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The New
Biochemistry of Vanadium

In the short time since 1977, when it was discovered that vanadate is a potent inhibitor
of the sodium pump (Na,K-ATPase), vanadium has become a valuable and widely used
probe of enzyme function and mechanism. In the V(V) oxidation state, as diamagnetic
vanadate, it mimics phosphate and interacts with a large class of phosphatases and
phosphotransferases. In the V(IV) oxidation state, as paramagnetic vanadyl, it behaves
as a transition metal ion and can replace other such ions in metalloproteins. Because the
potentials of V(V) and V(IV) lie within limits tolerated by living systems, vanadium can
also participate in many biological electron transfer reactions. The wide variety of effects
reported in the literature that are obscrved when vanadium is added exogenously to
enzymes, cells and tissues can be largely explained by consideration of the principles of
aqueous inorganic vanadium chemistry. The true role of endogenous vanadium in living
systems remains obscure, however.

INTRODUCTION

Until very recently, vanadium was viewed by the biochemist as a rather
obscure and exotic element. Although found in extraordinarily high
concentrations within certain species of sea squirt (tunicate)' and mush-
rooms of the genus Amanita” and recognized as an essential trace element
in other organisms,’ vanadium had no known biological function. No
vanadium-containing enzymes were known, and the effects of exoge-
nous vanadium on metabolism were not understood. About five years
ago, however, vanadate was found to act as an extremely potent inhibitor
of the Na,K-ATPase,* which is a key enzyme, universally present in
eukaryotic organisms, that maintains the membrane potential and so-
dium gradient across the plasma membrane. This effect on the enzyme
was discovered when vanadate was identified as the inhibitory impurity

Comments Inorg. Chem. © 1982 Gordon and Breach,
1982, Vol. 2, Nos. 1-2, pp. 1-22 Science Publishers, Inc.
0260-3594/82/0202-0001/$06.50/0 Printed in the United States of America



13:42 15 January 2011

Downl oaded At:

present in a commercial preparation of ATP. Since the ATP was prepared
from horse muscle, it was suggested that endogenous vanadium might
function as a physiological regulator of sodium pump activity. This
hypothesis provoked a considerable effort to analyze the effects of
vanadium in vivo, and although it is now known that the element plays
no role in regulation of the Na,K-ATPase,’ the physiological responses
to exogenously supplied vanadium continue to excite interest. More-
over, vanadate has proven to be a valuable probe of the catalytic mech-
anism of the purified Na,K-ATPase® and of other phosphohydrolases
and phosphotransferases. It has very recently been shown to mimic
insulin when added to fat cells’ and skeletal muscle® in vitro, and can
be expected to shed new light on the means by which peptide hormones
trigger specific cellular responses.

Vanadium(IV) is paramagnetic and has been used successfully as an
environmentally sensitive EPR probe for several metalloproteins.’ In
the form of vanadyl-nucleotide complexes, the element has even found
use in molecular biology, to inhibit cellular ribonucleases that digest
messenger RNA." Despite these advances, however, the function of
endogenous vanadium remains obscure, even in those organisms in
which it occurs at much greater than trace levels.

Nonetheless, many of the physiological effects of subtoxic doses of
vanadium are explicable by a consideration of the aqueous inorganic
chemistry of the element. It is likely that such consideration will also
provide clues to vanadium’s biological role. The present article will
therefore cover in some detail the following aspects of vanadium chem-
istry: (1) the aqueous chemistry of the V(IV) and V(V) oxidation states,
and its relation to other transition metal ions, and of oxoanions, such
as phosphate; (2) the observed physiological effects of vanadium; (3)
the properties and location of endogenous vanadium.

1. THE SOLUTION CHEMISTRY OF VANADIUM

A. Hydrolysis of Aquo-Vanadium Species

Standard potentials at [H"] = 1 M (Table I) are unambiguous about
which ions are associated with the formal oxidation states II, II1, 1V,
V; namely, V**, V**, VO**, VO?. This connection breaks down as
one moves to higher pH and considers different vanadium concentration
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TABLE 1
Standard reduction potentials®

Redox couple E, (volts)
V' 4+ e = Vi —0.255
VO™ + 2H" + ¢ = V* + H,0 0.34
VO3; + 2H* + ¢ = VO** + H,0 0.999

"All activities equal one, temperature 25°C. From G. Charlot, A. Collumeau and M.
J. C. Marchon, Selected Constants of Oxidation-Reduction Potentials of Inorganic Sub-
stances in Aqueous Solution (Butterworths, London, 1971).

ranges. At moderate concentrations, = mmol, each of the vanadium
ions hydrolyzes and precipitates as the pH is raised to neutrality (Figure
1). Some of the precipitates then redissolve as anionic species at alkaline
pH. Vanadous ion, V**, will slowly reduce water to H,. It is of no
biological significance and will not be considered further. Vanadic ion,
V’*, is appreciably hydrolyzed to VOH* at pH 2.2. Beyond that pH
it dimerizes and precipitates. Water-soluble species exist in neutral and
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FIGURE 1 Vanadium equilibria in water. Stippled areas are solid phases. Each region
is labeled with most stable species. [Adapted with permission from M. Pourbaix, Arias
of Electrochemical Equilibria in Aqueous Solutions (Pergamon, New York, 1966), Figure
3b, p. 92.]
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basic conditions but are little understood, since they are very easily
oxidized and highly unstable."' A priori one would not therefore expect
V(III) species to be of any biological importance. Nonetheless V(III)
has been detected at high (>mM) concentrations within the blood
cells of certain species of tunicate, by EXAFS' and magnetic
susceptibility' measurements on intact cells. Presumably, the ox-
idation state of the vanadium is stabilized by complexation, but
the ligand is unknown.

The aqueous species of the paramagnetic vanadyl, V(IV), oxidation
state have been well-characterized over a wide range of pH, largely by
ESR spectroscopy.'* The blue vanadyl ion VO?* exists in equilibrium
with VO(OH)* below pH 2. Above this pH, a soluble ESR-silent dimer,
[VO(OH)};*, begins to appear, and a precipitate of VO(OH), forms.
At pH >11 the precipitate dissolves, due to the formation of the brown,
ESR-active species, VO(OH);. Although acidic solutions of vanadyl
ion are air stable, atmospheric oxidation occurs at neutral or alkaline
pH. Again, like V**, vanadyl ion is detectable in tunicate blood cells."

The solution chemistry of V(V) is more complex than that of the
lower oxidation states. Below pH 2, the pale yellow pervanadyl cation,
VO3, predominates (Figure 2). As the pH is raised, precipitation of
V,0; will occur if the concentration is greater than millimolar. Above
pH 3, an orange-colored solution is formed, due to the presence of a
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FIGURE 2 Egquilibria in aqueous vanadium(V) solutions. Solid line gives equimolar
amounts of neighboring species. Dashed line is aqueous solid equilibrium. Note absence
of polyanions below 50 pM at all pH. (Taken with permission from Ref. 11, Figure
10.7, p. 210.)
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polymeric oxoanion, decavanadate, V,,05(OH)3 . Dissociation of the
polymer occurs upon dilution (to <0.1 mM) or increase of the pH to
neutrality, but equilibration is very slow (~2 h at 40°C) and in the
preparation of monomeric ‘‘orthovanadate’” it is therefore advisable
either to boil the solutions or incubate them at room temperature over-
night before use. Since metavanadate, a mixture of V(OH);, H,VO7,
V,0%” and V,07; which forms at pH 68, is colorless, the absorbance
at around 310 nm can be used as a measure of the amount of contam-
inating decavanadate polymer remaining in solution. Over pH 9 and at
concentrations much greater than millimolar, pyrovanadate V,03", is
important but at lower concentrations the monomeric species, ortho-
vanadate, HVO; ™ and H,VO}, predominate (K, for dissociation of the
trimer is ~2 X 10 M at pH 7)." Under physiological conditions and
at subtoxic doses only the monomeric forms of vanadate are of interest,
and reports detailing the varied in vivo effects of metavanadate, pyro-
vanadate and so forth display a lack of familiarity with aqueous inorganic
vanadium chemistry.

B. Vanadium Complexes

Electronic and magnetic properties of vanadium(Ill) complexes have
been thoroughly investigated because they are easily prepared examples
of a d* system in different, well-characterized geometries.'® The for-
mation, in solution, of an octahedral V(III) complex is rapid. The water
exchange rate constant for V(H,0);" is 2.8 X 10? s at 25°C. Due to
the high formal charge of 4+, a V** ion as such does not exist in
solution. However, complexes of V** have been synthesized recently,
and their structures determined by x-ray crystatlography." The prop-
erties of these complexes are those expected for a d' ion in the observed
octahedral field. Usually, the instability which would result from the
high charge of 4+ on vanadium in aqueous solution is relieved by
attachment to a w-bonded oxo ligand. The resulting VO’* jon then
reacts as a unit, which is analogous to the cationic species of divalent
transition and alkaline earth metals forming a wide variety of stable
complexes with inorganic and organic ligands. The structures of vanadyl
chelates are square pyramidal, with the oxo ligand at the apex (Figure
3a),"® or trigonal bipyramidal with the oxo ligand in the equatorial plane
(Figure 3b). Although labile, vanadyl is less so than most simple divalent
ions; the water exchange rate constant is only 5.0 x 10° s™ at 25°C.%
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FIGURE 3  Structures of vanadium complexes. In each structure, the dashed lines connect
coplanar atoms. A double bond joins vanadium and oxo ligand; hydrogens are omitied.
(a) Square pyramidal bis(acetylacetone)oxovanadium(IV) complex. The vanadium lies
above the square plane of oxygens of this highly symmetrical structure [R. P. Dodge, D.
H. Templeton and A. Zalkin, J. Chem. Phys. 35, 55 (1961)]. (b) Trigonal bipyramidal
bis(2-methyl-8-quinolinato)oxovanadium(IV) complex. The central vanadium and the
three oxygens connected by dashed lines lie in the same planc. The coordinating nitrogens
form the apices of the distorted trigonal bipyramid. There are two vanadium—oxygen
distances, the shorter one being to the oxo ligand [M. Shiro and Q. Fernando, J. Chem.
Soc. Chem. Commun. 63 (1971)]. (c) Octahedral bis(oxalato)dioxovanadate(V) complex
anion. The vanadium atom is coplanar with the four oxygen atoms connected by dashes.
The shorter distances from vanadium to the oxo ligands displace the vanadium atom from
the center of the octahedron, causing a distortion.*"

The weakly bound water opposite the oxo ligand exchanges much more
rapidly, a specific rate of 10° to 10" s,

Complexes of the V(V) pervanadyl cation form readily under acidic
conditions, and display a distorted octahedral geometry with cis dioxo
ligands (Figure 3c). As for vanadyl complexes, the VO3 entity is re-
tained in the complex, both units being stabilized by dm—pm bonding.”
Unlike V(H,0)2" and VO(H,0);", for which the rate of complex for-
mation is controlled by the water exchange rate constant, V(V) complex
formation occurs by a different mechanism, judging by the few examples
studied.” However, bimolecular complex formation rate constants are
high, being around 10* M™' s™'. It should be emphasized that negatively
charged vanadate ion readily forms complexes, in particular with cis
diols, a feature shared by other oxoanions such as molybdate and tung-
state.” This behavior is not shared by phosphate, however, with which
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vanadate bears a closer resemblance in other properties than it does
with metal-containing oxoanions.

C. Comparison of Vanadates and Phosphates

Phosphate and vanadate monoanions are very similar in size and ge-
ometry. X-ray data in the solid and Raman in solution show these ions
to be tetrghedral. The data are clearest for VO;~ and H,VO} among
the vanadates.'' At low concentrations and above pH 4, vanadate and
phosphate both exist as protonated monomers. The ionization constants
of these monomers are close enough to show similar distribution dia-
grams in the physiological pH range (Figure 4), with one important
difference. Mononegative, diprotonated vanadate (H,VO}) is the pre-
dominant V(V) species at low concentrations under physiological con-
ditions [ionic strength 0.17 M (NaCl), 38°C and pH 7.4]. The predom-
inant P(V) species at the same conditions is HPO; ™. In contrast with
P(V) and V(V), neither sulfate, chromate, nor molybdate are protonated
at physiological pH (Table 1I). With similar charge, degree of proton-
ation, size and geometry (Table 1) orthovanadate is an excellent phos-
phate analog. Thus vanadate might be expected to compete with phos-
phate in many biochemical processes, and such competition has indeed
been observed. Quantitative differences in behavior are attributable in
part to the difference in the predominant ionic species present under
physiological conditions.

Qualitative differences appear only when polyanionic species are
considered. In most vanadate polyanions, for example, coordination
about the vanadium is octahedral, a geometry that is never observed
for polyphosphates or their esters (such as ATP). Both linear and cyclic
polyphosphates exist, of unrestricted chain length, but polyvanadates
are of less clearly defined structure and only those oligomers containing
2, 3, 4 and 10 units have been identified. Analysis of polymeric van-
adium species is hampered by their kinetic lability. Polyphosphates are
thermodynamically unstable, but kinetically inert. Polyvanadates, on
the other hand, are thermodynamically stable and will form sponta-
neously in solution under appropriate conditions of pH and concentra-
tion. They occur, however, as equilibrium mixtures that decompose
upon dilution because of the kinetic lability of the V-O bond.”* A
similar argument explains the absence of stable vanadate analogs of
phosphate esters such as ATP. Vanadate forms complexes with alcohols
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FIGURE 4 Comparisonbetween vanadium(V) and phosphorus(V): distribution diagrams
in aqueous solution. Each curve is the sum of the fractions of different species present,
starting with either VO3 or H,PO, at the farthest left, and adding one species at a time
as one proceeds to the right of the diagram. Thus, the first phosphate curve is the fraction
present as H;PO,, the second is the sum of the fractions present as H,PQ, and H,PO;,
and so on. A vertical line drawn through the diagram is cut by the curves into segments
proportional to the various fractions. Each region of the diagram is labeled with the
species corresponding to the fraction of phosphorus(V) or vanadium(V) given by the
vertical line segment in that region. A vertical line at pH 7.38 ((H'] = 4.17 x 10* M)
has been drawn through both diagrams. The fractions present as individual species have
been calculated from the data in Table II. Let total phosphorus(V) = P, and total
vanadium(V) = V,, then the main fractions at pH 7.38 are: [H,PO; /P, = 0.396, [HPO: )/
P, = 0.604, [H,VO,)/V, = 0.814, [HVO; )V, = 0.186, as can also be determined
nomographically from the diagram.

rather than esters, particularly with cis diols, and will accommodate a
variety of geometries.

An explanation for these different chemistries may be found in the
underlying electronic structures. For phosphorus, d orbitals do not need
to be invoked to explain bonding and electronic spectra.” For vanadium,
on the other hand, as for other transition metals, d-orbital participation
is required, generating closely-spaced electronic energy levels. Hence
less destabilization occurs in going from coordination number4 — 5 — 6.
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TABLE 11
Comparison between vanadate, phosphate and other oxoanions

Acid ionization constants at 25°C and ionic strength 0.17 M* for V(V) and P(V)

+ —(4-i)
w.(}i_] — Q,-(~log Q); i=321

[H;MO;G ~ n]
Reaction M=V M=P
VO) + 2H,0 2 H,VO, + H*  5.01 x 10* (3.3) e
H.MO, 2 H* + H,MO, 1.74 x 10 (3.76) 1.15 x 107 (1.94)
H,MO, & H* + HMO;™ 9.53 x 107 (8.02) 6.34 x 107 (7.20)
HMO: 2 H' + MO}~ 2.86 x 107" (13.54) 3.86 x 1072 (11.41)

Predominant anions at pH 7.38", ionic strength 0. 17 M, and 25°C (for P(V), V(V), Cr(VT)
and S(VI)

Central atom Ratio of mono-to-divalent oxoanion
P [H,POZV[HPO; ] = 1/1.52
v [H,VO; /[HVO; | = 4.38/1
Cr [HCrOL VICrO;™] = 1/27.3
s [HSO;JISO" ] = 1/(9.89 x 10%)
Central atom to oxygen bond length in tetrahedral ion'
Bond
Ton length A)
PO;~ 1.58
S0; 1.58
vO;” 1.66
CrO; 1.65
MnQ; 1.63
AsO;” 1.65
MoQ: 1.76
WO;- 1.76

“The ionic strength is that of a 0.9% solution by weight of NaCl, which approximates
that of blood plasma. See Hawk's Physiological Chemistry, edited by B. L. Oser, 14th
ed. (McGraw-Hill, New York, 1965), p. 322. A temperature of 37°C would have been
more meaningful physiologically, but accurate vanadate data are not available at this
temperature.

"Ref. 11.

“The phosphoric acid ionization constants were computed as follows, zero ionic strength
ionization constants at 25°C [J. R. Van Wazer, Phosphorus and Its Compounds (Inter-
science, New York, 1958), pp. 480—482], were adjusted to 0.17 M ionic strength using
an empirical formula determined at 38°C (J. S. Elliot, R. F. Sharp and L. Lewis, J. Phys.
Chem. 62, 686 (1958)].

Average vaiue of venous and arterial blood; B. L. Oser, Footnote a.

‘Ref. 11, p. 215.

‘Bond lengths may vary according to environment. Values for P-O, $-0, V-O and
Cr-O bond lengths are from A. L. Dingley, K. Kustin, I. G. Macara and G. L. McLeod,
Biochim. Biophys. Acta 649, 493 (1981). The Mn-O bond length is from G. J. Palenik,
Inorg. Chem. 6, 503 (1967). The remaining bond lengths are from R. L. Van Etten, P.
P. Waymack, D. M. Rehkop, J. Am. Chem. Soc. 96, 6782 (1974).
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(See, for example, the bonding diagram developed for CrQ;~ and
MnO3;.%) When vanadate binds at the phosphate site of phosphohy-
drolase enzymes, therefore, it is able to adopt a geometry closely re-
sembling the trigonal bipyramidal transition state that occurs during the
hydrolysis of phosphate esters."” Since the transition states are very
tightly bound by enzymes, relative to the binding affinities for substrates
or products, vanadate can act as an excellent inhibitor of phosphatase
enzymes.

In addition to permitting the formation of complexes, the electronic
structure of vanadium also allows the existence of several stable oxi-
dation states, interconversion between which can occur rapidly via a
series of one-electron steps.”” The potentials are such that redox reactions
between V(III), V(IV) and V(V) can occur in vivo, and there is indeed
considerable evidence for the intracellular reduction of vanadate to V(IV)
in several types of cells. Intriguingly, reduction converts the vanadium
from a phosphate analog to an analog of transition metals with partially
occupied d orbitals, and it is possible that this unique behavior is related
to the element’s biological role. Phosphorus, on the other hand, par-
ticipates in no biological redox reactions. The P(IV) state is too unstable
to exist in aqueous solution and conversion to P(lII) is extremely slow
since it involves a two-electron reduction and considerable molecular
rearrangement.

2. BIOCHEMICAL AND PHYSIOLOGICAL EFFECTS OF
VANADIUM

Three types of behavior can be predicted from a consideration of the
aqueous chemistry of vanadium. First, as vanadate, the element will
compete with phosphate at the active sites of phosphate-transport pro-
teins, phosphohydrolases and phosphotransferases. Second, as vanadyl,
it will compete with other transition metal ions for binding sites on
metalloproteins and for small ligands such as ATP, and, third, it will
participate in redox reactions within the cell, particularly with relatively
small molecules that can reduce vanadate nonenzymatically, such as
glutathione (GSH).

The physiological effects of exogenously added vanadium must there-
fore be expected to be complex, and different tissues will respond in
different ways because of differences in transport properties, redox

10
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potential and enzyme activities. Clearly, in vitro studies using purified
enzymes cannot be extrapolated directly to the situation in vivo. None-
theless, analysis of the effects of vanadium in vitro are proving inval-
uable in the elucidation of a number of enzyme mechanisms, and these
will be described before consideration of more physiological studies.

A. Inhibition of Phosphohydrolases and Transferases

The first evidence that vanadium can act as a potent inhibitor of enzyme-
catalyzed phosphate ester displacement reactions was provided by Lien-
hard and co-workers, using ribonuclease (RNase)."” Lienhard had sug-
gested that uridine complexes of V(IV) and V(V) might resemble the
trigonal bipyramidal structure of the transition state for RNase-catalyzed
hydrolysis of uridine 2',3’-phosphates. In a careful and detailed study,
both free V(IV) and the uridine-V(IV) and V(V) complexes—but not
free V(V)—were shown to be potent competitive inhibitors of RNase
(XK; ~ 1073 M; see Table I1I). It was not possible to determine, however,
whether inhibition was due to adoption of a transition state structure or
simply to coordination of the V(IV) by imidazole groups at the active
site. Both Zn(lI) and Cu(ll) inhibit RNase by the second mechanism.*®

The transition state analog hypothesis has also been invoked to ac-
count for the potent inhibition of acid”’ and alkaline phosphatases® by
vanadium (Table III). Again, however, Zn(1l) will inhibit phosphatase
activity, presumably through coordination with active site imidazoles,
so that the mechanism of the effect of V(IV) and V(V) remains am-
biguous. Moreover, it is not known what V(IV) species were involved
in inhibition, since under the conditions reported, VO** would be ex-
tensively hydrolyzed. Clearly, x-ray crystallographic or EXAFS data
will be required to resolve the issue.

The mechanism of action of all of the vanadium sensitive phospho-
hydrolases described so far involves an enzyme-phosphate intermediate
in the catalytic cycle, a correlation that is maintained by vanadium-
sensitive ATPases. Inhibition by vanadate was first described for the
Na,K-ATPase.* As mentioned earlier, Na,K-ATPase is a plasma mem-
brane protein that couples the net displacement of charge from one side
of the membrane to the other [electrogenic transport of, in this case,
Na™ (efflux) and K* (influx)] to the hydrolysis of ATP (see simplified
diagram below). The enzyme can exist in two states: E; and E,. State
E, binds Na*, ATP and Mg’*. The Na* ion promotes hydrolysis of
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the ATP and formation of an E,~P; (P, = phosphate) intermediate. The
intermediate then binds K*, which promotes the breakdown and release
of the phosphate (and Mg’*) in the rate determining step (RDS) and
reversion to E;:

Ei —=  NaE,

ATP

Na', ADP

RDS
Ez ‘7T— Ez * P,'
A‘y K. P, K
E,V;

Vanadate binds to the phosphorylation site on Na,K-ATPase. Binding
is inhibited by Na* or ATP, and facilitated by Mg’* and K*.*! Once
bound, the vanadate (V) traps the enzyme in the E, state. The off rate
for vanadate from the enzyme is very slow, especially at low temper-
atures (0.045 h™' at 4°C), and this fact has been exploited in a number
of elegant studies of the catalytic mechanism.*"

The Ca’*-ATPases from sarcoplasmic reticulum® and the plasma
membrane,*** the K* ,H*-ATPase from gastric mucosa,” the fungal
H*-ATPase isolated from Saccharomyces cerevisiae® and Neurospora
crassa’’ are all rather similar and are closely related to Na,K-ATPase,
both in structure and their mechanisms of ion transport. It is likely that
they have a common evolutionary origin. All produce an E-P; inter-
mediate in the catalytic cycle, and all are inhibited by vanadate (Table
III). In contrast, the bacterial and mitochondrial® H*-translocating
ATPases, for which no E-P; intermediate is detectable, are insensitive
to vanadate.

Inhibition by vanadate is very specific. Neither chromate, tungstate
nor molybdate, nor a variety of polyphosphates, had any effect upon
the activity of the N. crassa H*-ATPase.” Nor does V(IV) appear to
be a good inhibitor, at least of Na,K-ATPase.” The Mg’* ion is uni-
versally required to facilitate inhibition, and it is likely that vanadate
and adenine nucleotide binding are mutually exclusive.

The ‘‘translocator’’ ATPases—dynein ATPase (a part of the motor
that drives eukaryotic flagellae) and myosin ATPase (from muscle)—
present a slightly different picture which points to an interesting variation
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upon the mechanism outlined above. The effect of vanadate on myosin
ATPase was overlooked by many investigators because of the slow rate
of onset of inhibition (k,,, ~ 0.3 M 7' at 25°C), which has been
interpreted as a conversion to an inactive E - ADP - V, complex.” The
dissociation rate for this complex is almost infinitely slow. Both dis-
sociation and association of vanadate with dynein ATPase, on the other
hand, are rapid* but as with myosin ATPase, the inactive species ap-
pears to be a ternary enzyme-nucleotide-vanadate complex. Both
ATPases therefore appear to function by a similar mechanism which
differs from that of the ion-transport ATPases in that the rate-determining
step is the release of ADP and P, from an E-P~ADP intermediate rather
than the release of P; from an E—P; intermediate:

(Ex-V~ADP)
or RDS
translocator: E;, + ATP = E,P~-ADP —— E, + ADP + P,
transporter: E, + ATP — ADP + E,P,RDS E, + P,
or =
(E2V)

Na* accelerates the release of vanadate from Na,K-ATPase about 50-
fold, by forcing the enzyme back into the E; state.® One might therefore
predict that addition of actin to myosin-V,-ADP will in a similar manner
force the myosin into the ATP binding state and reverse the vanadate
inactivation. Preliminary evidence for this effect has very recently been
reported by Magid and Goodno.*’

One surprising effect of vanadate, that can however be explained by
a mechanism similar to that for inhibition of myosin ATPase, is the
activation of adenylate cyclase.” This membrane-bound enzyme syn-
thesizes cyclic AMP, which acts as a ‘‘second message’’ for several
hormones. Cyclic AMP is removed by a phosphodiesterase, but the
observed activation is not the result of inhibition of the esterase. Rather,
vanadate appears to act through the so-called G protein, which is a GTP
phosphohydrolase. G protein acts as the link between hormone receptors
and adenylate cyclase. When GTP is bound, it activates adenylate cy-
clase; when GDP is bound, it does not. The G protein slowly hydrolyzes
GTP to GDP + P,. However, if vanadate is bound to E - GDP to form
a stable, ternary E - GDP - V, complex, the G protein would presum-
ably behave as though GTP were bound, and activate adenylate cyclase.

14
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A number of the physiological effects of vanadate are likely to be the
result of this activation.

Of the enormous variety of phosphotransferases used by living or-
ganisms only three have so far been reported to be inhibited by vanadate:
adenylate kinase,” phosphofructokinase,* and phosphoglycerate mutase*
(Table I11). It is probable that many others are susceptible. Adenylate
kinase is of interest since it is more sensitive to decavanadate than to
the monomeric species. The enzyme catalyzes the reaction:

MgATP + AMP = MgADP + ADP.

Phosphate exchange is direct, and the x-ray structure”’ shows the sub-
strate phosphates to be situated between the adenine sites in a pocket
lined with positively-charged residues. The oligomeric vanadate (prob-
ably V,07, rather than V,40%;) binds in this pocket, with an affinity
more than 500 times that of orthovanadate, and blocks the binding of
both substrates.

There are two types of phosphoglycerate mutase, one of which re-
quires 2,3-diphosphoglycerate (2,3-DPG) as cofactor, and only this type
is vanadate sensitive.* The enzymes catalyze the isomerization of 3-
PG and 2-PG: the DPG-dependent type by intermolecular transfer of
phosphate between DPG and the substrates, and the other by an intra-
molecular transfer. An E-P; intermediate can be detected in the DPG-
dependent enzyme. Vanadate presumably mimics the transition state,
forming an E - DPG - V, ternary complex. Although an E-P; inter-
mediate may also be produced by the DPG-independent enzyme, the
transfer occurs in a single step, without the substrate leaving the active
site. There is thus no opportunity for vanadate to bind during the catalytic
cycle.

B. Vanadyl-Protein Complexes

Several VO**—protein complexes have been prepared in vitro and stud-
ied by EPR spectroscopy using insulin,” carboxypeptidase,* bovine
serum albumin,’ transferrin® and apoferritin (N. D. Chasteen, personal
communication). Because the topic is covered in depth by Chasteen,’
who pioneered the technique, only a brief outline will be provided here.
Vanadyl ion is a useful probe of metal-binding sites because of all the
paramagnetic metal ion complexes, only those of VO** consistently
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give sharp EPR spectra both in the frozen state and in solution. More-
over, since EPR parameters are known for a wide variety of VO**
complexes, assignment of unknown ligands can be made with some
certainty. In all of the proteins studied so far, the ligands that chelate
the VO** are imidazole and carboxylic groups. The metal ions that are
replaced include Zn**, Cu** and Fe’". Enzymatic activity is retained
when VO?* replaces the active site Zn®*' ion of carboxypeptidase A.*

C. Physiological Effects of Vanadium

The rich solution chemistry of vanadium suggests that its physiological
effects are likely to be complex. It is therefore hardly surprising that
the element is highly toxic.? Not all of the effects of exogenously added
vanadium are yet understood, partly because the state of the element
in vivo is not always known. After inoculation into whole animals,
vanadium might be expected to remain as orthovanadate in plasma and
other body fluids, but (after several days) it apparently occurs as a
vanadyl—-transferrin complex.’" It is not known whether this complex
can donate the vanadium to cells through the transferrin receptor. It is
more likely that vanadium enters cells through phosphate or other anion
transport systems as vanadate. Erythrocytes take up vanadate via the
Band 3 protein,” the normal function of which is to catalyze C17HCO;
exchange. In tunicate blood cells an anion transport system exists that
is specific for phosphate and vanadate.”

Within erythrocytes® and fat cells* and probably in all other cells
also, the vanadate is slowly but quantitatively reduced to V(IV) by
glutathione (GSH). The vanadyl ion is detectable by EPR spectroscopy.
In erythrocytes it binds to hemoglobin.™ In adipocytes it appears to be
present largely as a complex with glutathione.> The physiological ef-
fects of intracellular vanadyl ion are unknown. However, reduction is
slow, and many of the effects of added vanadium can be explained as
interactions of intracellular vanadate with phosphohydrolases and trans-
ferases. Vanadate blocks chromosome movement in lysed mitotic cells,
probably by inhibiting a dyneinlike ATPase.’® Vanadate also acts as a
powerful diuretic and natriuretic when injected into rats,* probably
because it inhibits the Na,K-ATPase in the proximal tubule of the kid-
ney. The effect diminishes with time, however, presumably as a result
of reduction to V(IV).

Effects on other tissues appear to be caused by inhibition of Ca-
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ATPase. In a number of cardiac muscle preparations (isolated ventricular
and atrial muscles of rat, dog, cat and rabbit, and in cultured rat cardiac
muscle cells) vanadate induces an increase in contractile force (positive
inotropic effect); in cat and guinea pig left atrial muscle it produces a
negative inotropic effect.’”-* Ouabain, which specifically inhibits Na,K-
ATPase, will also produce a positive inotropic effect in many cardiac
preparations, but the effect of vanadate does not correlate with the
inhibition of this enzyme. Indeed an increase in K* uptake via Na,K-
ATPase has been observed.” Nor can it be fully explained by activation
of adenylate cyclase. Although activation occurs on addition of vana-
date, the consequent increase in cyclic AMP is insufficient to account
for the magnitude of the positive inotropic effect.”’ Rather, we suggest
that the effect is a result of inhibition of the Ca-ATPases of the sar-
coplasmic reticulum and sarcolemma. Such inhibition should increase
the cytosolic concentration of Ca’*.

Calcium is the primary signal that triggers muscle contraction. High
cytosolic Ca’* will also open Ca**-sensitive K* channels present in
the plasma membrane, increasing K* permeability and therefore hy-
perpolarizing the plasma membrane. Hyperpolarization will close Ca
channels, and activate Ca efflux from the cells via the electrogenic Na/
Ca antiport system. These effects will combine to decrease cytosolic
Ca, thus acting as a negative feedback mechanism. The antiport system
will increase cytosolic Na as Ca is removed, which will in turn activate
the Na,K-ATPase. The scheme is presented in diagrammatic form in
Figure 5. In support of the hypothesis, it should be noted that vanadate
has already been shown to inhibit Ca-ATPase in intact squid axons®
and to stimulate an increase in cytosolic Ca levels in skeletal muscle.®
Such an increase has been proposed in explanation of the inhibition by
vanadate of renin secretion from rat kidney slices.® It might also explain
the remarkable observation that vanadate mimics the effects of insulin
in muscle and fat cells, as measured by the increases in the rate of
uptake of glucose analogs and of glucose oxidation, and by the inhibition
of lipolysis.”**** It has been suggested that the actual mimetic species
is vanadyl ion rather than vanadate.” The data, however, are by no
means conclusive. Vanadyl sulfate was added to adipocytes buffered at
pH 7.4 and equilibrated with air, under which conditions the vanadium
would be immediately hydrolyzed and oxidized.” Moreover, no lag time
was observed in the activation of glucose transport by added vanadate,*
although reduction to V(IV) is a slow process (z, ~ 90 min in red cells).’

17



13:42 15 January 2011

Downl oaded At:

open K+ +

closed K* chiy chonnol-\

colé

3Na* 3Na*

2+ +V
é;P fow Ca =3

cui+
sarcoplasmic
reticulum

cal«t

sarcoplasmic
reticulum

cytosol cytosol

plasmo membrone

plosma membrane >

FIGURE 5 Effects of vanadate on ion transport processes in cardiac muscle cells—
hypothetical mechanism for increased contractile force (positive inotropic effect) induced
by vanadate. Thick arrows show active pumping; half-arrows show exchange; dashed
arrows show inhibition of active pumping.

It would appear more likely that the active species is vanadate, and that
its mode of action is to couple insulin receptors by oxidation of sulfhy-
dryl residues to form a disulfide bridge. Other oxidizing agents, such
as H,O,, also mimic insulin. Moreover, the insulin-occupied receptor
is known to be disulfide cross-linked, and that dimerization of receptors
is necessary for activity. Alternatively, as mentioned above, the effect
might be the result of inhibition of Ca-ATPase by vanadate.

D. Endogenous Vanadium

Only 2 nM dietary vanadium is required for normal growth in rats, and
5 nM provides optimal growth of human fibroblasts in culture. Normal
tissue concentrations are about 0.1—1 pM.>* It is highly likely that
most of this vanadium is present as V(IV) and is complexed to small
molecules such as ATP or GSH, and to metalloproteins.>*"** Endoge-
nous vanadium cannot therefore function as a regulator of Na,K-ATPase
activity, nor of the activity of other phosphohydrolases. Nor is it likely
to function simply as a transition metal cofactor in the form of VO**.
Vanadyl ion can replace, and could therefore presumably be replaced
by, other transition metal ions of similar size and charge. One is left
with the possibility that the redox behavior of the element, and partic-
ularly its conversion from a cation to an anion upon oxidation at phys-
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iological pH, is somehow crucial to its biological role. Resolution of
the question will depend upon more sophisticated investigation than has
been applied so far.

Even in the sea squirts, which accumulate vanadium to extraordinary
concentrations in specialized blood cells called vanadocytes, the bio-
logical function of the element remains mysterious. We know that the
cells accumulate vanadate via a specific transport system in the plasma
membrane,” that the vanadate is reduced to V(IV) [in some species to
V(111)], and that it is stored at concentrations of up to 1 M within special
vacuoles together with similar concentrations of a reducing agent, tun-
ichrome.* The vanadium is perhaps stabilized by chelation to small
molecules since the vacuoles are not particularly acidic, contrary to
earlier reports. No metalloprotein is involved, however, and the so-
called ‘*hemovanadin’’ described in early studies is artifactual.

The vanadocytes do not function in the transport of oxygen,” nor are
they involved in the manufacture of acid,* as once suggested. The early
proposal that the tunicate’s high acidity or high vanadium content, or
both provide a chemical defense against predators has recently been
carefully investigated.®** Even though the vanadocyte blood cells are
not acidic, cytolysis would cause the local sea water to increase in its
concentration of acid and vanadate, both of which elicit antifeedant
behavior.®® Thus, if the vanadium and tunichrome (which hydrolyzes
rapidly to produce acid solutions®) are relatively highly concentrated
in a given species, they could play a role in chemical defense. The
problem with assigning chemical defense to the function of vanadium
is that many species with low, but still significant (i.e., 1-10 uM in
the whole animal, much higher in the vanadocytes) concentrations of
vanadium do not show chemical defenses against predators.”” A more
generalized function should exist to account for the occurrence of van-
adocytes in so many tunicate species.

The most likely function is in the manufacture of the tunic material
that forms an extracellular sheath around the organism. Exocytosis of
the vacuole contents is probably involved, followed by a redox reaction
with the tunic components, perhaps to generate cross-links. There is no
definitive evidence for this hypothesis as yet. We can hope, however,
that before many more reviews on vanadium biochemistry are written,
the biological function of the element in at least one type of organism
will finally be understood.
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