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Aqueous Chemistry of Labile Oxovanadates: 
Relevance to Biological Studies 

DEBBIE C. CRANS 
Department of Chemistry, 
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Received October 5, 1993 

The aqueous chemistry of vanadate (vanadium(V)) is very complex since many 
protonation equilibria and oligomerization equilibria are occurring simultaneously. 
Vanadate monomer (V,), dimcr (V2), tetramer (V,) and pentamer (V,) are ex- 
changing with each other on a millisecond time scale so that none of these species 
can be isolated for aqueous biological studies. Measuring the effects of each anion 
on an enzyme must be carried out in an equilibrium mixture containing the other 
vanadate oligomers. Defining conditions to measure the effects of oxovanadates 
is non-trivial, since vanadate interacts with buffers and other assay components. 
Information concerning the simple aqueous chemistry of vanadate with various 
ligands is thus necessary to ensure that the vanadate is free to interact with an 
enzyme or a protein. Experimental approaches, which take into account the aqueous 
chemistry of labile oxovanadates, to biological studies are described here. For this 
purpose, the interactions of oxovanadates with proteins and other protein-like 
ligands are considered briefly. The chemistry and approaches described here form 
the basis for an analysis of the interactions of vanadate oxoanions with proteins. 

Key Words: vanadium(V), vanadate, oxovanadates, aqueous solution, hydrolytic, 
oligomerization, redox chemisrry, biological studies 

VANADIUM(V) IN BIOLOGY 

The role of vanadium in biology extends from beneficial effects to 
be a required element. Vanadate acts as an insulin mimic and 
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recent reports suggest that vanadium-based oral substitutes for 
insulin can be de~eloped . ' -~  Vanadium acts as a growth factor4 
and affects cardiovascular function .s Vanadium-dependent bromo- 
peroxidase in Ascophyllum nodosurn6- and the vanadium-de- 
pendent nitrogenase in Azotobacter chroococcum and Azotobacter 
vinelandii9 employ vanadium as a cofactor. High levels of vana- 
dium are found in tunic ate^^.'^." and a vanadium-containing nat- 
ural product, amavadine, is found in toadstools.12 The roles and 
activities of vanadium in all these cases remain ill defined. 

Early studies of vanadate interaction with proteins focused on 
the development of vanadyl cation as a probe to study metal bind- 
ing sites in  protein^.'^,'^ Vanadate is a potent enzyme inhibitor, 
and has been used to characterize enzymes catalyzing phosphoryl 
transfer (reviewed in Ref. 5) .  The potent inhibitory effects of van- 
adate were attributed to the transition state analogy between a 
pentacoordinate vanadate complex and the transition state of the 
enzyme reaction.Is Organic vanadates can also act as enzyme sub- 
strates and even as enzyme cofactors.16-19 In addition, the recent 
development of photolysis of protein-vanadate mixtures to probe 
specific anion binding sites in proteins20.21 makes vanadate a potent 
probe to characterize proteins. 

In 1985 we were stimulated by a slV NMR study by Gresser and 
Tracey describing labile vanadate estersz2 because of their potential 
as organic phosphate analogs.23 Selected alkoxides and chloro- 
alkoxides had already been reported by Rehder in organic sol- 
v e n t ~ , ~ ~ . ~ ~  supporting the observation of vanadate esters in aqueous 
solutions. Since 1987 we have been exploring related vanadium 
alkoxides in organic solvents (see for example Refs. 26 and 27 
and references therein) and examined the biological properties 
of various types of labile vanadate derivatives in aqueous solu- 
tions. 18,28-33 Studies of these labile oxovanadates are necessary be- 
cause sodium vanadate (Na,V04) upon dissolution in aqueous buff- 
ered solutions produces within mi l l i~econds~~  several other species, 
all of which are enzyme inhibitors and/or activators. 183-33 Interac- 
tions of vanadate with proteins, including several phosphatases, de- 
hydrogenases, isomerases, one aldolase, a superoxide dismutase 
and a kinase have all been studied by our g r o ~ p ' ~ , ~ ~ . ~ ~ - ~ ~ . ~ ~ - ~ ~  
and are reviewed in the accompanying paper. 

During our enzyme studies it has become apparent that the 
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aqueous vanadate chemistry taking place in the assay solutions 
could dictate the responses of the biological system under exam- 
ination.% Formation of complexes between vanadate and cqm- 
monly used buffers will tie up the vanadium in vanadate-buffer 
complexes and prevent it from interacting with an e n ~ y r n e . ~ ~ . ~  
Other assay components could similarly mask the results obtained 
in studies with  ana ad ate.^,.^* The focus of this review is to describe 
the aqueous chemistry of vanadium(V). 

OXOVANADATE SPECIES IN AQUEOUS SOLUTIONS 

Vanadate is the name commonly used to describe the form of 
vanadium(V) that exists in aqueous solution. Solutions containing 
vanadate are complicated; not only do several protonation equi- 
libria exist, but oligomerization reactions and redox chemistry can 
also take place depending on the other compounds present. Spe- 
cies present under various conditions have been detailed else- 
w h e ~ e , ~ l - ~ ~  and only a brief summary of the speciation of the 
oxovanadates of particular relevance to biological studies will be 
given here. 

Vanadate Monomer, V, 

Vanadate in the form of V0:- is structurally and electronically 
related to PO:- .46 Accordingly, HVOZ-, H,VO; and H3V04 
that form upon protonation of VOj- are presumed to be analogs 
of the corresponding phosphate derivative. The structural char- 
acterization of KV03 47 and KV03 - H,O 47 demonstrates that an- 
other possibility exists, and that the phosphate analogy may not 
hold for all the protonated forms of vanadate m o n ~ m e r . ~ ~ . ~ ~  In 
any event, the actual structure of the V1 in aqueous solution may 
not be the form that binds to the enzyme. Interaction of vanadate 
monomer with enzymes can thus be as a tetrahedral phosphate 
analog (“a ground state analog”) or as a trigonal bipyramidal phos- 
phate analog (“a transition state analog”). Precedents for vanadate 
acting as both ground state and transition state analogs have been 
reported. 15,4y 
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Vanadate Oligomers 

The vanadate monomer oligomerizes to dimer (V,), tetramer (V,) 
and pentamer (V,) on a millisecond time scale.34 First formed the 
vanadate dimer, which (depending on the pH) also can exist in 
several protonated forms (H,V,O7, H,V,0,2-, HV,O:-, and 
V,0,4-).43 The V2 was described by a potentiometric study which 
can not distinguish structural possibilities differing only by mol- 
ecules of water. Structural characterization of Ca,V,O, shows 
the presumed structure for V, (Fig. l ) . , O  The structure of the 
Sr(V03), 9 4H,O represents another alternative and contains a pen- 
tacoordinate vanadium atom and bridging oxygen atorns.,l In the 
case of V,, the analogy with pyrophosphate is commonly presumed 
despite the lack of evidence of the structure in aqueous solution. 

After formation of V,, vanadate tetramer (V,) forms. V, is the 
major species in concentrated solutions and is often referred to as 
“metavanadate .” The X-ray structures for V,O:, and HV,O:, 
salts have been r e p ~ r t e d . ~ ~ . , ~  The structure is cyclical (Fig. 1). In 
aqueous solution the tetrameric species has the molecular formula 
V,O:; and it is presumably also cyclical. An adamantane-like 
structure was also ~ u g g e s t e d . ~ , . ~ ~  No evidence for a species with 
the molecular formula HV,O:? has been observed at any pH in 
aqueous solutions. The pentamer, V,O:; (V,) is the last species 
that forms, and it is also presumed to be cyclic even though no 
structural information is available for this anion. Vz, V, and V,, 
in addition to V,, are the major vanadate oxoanions present in 
aqueous solution (Fig. 2 ) .  

Each vanadate oligomer gives resolved resonances in the ,lV 
NMR spectrum as indicated in Fig. 3. The location of the reso- 

v2 v4 

FIGURE 1 A structural representation of vanadate dimer (V,) and tetramer (V,) 
are shown. The drawing of V, was obtained from the X-ray coordinates from 
Ref. 52. 
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FIGURE 2 The distribution of oxovanadates as a function of total vanadate (as 
mM V-atoms). The data was adapted with permission (Copyright 1990 American 
Chemical Society) from Ref. 30, and the H+-dependent formation constants for 
these experimental data are shown in Table I. 

nances is sensitive to the protonation state of the solution; H2VOa 
and HV0;- are assigned to resonances around -560.4 and -538.8 
ppm, re~pectively.~~ Since the vanadate species have similar re- 
laxation time v a l u e ~ , ~ ~  integrating the 51V NMR resonances pro- 
vides mole fractions of each species that can be used to calculate 
the concentrations of each vanadate oligomer. The relationships 
between the oligomers are discussed in detail below. The UV 
spectra for each vanadate derivative have been assigned and can 
also be used for q~antification.~~ 51V NMR spectroscopy is less 
subject to data interpretation errors, since the resonances for each 
species are resolved in the NMR spectrum, in contrast to the sig- 
nificant overlap of the absorbance spectra for each isomer. 

2D W EXSY and variable temperature NMR spectroscopy can 
be used to measure the rates of interconversion of the vanadate 
oligomers in aqueous solution.34 Figure 3 shows a series of 1D 51V 
NMR spectra recorded at various temperatures. As the temper- 
ature increases the resonances approach coalescence, consistent 
with chemical exhange between the oxovanadates. A 2D EXSY 
spectrum of such a vanadate solution should provide additional 
details because the exchange processes between each of the isomers 
are specifically separated. A 2D EXSY spectrum of a 10 mM 
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5.26 MHz A 
I \  
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. . .  - _ - . .  

- 5 4 0  - 5 6 0  ppm -580  

FIGURE 3 A series of 1D 51V NMR spectra (52 MHz) at various temperatures of 
a solution containing 10 mM vanadate and 0.40 M KCI at pH 8.6 (20.1) .  The 
assignments of the resonances are indicated. Adapted with permission from Ref. 
34 (Copyright 1990 American Chemical Society). 

vanadate solution at pH 8.6 containing 0.40 M KCl indeed shows 
the exchange between all the different isomers (Fig. 4). In any 
event, reaction equilibria are, for most practical purposes, estab- 
lished immediately since the labile oxovanadates (Vl, V,, V, and 
V,) exchange on a millisecond time scale. 

Vanadate decamer (Vlo) is a large oxovanadate that forms be- 
tween pH 2 and 6. This species is structurally characterized, and 
the oxoanion present in solution has the same structure as that 
observed in the solid state.s8-61 Vanadate decamer is thermody- 
namically unstable at neutral and basic pH; but, the lability of this 
oxoaniod2 allows studies of limited duration (one to two days). 
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Other Vanadium(V) Species in Aqueous Solution 

Below pH 2, VO; is the major species in This 
species is cationic and different from all the other oxovanadates. 
The VO; unit is found in many vanadium(V) complexes, which 
could exist under physiological conditions even though VO; is 
not likely to exist in cells (with the exception of vacuoles or sim- 
ilarly acidic compartments). 

Other vanadate species, including a linear trimer and tetramer,,l 
have been observed in the slightly alkaline pH range. Furthermore, 
a hexamer has been reported at high vanadate  concentration^.^^ 
The latter species, as well as additional species not described here, 
are minor components of aqueous  solution^.^'^^' Such species may 
be exceedingly important for the exchange reactions that take place 
in aqueous ~ o l u t i o n . ~ ~ , ~ ~  However, these species are not likely to 
contribute significantly to the observed interaction with enzymes 
and other cell components because they are present only at low 
concentrations. Thus they would have exceedingly high affinities 
if they interacted with proteins. Accordingly, the molecules re- 
sponsible for the biological effects include v , ,  V2, v,, vs, v,, and 
potentially VO; . 

Reduction of Vanadate 

The redox potential, 8", is reported as 1.0 V for vanadium(V) in 
acidic solution and -0.74 in basic solution (see (1) and (2)).h3 
Vanadate reacts with reducing compounds, presumably to form 
vanadium(IV), in the presence of several compounds commonly 
found in the cell and assay solutions. Examples of such rcactivc 
cell components include L-ascorbic acid,@ gluthathione,6s cysteine* 
and possibly NADH.67 The reaction of vanadate with gluthathione6s 
secures most of the intracellular vanadium in the form of vana- 
dium(IV).6* Reaction of vanadate with ascorbic acid may also con- 
tribute to the conversion of vanadium(V) to (IV), although such 
a role for ascorbic acid is less appreciated for most metals. 

V+' + e -  -+ Vt4 (1  N NaOH) (2) 
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The reaction of vanadate with thiols is of specific interest since 
enzymes contain thiol groups. Vanadate reacts rapidly with free 
cysteine to generate cystine and vanadyl cation in a pH-sensitive 
reaction.* Above pH 8 the reaction does not occur at observable 
rates.* Detailed kinetic studies have not been reported, although 
recently the reaction of vanadate with the thiol groups of fructose- 
1,6-bisphosphate aldolase has been described.32 

In addition to the enzyme, enzyme substrates such as dihydrox- 
yacetone and fructose will react with vanadate to generate the 
presumed vanadyl cation and oxidized organic substrates. 19,32 Careful 
mechanistic studies have been carried out with aromatic diols and 
suggest that the electron transfer occurs following a vanadium(V)- 
ligand ~ o m p l e x . ~ ~ - ’ ~  Redox reactions will seriously complicate a 
biological study, since upon formation of vanadium(1V) the con- 
centration of total vanadium(\/) is altered; 51V NMR spectroscopy 
can no longer be used to accurately quantitate labile oxovanadates. 
Redox reactions must thus be maintained at an insignificant level, 
unless methods designed to quantitate vanadium(1V) concentra- 
tions are employed. 

BUFFERED AQUEOUS VANADATE SOLUTIONS 

Most biological systems are very sensitive to pH, which accordingly 
must be carefully ~ontrolled.’~ The pH is often kept constant by 
addition of a buffer. In studies with vanadate the addition of a 
buffer can be a problem because vanadate has been shown to 
interact with many buffers (see Fig. 5).3s-‘”’ Unless the reaction 
conditions are carefully controlled (including choice of buffer, pH, 
ionic strength and temperature), erratic and irreproducible results 
can be obtained. Unfortunately, the literature is replete with re- 
ports that upon closer examination show significant artifacts. The 
problem may be further compounded by subtle effects that CO, 
levels, countercations and hydrophobic compounds exert on the 
various equilibria. The latter are likely to be minor, but never- 
theless add to the problems in the reproduction of even the “sim- 
ple” aqueous oxovanadate equilibria under physiological condi- 
tions. Examinations of crude enzyme systems or complex membrane 
enzymes are particularly risky, because such preparations will often 
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A 
V-Tricine 

/ 
v2 

a 

C 

FIGURE 5 5'V NMR spectra (52.6 MHz) of vanadate solutions at pH 7.5 containing 
10 mM vanadate, 30 mM Tricine and 150 mM imidazole (a), 10 mM vanadate, 35 
rnM triethanolamine and 150 mM imidazole (b) and 10 mM vanadate and 150 mM 
irnidazole (c). 

contain several compounds that each have the potential to mask 
or enhance the effect of vanadate. 

Enzymes and other biological materials will show varying activ- 
ities and properties in different buffers, and it is not possible to 
select one ideal buffer for all  enzyme^.'^ A suitable buffer involved 
in the least problematic interactions with vanadate for the partic- 
ular study should be chosen. 

Organic Buffers. Weakly Interacting Buffers 
Hepes buffer ([4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]) 
interacts insignificantly with vanadate and does not appear to affect 
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& HEPES -I 
I I I I I I I I I 

-545 -550 -555 -560 -565 -570 -575 -580 -585 
PPY 

FIGURE 6 5LV NMR spectra (131.5 MHz) of solutions containing 5.1 M ethanol 
and 10.0 mM vanadate (30% v/v D20) at pH 7.9 (?0.1) with no buffer, 50 mM 
HEPES and 50 mM imidazole. Adapted from Ref. 57. 

the stabilities of complexes formed in aqueous s o l ~ t i o n s . ~ ~ * ~ ~ - ~ ~  
We have also found that the rates of vanadate exchange reactions 
and vanadate-ester formation are barely affected by the presence 
of low concentrations of H e p e ~ . ~ ~  The exchange rates between 
oxovanadates calculated from 2D 51V EXSY NMR spectra are 
indistinguishable for solutions containing only vanadate (without 
buffer) and for solutions containing vanadate and 20 mM Hepe~ .~ ’  
Solutions containing only vanadate and/or 5 M methanol, with or 
without buffer, show no significant change in the exchange rates 
and pathways as measured by 2D 51V EXSY NMR spectr~scopy.~’ 
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As illustrated in Fig. 6 this is not the case for solutions containing 
5.1 M ethanol. A solution of 10.0 mM vanadate in 5.1 M ethanol 
at pH 7.9 (20.1) was examined in the presence of no buffer, SO 
mM Hepes and SO mM imidazole by 1D and 2D 51V EXSY NMR 
spectroscopy. The solutions containing Hepes show vanadium res- 
onances with similar linewidths as those recorded in the absence 
of buffer (Fig. 6). The spectrum recorded in the presence of im- 
idazole shows line broadening of all the resonances (Fig. 6). Since 
the line broadening is related to the exchange processes here,76 
Hepes is clearly affecting the oxovanadate system less than the 
imidazole. 

Any functionality, including sulfonic acids, has the potential to 
form complexes with vanadate. Perhaps the best evidence for some 
type of complex formation between vanadate and Hepes is the 
slow reduction of vanadium(V) in the presence of Hepes and 
NADH.77 Reduction of vanadium(V) by catechols and other de- 
rivatives requires prior complex formation ,70 and it seems reason- 
able to expect this is also the case for the vanadate-Hepes-NADH 
system. 

Tris (tris(hydroxymethyl)aminomethane, also abbreviated Trizma) 
was used extensively in early studies of vanadate-ester complexes 
and was then shown to form a vanadate-Tris ~omplex .~ '  The 5'V 
NMR spectra of protein-vanadate complexes will often have a 
signal that is attributed to the vanadate-Tris c ~ m p l e x . ~ * , ~ ~  When 
Hepes is not compatible with the enzyme system at hand, Tris is 
a buffer that, when used in moderation, is appropriate for biolog- 
ical or chemical reactions. This conclusion is based on the obser- 
vation that a solution containing 20 mM Tris and 1 mM vanadate 
at neutral pH will contain approximate 0.010 rnM vanadate-Tris 
complex." Assuming the Tris complex does not introduce inter- 
fering redox ~hemistry'~ or other problematic side reactions in the 
system at hand, the buffer complex can, for many practical pur- 
poses, be ignored. 

Other buffers such as TAPS (N-tris[hydroxymethyl]methyl-3- 
aminopropane-sulfonic acid), Mes (2-[N-morpholino]ethanesulfonic 
acid), Pipes (piperazine-N,N'-bis[2-ethanesulfonic acid]) and ace- 
tate also are examples of buffers that can be used in studies with 
 ana ad ate,'^.^^-^^,^ even though these buffers do form complexes 
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with vanadate at high concentrations or under other special con- 
ditions. l8 The interactions between vanadate and these buffers 
have been examined less frequently, although the information 
available suggests that when used in modest concentrations these 
buffers would be a p p r ~ p r i a t e . ~ ~  

None of the complexes that form between vanadate and the 
above-mentioned buffers have been characterized structurally. The 
reaction between vanadate and Tris has been characterized with 
respect to stoichiometry and thermodynamics.40 Several complexes 
were observed in this system, including mononuclear vanadium(V) 
mono- and diesters and dinuclear vanadium(V) complexes. The 
formation constant of the monoester (1:l complex} is 0.51 M-l, 
and for the 2:2 complex it is about 130 MP3. In the 2:2 complex 
Tris is suggested to act as a tridentate ligand through two hydroxyl 
groups and the amine group.40 The amine group is particularly 
important in the 2:2 complex, since tris(hydroxymethy1)ethane does 
not form an analogous 2:2 complex.40 

Strongly Interacting Buffers 

Both triethanolamine and Tricine (N-tris[hydroxymethyl]methy1- 
glycine} form stable complexes ((1) and (2)) in aqueous solution 
with vanadate (Fig. 5).39,8’,82 Addition to the diethanolamine unit 
of functionalities including hydroxyl, carboxylate, amine, amide, 
phosphonates, and sulfates produces various types of ligands; these 
are often used as buffers or other additives.39 The series of buffers 
derived from ethanolamine (the buffers referred to as “good buff- 
ers”), which contains at a minimum of a second hydroxyethyl or 
acetic acid arm, and interacts strongly with vanadate. The affinity 
of vanadate for such ligands has been determined with respect to 
the 1:l complex stoichiometry and its stability in aqueous solu- 
t i ~ n . ~ ~  In some cases, the kinetic properties of the complexes have 
been described.81,82 These vanadium(V) complexes are kinetically 
less labile than oxovanadates and vanadate esters, since they ex- 
change in the course of seconds.83 Three commonly used buffers 
in this series include triethanolamine (Fig. 5 ) ,  Tricine (Fig. 5) and 
Bicine (N,N-bis[2-hydroxyethyI]glycine}, and these should be 
avoided in biological studies with vanadate. 
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HO’ 
1 2 3 

The complex formed between vanadate with triethanolamine 
contains a pentacoordinate vanadium atom with the ligand che- 
lated through three of the four ligand functionalities (1) as deter- 
mined by multinuclear NMR spectroscopy.% The pH stability curve 
of this complex is bell shaped.39 The structure of 1 in aqueous 
solutions differs from the vanadium complex characterized by 
X-ray crystallography 3. The latter complex was generated in meth- 
anol and contains a ligand chelated through all four functionalities 
to the vanadium in a distorted trigonal bipyramidal g e ~ m e t r y . ~ ~ , ~ ~  
Characterization in organic solvents by multinuclear NMR spec- 
troscopy shows that this complex remains intact under these con- 
ditions. These studies establish the need to spectroscopically char- 
acterize even the simplest species in aqueous solution because the 
complex in the solid state (and in organic solutions) may be dif- 
ferent. 

The complex formed between vanadate and Tricine has been 
examined in detail using potentiometry and multinuclear spec- 
troscopy.81 Both the intra- and intermolecular reactions of vana- 
date with Tricine have been examined using 2D I3C EXSY NMR 
spectroscopy (Fig. 7). No X-ray structure has been reported for 
this complex, and the initial report favored a 1 : l  complex with a 
pentacoordinate vanadium atom coordinated by one hydroxyl group 
and the carboxylate group. Further spectroscopic studies of this 
and other complexes have suggested that the vanadium atom may 
be octahedral.82 The formulation shown for 2 is based on the 
expectation that the electron density on the two ligand 0-atoms 
are different; should the electron densities be identical, the for- 
mulation HO-V-OH would be expected. In any event, the studies 
of these buffers are directly relevant to the coordinational pref- 
erences of vanadium(V), given the ligands’ structural relationship 
to the amino acid glycine. 
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Vanadium(V) complexes with these types of ligands are rather 
stable so that vanadate solutions of such ligands (around the pK, 
of the buffer) will only contain negligible concentrations of free 
vanadate available to interact with the protein (Fig. 5 ) .  Studies 
carried out in even low concentrations of these buffers (i.e., 20 
mM) are likely to mask the true biological response to vanadate. 

Naturally occurring ligands such as citrate,86 gly~ine”.*~ and 
g l y c y l g l y ~ i n e ~ ~ . ~ ~  are also used as buffers. These ligands do interact 
with vanadate and should be avoided since they form stable com- 
plexes with vanadate. The complexes that form between vanadate 
and citrate contain two vanadium atoms and one citrate ligand, 
whereas the complex that forms between vanadate and glycylgly- 
cine contains one vanadium atom and one ligand. The vanadate- 
glycylglycine complex is particularly troublesome** since, in ad- 
dition to being thermodynamically stable, it is also much less labile 
than vanadate oligomers at neutral pH. Consequently, glycylgly- 
cine will remove the vanadate from the pool of rapidly converting 
vanadium derivatives. 

Imidazole 

Buffers such as Hepes and Tris support a chemical reaction be- 
tween vanadate and reduced nicotinamide adenosine 5-diphos- 
phate-cofactors (NAD or NADP).37 Although the reaction is slow, 
and may be diminished by reducing the contact the sample has 
with direct light, the production of vanadium(1V) introduces one 
more vanadium derivative that can interact with the enzyme and 
introduces errors in 51V NMR quantitation mentioned above. Stud- 
ies monitoring the absorption of NAD or NADP (or the corre- 
sponding NADH or NADPH oxidation) can be carried out using 
imidazole as a buffer since such solutions show no evidence for 
the unwanted redox chemistry.77 

Imidazole is known to bind many metal ions, and presumably 
the oxidation of substrates and buffers by vanadate is diminished 
by the complexation of vanadium(V) by imidazole. The 51V NMR 
spectrum of a vanadate solution still shows the resonances for 
oligomers at the anticipated chemical shift and no new resonances 
are observed even at high imidazole concentrations (Fig. 5).76 
However, the concentrations of vanadate oligomers in the presence 
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FIGURE 8 1D 51V NMR spectra (131.5 MHz) of solutions containing 10 mM 
vanadate at pH 8.6 ( k O . 1 )  at ionic strength of 0.40 M (KC1) in 17% ( V N )  D,O 
and 25°C with and without 50 mM imidazole. 

of imidazole change and this supports interactions between van- 
adate and imidazole. Potentiometric studies show that the vana- 
date-imidazole complex is very weak (Pettersson, unpublished). 
It is possible that the vanadium-imidazole complexes that do form 
have a chemical shift similar to that of V, or a very broad signal 
that is difficult to observe or is in rapid exchange with other ox- 
ovanadate signals. An observable but very broad signal with a 
chemical shift different from that of V, has been observed for the 
complex that forms between vanadate and pyridine.8" The possi- 
bility that the vanadate-imidazole complex is in rapid exchange 
with V, is supported by the significant increase in the linewidths 
of the signals for the vanadate oxoanions in ethanolic solutions.76 
In solutions without high concentrations of alcohol, little change 
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in the linewidths is observed (Fig. 8). Even the presence of up to 
5 M methanol does not induce similar changes as observed with 
ethanol (Fig. 6). Despite the complex formation, imidazole is rec- 
ommended as a buffer in assays where the reduction of the van- 
adium must be kept to a minimum. 

Solutions containing high concentrations of ligands in addition 
to imidazole (and T r i ~ * ~ )  and vanadate can give rise to new res- 
onances in the "V NMR spectrum. For example, the presence of 
a 200 mM nucleoside in a solution of 100 mM imidazole and 10 
mM vanadate will give rise to a new resonance at - 480 ppm. This 
resonance is attributed to a complex containing vanadate, nucleo- 
side and imidazole.8Y Solutions of 10 mM vanadate and 100 mM 
imidazole in the presence of 50% (vh)  acetone will also exhibit a 
new signal in this ppm range; this signal is presumably due to a 
complex containing vanadate, imidazole and acetone (Crans and 
Shin, unpublished). New species of this type only form at high 
concentrations of imidazole and organic ligand and are not antic- 
ipated to give rise to problems in solutions containing modest 
concentrations of imidazole and other compounds. In any event, 
a greater knowledge of how vanadate interacts with imidazole is 
desirable, and some recent efforts have been successful in this area 
when the vanadium is stabilized by an additional ligand.y".yl 

Inorganic Buffers 

Some enzymes function very well in inorganic buffers such as phos- 
phate, borate and carbonate. Vanadate forms anhydride-like com- 
plexes with p h o ~ p h a t e , ~ ~ , ~ ~  and presumably also with carbonate 
and borate. The interaction with phosphate is much stronger than 
the interaction with carbonate, although the stability of the van- 
adate-phosphate complex (K, = 64 M ~ 1)y2 cannot compare with 
the vanadate complexes with triethanolamine or Tricine. Given 
the 1: 1 vanadate-phosphate complex that forms in such solutions, 
conducting vanadate studies in a phosphate buffer is not to be 
recommended. Indeed, the species formed between vanadate and 
the buffer may be the active component in the mixture. The van- 
adate-dependent NADH oxidation stimulated by plasma mem- 
branes is an example of a biological response that is only observed 
in phosphate b ~ f f e r s . ~ ~ , ~ ~  This plasma membrane reactivity is intrigu- 
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ing, and the dependence on the presence of phosphate is striking. 
Perhaps efforts in characterizing derivatives that form under these 
assay conditions would assist further studies in this area. 

Other Assay Components 

Enzyme preparations will often contain additives to increase pro- 
tein stability.72 Compounds such as EDTA and citrate are often 
added for protection against heavy metal ions and their destructive 
effects. Compounds such as D l T  (1,4-dithio-L-threitoI) are added 
to maintain a reducing environment and prevent the oxidation of 
the enzyme. Metal ions are often added to assay solutions to en- 
hance enzyme activity or increase protein stability (by maintaining 
the protein in a stable conformation). Compounds such as glycerol, 
ethylene glycol or other proteins (bovine serum albumin) are often 
added to prevent either protein dissociation or association with 
glass or plastic containers. 

0G3’3- E t g  
O(( f0  -0 0 

4 

EDTA forms a very stable 1:l complex 4 with vanadate even 
though both are anions. The complex is recognized as a complex 
between the anion EDTA and the cation VO; even though no 
observabfe concentrations of VO; exist in the neutral pH range 
where the complex is also observed. The solid state s t r ~ c t u r e ~ ~ ”  
corresponds to the solution structure of this compound, 4.% The 
complex is extremely stable and will form even at micromolar 
concentrations of both ligand and vanadate. Formation and hy- 
drolysis of this complex has furthermore been characterized ki- 
netically using stopped flowM and 2D EXSY NMR spectro~copy.~~ 
Substitutes for EDTdsuch as EGTA (ethylene glycol-bis(P-ami- 
noethyl ether)N,N,N’,N’-tetraacetic acid) are less effective in com- 
plexing vanadate, and if possible may serve as substitutes for 
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EDTA.38 In any event, the presence of EDTA in the assay solution 
will reduce the free vanadate concentration and should be taken 
into consideration in the event EDTA is present in the protein 
preparation. 

DTT rapidly reduces vanadate to vanadyl cation. 2-Mercapto- 
ethanol (P-mercaptoethanol) is less effective in reducing vanadate 
but also readily accomplishes this task. The details of these re- 
ductions have not been examined; however, it is known that the 
reactions are very pH sensitive and slower at alkaline pH.% If 
possible thiols should be avoided as components in the assays. Low 
concentrations of thiols in the enzyme preparation will be suffi- 
ciently diluted in the enzyme assays to generate submicromolar 
concentrations in the enzyme assay. The total vanadate concen- 
trations in the assay will therefore barely be affected. Unless these 
levels of vanadyl cation have potent effects on the enzyme system 
under study, such thiol levels can be ignored. The formation of 
low concentrations of vanadyl cation in the assay solution is of 
concern in such studies, not the quantization of oxovanadates. 

Ethylene glycol,y7 glycerol (Crans, unpublished) and bovine serum 
a l b ~ m i n ~ ~ . ~ ~  interact with vanadate. However, the formation con- 
stants are several orders of magnitude smaller than those for the 
EDTA, Tricine or triethanolamine complexes. As long as additives 
are maintained at sufficiently low concentrations so that negligible 
concentrations of complexes will form in an assay solution, they 
will not significantly affect the concentrations of vanadium species. 
The major question in such studies is whether these additional 
vanadium complexes will affect enzyme activity. Although no de- 
tailed studies have yet emerged, preliminary results suggest that 
the EDTA complex may not be innocuous with all enzymes (Crans, 
unpublished). 

In summary, no buffer or assay component can be characterized 
as not interacting with vanadate. A suitable assay will be one 
chosen to minimize the interactions of buffer and other assay com- 
ponents with vanadate and maximize the conditions for the enzyme 
activity. 

EXPERIMENTAL APPROACHES TO STUDIES WITH 
LABILE VANADATE DERIVATIVES 

Next, some pitfalls encountered when working with labile vanadate 
derivatives in the presence of enzymes and/or other biological sys- 
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tems are described. First, we will turn to experimental issues con- 
cerning preparation of the sample solutions. 

A reasonably concentrated stock solution of colorless vanadate 
(such as 25 mM) will contain a mixture of labile oxovanadates in 
a composition dependent on pH, temperature and ionic strength.gY 
The original concentrations of each vanadate oligomer in the stock 
solution are irrelevant because the new equilibrium is established 
within milliseconds of adding the vanadate to the assay solution 
(at pH > 6.5). In the presence of a buffer or other components 
the time required for establishing equilibrium is dependent upon 
the interaction of these other components with vanadate. We do 
not recommend addition of buffers or other compounds to the 
stock solution; such addition could introduce an additional com- 
plication because many ligands react more slowly with vanadate. 
Solutions with additional ligands may require longer periods to 
reach equilibrium (including formation of the slow complexes such 
as the vanadate-peptide derivatives). This added complication 
must be remembered. In most cases, such problems can be elim- 
inated if a few control assays are conducted with solutions that 
have had longer incubation treatments. 

In the event that the pH of the stock solution needs to be ad- 
justed, the addition of both acid and base will change the concen- 
trations of the oxovanadates. The addition of acid often produces 
the orange vanadate decamer. Since the vanadate decamer hydro- 
lyzes only slowly above pH 7, the presence of this derivative will 
deplete the more labile oxovanadates. One should therefore either 
remake the solution or heat the material to facilitate the hydrolysis 
of the orange decamer. Heating the solution can cause problems 
if other compounds are present which react with vanadate slowly 
or in a temperature-dependent manner.= 

Given the rapid exchange rates between the vanadate oxoanion 
and vanadate  ester^,^^.^^ it is not possible to isolate each species 
for examination. Accordingly the activity measurements must be 
carried out on the equilibrium mixture of species. Enzyme reac- 
tions occur on a very fast time scale, and oxovanadates with mil- 
lisecond lifetimes are likely to be distinguished by the enzyme. 
Experimental techniques that measure enzyme reaction progress 
include UV spectroscopy or fluorescence spectroscopy, but other 
techniques using radiolabeled substrates are appropriate. These 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



measurements should be obtained preferentially in conjunction 
with 5'V NMR studies determining the populations of oxovana- 
dates under the assay conditions (including the identical buffer, 
salt concentrations, assay additives and tempera t~re) .~"  

Binding studies of vanadate to proteins can be carried out using 
various techniques. Interaction of vanadate with enzymes such as 
3-phosphogly~eratemutase,~~~~'~' phosphoglucomutase''.lO" and 
superoxide d i ~ m u t a s e ~ ~  has been characterized using multinuclear 
NMR spectroscopy. In all these cases the binding studies were 
conducted in the presence of excess vanadate recognizing the rapid 
exchange between the vanadate oligomers and the protein-van- 
adate complex. Some enzyme-vanadate complexes, such as the 
myosin-ADP-vanadate complex, do not dissociate rapidly.104-105 In 
the myosin-ADP-vanadate complex a conformational change has 
occurred that prevents rapid release of the vanadate. Should the 
enzyme-vanadate complex be of this type, a vanadium-containing 
complex may indeed be isolated by the equilibrium dialysis method. 
However, the enzyme-vanadate complex is not likely to be iso- 
lated unless the off-rate for the vanadate is slow. Similar consid- 
erations must be satisfied if a covalent vanado-enzyme interme- 
diate is to be isolated. 

Careful quantification of changes in enzyme reaction rates with 
various populations of vanadate derivatives will allow correlation 
of the observed changes in rates with concentration of one or  two 
labile vanadate derivatives. Although it is virtually impossible to 
prove which species in an exchanging mixture is actually the active 
form, a reasonable correlation can typically be made for one or 
two vanadate derivatives. The correlation is often based on the 
elimination of other reasonable possibilities. 

QUANTIFICATION OF LABILE OXOVANADATES 

Solutions containing millimolar vanadate are in a dynamic equi- 
librium, and each of the oligomers are related as shown in Eqs. 
(3) to (6). 
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K24 
2 V2 V4; K24 = [V4]/[VJ2. 

The dimerization of vanadate monomer (3) is determined by the 
constant K12. K,, is experimentally obtained from a series of 51V 
NMR spectra recorded at different total vanadate concentrations 
and obtaining the slope from a plot of [V,] as a function of [V1],. 
Since the structures of some of the oxovanadates are not known 
with certainty, the number of water molecules generated in the 
reaction is not known. Thus, we make no attempt to balance the 
equations with water molecules. Assuming the water content is in 
great excess and not changing significantly, this simplification is 
not likely to impact our calculations. Furthermore, the simplifi- 
cation provides a vehicle in which at constant pH all the different 
protonation states in the solutions do not have to be considered 
individually since the concentration of each species is related to 
the total oxoanion concentration. The constants obtained, how- 
ever, should be treated as H+-dependent equilibrium constants 
and not true formation constants. In this treatment we have also 
ignored the activity coefficients because in studies carried out at 
high ionic strength we assume small changes in vanadate, ligand, 
substrate or enzyme concentrations will not significantly affect the 
overall ionic strength. The impact of the activity coefficients on 
K,, will then be constant under the conditions used. All these 
assumptions and considerations are also made for the equilibria 
shown in (4) to (6). 

Equations (3) to (6) define the H + -dependent formation con- 
stants K12, K14, K15, and under the conditions of the assay. 
The experimentally obtained constants (Table I) are essential tools 
for analysis of the observed enzyme rates obtained in the kinetic 
studies, and their measurement should be repeated when variations 
in assay conditions are introduced. From Table I it is seen that the 
H+-dependent formation constants will change by a factor of 2 to 
3 by changing buffer, ionic strength and various assay additives. 
Differences up to a factor of 1000 are observed when varying pH. 
In any event, the constants shown in Table I can serve as a pre- 

23 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



N
 

P
 

T
A

B
L

E
 I 

H
 ’ -

de
pe

nd
en

t f
or

m
at

io
n 

co
ns

ta
nt

s 
of

 V
,, 

V
, 

an
d 

V
, 

un
de

r 
va

ri
ou

s 
as

sa
y 

co
nd

iti
on

s 
(2

98
 K

).
 

C
on

di
tio

ns
 

K
,,V

M
 ~ 

K
,,V

M
 ~ 

K
,,c

/M
-4

 
K

,,d
/M

 ~ 
R

ef
cr

en
ce

 

20
 m

M
F

is
.C

l,
 p

H
 8

.0
, 1

.0
 M

 K
CI

 
20

 m
M

 T
ri

s‘
C

I,
 p

H
 8

.0
. 0

.5
0 

M
 K

CI
 

20
 m

M
 T

ri
s’

C
I,

 p
H

 7
.3

5,
 I

(K
C

I)
 =

 
1.

0 
M

 
20

 m
M

 H
ep

es
, p

H
 7

.5
, I

(K
C

1)
 =

 1
.0

 M
 

20
 m

M
 H

ep
es

, p
H

 8
.0

, I
(K

C
I)

 =
 1

.0
 M

 
10

0 
m
M
 im

id
az

ol
e,

 p
H

 7
.1

, 3
.3

 m
M

 M
gC

I, 
10

0 
m

M
 N

-e
th

yl
m

or
ph

ol
in

e,
 p

H
 7

.8
 

LO
O 

m
M

 K
C

I:
 3

.3
 m

M
 M

gC
I, 

50
 m
M
 im

id
az

ol
e,

 p
H

 7
.1

, 4
00

 m
M

 K
CI

 
50

 m
M

 T
A

PS
, p

H
 9

.0
, 2

00
 m

M
 K

C
I, 

5.
0 

m
M

 se
m

ic
ar

ba
zi

dc
 

50
 m

M
 T

A
PS

, p
H

 9
.0

, 2
00

 m
M
 K

C
I, 

1 .O
 M

 e
th

an
ol

 
0.

20
 M

 a
ce

ta
te

 (N
a 

) 
pH

 5
.5

 

18
0 

26
0 

56
0 

48
0 

33
0 

26
0 

17
0 

46
0 50
 

60
 

11
0 

1.
1 

x 
10

9 
1.

0 
x 

10
10

 
1.

0 
x 

10
‘”

 
1.

0 
x 
10
’0
 

0.
93

 x
 l

oq
 

2.
4 

x 
10

9 

0.
65

 x
 

10
9 

6.
0 

x 
10

9 
3.

8 
x 

lo
b 

7.
1 

x 
10

6 

6.
5 

x 
lo

8 

0.
34

 x
 

10
‘ 

1.
5 

x 
lo

4 
3.

2 
x 

10
4 

4.
3 

x 
10

4 
2.

2 
x 

10
4 

2.
3 

x 
10

4 
1.

4 
X

 
lo

4 

9.
9 

x 
10

” 
2.

8 
x 

10
4 

2.
1 

x 
lo

* 
1.

4 
X

 
10

’ 

2.
1 

x 
10

8 
2.

0 
x 

10
3 

5.
5 

x 
10

4 

92
 

92
 

10
6 75
 

75
 

30
 

30
 

32
 

31
 

18
 

10
7 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



liminary estimate of the expected concentrations of vanadate oli- 
gomers at equilibrium. 

STRUCTURAL CONSIDERATIONS: OXOVANADATE 
INTERACTIONS WITH ORGANIC LIGANDS 
AND ENZYMES 

The X-ray structure of two organic vanadate derivatives, the van- 
adate-uridine complex and the vanadate-glucose-1-phosphate, with 
their respective enzymes, ribonuclease108- 'lo and phosphogluco- 
mutase,"' are known. Currently, there are no high resolution 
X-ray data available describing the interaction of oxovanadates or 
other oxometalates with proteins. The early study of adenylate 
kinase with V,, was not refined to the point of examining the 
interactions of the anion with specific  residue^.'^^.^'^ Studies prob- 
ing the specific interactions in binding site by alternative techniques 
such as representative model systems are therefore desirable. 

In the past five years, the characterizations of vanadium(V) 
complexes with amino acids and peptides have been of inter- 
e ~ t . ~ ~ . ~ ~ J ~ ~  Most of these derivatives are difficult to crystallize and 
various stabilizing groups are added to obtain crystals that can be 
chara~terized.",~~ The solution studies that have been carried out 
suggest the side group in the amino acid is actively involved in the 
complex formation. In aqueous solutions V, forms several deriv- 
atives with hydroxyl g r o ~ p s . ~ ~ , ~ ~  Structural characterizations of sev- 
eral dinuclear oxovanadium(V) derivatives with organic ligands 
have demonstrated several structural possibilities, including va- 
nadium atom connectivity through a V-0-V bridge26 or a V202 
 nit.''^-^,^ The V,, has also been found to form complexes in 
aqueous solution (Tracey, unpublished) and elsewhere.lZ0 

As described in the accompanying paper, the V4 unit is of par- 
ticular interest because of its reactivity and potential physiological 
significance. Although no precedents for structures related to the 
aqueous V, 52s3 or V, have yet been reported, new tetranuclear 
vanadium(V) complexes have been characterized by X-ray spec- 
troscopy in the past few years.121 In Fig. 9 two examples are 
s h o ~ n , ~ ~ J ~ ~ J ~ ~  one with carboxylates as the organic ligands (9a 
and 9b), and the other with bidentate alkoxide ligands (9b). The 
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Q a  9b 

QC 

FIGURE 9 Schematic drawings (Ref. 121) of tetrameric and trirneric oxovanadates 
and their interactions with organic ligands. [V,O,(OH)(O,CR),K] (Ref. 122) and 
[V,O,(O,CRL),NO,] (9a) (Ref. 124), [VOCl(OCH,C(CH,),CH,O)] (9b) (Ref. 27) 
and [V,O,(CH,COO),OC,H,] (9c) (Ref. 45). 

organic ligands are incorporated in the framework of vanadium 
atoms coordinated in an octahedral arrangement Complex 9a 
is shaped like a cup, but, in contrast to the aqueous V, (Fig. l), 
all oxygen atoms in the eight-membered ring are in one plane and 
the vanadium atoms in another. The structure found for 9b is 
different in the sense that two of the metal atoms have been pushed 
together, flattening the ring such that intramolecular bonds be- 
come stronger. These two geometric arrangements, combined with 
that shown for V, (Fig. l) ,  illustrate the molecular flexibility such 
systems exhibit and the types of interactions that may be important 
in vanadium-protein interactions. Although no  examples have yet 
been reported of true peptide-oxovanadate complexes, the mol- 
ecules described above illustrate that it would be premature not 
to consider inner-sphere complexes between the proteins and V,. 

In addition to the V, unit, other examples of oxovanadium 
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alkoxides and carboxylates have been prepared and characterized 
recently. Rehder reported an interesting trimeric unit with bridging 
acetate molecules (Sc), which demonstrates that oxometalates con- 
taining an uneven number of metal ions also can form.45 Analogous 
c o r n p l e ~ e s ~ ~ ~ J ~ ~  suggest that this type of complex may not be as 
rare as expected even if a trimer is not a major species in aqueous 
solution. Hexameric structures supported by either alkoxides or 
carboxylates also form readily. 124~127 Hexamers can have very dif- 
ferent types of oxoanion backbones depending on the method of 
preparation and isolation. 

An example of an outer-sphere interaction between a simple 
peptide and an oxovanadate has also been characterized. lZ8 We 
were able to crystallographically describe the interactions between 
Vlo and gly-gly, and find that the structure contains an intricate 
pattern of hydrogen bonding in the crystal. Disruption of this hy- 
drogen bonding network is likely to result in significant changes 
in the interactions between peptide and oxoanions. Indeed, alter- 
ing one glycine residue to a histidine residue (i.e., gly-his) resulted 
in a material with different stoichiometry! A network of hydrogen 
bonding interactions was also recently reported in the X-ray struc- 
ture of a vanadium-histidine-N-(2-oxinaphthalidene) complex 
showing that hydrogen bonding plays an important role even in 
vanadium complexes of amino acids.g0 The latter complex is per- 
haps particularly interesting because the molecule is hydrogen- 
bonded in a tetrameric unit. 

In summary, these studies show that the interactions between 
oxovanadates and simple peptides are very sensitive to the amino 
acid sequence. Such interactions may be essential to the crystal- 
lization of these materials. 

CONCLUDING REMARKS 

Vanadate is recognized as a structural and electronic analog of 
phosphate. It is less commonly recognized that vanadate can be 
both ground state analog and a transition state analog for phos- 
phate. Structures of higher oxovanadates (V2, V, and V,) in aqueous 
solutions are not known with certainty since these compounds are 
exchanging with each other and with V1 on a millisecond time 
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scale. The rapid chemical exchange complicates biological studies 
since none of the oxovanadates can be isolated and tested sepa- 
rately. Enzyme activity and other biological properties must be 
measured in the presence of equilibrating mixtures, and the active 
oxovanadate is identified by correlating effects and oxovanadate 
concentrations. In general, Hepes is the best buffer for studying 
vanadate chemistry and the effects of vanadate on enzyme reac- 
tions not involving redox chemistry. Imidazole, however, is the 
best buffer when interactions of vanadate with enzymes are mon- 
itored by the redox reaction of NADH/NAD or NADPH/NADPH. 
Buffers that should be avoided include triethanolamine, Tricine, 
Bicine, phosphate, citrate and gly-gly. The complexes of the three 
former ligands with vanadate illustrate the need for spectroscopic 
studies in aqueous solutions since the solid state structure may very 
well be different from the solution structure. Assay additives such 
as EDTA, D7T and bovine serum albumin can mask and alter the 
biological effects of vanadate. The presence of D 7 T  can be par- 
ticularly problematic because vanadyl cation is introduced into the 
system. Quantitation of oxovanadates shows that pH is the major 
factor changing the oxovanadate populations, whereas buffer, ionic 
strength and other assay components typically affect the H+-de- 
pendent formation constants by a factor of 2 to 3 .  Appropriately 
designed biological experiments allow the application of this pow- 
erful group of oxoanions to study enzyme structure, anion inter- 
actions, and mechanism. Protein-anion interactions are the topic 
of the accompanying Comments article. 

Acknowledgments 

The author thanks the National Institutes of Health, the Colorado State Experi- 
mental Station and the Alfred P. Sloan Foundation for funds. The author also 
thanks all her current and previous co-workers and collaborators contributing to 
work discusced. 

References 

1. J .  H. McNeill, V. G. Yuen, H .  R .  Hoveyda and C. Orvig, J. Med. Chem. 
35. 1489-1491 (1992). 

28 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2. B. I. Posner, A. Shaver and I .  G. Fantus, New Antidiabetic Drugs, eds. C. 

3. A. Shaver, J .  B. Ng, D. A. Hall, B. S. Lum and B. I. Posner, Inorg. Chem. 

4. B. R. Nechay, L. B. Nanninga, P. S. E. Nechay, R. L. Post, J .  J .  Grantham, 
I. G. Macara, L. F. Kubena, T. D. Phillips and F. H. Nielsen, FASEB 45, 

J. Bailey and P. R. Flatt (Smith, Gordon, 1990), p. 107-118. 

32, 3109-3113 (1993). 

123-132 (1986). 
5. N. D. Chasteen, Structure and Bonding 53, 105-138 (1983). 
6. H. Vilter, Phytochem. 23, 1387-1390 (1984). 
7. R.  Wever and K. Kustin, Adv. Inorg. Chem. 35, 81-115 (1990). 
8. A. Butler, Bioinorganic Catalysis, ed. J .  Reedyk (Marcel Dekker, Amster- 

dam, 1992), p. 425-445. 
9. R.  R. Eady, Vanadium in Biological Systems: Physiology and Biochemistry, 

ed. N. D. Chasteen (Kluwer Academic Publishers, Boston, 1990), p. 99-127. 
10. K. Kustin, G. C. McLeod, T. R. Gilbert and L. B. R. Briggs 4th, Structure 

and Bonding 53, 139-161 (1983). 
11. E. M. Oltz, R. C. Bruening, M. J. Smith, K. Kustin and K. Nakanishi, J. 

Am. Chem. SOC. 110,6162-6172 (1988). 
12. J .  J .  R. F. da Silva, Chem. Spec. Bioavail. 1, 139-150 (1989). 
13. N. D. Chasteen, R.  J .  DeKoch, B. L. Rogers and M. W. Hanna, J. Am. 

14. R. J .  DeKoch, D. J. West, J. C. Cannon and N. D. Chasteen, Biochemistry 

15. R. L. Van Etten, P. P. Waymack and D. M. Rehkop, J.  Am. Chem. SOC. 

16. A. F. Nour-Eldeen, M. M. Craig and M. J.  Gresser, J .  Biol. Chem. 260, 

17. D. C. Crans, C. M. S h o n e  and J. S. Blanchard, J. Am. Chem. SOC. 114, 

18. D. C. Crans, R. W. Marshman, R. Nielsen and I. Felty, J. Org. Chem. 58, 

19. D. G. Drueckhammer, J. R. Durnvachter, R. L. Pederson, D. C. Crans, L. 
Daniels and C.-H. Wong, J .  Org. Chem. 54, 70-77 (1989). 

20. I. R. Gibbons and G. Mocz, Vanadium in Biological Systems: Physiology and 
Biochemisrry, ed. N. D. Chasteen (Kluwer Academic Publishers, Boston, 

21. C. R. Cremo, J. C. Grammer and R. G. Yount, Meth. Enzym. 196, 442- 

22. M. J .  Gresser and A. S. Tracey, J. Am. Chem. SOC. 107,4215-4220 (1985). 
23. M. J .  Gresser and A. S. Tracey, Vanadium in Biological Systems: Physiology 

and Biochemistry, ed. N. D. Chasteen (Kluwer Academic Publishers, Boston, 

Chem. SOC. 95, 1301-1309 (1973). 

13, 4347-4354 (1974). 

96, 6783-6785 (1974). 

6836- 6842 (1985). 

4926-4928 (1992). 

2244-2252 (1993). 

l w ) ,  p. 143-152. 

449 (1991). 

IW), p. 63-79. 
24. W. Priebsch and D. Rehder, Inorg. Chem. 24, 3058-3062 (1985). 
25. D. Rehder, Zeitschrift fur Naturforschung 32b, 771-775 (1977). 
26. D. C. Crans, R. A. Felty, 0. P. Anderson and M. M. Miller, Inorg. Chem. 

27. D. C. Crans, R. W. Marshman, M. S. Gottlieb, 0. P. Anderson and M. M. 

28. D. C. Crans, C. M. S h o n e ,  A. K. Saha and R. H. Glew, Biochem. Biophys. 

29. D.C.  Crans and S. M. Schelble, Biochemistry 29, 6698-6706 (1990). 

32,247-248 (1993). 

Miller, Inorg. Chem. 31, 4939-4949 (1992). 

Res. Comm. 165, 246-250 (1989). 

29 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



30. D. C. Crans, E. M. Willging and S. R. Butler, J .  Am. Chem. Soc. 112,427- 

31. D. C. Crans and C. M. S h o n e ,  Biochemistry 30, 6734-6741 (1991). 
32. D. C. Crans, K. Sudhakar and T. J .  Zamborelli. Biochemistry 31,6812-6821 

(1992). 
33. D. C. Crans. Polyoxometalates: From Platonic Solids to Anti-Retroviral Ac- 

fivity, eds. A.  Miiller and M. T. Pope (Kluwer Academic Publishers, 1993), 
in press. 

34. D. C. Crans, C .  D. Rithner and L. A. Thcisen, J.  Am. Chem. SOC. 112, 
2901 -2908 (1990). 

35. D. C. Crans, C.  M. S h o n e ,  R. C. Holz and L. Que J r . ,  Biochemistry 31, 

36. L. Wittenkeller, A.  Abraha, R. Ramasamy, D.  Mota de Freitas, L. A. Theisen 

37. D. C. Crans, S. Pluskey and D. S. Lawrence, in preparation (1994). 
38. D. C. Crans. R. L. Bunch and L. A.  Theisen, J .  Am. Chem. SOC. 111,7597- 

39. D. C. Crans and P. K. Shin, Inorg. Chem. 27, 1797-1806 (1988). 
40. A. S. Tracey and M. J. Gresser, Inorg. Chem. 27, 1269-1275 (1988). 
41. E. Heath and 0. W. Howarth, J. Chem. Soc., Dalton Transactions 1105- 

42. L. Pettersson, B. Hedman, I .  Andersson and N. Ingri, Chern. Scrip. 22,254- 

43. L. Pettersson, I. Andersson and B. Hedman, Chern. Scrip. 25, 309-317 

44. M. T. Pope, Heteropoly and Isopoly Oxomrtalates (Spinger-Verlag, New 

45. D. Rehder, Angew. Chcm. Int. Ed. Engl. 30, 148-167 (1991). 
46. N. D. Chasteen, Vanadium in Biological Systems: Physiology and Biochem- 

istry, ed. N. D.  Chasteen (Kluwer Academic Publishers, Boston, 1990), p. 
225. 

47. F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry. A Comprr- 
hensive Text, Fourth ed. ,  eds. F. A. Cotton and G. Wilkinson (John Wiley 
& Sons, New York, 1980), p. 713. 

48. S. E. Harnung, E. Larsen and E. J. Pedersen, Acta Chem. Scand. 47, 674- 
682 (1993). 

49. E. G. DeMaster and R. A. Mitchell, Biochemistry 12, 3616-3621 (1973). 
SO. J .  A .  Konnert and H.  T. Evans Jr., Acta Cryst. B31, 2688-2690 (1975). 
S1. P. Sedlacek and K. Dornberger-Schiff, Acta Cryst. 18, 407-410 (1965). 
52. V. W. Day, W. G. Klemperer and A.  Yagasaki, Chem. Lett. 1267-1270 

53. S. M. Fuchs, S.  Mahjour and J. Pickardt, Angew. Chem. Int. Ed. Eng. 15, 

54. A. S. Tracey, M. J .  Gresser and B. Galeffi, Inorg. Chem. 27,157-161 (1988). 
55. A. S. Tracey and L. Radley, Can. J .  Chem. 63, 2181-2184 (1985). 
56. 0. Boreen. M. R. Mahmoud and I .  Skauvik. Acta Chem. Scand. A31, 329 

432 (1990). 

11731- 11739 (1992). 

and D. C. Crans, J. Am. Chem. SOC. 113, 7872-7881 (1991). 

7607 (1989). 

1110 (1981). 

264 (1983). 

(1985). 

York, 1983). 

(1990). 

374- 375 ( 1976). 

L 

(1967). 
57. L. A. Theisen. “ ID  and 2D multinuclear EXSY NMR studies of vanadiumW) ~, 

reactions,” Ph.D. Dissertation, Colorado State University, 1992. 
58. H. T. Evans Jr., Inorg. Chern. 5 ,  967-977 (1966). 
59. A.  G. Swallow, F. R. Ahmed and W.  H. Barnes, Acta Cryst. 21, 397-405 

( 1966). 

30 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



60. 0. W. Howarth and M. Jarrold, J. Chem. SOC. Dalton Trans. 503-506 (1978). 
61. V. W. Day, W. G.  Klempercr and D. J. Maltbie, J .  Am. Chem. SOC. 109, 

62. 1. B. Goddard and A. M. Gonas, Inorg. Chem. 12, 574-579 (1973). 
63. R. C. Weast, Handbook of Chemistry and Physics, ed. R. C. Weast (CRC 

64. K. Kustin and D. L. Toppen, J.  Am. Chem. SOC. 95, 3564-3568 (1973). 
65. I. G. Macara, K. Kustin and L. C. Cantley Jr . ,  Biochim. Biophys. Acta 629, 

66. H. Sakurai, S. Shimomura and K. Ishizu, Inorg. Chim. Acta 55, L67-L69 

67. S. I. Liochev and I. Fridovich, Arch. Biochem. Biophys. 279, 1-7 (1990). 
68. L. C. Cantley Jr. and P. Aisen, J.  Biol. Chem. 254, 1781-1784 (1979). 
69. K. Kustin, S.-T. Liu, C. Nicolini and D. L. Toppen, J. Am. Chem. SOC. 96, 

70. K. Kustin, C. Nicolini and D. L. Toppen, J. Am. Chcm. SOC. 96,7416-7420 

71. J. H. Ferguson and K. Kustin, Inorg. Chcm. 18, 3349-3357 (1979). 
72. R. K. Scopes, Protein Purification. Principles and Practice, Springer Advanced 

Texts in Chemistry, ed. C. R. Cantor (Springer-Verlag, New York, 1982), p. 
282. 

2991-3002 (1987). 

Press, Cleveland, 1976). 

95-106 (1980). 

(1981). 

7410-7415 (1974). 

(1974). 

73. A. S. Tracey and M. J. Gresser, Can. J. Chem. 66, 2570-2574 (1988). 
74. A. S. Tracey and M. J. Gresser, Inorg. Chem. 27, 2695-2702 (1988). 
75. A. S. Tracey, M. J.  Grcsser and S. Liu, J .  Am. Chem. SOC. 110, 5869-5874 

76. D. C. Crans, S. M. Schelblc and L. A. Theisen, J. Org. Chem. 56, 1266- 

77. F. Vyskocil, J. Teisingcr and H. Dlouha, Nature 286, 516-517 (1980). 
78. H. Vilter and D. Rehder, Inorg. Chim. Acta 136, L7-L10 (1987). 
79. D. Rehder, H. Viltcr, A. Duch, W. Priebsch and C. Weidemann, Rec. Trav. 

80. B. Galeffi and A. S. Tracey, Inorg. Chem. 28, 1726-1734 (1989). 
81. D. C. Crans, P. M. Ehde, P. K. Shin and L. Pettersson, J .  Am. Chem. SOC. 

82. D. C. Crans and P. K. Shin, J.  Am. Chcm. SOC., in press. 
83. D. C. Crans, P. K.  Shin and K. B. Armstrong, Mechanistic Bioinorganic 

Chemistry, eds. H. Thorp and V. Pecoraro (American Chemical Society, 
Washington, DC, 1993), in press. 

84. D. C. Crans, H. Chen, 0. P. Anderson and M. M. Miller, J. Am. Chem. 

85. Z. Yin-Zhuang, J. Xiang-Lin and L. Shun-Cheng, J. Struc. Chem. 12, 48- 

86. M. Ehde, I. Anderson and L. Pettersson, Acta Chcm. Scand. 43, 136-143 

87. D. Rehder, Inorg. Chcm. 27, 4312-4316 (1988). 
88. D. C. Crans, H. Holst and D. Rehder, submitted (1993). 
89. D. C. Crans, S. E. Harnung, E. Larsen, P. K. Shin, L. A. Thcisen and I. 

90. V. Vergopoulos, W. Priebsch, M. Fritzsche and D. Rehder, Inorg. Chem. 

91. C. R. Cormnan, J. Kampf and V. L. Pecoraro, Inorg. Chem. 31, 1981-1983 

(1988). 

1274 (1991). 

Chim. Pays-Bas 106, 6-7 (1987). 

113, 3728-3736 (1991). 

SOC. 115, 6769-6776 (1993). 

51 (1993). 

(1989). 

Trabjerg, Acta Chem. Scand. 45, 456-462 (1991). 

32, 1844-1849 (1993). 

(1992). 

31 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



92. M. J. Gresser, A. S. Tracey and K. M. Parkinson, J .  Am. Chem. SOC. 108, 

93. L.-A. Minasi and G.  R. Willsky, J. Bacteriology 173, 834-841 (1991). 
94. W. R. Scheidt, D. M. Collins and J .  L. Hoard, J .  Am. Chem. Soc. 93,3873- 

95. W. R. Scheidt, R. Countryman and J. L. Hoard, J. Am. Chem. SOC. 93, 

96. L. W. Amos and D. T. Sawyer, Inorg. Chem. 11, 2692-2697 (1972). 
97. M. J .  Gresser and A. S. Tracey, J. Am. Chern. SOC. 108, 1935-1939 (1986). 
98. S.  M. Ashraf and W. U. Malik, J .  Inorg. Biochem. 35, 1-8 (1989). 
99. The sources of vanadate commonly used includc V,O,, Na,VO,, NaVO, and 

analogous salts of other cations., The solutions prepared from V,O, and Na,VO, 
are typically very basic, and care must be taken to assure that the buffer 
capacity is not overcome upon addition of the basic stock solution to the 
enzyme assay. 

100. P. J.  Stankiewicz, M. J.  Grcsser, A. S. Tracey and L. F. Hass, Biochemistry 

101. S. Liu, M. J. Gresser and A. S. Tracey, Biochemistry 31, 2677-2685 (1992). 
102. M. D. Pcrcival, K. Doherty and M. J. Gresser, Biochemistry 29, 2764-2769 

103. W. J. Ray Jr. and J. M. Puvathingal, Biochemistry 29, 2790-2801 (1990). 
104. C. C. Goodno, Proc. Natl. Acad. Sci. USA 76, 2620-2624 (1979). 
105. C. C. Goodno and E. W. Taylor, Proc. Natl. Acad. Sci. USA 79, 21-25 

106. A. S. Tracey, M. J .  Gresser and K.  M. Parkinson, Inorg. Chem. 26, 629- 

107. A. K. Saha, D. C. Crans, M. T. Pope, C. M. Simone and R. H. Glew, J. 

108. T. Alber, W. A. Gilbert, D. R. Ponzi and G. A. Petsko, Ciba Found. Symp. 

109. A. Wlodawer, M. Miller and L. Sjdin, Proc. Natl. Acad. Sci. 80,3628-3631 

110. D. Kostrewa, H.-W. Choe, U .  Heinemann and W. Saenger, Biochemistry 

111.  W. M. Ray, Biochemistry, in preparation (1993). 
112. E. F. Pai, W. Sachsenheimer. R. H. Schirmer and G .  E. Schulz, J .  Mol. Biol. 

113. U. Egner, A. G. Tomasselli and G. E. Schulz, J. Mol. Biol. 195, 649-658 

114. J .  S. Jaswal and A. S. Trdcey, Can. J. Chem. 69, 1600-1607 (1991). 
115. C. N. Caughlan, H. M. Smith and K. Watenpaugh, Inorg. Chem. 5,  2131- 

116. W. Priebsch and D. Rehder, Inorg. Chem. 29, 3013-3019 (1990). 
117. D. C. Crans, R. A. Felty and M. M. Miller, J. Am. Chem. SOC. 113, 265- 

118. F. Hillerns, I-'. Olbrich, U. Behrens and D. Rehder, Angew. Chem. Int. Ed. 

119. T. W. Hambley, R. J. Judd and P. A. Lay, Inorg. Chem. 31,343-345 (1992). 
120. M. I .  Khan, Q. Chen, D. P. Goshorn, H. Hope, S .  Parkin and J. Zubieta, 

121. D. Rehder, Polyoxometalates: From Platonic Solids to Anti-Retroviral Activ- 

6229-6234 (1986). 

3877 (1971). 

3878-3882 (1971). 

26, 1264-1269 (1987). 

(1990). 

(1982). 

. 638 (1987). 

Biol. Chem. 266, 3511-3517 (1991). 

93, 4-24 (1983). 

( 1983). 

28, 7592-7600 (1989). 

114, 37-45 (1977). 

(1987). 

2134 (1966). 

269 (1991). 

Eng. 4, 447-448 (1992). 

J.  Am. Chem. SOC. 114, 3341-3346 (1992). 

32 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ity, eds. A. Miilkr and M. T. Pope (Kluwer Academic Publishers, 1993), in 
press. 

122. D. Rehder, W. Priebsch and M. von Oeynhausen, Angew. Chem. Int. Ed. 
Engl. 2.8, 1221-1222 (1989). 

123. W. Priebsch, D. Rehder and M. von Oeynhausen, Chem. Ber. 124,761-764 
(1991). 

124. D. D. Heinrich, K. Folting, W. E. Streib, J. C. Huffman and G. Christou, 
J .  Chem. SOC., Chem. Commun. 1411-1413 (1989). 

125. F. A. Cotton, G. E. Lewis and G. N. Mott, Inorg. Chem. 21, 3127-3130 - 
(1982). 

126. F. A. Cotton. M. W. Extine. L. R. Flavello. D. B. Lewis. G. E. Lewis. C. 
A. Murillo, W. Schwotzer, M. Tomas and J. M. Troup, Inorg. Chem. 25, 

127. M. I. Khan, Q. Chen, J .  Zubieta and D. P. Goshorn, Inorg. Chem. 31,1556- 
3505-3512 (1986). 

- 
1558 (1992). 

128. D. C. Crans. M. Mahroof-Tahir. 0. P. Anderson and M. M. Miller. in 
preparation (1994) 

33 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1


