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Abstract The sulfate-reducing bacterium aldehyde
oxidoreductase from Desulfovibrio gigas (MOP) is a
member of the xanthine oxidase family of enzymes. It
has 907 residues on a single polypeptide chain, a
molybdopterin cytosine dinucleotide (MCD) cofactor
and two [2Fe-2S] iron-sulfur clusters. Synchrotron data
to almost atomic resolution were collected for improved
cryo-cooled crystals of this enzyme in the oxidized form.
The cell constants of a=b=141.78 A and ¢=160.87 A
are about 2% shorter than those of room temperature
data, yielding 233,755 unique reflections in space group
P6,22, at 1.28 A resolution. Throughout the entire
refinement the full gradient least-squares method was
used, leading to a final R factor of 14.5 and R, factor
of 19.3 (4o cut-off) with “riding” H-atoms at their cal-
culated positions. The model contains 8146 non-hydro-
gen atoms described by anisotropic displacement
parameters with an observations/parameters ratio of 4.4.
It includes alternate conformations for 17 amino acid
residues. At 1.28 A resolution, three CI” and two Mg?*
ions from the crystallization solution were clearly iden-
tified. With the exception of one CI” which is buried and
8 A distant from the Mo atom, the other ions are close
to the molecular surface and may contribute to crystal
packing. The overall structure has not changed in
comparison to the lower resolution model apart from
local corrections that included some loop adjustments
and alternate side-chain conformations. Based on the
estimated errors of bond distances obtained by blocked
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least-squares matrix inversion, a more detailed analysis
of the three redox centres was possible. For the MCD
cofactor, the resulting geometric parameters confirmed
its reduction state as a tetrahydropterin. At the Mo
centre, estimated corrections calculated for the Fourier
ripples artefact are very small when compared to the
experimental associated errors, supporting the sugges-
tion that the fifth ligand is a water molecule rather than
a hydroxide. Concerning the two iron-sulfur centres,
asymmetry in the Fe-S distances as well as differences in
the pattern of NH'S hydrogen-bonding interactions was
observed, which influences the electron distribution
upon reduction and causes non-equivalence of the
individual Fe atoms in each cluster.

Keywords High-resolution structure -
Xanthine oxidase - Molybdopterin -
Aldehyde oxidoreductase - Desulfovibrio gigas

Abbreviations ADPs: anisotropic displacement
parameters - CGLS: conjugated gradient least

squares - FFT: fast Fourier transform -

IPP: isopropanol - MCD: molybdopterin cytosine
dinucleotide - Moco: pyranopterin-ene-1,2-dithiolate
cofactor or molybdopterin zcofactor - MOD: aldehyde
oxidoreductase from Desulfovibrio desulfuricans ATCC
27774 - MOP: aldehyde oxidoreductase from
Desulfovibrio gigas

Introduction

Molybdenum-containing enzymes are a wide redox-
active class of enzymes associated with several meta-
bolic functions. Molybdenum plays a major role in
biological systems and has been found in two distinct
forms: a mixed [Fe-Mo-S] metallic cluster, which oc-
curs in nitrogenases [1], and a mononuclear Mo (or W)
atom associated with one or two pyranopterin-ene-1,2-
dithiolate cofactors (Moco). Moco-containing enzymes,
termed molybdenum hydroxylases or oxotransferases,
are functionally subdivided into four families on the
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basis of sequence homology, similar spectroscopic
properties and environment of the active site [2, 3].
Examples of crystal structures from members of all
these families were reported in the past five years: for
the DMSO reductase family, a nitrate reductase [4] and
three DMSO reductase structures [5, 6, 7]; for the
sulfite oxidase family, the structure of sulfite oxidase [8]
and the tungsten aldehyde ferredoxin oxidoreductase
[9], which constitutes a distinct family of enzymes; for
the xanthine oxidase family of Mo enzymes, the first
structurally elucidated representative was the aldehyde
oxidoreductase from Desulfovibrio gigas, MOP [10, 11,
13]. Very recently, the crystal structure of milk xan-
thine oxidase was described [12]. We now report the
MOP structure in greater detail and refined to atomic
resolution.

The MOP enzyme acts as an oxo donor to an alde-
hyde substrate in a two-step one-electron transfer
reaction, whose mechanism was proposed on the basis
of 1.8 A crystallographic studies of different functional
forms of the enzyme [13]. These studies were further
supported by density functional theory calculations,
which indicate that the oxygen atom incorporated into
the substrate is derived from the Mo-OH/OH, ligand
[14, 15]. Recently we have also reported the crystal
structure from the homologous aldehyde oxidoreduc-
tase from Desulfovibrio desulfuricans ATCC 27774
(MOD) [16]. Comparison between these two related
enzymes revealed, as expected, a very high structure
similarity, but allowed us to establish important fea-
tures such as the docking site of the physiological
electron acceptor.

With the help of cryo-cooling techniques and the use
of synchrotron radiation we have now extended the
resolution of oxidized, improved, MOP crystals to
1.28 A and allowed refinement of anisotropic atomic
parameters [17, 18], owing to the increased ratio of
observations to parameters [33]. The novel structural
details are of considerable biochemical relevance.

Materials and methods

Crystallization and data collection

Aerobic purification was carried out employing the strategy de-
scribed by Moura et al. [19, 20]. Subsequent crystallization was
achieved by vapour diffusion on sitting drops using a mixture of
purified protein in 10 mM Tris.HCI buffer (pH 7.5) and a crystal-
lizing solution of 30% (v/v) isopropanol as precipitant and 0.2 M
MgCl, as additive in 0.2 M HEPES (pH 7.6), following the pro-
cedure described by Roméo et al. [10] The presence of the MgCl,
(or CaCl,) salts was essential for crystallization and contributes to
the high stability of these crystals (see below).

Crystal nucleation and growth up to a size of about
0.6x0.4x0.4 mm takes about 3 weeks at 4 °C. A cryo-protectant
harvesting buffer prepared with the crystallization solution en-
riched in poly(ethylene glycol) 4000 (PEG 4000) at 30% (w/v) was
added to the crystals, which were thus stable over 1 month.

For the data collection of one single crystal cryo-cooled at
100 K, two independent sets of frames were collected, one corre-
sponding to the lower and the other to the higher resolution shells.
The measurements were made on a MAR 300 imaging plate de-
tector at the BW6 beamline of DESY. The diffraction data were
indexed, recorded, integrated and processed using DENZO, scaled
and merged with SCALEPACK [21, 22]. Structure factors were
then derived from intensities using TRUNCATE from the CCP4
package [23], and a starting X-PLOR formatted file was generated
by MTZ2VARIOUS also from CCP4. The total set of 452,521
reflections was processed with anomalous data included, yielding
233,755 unique reflections with an overall Ry, of 3.6% (43.6% in
the outer shell). Important statistics are summarized in Table 1.

The new cell constants of the cryo-cooled crystals decreased to
about 2% in comparison to the previous crystals which were ana-
lysed at —17 °C, reflecting a tighter packing, keeping 54% of sol-
vent content as calculated by the Matthews coefficient [24].

Refinement

An initial randomly chosen subset of 5% of the total observations
was isolated for cross validation by the Ry factor [25]. Refinement
started with X-PLOR 3.1 [26], first including only the data below
1.8 A resolution. The first atomic model used was taken from the
previous 1.8 A refinement [13]. In this first partial model, all redox
cofactors, alcohol and water molecules were excluded. After 40
cycles of rigid body refinement, the R and Ry factors decreased
from 53.6 and 51.9 to 35.2 and 39.5, respectively. At this stage, the

Table 1 Data collection
statistics

All data First data set Second data set
High resolution Low resolution
Wavelength (A) 1.0004 A
Temperature (K) 100
Crystal data
Space group P6,22

Unit cell parameters (A)
Vam/solvent content (%)
Mosaicity

Data collection,
Resolution (A) .
Last resolution shell (A)
Number of observations
Number unique reflections
Rmergc (%)
Last resolution shell (%)
Completeness (%)
Last resolution shell (%)
1ja(])

Last resolution shell

a=b=141.78, c=160.87
54

0.27

25.0 to 1.28 2.50 to 1.28 25.0 to 2.00
1.33 to 1.28 1.32 to 1.28 2.07 to 2.00
1,896,565 1,487,183 409,494
235,491 202,106 62,795

5.1 9.1 4.0

64.2 64.9 13.1

97.4 97.0 97.0

93.6 92.5 97.8

12.9 7.5 15.4

1.6 1.54 8.84




quality of the electron density maps was good enough to correctly
place all cofactors as well as some ordered internal solvent water
molecules. The molybdopterin cytosine dinucleotide (MCD) co-
factor and both iron-sulfur clusters were included in the atomic
model for the subsequent refinements. The geometric and force
field parameter sets, implemented by Engh and Huber [27], were
applied. As the cofactors were included in the model, it was clear
that the MCD would also require guiding target values to avoid
distortion (see below). Rigid body refinement was followed by 150
cycles of conjugated gradient Powell minimization [26], which lead
to an Rpe and an R value of 34.7 and 31.1, respectively. An ad-
ditional 25 cycles of individual restrained isotropic temperature
factor refinement decreased the Ry... and R to 33.9 and 29.9, re-
spectively. Higher resolution data were stepwise included from
1.8 A to 1.45 A and finally to 1.28 A. At each step, some cycles of
automated refinement were applied and followed by visual map
inspection and model rebuilding in TURBO-FRODO [28]. In each
step of the visual inspection, more solvent molecules were included
when their density was above 1.85 A ¢ (30) on F,—F, electron
density maps, and when they were within H-bonding distance to
acceptor groups. Then an automated bulk solvent model was ac-
tivated, the X-PLOR bulk solvent correction [26], which allowed all
measured low-resolution data to be included, and improved sig-
nificantly the quality of the electron density maps. At this stage the
R factor decreased from 23.7 to 20.7 and the R, from 27.6 to 24.4
on a 2¢ cut-off electron density level.

Refinement was continued with SHELX 97-2 [29] and intro-
ducing anisotropic atomic displacement parameters (ADPs)
described by the symmetric U; second-rank tensor for all non-
hydrogen atoms. This change in the refinement protocol was made
because SHELX shows advantages in relation to X-PLOR on high-
resolution refinements. It employs conventional Fourier structure
factor summations rather than fast Fourier transform (FFT)
structure factor summations and allows the anisotropic ADP re-
finement as well as the ability to refine all positional and thermal
displacement parameters simultaneously. Beyond keeping the Engh
and Huber [27] geometric restraints, new types of restraints related
to Uj; refinement were also necessary. The first new set of restraints,
working as rigid bond Uj; restraints, forced bonded atoms to have
the same vibration along the direction of the bond (DELU restraint
of SHELXH [29]). A second set of restraints limited the degree of
anisotropy (ISOR restraint [29]). The last set was used to avoid
sharp variations between adjacent atoms (SIMU restraint [29]).

A refinement algorithm with conjugated gradient least squares
(CGLS) [30] and diffuse solvent modelling by Babinet’s principle
was used throughout the rest of the refinement (Table 2). Single-
atom anisotropic refinement, alternate conformation modelling,
water occupancy rough refinement by setting the occupancy of
some waters to 0.5 on several disordered solvent zones, and finally
the automatic placement of non-refined riding H atoms on calcu-
lated positions lead to a final R of 14.5 and Ry, of 19.3. A sum-
mary of the most important refinement statistics is presented in
Table 2 and final model parameters are summarized in Table 3.

MCD cofactor target values driven by CSD search

The MCD cofactor structure as analysed below was obtained to
almost atomic resolution by crystallographic refinement. However,
during this refinement, some structural information was required at
early stages and used as a restraint. There are no known small-
molecule structures with related or similar structure, excluding the
associated cytosine dinucleotide. To overcome this problem, a total
of 44 bond-type searches corresponding to all the unique MCD
internal bonds were executed on the Cambridge Structural Dat-
abase (CSD) [31]. Each of these searches produced a histogram of
bond distances found among all structures available. The bond
distance search pattern for each bond between pairs of atoms
within the cofactor also included information about the environ-
ments of these pairs of atoms, such as to which atoms the named
pair of atoms are bonded, and the number and types of bonds this
pair of atoms establishes. For all bonds, many occurrences could be
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Table 2 Refinement protocol

Working set (95%) 226,751
Independent cross-validation set (5%) 7004
XPLOR (CGLS)* R Riree
Resolution range (A) 24.4 1.80
After molecular replacement 53.6 51.9
Rigid body refinement 352 39.5
Cofactor inclusion, 31.1 34.7
atomic coordinate refinement
B-factor refinement 29.9 339
Model corrections | 25.1 29.3
Resolution range (A) 24.4 1.5
Side chain corrections, water inclusion 24.5 28.7
Resolution range 244 1.28
Water inclusion, rotamers correction 23.7 27.6
Bulk solvent correction 20.7 24.4
SHELXL (CGLS)® R Riree
Isotropic refinement 21.1 25.2
Anisotropic refinement 17.3 22.1
Double conformation modeling 15.6 20.6
corrections, more solvent
End of refinement (4¢ cut-off) 14.5 19.3

420 cut-off
20 cut-off estimated by linear interpolation between 0 and 4o cut-
off

detected, and several histograms reached the stop limit of 600 oc-
currences imposed to end the search. Following histogram analysis,
a standard deviation and a mean value were calculated for each
histogram. The mean values were calculated and were subsequently
introduced as initial bond distance target values for each of the
atomic bonds on the MCD moiety, but as the refinement pro-
gressed these restraints were decreased and completely released in
the final calculations on which the reported MCD geometry is
based.

Results and discussion
Overall quality of the model

The quality of the model now presented was analysed
with PROCHECK [32], yielding an overall structure
quality measure g-factor of —0.11, close to the mean
g-factor value for structures of the same nominal reso-
lution [33]. The Ramachandran plot has 91.6% of the
residues in the most favoured regions. Only two residues
other than glycine or proline are in disallowed positions,
Tyrl42 (¢p=69°, Yy=-37°) and Leu254 (¢p=062°,
Y =-68°), exactly the same two outliers as on the MOD
structure [16]. Both residues are very clear in density.
Tyr142 is a conserved residue in the xanthine oxidase
family and is located on the FeS I domain on a loop
that connects helix III to helix IV. Its hydroxyl group
establishes hydrogen-bonding interactions with the
amide from Cys137, a ligand from one of the iron atoms,
and to the carbonyl group of Pro839, thus defining the
loop conformation of helix III to helix IV. Leu254, the
second outlier, is also very clear in density and is part of
the hydrophobic patch, which surrounds the entrance to
the tunnel leading to the active site.
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Table 3 Final model parameters and statistics

Non-H atoms 8146
907 amino acids 6844
1 MCD 44
2 [2Fe-2S] 8
Waters 1243
Mg 2
Cl 3
Isopropanol 2
Refinement parameters/statistics (SHELX [29])
Anisotropic temperature Uy, restraints®
R.m.s.d. Target ¢

DELU 0.012 0.030
ISOR 0.108 0.200
SIMU 0.053 0.274
Restrained goodness of fit 1.4
Total no. of reflections 233,755
No. of restraints 87,737
No. of parameters 73,378
Ratio (observations + restraints)/parameters 4.4
Observations/restraints ratio 3.6
Structure quality statistics

Estimated average dtOH’llC coordinate error (A) 0.10
Average B.q factor (A )

Overall 24.7

Protein 21.7

Cofactors 16.0

Solvent 389

R.m.s. Target

Distances (A) 0.013 0.020
Angles (°) 0.029 0.040
Bonded B-factors 33 -
Ramachandran (%)

Allowed 91.6

Generously allowed 8.0

Disallowed 0.4

Overall quality measure (g-factor) -0.11

RSC outliers (%) 2.6

Peptide flips (%) 3.0
R-factor (4o cutoff) 14.5
All data 159
Free R-factor (4 cutoff) 19.3
7004 reflections 21.4

dAccordmg to definition described in the text
®Average error estimated from Luzzatti plot

The final r.m.s.d. values for bond distances and
angle distances are 0.013 A and 0.029 A, respectively
(Table 3). All other stereochemical parameters analysed
are within the expected standard uncertainty ranges for
a set of very high resolution (0.92-1.20 A) structures
available [33], except for some outliers that occur on low
ordered regions of the molecule.

The final bonds and angles error estimates were cal-
culated from a least squares (LS) blocked matrix inver-
sion for the cofactors. In this blocked matrix LS
minimization, only the positional parameters included in
the defined block were refined. The block contained
exclusively atoms belonging to the cofactors, while all
protein atoms were held at fixed refined positions.

These estimated bond distance error values are
summarized in Table 3 and in Figs. 3, 4, 5 for all
bonds within the cofactor molecules. They are one order of
magnitude higher than usual for small molecules [33].

Fourier termination effects on the Mo site

The quality of the final model may be restricted by
Fourier ripples at resolutions above 1 A. This may shift
the positions of atoms on the vicinity of strongly scat-
tering atoms, usually metal ions and their ligands, which
is of particular interest in metalloproteins [34]. Possible
Fourier ripple effects were calculated mainly to deter-
mine changes in the Mo-H,O/OH bond distances.
Starting with the final refined atomic model, two F,
maps were calculated in the vicinity of the Mo atom,
with data truncated at 1.28 A and 0.5 A, respectlvely
The 0.5 A map is virtually free from the Fourier ripples
and the comparison between the two maps allows the
estimation of a correction to be applied on each one of
the Mo ligands positions. The differences between the
two maps are minimal and within the experimental error,
when calculated with the observed B, factor (B-factor
equivalent to a set of ADPs) of 17.5 A?for the Mo atom.
On lowering the value for the B, of Mo to 5 A? the
effect of this artefact is enhanced, but even here calcu-
lated corrections were small (Mo-OH differs by 0.08 A).

Refined MOP model

MOP is a globular shaped protein with a 75 A average
diameter, with a single polypeptide chain of 907 amino
acid residues folded as a four-domain structure. Each of
the first two domains, named FeS_II (distal) [plant-type
ferredoxin (Fd) fold] and FeS_I (proximal) (four-helical
fold, new for Fd), enclose the two [2Fe-2S] clusters, while
the larger following domains, Mol and Mo2, anchor
and stabilize the extended conformation of the pyra-
nopterin cofactor [11] (Fig. 1). The current model is very
well ordered, especially in hydrophobic and core regions
of the molecule, as indicated by an overall B-factor of
24.7 A? and by an estimated average error on the coor-
dinates of 0.10 A [35]. A few external and solvent-
exposed loops suffer from a variable amount of disorder.
The exposed loop connecting domains FeS_I and Mol,
between residues 168 and 172, is the most disordered
region of the molecule and the site of insertion of the
FAD domain present in the larger XO structure.

The r.m.s.d. between 904 C, atoms of the two models
(the former model refined at 1.8 A [13] and the current
one at 1.28 A) is 0.26 A. The 1mprovement of the new
model is reflected particularly in much clearer electron
density maps for most of the molecule, especially in
poorly ordered surface residues. Alternate conforma-
tions for 17 side chains and one main chain were clearly
identified, having a shared associated occupancy ranging
from 0.2-0.8 to 0.5-0.5 as described in Table 4. Con-
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Fe/S1

Fe/S 11

Fig. 1 Stereo view of the protein folding represented in a colour
gradient from the N-terminus (dark blue) to the C-terminus (red).
The [2Fe-2S] and MCD cofactors are shown in black and the two
isopropanol molecules in dark grey. The Cl ions are represented as
light grey spheres and Mg ions, on the surface, as purple spheres.
Figure built with Molscript [43] and Raster3D [44]

formational flexibility affects several exposed side chains
where the electron densities vanish to a variable degree.

Two isopropanol (IPP) molecules from the crystal-
lizing solution are present in the model; IPP1 is in the
second coordination sphere of the molybdenum acting
as an inhibitor, in agreement with our earlier studies,
which provided the basis for the enzymatic mechanism
when taking a Michaelis complex as a model [13]. A
second isopropanol molecule, IPP2, is on the external
surface of the protein molecule, on its first hydrating
shell, and is H-bonded to water molecules.

Mg>* and CI ions in the crystal packing

As described in Materials and methods, the salts MgCl,
or CaCl, were essential for the crystallization of MOP
and the same crystal form was always obtained either
when using different combinations of alcohols or when
slightly changing the pH.

At later stages of refinement, ClI" and Mg> " ions from
the crystallization solution were clearly identified on

F,—F, electron density maps over 40 levels (2.43 e /&’3).
As depicted in Fig. 1, three CI” and two Mg>* ions were
included in the final model and, with the exception of
Cl1, which is rather buried, all others are close to the
molecular surface, some favouring and stabilizing crystal
contacts.

One of the CI ions, ClI, is located in an internal
pocket, filled with four water molecules, which form a
water chain directed towards the isopropanol molecule
of the active site. The distance from Cl1 to the Mo atom
is 8.2 A. It is stabilized by the vicinity of a positively
charged residue, Arg460, only 3.4 A away. This Arg460
is conserved in the XO family. In the homologous en-
zyme MOD [16], where the crystallization conditions
were different, ClI is replaced by a water molecule.

As depicted in Fig. 2, in the first hydration shell, Mgl
and CI3 make protein symmetry contacts that constitute
a strong intermolecular contact and contribute to the
molecular packing. Mgl makes two ionic contacts to
Glu899 Oe€2 and to Glu903 Oel and to the symmetry
related Asp263 Oel. Three water molecules complete the
coordination sphere of Mgl, which displays octahedral
geometry. The carboxylate of Glu899 makes a salt
bridge with Lys248 from a symmetry mate (the distance
Glug99 Oecl-Ne Lys248 is 2.74 A). Chloride ClI3, which
is only 2.99 A away from Ne of Lys248, completes a
network of electrostatic interactions at the crystal con-
tact, possibly due to the presence of Mg?" and CI” ions.

Table 4 Relative occupancy

of the alternate conformations Residue Occupancy 1~ Occupancy 2 Residue Occupancy 1 Occupancy 2

Ile2 0.64 0.36 Leu410 0.53 0.47
Alalg 0.52 0.48 Glu561 0.78 0.22
Gln44 0.26 0.74 Cys661 0.74 0.26
Met233 0.52 0.48 Asp736 0.69 0.31
Ile240 0.52 0.48 Thr742 0.54 0.46
Ile322 0.48 0.52 Asn744 0.42 0.68
Asp379 0.68 0.32 Val834 0.49 0.51
Leu396 0.56 0.44 Leu872 0.63 0.37

Lys828-CO 0.58 0.42
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Fig. 2 Stereo representation of
the crystal packing contacts
around one of the Mg?* ions,
Mgl (black). It shows octa-
hedral coordination geometry
to three water molecules, to
Glu899 O¢2 and Glu903 Oel
from the C-terminus helix (red)
and to Asp263 Oel from a
symmetry mate 1 (blue). Glu899
Oel establishes a salt bridge to
Lys248 Ne, which is 2.99 A
from CI3. Figure prepared with
Molscript [43] and Raster3D

[44])
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Other salt ions were recognized on the surface, such
as an additional CI" ion, CI2, found near the C-terminus
and relativelcy close to positively chgrged residues,
Lys900 (5.4 A away) and Arg 893 (7.1 A away). A sec-
ond Mg2+ ion is also located at the molecular surface,
far from crystal contacts. It defines a perfect octahedron
with a cluster of water molecules as ligands. This cluster
is found in a rather hydrophilic cavity, filled with 15
well-ordered water molecules which establish a network
of hydrogen bonds among themselves and also to polar
residues, which coat this exposed pocket, Asn511,
Asp572, Arg569, Lys565 and Asp474.

The MCD cofactor

The chemical nature of the pterin cofactor had been
suggested by Rajagopalan [36], with a pterin ring sub-
stituted at position 6 with a phosphorylated dihydrop-
terin side chain containing a cis dithiolene bond. This
model was confirmed and refined with the crystal
structures of the W AOR from P. furiosus [9] and MOP
[11]. In MOP, as in almost all bacterial enzymes, the
tricyclic pyranopterin cofactor occurs as a dinucleotide.
The MCD cofactor is buried 7 A deep inside the protein,
at the interface between Mol and Mo2, with a 15 A
deep hydrophobic tunnel allowing the access of sub-
strate molecules to the catalytic site.

The MCD is subdivided in three parts: the cytosine
dinucleotide which has the pyrimidine base in anti con-
formation and the p-ribofuranose sugar twisted with
C2” endo and C3” exo; the pyrophosphate, which
assumes different conformations in known enzyme
structures; the tricyclic pyranopterin-ene-1,2-dithiolate,
formed by a bicyclic pterin fused to a pyran ring, where
the pterin system and pyran ring enclose an angle of
about 28°. The pyrazine part of the system is twisted,
with C6 exo and C7 endo being 0.4 A and 0.3 A apart
from the reference plane, respectively, and the pyran
ring is in an envelope conformation with O9” endo.

The pyranopterin system is in the tetrahydropterin
form. Protonation at C6 and C7 is in agreement with
tetrahedral geometry with bond angles ranging from
107° to 114°. Furthermore, the C6-C7 single bond is
1.59(6) A, approximately 0.20 A longer than the C9-C10
double bond N5 and N8 are probably also protonated,
as the N5-C6 and N5-C10 distances and the N§-C9
distance are equal or larger than the database-derived
target values for bonds with protonated N atoms.

<

Fig. 3a—c¢ Representation of the MCD cofactor and main contacts
of the pyranopterin moiety with the surroundlng protein residues.
a The final atomic model with the 1.6¢ (0.97 ¢ A™) 2F,—F. electron
density map superimposed. b Representation of the anisotropic
atomic model, with the ellipsoids contoured to enclose a probability
of 35%. ¢ Schematic representation of Moco with bond distances
including errors in parentheses. Parts a and b were prepared with
TURBO-FRODO [28], Molscript [43] and Raster3D [44]
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The pterin ring is stabilized on one side by Phe421
and Tyr420 via the carbonyl O4 atom pair of hydrogen
bonds, whilst on the other side H-bonds are made from
the amino group NH, to the Sy of Cys139 and to the
carbonyl Oe of GIn99. The N1 edge is H-bonded to the
N1 amine side-chain group of GIn807 and to a water
molecule. The last H-bond interaction from the tricyclic
pterin belongs to the pyrazine ring from the N8 edge to
the Oel of GIn807 (Fig. 3). Other MCD contacts have
been described elsewhere [37].

The Mo active site

Mo is present in the oxidized form and is penta-coor-
dinated by two dithiolene sulfurs and three oxygen
ligands. The cis dithiolene group and the molybdenum
atom form the equatorial plane of the metal ligands,
with covalent bonds of 2. 41(2) A to S7’ and 2.50(2) A to
S8’. The molybdenum atom is further coordinated at a
distance of 1.77(4) A to the apical oxo ligand, 1.79(4) A
to the basal oxo ligand and 2.02(4) A to the water
molecule. These values confirm the 1.8 A resolution
results for the desulfo-oxidized form of the enzyme [13],
interpreted with two oxo and one water ligand.

The [2Fe-28S] clusters I and II

Two inorganic one-electron redox [2Fe-2S] centres
contact the MCD cofactor, and their role consists in
transferring electrons out of the buried MCD to the
external surface, and from there to an electron acceptor.
As the reaction mechanism consists of a coupled pair of
reductive and oxidative half-reactions, characterized by
reduction of Mo(VI) and oxidation of Mo(IV) [13],
molybdenum has to be restored to the resting Mo(VI)
state through a two-step sequence of one-electron
transfers by the iron-sulfur clusters, generating the
intermediate Mo(V) state.

The Fe/S centre proximal to Mo (centre I) (four-
helical fold domain) is buried ca. 15 A from the nearest
surface, with a distance of 15 A to the active site
(Fel~Mo). The distal Fe/S cluster (centre IT) has a
typical plant-type Fd coordination motif, is near the
molecular surface, and 12.2 A (FeS-1, Fe2-Fel, FeS-11)
from cluster 1. The clusters were recently assigned for
MOP [38] as well as for the homologous enzyme from
D. alaskensis [39] on the basis of the anisotropy of their
EPR signals (g-tensor). Accordingly, the centre of type I
with the lower anisotropy is the proximal Fe/S centre,
while the distal, plant-type Fe/S cluster, with a higher
anisotropy, is FeS_II. The redox potentials are —
260 mV and —-285 mV for centres I and II, respectively
[40].

In Figs. 4 and 5 are depicted both [2Fe-2S] clusters,
superimposed on the final electron density map, con-
toured at 1.80, as well as the anisotropy model. The
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[2Fe-25] 1

Cys103-87
2.29(1)

Cys137-87 s1 s2

Fel 2.36(1) 2.23(2) 2.20(2)

Fig. 4a, b The atomic model of the proximal FeS_I cluster, from
the four-helical domain and with the cysteinyl coordination
Cys100-X,-Cys103-X,,-Cys137-X,-Cys139. a The final atomic
model with the 1.8¢ (1.09 ¢ A~®) 2F,—F, electron density map
superimposed. b Anisotropic atomic model with the ellipsoids
contoured for a 35% probability distribution. Bond distances
include errors in parentheses. Parts a and b prepared with TURBO-
FRODO [28], Molscript [43] and Raster3D [44]

FeS I cluster is surrounded by seven N-H S hydrogen
bonds to cysteinyl S” and to inorganic S atoms, and one
N-H O to a water molecule, while cluster II establishes
a total of nine N-H'S bonds plus one N-H~O to an
internal water molecule (see Table 5). In both clusters
the pattern of N-H'S” Cys bonds is rather asymmetrical,
which may explain the differences in the Fe-S’ bond
lengths [2.27(1)=Fe-S"=2.37(1)]. Cluster Fe/S_II, with
a plant-type Fd fold, exhibits an NHS hydrogen
bonding pattern very similar to the one found in the
[2Fe-2S] cluster from plant-type Fds, although only for
one of the Fe atoms. For example, in FdI from the blue
alga Aphanothece sacrum [41], the pattern around the Fe
atom bound to Cys39 and Cys44 (Cys40 and Cys45 in
MOP) is very similar to what is found around Fe2 in
MOP (Table 5). The only exception is the interaction
with the O of Ser38 in A. sacrum Fdl, which in MOP is
replaced by a NH O bond to a water molecule. In FdI
the second iron atom has no NHS bonds in its envi-
ronment, while in MOP the Fe2 cysteinyl sulfur atoms
make two NH S bonds.

This asymmetry found in both Fe/S clusters may
explain why one of the two iron atoms in [2Fe-2S]
clusters is more easily reduced. Studies carried out with

Cys100-8"
2271

Cys139-87 §1 52

Fe2 2.33(1) 227(2) 2.24(2)

Table 5 NHS and OH™S hydrogen bonds established by
[2Fe-2S] I and [2Fe-2S] II centres to neighbouring residues

Acceptor Donor Distance (A)
[2Fe-2S] I (new four-helical fold)
S” Cys100 HN Phel02 3.36
S’ Cys139 H,N MCD 3.14
S” Cys137 HN Tyr140 3.38
HN Cys139 3.52
S1 HN Glyl101 3.48
HN Glu99 3.54
S2 HN Argl38 3.39
H,0 Watl05 3.38
[2Fe-2S] II (plant-type Fd fold)
S” Cys40 HN GIn44 3.33
HN GIn42 3.18
S” Cys45 HN Ala47 3.37
H,0 Wat200 3.63
S7 Cys48 HN Cys60 3.40
S” Cys60 HN Gly43 3.49
S2 HN Gly39 3.24
HN Glu4l 3.42
S1 HN Cys45 3.33
HN Gly46 3.25

several ferredoxins showed a correlation of the number
of NH S bonds around each Fe centre with the redox
potential, suggesting an increase of 75-80 mV per single
NH™S bond [41, 42]. In cluster I, Fe2 is stabilized by a
total of four NHS” bonds, two more than around Fel.
On this basis one might expect that, in cluster II, Fe2
would be more easily reduced than Fel.

The new atomic coordinates have been deposited in
the Brookhaven Protein Structure Database with the
accession code 1ALO.



Cys60-S"
2.29(1)

Cysd8-ST Sl s2

Fel 233(1) 2.21(2) 2.20(2)

Fig. 5a, b The atomic model of the distal FeS_II cluster, with the
plant-type ferredoxin fold and coordination motif Cys40-Xy-
Cys45-X,-Cys48-X,-Cys60. a The final atomic mode] with the
2F,~F, electron density maps drawn at 1.8¢ (1.09 e A®) super-
imposed. b Anisotropic atomic model for 35% probability
distribution. Bond distances include errors in parentheses. Parts a
and b prepared with TURBO-FRODO [28], Molscript [43] and
Raster3D [44]
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