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MECUSMS FOR THE REACTIONS OF MOLYBDENUM IN ENZYMES 
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ABBREVIATIONS 

acac acetylacetonate ion 

CYS cysteinate ion 
dim diethylenetriamine 

dPP 1,2-bisjdiphenyl~hosph~o~eth~e 
EDTA ethylenediam~etet~~~e~te ion 
FAD Gvin adenine &nucleotide 
hist hi&din&e ion 
IDA iminodiacetate ion 
MIDA methyliminodiacetate ion 
NTA nitrilotriacetate ion 
Q &oxotphQlate km 
Rcys aIky1 esizr of cyst&ate ion 

A. INTRODUCTION 

It might be expected that a &ear relationship should exist between the 
chem&&ries of those proteins which contain molybdenum as an essential ele- 
ment lFor enzymatic activity and the chemistries of the rather simple molyb- 
denum complexes which are studied by inorganic chemists. However, there 
is a wide range of structural variability of those simple complexes, particular- 
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ly with respect tu the number and stereochemistry of uxo ligands whkh are 
bound invariably to the metal in its higher oxidation states ti an aqueous en- 
vironment. It is the intent of this review to examine both the role of molyb- 
denum in enzymes and the aqueous chemistry af the higher oxidation states 
of that element. The results from the former will delineate the range of oxi- 
dationstates whichshould be examhwd inthelatter, Wheredatafrom aque- 
ous soXufisns are sparse, it’tif be necessary on occasion to refer to results 
from nonaqueous systems. Further insight will be gained by comparing, when 
possible, molybdenum and tungsten sy&ems under identical, conditions. Fi- 
nally, several mechanisms for enzymatic activity will be examined using the 
known chemistry of molybdenum as a guide. 

Three earlier reviews [II,Z] which undoubtedly inspired considerable re- 
search, are now out of date, 

B. THE ROLE OF MOLYBDENUM IN ENZYMES 

Molybdenum is found in a number of enzymes such as nitrogenases, nitrate 
reductases, and sulf%e, xanthine, and aldehyde oxidases. A few of these and 
their sources are Xisted in Table 1. These enzymes catalyze the conversions of 
molecular nitrogen to ammonia, nitrate to nitrite ion, sulfite to sulfate ion, 
xanthine to uric acid, and aldehydes to ccvboxylic acids, respectively. The ex- 

TABLE 1. 

Surne enzymes containing molybdenuma 

Enzyme Source MO content in 
g-atom/mole 

Ref. 

Iwrogenase 

Nitrate weductase 
Sulfite axidase 
AIdehyde oxidase 
Xanthine oxidase 

Cfostridium yas~eurianum 2 fi 
Kfebsielia pneumoniae 2 c 
Azotobacter vincslandii d 

Neurospora crassa ; e 
Eovine liver 2 f 

Rabbit liter 2 g 
Cow’s milk 2 h 

o Taken in p art from ref. 3. 
b Ref. I.D. 
c Ref. 39. 
d R.C. Burns, R.D. H&ten and R.W.F. Hardy, Biachem. Biophys. Rles. Commun., 39 

(1970) 90. 
e Ref. 15. 
f Ref. 12. 
g K.V. Rajagopaian, I. Fridovitch and P. Handler, 3. Biol. Chem., 237 (1962) 922. 
h L.I. Hart, M.A. McGartoll, I-I-R. Chapman and R.C. Bray, Biochem. J., 116 (1970) 851; 

M.A. McGartoIl, F.M, Pi&, J.C. Swarm and R.C. Bray, Biochem. Biophys. Act-a, 212 
(1970) 523. 
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act role of molybdenum in the eat&ytic reactions of tfiese and other enzymes 
has been difficult to ascertak with cerkGnty even with those enzymes which 
can be obtained in reasonable quantities and in a very pure state. The difficulty 
is due to the complexities of these enzymes and their low molybdenum con- 
tents (see Table I)_ Unfortunately, data from X-my studies, even at low reso- 
lution, we not available, It is reasonable to assume, nevertheler;s, that the met- 
af atoms are bound tu doEor atoms from am&m acid residues, and that each 
molybdenum atom has several oxidation states available to it While it is clear 
that the highest available oxidation state is +6, the lowest oxidation state avail- 
able should be dependent upon the nature of the reducing asent, the exact 
nature of the ligating atoms, and the pH, Thus, the resting state of the enzyme 
can involve any of several oxidation states of molybdenum. -hermore, since 
lower or higher oxidation states are available, it can be assumed that oxida- 
tion or reduction of substrates involves the corresponding reduction or oxlda- 
tion of molybdenum [ 3,4] _ Experimental evidence will be discussed in a sub- 
sequent paragraph. 

Additional prosthetic groups, such as flavin and Fe/S (a non-heme iron- 
sulfur center) in xanthine oxidase, are invariably present as w& The redux 
behavior of flavin is well known [S]. Stmctul studies of rubredoxin have 
shown that iron Is found in a distorted Fe(S-cys)* tetrahedron (where S- 
cys indicates bonding to sulfur of a cysteinyl residue) 161. Ferrodoxin, which 
has equal quantities of iron and acid-labile sulfur, contains two non-bonded 
Fe& cubes f6j _ Each iron atom is bonded additionally to the sulfur atom of 
a cyst&y1 residue- There is also some evidence fur the existence of a dinu- - 
clear fcys-S)zFeS2Fe(S~y=ys)z species in certain plant, mammalian, and bac- 
terial proteins [7-91 I It seems probable that moltybdoferroduxb from Clostri- 
dium pasteurianum, which consists [lo] of a tetramer (M.Wt. =: 220,000) 
with 2 molybdenum atoms and approximately 20 iron atoms with an equal 
number of acid-labile suffur atoms, contains a number of either Fe&* soups 
or Fe#a groups or both- Inorganic mod& fur the l?e,S, group have been dis- 
covered recently and their diverse redox behavior has been demonstrated [ 1.f 1. 
In contrast, hepatic sulfite oxidases contain only a b-like cytachrome, rather 
than fizrvin and Fe/S [ 12-141, while the nitrate reductase from Neurospora 
crassa contains flatin and a cytochrome b 1151. At any rate it is clear that the 
additional prosthetic groups, as well as molybdenum, may part;icipate in elec- 
tron transfer reactions of the enzymes. 

When a mutant variety of Neurospora crassa, which does not possess nitrate 
reductase activity, is incubated with acid-treated molybdenum enzymes, such 
as xanthine, sulfie, aldehyde oxidaaes and various nitrogenases, the in vitro as- 
sembly of an active nitrate ,reductase can be accamylished [16]_ Since incuba- 
tion with various May and MoV’ complexes did not result in an active enzyme, 
these results suggest that all of the active enzymes contain a common, identi- 
cal molybdenum cofactor, which can be transferred after treating an active en- 
zyme with acid. Furthermore, it would appear that this component is a rela- 
tively small molecular species, since it is unlikely that a large molybdenum 
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pofypeptide chain could be identicztf in orgz&sms raz&g from microbes to 
mammals. These imp&ant results imply that enzymes which contain molyb- 
denum can be studied as a group rather than individually, Of course, it must 
be realized that substrate specificity, where it exists, must then be a result of 
a common molybdenum component binding to a unique polypeptide chain. 

EIectrun spin resonance spectruscopi, which is ideally suited for following 
efectrun transfer reactions invufving paramagnetic species, has been used to 
pinpoint the sequence of electron transfer within xanthine axidase. The rest- 
ing state af that enzyme gives no ESR signal, but treatment with xanthine in 
the presence of O2 produces a sequence of signals [ 17 3. The first has been as- 
signed to a paramagnetic form of May, followed by a second due to flavin 
semiquinone radical, and f&owed finally by a signal due to Fe/S. Treatment 
with a reducing agent such as dithionite ion causes the MoV signals to appear, 
but on stronger reduction these signals &appear almost completely [ 18-21 J . 
F’urtherrnore, ESR signals arise only upon reduction and never upon treatment 
with an oxidizing agent. The natural conclusion /3j is that MC? is involved in 
the resting rate of the enzyme and that the sequence of the reduction of mo- 
lybdenum by substrates is 

MC?’ -+ paramagnetic MoV + diamagnetic MoXV . 

One interpretation [3] of the reaction mechanism is that reducing substrates 
are bound at Movi causing its reduction to Mov and MO? Reducing equival- 
ents are then transferred from Fe/S and to flavin, either directly or through 
Fe/S. A more recent and considerably more ambitious approach [ZZ] to the 
reaction mechanism supposes that no mutual interaction exists between the 
two active sites of the enzyme, each of which contains one molybdenum 
atom, one molecule of FA& and two distinct Fe/S centers. Initial attack of 
xanthine on MoVr results in a two-electron reduction of the metal atom with 
the formation of MoXv and uric acid through a concerted mechanism invalv- 
ing a disulfide group which is presumed to be nearby. Reducing equivalents 
from M#’ are then distributed intramolecularly between molybdenum (yield- 
ing an equilibrium distribution of MO rv, MoV and Movl), FAD (yielding an 
ec@ibrium distribution of E’AD, FADH, and FADHz), and Fe/S (yielding an 
equilibrium distributicm of the oxidized and reduced forms of the two distinct 
sites), An empirical chaice of relative reduction potentials fur aI1 oxidized 
species aflowed a ne~~quantitat~ve duplication of the ~quilibrjum composition 
of the species which are observed during the titr&on of xanthine oxidase with 
dithionite ion, Still another choice af reduction potentials produced an ade- 
quate, but not exact, duplication of the time-dependent phenomena which 
are observed during the reaction of the enzyme with xanthine, The differences 
between reductive substrates were interpreted in terms of differential pertur- 
bations to reduction potentials caused by the binding of the sub&r&e to the 
enzyme. It should be noted, however, that these obvious successes do not rule 
out a mechanism which includes mutual interaction between the two active 
sites of the enzyme. If mutual interaction were included, it would simply re- 



quire the intioduction of one or more empiricdly chosen constanti which 
describe the interaction. Although the avaitable data may not allow the evalua- 
tion of these conskurts, this limit&ion is in no way indicative that mutual 
interaction does not exist. 

Although it has been suggested that the enol farm of flavin is bonded di- 
rectly to molybdenum 1231, there is sufficient evidence available to prove 
otherwtise. The reductions of native and deflavoxanthine oxidases with xan- 
thine pruceed at similar rates and yield similar ESR signals due to MoV [24]. 
Consequently, the presence or absence of flavh does not influence the strut- 
ture immediately adjacent to the molybdenum atoms to any significant de- 
gree. In addition to these important results, there is considerable ESR evi+ 
dence, in the furrn of superhyperfine coupling, for the interaction of MoV 
with une or bare exchangeable protons f25j while the relatively high g vzdues 
and the relatively low Mu hyperfine couplings [26] suggest bonding to one or 
more sulfur atoms 12’7 1, probably from cysteinyl residues. 

Sulfite and aldehyde oxidases have received less study but they exhibit; sim- 
ilar behavior [Z8-301, although weak ESR sign& due to NC? can ah be 
found in the resting state of the latter. These become stronger upon reduction. 
It is noteworthy that, apart from subtle differences in substrate specificity, & 
defiyde and xanthine oxidases appear to have similar molecular weights, iden- 
ticrrrl molybdenum contents, additional prosthetic groups which are identical 
and in the same proportion, and similar spectra in both their native and de- 
flavo forms 1311. There is evidence that reducing equivalents are transferred 
dtiectly from sulfite to molybdenum [ 12). With nitrzke reducfiase, reduction 
of the enzyme again causes the appearance of signals due ta MoV [ 321 l Chem- 
ical evidence points to the direct transfer of reducing equivalents from molyb- 
denum to NO; [15,33]. ESR studies of nitrogenases have naQ reveilled any 
evidence for paramagnetic &Iov [34,35], although a redox function for ITUP 
Iybdenum is clearly possible. In addition to Nz, the substrates which can be 
reduced by nitrogenases include N;, B&+3, atcetylene, ni&riles, and CN- [ 36jb 

AH of the enzymes listed in Table I contain 2 molybdenum atoms. En+ 
zymes from other souses, such IIS nitrate reductsse from Escherichia coli, 
have been reported [W] to conttin only a single molybdenum atom, but these 
results should be viewed with caution since contamination with demolybdo 
species has caused erroneous results with other sy&emB, such 8s the nitrUy;dI’¶- 
ase from KiebsielXa pneumoniae. The latt~ was first said to contain one mo- 
lybdenum atom 1381) but more recent results f 391 have pushed the average 
molybdenum content up to 1.7, It is reasonable ti assume that the true cons 
tent is 2, as shown in Table 1. 

There has been no ESR or chemical evidence for an interaction between 
these two atoms, yet their presence suggests that either in their Formation, or 
in the resting state, UT in a nxxe reduced state the enzymes contain one of the 
folfo wing groups. 
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BoGh configurations are common to simple complexes obtained from aqueous 
solution with molybdenum in ane of its higher oxidation states. Although the 
first configuration cm be found with complexes of MoVL, which is the oxida- 
tion state of the metal in the resting state of the enzyme, there is evidence 
which suggests that this configuration is not present in the resting state. The 
competitive inhibitor, allopurinol, binds to molybdenum in a X:1 ratio, appar- 
ently $0 produce two alloxanthine-MuiV complexes f 401 t Apparently, each 
complex is formed with equal facility which certainly rules auf any coopera- 
tivity between the two metal atoms and probrlbly rules out an oxo-bridged 
species in the resting state. 

It is of considerable importance to note that the oral adm!nistrafion of 
WO,Z- tu rati at Ievels af 1 to IOU ppm, in drinking water results f41] in pru- 
portionate decreases in the activities of xanthine and sulfite oxidases, de- 
cresses in the ESR signals due to molybdenum, znd decreases in the total he- 
patic molybdenum content. I-Iowever, the presence of as little as 1 p.p.m. of 
MO@- in the drinking water already containing 100 p.p.m. af WOi- negated 
these effects. Restoratbn of the hepatic xanthine and sulfite oxidases activi- 
ties could be accomplished by intraperitoneal injection under conditions in 
which new protein synthesis was inhibited. The implication is that reactiva- 
tion is achieved by the incorporation of molybdenum into apoenzymes al- 
ready in existence. However, in vitro reconstitution was not possible which 
points to the requirement for modification of either MoO$-, the apoenzyme, 
or both as a prerequisite for binding. 

In the case of sulfite oxidse, orraf treatment with W@- was shown tEb pro- 
duce 35% incorporation of tungsten into the enzymes, the remainder being 
metal-free 1421. While the native enzyme is reduced by sulfite ion in vitro 
within 1 minute, the tungsten protein showed 30-4070 reduction in the 
course of 30 minutes, with full reduction only achieved by the addition of di- 
thionite ion. Reduction produces an ESR signal at g = 1.87 which should be 
compared to the g = 1.97 signal due to MoV found in the reduced native en 
zyme. On the other hand, tungsten was nut detected in xanthine oxidase 1431. 
Thusl in vivo incorporation of the metal (either molybdenum or tungsten) in 
the case af sulfite oxidase, must proceed by a mechanism which has sub&m- 
tially different requirements than the one for incorporation by xanthine oxi- 
ciase. 

Spinach plax&s have no nitrate reductase activity if they me grow ti the 
absence of molybdenum but, if they are transferred to MoO~3olutions, nor- 
mal enzyme activity results within 24 h. If they are transferred instead to 
WO$- solutions, tungsten uptake occurs, but no enzymatic activity is observed 
[144]. Tungsten also competitively inhibits molybdenum utilization by Azoto- 
batter vinelandti f45f, as well as nitrogen fixation 146 J. 

These results suggest that the relative incorporation of molybdenum or 
tungsten into these proteins is not based solely an the relative binding con- 
stants of Itiovl and WY1 in these enzymes. Indeed, evidence ta be presented 
later suggests that kk? and Wvr should have rather similar binding constants. 
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This evidence is in clear contrast to the restoration of full enzymatic activity _ __ 
at very law Mu/X ratios, as well as the inability of tungsten to populate fully 
the sites which would otherwise be available to it. FlrEhermore, these results 
raise another question of some interest. Although the gram-atom distribution 
of molybdenum and tungsten in crustal rocks is roughly comparable [47], 
while the distribution in sea water lies in favor of molybdenum by a factor of 
only 200 [4’?], it is clear that there must be strong reasons for the exclusive 
use of molybdenum, rather than its congener, in axidaseq reductases, and ni- 
trogenases. 

The evaluation of all these results makes the following conclusions readily 
apparent. 

(1) A common, easily transferred molybdenum component of low molec- 
ular weight may be present in rtll of these enzymes. 
(2) Reducing or oxidizing substrates appear to interact directly with mu- 
lybdenum with reducing equivalents being passed from one to the other. 
(3) MO” is intimately involved with the passage of reducing equivalents. 
However, ESR evidence suggests that an enzyme environment, at least with 
xanthine oxidase, can sustain Mo’v for a finite lifetime. 
(4) Ligating sulfur atoms, either frum cysteinyil residues or possibly acid- 
labile sulfide ions, appear to be present, 
(5) It is ve,ry possible that 2 molybdenum atoms are in close proximity 
joined by one or two 0x0 bridges in a reduced state of the enzyme. 
(6) Tungsten, when it can be incorporated by an apoenzyme, produces a 
protein which is virtually inactive. 

C. THE INORGANIC CHEMISTRY OF THE HIGHSR OXIDATION STATES OF 

MOLYBDENUM 

fi) Strut tural aspects 

A~UCXNS solutions of molybdenum in its higher oxidation states (+6 and 
+5) are dominated exclusively by complexes containing the oxomolybdenum 
moiety. More than one 0x0 ligand may be bound with extremely short bonds 
to terminal sites in mononuclear or dinuclear complexes. Dinuclear complexes 
usually, but not always, have the 0x0 ligand in one or two bridging sites as 
well. Increasing evidence points to the importance of oxomolybdenum(IV) 
complexes, but the charactetiagion of these complexes is far less complete 
than thosrs of the higher oxidation states, Some structural results for MoVi, 
MoV, and Molv are summarized below. 

(a) bZovx 
The simplest form of MoV’ exists in basic aqueous solution as the tetrahe- 

dral MOO? anion [48j * Acidification of these solutions produces more or 
less complex behavior whose exact nature depends on the MoV’ concentration 
as well as the pH. Nevertheless, the first steps involve protonatian as well as 
expansion of the coordination number from 4 to 6 [49,50 J. 



Mo(OH), + H+ * Mo(OH)&~~O)+ 

These steps are in direct contrast to the prutonation of CrO$- where expan- 
cion af the coordirzatbn number does not occur. In the light of structural 
stud& to be presented below, these products are perhaps better formulated 
with two or three 0x0 ligands. For example, Mo(OH),(H20)’ might be written 
= MoOz(OH)(H,0)3’. More recent studies have shown further proton&ion of 
Mo(~H)#&$~)’ and an additional equilibration with dinuclear complexes 
which wer;e written as H,Mo&+ and l&Mu&~ but whose precise forms are 
not known ~IUU]. 1 = more concentrated solutions, e~~~~~r~~rn ultra~entr%u- 
gation studies [5X] and temperature-jump measurements [so; poink to pdy- 

merization of the mononuclear Mov’ anions to give predominantly Mo@z 
and MosOz. Raman spectroscopy [51] has indicated that Mo70z has the 
same structure in solution and in the s&d state, while the same is probably 
true fur MO@% as well. 

When W,S is passed through solutions containing MOO?, step-wise re- 
placement of the 0x0 ligands occurs to yield f 523 MoU$?“-, MoO&-, 
Moose, and M&/y. 

Wh2n polydentate ligands are added to aqueous solutions of MoVr, the sys- 
tem appears to become somewhat simpler. There are three structural types 
which have been izharacterized by X-ray techniques, Metab~gand bond dis- 
tances me given in Table 2, f is found with Mo03fdien) 1531 and with each 

51, ii, 
---MNo~O 

Od 

-Ma-O 

I /I OH t -Mo-o07Ml- 

I IT m 

half af the dinuclear, non-bridged (MoC&EDTA~ ]54]- It is postulated with 
both MIDA and NTA complexes 155 3. II is found with MoU2Q2 1561 and 
.Mo0s(S&NEt2)2 1571. A single authenticated example of III exists with 
Mo~05(C20&(HaO)~ [ 581, but infkred and pH studies have indicated [59] 
that; the following reaction occurs at low PH. 

2 Mo03(MIDA)2- + 2H + r-’ (MIDA)O,Mo-o--MoU,fMr~~)~- + IL%& 

The reaction of H2S with (MoO&EDTA 6- in aqueous solution leads [60] to 
Moz04S(EDTA)2- which is presumed to be a structural variant of III with 
the bridging 0x0 Ugand replaced by sulfur. 

The proton ma~eti~ resonance spectra of (MuU3)$3DTAG and MoOa- 
MID&?- contain AR quartets due to the non-equivalent methylene protons 
fkom the acetate portions of the ligands [55i,6X]. We have nut observed col- 
lapse nor even broadening of these signals up to temperatures as high as 80°C 
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TABLE 2 

Average bond distances (aL) for MoVx complexes 

Compound MO=+= Md&b Mo-Y’ Ref. 

fMoUs)dien 1.74 - zPI2.32 63 
Na,[(Moo,),EDTA].8H,O 1.74 - 0” z2.20 54 

M&Qz 
N* ~2.40 

1.71 Oz1.98 56 
N’: 2,32 

Mu~&!$$XE~~)~ 1.63 - Sz2.44 57 
s* : 2*63 

Kzf”oZQ5(C204)2(H20)23 1.69 1.86 ox 0” z2.13 58 
ox 0**:2.09 

I&O* ~2.33 

* Terminal oxygen, 
h Bridging oxygen. 
c Atoms fmns to a terminal uxygen are designated by a single ;isterisk while those which 

me tram to a bridging oxygen are giiven a doubk astt;risk 

/62], On f&e other hand, the spectrurn of a solution containing either (WC&- 
EDTAe or W03MIDA2- exhibits only a singlet, which is shifl;ed from the cor- 
responding absorption of the free ligand, due to the methylene protons [62], 
Since equilibration of the two distinct sites demands at feast parti& dissocia- 
tion along with inversion at the nitrogen atom [63), it is clear that these com- 
plexes af WV’ are considerably more labile than those of &Cc?. 

The stereochemical nonrigidity of Mo02(acac)2 has been established by 
proton magnetic resonance 1641. The limiting spectrum at low temperature 
fur the methyl protons consists of two resonances, consistent with If, which 
coalesce at only 18°C in CEH&. The signal due to the ring protons kerntins 
sharp throughout the entire range of temperatures. These data, of course9 zxre 
not sufficient to define the molecular process which causes coalescence of 
the signals. That problem is characteristic of virtually ti work dealing with 
nonrigidity of complexes of the acetylacetonates. 

very little fhermodynamlc information pertakG_ng to the formation of 
MoVX complexes appears to exist. FortunaMy, ;it direct comparison of the for- 

mation constants [65J of Mov’ and WV1 with several polydentate ligands is 
possible, as shown in Table 5. It can be seen that these constants are very sim- 
ilar, so that either metal can compete effectively with the other for binding 
to these ligands. 

There are again three structural types which have been found in X-ray stu- 
dies. V is related to 311 by the loss of two 0x0 ligands. Two farms of V ‘dice ac- 
tually known: in Va the terminal oxygen atoms are eclipsed while in Vb they 
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TABLE 3 

Average bond distrtnces (zi) for Mov complexes 

Compound MO=+= MO---&~ MO-Y= Ref. 

- 

- 

1.86 

I*86 

1.93 

I-92 

1.90 

1.93 

2.31 

2.32 

2.29 

Br:2.55 
&*:2.83 

Ct:1_88 
a*:2.03 

s:2*49 
S* :2.7Q 

S** :2.54 
5~2.47 

s* sL80 
s**:2.55 
0*:2.30 

N** :2.23 
S**:2.49 
0*:2.2x 

IV* :2.23 
ox 0*:2,11 

ox o** :2.14 
H4FY2.22 

N**:2.23 
s*+ :2.49 
N+* :2.23 
S** :2.38 
0”:2,23 

N**:2.24 
0**:2.11 

N* ~2.45 

66 

67 

72 

73 

76 

77 

75 

79 

81 

82 

83 

u Terminal oxygen. 
b Ekidghg atorn, 
c Atoms which are tram to a terminal oxygen are shown with a singXe asterisk but those 

opposite a bridging atam are given a double asterisk. 

are opposed. In VI the ligand atoms tram to the terminal 0x0 ligands are only 
weakly bound if they are present, i.e. Via, but they can be completely absent, 
i.e. VIb Bond lengths fur various complexes are summarized in Table 3, 

ii, il/ L 
TM0 - 

-MO-a-tdo- 
Yi[/O, P / 

t ‘I ‘I 
J t \,/qY 

Isz a: xi 

IV is fuund with MoOBr~ [663 and &!uUFr [67], while M&C15 is 
known to exist in cancerbated NCi solutions [61!!Qt and weakly acidic or INN- 
tral saluti~n~ probably CO&G.~ 1691 diamagnetic Mo,O,(H,O)~~ (type Via). 
At intermediate acidifies, however, V is believed to exist [ 70]_ The reaction of 



TABLE 4 

Average band distanlses (A) for Mow complexes 

Compound Mo=OTa MO-Y b Ref. 

NaR&MoOz(CN)~ ]-6&&l 
fMoOGl(dppe)a] [Z&f3 ]*2(CH3)2C0 

MoOClg(PMegPh)3 

I-83 ck2.20 91 
1.69 Cl*: : 2.46 92 

P: 2.57 
1.67 C1~2.46 94 

Cl*:2.55 
P;2,53 
cI:2.46 

Cl* :2.43 
f:2,55 

94 

u Terminal oxygen. 
b Atoms which are trans to the terminal oxygen atom are designated by a single asterisk. 

Moz04(MzU)~* with NCS- leads to &Io2U4(NCS)~- [71]. Va has been &own 
to exist with MozU3(S&UEt)4 f72] and Vb is found tith Mo~O~[&P(OEEL)~]Q 
1731. Analytical and spectroscopic data are in accord with the existence of 
Moz03Q4 [74]. Reactions of type V complexes with H2S Ied ta oxygen-free 
products which appear tlcj be polymers and are poorly characterized 1751. Via 
exists with Mo2U4~L-cys)~ [76], Mo&fL-his& 1771, and Mq@,(C@& - 
(H@)$- f78] while VIb has been shown to occur upon esterific&ion of the 
carboxy group in cysteine as in Mo&g(L-Etcys)z Ij79]. Results Bum proton. 
magnetic resonance studies [SO] are consistent with type Via for MO@*- 
(EDTA)*. Reactions with I&S have led to the authenticated structures of 
MozOZSz(L-Mecys), 1811, Mo,0zS&--hkt)2 1821, and Mo&&(EDTA) * 
[S3] where the bridging 0x0 ligands have been replaced by sulfur but the ter- 
minal 0x0 ligands remain unchanged. 

An interesting new type of din&ear cornpiex of lMov is the result of the 
reaction of the pyridinc adduct of Mo204Q2 with 2-mercaptoethanol [ 84]_ 
The resulting complex, Mo20,QZ(SCH2CH,0), has three bridging groups. 
Two of these are the donor groups from the 2-mercaptoethoxide dianion while 
the third is the normal 0x0 figand- 

It has been possible in a few instances [85,86] to demonstrate by means af 
synthetic reactions the interconversian, V * VI. It is unfortunate that this irm- 
portant reaction has received so little attention. Interconversion has not been 
accomplished when bridging sulfide ligands are present. No fhermodynamic 
data are available. 

Since MoV has a d1 ektronic configuration, the mononuclea complexes of 
type IV are expected tu be paramagnetic. Electron coupling usually occurs in 
dinuckar complexes (V and VI) to cause diamagnetism. Although Na2[ MozOd- 

(~-cYs)23*5H,O is essentially diamagnetic in the solid state 1871, aqueous so- 
lutions of the compound, enriched in g5Mo (I = 5/Z), exhibit /27 ] a 6-line 
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ESR ~pe&~~~rn whose intensity only accounts for about 2% of the molybde- 
num which is present. Small equilibrium quantities of a mononuclear complex 
are presumed to be responsible for the ESR signal. Similar results have been 
obtained [27] for the MoV complexes of fl-mercaptopropionic acid, 1,2-ethane- 
dithiol, and 2aminoethanethio1, but no ESR simal was observed with L-ala- 
nine, Ehistidine, L-cystine, L-propanethiof, or EDTA. Thus, ESR activity in an 
stqueous e~tionmenft, however snnall, depends upon the presence of a sulf 
hydryl group in a chelating ligand. In a polar, nonaqueous solvent, such as I)MF, 
the 1: 1. camplexes of oxomolybdenum(V) with PI-mercaptoquinoline, 8- 
aminoquinoline, and 3,4-dimercaptotoluene are apparently mononuclear since 
they are essentially 100% ESR active [88]_ It is noteworthy that the ligands 
with sulfur dunors again caused higher g values and lower hyperfine coupling 
CUnStints* 

Themodynamic data for the formation of Mov complexes are known in 
far less detail than those for MC?. The formation of Mo204(H20)&JCS~ from 
bIo@*(H$3)~ has an equilibrium constant of 200 2 40 1 malo-’ with [H”] = 
0.5 M [89], while the formation of Mo&14EDTA”- according to the followbg 
reaction 1901 has an equilibrium constant of 2+5 X PO27 1 mole? 

TWO structural types have been identified by X-ray methods. These are IV, 
described above, and VII. 

0 
11 J 

-MO- 
,’ II 

2% 
me onty known example of VII occurs tith Mo02(CN)f (911. IV occurs 

with MoUCl(bppe)2+ [92-j) and Mo~Cl~(PR2Ph~~ (R = CI-Ia 1933 or C&I5 [94])_ 
Bond lengths me summarized in Table 4. Reduction [95] of MoU~(S~CNR~)~ 
or MoQ~[S$“(OR)~]~ leads to diamagnetic MoO(S~CNR~)~ and MoO[S2P(OR)2]2. 
The molecular structure of MoO(S&NPrg)2, in a paper [96] which unfortunate- 
ly is unavailable to the author thus far, is said [97] to be a square pyramid, but 
the small bite angle due to the bidentate &and causes the viztuai symmetry ta 
be close to Czr However, the praton magnetic resonance spectrum of MoQ- 
S&NP&, indicates that structural differences occur in CDC13 solutions [98]. 
At ambient temperature, the 100 MHz spectrum consists of a single doublet 
from the methyl groups and a single septet from the methine protons due to 
one or more rapid averaging processes. The spectrum at low temperature, how- 
ever, consists of two I: 2: 1 triplets of equal intensity for the methyl protons 
and two X:4:6:4:1 quintets OP equal intensity for the methine protons. Al- 
though fortuitous overlap has occurred, this spectrilm is consistent only with a 
structure possessing either a plane of symmetry or a two-fold axis, as in an 
idealized frigonal bipyramid w<th the 0x0 l&and in the equator to achieve 
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Reaction log %f, lag Kw 

MO:- -t- IDA2- I- 2H+ 
+ M0$DA2- + Hz0 18.3 * 0.1 X8-5 f 0.2 

MU:- + MK?A*-- + 2Hf 
* M03MEDA2- + I-&O 18.73 * a04 l&TO 4 0.01 

MCI;- + NTA3- + 2H+ 
e M0,NTA3- + Hz0 18-94 zk 0.03 18.86 * 0.05 

MO:- + EDTA4- + 2H+ 
* MO 

s 
EDTAG * HZ0 18.6 ;t; 0.4 18.9 r 0.4 

MO;- + MU$TrrA++- + 2H 
e (MU3j2EDTA4- + i-I20 1’7.5 *- 0.3 3w6.9 -F 0.2 

Q All data were taken* from ref. 65. 

maximum bonding. Of course, distortion of this idealized structure toward a 
square pyramid is possible as long as these elements of symmetry are preserved 
on the NMR time scale. Five-coordinate complexes af the vanadyl ion (V02*), 
with one less d electron, generay adopt either the geometry of a square py- 
ramid or one which is intermediate between a square pyramid and EI tdgonal 
bipyramid. There is only a single authenticated exarnpk of a trigonal bipyranr- 
id [99], and in that case the oxo ligand is found in the equatorial plane. 

Various unsaturated molecules readily bond to MoO@&NRz). The authen- 
ticated structure of the adduct with (NC),C=C{CX),, which has become avail- 
able recently [1011, is shown below. 

A true square-pyramidal structure undoubtedly exists with Ike diamagnetic 
phthalocyanine complex of oxomolybdenum(IV) because of the rigidity of 
the ligand [lOZ]. 

The paucity of compounds of uxumolybdenum(XV) is due probably to dif- 
ficulties surrounding the synthetic methods. Indeed aqueous solutions of 
MoIv have been obtained only recently [103]. Ion-exchage experiments 
I1031 have led to the conclusion that the species present in solution is [MOO- 

w2w412 * cc Polarographic reduction of MaVL in either aquebus HCI [ 1041, cit- 
ric acid [134], UT &conic acid El361 solutions gives rise to an unstable MuiV 
species, There are other indications that ligands conf;tining oxygen as the do- 
nor atom pruvide an unstable envirunment fur Mu’? Thus, while MoQ- 
(S&NR2) is readily reduced to the MofV compound (see above), no reduction 
of MoOa(acac)z was observed under cornparable conditions [95]. 
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In dimethylsulfuxide, it would appear that some stabSty can he attained. 
The tmm-election reduction of the dinuckar complex of MC? sund the ribofla- 
ti radical anion (VI), ~~hich has no ESR spectrum because of spin coupIing 
between the electrons localized on the &and and metal, produces a dinuckxr 
MoIV species having an ESR spectrum which is very similar to the uncompkx- 
ed radical anion [105] + 

The substitution reactions of MC? appear to be very rapid, but reduction 
is fairly slow. Thus the rate constants for the formation of the I:1 ocfahedral 
complexes with catechol and EDTA me 3 X 1U2 and 2 X IO5 M-l s-l respec- 
tiveiy fl06,1073 _ The reduction of MdVg with N&&+ in a phosphate buffer at 
pIi T.6 and 60°C to yield MoV and Nz is slow, with the rate constant being 
about 0.5 M-‘s? /UIS”j. The detection of NzHz led to the conclusion that 
the rate-determining step of the mechanism was the two-electron redox pro- 
cess 

NzHS+ + Mu vz + N2H, + MoIV -f 3H+ 

followed by more rapid steps 

2N,Hz + H+ + N2 -i- N&X5+ 

MoIV + MoV’ + 2Mo” 

2MoV + IMo’lh 
where [Mc?]~ is probably similar to Moz04(Hz0)~ discussed above, but prob- 
ably with one or more buffer anions coordinated to each metal. atom. Cysteine 
will a&o reduce MoVL to yield cystine md a new complex which was formu- 

* kited as Moz03(Gcys), ( V) [109,11Uf. It is unfortunate that the latter is con- 
verted to MU&~&-cy&-, i.e. VI, during attempts at isolation. The rate con- 
statnt for the reaction (pH 7.5,60”C, phosphate buffer), which is first order ia 
MoV1 and second order in cysteine, is approximately 1.0 X 10m2 M-2 s-l. 

Recent unpublished results from this laboratory [62] have shown that 
[MoO,)&DTAe- will reduce hydrazine at a rate which is appruximately 10’ 
mure rapi&han McIU~ under identical conditions, Neither WO,” nor @K&.&- 
EDTAb, however, is reduced under the same conditions_ Similarly, WO,” is 
not reduced by cysteine at pH 7.5. Polarography has shown that, while (Mo0&- 
EDTA* in; an acetate buffer is reduced at - 0.63 V vs. SCE, the correspond- 
ing WvI complex is inactive [133] _ Similarly, only Movl is reduced in citrate 
[X34] or t&rate 11355 buffer solutions containing both MoVr and WV! 

The oxidation of aldehydes by MoOz(LJZtcys)z to yield carboxylic acids 
has beer, claimed to proceed according to the fullowirtg equakn in DMSU or 
DMF [111-j. 

RCHO + 2MoO,(LEtcys), + IECOUH f M0~0~(C=Etcys)~ 



This reaction, whose kinetics have not been studied, is of considera& inter- 
est because of its apparent relationship to functioning of an aldehyde oxidase. 

The kinetics of the reactions of MoOCl~ with Snxl [ 1121 and [MoV Jz with 
02 11131, I,- [113], NH@H 11141, NO,- 11151, and NO, [llrjj, have 
been studied in various buffers. All of these reactions are fairly slow. Qualita- 
tive results from this laboratory have indicated that the reackion of MO&- 
(EDTA)* with NUsW to yield NO (and a trace of NzO) is also very siow. The 
reaction oE that complex with O2 is said t.3 be nonexistent [‘iI?]+ It is note- 
worthy that one explanation 11131 of the mechanism of reactions of O2 and 
I,- is the slow disproportionation of [MoV12 to yield MoIV and MoV’, with 
the former being the species which causes reduction of O2 and Is-. Howtzver, 
an afternative expknation fll31 is that mononuclear MoV, resulting from 
dissociation of the dinuclear [MoV], is the reactive species. This dissociation, 
which was not actually observed in the kinetic experiments, can be mea&red 
under favorable conditions [ 1181. Either explanation will also explain the 
half-order dependence on the concentration of [MoV]2 in the reduction of 
NO, by reduced flatin (reduced by Ti”I or dithionite ion) which is catalyzed 
by MoV [ll9f. How&r, it should also be noted that it has been demon- 
strated f: 12Q,3213 by polarogtaphy that Molv is invoked as an active p&i& 
pant in the molybdenum-catalyzed reduction of NOa- and CD,- by Sn”. 

A clear-cut case for disproportionation of type V complexes has recently 
been demonstrated 1861 with Moz03(S$NR&. Studies of the absorption 
spectrum, which showed that Beer’s Law is not obeyed at -510 nm, have sug- 
gested an equiIibrium 

Mo,O,(S&NE~)~ + MoO(S2CNR& + Mo02(S2CNR2)z 

The equilibrium constant for this reaction is 4 X 10W3 M at 41% in cWoroben- 
zene with R = n-C&H7 [IZZ]. However, the MoIV complex% which &s coordi- 
natively unsuturated, can be trapped and isolated as the 1:l complex tith di- 
ethylazodic;rrboxylate. Hydrolysis of this complex feads to MoQz(S&~R& 
and the corresponding hydrazide. The MQ*~ complex will z&o form adducts 
with CH302CC=CC0,CW3 and (NC),C=C(CN), [1233. The structure of the 
latter has been determined by X-ray studies [ 1011. 

The absorption spectra of the xanthate complexes, Mo2U&3&XXQ4, in ben- 
zene or GHCZ3 deviate only sfight’ty from Beer’s Law at -510 nm f124]. AL 
though it is clear that sume reaction is occurring, it was not impassible to dis- 
tinguish between dissociation of the xanthate ligands and clisproportionation. 
The former seems unlikely in these solvents. Finally, time-dependent changes 
[ 1251 in the absorption spectrum of M~@&(tRcys)~ (R = CH, or C,H,) may 
weB indicate the slow disprupcrtionatiun of&hat campound, 

The tipartance of this disproportionatiori is Uustrated f-her with the 
catalysis of the oxygenation of P&P by Mo~O~(S~CNR~)~ fl.221. The results 
show convincing evidence that Ph3P abstracts an 0x0 ligand from MO@- 
(S2CNR& which is present due to the disproportionation described above. 
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The resulting compound, MoU(S&NR&, is then oxidized by O2 to give back 
the catalyticaffy active MO” compound_ 

The oxidation of aldehydEs by MOO&-Etcysjg [11-l] has aheady been dis- 
cussed. Although the observed product is M~@~(L;-Etcys)~, 0x0 ligand abstrac- 
tion by the aldehyde is a real possibility, providing the MofV complex then 
suffers a rapid reaction with Mo~~(L-E~c~s)~. 

RCHU + MoO*fLEtcyl)~ --, RCUOH + MoO(L-Etcys)z 

M00(EEtcys)~ + MoC?z(~Etcys)B -+ Mo@&-El~ys)~ 

Since disproportionation of M~~O&-Etcys)~ is either slow (see above) or 
nonexistent, complete conversion to the Molv compkx may not be possible, 

Emulation of nitrogenase activity has been accomplished E126] by the re- 
duct~bn of no,u*fL-cys)~ 2- in the presence of a subshate and ATP, The sub- 
strates include I&, C,H, CK, N3, and N&I but turnover numbers are, under 
the best conditions, at least 103 times less than those obtained from the nitro- 
genase from Clostridium pasteurianum. The reductian of N2 by this system 
produces diimide and hydrazine prior to the formation of NH3 [36]_ However, 
it is of interest to note that there exists a linear dependence between the total 
Froduct funnation and [ Mo$&(Lcys)$-f~ where the sub&ate js CN, Thus, 
the molybdenum species, whatever its actual composition, must ba mononu- 
clear. Furthermore the requirement for a reducing agent makes it clear that 
an oxidation state lower than +5 is involved, Cyclic voltammetry has indicated 
fI2?] that Mo&I&~cys)~ * in aqueous soIution is reduced at -1.29 V vs. SCE. 
Unfortunately, the number of efeceons involved in the reduction was not de- 
termined. Recently, it has been cfaimed Chat aI_I experimental evidence points 
to MorV species as the catalytic reagent 1361. Furthermore the reduction of 
MoV1 or Mov is catalyzed by the cluster, Fe,S,(SR)i- [36]. 

Some aspects of nitragenase activity ran also be found in the tungsten- 
cysteine system [US] _ Relative rates (W vs. Mu) for the reactions with N2, 
CN-, K-Z and N&I are 0, 4.3,0.75, and 0.52, respectively. 

However, small amounts of ammonia, formed by the reduction of Nz, have 
been claimed 11281 tin far simpler systems containing either molybdenum or 
tungsten. Acidic solutions of MoV1 or WV’, through which N2 is bubbled, will 
catalyze the formation of ammonia either upon electrolytic reduction or in 
the presence of the reducing agents, !&I 01 Sn If_ The formation of ammonia 
ceased when aIf the Mom was converted to &IO”’ titer about 24 h, or in the 
presence of catechoi, However, when the reduction of N2 by Sn” was catal- 
yzed by WVL, the formation of ammonia continued beyond two weeks. This 
result was attributed to the greater stability of the highest oxidation state of 
tungsten, 

(iirij Excfusrbn of Mu IIl 

A discussion of the aqueous chemistry of MO”’ has not been included for 
two reasons. First, complexes of Monl are expected to be inert to substitu- 
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tion- Indeed, recent work has indicated that the order of increasing lability 
of octahedral complexes is Mom i--Mov < MC? [SS]. Inertness to substitu- 
tion reactions would nut be an attractive feature fur a c&ddic substance. 
Second, there is absolutely no evidence that MoI” results after strong reduc- 
tion of an enzyme. If it did, it would be expected to be observed either direct- 
ly through its ESR spectrum or indirectly through a determination of the 
number of reducing equivalents which are available to the reduced ,onzyme. 

Several conclusions can be obtained from this account. 
(1) 0x0 complexes are the invtiable result with the higher oxidation states 

of molybdenum in an aqueous environment, 
(2) Dinuclear, oxo-bridged compounds can sometimes be found with Muv’ 

but they prevail with MO v in either of two types, V or VI. Under favorable 
conditions, V can equilibrate with VI. However, if bridging su’tiide ligands are 
present, no equiIibration occurs. 

(3) Dissociation of dinuclear Mov complexes is never extensive in aqueous 
solutions. With Iigands which contain sulfur: as donor atams, dissociation is 
sufficient to detect small quantities of ES%active, mononuclear complexes 
of unknown structures. This dissociation can be enhanced in a polar, monaque- 
ous environment. 

(4) There is a recurring theme in the literature that Moxv is involved in many 
oxidation-reduction reactions, It is often postulated that Mu’~ is responsible 
for further reductive reactions. This theme has found partial s~~bs~tiati~n in 
the observations that certain MoV’ compounds are readily reduced by 0x0 Ii- 
gand transfer reactions to the corresponding MoIV complexes. Furthermore, 
disproportionatlon of certain type V complexes provides a facile route to 
MoIV complexes, MoIV appears to be stabilized by ligands which contain sul- 
fur as a donor atom. 

(5) Electron transfer reactions of both M#’ and MoV are fairly slow bit 
catalysis by certain iron compaunds, such as Fe,S,(SR)~, can produce signif- 
icant increases in the rates of these reactions. 

(6) Although not much data exist, equilibrium studies for a few cases indi- 
c&e that WV* shouId compete effectively with MoV’ for a given binding site, 

However, it is possible to show that the resulting WV’ complexes are not re- 
duced as easily as those of MC?. 

D. CORRELATlCONS AND REQUIREhlENTS 

A comparison of the ~~ncfusions frum Sections B and C of this review indi- 
cate some strong similarities, It is clear that both biochemists and inorganic 
chemists are canvinced that MoIV plays an important and perhaps essential 
role in the oxidation-reduction reaction of molybdenum. It would also ap- 

pear that ligands which contain sulfur as a donor atom, but apparently not 
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sulfide &ands, are important for both ESR actitity of MoV complexes in ap- 
prulrimately neutral safutions and f’tite lifetimes for MufV species. It is also 
apparent that molybdenum-bound 0x0 ligands are to be expected in the en- 
zymes, but whether or not these are useless appendages needs further consid- 
eration, When the obvious need for Mom is included, these carrelatiolns should 
serve to outline roughly the active site of oxidmes, reductases, and nitrogen- 
ases which contain molybdenum, 

However, other factors must diso be considered. Two obvious and essential 
rerquirements for enzymatic activity are rapid substitution or addition of the 
substrate at the active site and rapid electron transfer at that site. Considering 
each requirement in turn; if the substrate attacks a site containing Mov’, 
which should occur with the oxidzz~~, then rapid formation of a molybdenum- 
subst~~&te complex ti to be expected since fast reactions are the rule with &by'; 

if the substrate attacks a site containing MoXV, which should be the case vvith 
the reductases, then a somewhat slower reaction might ensue if the coordina- 
tion geometry of the metal prior to attack is octahedral. This conclusion is at 
least in line with a recent statement [89] that the lability of octahedral MoXv 
lies somewhere between those of M&I1 and Ma”_ However, if coordinative un- 
saturation is also attributed to this site, then rapid addition or oxidative-addi- 
tion of the substrate would be expected, Fast addition reactions certainly ap- 
pear to be the case with MoO(S&NR&. Rapid electron transfer reactions, 
the second requirement for these enzynies, are not the general case for Mov’ 
or Mov in the absence gf catalysis, However, it would appear that Fe/S groups 
GUI provide the required catalysis, 0x0 bridges, either between molybdenum 
atoms or between molybdenum and a subs&ate, may also pruvide a feasible 
and efficient pathway for electron transfer. Thus, the dispropartionation of 
Mo~O~(S&NR~)~ is established instantly_ Furthermore, the catalytic oxygen- 
ation of Ph3P by MoQz&CNRz)z probably proceeds through an 0x0 bridge 
according to the following fast sequences. 

Although tungsten appears to mimic molybdenum reasonably well in model 
systems in the presence of rather strong reducing agents, it does nut do so un- 
der biulagicaf conditions, Since compounds of WV1 should be more stable to 
reduction than their molybdenum counterparts, biolo@cal reducing agents 
are probably not capable of reducing tVw at physiological pH values. This 
statement applies not only to the actual functioning of the metalloen~yme 
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with various substrates, but also to-the formation of these proteins. If their 
formation (or the formatian of a cofactor which contains the metal [16] ) re- 
quires a change ti oxidation state, then synthesis of the metakwnzyme (or 
cofactor) may not be possible, Even relatively small changes in the lacaI. en- 
vironment (such as the pH) may suffice to inhibit a required oxidation-re- 
duction reaction which might occur under different conditions. This reason- 
ing may explain the partial incorporation of fxngsten inta sulfite oxidase 
1421 and its exclusion from the apoenzyme correspondllng to xanthine oxi- 
dase 1431, 

E. MECHANISMS FOR REACZTONS 

Current theories for the mechanism of the interaction of a substrate with 
one of these enzymes center around the probabsty that Mu” is an active 
species, unlike older theoties which focused attention an MoV. However, the 
mode of interaction between the substrate and the active site readily distin- 
guishes the cuncent opinions. 

./ 
Moo" + 2e - Morcd NJ- MO-N “t 3H+ - Mooi + N, + NI-$ 

t H2Q) 
\ 

l-4----N 

II 
H-N 

N2+ '42 N2 +- N2Hd 

ic 

MO-=-~ 2 H* I 

MP 

2 NH, 

Scheme 1. Essential steps in the reducfion of C$&, N3-, N&b and Nz by a nitmgenase 

according to Schrauzer. 



Schrauzer f36,1263 has considemd the action of a nitmgemse with its vari- 
ms substmtes to be either sknple substitution ar addition at Moz;y2 fulbwed 
bp otidlation tu either MoV or MO* and release of the reduced substrate. A 
few of these xeactians are shown in Scheme 1, wherein McPd b equivalent to 
Morv while MO”” represents either Mov or MoVr. The reaction with acetylene 

bc 

Fe’ 
HJN=N\H 

0 .e t . 0 
N-MO=--N 

Scheme 2. Reductian af C$-Q, N2, and NO 3- and oxidation of xanthine and aldehydes 
according to StiefeI. 
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i.s in accord with the knuwn ability of MuU(S&NR~)~ to form a 1:l complex 
with activated acetyIeaes, E&thenrrore, fihe hydmltysis products of the MU--& 
compkx are in accord with the d&e&ion of dGmide in the reaction of reduced 
Mo@a(cys)F with Nz. Diimide then disproportion&es by a well known react 
tion to provide hydrazl:ne and N2. There is, however, no current Gvidence that 
a simple MolV- hydrazine complex can be found, although it would seem to 
be a logical possibility, More complicated modes of interaction, resulting in 
fragmentatiun of substituted hydrazines;, are knam [129j. One other point is 
worthy of note. Since both MOO:- and (Mo0&EDTA4- actually oxidize hy- 
drazine, it is clearly tie that cysteine in Schrauzer’s model system and perhaps 
cysteinyli residues in the enzyme, probably by virtue of sulfur donor atoms, 
substantially after the free energy of the reduced complex with respect to its 
oxidized form. 

Stiefef [I301 has provided a somewhat mort3 subtle view based on mecharl- 
isms which employ coupled proton and electron transfer between the sub- 
strate and the active site. These mechanisms, shown in Scheme 2, depend up- 
on the availability of bound ligands which can serve as proton donors or ac- 
ceptors. These are show as primary or secondary amine groups in the Scheme 
but 0x0 ligands might Eunction equivalently_ The logic behind this mechanism 
is the well known increase in the acidity of a bound ligand which accompanies 
an increase in the oxidation state of the metal. Clearly, these mechanisms 
make a more substantial use of the immediate environment around each mo- 
lybdenum atom. Stiefel accounts for the observed ESR activity in terms of 
Mov by sequential electron transfer steps 

MO”’ + MoV + MofV 

or by a redistribution process which is shown belaw. 

MoVI + Molv + 2MoV 

RH = xaothine 
t 

MCP ---OH 

SR 

Scheme 3. Oxidation of xanthine accordPng to Bray. 
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&oton couplings are presumably due to acidic hydrogenatoms ofthebound 

mine groups which are exchanging slowly wi<.h those from the aqueous en- 
vironment* 

Another mechanism which appears to use the entire active site is the one 
favored by Bray [I311 for xanthine oxidase. As shown in Scheme 3, ~II 0x0 
ligand accepts a hydride ion from xanthine, which causes the two-electron re- 
duction af MoVll while the oxidized xanthine residue is bound to a nearby 
sulfur atom. Hydrulysis then provides uric acid and a MoIV species. Loss of 
hydride ion from U-E latter returns the sequence to the original active site. 
This mechanism appears to be the first to make specific use of an oxo @and, 
although Stiefel has admitted the possibility [ 1303. 

None of these mechzksms draws heavily from the known inorganic chem- 
istry of molybdenum, &hough Stiefel’s mechanism does use certain postud 
lated aspecks of it, The resuk which were previously discussed indicate that 
MoVI is invariably bound to two or three 0x0 ligands, as in I or II. Reduction 
to mononuclear, parannagnetic MoV complexes results only athigh acidities 
or in a polar, nonaqueous environment. At physialogical pH values, one- 
electron reduction will result in a &nuclear MoV complex, however. 

Paramagnetism can then result from hydrolytic dissociation of the bridged 
complexes [20,127,132]. Rather than supposing that MdV results from the 
addition of two electrons to V or VI, a less demanding route would be dispro- 
portion&ion [ 861 f as in the following reaction, 

v * II + VIII 

One of the products, VIII, is a 0x0 Molv species of unspecified geometry. 
Earlier arguments concerning reaction rates suggest that VIII could be coor- 
dinatively unsaturated, 

If a dire& pathway between MoVIC and MuEV is included, the result is a fully 
reversible series of sequences which should be equally applicable to both oxi- 
dases and reductases. It is evident that this pathway is the one that must ac- 
count for the interaction of the substrate with the active site. 0x0 ligand 
transfer between molybdenum and the substrate will provide the necessary 
link between the two oxidation states 141, as shown below. 

VIII + OL * VIII--oL * II -+ L 

(L = SU$-, NO,, RCHQ, xanthine, N&) 

The combination of these sequences is shown in Scheme 4, wherein the 
resting state of the enzyme is presumed’tu contain IL- An equally acceptable 
~&es of reactions can bs devised fox I. 

This scheme requires a certain c;crrperaGvity between the two molybdenum 
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ii/ L 
-7Mo-*-M-- I ’ 1 

Scheme 4. A new proposal far oxidases and reducktses. 

sites, but only in reduced oxidation stA;es and never in the resting slate of the 
enzyme. The manner in which alloputinol inhibits the action of xanthine 0x5 
dase f4U-j is a legitimate question requiring an explanation- Two possibilitk~s 
are immediately obvious. First, reduction of the enzyme by allupurinol results 
in a Mo’V-alloxanthine complex of considerable stability. If VZIX- OL will not 
release the oxidized substrate, then it is clear that inhibition will occur. Sec- 
ond, a comparison of allopurinol and xanfhine or their oxidation products; 
Z.&QXZ&&I~ and uric acid, indkates that the hydroxyl. group has been intro- 
duced at an entirely different site (see below). As a consequence, different 
binding modes at the active site, eaeh with differing steric requirements, must 
result, Subsequent reactions of the Ma Xv-al.loxanthine complex could then 
be inhibited because of steric hindrance. 
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If corzperativity exists only in the reduced oxidation states of molybdenum 
and not in the highest oxidation state, then movement of the protein chain, 
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possibly rest&ted, wauld be mq..~ired. The trigger fur this movemerrt could 
be the chariges in the molybdemxm-donor atom bond lengths which must oc- 
cur inevitibly upon reduction of molybdenum f43. As shown in Tables 2, 3 
and 4, these bond lengths are largest when i-ram to a terminal oxygen atom. 
Thus, considerable changes in the conformation af the protein would accom- 
pmy the reduction of If ta V or VIII since a decrease in the number of ter- 
minal oxygen atoms uccum This trigger may also cause other electron tram- 
fer centers to move into the prc&mity of molybdenum which wouId then aI- 
low the passage of reducing equivalents between the centers 1[4]. 
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