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Crystal Structure of the Xanthine 
Oxidase-Related Aldehyde 

Oxido-Reductase from D. gigas 
Maria J. Romao, Margarida Archer, Isabel Moura, 

Jose 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. 

JVlolybdenum 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 (J, 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 Mossbauer 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 
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sulfite oxidase have suggested a 6-alkyl 
pterin ~ i t h  a four-carbon side chain contain- 
ing an  enedithiol (at  C 7 '  and C8 ' ) ,  a hy- 
droxyl group (at  C9 ' ) ,  and terrninal phos- 
phor\-l functions. T h e  molybdopterin is in 
the  dill\-dro state within the en;\-me (7). T h e  
terminal phosphorT.l group is replaced by a 
dinucleotide in some bacterial molybdopro- 
teins (8, 9). 

T h e  cr\-stal structure analysis of a tung- 
stoprotein aldehyde oxidoreductase (1C) 
confir~ned the  metal (tungsten) coordina- 
tion to the  cis-dithiolene group, but sheared, 
unexpected1)-, a tungsten dimolybdopterin 
cofactor. T h e  tungstoprotein shares no ho- 
mology to  Mop or xanthine oxidases so that 
the  question of the nature of Mo-co re- 
mained open. 

T h e  cr\-stal structure anal\-sis of the al- 
dehyde oxido-reductase from D. tigas shoas  
the  structure of Mo-co in a to~n ic  detail and 
allows a first look at a member of the  xan- 
thine oxidase famil\-. 

Structure determination. T h e  original 
Mop crystals in space group P6122 with 
a=h= 1t4.5  A, c= 161.2 A diffracted to 
about 3 A resolution after buffer exchange 
as described (4) .  Their crystalline order and 
radiation stability was further ilnproved by 
slow coolillg to about -1 j0C,  just above 
the  freezing point of the buffer solution. 
T h e  crystal quality a a s  variable, and the 
resolution obtained differed among the 
cr\-stals. Isomorphous replacement analysis 
was hampered hy the variability of crystals 
and by nonisomorphism, which was not 
reflected in the unit cell dimensions. Deriv- 
atives were compared with either data set 
N A T I  and M O H O ,  and the  one with the  
smaller intensit\- differences was chosen as 
parent co~npound.  Heavy atom positions 
were derived from difference Patterson 
maps cross-phasing, and difference Fourier 
m a p s a n d  were refined. Phasing statistics 
indicated very poor phases, ~vh ich  were not 
substantially i~nproved hy co~nhining N A T I  
and M O H O  phase sets. T h e  calculated map 
vaguely showed the molecular boundary 
and some secondary structures. A n  imagi- 
nary map revealed both iron clusters as the  
highest peaks. Model building and refine- 
ment hy phase combination of isomorphous 
and partial model phases did not progress 
until ta.o measures were taken. ( i )  Crystals 
had been obtained of the  aldehyde oxido- 
reductases from D. desulj14ricans ( A T T C  
27774), a species related to D. gigas (Mod 
crystal). These crystals a e r e  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 
densit\- calculated with phases combined 
from isomorphous replacement and model 
calculations and the model-phased Mod 
density resulted in improvement, and lnore 
structural elelnents were recognized. (i i)  

T h e  density was moilifieJ by solvent flat- 
t en i~ lg  and histogram nlatchi~lg wit11 the  
use of CCP4  ( 1  1 ) .  This improved the  Mop 
density arhich was averaged arith Mod. 

Although the  model building was te- 
i l i o ~ s ,  it was continued and used for phas- 
ing. A t  solne stage the  a ~ n i n o  acid sequence 
was recognized for two segments beyond the  
two iron dolllains that had been identified 
earlier. This established a number of con- 
nectivities and finall\- led to  the  co~nplete  

model of the protein and the  cofactors. 
Refinelllent was done with different data 
sets NATI ,  M O H O ,  DIEG, and HGOO to 
their respective resolutions. Water mole- 
cules (437) were incorporated o n  the basis 
of difference density and stereochemical 
considerations (Table 1) .  There  \yere a fear 
outliers in the Ramachandran plot. All 
were \yell defined and, except one, a.ere 
close to the  cofactors. T h e  electron density 
of a 2Fc, - F; lxap was continuous at the  l o  

Table 1. Coec t~on  of data and statst~cs of structure determ~nat~on and refnement Data were collected 
w t h  a Mar Research maglng plate system nstaled on a Rgaku rotat~ng anode generator and evaluated 
w ~ t h  MOSFILM (36) and CCP4 (1 1 )  The crystalographc calculat~ons were performed w ~ t h  PROTEIN (37) 
and the densty mod~f~catons w ~ t h  CCP4 Model b u d n g  was done w t h  FRODO (38) and ref~nement w~ th  
X-PLOR (39, 40) The data were usually measured from one crystal. The h~ghest resoluton was obtaned 
w t h  HGOO to 2.25 A whch was used for theCflnal refnement The MOD prote~n crysta~zes In space group 
P6,22 w ~ t h  cell constants of a = b = 157 2 A c = 178 6 A A Patterson search performed w t h  these data 
w t h  the use of X-PLOR and the ava~lable Mop model revealed the orentailon The translation functon 
y~eded the transaton parameters (41) The Mod crystal data have been ref~ned at 3 5 A resoluton 
stari~ng w ~ t h  the transformed Mop model No sequence 1s avaable for Mod 

Reflectons 

Data 
set* 

Total Un~aue 

NATI 
MOHO 
DIEG 
PTCl 
YBSO 
IRNC 
PTPT 
P r t B  
UOOX 
MOCN 
HGSC 
OSCL 
IRRE 
HGOO 
PCL4 
MOD 

Resoluton 
Bind- 

(l)/(ul) 
R,+ Com- Ing Phas~ng (last 

A plete- sites power# shell) 
ness (M:: 
("/.I 

0.087 2.8 95.2 1.6 
0.039 2.6 92.0 3.0 
0.048 2.7 97.0 4.5 
0.060 2.8 91.3 3 0.61 
0.106 2.9 79.9 1 0.38 
0.1 18 3.8 87.9 2 0.47 
0.073 3.9 85.0 5 0.78 
0.1 13 3.3 85.0 5 0.47 
0.126 3.5 86.3 2 0.52 
0.126 2.8 78.7 4 0.25 
0.101 4.6 78.1 3 0.88 
0.064 2.8 78.5 4 0.48 
0.075 2.9 89.0 1 0.27 
0.090 2 25 92.7 1 0 26 3.8 
0.093 3 15 76.7 4 1 1 2  
0.079 3.5 97.9 

Model HGOO MOHO DIEG 
MOD 

crystal 

R factor (%) 16.5 15.4 14 2 26.0 
Last shell 29.4 24.2 21.6 
Resolut~on (A) 10.0-2.25 10.0-2.6 10.0-2.7 10.0-3.5 
Free R factor 1 23.3 
rms bonds (A17 0.009 0.009 0.009 0.009 
rms angles ("17 1.9 1.9 1.9 2.8 

Proten Mo-co Fe-S Solvent 
-~~ -- - 

Average tempera- 30.9 31.1 30.2 28.5 
ture factor (A2) 

'The hawestng buffer (hb) was: 0.2 M Hepes 0.2 M MgCl,, 30 percent PEG 4000. 30 percent sopropanol. pH 7.2, all 
cr jstas were n t hs  buffer NATI natve crystals: MOHO, naive crystals co-crystallized w th  2 mM K,,Mo(CN),, DIEG, 
natve cr jstas co-crysta~zed 1 ~ ~ 1 t h  10 percent dethyene glycol, PTCl soak 24 hours with K,PtCl, (1 ~ngiml):  YBSO 
soak 2 days in 2.5 mg of Yb,(S04),; IRNC, soak 4 days in 4 0 mg of r(NH,),CI, 3.0 mg of rCI,K,; PTPT soak 4 days 
in sat~~rated Pt (NH,),(NO,),; PWB,  soak 1 day n 3 6 mg of K2PtCL, 1 4 my of Yb2(S0,),, 1.9 mg of Gd2(S0,); UOOX 
soak 2 days n 2.1 mg of UO,NO,, 3.5 mg of K_U(C,O,)L: MOCN, soak 3 days n K,Mo(CN), (2 mM). HGSC, soak 4 
hours n 1 1 mg of [(CH,Hg),S],Cr,O-; OSCL soak 2 days n K,OsCl, at 1 mg/ml; IRRE soak 1 day n saturated 
solut~ons of K,r(NO,), and K,ReCI,: HGOO, native crystals cocrjstalized with PCMBS at 1 ing im;  PCL4, soak 15 hours 
n K2PtCl, at 5 mg/ml. +R, = 1. (I-\I))/\/ where I s the measured ntenslty and ti) IS the averaged value. the 
summation s over a measurements. ?Heavy atom b n d n g  sltes, 5Phasng power, F,iresdual: rms mean 
heavy atom contrbuton,'rms resdua defned as [(FpH,,lT' - FPH2)/PJ' ' wth  the suin over a reflections where F,Hc6,1c 
s the calculated structure factor and FpH 1s the structure factor amplitude of the heavy atom contr~but~oli, 
respectvey. Free R factor calculated by settng aside 5 percent of the refectons n the f n a  stages of refnement 
after extensve smuated anneang, q The rins 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- 
culeeis globular and the average diameter is 
75 A (Fig. 1). The secondary structure has 
28 percent helical and 21 percent p-sheet 
conformation as defined by the program 
DSSP (12). There are 33 helical and 27 
P-strand segments longer than three amino 
acid residues. Mop is organized in four do- 
mains (Fig. 2) consisting of the NH2-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- 

Fig. 1 (top). Molecular structure and helical (blue) and 
$-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 wkth DSSP program (12). Listed and labeled 
are segments with at least three residues. Strands are des- 
ignated as sand (a or 3,d 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- 
2S] domain; 3, connecting segment and Mol domain; 4, 
Mo2 domain. The assignment of the first and second iron 
domains to the spectroscopically distinguishable iron-sulfur 
centers. FeSl and FeS2 has been unclear. Data of magnetic 
coupling, electron transfer rates, redox potentials, and ac- 
cessibility support FeSl as second and FeS2 as first domain. 
sl-1, 2-8; ~ 1 2 ,  11-17; hl-1, 23-29; s1-3, 49-52; ~1-4, 
55-58; h12,64-66(3,d; ~1-572-74; h13,76-79; h2-1, 
87-94; h2-2, 104-1 17; h23, 123-1 32; h2-4, 143-1 56; 
h3a-1, 162-1 65(3,&; h3a-2, 185-1 90; h3-1, 196-201 ; 
~3-1, 208-214; ~3-2, 220-226; h3-2, 228-232; ~3-3, 
236-241; h3-3, 242-244(3,d; ~3-4,281-287; h3-4, 290- 
298; s3-5,301306; h3-5,313-317; s3-6,331339; h3-6, 
343-348; s3-7, 352360; ~ 3 8 ,  372-377; S3-9, 383-387; 
h3-7, 392-403; h3-8, 407-409(3,d; ~3-10, 410-414; 
h3-9, 423-425(3,d; h3-10, 429-440; ~3-11, 444-447; 
h3-11,450-455; s3-12,463-471; ~3-13,477-478, h3-12, 
495-505; S3-14, 515-522; h3-13, 537-555; h3-14, 559- 
566; h4-1,585-606; ~4_1,611-624; ~4-2,631-639; ~4-3, 
643-647; h4-2,657-668; h4-3,676-678(3,d; ~ 4 4 , 6 7 9 -  
681; h4-4,700-719; h4-5,729-734, s4-5,740-746, s4-6, 
765-778, s47, 783-794; h4-6, 801-820; h4-7, 
841 -843(3,d; s4-8, 848-852; h4-8, 870-872(3,d; 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 (6) is the same as in Fig. 1. (B) The 
connecting segment (black) and Mol domain (green). (C) The 
Mo2 domain (purple). 

terial [2Fe-2S] ferredoxins from Spirulina 
platemis and Anabaw, respectively (1 3). It 
is formed by a five-stranded P half-barrel 
(s1-4, s 1 3 ,  s1-5, sl-1, s1-2) enclosing an 
cu helix (hl-1) orthogonal to the strand 
directions. It has the first p turn between 
sl-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 
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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 h 2 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-1 and h3a-2 at- 

tached to the iron domain. 
The Mol doomain is banana-shaped, 75 

A long and 28 A thick. The lower, thinner 
stem part consists of a five-stranded anti- 
parallel parallel f! sheet (s3-6, s3-14, s3-13, 
s3-12, s3-7), which is flanked by two a  
helices (h3-12, h3-13) running roughly 
parallel to the strand directions on the one 
side and exposed to solvent on the opposite 

%3 HIS 

Fig. 3. (A) Electron density at 1 u of the 2F, - F, map around the Mo-co and GIu869 and H P 3 .  The 
molybdenum and its three oxygen ligands are drawn as red balls. (B) Electron density around Mo-co, 
G I U ~ ~ ~ ,  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-2S] cluster (top), and their contacting residues in the orientation of Fig. 1. Hydrogen bonds are 
indicated by broken red lines. 

side. The thicker upper head part has a 
seven-stranded parallel, antiparallel incom- 
plete f! barrel with strands s3-3, s 3 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 Mo2 domain is organized in two 
wings spanning 82 A. The cofactor lies at 
the intersection of the wines. These form u 

ap 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 f! sheets with 
strands s4-5, s4-2, s4-3, s 4 4  (the front 
wing) and strands 4-1, s4-6, s4-7, s 4 8  
(the back wing). The sheets bend around 
two helices in each wing, h4-2 and h 4 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 p 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 
 clam^. 

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 
monocvclic pvran svstem 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 bv numerous interactions with the 
protein. Ring formation is facile for the 
5,8-dihydromolybdopterin by nucleophilic 
addition of 0 9 '  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 molvbdo~terin 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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t\vi?te,l. \\-1t11 C 6  eso  ,111~1 CT t . l l i i i > .  T h e  
pv ra~ i  rinz llC\q ~ I I \ T I L ~ Y  ~ ~ I I ~ L ~ I - I ~ I ~ I ~ ~ ~ I L I  tv1t11 
09' ~IIJc>.  It, tllree c111r~~l c e ~ ~ t e r >  'it C6, CY, 
and C9' h,i\-e I~eell  11ioJeIcil as R, R,  R. 
T y h t  packing in the protei11 i n t e r i ~ ~ r  c~i the 
tn-isteii tricyclic Llo-co i>  inci,mpatii~le 
~ v i t h  I71niii1lg (anii t o r m a t i ~ > ~ l )  i>i ,I frllly 
os~cli:eJ s13eiies n-it11 a iil-inai- pterin ring 
ayhtem. T h e  tricycle, 111 eon t r , l~ t ,  is i;>r~naliy 
a tetrahl-dro \liecies. T h e  pterin .;\item i> SL, 

re11LIereci re~lox i ~ ~ ~ i c t ~ v e  a< 1s olyser\-eil ( 15) .  
T h e  iih-ditl-iii,le~~e group and the molyh- 

i i e n ~ ~ i i l  form the eil~latori~il  ~ la11e of rlle 
nleral Iigands. hlo ( \ - I ) ,  p r e e n t  in rhc ox- 
1L1i:eLi forill of the e11:y111e, 1s yenta-coijriii- 
nateil h\- t \ \ -~> (iiitlliolene) illlt;lr anii three 
osirqe11 l~,cand:, (Fig. -3.4). There is a disk- 
shaped electron i l e~~>i ry  c l i ~ w  to the equa- 
tirri,~l I1ga11d tran, to 57 '  reyre~ent ing an  
r ~ ~ ~ i i l e ~ ~ t i i i e ~ l  111i~lee~1le fl-0111 the crystalliza- 
tion sL>lut~on. It is ,ilsi) close to A chain o t  
three \yarer molecules located in a bide 
~ ~ i ~ c l i < t  (Fi?. 3B). T h e  i!xvfen 1iilallii trans 
ti> 57 '  1s l ~ v ~ j r ~ ~ ~ e ~ ~ - ) i > ~ l ~ i e L i  t c  the ~ i ~ i ~ i c l e  
group of G697 ( 3 . P  !A). The  fL)ilrtIi e ~ l u ~ i t o -  
r ~ a l  ~>s.i-gen 11q,111il tr,Ins ti> S-S' has the 
amiile n i t r ~ y e n  id R53 3 (3;3 A), the car- 
hi,n\-l irsvgen of F411 ( 3.5 A) ,  nnii the Ccr 
of (3422 as clozeht ne~ilhl-ors. A n  axla1 li- 
eanii 1s 111 the  \.icinity i ~ t  H65 3 ; ln~l in long 
h u d r o e ~ ~  honJ  di,ra~;cc to the carbony1 
osype11 of S695 13.6 A). 011 the oppos~te  
jiile, the  Glu ;isi:il lyanil  site is \.diilIlt. T h e  
carl7os.i-l,~te group o t  ES69 is not a lisanJ to 
the  n ~ e t a l  (3.5 '4) Iiut cLj~11Li. hy <I bliql~t 
r o t a r i ~ ~ n ,  liinJ to it. \'i,'e \i~ege>r that Ed69 i; 
~-rotonare~l .  

T h e  ~nol \ -hJenum center of s a ~ l t h ~ ~ l e  os -  
ici,i\e conr ,~ i~ l ;  a e\-an~>-lysable >illfur, n ~ l ~ i c l l  
is ziient~:rl tus car,il\-siq. T h e  iIe,i~~ltc en:\-ine 
i.; ~ n a c t ~ \ . e  ( 16).  

T h e  EPR and ES.4FS ierrsn~le,l  s-ra\- 
,ib,i>rptloil f ~ n e  ctructure) spectra of hlc>p 
inLiicateLl close sim~laritv to the iieiultc 
h r m  ~ , t  s a ~ l t h l ~ l e  osidake, I-ut the  t i~ncrion- 
a1 e11z.i-me i> b e l ~ e \ - e ~ l  ti> he a si~lii> form alco 
( 6 ,  17, 18). There i> n o  S L I I ~ L I ~  lieanti In the 
elecrri>n JensitY ot l f o p  Linil L l o ~  .inii sail-  
thine osiii,iie h,i\ e ilo c\-steiile reh~ilue close 
to the rni~lul~,ienum (Tahle 2 ) .  EXI\F'; Jars 
tor santhlne  oriiia.;.~ haye heen interpretcil 
:is ;I lllolloxii, r n c ~ n ~ > i l y i i r ~ ~ s ~ ~ l f i ~ \ c ~ ,  01.  non no- 
l~y,lroso (Ljr the deu l fo  ti>rm) structure in 
ths  h lo(IV)  state anii a monoxo, monothlo,  
or a iiioxo ( in  tlls L1esi~lft, en:yme) qrructiire 
In the hlo(\'I) atate (19 ,  20) .  LX7e t:xpect a 
~ l i o s o  structure tor (desulto) S l ~ j y  in the 
~~sl i i i re i i  stare. Of the rI11.ee ,ivailak'le >It<>, 
the axial His ;lnd the ti-ana 57' eLlu:irori,il 
pobit~cjn.; are much lssi ayat~,illY con.;.tr~cteii 
than the s ~ t e  tran, tc> St?'. 011e i>t them 111,1\- 
be the cy;ini,li-.;able aultur alte i~ec,i i~se ~t 
cc1~11~1 11~irbc>r '1 l ~ r g e r  ,111~1 111ore ~l i>t i lnr l~-  
IYJllL~eLl q~llfllr <~tOIll. 

Fel o t  the aeconLl iron cluster i\ llnkeii to 
C l O J  ,IIIL~ (1139, Fe l  to C:lc73 anci (2137. 

T h e  ~1; ine  of the [?Fe-251 croup is arthoe- 
011~11 ti7 the plane of the i \steirle sulfurs. 
T h e  iron> are r11~1s tetraheilrally ~ - o i ~ r l l ~ n a r -  
eil 1-y bultur ati>mi. T h e  first irGn c l ~ ~ s r e r  has 
Fel ,111~1 Fe3 li~ll<eii to C4P ,1nd (:-I5 a ~ l d  
C4S anLi C6O, re.pecri\.ely, a11d is iimilar to 
the ieci!nii. T h e  ii-i>n-sl~lii~r l ~ o n d  lcnqthq 
are 2;: .A isom the 1ro11i ti> the sultiiieh ~ I I J  
2.3 A to the cysteine Sy. 

T h e  <ec;>~ld [1Fe-751 center 1s l3ur1eJ 
,ihout 15 A l3eneatl1 the neare,t r?rotein 
s~lrtdce i ~ ~ ~ i {  has 110 access to hL>lvent. It is 
~eLluestei.eii her~veen two liol\-peLitiLie turns 
ci7nneiri11y h e l ~ c e  117-1 ancl 112-2 ,111cl 

112-3 :ind 112-4, r e~~ec t i \ . e l \ - ,  1~11i.he peptide 
aiiliile proup5 p o ~ n t  t o ~ ~ i r i l  the cluster uniier 
for111~itio11 N-H.  . . . S 11>-druqen l ~ t ~ ~ ~ c i h .  Tile 
first [?Fe-2';] renter 1.; cloie to the protell1 
s~lrface ,ind its Sy 617 is exposed to solvent. 
It iq li)catccl 1-ern-cell tn.o turn5 precedinu 
1 - 3  anil l i n l < i ~ ~ ~  s1-4 anii h1-3, respecti\.e- 
lv. Its wlfurs are h~c I rc?~en  l~oncieL1 to illail1 
chain a~llicie groups (Fig. 4 ) .  Tlle iiin~lcle- 
(?tide c ~ f  S!l~>-cc is > o l e l ~  l~ou11iI I>\- the A I ~ I ?  
c lo~i l~i i~i .  i t  is 1~~1rieLl i -4 1~11eatl1 t11c sur- 
face. T h e  cvtli l~ne l.,iw is qpec~fically rccos- 
~lirecl rn-linlv 1.7. rhc. lLji.11 hetlreen s.t-7 anii 
h4-6 ~ I I L ~  i ;>r~ns four hydrogen I~L,n~ls to 
111ai11 c l l ; i i~~  ~ i t i ~ ~ l l s  ~ l ~ e ~ l t i o ~ ~ e L l  a lvve.  T11e 
liiop l i n l ; ~ ~ ~ ~  s4-S v-lth 114-S c t~n t r i l i~~res  
~ j n e  more l ~ v ~ i r o q e n  I ~ a n d .  T h e  r ~ l ~ o i e  11)-- 
,drL>s\-l uroulis are l~vdro~en- l - i>~~~ieL i  to m a ~ n  
chC1~il  nil \ iJe c h a ~ n  ~mvgens. T h e  pjro- 
phospllate 1n01et7 is sequestered an,i h\iirL>- 
qen-bonJec1 to the ,imino end5 o t  two hell- 
c,1l >esments h4-4 ,i11J hi-S anel ti> '&' 
,itoms o t  \X,'6j3 anL1 0 6 5 5 .  There is 110 - 
pi'qti\-elv chargeil i.e.;.iLli~e 111 iiirect contact 
\ ~ l t l l  It. 

T h e  rricvclic ~ n L > l ~ l ~ i i ~ > p t e r ~ "  1s l i i~ r i e~ l  111 

the c5ntt.r i > i  the l ~ o t e ~ n  accessible rllroush 
a 15 .A deer tunnel. It interact. with its N5 
edge 1 ~ 1 t h  the Xlol i i i~ rn , i i~  and \\-it11 its Nd 
i L l e  1 ~ 1 t h  the S.102 iiini1,iin by hvJr i>qe~l  
I,onLia nf n.hic11 N 1  to Sy ot  C13'9, an  iron 
lit.,inii c ~ t  thc seconii cluiter 1s 1:arricularl.i~ 
>ignific,int. T h e  F471 Lihcn7- l ;~lc i~l~nr  rinp ii 
cL>~lanar ti, tl2e prerln ~ c ~ t h  appropriate i i~s-  
tancea (3 .4  A) for n - ~ i  ~i~ te r : i c t i i )~~s .  T h e  
tunnel leaLli11~ t r o ~ n  the  proteln >url;ice tc> 
the mol~- l~i ienum i, fi1i~i~el-~l1apec1, \v~cie at  
rhc u p ~ e r  rill1 anil narro\\-lnc tc,\vard the 
metal hite. T h e  r~pht-h,in,i s ~ d e  i>t  rlls run- 
nel \\-,ill includes re\iiiue\ of the hlL>l do- 
m,~ill .  ivhile realL1ues of l l ~ ) ?  torm the left- 
hanii slLii.. Thc. coatill? of the tunnel tvalls i\ 
,iyalar \yirh: L754-, 1255-, 139i7-, L i 9 t - ,  
Y397.. G427 i>r GSOt, F425 ijr E S T ,  F4C)t.. 
L497-, RSC71-, A531 or X915, Y535 or 
F919, Ye22 i>r Yli11L1, L626 or FlQ14,LI6?7 
or G l O l j ,  N691 or NlL17S. '694 or P1081, 
Gh96 or .4117,53. Gh97 or ,41L'S4, H i 5 1 -  
[ l~nn l i~ ln ,~ous  ~.e\iid~les 111 r , i n r h ~ n s  os~d;ise 
are given (as or) 1vl1t.n a rel~,ible alignment 
15 posb~l?ls]. Tlle tunnel has a narron. m n -  
? t r rc t~on half height re;iilue> F425, 

F4 
ti, 
5 

. O i ,  L497, L626, u.h~cli  mu.;t S\YIII; a\\.ay 
let l,irges ( ~ r ~ i l n a t i c )  ,ildehplca pa>> (Fig. 
. T h e  mi,lecul,ir htnlcture, ~f un~7er t l1 r~eJ ,  

seems to , ~ l l o ~ v  passage onlv ot small a l~pl la t -  
ic aldehyde sulystrates, ~ i > h i c l ~  k)lo~i prekrh 
(61, hut the side c h a ~ n s  of Y622 and R5P1 
might pi\~e allray ti> aciummoiiate larger 
lipaniis. T h e  tunnel c o ~ ~ s t r i c r i ~ ) n  n o ~ i l d  also 
110t ieem to alli,n. pasage o i  the  mi>lyl~iloy- 
rerill cyr i rs~~le  dinllcleotiiie ci,t,lcror. Pro- 
rein cc~factor ahsociati011 tlherchre reauires 
either \ul?st ,~nt~al structural rearra~~gement .  
or aeq~leilti~il iio111ai11 f ~ ) l ~ j i ~ ~ g ,  ci~iactor 17i11Li- 
111g, d ~ l i i  iio~11~1~11 aseml71\. 

Xanthine osidase. Xanthine L>xid,iie r > t  
D ~ o s o f ~ h i l i ~  r n r l a i ~ o q ~ i s t i . ~  (LIhlXO) is e~~coi le i{  
ill the J-OZ? l i > i ~ ~  anii ha.; l x e n  the ,~lhject 01 
~ntensi\ .e stuiiie> c o n c e r n i ~ ~ g  ge11e .;trucrure 
and regularion and electrophoretic \ ~ a r i a ~ l t i  
of the expressed proteins (21 ) .  T h e  similar- 
~ t y  or iile~lriry in amino weld sequence be- 
r\veen hlop a n ~ {  xnntlhine o x i d a e  iq 51  per- 
cent  or 26 percent (5, 31), i~li l icati~lg ;I 

clobe strl~crur;il relationship. T h e  sequence 
zimilar~t! is par t~e~l lar l \ -  h y l i  in tli,ise beg- 
lllellti ; ~ s \ ~ c ~ a t e i l  \\,it11 the iron-suifilr ten- 

ters and the ~noiybiioprerin ( T ~ b l e  2) .  T h e  
ct21ltacts I~e t \vee~ l  the cyti)qine ~{inucleotide 
pc3rrlc)n -inil tlle pri>tein are lesi con.;erveii 
\\.lth some ~ ~ I I ~ ~ ~ I C L I ~ , ~ I S  replacement. he- 
t \ ~ ~ e e ~ ~  the r\vo protei~n.;: G6Gc?/KlOSc?, 
TSOi/LI l l3 i ,  Ci9S/L1191, ASOZ/i1196. 
These r e ~ ~ i i u e s  p ~ > i n r  tov\.;lrii rilyose and hahe 
iiilil, 1-eing I>~llkier in s a n t h ~ n e  osiLILise, 
m ~ q h r  till the cavir)  hen the iiinucleotiiie 
is a l i s ~ ~ l t .  It IS surprlslng that memi-ers of 

Table 2. Comparson of coniactlng segments n 
Mop and Xantlihe oxldase as indicated frolr EPR 
and EXAFS The coiactor FeS-3 is the 'irst, ar:d 
the cofactor FeS-A 1s the second Iron doma,:-. 
Abbieviations for the arnino acid iesld'~es ere. A. 
Ala. C, Cys; D, Asp: E. GIL. F. Phe. G, Gly: H, H,s. 
1 .  Ile: K Lys L, Leu. M, Met: N Asn: P, Pie; Q. G~I;. 
R .  Arg: S. Sei. T. Thr: V. Val. W, Trp: a.;d Y. Tyr. 

Contact~ng segrnenis MOP and DMXO 

CEOGOCGAC 
CAEGGCGAC 
AC\/r 
ACLT 

QCGFCSPG 
QCGFCTPG 
NACRCTGYKP 
NiCPCTGYRP 

n 
GGTFGYK 
GGGFGGK 
AFRGYGAPQSM 

F e e  
MOP (LC-48) 
DMXO(43--51) 
MOP(59-621 
DMXO(72-75) 

FeSJ 
MOPi99-: CS) 
DMXO(I12-119'1 
MOPrl35-14;) 
DMXO(l46-155) 

~oij ibdop terJli 
MOPt418-4241 
DMXO(8CO - 8CG) 
MOP(531-5;l) 

AFRGFGGPQGM DMXO[9I 5-925 
HGOG MOP(653-656) 
IGQG DMXOiI 0L3-1 C L ~ J  
GPSGGS 
S P T M S  
VGELPL 
VGEPPL 



the same protein family may bind molyb- 
dopterin monophosphates and cytosine 
dinucleotides as euka~o t i c  xanthine oxi- 
dases and Mop do. 

MOD 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 de~ression 
between the iron, Mol, and Mo2 domains 
in contact with all three (Fie. 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- 
lvbdenum 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. 

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 IV, 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(V1) becomes Mo(IV) (2, 26). Synthet- 
ic model systems are available for such a 
process (27). In the oxidative half-cycle of 
the reaction Mo(V1) is regenerated by two 
one-electron processes and the transferred 
oxygen replaced by water. The presence of 
bound substrate or product in the Mo(V1) 
and Mo(IV) center of xanthine oxidase is 
suggested by EXAFS (1 9, 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 
wherebv the aldehvde substrate binds to the 
molybdenum with its carbonyl oxygen close 
to the vacant axial Glu site and to (the 
protonated) G ~ u ~ ~ ~ .  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 
benzaldehydelbenzoic acid, given the severe 
steric restrictions at the molybdenum (Figs. 

3B and 5), agrees with such binding at a site 
that overlaps partially with the disk-like 
densitv mentioned earlier. The transferred 
oxygen may be one of the molybdenum 
lieands or the nearest molecule of the chain - 
of waters. Release of the carboxylic acid 
product follows, perhaps facilitated by 
G ~ u ~ ~ ~  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 G ~ u ~ ~ ~  and the product 
carboxylic acid may act as bases. 

Similar modeline 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 
%anthine 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 lieand to GluM9. u 

which is totally conserved in the xanthine 
oxidase familv (Table 2). , . 

The electrons are transferred from the 
molvbdenum center to the FAD cofactor in 
xanihine 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 
~athwav from the molvbdenum 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-(245-0.. . . . HN-A136 - 
C137 - Fe2 (first iron center) (Fig. 4). In 
that the redox centers are close and con- 
nected bv bonds, electron transfer is eov- - 
erned by energetics (redox potentials) and 
reorganization energy. We know little of 
the latter. but the 12Fe-2S1 structure of the 
iron-sulfu; centers .is probably inert toward 
valence chanees similar to ~ l a n t  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 FeSl with a first-order 
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rate colistalit of 8.5 x 10' spl (35). 
Mop, l ~ k e  all rueiiihers oi tlie sa~lthiilc 

osidasc fan-iily, IS a homoci~mer. Tlic ruhunits 
are funct~onall\- ~ndepetidetlt. A coiiipariron 
oi h'lop and Mixi crystal pack~ngr reveals one 
common illad that generates t~vo  sy~n~l-ietri- 
cal cot-itactr of tilaiiily l~y~irophobic charac- 
ter involving M I ,  I l l ,  FIG and h'l?L13, P?L?4, 
F374, '1'376, L199, M203, P443. The coiac- 
tors are quite far apart, tl~e~cloaest being the 
first iron centers ~v1t1-1 38 A. 
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