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A. INTRODUCTION

In sharp contrast to most of the first row transition metal ions, the
biochemistry of vanadium has been relatively uninvestigated until recently.
Sporadic reports dealing with the accumulation of vanadium by certain
marine organisms appeared as far back as the turn of the century and the
element was found to be essential to many organisms by feeding studies in
the 1970s and 1980s [1,2]. However, it was not until the 1977 discovery by
Cantley and coworkers that the vanadate ion was a potent inhibitor of the
Na* K" ATPase and their suggestion that endogenous vanadate might act
as a regulator of the sodium pump in vitro [3] that a possible biochemical
role for vanadium emerged. Subsequent developments have questioned this
possibility [4], but it is arguably this first suggestion of a physiological role
for vanadium that has caused a resurgence of interest in recent years.

The purpose of this review is to look at the development of vanadium
biochemistry since 1983. Prior to 1983 several excellent reviews by Kustin et
al. and Chasteen are available and the reader is referred to them for much
of the previous work [6,7]. Our intent is to examine the interaction of
vanadium with biological systems from the perspective of the coordination
chemist, that is with particular emphasis on structure and the reactivity of
the metal in various biological systems. Because of the tremendous volume
of work now available concerning the biochemistry and physiology of vana-
dium, it will be impossible to do justice to all areas. In particular the
environmental [8], toxicological [8,9] and many physiological effects such
as the vanadium-catalyzed oxidation of NAD(P)H (see, for example,
refs. 10—13) will not be covered. In addition, this review will not address those
aspects where vanadium exerts its action by virtue of the fact that the
tetrahedral vanadate ion is a mimic for phosphate [3-5]. However, it now
appears that in many phosphate-recognizing enzymic systems, the mode of
inhibition by vanadate may have a far more complicated basis than its
superficial resemblance to phosphate since the most potent inhibitor of many
phosphate-metabolizing enzymes is the cyclic vanadate tetramer as opposed
to the simple vanadate monomer [14,15].

Part 1. Recent advances in the coordination chemistry of vanadium

In order to understand how vanadium might function in relatively complex
biomolecules it is incumbent on us to understand its basic coordination
chemistry with simpler ligands. While vanadium can exist in at least six
oxidation states, only the three highest, i.e. +3, +4, and + 5, are important
in biological systems. Oxidation states below + 3 are generally too reducing
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to exist in aqueous environments at neutral pH and will not be considered
here. Of the three remaining, the +4 and + 5 states, the chemistry of which
is often associated with the oxycations VO?* and VO, ", are by far the most
common. Part I is a brief and selective look at some recent vanadium
coordination chemistry that is important to our understanding of the bio-
chemistry of the vanadium. An outline of the aqueous, uncomplexed chemis-
try of vanadium in these oxidation states can be found in reviews by Chasteen
[7], and Boas and Pessoa {16] and a discussion of the oxidation—reduction
reactivity of vanadium complexes in aqueous solution is found in a review
by Butler [17].

B. VANADIUM-SULFUR COORDINATION

Until recently, vanadium—sulfur complexes had not been well-charac-
terized. However, because of the widespread occurrence of the thiolates in
metalloproteins and the evidence for V-S coordination in the newly discov-
ered vanadium-nitrogenase (discussed below), vanadium-sulfur complexes
are now of considerable interest. Mononuclear homoleptic thiolates of V(III)
have been prepared by Randall and Armstrong using the sterically demanding
2,4,6-tri-isopropylbenzene-thiolate (tipt) ligand [18]. Although V(III) com-
plexes are typically octahedral, these relatively crowded species adopt a
trigonal bipyramidal geometry. The structure of pentacoordinate
[V(tipt);(thf),] reveals a V-S bond length of 2.32 A (Fig. 1) [18], a value

Fig. 1. Structure of [V(tipt)(thf),] showing the 30% probability thermal ellipsoids and atom-labelling
scheme. Hydrogen atoms are omitted for clarity. Selected interatomic distances (A) and angles (°) are as
follows: V=§(1) 2.308(1), V-S(2) 2.334(1), V-5(3) 2.320(1), V-0O(1) 2.123(2), V-0(2) 2.109(2), S(1)-V-S(2)
116.11(3), S(1)-V-S(3) 116.33(3), S(2)-V-5(3) 127.30(3), S(1)-V-O(1) 93.76(6), S(2)-V-0O(2) 92.71(6),
S(3)-V-0(2) 93.07(6), O(2)-V—-O(1) 176.78(8). Reproduced with permission from ref. 18.
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similar to that found for the Mo(II)-S bond [19]. Novel di- and higher
nuclearity metal-metal bonded, V(III) clusters result when chelating, non-
sterically demanding thiolates such as ethanedithiol are used. However, these
species may have little biological significance [20,21].

Vanadium(IV) thiolates have also been isolated and characterized in recent
years by the Christou group and others [22-25]. Typical five-coordinate
square pyramidal vanadyl complexes can be produced using either ethanedi-
thiol or I-cysteine methylester. The V-S bonds average 2.35 A and the V=0
bond 1.62 A. The small but significant lengthening of the V=0 bond (ex-
pected >1.60 A for 5-coordinate species) has been attributed to n-interactions
between the sulfur lone pairs and the metal d-orbitals, resulting in increased
delocalization of the vanadium d electron. As expected, these vanadium-
thiolates are harder to oxidize and easier to reduce than their nitrogen- or
oxygen-coordinating analogs.

Tetrathiovanadate(V), [VS,]>~ [26,27], is a convenient precursor to
thiobridged vanadium-iron clusters such as the cubane type
[VFe;S,Cl;(DMF);]~ cluster and the nearly linear [VFe,S,Cl,]?"
(LFe-V-Fe=172.9° cluster [27,28] (Fig. 2).

Kovacs and Holm have recently shown that (Me,N)-
[VFe,S,CI;(DMF);]-2DMF can be prepared by reaction of the linear tri-
nuclear [VFe,S,Cl,]®~ cluster with FeCl, in DMF [28-30] (Fig. 2). The
(VFe;S,)?* core is isoelectronic and nearly isostructural with the
(MoFe;S,)* " core. The *’Fe Mossbauer spectrum and the bond lengths
(Fe—Cl, V-0) suggest [VFe;S,]?" is best characterized by a delocalized
distribution of oxidation states, e.g. V(I1'2)/3Fe(Il %), as opposed to a local-
ized charge distribution of V(IV)/3Fe(II) [28]. The magnetic susceptibility of
(Me,N)[VFe;S,Cl5(DMF);]:2DMF obeys near Curie behavior (u=3.87),
indicative of an §=3/2 ground state [28]. Some of these features are
remarkably similar to the vanadium-iron-sulfur cluster extracted from
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vanadium-nitrogenase (see below), which strongly points to the presence of
a vanadium—cubane-type cluster in the enzyme. The lability of the terminal
chloride and DMF ligands of (Me N)[VFe,;S,Cl;(DMF);]-2DMF, which
have been replaced by thiolate, phosphine and phenoxide ligands, suggest
that other novel cluster environments can be synthesized, possibly with
exceptional reactivity. In fact, Ciurli and Holm have recently reported the
insertion of the [VFe;S,]*>" and the [MoFe;Ss]°* clusters into the semi-
rigid trithiolate-containing cavitand ligand, 1,3,5-tris((4,6-dimethyl-3-
mercaptophenyl)thio)-2,4,6-tris( p-tolylthio)benzene (LS;) [31] (Fig. 3). This
ligand coordinates exclusively to the iron sites, leaving the vanadium and
molybdenum sites available for reactivity. The striking difference between the
vanadium-coordinated tricyvano complex, [VFe;S4(LS;(CN);]*~ and
[VFe;S,(LS;)DMSO0);] " is the 0.5 V shift in reduction potential [31].

In addition to the VFe;S, cubane cluster, other novel clusters are also
known, including the linear [VFe¢S5(CO),,]*~ cluster (Fig. 2), and the double
cubane-type [V,FesSsCly(edt),]*~ (edt, ethane-1,2-dithiolate) [29]. Ti, VS,
and the mineral sulvanite, Cu,VS,, are also examples of thiobridged
vanadium-metal clusters present in extended lattice networks, although nei-
ther has been identified as a discrete monomeric cluster. The mineral patronite
(VS,), is a chain of pairs of vanadium(IV) ions bridged by side-on bound
disulfide ligands [26].

C. VANADIUM-NITROGEN COORDINATION

Although the number of vanadium—nitrogen complexes isolated and char-
acterized over the past several years is certainly very large, only a few are of
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more than passing biological relevance. Very few homoleptic V--N species
are presently known. One well-characterized example is the V(IV) sepulchrate
reported by Sargeson and coworkers [32] (Fig.4). This is one of the most
prominent examples of a ‘bare’ (i.e. lacking oxide ligands) V(IV) complex due
to its stability in aqueous solution and nearly trigonal prismatic structure.
Another homoleptic V-N species, which may be of use as an EXAFS model
for V-histidine interactions, is the vanadium(III) bis(trispyrazolylborate) [33].
This V(III) complex, L,V "X~ where L= 3,5-dimethylpyrazolylborate, is air
stable and its X-ray structure has been determined (i.e. V-N bond length of
2.08 A). In addition to the ‘full sandwich’ complex, a variety of ‘half sandwich’
complexes of V(III) and V(IV) with this ligand have been synthesized and
characterized [34]. Complexes using the topologically similar ligand,
1,4,7-trimethyl-1,4,7-triazacyclononane have been reported by Wieghardt and
coworkers [35]. The structures of many of these species have been determined
by X-ray crystallography. Of particular interest is the vanadium(IV) complex
LVOCKDMF), where L is 3,5-dimethylpyrazolylborate (Fig. 5). This octahe-
dral species can be oxidized electrochemically or with peroxides to give a
V(V) complex [34]. The V(V) complex with peroxide bound may be a valuable
structural model for the active site in the bromoperoxidases since it contains
a peroxide and a halide coordinated to a vanadium(V) center. A vanadium(IV)
complex with imidazole ligands has been reported as an EXAFS model for
the reduced, inactive form of bromoperoxidase [36].

An unrelated complex of current interest, in light of the vanadium-con-
taining nitrogenase, is the hydrazido complex [VCl,(H,NNMePh),
(NNMePh)]Cl, which shows simultaneous coordination of side-on bound
hydrazine and end-on bound hydrazide [37]. These species are important
potential intermediates in dinitrogen reduction. However, one wonders
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Fig. 5. The vanadium{IV) complex LVOCKDMF) where L is 3,5-dimethylpyrazolylborate. Reproduced
with permission from ref. 34.

whether vanadium or molybdenum serve a unique function in nitrogenase
since an iron-only nitrogenase is now known [38].

Wieghardt and coworkers have also used a variety of nitrogen-containing
chelates to show that hydrolysis of V(III) can lead to formation of a stable
V,(1-O)u-MeCO,),** core [39]. Interestingly, this complex displays a weak
ferromagnetic exchange interaction rather than the strong antiferromagne-
tism seen with the iron and manganese analogs [39]. The magnetic properties
of these dimers are discussed in detail by Wieghardt and coworkers [39].
Although, as yet, this core structure has not been found in any vanadium-
containing biological molecule, it is a very common and stable entity found
in several iron and manganese metalloproteins such as ribonucleotide reduc-
tase, hemerthyrin, and pseudocatalase [40-42]. Characterization of the vana-
dium core in model complexes may allow it to be identified in a protein
system should it exist.

D. VANADIUM-OXYGEN COORDINATION

A number of potentially ligating, oxygen-containing functional groups are
found in proteins. The carboxylate of glutamic and aspartic acids, the alkoxy
group of deprotonated alcohols, such as serine and threonine, and the pheno-
late oxygen of tyrosine are members of this group. Synthesis of models
containing these types of coordination have been actively pursued over the
last few years and have provided a variety of insights into vanadium chemistry
that may have particular relevance to biological systems.
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N-Hydroxylated ligands, although potentially ambidentate, are often
bound to metals via oxygen coordination. The reaction of vanadium with
these ligands has important implications with respect to the coordination
modes of the natural product Amavadin [43] and the possible binding and
transport of vanadium by hydroxamate siderophore-like molecules from
marine bacteria [44-48]. Reaction of vanadium(V) complexes with the sim-
plest member of this group of ligands, hydroxylamine, is quite complex [49]
(Fig. 6). In alkaline solution the final species is a V(I) nitrosyl, as characterized
by the nearly linear V-N-O coordination and the N-O stretching frequency
of 1530 cm~'. The 5?2, side-on coordination of the N-O unit in species (3)
(Fig. 6) is unusual but has been characterized in related molybdenum com-
plexes [50,51] and is proposed to occur in Amavadin as well [52,53]. Side-
on bound hydroxylamine is formally analogous to side-on bound hydrogen
peroxide, both of which produce seven-coordinate vanadium(V) complexes
(see below). In mildly acid solution an exclusively N-bonded hydroxylamine
compound (i.e. species (2) in Fig. 6) is isolated [49].

Vanadium(V) also binds to a related series of ligands, the hydroxamates.
Hydroxamates have long been known to be powerful bidentate chelating
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agents for a variety of metals, particularly Fe(IIl). They are common constitu-
ents of siderophores [54]. Disubstituted hydroxamic acids have been used as
colorometric reagents for the determination of trace quantities of V(V) due
to their intense blue color (Ama., 530 nm, & 4000 M~ ' cm™!) [55,56]. The
species responsible for the color was suggested to be the bishydroxamate
complex of the VO** moiety [56]. A recent X-ray structure has appeared
confirming this formulation [57]. A structure has also appeared on the VO3**
complex of a deprotonated monosubstituted hydroxamate. This complex
appears as a trinuclear cluster with an N-O bridged vanadium(V) center
[58]. Vanadate also coordinates desferrioxamine, the tri-hydroxamate sidero-
phore from Streptomyces pilosis [59-61].

The carboxylate moiety can coordinate to metals in a variety of ways.
Simple monodentate binding, usually in the form of an aminocarboxylate
chelate, is widespread. Acetato and benzoato bridged complexes of V(III and
IV) are also common, while mononuclear carboxylato complexes of V(V)
have only recently been reported [62,63]. These complexes, which contain
bidentate carboxylate coordination (see Fig. 7), have been suggested to be
models for the vanadium in the binding site of bromoperoxidases. There is
evidence that the chelate rings in the pentagonal bipyramid structure found
in the solid state probably do not persist in solution.

Sakurai and Tsuchiya have recently proposed that a series of dicarboxylato
ligands (i.e. oxalate, glutarate, succinate, malonate) complexed to vanadyl

Fig. 7.
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react by the scheme shown in Fig. 8 and as such are mimics of vanadium
bromoperoxidase [64]. The proposed mechanism involves reduction of hy-
drogen peroxide by V(IV), forming hydroxyl radical (reaction (1)), subsequent
reactions of V(V) with hydrogen peroxide and bromide forming
[VI(VXOH)O,)Br] ™ (reactions (2) and (3)) and finally reaction of two equiva-
lents of hydroxyl radical with [V(VOH)O,)Br]~ to produce HOBr (reaction
(4)). Several steps in this proposed mechanism are energetically unfavorable;
for example, excess bromide in solution will undoubtedly react with hydroxyl
radical instead of having to invoke the proposed bromoperoxo—-V(V) com-
plex. Another problem is that vanadyl bromoperoxidase apparently is not
oxidized by hydrogen peroxide and does not catalyze the bromination of
MCD (see below). Thus it is highly unlikely that these vanadyl complexes
are true vanadium bromoperoxidase mimics, especially proceeding through
the formation of hydroxyl radical.

Vanadium peroxo complexes continue to be studied and are going to be
important models for the haloperoxidase enzymes. Vanadium(V) forms many
stable peroxo complexes both with and without auxiliary heteroatom ligands.
Despite the potential for a variety of coordination modes, all the simple
peroxo complexes structurally characterized thus far display seven-coordi-
nate, pentagonal bipyramidal vanadium(V) with symmetrically coordinating
n*-peroxides, in the pentagonal plane (see, for example, refs. 65 and 66)
(Fig. 9). With alkyl peroxides, however, the peroxide triangle is not symmetric
i.e. the V—O bonds are 1.872 and 1.999 A in [dipic]VO[OOtBu]-H,0O [67].
All the vanadium peroxide complexes are characterized by a vg_o at
850 cm~! and modestly intense (6=2-3x10* M~ !cm™') peroxo LMCT
band in the range of 300—460 nm that give rise to the red to yellow colors
of these complexes [68]. The lack of a discernible band in this region for

V(IV)O2* + H,0, > V(V)O} + -OH + H* (1)
V(V)O$ + 3 H,0, — [V(V)(OH),(0,),(OH,), 1" (2)
[V(V)(OH),(0,),(OH,),]™ +Br~ - [V(V)YOH)O,),Br]~ +OH ™ +2H,0 (3)
[V(V)OH)0,),Br]™ +2 -OH - HOBr + [V(V)O(OH)(0,),1*" + H* (4
HOBr + substrate — S-Br + H,0 (5)
In the absence of substrate

HOBr+H,0,-Br” +0,+H" +H,0 (6)
Fig. 8.
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the V(V)-dependent bromoperoxidase enzyme may be significant although
structural/electronic effects on the position of the peroxo LMCT have yet to
be completely investigated.

Considerable work has appeared concerning the role of the coordinated
peroxo group in a variety of oxidation and oxygenation reactions [69,70].
Based on an analysis of the products, it is anticipated that these reactions
can involve either homolytic cleavage of the peroxo bond to yield the diradical
V(IV)-O-, or heterolytic cleavage initiated by nucleophilic attack on the
electrophilic oxygen. The specific pathway may depend in part on the degree
of asymmetry in the vanadium—peroxidic triangle.

Vanadium—phenolate interactions have been implicated in a variety of
vanadium biomolecules. Homoleptic V(I1I)-phenolates can be prepared using
sterically demanding aryloxides such as 2,6-diisopropylphenolate or 2,6 di-
methylphenolate. Under varying conditions, six-coordinate pseudooctahe-
dral, four-coordinate tetrahedral (both mononuclear and bridged dinuclear),
and planar three-coordinate species can all be produced [72-74]. This de-
monstrates a rather unexpected degree of coordination flexibility for this ion.
In general, the vanadium in these complexes is readily oxidized to the +4
and +5 states but is reduced only with great difficulty [72]. This is the
expected pattern since the hard phenolate oxygen donor can be expected to
stabilize the higher oxidation states of the metal preferentially.

Cooper et al. have isolated and, in many cases, crystallographically charac-
terized a complete set of V(III), V(IV) and V(V) complexes of catechol [75].
The green V(III) triscatechol complex exhibits the expected octahedral geome-
try. Two V(IV) catechol species are formed. The expected square pyramidal
biscatechol vanadyl complex is pale blue (¢~50), but addition of excess
catechol produces an intensely blue V(IV) triscatecholate octahedral complex,
lacking a pendant oxo group. Oxidation of the V(IV) complex gives a stable
V(V) triscatecholate which is one of only two species that we are aware of
which contains a ‘bare’ V(V) center [75,76]. Bare V(IV) coordination was
once considered to be rare, however many complexes have been identified
since the first example, i.e. the trigonal prismatic tris(1,2 dicyanoethylene-1,2-
dithiolate)vanadium(IV) complex [77]. Oxygen-ligation most commonly
characterizes the bare V(IV) moiety as in V'V(acetylacetonate); " complexes



72

[78,79] and mixed ligand V'¥(catecholate)(acetylacetonate), complexes [80],
although other V'V(dithiolene),* ™ [81,82] and, of course, the nitrogen-bonded
V(IV) sepulchrate [32] are well known.

Vanadium(IV and V) phenolates have also been characterized in the form
of multidentate heteroligand chelates, of which a particularly well-studied
family is shown in Fig. 10. The results of the studies on these and other
systems can be summarized as follows [83,84].

(1) The chelate chemistry of vanadium(V) is not limited to the VO, moiety
as has often been supposed. Rather it displays a rich chemistry involving
VO3*, VO(OH)** and bare V37 as well as the ubiquitous VO, ™.

(2) The oxo group normally associated with V(IV) and V(V) can be removed
by protonation and this protonation can proceed under physiologically rele-
vant conditions. Floriani and coworkers first proposed that a dioxovanadi-
um(V) center could be protonated to give a VO(OH)?* moiety which could
be viewed as the inorganic analog to a carboxylic acid [85]. Using the
8-hydroxyquinolinato (Q) complex of VO, they demonstrated the value of
that analogy and proposed protonation equilibria such as that shown in
Fig. 11 for which they determined pK, values of 6.3 and 3.4. Bonadies and
Carrano [83] suggest that the diprotonated species is better formulated as
L,VO+H,0. With the EHPG ligand, the VO** moiety can be produced
by successive protonation and ultimate loss of an oxo group as water from
a VO, " center via the formation of the VO(OH)** intermediate. The mea-

EHPG EHGS SALEN
Fig. 10.
- Q +
P -H - = —H P
Qv .. —_— Qv ——— Qv
N‘O H o+ \ OH H o+ g o
pKaz = 6-3 PRy = 3:4

Fig. 11.
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sured pK, values of this process of 6.1 and 3.5, respectively, are remarkably
similar to those reported by Floriani and coworkers. The fact that the VO, *
unit in a variety of ligand environments clearly can undergo protonation in
the physiological region has important biological implications that have
remained largely unappreciated.

The protonation of vanadium oxo groups can be extended to some vanadyl
species as well [84]. The oxo group of the vanadyl ion can also be removed
by dehydration with oxophilic reagents (e.g. SOCI,, PCl;) or by displacement
with strong chelating, oxygen donors to produce non-oxo or ‘bare’ V(IV)
centers [75,86,87]. The only known example of a ‘bare’ V(V) center also arise
from displacement of the oxo groups of vanadate by catecholates and pheno-
lates [75,76].

(3) The stabilities of the three oxidation states of vanadium can be strongly
modified by ligation, solvent and pH. For example, electrochemistry has been
used to show that square pyramidal, coordinatively unsaturated V(IV) com-
plexes (Fig. 12, A) are more difficult to oxidize than their coordinatively
saturated octahedral counterparts (Fig. 12, B) [88]. This reflects the coordina-
tion preferences of the harder V(V) center which strongly favors six coordina-
tion. The ECEC square mechanism which accompanies electron transfer
between A and B demonstrates this effect nicely.

Cy [

Box B
£

Fig. 12.
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(4) While under the appropriate conditions vanadium(III, IV, or V) com-
plexes can each be isolated in a stable form, under other conditions, several
oxidation states may coexist. The acid-promoted disproportionation of
V(IV)O(SALEN) is a salient example [84]. Under anaerobic conditions in
non-coordinating acids, V(IIV)JO(SALEN) undergoes disproportionation to
yield a V(ITI)(H,SALEN) species and V(V)O(SALEN). However, in the pres-
ence of the coordinating chloride ion, the V(III) species is unstable with
respect to oxidation by V(V) and undergoes a back electron transfer to yield

V{IV)CL,(SALEN)} and V(IV)O(SALEN). This behavior formed the basis of
a suggestion that a similar reactivity could explain how ascidians produce

V(IIT) starting from V(V) and tunichrome type ligands.

(5) Finally, it is now well established that bare vanadium(IV), bare vanadi-
um(V) and the VO*" ion complexed to phenolate ligands all display LMCT
bands in their visible spectra, giving rise to intense blue-violet colors. These
colors provide a means of distinguishing bare V(IV and V) and VO** from
the more common VO?* and VO, ions, which do not manifest intense
LMCT bands. The intensity of the absorption band (ie. ¢ 2000-
10 000 M ™! cm 1) typifies these complexes, not the energy of the absorption
band, as many simple vanadyl complexes are pale blue (¢~ 50). The failure
to distinguish between mere color and characteristic spectral features (i.e.
band maxima and intensity) has led to much confusion in the literature since
it has frequently (and erroneously) been assumed that a blue coloration is
characteristic of the vanadyl ion. This confusion has been exacerbated by the
failure to quantitate EPR signals presumed to be due to vanadium(IV) or to
perform the required magnetic measurements.

E. OTHER CATEGORIES OF VANADIUM COMPLEXATION OF RELEVANCE TO
BIOLOGICAL SYSTEMS

Vanadium-alkoxo complexation has also begun to be investigated. Early
results indicate that a deprotonated alcohol function strongly favors the +5
oxidation state and is frequently involved in bridging interactions [89].

A dibromo vanadium(I1I) tetracthyleneglycol complex, [ V(III)(teg)Br),]Br,
has been obtained by reduction of vanadate by HBr in the presence of
tetraglyme (CH,O(CH,CH,0),CH;) [90]. The reaction is accompanied by
loss of the terminal methyl groups of tetraglyme. [V(III)(teg)(Br),]Br has a
pentagonal-bipyramid structure with the tetraethyleneglycol ligand occupy-
ing the five equatorial sites, with two axially coordinated bromide ions.
[V(teg)(Br),]" is re-oxidized by dioxygen, presumably forming a V(V)=
complex. If a continuous stream of HBr and air passes through a solution
of vanadate and tetraglyme in dichloroethane, a catalytic system is formed
that oxidizes bromide by dioxygen, producing bromine. The electron transfer
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role of vanadium has possible relevance to vanadium bromoperoxidase,
although this system and V-BrPO differ in that V-BrPO requires the pres-
ence of hydrogen peroxide for catalytic activity (see below).

The predominant form of vanadium(V) in aqueous solution at neutral pH,
is vanadate (H,VO,/HVO,2") or one of its oligomers (e.g. H,V,0,%>",
V,0.0* 7, H,V,00,5* 7, etc.) depending on the pH and vanadium(V) concen-
tration. Vanadate readily reacts with a variety of small molecules, forming a
diversity of complexes, many of which are in rapid equilibration with each
other. >V NMR has proved to be an exceptionally useful technique to
characterize such vanadium(V) complexes. The large magnetic moment of
51V, its high natural abundance (99.76%) and its rapid relaxation properties
contribute to its applicability as a selective probe of vanadium(V) and low-
spin vanadium(—1) complexes, despite the fact that it has a nuclear spin of
7/2. 'V NMR is an excellent diagnostic tool for detailed investigations of
vanadium(V) coordination environments because the chemical shifts are very
sensitive to the nature of the coordinated ligands and the coordination
environment (see ref. 91 for a review). The chemical shifts span a range from
+ 2000 ppm (vs. VOCI;) for thiovanadates(V) to — 800 ppm for peroxovanad-
ium(V) complexes. Low-valent vanadium(—1) complexes that have d°, low-
spin electronic configurations are also observable by *'V NMR, but this
oxidation state probably does not have significant biological applications.

One application of 'V NMR spectroscopy of relevance to biochemical
investigations is the study of vanadate interactions with a wide variety of
buffer salts. High concentrations of vanadate—buffer complexes are formed
in bicine (N,N-bis(2-hydroxyethyl)glycine), bis-tris (bis(2-hydroxyethyl)imino-
tristhydroxymethyl)methane) and tricine (N-tris(thydroxymethyl)methyl-
glycine) [92]. Weak complexes are also formed with Tris (tris(hydroxy-
methyl)Jaminomethane), even at a low vanadate concentration [92,93]. Thus,
depending on concentration, pH and the magnitude of the complexation
constant, vanadate may not be present in solution in the desired or expected
form. This is a consequence of the coordination chemistry of vanadate that
has not been thoroughly appreciated. For example, investigations of vanadate
inhibition of phosphate-metabolizing enzymes are strongly affected by the
nature of the buffer salt [92]. The degree of vanadate oligomerization or
complexation by phosphate, reactions that are also conveniently studied by
51V NMR, can also have tremendous effects on the course of a reaction
under investigation [94]. Clearly, the recent reports have shown that one
must be acutely aware of the complexation properties of vanadate in biochem-
ical investigations.

Another area of potential relevance to the biological chemistry of vanadium
is the oxygen-atom transfer reactivity of vanadium species. Compared with
other transition metal ions, not many examples of true oxygen-atom transfer
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Fig. 13. Double headed curved arrows indicate that the transformations occur in both directions. Non-
oxygen atom transfer processes are marked with an asterisk. Reproduced with permission from ref. 96.

reactions are known for vanadium [95]. Holm has summarized the oxo-atom
transfer reactivity that interconnects V(ILIII) and the oxo species V(IV)O,
V(V)O, V,(V)O,3, V,(IV,V)O; and V(V)O, which is shown in Fig. 13. In this
generalized scheme, which includes all known oxo transfer reactions of vana-
dium (excluding vanadium peroxide), the reactions fall into two types, either
as primary oxotransfer reactions or as electron transfer reactions with u-oxo
bridge formation [96]. The main reactions are

V(I +XO0-V(IVIO+X

VI + XO-V(V)O+X

and

V(V)O + X-V(III)+ XO

V(V)O, + V(III)-2 V(IV)O

V(I + VIV)O - V(IID)-O-V({II)

and

V(I + V(V)O- VI + VIV)O

where XO/X is the oxo donor/acceptor (e.g. iodosyl benzene, m-chloroperoxy-
benzoic acid, triphenylphosphine oxide). The conversion of V(IV)O or V(V)O
to V(V)O, by strong oxo-donors are not primary oxotransfer reactions, but
are examples of the redox reactions

[V(V)OCL]™ + XO(PhIO,MCPBA)—-[V(V)O,Cl,]~ +Cl, + X(PhI, MCBA)
[VIV)OCL,]*~ + PhIO—[V(V)O,Cl,]” +Phl+Cl™ 4+ ¥ Cl,

Part II. Biosystems
F. ORGANISMS THAT ACCUMULATE VANADIUM
(i) Amanita muscaria

One of the simplest and yet most interesting vanadium-containing natural
products is Amavadin. It has been known for some time that the common
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mushroom Amanita muscaria or fly agaric, concentrates vanadium to a con-
siderable extent. However, it was not until 1972 that Bayer and Kniefel
isolated the vanadium-containing compound and gave it the name Amavadin
[43]. Based on elemental analysis, IR, EPR, and chemical reactivity, they
assigned Amavadin a structure in which a vanadyl ion was coordinated by
two molecules of N-(I-1-carboxyethyl)-N-hydroxy-l-alanine (or N-hydroxy-
2,2’-iminodipropionic acid) (Fig. 14) [97]. Later, these same authors were
able to achieve the total synthesis of the complex [98]. The proposed structure
was supported by potentiometric titration data on the vanadyl complex with
N-(1-1-carboxyethyl)-N-hydroxy-l-alanine and related ligands, the presence
of a purported V=0 stretch at 980 cm ™! and EPR data. Subsequently,
several new results suggested that the proposed structure was incorrect. In
1987, Bayer et al. measured the stability constants for the vanadyl ion with
metal-free Amavadin and N-hydroxyiminodiacetic acid ligands as well as
their non-N-hydroxylated counterparts [52]. Their results showed that the
N-hydroxylated ligands (i.e. compound (1), Fig. 15) form far stronger and
more selective 2:1 complexes with VO?2* (i.e. log §, =23) than simple iminodi-
acetates (e.g. compound (2), Fig. 15) which form only 1:1 species (i.e. log K, =
9.5). For all the other metal ions examined, ie. Cu?*, Zn**, Ni**, Ca*",
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etc., the simple imino ligand forms the more stable complex, compared with
the corresponding N-hydroxy compound. These observations suggest that
the N-hydroxy group is important to the overall stability of the vanadium
complex. This is also supported by the electrochemical study of Amavadin
by Asri Nawi and Reichal who showed that only the N-hydroxyl compounds
such as the Amavadin ligand lead to reversible electrochemical oxidation of
the vanadium [99]. The vanadium complexed to these ligands is also ca. 1 V
easier to oxidize than the simple amino analog. Finally, large-angle X-ray
scattering (LAXS) experiments suggested that the shortest vanadium-ligand
distance in Amavadin is on the order of 1.9 A. Since the V-O bond in the
vanadyl ion is expected to be 1.5-1.6 A, this work suggests the absence of
a vanadium oxo group. This suggestion is corroborated by the observation
that the IR band at 980 cm ™' previously assigned as a V=0 stretch in
Amavadin itself is not present in the analogous vanadium(IV) complex of N-
hydroxyiminodiacetic acid even though the two complexes show similar
stabilities. Taken together, this data led Bayer et al. to suggest a new structure
for Amavadin which features a side-on bound N-O group (Fig. 16).

There is a considerable precedence for this rather unusual structure in the
chemistry of hydroxylamine bonding to vanadium (see Part I, above). The
proposed structure explains why, even though the hydroxylamino group is
deprotonated, only two protons are released upon complexation since the
protons are consumed in the formation of water by protonation and loss of
the oxo group. The widespread belief that the oxo group is a necessary
companion to V(IV) has led to several erroneous assumptions in the literature
as is seen, for example, in the chemistry of vanadium catechols. In fact it now
appears that protonation and loss of the oxo group as water is a fairly
common phenomenon in vanadium chemistry and should be considered

Fig. 16.
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whenever strongly coordinating ligands are involved. Proof of the 52 N-O-
coordinated structure requires an X-ray analysis. While such an analysis has
not been reported for Amavadin itself, a structure of the analogous V(IV)
complex of the related ligand N-hydroxyiminodiacetate does indeed show
side-on bound N-O coordination [53]. Thus, there is little doubt that the
structure of Amavadin itself is analogous to the structure proposed in Fig. 16.

While the puzzle of the structure of Amavadin has been solved, its function
remains a mystery. Based on its reversible electrochemistry, Asri Nawi and
Reichal have suggested an electron transfer role for Amavadin [99]. Others
have pointed to its possible involvement in the circulation of cadmium and
vanadium in the environment [100]. Clearly, much more work is necessary
on this front in order to establish a clear biochemical function.

(ii ) Tunicates

Certainly the most spectacular of the vanadium-accumulating organisms
are the tunicates (order Ascidiacea). These common, sessile marine animals,
also known as sea squirts, have fascinated scientists since the turn of the
century when Henze discovered that the blood of such organisms contained
large quantities of vanadium. It was originally thought that the vanadium,
found primarily in the blood cells known as vanadocytes, was involved in
oxygen transport. It is now clear, however, that this is not the case. Our
understanding of the nature of the vanadium and its biological role has seen
many changes. The history of this evolution up to 1983 has been well
presented by Kustin and McCara [101,102]. A recent mini-review which
outlines some of the remaining controversies is also available [103].

It is now generally accepted that vanadium, present as a monomeric,
pentavalent anion in seawater, is concentrated via a reductive process, as
shown schematically in Fig. 17. The vanadium in the blood cells of the
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Fig. 17. Tunicate vacuole.
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tunicates exists primarily in the trivalent state, although some tetravalent
metal is also present. The distribution between the oxidation states appears
to be species-dependent. Beyond these two points considerable controversy
persists. A lively debate has grown out of an early suggestion that vanadium
is contained within cells which maintain an extremely acidic internal pH,
originally thought to be equivalent to 1.5 M H,SO, [104]. It was subse-
quently shown that the methodology on which this estimate was based was
erroneous [105]. Later work, using a variety of non-invasive techniques of
pH measurement, seemed to indicate a pH near neutrality [106]. However,
the validity of some of these techniques has also been questioned. Hodgson
and coworkers, based on their results using EPR methods, have given rebirth
to the concept that the cells maintain a very low internal pH, near 1.8 [107].
Hawkins and coworkers, however, question both the results and the conclu-
sions [108]. More recently, Hodgson and coworkers reported that they re-
confirmed their original work, which indicates a low pH environment for the
vanadium [109]. Much of the confusion and controversy undoubtedly rests
on the fact that different workers are measuring different physical properties.
The pH indicators which suggest a near neutral pH are, in fact, measuring
the average whole cell pH. Hodgson’s EPR method is really only a measure
of the pH sensed by the vanadium(IV). This probably only represents the pH
of a small vacuole where the V(IV) is sequestered and might not represent
the pH environment sensed by the bulk of the vanadium, which is in the
trivalent state and thus EPR-silent at liquid nitrogen temperature. Compari-
sons cannot readily be drawn between different species of tunicates, since
phlebobranch and aplousobranch ascidians may be considerably different in
their handling of vanadium. Finally, it is important to avoid comparing the
vanadium environment in general ascidian tissue with that found in whole
blood. There now seems to be agreement that the two environments differ
[108,109].

Another area of confusion, if not controversy, revolves around the role of
organic pigments, known as tunichromes, in tunicate vanadium metabolism.
In the mid 1970s, it was reported that the yellow green color of the vanado-
cytes was not due to the vanadium but rather to an organic chromogen
named tunichrome. The observation that tunichrome was present in approxi-
mately the same molar concentration as vanadium (which may be fortuitous)
and was a potent reductant (capable of reducing V(V) to V(IV) in vitro) led
to the consideration of tunichrome as an integral part of the vanadium
uptake and storage system. Early attempts to isolate and characterize the
tunichromes were frustrated by their apparent extreme sensitivity to oxidation
and their facile hydrolysis [110]. However, within the last several years,
Nakanishi and coworkers at Columbia have finally succeeded in identifying
and synthesizing these elusive molecules which are modified tripeptides de-
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rived from three hydroxydopa residues (Fig. 18) [111-113]. The presence of
several pyrogallol moieties provides both reducing power and the potential
for strong metal coordination. Despite the -characterization of the
tunichromes, their role in the vanadium metabolism of the tunicates remains
unclear for the following reasons. In vitro tunichromes only appear able to
reduce V(V) to V(IV) and not further to V(III). There are several ways around
this apparent problem. First, another biological reductant may reduce the
V({IV) to the required trivalent state. This seems somewhat unlikely con-
sidering the redox potential which could be expected to be required. A second,
more likely possibility is that the V(IV) formed in the initial reduction could
become ligated in such a way as to lower its reduction potential. Nakanishi
and coworkers have shown that pyrogallol can reduce the V(IV)-bisacetyla-
cetonate complex to a V(III) species [114], and a direct reduction of V(V) to
V(11I) in the presence of acid and a complexing agent, tetracthylene glycol, has
been reported [90]. Pecoraro and coworkers have suggested an alternate
mechanism based on work with the phenolate-containing ligand SALEN,
where the V(IV) produced by tunichrome reduction could undergo an acid-
promoted disproportionation to produce V(III) and V(V) [84]. The V(V) thus
produced would then undergo another cycle of reduction by tunichromes
(Fig. 19).

A second unresolved issue is the actual location of the tunichrome vis a
vis the vanadium. Tunicate blood consists of a number of distinct cell types
including the signet ring cells (SR), the morula cells (MC), and compartmental
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cells (CC) as well as several other less common cells. Several studies of various
species now indicate that the majority of the vanadium is located in the
signet ring cells [113,115]. However, Nakanishi and coworkers have demon-
strated that almost all of the free tunichrome is present in the morula cells
[113]. Of course this does not a priori preclude the possibility that tu-
nichromes are tightly coordinated to vanadium in SR cells, but it is most
consistent with the idea that the vanadium and tunichrome are stored in
separate compartments.

The question of the vanadium coordination environment in the blood cells
of tunicates is closely tied to the pH controversy and to the precise location
of the tunichromes. Two contrasting conclusions are possible. If the pH of
the vanadophores is not markedly acidic, then the V(III) must be ligated or
it would form insoluble hydroxypolymers. Alternatively, if the V(III) is not
ligated, then it must be in an acidic milieu. EXAFS, paramagnetic NMR, and
EPR have been used to indicate that V(III) is ligated only by water, and
sulfate or sulfonate [116]. Carrano and coworkers’ work with model com-
plexes shows that, while the tunichromes would be good ligands for V(III)
even in acidic solution, based on their stereochemistry they might be expected
to yield oxo-bridged dimers [117(a)(b)]. Since such dimers are not consistent
with the EXAFS data, this supports the notion that the tunichrome and
vanadium(IIl) are physically separated in intact cells. Further work is still
needed to resolve this question. Finally, it should be noted that there is a
report of the isolation of another low molecular vanadium binding substance,
not a tunichrome, that contains a reducing sugar [118].

G. VANADIUM-PROTEIN INTERACTIONS
(i) Vanadium transferrin

The term ‘transferrin’ is applied to a class of iron-binding glycoproteins
which includes the ovotransferrins, found in large quantities in egg white, the
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lactoferrins, originally isolated from human milk, and the serum transferrins,
found in the blood plasma of many vertebrates (for reviews, see refs. 119-121).
All transferrins are structurally and chemically quite similar, coordinating
two moles of ferric ion tightly and reversibly, as well as many other transition
metal ions, including vanadium(IILIV, and V). All transferrins have molecular
weights of ca. 80 000 Da and consist of single polypeptide chains of approxi-
mately 650 amino acids folded into two compact regions, each of which has
a high degree of sequence homology and each of which binds a single
equivalent of iron. A variety of spectroscopic techniques and other methods
indicate that the rough geometry of ferric coordination is octahedral but that
the two sites (designated the N-terminal and C-terminal sites) differ subtly
in structure [122,123]. X-ray structures were recently completed on rabbit
serum transferrin [124] and lactoferrin [125], showing that the amino acid
side chains that ligate the iron in each site include histidine, aspartate and
two tyrosine residues.

One of the unique features of the transferrins is that a suitable anion must
be present in order for iron to bind. In physiological media, the obligatory
anion is carbonate or bicarbonate. In the absence of carbonate, numerous
other anions, such as oxalate, pyruvate, thioglycolate, etc., promote iron(III)
binding, although most simple inorganic anions are ineffective. The function
of the synergistic anions may be to ‘lock in’ the bound metal ion, thereby
protecting it from competing reactions such as hydrolysis. In addition to a
carboxylic acid moiety, all of the known synergistic anions for transferrin
possess a Lewis base functionality within 6.3 A of the carboxylate group. An
‘interlocking sites’ model [126] has been proposed and is generally accepted
for the interaction of the anion with the metal and protein. Presumably the
carboxylate moiety binds electrostatically to the protein and the Lewis base
ligates the metal. The X-ray structure, while inconclusive, is consistent with
this view.

In addition to ferric ion, the transferrins can bind many other metal ions,
some of which have been suggested to have physiological functions. Vanadi-
um-transferrin has been implicated in the metabolism of vanadium both at
the very low dietary level and at the high toxic level. Environmental exposure
to vanadium (IV or V) reportedly results in the formation of a vanadyl
transferrin complex [127]. The nature of this vanadyl transferrin complex is
reasonably well understood in light of the extensive study it has received as
an EPR probe for the metal binding site in this protein [128,129].

Preparation of the V(III) transferrin complex was reported by Bertini et al.
[130]. Little is known about this derivative. It is unique however in that this
complex, which might reasonably be expected to be air-sensitive, as are most
vanadium(III) phenolates, is in fact reportedly stable to oxidation by either
air or hydrogen peroxide. This remarkable result is presumably a dramatic
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indication of how ligation can change the properties of metal ions. Interest-
ingly, the higher valent vanadium(IV) vanadyl transferrin is oxidized by
dioxygen to a vanadium(V) species.

Vanadium(V) transferrins can be prepared either by direct reaction with
vanadate or by air oxidation of the vanadyl complex [131,132]. 'V NMR
[133,134] and UV difference spectroscopy are highly sensitive tools to probe
the nature of the metal binding sites of human transferrin (Tf). At a field
strength of 11.7 T, the two vanadium(V)-binding sites in V,-Tf have 'V
chemical shifts at —529.5 and —531.5 ppm versus VOCI; (Fig. 20). These
shifts are assigned to the C- and N-terminal sites, respectively, based on the
51V NMR spectra of vanadate addition to Fey-Tf and Fec-Tf. Hydrogen
peroxide binds to vanadium(V) transferrin as identified by *'V NMR, charac-
terized by a broad resonance at a chemical shift of —600 ppm and UV
difference spectroscopy [135]. Tight binding of V(V) to the metal sites of
apo-Tf is established by a linear increase of signal area with V(V) concentra-
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Fig. 20. 'V NMR spectra of vanadate-bound Tf and aqueous vanadate at pH 7.4, 0.1 M Hepes buffer,
131.48 MHz. (a) 0.826 mM aqueous vandate, 26 342 scans; (b) 2.3:1 M/M mixture of V(V) and apo-TT at
0.826 mM apo-Tf, 205 159 scans; {c) equimolar mixture of V(V) and apo-Tf at 0.34 mM, 200 010 scans.
Reproduced with permission from ref. 134.
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tion up to an approximate 2:1 stoichiometry, quantitative displacement of
protein-bound V(V) by ferric ion, and the lack of the —529.5/—531.5 ppm
resonances upon addition of vanadate to Fe,Tf and Ga,Tf. The chemical
shift of the V-Tf resonance is independent of pH (5.8-9.0) and temperature
(275-310 K), whereas the V5-Tf resonance varies slightly (1-2 ppm) with pH
and temperature. At relatively high V(V) concentrations and at high ratios
of V(V)/Tf, conditions under which a large fraction of the V(V) is present as
V(V) oligomers, the 3!V resonance of Tf-bound V(V)is not observed, possibly
due to interference (e.g. exchange) by the oligomeric species. The 'V NMR
spectrum of the 20/1 V/Tf shows that the tetrameric vanadate species is
substantially broadened relative to the tetrameric vanadate species in a
vanadate solution without transferrin, whereas the line width of the mono-
meric vanadate resonances are the same. This result indicates that the vana-
date tetramer, but not the monomer, may be in exchange with protein-bound
vanadium [134].

One might expect that the !V NMR spectrum of vanadium(V) coordinated
to a low-symmetry environment or a large macromolecule would display
very broad resonances (i.c. several thousand Hz) due to the quadrupolar
relaxation. However, in the case of tight V(V) binding to transferrin, the
sharpness of the protein-bound resonances (i.e. 400 Hz vs. 100 Hz for
H,VO,7) is a consequence of the motional characteristics of transferrin,
which place the Tf-bound vanadium(V) outside the extreme narrowing limit
but within the motional narrowing limit [134]. The results of several different
experiments are consistent with the theory for an I=7/2 nucleus. The ob-
served signal intensity of transferrin-bound vanadium(V) is only 19% of an
equimolar aqueous vanadate sample, since only the central transition
(i.e.+1/2—> —1/2) is observed and the other three spin—spin relaxation compo-
nents are broadened beyond detectibility. At 7.05 T, the line width is substan-
tially greater than at 11.7 T, and a S ppm up-field shift is observed which is
attributed to a dynamic frequency shift. The line width of Tf-bound V(V) is
not broadened by solvent viscosity up to 50% glycerol/buffer (v/v). Measure-
ments of signal intensity as a function of pulse length reveal increased 'V
precession frequencies in the radio frequency field, as frequently observed for
studies of half-integer quadrupolar nuclei in the solid state [134].

Two additional pieces of information are available which, if taken together
with the previous data, allow us to develop a picture of V(V) coordination
to transferrin. As outlined earlier, it has become commonplace to talk about
separate anion binding and metal binding sites in transferrin. V(V) binding
to transferrin is unique in that it is blocked or inhibited by other metal ions,
ie. Fe3* or Ga3* as well as by anions such as arsenate, phosphate or sulfate
[131]. Secondly, in contrast to virtually all other metal ions, V(V) binding
to transferrin requires no additional synergistic anion [131]. Thus it appears
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that vanadate has binding characteristics both of a metal and of a synergistic
anion [131]. Ultraviolet difference spectra of vanadium-transferrin and model
compound studies indicate that vanadium(V) is coordinated by two tyrosine
residues [131]. Further, the VO, moiety is the most likely species to be
coordinated to transferrin, since other forms of V(V) such as bare V°* or
VO3* are excluded by the lack of a discernable LMCT band expected for
these ions bound to phenolate ligands [75]. Simple association as the vana-
date ion, H,VO, " /HVO,? "~ is eliminated by the magnitude of the formation
constant and the nature of the UV difference spectrum [131]. A hypothetical
vanadium site consistent with the observations could be vanadium(V) coordi-
nation by Tyr 426, Tyr 517 and Asp 392 with hydrogen bonding of the V=0
oxygens to His 585 and Arg 456 (Fig. 21). The coordination geometry could
well be trigonal bipyramidal or octahedral if another ligand is coordinated.

To return to the physiological significance of the various species, it is clear
that both the vanadyl- and vanadate-transferrin complexes can be stable
under physiological conditions. Chasteen et al. have examined the redox
interaction between the two species as well as the binding of the vanadyl and
vanadate ions with serum albumin, another metal-binding protein [136]. The
presence of endogenous reducing agents and dissolved oxygen appears to
ensure that both oxidation states coexist in the blood plasma. Evidence is
presented that the vanadyl ion will be partitioned between transferrin and
the albumin while the vanadium(V) will be bound exclusively to transferrin.
Several aspects of the kinetics of vanadium metabolism in blood have also
been discussed by Harris et al. [132].

Fig. 21



87
(ii) Vanadoenzymes

While vanadium has been shown to be important in biological systems
and is, in fact, an indispensable trace element for many organisms, authentic
examples of vanadium in the active site of enzymes have been discovered
only recently. In 1984, Vilter demonstrated that certain marine algae contain
a non-heme bromoperoxidase that is activated by vanadium(V) [137]. A brief
review of the history of this discovery is available [138]. In addition to
vanadium-bromoperoxidase, a second naturally occurring vanadoenzyme has
been discovered, which is a vanadium-containing nitrogenase [139,1407]. The
vanadium bromoperoxidase and vanadium nitrogenase are described below.

(a) Vanadium bromoperoxidase

Vanadium bromoperoxidase (V-BrPO) has been isolated from several
species of marine brown algae, including Ascophyllum nodosum [137,141],
Laminaria saccharina [142], Fucus distichus [143], and Macrocystis pyrifera
[143], the red alga, Ceramium rubrum [144], and a terrestrial lichen, X anthoria
parietina [145]. In addition, vanadium-dependent bromoperoxidase activity
has been detected in many other species of brown macroalgae [141,146].
These enzymes can catalyze the formation of carbon-halogen bonds and
thus have been implicated in the biogenesis of the many different brominated
natural products found in marine organisms. Many of these brominated
compounds seem to have important chemical defense-type functions [147].
Two different vanadium bromoperoxidases, which differ in carbohydrate
content, have been isolated from A. nodosum [141,148]. The most abundant
bromoperoxidase, V-BrPO-I, was found in the thallus and the other bromo-
peroxidase, V-BrPO-II, was reported to be present on the thallus surface
[141]. A previous report also concluded that V-BrPO is present in two
different locations of A. nodosum, one found in the cell walls of the transitional
region between the cortex and medulla of the thallus and the other of which
is in the cell wall of the thallus surface [149]. More recent experiments
demonstrate that vanadium-dependent bromoperoxidase activity is present
in both the cortical and surface protoplasts of M. pyrifera [146]. A non-heme
iron bromoperoxidase has also been reported in certain species of Rhodophyta
[150,151], however recent reports showing the presence of a small amount
of vanadium in these enzymes has been used to suggest that vanadium may
be the active-site metal ion [152,153].

The vanadium-bromoperoxidases are all acidic proteins (pI ~5) [141] of
ca. 65 000 Da per subunit with very similar amino acid compositions [154].
As isolated, these proteins contain only about 0.4 vanadium atoms per
subunit, however one gram-atom of vanadium per subunit can be achieved
by addition of excess vanadate and subsequent removal of adventitiously



88

bound vanadium(V) [141,143]. Active-site vanadium(V) has been completely
removed by EDTA in phosphate buffer, resulting in concomitant removal of
bromoperoxidase activity [137,155]. The activity of the apo derivative is fully
restored upon complexation of vanadate, demonstrating that vanadium is
essential for catalytic activity [155]. V-BrPO (A. nodosum) has been crystal-
lized, aithough refined structural data have not been completed yet [156].

V-BrPO slowly loses activity in phosphate buffer [148]. Vanadate reconsti-
tution of apo-BrPO is also inhibited in the presence of phosphate buffer, an
effect which de Boer and coworkers believe arises from the structural similari-
ties of phosphate and vanadate [154]. Wever et al. state that breakage of
vanadium-oxygen bonds upon reincorporation of vanadate is unlikely and
conclude that phosphate binds to the enzyme in the same manner as vanadate,
i.e., as the oxy-anion coordinated by two additional protein ligands [154].
On the contrary, protonation of vanadium-bound oxo and hydroxo ligands
leads to facile water exchange, demonstrating that other ligands can easily
coordinate to vanadium(V) [83]. Phosphate is an excellent complexing agent
and could sequester bromoperoxidase-bound vanadate, leading to formation
of the inactive, apo-BrPO derivative and a polyoxo vanadium-phosphate
species [157]. In fact, phosphate-inactivated V-BrPO can be fully reactivated
by removal of phosphate followed by addition of vanadate. The isostructural
molybdate ion is also capable of blocking reconstitution of the apo-protein
by vanadate which has also been used to suggest that vanadate and molyb-
date compete competitively for the same site [155].

The presence of the pentavalent oxidation state of vanadium in V-BrPO
is established by a combination of the (1) lack of an EPR signal in the native
enzyme either alone or in the presence of bromide and hydrogen peroxide
substrates, (2) appearance of a V(IV) ESR signal upon one-electron reduction
of native V-BrPO and (3) reactivation of apo-BrPO by the addition of
vanadate (H,VO, /HVO,? ). Reduction of the native enzyme with dithio-
nite gives rise to a normal anisotropic axial EPR spectrum typical of the
binding of the vanadyl ion (d') to a protein moiety [155]. Detailed analysis
of the EPR spectrum at pH 4.2 reveals g, =1.950, g, =1.980, g,=1.970, 4, =
167.5 G, A, =55.1 G, A,=92.6 G. These parameters are consistent with N,O
coordination to vanadium(IV) [155]. EPR spectra recorded in D,0 or H,!’0O
instead of H,'®O show changes in line widths consistent with at least one
water ligand for the vanadium [155]. The EPR spectrum is also reversibly
pH-dependent such that at pH 8.4 new parameters, g, =1.948, g, =1979,
g,=1969, 4,=160.1 G, 4, =50.2 G, and 4,=86.8 G are observed. The pH
dependence is attributed to the ionization of a functional group with a pK
of 5.3 [155]. Aspartate, glutamate or a perturbed histidine are all candidates
for this coordinated ligand. Alternatively, the ionization of vanadium(V)-
bound water is also a reasonable possibility since it can be expected that
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water bound to a strong Lewis acid like VO,* will undergo hydrolysis in a
similar pH regime. Neither peroxide nor halide ions perturb the EPR
spectrum, indicating that these substrates bind only to V(V). Of course it
must be remembered that the proposed ligation of V(IV)-BrPO inferred from
the EPR data may well be expected to be different from that of the native
V(V) enzyme due to quite different coordination geometry preferences of the
two oxidation states.

Electron spin echo envelope modulation (ESEEM) spectroscopy of the
reduced V-BrPO compared with a variety of vanadyl compounds suggests
that a nitrogen ligand is present in the equatorial plane of the BrPO-bound
vanadyl cation [158]. An intense 'H modulation was also observed which
was replaced by ?H modulation when VO?*-BrPO was present in D,0
instead of H,O, further confirming the presence of an exchangeable proton
at the vanadium site.

A °'V NMR signal for the native V(V) enzyme has been reported [159].
The NMR spectrum displays a very broad (ie. 6 kHz) signal at about
—1250 ppm. The quality of the data is unfortunately quite poor but the
authors suggest that the drastic increase in shielding may indicate some 5?-
bound ligands, however the high field shift observed for the 'V signal in the
presence of the substrate iodide is opposite to the direction predicted by
simple shift-electronegativity considerations.

The K-edge and X-ray absorption near-edge structures (XANES) of native
V-BrPO in the absence or presence of bromide or hydrogen peroxide are
very similar, while the dithionite-reduced V-BrPO is substantially different
[160]. A very recent report on the EXAFS structure of V-BrPO also suggests
that vanadium(V) is coordinated by ca. three unknown light-atom donors
ca. 1.72 A, 2 nitrogen donors at 2.11 A, almost certainly histidine nitrogens
and a single terminal oxo group at 1.61 A, all arranged in a distorted
octahedral geometry [161]. No observable differences were found in the
EXAFS upon treating the enzyme with either, or both hydrogen peroxide or
bromide. A significant change was observed on dithionite reduction, consis-
tent with a distorted octahedral coordination sphere for V(IV) with a single
vanadyl oxygen at 1.63 A and 5 N(O) ligands in two groups (i.e. 3 at an
average distance of 1.91 A and 2 at 2.11 A). The fit was significantly improved
by considering second shell scattering as from imidazole carbon atoms,
- strongly suggesting at least two histidines among the five N(O) donors. The
2.11 A distance is also consistent with this view. Thus, the fundamental
change seen upon reduction is the lengthening of the three other vanadium-—
light atom bonds from the ca. 1.72 A seen in the native vanadium(V) enzyme
to 1.91 A in the vanadium(IV) derivative,

The specific activity of V-BrPO is measured spectrophotometrically at
290 nm by the rate of bromination of monochlorodimedone (2-chloro-5,5-
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dimethyl-1,3-dimedone, MCD) and is expressed as umol MCD brominated
per min per mg enzyme (i.e. U mg™'). MCD is the classic substrate used to
determine the specific activity of haloperoxidases. V-BrPOs have maximum
specific activities in the range of 120-1700 U mg ™!, depending on pH, bro-
mide and hydrogen peroxide concentrations [143,155].

Bromoperoxidases catalyze the oxidation of bromide by hydrogen perox-
ide, resulting in the bromination of certain organic substrates or the pro-
duction of dioxygen in the absence of a suitable organic substrate. V-BrPO
is unlike FeHeme haloperoxidases in that significant dioxygen formation
occurs only in the presence of bromide or iodide, demonstrating the lack of
true catalase activity {162], although the stoichiometry of dioxygen formed
to hydrogen peroxide consumed is 1/2, indicating the overall reaction is the
disproportionation of hydrogen peroxide [163]. The halide-assisted dispro-
portionation of hydrogen peroxide is catalyzed by bromide as demonstrated
by bromide-selective electrode techniques [162]. Under conditions when
dioxygen formation is completely inhibited during bromination (e.g. 75 uM
MCD, 2 mM H,O0, at pH 6 for V-BrPO from A. nodosum), the rate of MCD
bromination is equal to the rate of dioxygen formation in the absence of
MCD, but otherwise identical conditions [162,164]. The dioxygen produced
is in the singlet excited state (O,;'4,), which was recently shown by analysis
of the near infrared emission (i.e. 4,,, 1268 nm), the near stoichiometric yield
of 'O, and the reduced emission intensity in the presence of specific 'O,
quenchers [148]. The remarkable feature of V-BrPO is its stability in the
presence of high concentrations of oxidized bromide species or singlet oxygen.
By comparison, the FeHeme haloperoxidases, chloroperoxidase and lactoper-
oxidase were inactivated by 50 and 100%, respectively, under conditions in
which V-BrPO retained full activity [148]. The rate of production of singlet
oxygen was equal to the rate of dioxygen formation measured by an oxygen
electrode, confirming that the pathways of singlet oxygen formation and
dioxygen formation are the same.

The equality of the rates of MCD bromination and dioxygen formation
suggests that both reactions proceed through the formation of a common
intermediate, the production of which is rate-limiting (Scheme 1 [148,162]).
The k[MCD] reaction is competitive with the k,[H,0,] reaction [164],

V-BrPO
H,0,+Br™ —--—5 “intermediate” (i.e. HOBr, Br;, Enz-OBr or Enz-Br)

klMCI/ \szZOz
Br-MCD 0, +Br  +H,0

Scheme 1.
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since at high concentrations of hydrogen peroxide, the sum of the rate of
dioxygen formation during MCD bromination and the rate of MCD bromi-
nation is equal to the rate of dioxygen formation in the absence of MCD at
the same hydrogen peroxide concentration. Thus the apportionment of the
intermediate is fully accounted for by the k,[MCD] and k,[H,0,] pathways
[164].

The exact nature of the intermediate in Scheme 1 has not been identified
unambiguously. Reaction of hydrogen peroxide with any of the proposed
intermediates is consistent with singlet oxygen production. Singlet oxygen is
a well-established product of the reduction of HOBr/Br,/Br; ™, or bromam-
ines by hydrogen peroxide [165]. Chiral halogenated terpenes are well known
natural products in many marine organisms (for a review, see ref. 147),
suggesting that a direct enzyme-halogenation reaction occurs as opposed to
‘chemical’ halogenation by HOX/X,/X; . De Boer and Wever have proposed
that Br; " /HOBr is the brominating moiety based on the appearance of an
absorbance increase at 290 nm (i.e. the A,,,, of Br;~ and HOBr) [169]. Their
conditions, which include high bromide concentration, very high enzyme
concentration and low pH (i.e. pH 5), actually favor and possibly force the
formation of tribromide. For example, under the same conditions of pH and
bromide concentration, N-bromosuccinamide reacts with bromide forming
tribromide, demonstrating the tremendous ease of displacement of a bromon-
ium ion from a brominated amine. At low pH, the yield of singlet oxygen
from HOBr/Br;~ and hydrogen peroxide is also reduced [165]. Thus, while
Br; " /HOBr is produced at low pH, this is not necessarily the brominating
intermediate under physiological conditions. At neutral pH, tribromide or
hypobromous acid cannot be detected because of the very rapid reduction
of the oxidized bromine species by hydrogen peroxide.

V-BrPO catalyzes the formation of many other brominated compounds
(e.g. phenols, alkenes, pyrimidines, sulfur heterocycles, etc), however, none of
these are efficiently brominated since most of the hydrogen peroxide is
shunted off in the bromide-assisted catalase reaction [162]. The nature of
the peroxide, however, strongly affects the rate of oxygen formation. V-BrPO
can use acyl peroxides (e.g. peracetic acid, m-chloroperoxybenzoic acid, phenyl
peracetic acid) to catalyze bromination reactions, but not alkyl peroxides
(e.g. ethyl hydroperoxide, tert-butyl hydroperoxide, cuminyl hydroperoxide)
[143]. Neither acyl peroxides nor alkyl peroxides catalyze dioxygen forma-
tion, either in the presence or absence of a halide [ 143]. Bromamine formation
has been proposed as a possible intermediate for the Fe-Heme haloperoxi-
dases, although it has not been detected [165,166]. Recently, bromamine
formation catalyzed by V-BrPO using peracetic acid as the peroxide source
was observed for the first time [143]. Primary amines (e.g. Tris) formed the
most stable bromamines, although secondary and tertiary amines have also
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been identified. Br-Tris rapidly brominates MCD and is reduced by hydrogen
peroxide producing dioxygen (presumably 'O,) in reactions that are too fast
to be measured by conventional mixing or stopped-flow techniques. These
results suggest that bromamines or possibly brominated sulfur compounds
could be the active halogenating intermediates of the haloperoxidases [143].

The detailed role of the active-site vanadium ion, i.e. whether it functions
as an electron transfer catalyst of bromide oxidation or a Lewis acid catalyst,
is not known. The vanadyl-BrPO state is probably not an important compo-
nent because an EPR signal is not observed during turnover conditions and
because VO?*-BrPO does not have bromoperoxidase activity. Most other
peroxidases are Fe-Heme-containing systems, the mechanisms of which are
reasonably well understood in terms of two-electron oxidation—reduction
reactions. Hydrogen peroxide oxidizes the Fe-Heme moiety by two electrons,
forming Compound 1 [167]. Compound 1, in turn, reacts with the halide ion
to form the active halogenating species. It is clear, however, that such a
mechanism cannot be operative in the vanadium(V)-dependent haloperoxi-
dase enzymes of marine algae because the vanadium is already in its highest
accessible oxidation state.

‘Vanadium could function as a Lewis acid catalyst or an electron transfer
catalyst of the oxidation of bromide by peroxide. In the Lewis acid scheme
(Fig. 22), vanadium(V) coordinates hydrogen peroxide which could then oxi-
dize bromide. Vanadium would not formally change its oxidation state. In
an electron transfer scheme (Fig. 23), analogous to the two-electron changes
of other peroxidases and avoiding the inactive VO?*-BrPO state, vanadium
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could cycle between V(V) and V(III), in which the halide reduces V(V) by
two electrons producing V(III). The peroxide would function to oxidize V(III)
back to V(V) or reduce the oxidized bromide species forming bromide and
singlet oxygen. There is considerable precedence for both types of reaction,
as in the two-electron reduction of V(V)-tetraglyme by bromide (electron
transfer catalysis) [90] and in the oxygenation of organic substrates by
oxygen-atom transfer from V(V)-peroxides (Lewis acid catalysis) [66,70].
Since conventional spectroscopic techniques (e.g. UV—Vis, >*V NMR) cannot
be used to observe the active site under turnover, vanadium model complexes
will likely prove very useful to probe the function of the vanadium. Prelimi-
nary results on the oxidation of iodide by monoperoxovanadium(V) followed
by 'V NMR indicates vanadium functions as a Lewis acid catalyst of iodide
oxidation by hydrogen peroxide [168].

Detailed steady-state analyses of the rate of MCD bromination [164,169]
and dioxygen formation [164] catalyzed by V-BrPO from A. nodosum fit a
substrate-inhibited bi-bi ping pong kinetic mechanism in which the substrate
bromide acts as an inhibitor at certain pH values. The initial kinetic study
showed that bromide was a competitive inhibitor of hydrogen peroxide
binding to V-BrPO at pH 4-5.5. A subsequent investigation clearly shows a
non-competitive contribution [164]. The kinetic parameters (K., K792,
K ") obtained in the dioxygen formation reaction and the MCD bromination
reaction agree within a factor of ca. two, providing further evidence that the
rate-limiting steps in both reactions are the same [164].
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Very recently, V-BrPO has been shown to catalyze chlorination reactions
and the chloride-assisted disproportionation of hydrogen peroxide [170].
Chlorination of Phenol Red (i.e. phenolsulfonephthalein) produces dichloro-
phenolsulfonephthalein and subsequently tetrachlorophenolsulfonephthalein
[170].
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Chlorination of amines (e.g. taurine, etc.) is also catalyzed by V-BrPO,
forming the stable chloramine derivative, even in the presence of hydrogen
peroxide. Unlike bromamines, the chloramine is not reduced by hydrogen
peroxide. The specific chloroperoxidase activity as measured by MCD chlori-
nation is ca. 1000 times less than the specific bromoperoxidase activity,
although unlike the marine Fe-Heme bromoperoxidase (P. capitatus) the pH
optima of chlorination and bromination are the same. Further experiments
are in progress to assess the physiological relevance of the V-BrPO-catalyzed
chlorination reactions.

(b) Vanadium nitrogenase

The existence of a vanadium-containing nitrogenase in nitrogen-fixing
bacteria was first suspected several decades ago and stemmed from several
reports of vanadate-stimulated nitrogen fixation [171]. However, it has only
been very recently that a vanadium-nitrogenase has been isolated and purified
[172,173]. Vanadium-nitrogenase constitutes an alternative nitrogenase sys-
tem that is expressed in certain bacteria when they are grown in the presence
of vanadium [174].

All conventional nitrogenases are comprised of two distinct proteins,
MoFe-protein and Fe-protein. The MoFe-protein, i.e. component 1, which
contains the active site for substrate reduction, is tetrameric («,f,) containing
30-33 iron atoms and two molybdenum atoms. The Fe protein, i.e. compo-
nent 2, (MW 64 000) contains four iron atoms and four acid labile sulfide
ions and functions as a reductant of the MoFe-protein. The alternative
nitrogenase system of Azotobacter vinelandii and A. chroococcum also contain
two protein components. Component 1 of the alternative nitrogenase differs
from the conventional nitrogenase in the structure of the polypeptide and
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the content of metal ions. Hales et al. [172] and Robson et al. [173] have
demonstrated that the alternative nitrogenases of A. vinelandii (i.e. Avl’) and
A. chroococcum (i.e. Acl*), respectively, contain vanadium instead of molyb-
denum. Component 1 of A. chroococcum is a tetrameric (x,f,) protein of
210 000 Da comprised of two different subunits of MW ca. 55 000 and 50 000.
Acl* binds 2 vanadium atoms, 23 iron atoms and 20 acid labile sulfide ions
[175]. In addition, Acl* has an N-methylformamide extractable cofactor,
FeVco, similar to the FeMo-cofactor of the conventional nitrogenase. Com-
ponent 1 of the A. vinelandii V-nitrogenase (i.e. Avl’) is very similar with a
MW of ca. 200 000 Da. and a V/Fe ratio of 1/13 + 3 [172]. The metal content
of the Fe protein of Av2’' [172] and Ac2* {176] are essentially identical to
the Fe-protein of the conventional nitrogenase, i.e. containing four iron atoms
and four acid labile sulfide ions per protein (MW 60 000).

The low-temperature EPR spectra of both dithionite-reduced VFe-nitroge-
nase proteins (i.e. Avl’ and Acl*) resemble the reduced MoFe-nitrogenase
proteins (i.e. Avl and Acl) in that both contain EPR signals indicative of a
species with an S=3/2 ground state, however, the V-enzymes differ slightly
from each other. The EPR spectrum of reduced Avl’ has g values at 5.80,
5.40, 4.34, 2.04, and 1.93 [173,177]. The g signals at 2.04 and 1.93 comprise
a minor component of the total spin (i.e. 0.2-0.3 spin per molecule) and are
associated with the §=1/2 state (i.e. the S1 signal). The signal at g=4.34 has
been attributed to the presence of adventitious high spin Fe3* (S=5/2). The
signals at g=15.80 and 5.40 are associated with the $=3/2 ground state (i.e.
the S2 signal). Very recently, a third signal (i.e. the S3 signal) has been found
in Avl’ which is indicative of a paramagnetic site coupled to a diamagnetic
center [178]. The S2 and S3 signals overlap, prohibiting the determination
of the integrated intensity of each signal. S2 and S3 comprise the major spin
components while S1 is minor component [178]. The EPR spectrum of
reduced Acl* is characterized by g values of 5.6, 4.35, 3.77 and 1.93 [175].
This last signal is representative of an S = 1/2 center, which has been attributed
to Fe-S in P-type clusters, while the other signals arise from the S=3/2
ground state associated with the vanadium site. The major difference between
the two vanadium-nitrogenases lies in the presence of a g=3.77 signal in the
Acl* spectrum which is absent in the Av1l’ spectrum [177]. By comparison,
the EPR spectrum of the conventional FeMo nitrogenase is characterized by
g values of 4.3, 3.6, and 2.0 associated with the 3/2 ground state of the M-type
clusters (slightly rhombic with positive zero-field splitting). The P-type clus-
ters are diamagnetic in the resting state and paramagnetic (S = 5/2 established
by magnetic susceptibility and Mossbauer spectroscopy) but EPR-silent in
the oxidized state. The vanadium nitrogenases have (Avl’) a higher rhombicity
and smaller axial zero-field splitting than the conventional Mo-enzymes
[1771.
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The low-temperature magnetic circular dichroism (MCD) spectra also
indicate the presence of two new clusters in the VFe nitrogenases [179]. One
cluster is paramagnetic with S=3/2 ground state in dithionite-reduced Avl’
which becomes diamagnetic upon thionine oxidation. This cluster is attrib-
uted to the V-Fe site. The other cluster is paramagnetic in the thionine
oxidized state, but diamagnetic in the dithionite reduced state which resem-
bles the P-type cluster of the conventional MoFe protein, although the P-type
cluster in the V and Mo proteins may not be identical.

From the vanadium K X-ray absorption edge for the Avl’ vanadium-
nitrogenase [180], the vanadium site has been interpreted as resembling the
Kovacs and Holm VFe,S, cubane-like cluster [28]. Avl’ contains 341 V-Fe
interactions at a distance of 2.76 A, 3-4 V-S interactions at a distance of
2.33 A and 2-3 V-O (or N) interactions at 2.15 A. Acl* is very similar,
although the primary difference is that the predicted number of sulfur ligands
for Avl’ is higher than that predicted for Acl*, which is 2+1 [181]. The
EXAFS results also show that the primary difference between the vanadium
and molybdenum enzymes occurs in the spread between the M-S and M-Fe
distances: AR =042 A between the V-S and V-Fe distance vs. AR=0.32 A
between the Mo-S and Mo-Fe distance.

The reactivity of the vanadium-nitrogenase systems do differ from the
conventional nitrogenases. The most distinguishing characteristic is the for-
mation of ethane from acetylene in addition to ethylene, catalyzed by the
vanadium enzyme system [182], whereas the molybdenum enzyme system
only forms ethylene from acetylene. Ethane formation has been proposed as
a discriminating test of the presence of the vanadium enzyme [183]. The
alternative systems differ from each other in the relative rates of dinitrogen
and acetylene reduction in that dinitrogen is a much better substrate for Avl’
than acetylene by a factor of >4, whereas acetylene is a slightly better
substrate than dinitrogen for the conventional nitrogenase (3N,/C,H, 0.78)
[172]. By comparison, the ratio of 3N,/C,H, for both A. chroococcum en-
zymes is about unity. If the reactivity is referenced to dihydrogen formation,
acetylene reduction by Avl’ is poorer than Acl¥*, but dinitrogen reduction is
more facile.

H. OTHER SYSTEMS
(i) Vanadyl-substituted bleomycin

The bleomycins are a group of glycopeptides that bind to and cleave DNA
in the presence of dioxygen (or a reduced oxygen species, e.g. hydrogen

peroxide) and a metal ion (e.g. iron) [184]. Vanadyl ion also forms a 1:1,
orange complex with bleomycin between pH 6 and 10 [185]. The UV-Vis
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spectrum is characterized by absorption maxima at 467 and 758 nm which
have been assigned to d,,~d,.,» and d,,—d,, . ligand field transitions. The
EPR spectrum is consistent with square pyramidal coordination of VO?* by
five nitrogen ligands, producing an octahedral complex. The proposed ligands
include a secondary amine nitrogen, the pyrimidine nitrogen, a deprotonated
amide nitrogen, histidyl imidazole nitrogen and an «-amine nitrogen as an
axial ligand, consistent with the proposed ligands for other metal bleomycin
complexes. Hydrogen peroxide causes the EPR signal to disappear, presuma-
bly oxidizing V(IV) to V(V) producing hydroxyl radical, since addition of
dithionite restored the original EPR signal. Other examples of vanadium(IV)-
induced Fenton-like chemistry are known [186].

VO?*-bleomycin catalyzes double stranded DNA (i.e. supercoiled pBR
322) scission in the presence of excess hydrogen peroxide, forming nicked
and linear DNA [185]. Vanadyl-bleomycin is about 50 times less effective
than iron-bleomycin under the conditions employed. Nucleotides adjacent to
guanine bases such as G-C and G-A (5—-3') were preferentially cleaved by
the vanadium bleomycin derivative. In addition, vanadium-bleomycin at-
tacked G-A (5 —3') sequences more frequently than the iron-bleomycin com-
plex. The authors suggest that the different reactivities of the vanadyl and
ferric bleomycins might be due to different configurations [185].

(ii) Vanadyl-substituted dopamine f-monooxygenase

Dopamine f-monooxygenase is a copper-containing enzyme that catalyzes
the hydroxylation of dopamine, forming norepinephrine. Vanadyl has been
reported to activate the copper-depleted dopamine f-monooxygenase deriva-
tive [187]. The vanadyl derivative contains four equivalents of VO** per
enzyme tetramer. While the vanadyl ion can catalyze the autoxidation of
some catecholamines, vanadyl did not catalyze the oxygenation of dopamine
under the conditions of the assay. Although vanadyl ion was less effective
than Cu?* at reactivating the enzyme (i.e. 300-fold excess required with
VO?"* versus 10-fold excess with Cu?™*), the maximal level of activity pro-
duced was exactly the same for both. An EPR spectrum is reported but no
parameters are given, leaving questions about the binding site open.

(iii ) Vanadocene interaction with nucleic acids

With the discovery in 1969 of the potent antitumor properties of cis-
diamminedichloro-platinum (IT) by Rosenberg and Van Camp [188], interest
in transition metal complexes for chemotherapy has soared. Although most
of the early work centered on determining structure—activity relationships
designed to produce ‘second generation’ square planar Pt(II) complexes,
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recent work has shown that other metals with other geometries also form
active complexes [188]. One of the most surprising classes of complexes to
show good antitumor activity is the metallocene dihalides or bis~(pseudo-
halides) [189]. These complexes of the form Cp,MX, where Cp=5°>-CsHs,
and M=Ti, V, Nb, or Mo, and X=F~, ClI7, Br™, I7, NCS™, and N5~
(Fig. 24) have been reported by Kopf-Maier to be highly active against Ehlich
ascites, lymphoid leukemia, and lymphocytic leukemia cells. The possibility
that the mechanism of action of these complexes might be related to that of
the cis-platinum is based on the presence of the topologically similar cis-
MX, functionality. Nevertheless solid evidence that supports or denies this
contention has been lacking until recently. Since the intracellular target of
all these materials is expected to be DNA and the reactions all occur in
aqueous solution, a knowledge of how Cp, VX, behaves in aqueous solution
with the constituents of the DNA molecule is a prerequisite to understanding
their mode of action. Such work has recently been reported by Marks and
coworkers [190,191]. These workers have found that, among the series
Cp,MX, where M=V, Ti, Cr, only V-Cp bonds are stable to hydrolysis
over periods of up to hours making Cp,VX, the compound of choice for
further studies. They also found that the V-CI bonds are hydrolyzed much
more rapidly and extensively than the corresponding Pt—Cl in ‘cis-platin’.
The resulting aquo complex is also far more acidic than the corresponding
Pt-H,O with pK, values of 4.73 and 5.15.

Using proton and 3'P NMR, EPR as well as X-ray crystallography, Marks
and coworkers have found that Cp, VCl, binds preferentially to the phosphate
groups of the DNA backbone rather than to the accessible nitrogenous sites
on purine and pyrimidine bases [191]. This vanadium—phosphate interaction
is very kinetically labile and Watson—Crick base pairing between nucleotides
in aqueous solution is not disrupted by the presence of Cp,VCl,. These
observations stand in sharp contrast to what is seen for ‘cis-platin’, where a

\/ﬂ
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kinetically inert covalent bond between Pt and the endocylic nitrogen atoms
of the purine or pyrimidine bases (particularly N-7 of guanine) are formed
which significantly alter the base pairing in solution between guanine and
cytosine. These differences can be accounted for on the basis of ‘hard’ and
‘soft’ acid/base considerations. Taken together, the results show that the
mechanism of action of Cp,VCl, as an anti-cancer drug is fundamentally
different from that of ‘cis-platin’ and hence this class of compound should
prove to be very interesting for future study.

1. SUMMARY AND A LOOK TO THE FUTURE

The last half decade has witnessed many advances elucidating the biological
role of vanadium with the recent discoveries of vanadium bromoperoxidase,
vanadium nitrogenase, the isolation and synthesis of tunichrome and the
developments in the structural analysis of Amavadin. Several novel coordina-
tion compounds of vanadium have also been discovered recently, most nota-
bly the many new examples of bare V(IV) and V(V) catecholate and phenolate
complexes, the bare V(IV) sepulchrate and hydroxamate complexes, and the
vanadium iron sulfur cubane and double cubane clusters. These advances
have been fueled by a symbiotic relationship that is developing between the
biochemistry and coordination chemistry of vanadium. For example, the
VFe,S, clusters were actually synthesized and characterized before vanadium
nitrogenase was discovered and have contributed its characterization. The
discovery of vanadium bromoperoxidase has reactivated interest in vanadium
peroxide complexes and in oxygen-atom transfer reactions of vanadium. One
of the more striking developments is the realization that the terminal oxygen
of vanadium(IV) and vanadium(V) moieties are far more reactive than pre-
viously believed. The terminal oxygen can be removed either by protonation
or with strongly oxophilic reagents. The oxygen can also be removed by
oxygen-atom transfer, although relatively few examples of this type of reaction
are known. Physical techniques to monitor vanadium are also improving,
particularly 'V NMR which can be used to monitor V(V), despite a nuclear
spin of 7/2, in many different complexes, including large proteins. Many other
areas warrant further investigation.

Looking to the future, more examples of vanadium-containing enzymes
are likely to be found, such as the possibility of a vanadium-storage protein
in the gene-altered Azotobacter that produces vanadium nitrogenase, analo-
gous to the molybdenum-storage protein [192]. In recent years, a series of
reports has appeared indicating that ‘peroxyvanadate’ is a potent insulin
mimetic agent [193,194]. The mode of action appears to be activation of the
insulin receptor kinase via an inhibition of phosphotyrosine phosphatase.
The exact nature of the so called ‘peroxyvanadate’ has not been addressed.
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The marine environment would seem to be a likely place to find new vana-
dium proteins or other biologically occurring vanadium complexes since,
after molybdenum, vanadium is the most abundant transition metal ion in
ocean water [195]. However, unlike molybdenum, which does not show a
‘nutrient-like’ distribution profile as a function of ocean depth, the concentra-
tion of vanadium is depleted in surface ocean water, indicating that vanadium
is a required nutrient for surface-living organisms. Considering the abundance
of vanadium in the ocean, it is not surprising that two of the examples of
biologically occurring vanadium enzymes or complexes were found in marine
organisms. We wait with eager anticipation for the discovery of these new
vanadium biomolecules and are confident that the marriage of inorganic
chemistry and biochemistry will continue to lead toward a better understand-
ing of the role of vanadium in biology.
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