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MECHANISMS FOR THE REACTIONS OF MOLYBDENUM IN ENZYMES

RA.D. WENTWORTH
Department of Chemistry, [ndiagne University, Bloomington, Indiana 47401 (UL.5.A.)

COMTENTS

A. Introduetion . . e e e e e e e e e e e e e e s a e
B. The role of molybdenum in enzymes .- .o
C. The inorganic chemistry of the higher oxidation states of mo‘lybdenum e e
(i) Btructural agpects . . . . . . . . . - . 4+ . . 0 e 4w w
{ii) Reactivity. . T £
{iii) Exclusion of Mo e e e e e e . e e e .
{iv) Evaluation . . v e 4 a4 e 4 e 4 e e e e e e e s A 17
L., Correlations and requ:rements e Y
E. Mechapisms forreactions . . . . . . . . - . . .« 4 + . « « « . 19
Acknowledgement . . . . . . . . . . . . . . - e e s e . o. 24
RefOreNCes . . . + « = v « = o e e e e e e e e e e e e s . 4

e Il

ABBREVIATIONS

acac acetylacetonate ion

cys cysteinate ion

dien diethylenetriamine

dppe 1,2-bis(diphenylphosphino)ethane
EDTA ethylenediaminetetraacetate ion
EAD flavin adenine dinucleotide

hist histidinate ion

IDA iminodiacetate ion

MIDA methyliminodiacetate ion

NTA nitrilotriacetate ion

Q 8-oxoquinolate ion

Reys alky} ester of eysteinate ion

A, INTRODUCTION

It might be expected that a clear relationship should exist between the
chemistries of those proteins which contain molybdenum as an essential ele-
ment for enzymatic activity and the chemistries of the rather simple molyh-
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 to the number and stereochemistry of oxo ligands which are
bound invariably to the metal in its higher oxidation states in an agueous en-
vironment. It is the intent of this review to examine bhoth the role of molyb-
denum in enzymes and the aqueous chemistry of the higher oxidation states
of that element. The results from the former will delineate the range of oxi-
dation states which should be examined in the latter. Where data from ague-
ous solutions are sparse, it will he necessary on oceasion to refer to results
from nonaqueous systems. Further insight will be gained by coraparing, when
possible, molyhdenum and tungsten systems under identical conditions. Fi-
nally, several mechanisms for enzymatic activity will be examined using the
lmown chemistry of molybdenum as a guide.

Three earlier reviews [1,2] 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 sulfite, xanthine, and aldehyde oxidases. A few of these and
their sources are listed 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 carboxylic acids, respectively. The ex-

TABLE 1

Some enzymes containing molybdenum®

Enzyme Source Mo content in Ref.
g-atom/mole

Nitrogenase Clostridium pasteurianum 2 b
Klebsielia pneumoniae 2 c
Azotobacter vinelandii 2 d

Nitrate reductase Neurospora crassa 2 e

Sulfite oxidase Bovine liver 2 £

Aldehyde oxidase Rabhit liver 2 £

Xanthine oxidase Cow's milk 2 h

@ Taken in part from ref, 3.

® Ref. 10.

© Ref. 39,

4 R.C. Burns, R.D. Holsten and R.W.F. Hardy, Biochem. Biophys. Res. Commun., 39

{1970) 90,
¢ Ref. 15.
! Ref, 12.

f K.V. Rajagopalan, I. Fridovitch and P. Handter, J. Biol, Chem., 237 (1962} 922,

h LY. Hart, M.A. McGartoll, H.R. Chapman and R.C. Bray, Biochem. J., 116 (1970) B51;
M.A. McGartoll, F.M. Pick, J.C. Swann and R.C, Bray, Biochem. Biophys. Acta, 212
(1970} 523,
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act role of molybdenum in the catalytic reactions of these and other enzymes
has been difficult to ascertain with certainty 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 1). Unfortunately, data from X-ray studies, even at low reso-
lution, are not available. It is reasonable to assume, nevertheless, that the met-
al atoms are bound to donor atoms from amino 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 agent, the exact
nature of the ligating atoms, and the pH. Thus, the resting state of the enzyme
can involve any of severa! oxidation states of molybdenum. Furthermore, since
lower or higher oxidation states are available, it can be assumed that oxida-
tion or reduction of substrates involves the corresponding reduction or oxida-
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 well. The redox
behavior of flavin is well known [5]. Structural 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) [6]. Ferrodoxin, which
has equal quantities of iron and acid-labile sulfur, contains two non-bonded
Fe, S4 cubes [6]. Each iron atom is bonded additionally to the sulfur atom of
a cysteinyl residue. There is also some evidence for the existence of & dinu- -
clear (cys—S)yFeS,Fe{S-—cys), species in certain plant, mammalian, and bac-
terial proteins [ 7—9]. It seems probable that molybdoferrodoxin from Clostri-
dium pasteurianum, which consists [10] of a tetramer {M.Wt. = 220,000)
with 2 molybdenum atoms and approximately 20 iron atoms with an equal
number of acid-labile sulfur atoms, contains a number of either Fe, S; groups
or Fe;8,; groups or both. Inorganic models for the Fe, S, group have been dis-
covered recently and their diverse redox behavior has been demonstrated [11].
In contrast, hepatic sulfite oxidases contain only a b-like cytochrome, rather
than fiavin and Fe/S [12—14], while the nitrate reductase from Neurospora
crassa contains flavin and a cytochrome b [15]. At any rate it is clear that the
additional prosthetic groups, as well as mmolybdenum, may participate in elec-
tron transfer reactions of the enzymaes.

When a mutant variety of Neurospora crassa, which does not possess nitrate
reductase activity, is incubated with acid-treated molybdenum enzymes, such
as xanthine, sulfite, aldehyde oxidases and various nitrogenases, the in vitro as-
sembly of an active nitrate reductase can be accomplished [16]. Since incuba-
tion with various MoVY and Mo"? complexes did not result in an active enzyme,
these results suggest that all of the active enzymes contain a common, identi-
eal 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 smnall molecular species, since it is unlikely that a large molybdenum
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polypeptide chain could be identical in organisms ranging from mierobes to
mammals. These important resuits 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.

Electron spin resonance spectroscopy, which is ideally suited for following
electron transfer reactions involving paramagnetic species, has been used to
pinpoint the sequence of electron transfer within xanthine oxidase. The rest-
ing state of that enzyme gives no ESR signal, but treatment with xanthine in
the presence of O, produces a sequence of signals [17). The first has heen as-
signed to a paramagnetic form of MoV, followed by a second due to flavin
semiquinone radical, and followed 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 disappear almost completely {18—21].
Furthermore, ESR signals arise only upon reduction and never upon treatment
with an oxidizing agent. The natural conclusion [3] is that MoV is invoived in
the resting rate of the enzyme and that the sequence of the reduction of mo-
lyhdenum by substrates is

MoV! > paramagnetic Mo - diamagnetic Mo'Y .

One interpretation [3] of the reaction mechanism is that reducing substrates
are bound at Mo VY* causing its reduction to MoV and Mo'Y. 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 [22] 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 FAD, and two distinct Fe/S centers. Initial attack of
xanthine on MoV results in a twa-electron reduction of the metal atom with
the formation of Mo!V and uric acid through a concerted mechanism involv-
ing a disulfide group which is presumed to be nearby. Reducing equivalents
from Mo!Y are then distributed intramolecularly between molybdenum (yield-
ing an equilibrium distribution of Mo'V, MoY and MoV?), FAD (yielding an
equilibrium distribution of ¥AD, FADH, and FADH3), and Fe/S (yielding an
equilibrium distribution of the oxidized and reduced forms of the two distinct
sites). An empirical choice of relative reduction potentials for all oxidized
species allowed & near-quantitative duptication of the equilibrium composition
of the species which are observed during the titration of xanthine oxidase with
dithionite ion, Still another choice of 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 hinding of the substrate 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 introduction of one or more empirically chosen constants which
describe the interaction. Although the available data may not allow the evalua-
tion of these constants, this limitation is in no way indicatjive that mutual
interaction does not exist.

Although it has been suggested that the enol form of flavin is bonded di-
rectly to molybdenum [23], there is sufficient evidence available to prove
otherwise. The reductions of native and deflavoxanthine oxidases with xan-
thine proceed at similar rates and yieid similar ESR signals due to MoVY [24).
Consequently, the presence or absence of flavin does not influence the struc-
ture immediately adjacent to the molybdenum atoms to any significant de-
gree. In addition to these important resilts, there is considerable ESR evi-
dence, in the form of superhyperfine coupling, for the interaction of MoV
with one or more exchangeable protons [25] while the relatively high g values
and the relatively low Mo hyperfine couplings { 26) suggest bonding to one or
more sulfur atoms [27], probably from cysteinyl residues,

Sulfite and aldehyde oxidases have received less study but they exhibic sim-
ilar behavior [28—30], although weak ESR sighals due to MoV can also 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, al-
dehyde and xanthine oxidases appear to have similar molecular weights, iden-
ticel molybdenum contents, additional prosthetic groups which are identical
and in the same proportion, and similar spectra in both their native and de-
flavo forms [31). There is evidence that reducing equivalents are transfertred
directly from sulfite to molybdenum [12]. With nitrate reductase, reduction
of the enzyme again causes the appearance of signals due to MoY [32]. Chem-
ical evidence points to the direct transfer of reducing equivalents from molyb-
denum to NO3 [15,33]. ESR studies of nitrogenases have not revealed any
evidence for paramagnetic MoY [34,35], although a redox function for mo-
lybdenum is clearly possible. In addition to N,, the substrates which can be
reduced by nitrogenases include Ny, N,O, acetylene, nitriles, and CN™ [36].

AH of the enzymes listed in Table 1 contain 2 molybdenum atoms. En-
zymes from other sources, such as nitrate reductase from Escherichia coli,
have been reported [37]} to contain only a single molybdenum atom, but these
results should be viewed with caution since contamination with demoliybdo
species has caused erroneous results with other systems, such as the nitrogen-
ase from Kiebsiella pneumoniae. The latter was first said to contain one mo-
lybdenum atom [38], but more recent results [39] have pushed the average
molybdenum content up to 1.7. It i reasonable to assume that the true con-
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, or in a more reduced state the enzymes contain one of the
following groups.

o,
Mo =D ~— Mo bdr Mo/ \Mo
o
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Both configurations are common to simple complexes obtained from aqueous
solution with molybdenum in one of its higher oxidation states. Although the
first configuration can be found with complexes of Mo"?, 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 1:1 ratio, appar-
ently to produce two alloxanthine—Mo!'V complexes [40]. Apparently, each
complex is formed with equal facility which certainly rules out any coopera-
tivity between the two metal atoms and probably rules out an oxo-bridged
species in the resting state.

1t is of considerable importance to note that the oral administration of
WOZ™ to rats at levels of 1 to 100 p.p.m. in drinking water results [41] in pro-
portionate decreases in the activities of xanthine and sulfite oxidases, de-
creases in the ESR signals due to molybdenum, and decreases in the total he-
patic molybdenum content. However, the presence of as little as 1 p.p.m. of
MoO32™~ in the drinking water already containing 100 p.p.m. of WO negated
these effects. Restoration 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 Mo03%™, the apoenzyme,
or both as a prerequisite for binding.

In the case of sulfite oxidase, oral treatment with WO3~ was shown to pro-
duce 35% incorporation of tungsten into the enzymes, the remainder being
metal-free j42]. While the native enzyme is reduced by sulfite ion in vitro
within 1 minute, the tungsten protein showed 30—40% 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 MoY found in the reduced native en-
zyme. On the other hand, tungsten was not detected in xanthine oxidase [43].
Thus, in vivo incorporation of the metal (either molybdenum or tungsten}) in
the case of suifite oxidase, must proceed by a mechanism which has substan-
tially different requirements than the one for incorporation by xanthine oxi-
dase.

Spinach plants have no nitrate reductase activity if they are grown in the
ahsence of molybdenum but, if they are transferred to MoOZ™ solutions, nor-
mal enzyine activity results within 24 h. If they are transferred instead to
WO2~ solutions, tungsten uptake occurs, but no enzymatic activity is observed
{44]. Tungsten also competitively inhibits molybdenum utilization by Azoto-
bacter vinelandii [45]), as well as nitrogen fixation [46].

These results suggest that the relative incorporation of molybdenum or
tungsten into these proteins is not based solely on the relative binding con-
stants of MoY" and WY? in these enzymes. Indeed, evidence to be presented
later suggesis that MoV! and WV! 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 low Mo/ # ratios, as well as the inability of tungsten to populate fully
the sites which would otherwise be available to it. Furthermore, 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 [47], it is clear that there must be strong reasons for the exclusive
use of molybdenum, rather than its congener, in oxidases, 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 all of these enzymes.

(2) Reducing or oxidizing substrates appear to interact directly with mo-

lybdenum with reducing equivalents being passed from one to the other,

(3) MoV 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 from cysteinyl residues or possibly acid-

labile sulfide ions, appear to be present.

(5) It is very possible that 2 molybdenum atoms are in close proximity

joined by one or two oXxo 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 HIGHER OXIDATION STATES OF
MOLYBDENUM

{i} Structural aspects

Aqueous solutions of molybdenum in its higher oxidation states (+6 and
+5) are dominated exclusively by compléxes containing the oxomolybdenum
moiety. More than one oxo ligand may be bound with extremely short bonds
to terminal sites in mononuclear or dinuclear complexes. Dinuclear complexes
usually, but not always, have the oxo ligand in one or two bridging sites as
well. Increasing evidence points to the importance of oxomolybdenum(1V)
complexes, but the characterization of these complexes is far less complete
than those of the higher oxidation states. Some structural results for Mo¥!

Mo, and Mo!Y are summarized below.

fa) MoY’

The simplest form of MoV exists in basic agueous solution as the tetrahe-
dral MoOQ?%~ anion {48]. Acidification of these solutions produces more or
Jess complex behavior whose exact nature depends on the MoVY! concentration
as well as the pH. Nevertheless, the first steps involve protonation as well as
expansion of the coordination number from 4 to 6 {49,50}.
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MoOQ3% + 2H,0 + H* = MoO(OH)s—
MoO(OH)s~ + H* = Mo(OH),

Mo(OH); + H* = Mo(OH)&(H,Q)*

These steps are in direct contrast to the protonation of CrO%~ where expan-
rion of the coordination number does not occur. In the light of structural
studies to be presented below, these products are perhaps better formulated
with two or three oxo liganids. For example, Mo(OH)5(HzO)* might be written
as MoO,(OH)(H,0);". More recent studies have shown further protonation of
Mo(OH)s(H,0)" and an additional eqmlxbratlon with dinuclear complexes
which weze written as H;Mo,02%* and H,Mog03* but whose precise forms are
not known {100]. In more conecentrated solutions, equlhbnum ultracentrifu-
gation studies {51] and temperature-jump measurements {50] point to poly-
merization of the mononuciear MoV anions to give predommantly Mo,0%y
and MozO%;. Raman spectroscopy [51] has indicated that Mo,O%; has the
sarne structure in solution and in the solid state, while the same is probably
true for MogO4s as well.

When H.,S is passed through solutions containing MoO3, step-wise re-
placement of the oxo ligands occurs to yield [ 52] Mo0,3S*, Mo0,S2,
MoOS3—, and MoS3—.

When polydentate ligands are added to agqueous solutions of MoV, the sys-
1em appears to become somewhat simpiler. There are three structural types
which have been characterized by X-ray techniques. Metal—ligand bond dis-
tances are given in Table 2. 1 is found with MoOa{dien) (53] and with each

half of the dinuclear, non-bridged (MoQ3),EDTA%" [54]. It is postulated with
both MIDA and NTA complexes [55]. II is found with M0o0,Q, [56] and
MoQOx(S,CNEt,)s [57]). A single authenticated example of Il exists with
Mo0,0g(C204)(HO)3~ (58], but infrared and pH studies have indicated [59]
that the following reaction eccurs at low pH.

2 MoOg(MIDA)* + 2H* = (MIDA)O,Mo—0O—MoO,(MIDA)*™ + H,O

The reaction of H,S with (MoO3)z:EDTA% in aqueous solution leads [60] to
Mo,0,S(EDTA)* which is presumed to be a structural variant of 111 with
the bridging oxo ligand replaced by sulfur.

The proton magnetic resonance spectra of (MoO;);EDTA* and MoO,-
MIDA? contain AB quartets due to the non-equivalent methylene protons
from the acetate portions of the ligands [55,61]. We have not observed col-
lapse nor even broadening of these signals up to temperatures as high as 80°C



TABLE 2

Average bond distances (A) for MoVY! complexes

Compound Mo=0p4 Mo—O0z? Mo—Y<¢ Ref.

(MoOg)dien 1.74 - N*:2.32 53

Naj[{Mo03)},EDTAT-8H,0 1.74 - 0=:2.20 54
. N¥:2.40

MoO5Q4 1.71 - 0:1.98 b6
N#*.2.32

MoO({(SaCNELe)s 1.63 — 5:2.44 57
5*:2.63

Ko[Moo05(Cs04)2(H20)s] 1.69 1.88 ox O¥:2.19 58
ox O**:2.09
H,0%:2.33

2 Terminal oxygen.

¥ Bridging oxygen.

¢ Aboms frons to a terminal oxygen are designated by a single asterisk while those which
are lrans to a bridging axygen are given a2 double asterisk.

[62]. On the other hand, the spectrum of a solution containing either (WQ,),-
EDTA* or WO,MIDA? exhibits only a singlet, which is shifted from the cox-
responding absorption of the free ligand, due to the methylene protons [62].
Since equilibration of the two distinct sites demands at least partial dissocia-
tion along with inversicn at the nitrogen atom [63], it is clear that these com-
plexes of W¥! are considerably more labile than those of MoV!,

The stereochemical nonrigidity of MoQO.(acac),; has been established by
proton magnetic resonance (64]. The limiting spectrum at low temperature
for the methyl protons consists of two resonances, consistent with 11, which
coalecce at only 18°C in CHCl;, The signal due to the ring protons remains
sharp throughout the entire range of temperatures. These data, of course, are
not sufficient to define the molecular process which ¢auses coalescence of
the signals. That problem is characteristic of virtually all work dealing with
nonrigidity of complexes of the acetylacetonates. :

Very little thermodynamic information pertaining to the formation of
MoV! complexes appears to exist. Fortunately, a direct comparison of the for-
mation constants [65] of MoV' and WY! 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.

(b) Mo"

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

Average bond distances (A) for MoV complexes

Compound Mo=0y® Mao—Xgl Mo—VY¢ Ref.

{NH4 )2 [MoOBrs] 1.86 - Br:2.55 66
Brv:2.83

Ksf{MoOFg1 HaC 1.66 - Cl:1 88 &7
C1*:2.03

Mog04(3qC0EL), 1.86 1.86 S5:2.49 T2
5*%:2,70
S¥*:0.54

MosOg{BaP({OEL}q]s 1.66 1.86 S:2.47 73
8*:2.80
5%*:2. 55

Nag [MogOy(L-cys)a]'5SHa O 1.71 1.93 0%:2.30 76
N“*:2.23
Se¥:2.49

MosCy4(L-hist)s'8Ha0 1.71 1.62 O*:2.21 71
N*=*.:2 23

Ba{h10204(0204)2(1-i20)2]-31-{20 1.70 1.80 ox O*:2.11 T8
ox O**:2,14
HoO%*:2.22

Moz04(L-Etcys)s 1.71 1.83 N**:223 79
S**:5. 49

Moaz098s(L-M2cys)a 1.791 2.31 N##*:2.23 81
8%+.2.38

Mo305Ss{L-hist}aHa O 1.71 2.32 0*:2.23 82
N**:2.24

Csz[Moz0,5;EDTA} 1.68 2.29 O**:2.11 83
N¥*:2.45

9 Terminal oxygen.

S Bridging atom.

2+ Atoms which are trans to a terminal oxygen are shown with a single asterisk but those
opposite a bridging atom are given a double asterisk.

are opposed. In VI the ligand atoms trans to the terminal oxo ligands are only
weakly bound if they are present, i.e. Via, but they can be completely absent,
i.e. Vib. Bond iengths for various complexes are summarized in Table 3.

Q [a] Q Q o]
N R PR N P
- P SN TN

74 x 31

IV is found with MoOBr3~ [66] and MoOF2~ [67], while MoOCIZ— is
known to exist in concentrated HC: solutions [68], and weakly acidic or neu-
tral solutions prohably contain [69] diamagnetic MozO(H,0)2* (type VIa).
At intermediate acidities, however, V is believed to exist [70]. The reaction of
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TABDLE 4

Average bond distances (A) for MoV complexes

Compound Mo=0r? Mo—Y? Ret.
NaK3{MoO4(CN),;1"6Ha0 1.83 C:2.20 91
{MoOCI(dppe)s 1{ ZnClq - 2{CH3),CO 1.69 Cl1*:2.46 92
P:2.57
MoOCIy(PMesPh)z 1.67 C1:2.46 94
Cl*:2.56
P:2.53
MoQCly(PEtaPh), 1.80 Cli:2.48 94
Ci*;2,43
P:2.56

8 Terminal oxygen.
& Atoms which are #rans to the terminal oxygen atom are desipnated by a single asterisk.

Mo0,0,4(H,0)3* with NCS™ leads to Mo,04(NCS)$~ [71]. Va has been shown
to exist with Mo,O4(S,COEL); [72] and Vb is found with Mo, O3[S5;P(OEt)z]4
[73]. Analytical and spectroscopic data are in accord with the existence of
Mo,0;3Q. [74]. Reactions of type V complexes with H;S led to oxygen-free
products which appear to be polymers and are poorly characterized [75]. Via
exists with MosO4{L—cys)s  [76], MogO4(L—hist), [77], and Moy04(Cs04)2-
(H,0)3~ [78} while VIb itas been shown to occur upon esterification of the
carboxy! group in cysteine as in Mo;O4(L—Etcys)a [79]. Results from proton
magnetic resonance studies [80] are consistent with type VIa for Mo;0O4-
(EDTA)?". Reactions with H,S have led to the authenticated structures of
Mo,0,S,(Z—Mecys), [81], Mo,0,S,(L—hist), [82], and Mo,0,5,(EDTA) *
[83] where the bridging oxo ligands have been replaced by sulfur but the ter-
minal oxo ligands remain unchanged.

An interesting new type of dinuclear complex of MoV is the result of the
reaction of the pyridine adduct of Mo,0,Q, with 2-mercaptoethanol {84].
The resulting complex, M0o,03;Q5(SCH,;CH,;0), has three bridging groups.
Two of these are the donor groups from the 2-mercaptoethoxide dianion while
the third is the normal oxo ligand.

It has been possible in a few instances [85,86] to demonstrate by means of
synthetie reactions the interconversion, V =& VI, It is unfortunate that this im-
portant reaction has received so little attention. Interconversion has not been
accomplished when bridging sulfide ligands are present. No thermodynamic
data are available.

Since MoV has a d! electronic configuration, the mononuclear complexes of
type IV are expected to be paramagnetic. Electron coupling usually occurs in
dinuclear complexes (V and V1) to cause diamagnetism. Although Nay[Mo,04-
(L—cys)p]-5H;0 is essentially diamagnetic in the solid state [87], aqueous so-
lutions of the compound, enriched in #Mo (I = 6/2), exhibit [27] a 6-line
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ESR spectrum whose intensity only accounts for about 2% of the molybde-
nurm which is present. Small equilibrium quantities of a mononuclear complex
are presumed to be responsible for the ESR signal. Similar results have heen
obtained {27] for the MoV complexes of S-mercaptopropionic acid, 1,2-ethane-
dithiol, and 2-aminoethanethiol, but no ESR signal was observed with L-ala-
nine, L-histidine, L-cystine, L-propanethiol, or EDTA. Thus, ESR activity in an
agueous environment, however small, depends upon the presence of a sulf-
hydryl group in a chelating ligand. In a polar, nonaqueous soivent, such as DMF,
the 1:1 complexes of oxomolybdenum(V) with 8-mercaptoquinoline, 8-
aminogquinoline, and 3,4-dimercaptotoluene are apparently mononucilear since
they are essentially 100% ESR active [88]. It is noteworthy that the ligands
with sulfur donors again caused higher g values and lower hyperfine coupling
constants.

Thermodynamic data for the formation of MoV complexes are known in
far less detail than those for MoY%. The formation of Mo,04(H,0)sNCS* from
Mo,0,(H,0)¢" has an equilibrium constant of 200 + 40 1 mole™* with [H*] =
0.5 M [89], while the formation of Mo,0,EDTA? according to the following

reaction {90} has an equilibrium constant of 2.5 X 10%7 } mole™2,

Mo,0,(H,0)2* + EDTAY = Mo,0,EDTA* + 6H,0

(c} Mo'V
Two structural types have been identified by X-ray methods. These are IV,
described above, and VII.
o
h-
—— A D ——
<\

O
o

The only known example of VII occurs with MoOg(CN}{~ [{31]. IV occurs
with MoOCl{dppe),* [92], and MoOCI{PR,Ph}, (R = CH, {93] or C;H;5 [94]).
Bond lengths are summarized in Table 4. Reduction [95] of MoQO,(S,CNR,)»
or MOOz[SzP(OR)g]z leads to diamagnetic MOO(SzCNRz)z and MOO[SZP(OR)g]z.
The molecular structure of MoO{S;CNPr3),, in a paper [96] which unfortunate-
1y is unavailable to the author thus far, is said (971 to be a square pyramid, but
the smali bite angle due to the bidentate ligand causes the virtual symmetry to
be close to C,,. However, the proton magnetic resonance spectrum of MoO-
S,CNPri), indicates that structural differences occur in CDCl; 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 1:2:1 triplets of equal intensity for the methyl protons
and two 1:4:6:4:1 guintets ol equal intensity for the methine protons. Al-
though fortuitous overlap has oceurred, this spectrum is consistent only with a
structure possessing either a plane of symmetry or & two-fold axis, as in an
idealized trigonal bipyramid v:ith the oxo ligand in the equator to achieve
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TABLE 5

Fortmation constants for some complexes of MoV! and wVIa

Reaction log Kya log Ky

MO%“ + IDAZ + 2H*

«= MOZIDAZ™ + H,0 18.3 +0.1 18.5 2 0.2
MOI— + MIDA?™ + 2H*

e MO3MIDAZ™ + Ho0 18.73 + 0,04 18.70 z 0.01
MO} + NTA3 ™+ 20"

ﬁMOaNTAs + HaO 18.94 = 0.03 18.86 = 0.05
MOZ ™+ EDTAY + 2H*

- MO;EDTA"'_ + H0 18.6 = 0.4 18,9 =0.4
MOZ~ + MO3EDTAY + 2H

= {MO3)sEDTA*™ + H,0 17.5 +03 169 +0.2

¢ 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 of the vanadyli ion (VOz*),
with one less d electron, generally adopt either the geometry of a square py-
ramid or one which is intermediate between a square pyramid and a trigonal
bipyramid. There is only a single authenticated example of a trigonal bipyram-
id [99], and in that case the oxo ligand is found in the equatorial plane.

Various unsaturated molecules readily bond to MoO(S,CNR,). The authen-
ticated structure of the adduct with (NC),C=C{CN),, which has hecome avail-
able recently {101], is shown below.

|| A
/1\
._/

A true square-pyramidal structure undoubtedly exists with thie diamagnetic
phthalocyanine complex of oxomolybdenum(IV) because of the rigidity of
the ligand [102].

The paucity of compounds of oxomolybdenum(1V) is due probably to dif-
ficulties surrounding the synthetic methods. Indeed aqueous solutions of
Mo!V have been obtained only recently (103]. Ion-exchange experiments
[103] have led to the conclusion that the spec1es present in solution is [MoO-
(H20)4]2 . Polarographic reduction of MoV! in either aqueous HCI [1041, c1t—
ric acid [134], or gluconic acid {136] solutions gives rise to an unstable Mo'V
species. There are other indications that ligands containing oxygen as the do-
nor atom provide an unstable environment for Mo!'Y. Thus, while MoO.,-
(S2CNRj) is readily reduced to the Mo'Y compound (see above), no reduction
of MoOsx(acac), was observed under comparable conditions [93].
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In dimethylsulfoxide, it would appear that some stability can be attained,
The two-electron reduction of the dinuclear complex of MoV and the ribofla-
vin radical anion (V1}, which has no ESR spectrum because of spin coupling
between the electrons Jocalized on the ligand and metal, produces a dinuclear
MolY gpecies having an ESR spectrum which is very similar to the uncomplex-
ed radical anion [105].

(ii) Reactivity

The substitution reactions of Mo¥" appear to be very rapid, but reduction
is fairly slow. Thus the rate constants for the formation of the 1:1 octahedral
complexes with catechol and EDTA are 3 X 102 and 2 X 105 M 57 respec-
tively {106,107]. The reduction of MoV¥! with N,H* in 8 phosphate buffer at
pH 1.8 and 60°C to yield MoV and N, is slow, with the rate constant being
about 0.6 M™ s [108]. The detection of NgH, led to the conclusion that
the rate-determining step of the mechanism was the two-electron redox pro-
cess

NzH;' + MOVI —* Nsz + MOIV + 3H*
followed by more rapid steps
2N.H,+ H* - N, + N;H,"

Mo + Mov? ~ 2Mo"

2Mo" -+ [Mo¥],

where [MoY], is probably similar to Mo,0,(H,0)2" discussed above, but prob-
ably with one or more buffer anions coordinated to each metal atom. Cysteine
will also reduce MoV !to yield cystine and a new complex which was formu-
lated as Mo, Os{L-cys)d— (V) [109,110]. It is unfortunate that the latter is con-
verted to Mo,O,(I-cys)Z ™, i.e. VI, during attempts at isolation. The rate con.
stant for the reaction (pH 7.5, 60°C, phosphate buffer), which is first order in
Mo"* and second order in cysteine, is approximately 1.0 X 10-2 mM~25—1.

Recent unpublished results from this laboratory [82] have shown that
(MoOg)sEDTA* will reduce hydrazine at a rate which is approximately 102
more rapiddthan MoOZ ™ under identical conditions. Neither WO%~ nor (WO;),-
EDTA*, however, is reduced under the same conditions. Similarly, WO is
not reduced by cysteine at pH 7.5. Polarography has shown that, while (MoOj),-
EDTA% in an acetate buffer is reduced at — 0.63 V vs. SCE, the correspond-
ing WY! complex is inactive (133]. Similarly, only MoVY!is reduced in citrate
(134) or tartrate (135] buffer solutions containing hoth MoY! and WV,

The oxidation of aldehydes by MoOa{l-Eteys), to vield carboxvlic acids
has been: claimed to proceed according to the following equation in DMSO or
DMF {111].

RCHO + 2MoG,(L-Etcys), ~ RCOOH + Mo,O;(L-Eteys),
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This reaction, whose kinetics have not been studied, is of considerable inter-
est because of its apparent relationship to functioning of an aldehyde oxidase.

The kinetics of the reactions of MoOCIZ~ with Sn! [112] and [Mo"V). with
0, [113], I, [113], NH,OH [114}, NO;~ [115], and NGO, [116], have
been studied in various buffers, All of these reactions are fairly slow. Qualita-
tive results from this laboratory have indicated that the reaction of Mo,Q,-
(EDTA)* with NOs ™ to yield NO (and a trace of N3O) is also very stow. The
reaction of that complex with O, is said t> be nonexistent {117]. It is note.
worthy that one explanation [113] of the mechanism of reactions of O, and
Iy~ is the slow disproportionation of [MoV ], to yield Mo and MoV", with
the former being the species which causes reduction of Q, and 15, However,
an alternative explanation [113] 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 measured
under favorabie conditions [118B]. Either axplanation will also explain the
half-order dependence on the concentration of [MoY], in the reduction of
NO;~ by reduced flavin (reduced by Ti"™ or dithionite ion) which is catalyzed
by MoV [112]. However, it should also be noted that it has been demon-
strated [120,121] by polarography that Mo is involved as an active partici-
pant in the molybdenum-catalyzed reduction of NO;~ and CIO, ™ by Sn*l.

A clear-cut case for disproportionation of type V complexes has recently
been demonstrated [86] with Mo;03(S;CNR;),. Studies of the absorption
spectrum, which showed that Beer's Law is not obeyed at ~510 nm, have sug-
gested an equilibrium

Mo,04(5,CNR3)s = MoO(55C0NRg}s + M0oO3(S,CNR3)s

The equilibrium constant for this reaction is 4 X 10™3 M at 41°C in chloroben-
zene with B = n—CsH, [122]. However, the Mo*Y complex, which is coordi-
natively unsaturated, can be trapped and isolated as the 1:1 complex with di-
ethylazodicarboxylate. Hydrolysis of this complex leads to MoOy{S,CNR,)a
and the corresponding hydrazide. The Mo'Y complex will also form adducts
with CHx0,CC=CCO,CH, and (NC),C=C(CN), {123]. The structure of the
latter has been determined by X-ray studies [101].

The absorption spectra of the xanthate complexes, M0o,Q3(S5,COR),, in ben-
zene or CHCI; deviate only slightly from Beer's Law at ~510 nm [124]. Al-
though it is clear that sorne reaction is occurring, it was not impossible to dis-
tinguish between dissociation of the xanthate ligands and disproportionation.
The former seems unlikely in these solvents. Finally, time-dependent changes
[125] in the absorption spectrum of MoyOg(L-Rcys)y (R = CHj or CyHg) may
well indicate the slow disproportionation of.that compound.

The importance of this disproportionation is illustrated further with the
catalysis of the oxygenation of PhyP by Mo,O3(S,CNR,); {122]. The results
show convincing evidence that Ph;P abstracts an oxo ligand from MoO,-
(SoCNR3)4 which is present due to the disproportionation described above.
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The resulting compound, MoO(S,CNR,}s, is then oxidized by O, to give back
the catalytically active MoV' compound.

The oxidation of aldehydes by MoO,(L-Etcys); [111] has already been dis-
cussed. Although the observed product is Mo,O3(L-Etcys),, oxo ligand abstrac-
tion by the aldehyde is a real possibility, providing the Mo'Y complex then
suffers a rapid reaction with MoO,(L-Etcys),.

RCHO + MoQs(L-Etcyl). -+ RCOOH + MoO(L-Etcys),

MoO({L-Etcys)y + MoOy(L-Etcys)s = Mas03(L-Etcys),

Since disproportionation of Mo;O4{L-Etcys), is either slow (see above) or
nonexistent, complete conversion to the Mo'Y complex may not be possible.

Emulation of nitrogenase activity has hean accomptished [126]} by the re-
duction of MozO4(L-cys)s in the presence of a substrate and ATP. The sub-
strates include N,, CoH,, CN™, Ny, and N,O but turnover numbers are, under
the best conditions, at least 102 times less than those obtained from the nitro-
genase from Clostridium pasteurianum. The reduction of N, by this system
produces diimide and hydrazine prior to the formation of NHy [36]. However,
it is of interest to note that there exists a linear dependence between the total
rroduct formation and [Mozoq(bcys)%“']% where the substrate is CN—. Thus,
the molybdenum species, whatever its actual composition, must be mononu-
clear. Furthermore the requirament for a reducing agent makes it clear that
2n oxidation state lower than +5 is involved. Cyclic voltammetry has indicated
{127] that Mo,04(L-cys)? in aqueous solution is reduced at —1.29 V vs. SCE.
Unfortunately, the number of electrons invoived in the reduction was not de-
termined. Recently, it has been claimed ¢hat all experimental evidence points
to Mo'Y species as the catalytic reagent [36]. Furthermore the reduction of
Mo V! or MoV is catalyzed by the cluster, Fe,S(SR}5 [(36].

Some aspects of nitrogenase activity can also be found in the tungsten—
cysteine system [126]. Relative rates (W vs. Mo) for the reactions with N,
CN—, Ny—, and N,O are 0, 4.3, 0.75, and 0.52, respectively.

However, small amounts of ammonia, formed by the reduction of Ny, have
been claimed [128] in far simpler systems containing either molybdenum or
tungsten. Acidic solutions of MoV! or WV, through which N, is bubbled, will
catalyze the formation of arnmonia either upon electrolytic reduction or in
the presence of the reducing agents, Zn or Snll. The formation of ammonia
ceased when all the MoY" was converted to Mo after about 24 h, or in the
presence of catechol. However, when the reduction of N, by Sn" was catal-
yzed by WY, the formation of ammonia continued beyond two weeks. This
result was attributed to the greater stability of the highest oxidation state of
tungsten.

(iii) Exciusion of Mo’

A discussion of the aqueous chemistry of Mo™ has not been included for
two reasons. First, complexes of Mo'! 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 Mo*! < MoV < MoVY! [89]. Inertness to substitu-
tion reactions would not be an attractive feature for a catalytic substance.
Second, there is absolutely no evidence that Mo™! results after strong reduc-
tion of an enzyme. If it did, it would be expected to be observed eithar direct-
ly through its ESR spectrum or indirectly through a determination of the
number of reducing equivalents which are available to the reduced snzyme.

(iv) Evaluation

Several conclusions can be obtained from this account.

(1) Oxo complexes are the invariable result with the higher oxidation states
of molybdenum in an agueous environment.

{2) Dinuclear, oxo- bndged compounds can sometimes be found with Mo™!
but they prevail with MoV in either of two types, V or VI. Under favorable
conditions, V can equilibrate with VI. However, if bridging suifide ligands are
present, no equilibration occurs.

(8) Dissociation of dinuclear MoY complexes is never extensive in aqueous
solutions. With ligands which contain sulfur as donor atoms, dissociation is
sufficient to detect small quantities of ESR-active, mononuclear complexes
of unknown structures. This dissociation can be enhanced in 2 polar, nonaque-
ous environment.

{4) There is a recurring theme in the literature that Mo!V is invoived in many
oxidation—reduction reactions. It is often postulated that Mo'Y is responsibié
for further reductive reactions. This theme has found partial substantiation in
the observations that certain MoY! compounds are readily reduced by oxo li-
gand transfer reactions to the corresponding Mo’V complexes. Furthermore,
disproportionation of certain type V complexes provides a facile route to
Mo!Y complexes. Mo!V appears to be stabilized by ligands which contain sul-
fur as a donor atom.

(5) Electron transfer reactions of both MoV! and MoV are fairly siow but
catalysis by certain iron compounds, such as Fe,S,(SR)Z™, can produce signif-
icant increases in the rates of these reactions.

(6) Although not much data exist, equilibrium studies for a few cases indi-
cate that WV should compete effectively with MoV¥! for a given binding site.
However, it is possible to show that the resulting W¥! complexes are not re-
duced as easily as those of MoV!

D, CORRELATIONS AND REQUIREMENTS

A comparison of the conclusions from Sections B and C of this review indi-
cate some strong similarities. It is clear that both biochemists and inorganic
chemists are convinced that Mo!V plays an important and perhaps essential
role in the oxidation—reduction reactions of molybdenum. It wouid also ap-
pear that ligands which contain sulfur as a donor atom, but, apparently not



18

sulfide ligands, are important for both ESR activity of MoV complexes in ap-
proximately neutral solutions and finite lifetimes for Mo'V species. It is also
apparent that molybdenum-bound oxo ligands are to be expected in the en-
zymaes, but whether or not these are useless appendages needs further consid-
eration. When the obvious need for Mo"! is included, these correlations should
serve to outline roughly the active site of oxidases, reductases, and nitrogen-
ases which contain molybdenum.

However, other factors must also be considered. Two obvious and essential
requirements 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 oxidases, then rapid fermation of a molybdenum-
substrate complex is to be expected since fast reactions are the rule with MoVl;
if the substrate attacks a site containing MoV, which should be the case with
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
Jeast in line with a recent statement [89] that the lability of octahedral MoV
lies somewhere between those of Mo™ and MoY. 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,CNR,).. Rapid electron transfer reactions,
the second requirement for these enzymes, are not the general case for MoV!
or MoV in the absence of catalysis. However, it would appear that Fe/S groups
can provide the required catalysis. Oxo bridges, either between molybdenum
atoms or between molybdenum and a substrate, may also provide a feasible
and efficient pathway for electron transfer. Thus, the disproportionation of
Mo,04(S,CNR,), is established instantly. Furthermore, the catalytic oxygen-
ation of PhyP by MoO,(S5,CNR,), probably proceeds through an oxo bridge
according to the following fast sequences,

i
Mom =0 F'I‘I3P
ki
302% \Q
=} =
I i
M Mo ——Q —=FPPhy,

PhyFO

Although tungsten appears to mimic molybdenum reasonably well in modet
systems in the presence of rather strong reducing agents, it does not do so un-

der biological conditions. Since compounds of WVY! should be more stable to
reduction than their molybdenum counterparts, bioclogical reducing agents

are probably not capable of reducing W' at physiological pH values. This
statement applies not only to the actual functioning of the metalloenzyme
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with various substrates, but also to the formation of these proteins. If their
formation {or the formation of a cofactor which contains the metal [16]) re-
quires a change in oxidation state, then synthesis of the metalloenzyme (or
cofactor) may not be possible. Even relatively small changes in the local en-
vironment (such as the pH) may suffice to inhibit a required oxidation—re-
duction reaction which might accur under different conditions. This reason-
ing may explain the partial incorporation of tungsten into sulfite oxidase
[42} and its exclusion from the apoenzyme corresponding to xanthine oxi-
dase [43].

E. MECHANISMS FOR REACTIONS

Current theories for the mechanism of the interaction of a substrate with
one of these enzymes center around the probability that Mo!Y is an active
species, unlike older theories which focused attention on MoV, However, the
mode of interaction between the substrate and the active site readily distin-
puishes the current opinions.

/CH
N
+2H o H
Mol TROYT M TG
CH
* CaH
;'/ /N =N
+3H*
Mo 4 Da —m  Mofed Ny Mo——N R0 M + Ny + NH,
+m /NEN
+2H" -1
_ Mo”" + Nz + H
Mo O T?:I';C)_)-— 2 ©
Morgd + N2 RITIE Mo — N==N (7}
{ A o
Mo -
N x
soH, — Mg
He—N
H—N
decompos:tro/ Wfopoﬂ:onotion
Wy + Ha Ny + NaH,

‘,— Mo[%¢ 2H*

;\*Moﬂu

2MNHy
Scheme 1. Essential steps in the reduction of C2Hz, N3—, N30, and N by a nitrogenase
zecording to Schrauzer,
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Schrauzer [36,126] has considered the action of a nitrogenase with its vari-
cus substrates to be either simmple substitution or addition at Mo?Y, followed
by oxidation to either MoV or MoVY? and release of the reduced substrate. A
few of these reactions are shown in Scheme 1, wherein Mo™? is equivalent to
Mo"™ while Mo°" represents either MoV or MoY’, The reaction with acetylene

rf\ - /H
H H /Czc\
c=C H "
H H
\ /
N—Mo™ —N —_— N—-MT — N
Fe/
._"
E N==N
L / \
N== H H
T 3
.
Ne— o —N —_— N~—MoE —N
o
N NOg + OH”
2
0/ \0
' H
MoL — N —_—— MO — N
o /H H H
[
>—‘N H GYN l
H— P N i | N/ OH
- -
'A‘\"OH H
0 N ' o
H
Mo N Mo —-N
R R
(1:___::»'* ::C‘-—»—OH
"
o7 ™y o
H
Mo¥H - N MoTE — N

Scheme 2. Reduction of CzHg, N3, and NOg ™ and oxidation of xanthine and aldebydes
according ta Stiefel.
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is in accord with the known ability of MoO(S2CNR4), to form a 1:1 complex
with activated acetylenes. Furthermoze, the hydrolysis products of the Mo—N,
complex are in accord with the detection of diimide in the reaction of reduced
Mo20,4(cys)3~ with N,. Diimide then disproportionates by a well known reac-
tion to provide hydrazine and Nj. There is, however, no current evidence that
a simple Mo'V—hydrazine complex can be found, although it would seem to

be a logical possibility, More complicated modes of interaction, resulting in
fragmentation of substituted hydrazines, are known [129]. One other point is
worthy of note. Since both MoO3™ and (MoO3);EDTAY actually oxidize hy-
drazine, it is clearly true that cysteine in Schrauzer’s model system and perhaps
cysteinyl residues in the enzyme, probably by virtue of sulfur donor atoms,
substantially alter the free energy of the reduced complex with respect to its
oxidized form.

Stiefel [130Q] has provided a somewhat more subtle view based on mechan-
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 lipands which can serve as proton donors or ac-
ceptors. These are shown as primary or secondary amine groups in the Scheme
but oxo ligands might function eguivalently. The logic behind this mechanism
is the weil 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-
lyhdenum atom, Stiefel accounts for the observed ESR activity in terms of
MoV by sequential electron transfer steps

MoV » MoV -+ MoV
or by a redistribution process which is shown below.

MoV + Mo'V - 2MoY

X —
=0 —0
— 5

HHl ftH = xanthine
ROH = urig ~cid

e P - SN
F=MO oM

Scheme 3. Oxidation of xanthine according to Bray.
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Proton couplings are presumably due to acidic hydrogen atoms of the bound
amine groups which are exchanging slowly with those from the aquecus en-
vironment.

Another mechanism which appears to use the entire active site is the one
favored by Bray [131] for xanthine oXidase. As shown in Scheme 8, an oxo
lisand accepts a hydride ion from xanthine, which causes the two-electron re-
duction of MoV, while the oxidized xanthine residue is bound to a nearby
sulfur atom. Hydrolysis then provides uric acid and a Mo'Y species. Loss of
hydride ion from the latter returns the sequence to the originai active site.
This mechanism appears to be the first to make specific use of an oxo ligand,
althoughb Stiefel has admitted the possibility [130].

None of these mechanisms draws heavily from the known inorganic chem-
istry of molybdenum, although Stiefel’s mechanism does use ceriain postu-
lated aspects of it. The results which were previously discussed indicate that
MoV! is invariably bound to two or three oxo ligands, as in I or II. Reduction
to mononuclear, paramagnetic MoV complexes results only at high acidities
or in a polar, nonagueous environment. At physiological pH values, one-
electron reduction will result in a dinuclear MoY complex, however.

I+2H"+e~ =LiVI+H,0

I+ 2H + e~ =1V + Hp0

Paramagnetism can then result from hydrolytic dissociation of the bridged
complexes [20,127,132]. Rather than supposing that Mo'Y results from the
addition of two elecirons to V or VI, a less demanding route would be dispro-
portionation [86], as in the following reaction.

V=I1+ VIII

One of the products, VIII, is an oxo Mo'V species of unspecified geometry.
Earlier arpuments concerming reaction rates suggest that VIIiI could be coor-
dinatively unsaturated.

If a direct pathway between MoY! and Mo'VY is included, the result is a fully
reversibie 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. Oxo ligand
transfer between molybdenum and the substrate will provide the necessary
link between the two oxidation states [4], as shown below.

VIII + OL = VIII-OL =1l + L

(L. = 803~, NO,~, RCHO, xanthine, N;0)

The combination of these sequences is shown in Scheme 4, wherein the
resting state of the enzyme is presumed'to contain II. An equally acceptable
geries of reactions can bz devised for 1.

This scheme requires a certain vcoperativity between the two molybdenum
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i i
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Seheme 4. A new proposal for oxidases and reductases.

sites, but only in reduced oxidation states and never in the resting state of the
enzyme., The manner in which allopurinol inhibits the action of xanthine oxi-
dase {40] is a legitimate question requiring an explanation. Two possjbilities
are immediately obvious. First, reduction of the enzyme by allopurinol results
in a Mo'V—alloxanthine complex of considerable stability. If VIII—OL will not
release the oxidized substrate, then it is clear that inhibition will occur. Sec-
ond, a comparison of allopurinol and xanthine or their oxidation products;
alloxanthine and urie acid, indieates that the hydroxyl group has heen intro-
duced at an entirely different site (see below). As a conseguence, different
binding modes at the active site, each with differing steric requirements, must
result, Subsequent reactions of the Mo!Y—alloxanthine complex could then

be inhibited because of steric hindrance.

o OH
HN N NEF )
)-\ I \> * /J\ | \>—0H
o N T N
u H G N b
xanthune ure qcid
OH OH
= =
M N
| \N —_— | \N
2 N/ ){-. N/
N H HOY N N
allepurino piloxanthine

If cooperativity exists only in the reduced oxidation states of molybdenum
and not in the highest oXidation state, then movement of the proiein chain,
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possibly restricted, would be required. The trigger for this movement could
be the changes in the molybdenum-—donor atom bond lengths which must oc-
cur inevitably upon reduction of molybdenum [4]. As shown in Tables 2, 3
and 4, these bond lengiths are largest when traris to a terminal oxygen atom.
Thus, considerable changes in the conformation of the protein would accom-
pany the reduction of I fo V or VIII since a decrease in the number of {er-
minal oxygen atoms occurs, This trigger may also cause other electron trans-
fer centers to move into the proximity of molybdenum which would then al-
low the passage of reducing equivalents between the centers {4].
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