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Crystal Structure of the Xanthine
Oxidase—Related Aldehyde
Oxido-Reductase from D. gigas

Maria J. Roméao, Margarida Archer, Isabel Moura,
José J. G. Moura, Jean LeGall, Richard Engh,
Monika Schneider, Peter Hof, Robert Huber*

The crystal structure of the aldehyde oxido-reductase (Mop) from the sulfate reducing
anaerobic Gram-negative bacterium Desulfovibrio gigas has been determined at 2.25
A resolution by multiple isomorphous replacement and refined. The protein, a homodimer
of 907 amino acid residues subunits, is a member of the xanthine oxidase family. The
protein contains a molybdopterin cofactor (Mo-co) and two different [2Fe-2S] centers. It
is folded into four domains of which the first two bind the iron sulfur centers and the last
two are involved in Mo-co binding. Mo-co is a molybdenum molybdopterin cytosine
dinucleotide. Molybdopterin forms a tricyclic system with the pterin bicycle annealed to
a pyran ring. The molybdopterin dinucleotide is deeply buried in the protein. The cis-
dithiolene group of the pyran ring binds the molybdenum, which is coordinated by three

more (oxygen) ligands.

Molybdenum is an essential element for
microbial, plant, and animal life. Except in
the nitrogenases where it is part of a hetero-
metal molybdenum-iron-sulfur cluster, the
metal is usually associated with a pterin
derivative to form the molybdenum cofac-
tor (Mo-co) (I). Mo-co containing enzymes
participate in hydroxylation and oxo-trans-
fer reactions that are two-electron transfer
processes occurring at the Mo-co site. Wa-
ter is the ultimate source of the oxygen
atom incorporated into the substrate, and
reducing equivalents are generated in this
process. These features are characteristic of
the molybdenum containing hydroxylases
and differ from other dioxygen consuming
systems. Mo-co enzymes usually contain
other redox-active cofactors, such as iron-
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sulfur clusters, flavins or heme centers,
which mediate electron transfer from Mo-
co to the final electron acceptor (I, 2).

The aldehyde oxido-reductase (Mop)
from the sulfate reducing anaerobic bacte-
rium Desulfovibrio gigas contains Mo-co and
two different iron-sulfur centers defined by
electron paramagnetic resonance (EPR)
and Maossbauer spectroscopies as [2Fe-2S]
clusters (3). This protein was characterized
and crystallized (4), and its gene was cloned
and sequenced (5), revealing its relation to
xanthine oxidases.

Mop is a homodimer with 907 amino
acid residues per monomer. It oxidizes alde-
hydes to carboxylic acids, with little speci-
ficity for the nature of the side group. Mop
is part of an electron transfer chain, con-
sisting of four proteins from D. gigas, fla-
vodoxin, cytochrome, and hydrogenase
such that the oxidation of aldehydes is
linked to the generation of hydrogen (6). In
xanthine oxidases, which have about 1300
amino acid residues, there is electron trans-
fer from the Mo site to a flavin group,
associated with a large protein domain ab-
sent in Mop.

Chemical studies of derivatives of molyb-
dopterin isolated from xanthine oxidase and



sulfite oxidase have suggested a 6-alkyl
pterin with a four-carbon side chain contain-
ing an enedithiol (at C7’ and C8'), a hy-
droxyl group (at C9’), and terminal phos-
phoryl functions. The molybdopterin is in
the dihydro state within the enzyme (7). The
terminal phosphoryl group is replaced by a
dinucleotide in some bacterial molybdopro-
teins (8, 9).

The crystal structure analysis of a tung-
stoprotein aldehyde oxidoreductase (10)
confirmed the metal (tungsten) coordina-
tion to the cis-dithiolene group, but showed,
unexpectedly, a tungsten dimolybdopterin
cofactor. The tungstoprotein shares no ho-
mology to Mop or xanthine oxidases so that
the question of the nature of Mo-co re-
mained open.

The crystal structure analysis of the al-
dehyde oxido-reductase from D. gigas shows
the structure of Mo-co in atomic detail and
allows a first look at a member of the xan-
thine oxidase family.

Structure determination. The original
Mop crystals in space group P6,22 with

=b= 1445 A c= 1632 A dlffracted to
about 3 A resolution after buffer exchange
as described (4). Their crystalline order and
radiation stability was further improved by
slow cooling to about —15°C, just above
the freezing point of the buffer solution.
The crystal quality was variable, and the
resolution obtained differed among the
crystals. Isomorphous replacement analysis
was hampered by the variability of crystals
and by nonisomorphism, which was not
reflected in the unit cell dimensions. Deriv-
atives were compared with either data set
NATI and MOHO, and the one with the
smaller intensity differences was chosen as
parent compound. Heavy atom positions
were derived from difference Patterson
maps cross-phasing, and difference Fourier
maps and were refined. Phasing statistics
indicated very poor phases, which were not
substantially improved by combining NATI
and MOHO phase sets. The calculated map
vaguely showed the molecular boundary
and some secondary structures. An imagi-
nary map revealed both iron clusters as the
highest peaks. Model building and refine-
ment by phase combination of isomorphous
and partial model phases did not progress
until two measures were taken. (i) Crystals
had been obtained of the aldehyde oxido-
reductases from D. desulfuricans (ATTC
27774), a species related to D. gigas (Mod
crystal). These crystals were analyzed with
the use of the Mop model. Although, as
became clear later, the model was inade-
quate in many places, averaging of the Mop
density calculated with phases combined
from isomorphous replacement and model
calculations and the model-phased Mod
density resulted in improvement, and more
structural elements were recognized. (ii)

The density was modified by solvent flat-
tening and histogram matching with the
use of CCP4 (11). This improved the Mop
density which was averaged with Mod.
Although the model building was te-
dious, it was continued and used for phas-
ing. At some stage the amino acid sequence
was recognized for two segments beyond the
two iron domains that had been identified
earlier. This established a number of con-
nectivities and finally led to the complete
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model of the protein and the cofactors.
Refinement was done with different data
sets NATI, MOHO, DIEG, and HGOO to
their respective resolutions. Water mole-
cules (437) were incorporated on the basis
of difference density and stereochemical
considerations (Table 1). There were a few
outliers in the Ramachandran plot. All
were well defined and, except one, were
close to the cofactors. The electron density
ofa 2F  — F_ map was continuous at the lo

Table 1. Collection of data and statistics of structure determination and refinement. Data were collected
with a Mar Research imaging plate system installed on a Rigaku rotating anode generator and evaluated
with MOSFILM (36) and CCP4 (717). The crystallographic calculations were performed with PROTEIN (37)
and the density modifications with CCP4. Model building was done with FRODO (38) and refinement with
X-PLOR (39, 40). The data were usually measured from one crystal. The highest resolution was obtained
with HG0O t0 2.25 A, which was used for the final refinement. The MOD protein crystallizes in space group
P6,22 with cell constants ofa = b = 157.2 A, c =178.6 A. A Patterson search performed with these data
with the use of X-PLOR and the available Mop model revealed the orientation. The translation function
yielded the translation parameters (47). The Mod crystal data have been refined at 3.5 A resolution
starting with the transformed Mop model. No sequence is available for Mod.

Reflections Resolution
_— Bind-
Data R+ Com- ing Phasing </(>I/a<§t/>
set* . S 2 plete- sites power§
’ Total Unique A ness N shell)
(%)
NATI 264226 23936 0.087 2.8 95.2 1.6
MOHO 236858 28733 0.039 2.6 92.0 3.0
DIEG 143765 24967 0.048 2.7 97.0 4.5
PTCA 108146 24057 0.060 2.8 91.3 3 0.61
YBSO 47976 19366 0.106 2.9 79.9 1 0.38
IRNC 24679 9740 0.118 3.8 87.9 2 0.47
PTPT 36321 8188 0.073 3.9 85.0 5 0.78
PTYB 30342 12840 0.113 3.3 85.0 5 0.47
UOOX 34082 12169 0.126 3.5 86.3 2 0.52
MOCN 54013 21547 0.126 2.8 78.7 4 0.25
HGSC 11991 4655 0.101 4.6 78.1 3 0.88
OSCL 47462 20672 0.064 2.8 78.5 4 0.48
IRRE 91444 21082 0.075 2.9 89.0 1 0.27
HGO00 251090 47579 0.090 2.25 92.7 1 0.26 3.8
PCL4 40320 13798 0.093 3.15 76.7 4 112
MOD 31599 16643 0.079 3.5 97.9
MOD
Model HGO0O0 MOHO DIEG crystal
R factor (%) 16.5 15.4 14.2 26.0
Last shell 294 24.2 21.6
Resolution (A) 10.0-2.25 10.0-2.6 10.0-2.7 10.0-3.5
Free R factor|| 23.3
rms bonds (A)T 0.009 0.009 0.009 0.009
rms angles () 1.9 1.9 1.9 2.8
Protein Mo-co Fe-S Solvent
Average tempera- 30.9 31.1 30.2 28.5

ture factor (A2)

*The harvesting buffer (hb) was: 0.2 M Hepes, 0.2 M MgCl,, 30 percent PEG 4000, 30 percent isopropanol, pH 7.2; all
crystals were in this buffer. NATI, native crystals; MOHO, native crystals co-crystallized with 2 mM K,Mo(CN)g; DIEG,
native crystals co-crystallized with 10 percent diethylene glycol; PTC1, soak 24 hours with K,PtCl, (1 mg/mli); YBSO,
soak 2 days in 2.5 mg of Yb,(SO4),; IRNC, soak 4 days in 4.0 mg of I(NH,)sCl,, 3.0 mg of IrCI Ksi PTPT, soak 4 days
in saturated Pt (NH3)2(NOQ)2; PTYB, soak 1 day in 3.6 mg of K,PtCl,, 1.4 mg of YbZ(SOA)a, 1.9 mg of Gd,(S0,),; UOOX,
soak 2 days in 2.1 mg of UO,NO,, 3.6 mg of K,U(C,0,),; MOCN, soak 3 days in K,;Mo(CN)g (2 mM); HGSC, soak 4
hours in 1.1 mg of [(CH;Hg),S],Cr,0,; OSCL, soak 2 days in K,OsClg at 1 mg/ml; IRRE, soak 1 day in saturated
solutions of K,Ir(NO,)s and K,ReCly; HGOO, native crystals cocrystallized with PCMBS at 1 mg/ml; PCL4, soak 15 hours
in K,PtCl, at 5 mg/ml. R, = X (-())/Zl, where | is the measured intensity and (/) is the averaged value; the
summation is over all measurements. FHeavy atom binding sites. §Phasing power, F,/residual: rms mean
heavy atom contribution/rms residual, defined as [(Fppigac® =~ Fpr?)/N'2 with the sum over all reflections, where Foicac
is the calculated structure factor and Fp,, is the structure factor amplitude of the heavy atom contribution,
respectively. |IFree R factor, calculated by setting aside 5 percent of the reflections in the final stages of refinement
after extensive simulated annealing. 9The rms deviations from ideal values.
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level except between residues 723 and 724.
This segment was exposed and had high
temperature factors. )

The polypeptide structure. The mole-
cule is globular and the average diameter is
75 A (Fig. 1). The secondary structure has
28 percent helical and 21 percent B-sheet
conformation as defined by the program
DSSP (12). There are 33 helical and 27
B-strand segments longer than three amino
acid residues. Mop is organized in four do-
mains (Fig. 2) consisting of the NH,-termi-
nal, the first [2Fe-2S] domain (residues 1 to

76), the second [2Fe-2S] domain (residues
84 to 157), and an extended connecting
peptide from residues 158 to 195 which
leads into the large Mo-co domain from
residues 196 to 907. This domain is subdi-
vided into (i) the Mol domain (residues
196 to 581), which contributes with two
molybdopterin binding segments and (ii)
the Mo2 domain, which provides a third,
and all of the dinucleotide binding seg-
ments (582 to 907).

The chain fold of the first iron domain
resembles that of the plant and cyanobac-

terial [2Fe-2S] ferredoxins from Spirulina
platensis and Anabaena, respectively (13). It
is formed by a five-stranded B half-barrel
(s1_4,s1_3,s1_5,s1_1, s1_2) enclosing an
a helix (h1_1) orthogonal to the strand
directions. It has the first B turn between
s1_1 and s1_2 shorter by six residues (resi-
dues 9 to 14) and lacks the loop 54 to 73,
when compared to ferredoxin; but the iron-
sulfur cluster binding turns closely match in
the two structures.

The second iron domain has a previously
undescribed [2Fe-2S] ferredoxin-type fold, a

Fig. 1 (top). Molecular structure and helical (blue) and
B-sheet (red) secondary structures drawn with MOLSCRIPT
(42). The sulfurs of the cofactors are yellow, and the metal
atoms are silver. The substrate binding tunnel is in the middle
lower third. The view is onto the molybdenum from an ap-
proaching substrate. Fig. 2 (bottom). Secondary structures
were calculated with DSSP program (72). Listed and labeled
are segments with at least three residues. Strands are des-
ignated as s and (a or 3, ) helices as h. The number indicates
the domain in which this segment is located and is followed
by a serial number. 1, first [2Fe-2S] domain; 2, second [2Fe-
28] domain; 3, connecting segment and Mo1 domain; 4,
Mo2 domain. The assignment of the first and second iron
domains to the spectroscopically distinguishable iron-sulfur
centers. FeS1 and FeS2 has been unclear. Data of magnetic
coupling, electron transfer rates, redox potentials, and ac-
cessibility support FeS1 as second and FeS2 as first domain.
s1_1, 2-8; s1_2, 11-17; h1_1, 23-29; s1_3, 49-52; s1_4,
55-58; h1_2, 64-66(3,,); s1_5, 72-74; h1_3, 76-79; h2_1,
87-94; h2_2, 104-117; h2_3, 123-132; h2_4, 143-156;
h3a_1, 162-165(3,,); h3a_2, 185-190; h3_1, 196-201;
s3_1, 208-214; s3_2, 220-226; h3_2, 228-232; s3_3,
236-241; h3_3, 242-244(3,); s3_4, 281-287; h3_4, 290-
298; s3_5, 301-306; h3_5, 313-317; s3_6, 331-339; h3_6,
343-348; s3_7, 352-360; s3_8, 372-377; s3_9, 383-387;
h3_7, 392-403; h3_8, 407-409(@3,,); s3_10, 410-414;
h3_9, 423-425(3,); h3_10, 429-440; s3_11, 444-447,
h3_11, 450-455;s3_12, 463-471;s3_13,477-478,h3_12,
495-505; s3_14, 515-522; h3_13, 537-555; h3_14, 559-
566; h4_1, 585-606; s4_1,611-624; s4_2, 631-639; s4_3,
643-647; h4_2, 657-668; h4_3, 676-678(3,.); s4_4, 679—
681;h4_4,700-719; h4_5, 729-734, s4_5, 740-746, s4_6,
765-778, s4_7, 783-794; h4_6, 801-820; h4_7,
841-843(3,); s4_8, 848-852; h4_8, 870-872(3,,); h4_9,
875-887; h4_10, 898—-905. (A) Ca trace of the first (blue and
second (red) FeS domains including the cofactors. The view
for this and for (A) and (B) is the same as in Fig. 1. (B) The
connecting segment (black) and Mo1 domain (green). (C) The
Mo2 domain (purple).
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twofold symmetric four-helix bundle, with
the iron-sulfur cluster located at the NH,-
termini of the longer central helices h2_2
and h2_4.

The connecting peptide spans between
the exit of the second iron domain and the
entry into the molybdenum domain. It is
loosely folded with two short two-turn
helical segments h3a_l1 and h3a_2 at-

A

(/869 GLU

p S

tached to the iron domain.

. The Mol domain is banana-shaped, 75
A long and 28 A thick. The lower, thinner
stem part consists of a five-stranded anti-
parallel parallel B sheet (s3_6, s3_14, s3_13,
s3_12, s3_7), which is flanked by two «
helices (h3_12, h3_13) running roughly
parallel to the strand directions on the one
side and exposed to solvent on the opposite

653 HIS

Fig. 3. (A) Electron density at 1o of the 2F_ — F_ map around the Mo-co and Glu®®® and His®%3. The
molybdenum and its three oxygen ligands are drawn as red balls. (B) Electron density around Mo-co,
Glu®8®, and the water chain and surrounding model as seen from the substrate tunnel. The side pocket
with the three water molecules extends toward the upper right corner. The disk-shaped density is

marked ME.

Fig. 4. Stereo drawing of the molybdopterin cytosine dinucleotide, the second [2Fe-2S] (middle), and
first [2Fe-28] cluster (top), and their contacting residues in the orientation of Fig. 1. Hydrogen bonds are

indicated by broken red lines.
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side. The thicker upper head part has a
seven-stranded parallel, antiparallel incom-
plete B barrel with strands s3_3, s3_4, s3_1,
s3_11, s3_8, s3_9, s3_10, whose central
cavity is occupied by an a helix, h3_10. It is
partly covered by the exposed helices h3_2
and h3_4. Two segments span the Mol
domain along its entire length.

The MoZ domain is organized in two
wings spanning 82 A. The cofactor lies at
the intersection of the wings. These form
af structures and have two strands travers-
ing the entire domain. The dominant con-
struction element of the wings, which have
a similar basic fold and are in part diad
related, are four-stranded B sheets with
strands s4_5, s4_2, s4_3, s4_4 (the front
wing) and strands s4_1, s4_6, s4_7, s4_8
(the back wing). The sheets bend around
two helices in each wing, h4_2 and h4_4
(front wing) and h4_6 and h4_8 (back
wing), respectively.

The first and the second iron domains
cohere by interaction of helix h2_2 of the
latter with the B sheet of the former. They
have little noncovalent contact to the Mol
domain, but the Mo2 domain has a substan-
tial area of contact with both and may
clamp.

Structure and binding of the cofactors.
The electron density for all cofactors is
well-defined. Mo-co in Mop is a molybde-
num molybdopterin cytosine dinucleotide
as shown in the electron density (Fig. 3)
and confirmed by chemical analysis (14). It
is in an extended conformation, at variance
with the suggestion by Chan et al. (10) of an
involvement of the sugar hydroxyl groups in
molybdenum binding. The functional
groups of the cytidine are hydrogen bonded
to main chain atoms (Fig. 4). The cytosine
dinucleotide has the pyrimidine base in anti
conformation and the D-ribofuranose twist-
ed with C2” endo and C3" exo.

The molybdopterin has two fused ring
systems, namely, the bicyclic pterin and the
monocyclic pyran system as had also been
observed in tungsten dimolybdopterin (10).
In that isolated molybdopterin derivatives
have an open side chain at C6, ring closure
may occur in situ where a tricycle is stabi-
lized by numerous interactions with the
protein. Ring formation is facile for the
5,8-dihydromolybdopterin by nucleophilic
addition of O9’ to C7 of an imine tautomer.
An open chain cofactor has fewer steric
restrictions and might facilitate protein co-
factor assembly. The formation of uro-
thione, a metabolite of molybdopterin ex-
creted in urine might follow a similar route
by addition of the S8’ atom of a (trans)
dithiolene group to C7 generating a thio-
phen ring.

In the tricycle, the pterin and pyran
rings enclose an angle of about 40°. The
pyrazine part of the pterin ring system is
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twisted, with C6 exo and C7 endo. The
pyran ring has envelope conformation with
09’ endo. Its three chiral centers at C6, C7,
and C9' have been modeled as R, R, R.
Tight packing in the protein interior of the
twisted tricyclic Mo-co is incompatible
with binding (and formation) of a fully
oxidized species with a planar pterin ring
system. The tricycle, in contrast, is formally
a tetrahydro species. The pterin system is so
rendered redox inactive as is observed (15).

The cis-dithiolene group and the molyb-
denum form the equatorial plane of the
metal ligands. Mo (VI), present in the ox-
idized form of the enzyme, is penta-coordi-
nated by two (dithiolene) sulfur and three
oxygen ligands (Fig. 3A). There is a disk-
shaped electron density close to the equa-
torial ligand trans to S7’ representing an
unidentified molecule from the crystalliza-
tion solution. It is also close to a chain of
three water molecules located in a side
pocket (Fig. 3B). The oxygen ligand trans
to S7" is hydrogen-bonded to the amide
group of G697 (3.0 A). The fourth equato-
rial oxygen ligand trans to S8’ has the
amide nitrogen of R533 (3.3 A), the car-
bonyl oxygen of F421 (3.8 A), and the Cx
of G422 as closest neighbors. An axial li-
gand is in the vicinity of H653 and in long
hydrogen bond distance to the carbonyl
oxygen of S695 (3.6 A). On the opposite
side, the Glu axial ligand site is vacant. The
carboxylate group of E869 is not a ligand to
the metal (3.5 A) but could, by a slight
rotation, bind to it. We suggest that E869 is
protonated.

The molybdenum center of xanthine ox-
idase contains a cyano-lysable sulfur, which
is essential for catalysis. The desulfo enzyme
is inactive (16).

The EPR and EXAFS (extended x-ray
absorption fine structure) spectra of Mop
indicated close similarity to the desulfo
form of xanthine oxidase, but the function-
al enzyme is believed to be a sulfo form also
(6, 17, 18). There is no sulfur ligand in the
electron density of Mop and Mop and xan-
thine oxidase have no cysteine residue close
to the molybdenum (Table 2). EXAFES data
for xanthine oxidase have been interpreted
as a monoxo, monohydrosulfido, or mono-
hydroxo (for the desulfo form) structure in
the Mo(1V) state and a monoxo, monothio,
or a dioxo (in the desulfo enzyme) structure
in the Mo(VI) state (19, 20). We expect a
dioxo structure for (desulfo) Mop in the
oxidized state. Of the three available sites,
the axial His and the trans S7" equatorial
positions are much less spatially constricted
than the site trans to S8'. One of them may
be the cyanolysable sulfur site because it
could harbor a larger and more distantly
bonded sulfur atom.

Fel of the second iron cluster is linked to

C100 and C139, Fe2 to C103 and C137.
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The plane of the [2Fe-2S] group is orthog-
onal to the plane of the cysteine sulfurs.
The irons are thus tetrahedrally coordinat-
ed by sulfur atoms. The first iron cluster has
Fel and Fe2 linked to C40 and C45 and
C48 and C60, respectively, and is similar to
the second. The iron-sulfur bond lengths
are 2.2 A from the irons to the sulfides and
2.3 A to the cysteine Sy.

The second [2Fe-28] center is buried
about 15 A beneath the nearest protein
surface and has no access to solvent. It is
sequestered between two polypeptide turns
connecting helices h2_1 and h2_2 and
h2_3 and h2_4, respectively, whose peptide
amide groups point toward the cluster under
formation N-H. . .. S hydrogen bonds. The
first [2Fe-2S] center is close to the protein
surface and its Sy 60 is exposed to solvent.
It is located between two turns preceding
s1_3 and linking s1_4 and h1_2, respective-
ly. Its sulfurs are hydrogen bonded to main
chain amide groups (Fig. 4). The dinucle-
otide of Mo-co is solely bound by the Mo2
domain. It is buried 7 A beneath the sur-
face. The cytidine base is specifically recog-
nized mainly by the loop between s4_7 and
h4_6 and forms four hydrogen bonds to
main chain atoms mentioned above. The
loop linking s4_8 with h4_8 contributes
one more hydrogen bond. The ribose hy-
droxyl groups are hydrogen-bonded to main
chain and side chain oxygens. The pyro-
phosphate moiety is sequestered and hydro-
gen-bonded to the amino ends of two heli-
cal segments h4_4 and h4_8 and to N°
atoms of W650 and Q655. There is no
positively charged residue in direct contact
with it.

The tricyclic molybdopterin is buried in
the center of the protein accessible through
a 15 A deep tunnel. It interacts with its N5
edge with the Mol domain and with its N8
side with the Mo2 domain by hydrogen
bonds of which N2 to Sy of C139, an iron
ligand of the second cluster is particularly
significant. The F421 phenylalanine ring is
coplanar to the pterin with appropriate dis-
tances (3.4 A) for mw-7 interactions. The
tunnel leading from the protein surface to
the molybdenum is funnel-shaped, wide at
the upper rim and narrowing toward the
metal site. The right-hand side of the tun-
nel wall includes residues of the Mol do-
main, while residues of Mo2 form the left-
hand side. The coating of the tunnel walls is
apolar with: 1254-, 1255-, 1390-, L394-,
Y397-, G422 or G804, F425 or E807, F494-,
L497-, R501-, A531 or A915, Y535 or
F919, Y622 or Y1010, L626 or F1014, D627
or G1015, N691 or N1078, P694 or P1081,
G696 or A1083, G697 or A1084, H752-
[homologous residues in xanthine oxidase
are given (as or) when a reliable alignment
is possible]. The tunnel has a narrow con-
striction at half height by residues F425,
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F494, 1497, L626, which must swing away
to let larger (aromatic) aldehydes pass (Fig.
5). The molecular structure, if unperturbed,
seems to allow passage only of small aliphat-
ic aldehyde substrates, which Mop prefers
(6), but the side chains of Y622 and R501
might give away to accommodate larger
ligands. The tunnel constriction would also
not seem to allow passage of the molybdop-
terin cytosine dinucleotide cofactor. Pro-
tein cofactor association therefore requires
either substantial structural rearrangements
or sequential domain folding, cofactor bind-
ing, and domain assembly.

Xanthine oxidase. Xanthine oxidase of
Drosophila melanogaster (DMXQ) is encoded
in the rosy locus and has been the subject of
intensive studies concerning gene structure
and regulation and electrophoretic variants
of the expressed proteins (21). The similar-
ity or identity in amino acid sequence be-
tween Mop and xanthine oxidase is 52 per-
cent or 26 percent (5, 21), indicating a
close structural relationship. The sequence
similarity is particularly high in those seg-
ments associated with the iron-sulfur cen-
ters and the molybdopterin (Table 2). The
contacts between the cytosine dinucleotide
portion and the protein are less conserved
with some conspicuous replacements be-
tween the two proteins: G660/K1050,
T803/D1197, C798/L1191, A802/11196.
These residues point toward ribose and base
and, being bulkier in xanthine oxidase,
might fill the cavity when the dinucleotide
is absent. It is surprising that members of

Table 2. Comparison of contacting segments in
Mop and Xanthine oxidase as indicated from EPR
and EXAFS. The cofactor FeS_B is the first, and
the cofactor FeS_A is the second iron domain.
Abbreviations for the amino acid residues are: A,
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Contacting segments MOP and DMXO

FeS_B
CEQGQCGAC MOP (40-48)
CAEGGCGAC DMXO43-51)
ACVT MOP(59-62
ACLT DMXO(72-75)
FeS_A
QCGECSPG MOP(99-106
QCGFCTPG DMXO(112-119)
NACRCTGYKP MOP(135-144)
NLCRCTGYRP DMXO(146-155)
Molybdopterin
GGTFGYK MOP(418-424)
GGGFGGK DMXO(800-806)
AFRGYGAPQSM MOP(531-541)
AFRGFGGPQGM DMX0O(©15-925)
HGQG MOP(B53-656)
1GQG DMXO(1043-1046)
GPSGGS MOP(693-698)
SPTAAS DMXO(1080-1085)
VGELPL MOP(867-872)
VGEPPL DMXO(1265-1270)




the same protein family may bind molyb-
dopterin monophosphates and cytosine
dinucleotides as eukaryotic xanthine oxi-
dases and Mop do.

Mop lacks the FAD (flavine adenine
dinucleotide) domain present in xanthine
oxidase. The comparison of amino acid se-
quences had suggested an insertion of 387
residues between residues 176 and 177 of
Mop. Thus the FAD domain may replace
the connecting segment in Mop and be
located in the shallow dish-like depression
between the iron, Mol, and Mo2 domains
in contact with all three (Fig. 2). The NAD
binding site in chicken liver xanthine de-
hydrogenase has been chemically labeled
with a reactive analog at Y395 (DMXO
numbering) (22), which lies within this
insertion.

The substrate binding pocket at the mo-
lybdenum site seems well conserved be-
tween Mop and xanthine oxidase except a
replacement of F425 or E807; this is well
positioned to bind to imino functions of
xanthine and related substrates and may be
the determinant for the substrate specificity
of xanthine oxidase for which many differ-
ent classes of inhibitors have been synthe-
sized and studied for therapeutic use (23).

Other proteins, such as sulfite oxidase
and nitrate reductase contain Mo-co. Their
sequences are closely related but show only
weak homology to xanthine oxidase (24).
They lack the signature sequences shown in
Table 2 and probably display a different
mode of cofactor binding.

Enzyme mechanism. The molybdopt-
erin containing enzymes catalyze two-elec-

Fig. 5. Molecular surface in
van der Waals distance from
the atom positions [program
MAIN (43)]. Slice through the
molecule at the Mo-co site
with a modeled benzoic acid
product bound. The deep
and very narrow substrate
tunnel opens toward right.
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tron redox reactions whereby a net ex-
change of an oxygen atom between sub-
strate and water occurs. Two electrons and
two protons are released in this process and
the molybdenum cycles through oxidation
states VI, V, and 1V, such that RH + H,O
— ROH + 2 H* + 2e™ (25). By single
turnover experiments in xanthine oxidase it
was shown that transfer of a firmly bound
oxygen to substrate takes place within the
reductive half-cycle of the reaction whereby
Mo(VI) becomes Mo(1V) (2, 26). Synthet-
ic model systems are available for such a
process (27). In the oxidative half-cycle of
the reaction Mo(VI) is regenerated by two
one-electron processes and the transferred
oxygen replaced by water. The presence of
bound substrate or product in the Mo(VI)
and Mo(IV) center of xanthine oxidase is
suggested by EXAFS (19, 20) and in the
Mo(IV) center also by resonance Raman
studies (28).

On the basis of the structural features
described and on model considerations, we
suggest a reaction mechanism for Mop
whereby the aldehyde substrate binds to the
molybdenum with its carbonyl oxygen close
to the vacant axial Glu site and to (the
protonated) Glu®®. This may facilitate ad-
dition of oxygen at the carbonyl carbon
atom associated with transfer of reducing
equivalents generating the carboxylic acid
which may be transiently bound as a bi-
dentate ligand. Such binding was suggested
for the aldehyde inhibited structure of xan-
thine oxidase (29). Simple modeling with
benzaldehyde/benzoic acid, given the severe
steric restrictions at the molybdenum (Figs.
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3B and 5), agrees with such binding at a site
that overlaps partially with the disk-like
density mentioned earlier. The transferred
oxygen may be one of the molybdenum
ligands or the nearest molecule of the chain
of waters. Release of the carboxylic acid
product follows, perhaps facilitated by
Glu®® binding to the metal. The ensuing
oxidative half-reaction involves one-elec-
tron transfers from the molybdenum to the
iron centers. Protons are released in this
process whereby Glu®” and the product
carboxylic acid may act as bases.

Similar modeling was carried out with
xanthine assuming that initial binding oc-
curs with N7 near to the Glu axial site. The
reaction could then proceed as with the
aldehyde, and the oxygen added to C8.
Such binding would be consistent with
EXAFS data of 8-bromoxanthine bound to
xanthine oxidase that place the bromine 4
A away from the molybdenum (30). The
mechanism proposed has features in com-
mon with a suggestion by Bray (31). We
assign a central role as hydrogen bond do-
nor and as transient metal ligand to Glu®®°,
which is totally conserved in the xanthine
oxidase family (Table 2).

The electrons are transferred from the
molybdenum center to the FAD cofactor in
xanthine oxidase, which is oxidized by
NAD™* in the dehydrogenase form or by
dioxygen in the oxidase form (I) and to
some unknown acceptor in Mop which
lacks the FAD domain. The molecular
structure delineates the electron transfer
pathway from the molybdenum to the iron-
sulfur centers. Electron exchange may occur
through the partially conjugated system of
the molybdopterin and the N2-Sy139 hy-
drogen bond to the second iron center via
covalent and hydrogen bonds along the
pathway Fel-C45-O..... HN-A136 -
C137 - Fe2 (first iron center) (Fig. 4). In
that the redox centers are close and con-
nected by bonds, electron transfer is gov-
erned by energetics (redox potentials) and
reorganization energy. We know little of
the latter, but the [2Fe-2S] structure of the
iron-sulfur centers is probably inert toward
valence changes similar to plant ferredox-
ins. The molybdenum center may have
more freedom to move and the mechanism
outlined might require modification be-
cause of effects of bond formation, bond
order changes, and proton transfers. The
measured oxidation-reduction potentials
(32) indicate a substantial driving force in
xanthine oxidase and Mop (6). Experimen-
tal data of electron transfer rates in xan-
thine oxidase by pulse radiolysis (33) and
laser flash photolysis (33, 34) seem to agree
that internal electron transfer is rapid rela-
tive to enzyme turnover and that there is
particularly fast electron transfer between
molybdenum and FeS1 with a first-order
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rate constant of 8.5 X 10% s7! (35).

Mop, like all members of the xanthine
oxidase family, is a homodimer. The subunits
are functionally independent. A comparison
of Mop and Mod crystal packings reveals one
common diad that generates two symmetri-
cal contacts of mainly hydrophobic charac-
ter involving M1, I11, F16 and M203, P204,
F374, Y376, L199, M203, P443. The cofac-
tors are quite far apart, the closest being the
first iron centers with 38 A.
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