studied here, the re-
sults of hard docking agreed with those of soft docking —
both approaches gave similar clusters of models among the
highest ranking — so all results presented here are for hard
docking. This agreement of the six different docking simu-
lations, with different conditions and partners, shows the
simulations to be reliable. Furthermore, in all cases there
are structures with the configuration predicted by our hy-
pothesis among the highest scoring models when ranked by
the electrostatic interaction score.

The second stage of BiGGER is the ranking stage, in
which the 5000 models are evaluated according to electro-
statics, solvent exclusion, and surface complementarity and
amino acid contacts. The global scoring function included
in BiGGER is also designed for general applicability by
combining these different factors to give a single score op-
timised to separate correct models from incorrect models
over a broad range of complexes. This is the best option
when no information is available regarding the interaction
being studied. However, BIGGER also provides the hydro-
phobicity and electrostatic scores for those cases in which
it is possible to estimate if the interaction is driven mainly
by solvation effects or by electrostatics.*!-??! Since this was
one such case, we chose to use the electrostatic score to
rank the most likely models. Nevertheless, the global score
also placed high scoring models in the same region (includ-
ing the highest ranking model).

The choice of the electrostatic interaction score was dic-
tated by experimental data on the ionic-strength depen-
dency of the electron-transfer reaction between flavodoxin
and AOR (both form D. gigas), and by the large charge of
the partners, which suggested electrostatics to be the main
driving force in this interaction. Furthermore, the docking
simulations also suggested that the interaction between
AOR and flavodoxin is strongly driven by electrostatics,
since the electrostatic score value was high, with an esti-
mated enthalpy for the electrostatic interaction of approxi-
mately 100 kcalmol™'. This is an approximate value due to
the fact that it is calculated from a simple Coulombic model
and the docking models generated by BIGGER are not very
precise as the translation search is in steps of 1 A and the
side-chain placement was not optimised for each model.
However, these simplified calculations are the only practical
3837
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way of dealing with thousands of candidate models without
excessive computational demands, and the results do not
require precise energy estimates, as all six simulations were
in agreement and the estimated energy contributed by elec-

CODH X0 4-HBCR

trostatics was one to two orders of magnitude greater than
that for hydrophobicity. Overall, all the simulation results
and experimental data agree that the interaction between
these proteins is essentially due to electrostatics.

AOR-D.v AOR-D.s

AOR-D.g

Figure 4. The relative positions of the FAD prosthetic groups for COD, XO, and 4-HBCR (first three panels) and the best models for
the AOR-flavodoxin complex using the D. vulgaris, D. gigas and D. salexigens flavodoxins (last three panels). For the docking models the
highest ranking configuration is shown in thick lines, and other high ranking configurations in thin lines. The numbers indicate the
distances (in A) between the cofactors. For the AOR-flavodixin complexes, the smallest distance of the fifteen highest ranking models is

shown.

Figure 5. One possible docking configuration for D. gigas flavodoxin and AOR (left panel) compared with the structures of XO (top
right), COD (centre right) and 4-HBCR (bottom right). The colours correspond to the sequence homology schemes shown in Figure 1,
green for the FeS regions, orange for the FAD and flavodoxin, and blue for the MCD-Mo or MPT-Mo regions.
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In short, all the docking results presented are for hard
docking with electrostatic scoring. To model the complex
between the flavodoxin and aldehyde oxidoreductase
(AOR) from Desulfovibrio gigas we used the following
structures:

— the X-ray structure for AOR (PDB code 1hlr, after cor-
recting the transformation matrix to generate the dimer),!

— a homology model for the D. gigas flavodoxin using
the Swiss-PROT sequence Q010954 and the structure
from the D. vulgaris flavodoxin (PDB code 1fx1),”

— a homology model for the D. salexigens flavodoxin
based on the D. vulgaris flavodoxin structure 1fx1,

— the D. vulgaris flavodoxin structure 1fx1.

Our goal was to model the D. gigas complex, although
flavodoxins from D. vulgaris and D. salexigens also form
productive complexes in vitro (unpublished data). Since the
structure for the D. gigas flavodoxin was a model generated
by homology, the other two — one a crystallographic struc-
ture and the other also a homology model — could be used
to check the consistency of the results and verify that the
D. gigas flavodoxin model was appropriate for our pur-
poses. This was indeed the case, with the docking results for
D. salexigens and D. vulgaris flavodoxin complexes being
virtually identical to those obtained for the D. gigas flavo-
doxin.

We cannot give one unique model for the MOP-flavo-
doxin complex, and the interaction is most likely dynamic
and cannot be represented by a single structure. However,
these results indicate that flavodoxin interacts by docking
near the exposed Fe—S cluster in a configuration resembling
the structures of Xanthine oxidase (Figures 4 and 5). The
distances between the FAD and [2Fe-2S] groups are similar
in all three cases, with the shortest distance in the fifteen
highest ranking models ranging between 6 and 7 A, values
similar to those of CODH, XO and 4-HBCR. Although
not evident from the figure, in the models with the shortest
distances among the highest ranking the dimethylbenzene
part of the isoalloxazine ring is pointing towards the [2Fe-
2S] centre in a manner analogous to CODH, XO and 4-
HBCR. Despite this structural similarity, the contact sur-
face of the flavodoxin in the AOR-flavodoxin models is less
than half the contact surface of the FAD domain in XO.
The contact surface area for flavodoxin, calculated with the
DSSP program,28 was no higher than 930 A2 (value for
the model with largest surface contact among the highest
ranking models), whereas the contact surface for the corre-
sponding domain in XO is 2250 A2 This may explain why
the XO complex is stable while AOR-flavodoxin is a tran-
sient complex.

Conclusions

AOR was previously shown to be part of an electron-
transfer chain comprising four different soluble proteins
from D. gigas, namely:

AOR — flavodoxin — Cyt c; (4 hemes) — (NiFe) Hydrogenase

Eur. J. Inorg. Chem. 2006, 3835-3840
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comprising a total of 11 discrete redox centres, which is
capable of linking the oxidation of aldehydes to the re-
duction of protons to hydrogen and involves a flavodoxin-
FMN semiquinone state.”?l The intramolecular electron-
transfer process within AOR will follow, in the presence of
substrate, the electron flow from Mo to the proximal [2Fe-
2S] centre and then to the distal [2Fe-2S] centre and the
redox partner, modelled here as flavodoxin.

Molybdenum hydroxylases (XO family) are a remarkable
example of how biology finds a wide range of structural
solutions to build up a required electron-transfer array of
redox centres. Different arrangements of the building
blocks (protein chains and domains) give rise to similar 3D
placements of the redox cofactors participating in this op-
timised ET reaction. The docking results for the AOR-flav-
odoxin complex support the hypothesis of structural and
functional equivalence to the active-site arrangements
found in CODH and XO, and the smaller contact surface
suggests an explanation for the AOR-flavodoxin complex
being less stable than the otherwise similar XO.

This modular construction of complex enzymes by re-
arrangement of sub-domains and sub-units is a general ob-
servation. Superoxide reductases are also a good exam-
ple,27281 but not unique. Relatively exposed sub-domains
with characteristic structures that are recognized in simple
electron-transfer proteins are, in most cases, used as dock-
ing sites for electron-transfer partners (i.e. ferredoxin fold-
ing in hydrogenase,*”! plant-type ferredoxin folding in AOR
(see ref.™ and this work) and Fd-NADPH reductasel3).

A more complex situation was found for the structural
homologue 4-HBCR,['?l which contains an additional iron-
sulfur centre, whereby a low-potential ferredoxin serves as
in vivo electron donor for the enzyme.!'!:!°l The redox po-
tentials of the FAD/FADH and Mo"/"V transitions are ex-
ceptionally low, thus making 4-HBCR the only member of
the XO family whose function is to catalyze the reduction
of the substrate and suggesting an inverted electron flow.
But, even so, a conserved architecture is also maintained
for the three key redox sites (Mo, 2 [2Fe-2S] centres and
FAD).
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