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ABSTRACT

Evidence has been obtained that the vanadate ion reacts spontaneously
with glucose and glycerol to form compounds which are detected by Sly NMR.
These compounds are accepted by glucose-6-phosphate dehydrogenase and glyc-
erol-3-phosphate dehydrogenase respectively as substrates for the reduction
of NADP* and NAD'*, and are thought to be vanadate ester analogues of glu-
cose-6-phosphate and glycerol-3-phosphate, the normal substrates of these
enzymes.

The rate constants for the formation of glucose—6-vanadate and glycer-
ol-3-vanadate have been estimated to be 35 M~1s™! and 0.6 M~1ls™! respec~
tively. The rate constant for ester formation between vanadate and dihy-
droxyacetone has also been calculated; it is equal to 50 Mls=l, Dihydrox-
yacetone vanadate also appears to be a good substrate forvglycerol—3—phos—
phate dehydrogenase for the oxidation of NADH.

The equilibrium constants for the formation of the vanadate esters, as
determined by Sly NMR are about 10 times those of the corresponding phos-
phate esters.

Vanadate activates the oxidation of glucose by NADP*, catalysed by
glucose-6~-phosphate dehydrogenase, through spontaneous ester formation with
glucose., This mechanism has been compared with that of the sulphate acti-
vation of this system, which is thought to proceed tﬁrough the direct

binding of sulphate to the enzyme.
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INTRODUCTION

Vanadium is a transition metal found in trace amounts in all biological
systems. In concentrations of approximately 2 to 4 uM (0.1 to 0.2 ppm.)
it is téler;ted by mammals (1), and studies have indicated that it may be
required to optimize growth (2). Higher concentrations are extremely toxic
(3), and have been associated with pathological states such as high blood
pressure (4) and renal failure (5). Atmospheric pollution by vanadium
compounds 1s elevated by the burning of fossil fuels. This metal
accumulates in organic matter through its tendency to be bound by
porphyrin-type rings (6). The increased use of vanadium in recent years as
a catalyst in the formation of plastics and as an agent to temper steel has
increased the incidence of vanadium related disease among workers in these
industries (7). 1In one study a correlation was found between the
concentration. of vanadium in the air and the mortaiity rate from heart
disease (8).

In its highest oxidation state (+5), the vanadate anion (Voqs') resem-
bles the phosphate anion (9043') in size and electronic structure (9). It
is a potent inhibitor of many enzymes, particularly those which involve
phosphorylated intermediates such as the phosphatases (6). The discovery
in 1977 that a vanadium compound routinely copurified with the ATP derived
from equine muscle, coupled with the evidence that vanadate inhibits the
(Na*, k*) ATPase (10), led to the suggestion that this ion might be requir-
ed for the regulation of this enzyme.

The goal of this research has been to study the i&teraction of vanadate

With several common biomolecules and enzymes in order to understand how
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this anion may be exerting its effects. The procedure was suggested by the
féllowing considerations.

The behavior of another phosphate analogue, arsenate (A5043‘), has been
studied exteﬁsively with respect to its effect on enzymic reactions. The
formation of an ADP-ar;eﬁate anhydride and its subsequent rapid hydrolysis
is thought to be the mechanism by which this ion uncouples oxidative
phosphorylation in mitochondria (11). In addition, it has been reported
that arsenate esters can form spontaneously and be accepted by the enzymes
glucose-6-phosphate dehydrogenase (12) and glycerol-3-phosphate

dehydrogenase (13) in lieu of their normal substrates, glucose-6-phosphate

and dihydroxyacetone phosphate. Finally, it has been shown that arsenate

and vanadate activate the oxidation of glyceraldehyde-3-phosphate catalysed
by glyceraldehyde~3-phosphate dehydrogenase, apparently by the same
mechanism (14). Arsenate and vanadate uncouple the oxidative
phospﬁorylation of glyceraldehyde-3-phosphate by substituting for phosphate
in the phosphorylation step. The products containing arsenate or vanadate
are rapidly hydrolysed, their decomposition driving the reaction forward.
The phosphorylated product is stable, its accumulation leads to
equilibration.

Given the evidence that arsenate can react with hydroxyl groups on
molecules such as glucose and dihydroxyacetone to form esters that are
analogous to phosphate esters, it seems reasonable to ask if vanadate could
behave similarly. It was also of interest to determine whether, as repor-
ted in the case of arsenate, these vanadate esters could be accepged as
Substrates by the dehydrogenase enzymes mentioned above. A éescription of
the experiments designed to answer these questions, their results and

implications forms the basis of this thesis.
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EXPERIMENTAL PROCEDURE

Solution Preparation

The method used to prepare the solutions for the experiments is recor-
ded in Table I. The solvent, except where otherwise indicated, was 50 mM
Tris-acetate, pH 7.4.‘ This was prepared by dissolving 6.05 g of Trizma
base (Sigma, Reagent Grade) in distilled water to a total volume of 1.0 L;
the pH was adjusted to 7.4 with glacial acetic acid (Fisher) before the
final addition of water.

The pH of each solution used in the experiments was measured and
adjusted to 7.4 when necessary with acetic acid or NaOH (Fisher).

The commercial preparations of the enzymes were subjected to the puri-

fication procedures described in the following sectiom.

Enzyme Preparation

Each enzyme preparation was purified by one of two methods, a) dialysis
(for large quantities of enzyme ~10 mg) or b) &esalting on a Sephadex col-
umn (for small quantities of enzyme =2 mg), using the procedure of Penefsky
(15).

a) Dialysis

The commercial enzyme preparation which is stored in ammqnium sulphate
solution was placed in prepared dialysis tubing. The method for prepara-
tion of the tubing is described in reference 16. The tubing was covered
With 2,0 L Tris-acetate buffer and left to dialyse overnight at 0°C with

continuous stirring. After 8 hours the tubing was placed in fresh buffer

and left to continue dialysis for 4 hours at 0°C.
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b) Desalting on a Sephadex Column.

Sephadex granules (Sigma, G50-80, particle size 20-80 u) were placed in

distilled water, 5 g/100 mL, and left to stand for 8 hours. The swollen

granules were then placed in a 1 mL plastip syringe fitted with a porous
polyethylene-plug, drained, refilled and drained again until the volume of
drained granules was equal to 1 mL. The tube was then centrifuged in an
I.E.C. clinical centrifuge for 1 minute at 3/4 of the maximum speed.

The commercial enzyme preparation was centrifuged at 10,000 rpm for 12
minutes, after which tﬂe ammonium sulphate supernatant was removed. The
centrifugate was dissolved in Tris-acetate buffer (50 mM, pH 7.4) to its
original volume and placed on the top of the prepared Sephadex column
(approximately 1 mg of enzyme per 1 mL column). The column was then spun
in the clinical centrifuge for 1 minute at 3/4 of the maximum speed.

The eluent from the Sephadex column, or the purified eﬁzyme inside the
dialysis tubing, was subjected to a protein determination by the Lowry

method (17).
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Rate Measurement

The rate of reduction of NADP* (or NAD*) was measured by following the
increase in absorbance at 340 nm caused by the formation of the product

NADPH (or NADH). The molar extinction coefficient for this product at

340 nm is 6.22 x 10° M~lem™!. The reverse reaction involving the oxidation

of NADH was monitored by following the decrease in absorbance at 340 nm.

The procedure for mixing the reactants was similar in all of the exper-
iments. All of the reagents except one, which was required to initiate the
reaction, were incubated for 4 minutes at 30°C in the reaction cuvette.
The absorbance was measured during the incubation period to verify that no
oxidation (or reduction) was taking place. The final reagent was added and
mixed by blowing it into the cuvette through capillary tubing, or by
syringe injection followed by several inversions of the cuvette to mix the
solution. The absorbance reading was taken approximately 5 seconds after
the reaction was initiated. This was the minimum time required for the pen
to stabilize. The "blow~in" method was used rather than hand mixing by
inversion when it was important to record the initial velocity of the
reaction, as the latter procedure delayed the initial rate measurement by
an additional 10 seconds. Rate determinations were performed in duplicate
and were reproducible to 5%.

The Beer-Lambert law relates the change in absorbance to the change in
concentration of the chromophore:

A = cel
A= ébsorbance
¢ = concentration of the chromophore, NADPH (or NADH)
€ = the molar extinction constant for NADPﬁ (or\NADH) at 340 nm,
equal to 6.22 x 103 M~lem™?,



1 = the path length of the cell, equal to 1 cm.
The change in absorbance at 340 nm per unit of time was considered to
be a measure of the reaction velocity.

Instrumentation

Rate measurements were made on a Cary-17 spectrophotometer which was
equipped with a temperature controlled light chamber. The high speed cen-
frifugations required to precipitate the enzyme from its. storage solution
were performed on a Sorval RC-5B model centrifuge manufactured by Dupont;
an I.E.C. CL clinical chemistry centrifuge was used for lower speed spins,
as in column preparation and enzyme purification. A Fisher pH meter (model
620) equipped with a Trizma glass/calomel electrode (Sigma E-5003) was used
to measure the pH of the experimental solutions. NMR spectra were produced

by a Bruker 400 MHz (105 MHz for vanadium) nuclear magnetic resonance spec-

trometer.
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RESULTS AND DISCUSSION

1. Effects of Vanadate and Sulphate on the Enzymic Oxidation of Glucose

and 6-Deoxyglucose.

(1) Glucose

Figures 1 and 2 show the activating effect of the addition of vanadate
or sulphate respectively to a reaction vessel which contains glucose,
NADP*, MgCl, and glucose-6-phosphate dehydrogenase® (G6PDH) at pH 7.4.
G6PDH will accept glucose as a substrate as shown by the low rate of oxida-
tion when vanadate and sulphate'are absent. This rate is approximately
doubled by the addition of 0.08 mM of vanadate ion or of 3 mM of sulphate
ion.

Studies with glucose~6-phosphate, the normal substrate for this enzyme,
have shown that sulphate (as well as Sica;sonate and phosphate) inhibits
the oxidation of this ester by NADP* (19). It has been suggested that
these ions bind to the enzyme at the position which the phosphate group of
the bound ester substrate would normally occupy. Thus glucose oxidation
would be accelerated if the binding of glucose is more favourable on the
enzyme/anion species, and glucose-6-phosphate oxidation would be retarded,
as the phosphate moiety on the ester would be obstructed by the anion group
bound to the enzyme.

The maximum vanadate concentration used in these experiments is five
hundred micromolar. It was necessary to use iow concentrations of vanadate
in order to maintain this anion in its monomeric form (20). The marked
dcceleration of glucose oxidation by vanadate, and the fact that at these

D-Glucose~6-phosphate: NADP l-oxidoreductase, EC 1.1.1.49
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Figure 1

The effect of different vanadate concentrations on the rate of NADP*
reduction in the presence of glucose and G6PDH. The concentrations in the
reaction mixture were: 1.0 mM NADP* | 10 mM MgCl,, 1.0 mM glucose, 0.17 mg
mL~! G6PDH and vanadate as shown. All reagents were at pH 1.4, ihe reac-
tion mixture, except for the glucose was incubated at 30°C for 4 minutes,
then the reactioﬁ was initiated by adding 30 pL of the glucose stock solu-
tion and inverting the cuvette eight times to mix the contents. The total
volume of the reaction mixture was 0.3 mL. The glucoée was added last to
prevent a lag in initial velocity which was apparent when the enzyme was

not preincubated with NADP* and MgCl,.



(WW) [JLVAVNVA]

G0 v'0 €0 20 0 0
1 1 | [} [] Q

12

0L X 31vYH

(u/in)




13

Figure 2

The effect of different sulphate concentrations on the rate of NADP+
reduction in the presence of glucose and G6PDH at pH 7.4. Procedures and
conditions were the same as those described for Figure !, except that the

concentration of sulphate was varied, as shown, and vanadate was absent,

B
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concentrations this ion has no effect on the oxidation of glucose~6-phos-
phate (this was shown by other investigators (21)), indicates that vandate
exerts its influence by a mechanism different-from that of sulphate. The
observed behavior can be explained if an ester, glucose-6-vanadate, could
be formed spontaneously by glucose and vanadate (22). This ester would be
similar in structure to glucose-6-phosphate, the natural substrate for
G6PDH, and might therefore act as a good substrate for this enzymé.
Glucose~6-vanadate would then undergo oxidation more readily than glucose.
vanadate at these low concentrations would not be expected to compete sig-
nificantly with glucose-6-phosphate, consequently it would not inhibit the
reaction with this substrate.

The possibility that vanadate and glﬁcose can spontaneously form an
ester which is accepted by G6PDH as a substrate is supported by studies
with arsenate and glucose (125. The arsenate anion is a structural anal-
ogue of phosphate and has been shown to react with glucose to form a prod-
uct which undergoes oxidation by NADP* in the presence of G6PDH. The elec-
tronic similarity of vanadate to both arsenate and phosphate is reflected
by the chemical properties of their oxyacids. Table II compares the size
~and electron configuration of these three atoms in their highest stable
oxidation state (+5). Table III lists the ionization constants for the
oxyacids of these elements.

The proposed enzyme/substrate/anion interactions are illustrated in
Figure 3. The accelerated oxidation of the upper pathway of Figure 3 is
due to the binding of a glucose ester (GX) to the enzyme, where X repre-

sents phosphate, arsenate or vanadate. This pathway is not ‘likely to be
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TABLE III

Ionization constants for the oxyacids of phosphorus, arsenic and vanadium.

0 0 0 0
| 1 | 2 | 3 |
HO X —OH 3 HO X — 0" $ HO —X — 0" > "0 — X — 0"
T S I S A T
OH OH 0= 0~
PK,
X 1 2 3
p 2 1.7 6.5 12.1
b
As 2.2 6.8 11.5
v @ 3.5 7.8 12.5

@ PFrom Reference 6

b From Reference _Zi
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Figure 3

Proposed pathways for glucose (G) oxidation in the presence of G6PDH

() and the anions (X) phosphate, arsenate, vanadate and sulphate. GX de-

notes the glucose—~anion ester.
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‘important in the case of sulphate activation. Experiments with bacterial
G6PDH (23) have shown that under these conditions glucose-6-sulphate is
oxidized more slowly than glucose. Although it is possible that each of

the anions, phosphate, arsenate, vanadate and sulphate can facilitate glu-

cose oxidation through the lower pathway of Figure 3, it is proposed that
rapid spontaneous ester formation is the principal mechanism by which vana-
date at low concentrations enhances glucose oxidation., The following

experiments were designed to test this proposal.
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The activating effect of sulphate on glucose oxidation can be modified
by the addition of vanadate as shown in Figure 4. In these experiments the
reaction was initiated by the addition of glucose to a vessel which con-
tained all of the other components.

In the absence of vanadate, the plot of rate vs. sulphate concentration
shows a saturation pattern. At low vanadate concentrations, addition of
sulphate increases the rate of glucose oxidation, but the effects of sul-
phate and vanadate are not additive. As the concentration of vanadate is
increased, the sulphate activation becomes negligible compared with that of
vanadate. At the highest concentration of vanadate used in these experi-
ments (0.33 mM), the reaction is inhibited by sulphate.

If vanadate exerts its activating influence.by forming an ester with
glucose which is acéepted by the enzyme at the same site at yhich it binds
sulphate, and if sulphate activates by binding to the enzyme to form an
adduct which can accept glucose but not a glucose ester, the curves in
Figure 4 would be expected to reflect the interplay between the two differ-
ent mechanisms of activation. The activating effect of the sulphate/enzyme
complex is apparent at low vanadate concentrations because the rate
enhancement due to the low concentration of vanadate ester is small. As
vanadate is increased, empty sites can be utilized by the ester and the net
rate becomes dominated by the effect of vanadate; the activation due to
sulphate, while still present, is comparatively small. At higher vanadate
concentrations, the binding of sulphate to the active site on the enzyme
slows the net rate, as these sites must bind glucose in order for oxidation

to take place. At high sulphate concentrations, the presence of the
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Figure 4

The effect of different sulphate concentrations on the rate of vana-
date activated NADP+ reduction in the presence of glucose and G6PDH at pH
7.4, Procedures and conditions are the same as those described for Figure
2, except that vanadate was present in the follbwing concentrations:

0 mM(c), 0.10 mM{:), 0.17 mM(4A), and 0.33 mM(a).
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vanadate ester increases the rate of sulphate activated glucose oxidation,
Vanadéte ester molecules that compete successfully with sulphate ions for
active sites on the enzyme, will undergo rapid oxidation. Because the
process of ester oxidation is faster than that of sulphate activated
giucose oxidation, the presence of ester holecules will increase the net
rate.

A model for the proposed enzyme/substrate/anion interactions between
G6PDH, glucose, sulphate and vanadate is presented in Figure 5. Equation 1
expresses the rate of the reaction in terms of the concentratioﬁs of the
reactants, glucose [G], sulphate [S] and vanadate [V}, the total enzyme
concentration, e, the binding constant for the enzyme/sulphate complex,

Ke, and the rate constants, k, which correspond to the pathways shown in

Figure 5. The derivation of the rate equation is described in Appendix I.

ki kg

ks el[G] + e[G][V] + kyK. e[G][S]

k2
Rate = , (1)

I + K.[s]

The rate of the reaction was measured specrophotometrically by momnitoring
the increase in absorbance at 340 nm due to the production of NADPH (see
Experimental Prqcedures)° NADP+, the reactant which undergoes reduction,
does not appear in the rate equation as it is present at a constant satur-
ating concentration in the reaction mixtures.

kge {G] is the e#pression for the rate of glucose oxidatiom in the

absence of the activating anions. By setting this rate equal to zero, the
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Figure 5

A model for the proposed interactions between G6PDH (E) and the anions
sulphate (S) and vanadate (V) in the presence of glucose (G). Kc is the
binding constant for the enzyme/sulphate complex, E+S, and lower case k's

refer to the rate constants of the reactions as shown. G-6-V is the symbol

for the putative ester, glucose~6-vanadate,
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rate of reaction in the absence of vanadate is described by Equation 2.

The reciprocal of Equation 2 is 3.

ky Ke e [G] [s]

Rate = ’ (2)
1+ K.[s]
1 1 1
= + (3
Rate ky Ke e {G] [s] ky e [G]

A plot of 1/Rate vs. 1/[S] is shown in Figure 6. As expected it is
linear with a vertical intercept from which ky can be calculated. Ke can
then be determined from the slope of this graph or from the horizontal
intercept. In order to obtain a more accurate value of the rate at infin-
ite sulphate concentration, the rate of unactivated glucose oxidation which
was originally subtracted to obtain Figure 6, kse[G], is added to fhe rate
at infinite sulphate concentration to obtain the broken line of Figure 6.
The broken line represents a more accurate reciprocal rate, as the unacti-
vated glucose oxidation will decrease as the sulphate binding increases.
ks is estimated from the rate of oxidation when vanadate and sulphate are
absent, then kjk3/k, is determined from the rate of vanadate activated oxi-
dation in the absence of sulphate.

Figure Z_depicts'rate curves which have been calculated from Equation
1, using the constants derived from Figure 6 and the values for the experi-
mental concentrations of vanadate, sulphate, glucose and enzyme which were
used to produce the curves in Figure 4. The experimental values from

Figure_ﬁ have been placed on Figure 7 for comparison with the calculated
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Figure 6

The effect of different concentrations of sulphate on the rate of
NADP* reduction in the presence of glucose and G6PDH at pH 7.4, Figure 6
is a double reciprocal plot of the data from Figure 2. The solid line
represents the reciprocal rate vs. the reciprocal sulphate concentration
after the unactivated rate of NADP* reduction has been subtracted; ie. the
velocity at {8]=0. the broken line was obtained by readding the subtracted
value to the rate at infinite [S8]. The broken line is a more realistic
representation of the reciprocal sulphate activation as the rate of
unactivated glucose oxidation would be expected to decrease, becoming

negligible at infinite sulphate concentration.
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Figure 7

The effect of different sulphate. concentrations on the rate of vana-
date activated NADP* reduc;iqn in the presence of glucose and G6PDH at pH
7.4. The lines were calculated using equation 1, the constants were
derived from Figure 6 as described in the text. Values for the concentra-
tion of glucose and enzyme were taken from Figure 2. The experimental
points from Figure 4 correspond to vanadate concentrations of 0 (o), 0.1 mM

(), 0.17 mM (A) and 0.33 mM (=),
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curves. It can be seen that the experimental points fall close to the cal-
culated curves at low sulphate concentration. At higher sulphate concen-
tration the inhibition by sulphate is stronger than that calculated from
Equation 1. Since the activation of glucose oxidation by vanadate is lin-
ear in this region (Figure 1), it is possible that an interaction between
vanadaté and sulphate, not predicted by the model in Figure 5, could

account for this decrease in reaction velocity.

(ii) 6-Deoxyglucose (6-Deoxy-D-Glucose)

In order to test the hypothesis that sulphate and vanadate actiQate
glucose oxidation by different mechanisms, it was decided to replace the
glucose in the reaction vessel with 6-deoxyglucose. This compound is simi-
lar in every respect to glucose except that it lacks the hydroxyl group on

the 6-carbon, as shown below.

6-Deoxy-D-Glucose

Figure 8 shows that 6-deoxyglucose is oxidized slowly by NADP* in the
presence of G6PDH. The addition of vanadate has no significant effect on
this reaction but sulphate produces a markea acceleration. This behavior-
supports the proposal that vanadate activates by ester forpation while sul-
phate activates by binding with the enzyme. Since there is no hydroxyl

group on the 6-carbon of 6-~deoxyglucose, the ester glucose-6-vanadate can=-

s
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Figure 8

The effect of different sulphate concentrations and of different vana-
date concentrations on the rate of NADP* reduction in the presence of
6-deoxyglucose and G6PDH at pH 7.4. The reaction mixture contained 1.0 mM
NADP*, 10 mM MgCl,, 10 mM 6-deoxyglucose, 0.05 mg mL~' G6PDH and sulphate
(4) or vanadate {(:) as shown. All reagents éxcept 6-deoxyglucose were
incubated at 30°C for 4 min. before the reaction was initiated by adding
0.1 mL 6-deoxyglucose to a final volume of 1.0 mL. The cuvette was
inverted 8 times in order to mix the reactants before placing it in the

spectrophotometer.
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not be formed, and vanadate cannot activate the oxidation by this mechan-
ism. However, sulphate can activate by binding to the enzyme to form a

complex which readily accepts the 6~deoxyglucose molecule for oxidation.

II. Measurement of Equilibrium Constants for Vanadate Ester Formation.

(i) Nuclear Magnetic Resonance

Evidence for vanadate ester formation has been provided by nuclear mag-
netic resonance (NMR) measurements of the >V nucleus. Studies of the NMR
spectra of vanadate with organic molecules which contain hydroxyl grouﬁs
indicate that complex fofmation between vanadate and these molecules is
related to the concentration of reactants and the pH of the medium (25).
The reference spectrum of an aqueous solution of vanadate 1s shown in
Figure 9. Figures 10, 11 and 12 represent solutions of vanadate with
methyl-g-D-glucopyranoside (l-0O-methylglucose), glycerol and dihydroxyace-
tone respectively. |

The method by which the chemical shift of the monoester has been
assigned is discussed in reference 25. For the purpose of this thesis it
will be assumed that the monoester peak appears as a shoulder, downfield
with respect to the vanadate peak, the pair resonating at approximately
560 ppm. for l—O-méthylglucose and glycerol. The dihydroxyacetone mono-
ester peak appears at 545 ppm.

The concentration ratio of vanadate ester to unesterified vanadate was

obtained by measuring the areas under the peaks. This ratio was then used

in Equation 4 with the known concentration of the organic reactant [X]. An
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Figure 9

5ly NMR spectra of vanadate in water. The solution contained 5.0 x

10°% M vanadate and 20 mM Tris-Cl buffer. Temperature was 21°C, pH was

7.5.
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Figure 10

5ly MR spectra of a 1-0O-methyl-R-D-Glucose/vanadate/water solution.
Concentrations were: 1.5 M 1-0-methyl-g~D-glucose, 5.0 x 10-* M vanadate

and 20 mM Tris-Cl buffer. Temperature was 21°C, pH was 6.9.
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Figure 11

5ly NMR spectra of a glycerol/vanadate/water solution. Concentrations
were 1.0 M glycerol, 5.0 x 10-% M vanadate and 20 mM Tris-Cl buffer. Temp-

erature was 21°C, pH was 7.2
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Figure 12

Sly aMr spectra of a dihydroxyacetone/vanadate/water solution. Con-
centrations were 1.0 M dihydroxyacetone, 5.0 X 10-" M vanadate and 20 mM

Tris-Cl buffer. Temperature was 21°C, pH was 7.5.
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example of this calculation can be found in Appendix II.

[X-vanadate]
Keq = ' - (4)
[X][vanadate]

The accuracy of the value for Keq is restricted when the overlap of
the peaks (as in l-O-methylglucose and glycerol) makes it difficult to
assign the correct area value for each speéies. In particular, the peaks
of 1-0-methylglucose vanadate and vanadate are poorly resolved. Im this
case the Kyq value obtained from measuring the peak area ratio must be
considered an approximation of the true value.

Table IV lists the values of Keq that have been calculated from °lV

NMR spectra for the organic molecules which have been used in these

experiments.



45

TABLE IV

Equilibrium constants (Keq) for monoesters formed spontaneously in

solutions of vanadate and ?rganic molecules. K., was calculated from the
peak areas obtained from 51y NMR spectra as described in the text.

Vanadate Ester K
eq,
(M)
Glucose-6-vanadate = 0.084 ©
b c
Glycerol-3-vanadate 0.13
Dihydroxyacetone~vanadate 0.39

Methyl-g~D-glucopyranoside (l-O-methylglucose) was used instead of
glucose in the NMR determination of K,,. The glucose-vanadate spec-—
trum was complicated by numerous peaks due to the variety of esters
possible., The methylated glucose cannot form an ester with vanadate at
the l-carbon, and open—chain forms, mutarotated glucose and furanoside
forms are not present in solutions of 1-0-methylglucose, thus the spec-
trum is simplified. Also at the high glucose concentrations used in
the NMR experiments, reduction of vanadium V was a problem with glu-
cose. The 6-carbon ester is thought to be the principal specles repre-
sented by the downfield shoulder on the vanadate peak at 560 ppm. The
structure of l-O-methylglucose is illustrated below.

CHZ OH
0
H OCHgz.
O\
OH H
HO H
H OH

methyl-g-D-glucopyranoside
(1-0~methylglucose)

Koq has been corrected for the presence of the secondary ester
which is not separate from the monoester peak. The calculation is des-

cribed in Appendix II.

Keq 1s an approximate value due to poor resolution of the peaks.



46

(ii) Burst Experiment

The equilibrium constant and the rate constant for the formation of
glucose-6-arsenate have been determined by other investigators (12). The
rate of glucose-6-arsenate formation was measured by ;dding aliquots of a
"solution of glucose and arseﬁate to an assay mixture which contained G6PDH,
NADP* and MgCl,. Samples of the reactant mixture were assayed at timed
intervals from the moment that the glucose and arsenate were combined until
the maximum concentration of glucose-6-arsenate was reached. The concen~-
trations of glucose and arsenate in the reactant mixture were sufficently
high (0.4 M and 0.2 M respectively) that the rapid oxidation by NADP* of
the glucose~6-arsenate which was formed appeared as a '"burst phase", fol-
lowed by the steady-state oxi&ation of glucose after the ester had been
depleted.

An attempt to measure the glucose-6-vanadate formed in a solution of
glucose and vanadate was not successful. The quantity of ester formed is
restricted in this case by the necessity to keep the vanadate concentration
below 1073 M in order to prevent oligomerization of the vanadate ions.

Since the equilibrium constants for the formation of the vanadate est-—
ers could not be obtained by the burst method, it was necessary to depend
on the results from the NMR measurements described in the preceding section

for the calculation of some of the kinetic parameters.
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III. Kinetics of Vanadate Esterification

(i) Glucose-6-vanadate

A, Estimation of Rate Constants by Enzyme Kinetics.

It has been proposed that vanadate accelerates glucose oxidation
through the formation of the ester glucose-6-vanadate, which is then accep-
ted by the enzyme G6PDH as a substrate analogue of glucose-6-phosphate.

The product of this reaction would be 6-vanadogluconate. Rapid hydrolysis
of this product would release the vanadate ion for subsequent activation of
other glucose molecules. Figure 13 shows the proposed reaction mechanism
for glucose oxidation in the presence of vanadate.

If the reaction follows Michaelis Menten kinetics, its rate will be
described by Equation 5, where [G-6-V] is the concentration of glucose-6-
vanadate, e is the enzyme concentration and kg,./K, is equal to ks in
Figufe‘lg.

k e [G-6-V]
Rate = cat (5)

K

From Figure 13 the production of glucose-6-vanadate can be expressed by
Equation 6, where [G] and [V] are the concentrations of glucose and vana-

date respectively,

d[c-6- ‘ . -6-
gle-evi | k [G]{V] - k,[G-6-V] - Kear © 16767V (6)

dt Ky

In Equation 5, K, is the Michaelis constant of the ester and k.,

is the turnover number for the enzyme (the number of reactant molecules
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Figure 13

A model of the proposed reaction mechanism for the oxidation of glu-
cose by NADP* in the presence of vanadate, catalysed by G6PDH. k; and k,
are the rate constants for the formation and hydrolysis of glucose-6-
vanadate respectively. k3 is the k.,¢/K, ratio for glucose-6-vanadate
as a substrate for G6PDH. The reactién can be followed by observing the
increase in absorbance at 340 nm due to the production of NADPH (details in

Experimental Procedures).
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converted to product per unit time per active site, under conditions of
'saturating substrate concentration). The term for the substrate concentra-
tion has been omitted from the denominator as the assumptionvis made that
the concentration of glucose-6-vanadate will be very small compared to its
Ky- Under the conditions of the reaction [[G] = 5.0 x 10=% M, [v] =
1.0 x 10~ M, Figure iﬁ), the concentration of glucose-6-vanadate can be
estimated using the equilibrium constant for ester formation determined by
MMR (8.4 x 1072 M~1). This gives an equilibrium concentration for glu-
cose-6-vanadate of 4.2 x 102 M, or 0.0042 uM. The K, for glucose-6-
phosphate as a substrate for G6PDH has been determined by other investiga-
tors (12) to be equal to 22 uM. It must be used for comparison as the K,
for glucose-6~vanadate is not known. Since the K, for glucose-6-arsenate
(45 uM) (12) is similar in magnitude to that of gldcose—G-phosphate, this
substitution appears tc be reasomable. The relative difference between the
concentration of glucose-6-vanadate and the K, for glucose-6-phosphate
justifies the omission of the term for the substrate concentration from the
denominator .of the rate equation.

The rate equation does not include a term for NADP* as it is present at
a constant saturating concentration.

Rearrangement of equation 6 gives equation 7, an expression of the
steady state concentration of glucose-6-vanadate. When 7 is substituted

into 5, the result 8 can be inverted to obtain 9.
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[G-6-V] = ky 1611V (7)
ky + keap ©
Ky
Rate = 1 kear elC1IV] (8)
KoKy + keat e
1 = szm + —-_._l._.._ (9)
Rate kykoae e[lGIV] ki[G](v]

Equation 9 predicts that plots of 1/Rate vs 1/e will be linear with a ver-
tical intercept of l/ki[G][V]. The rate constant for ester formation (k;)
can be calculated from the value of this intercept and known concentrations
of glucose and vanadate. If the concentration of glucose-6-vanadate can be
measured the ratio kg,:/Ky can be obtained from Equation 5. Using this
ratio, and the value for the horizontal intercept of the reciprocal rate
plot (-k.,./kyK,), the rate constant for ester -hydrolysis (k,) can be
estimated.

Alternatively, if K,, for the ester is known, k, can be calculated

€q

from k; and the equilibrium relation Kaq = kl/kz' kcat/Km can then

q
be determined from the horizontal intercept of the reciprocal rate plot.
Figure 14 shows the change in rate of the oxidation of glucose in the
presence of 0.1 mM vanadate as the concentration of G6PDH is increased.
The observed acceleration of the reaction is consistent with the formation

of an ester, glucose-6-vanadate, which is accepted by the enzyme as a sub-

strate. Because this compound is structurally similar to the true sub-
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Figure 14

The effect of different enzyme (G6PDH) concentrations on the rate of
vanadate activated NADPY reduction in the presence of glucose at pH 7.4.
Reactant concentrations were: l.d mM NADPY, 10 mM MgCl,, 0.5 mM glucose and
0.1 mM vanadate. G6PDH concentrations were as shown. The reaétants,
except glucose, were incubated at 30°C for 4 min. bgfore the reaction was
initiated by blowing 5.0 uL of the glucose stock solution through a
capillary tube into a final volume of 0.3 mL.

The concentrations of vanadate are: 0 (o) and 0.1 mM (A). The middle
curve (+) shows the vanadate activated glucose oxidation after the

unactivated glucose oxidation has been subtracted.
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strate for this enzyme, glucose-6-phosphate, it would be expected to bind
more readily than glucose to the enzyme.

The fact that the rate increase with increasing enzyme concentration
in the presence of vanadate levels off at high enzyme concentrations can be
explained if the production of glucose-é—vanadate becomes rate limiting asA
more catalytic sites become available. Since the rate of glucose oxidation
in the absence of vanadate shows a linear increase with enzyme concentra-
tion, it is likely that the enzyme maintains its activity at the highest
concentrations used.

Equation 9 predicts that a plot of reciprocal rate vs 1l/e will yield
values for the kinetic parameters of interest. From the vertical intercept
of this plot, Figure 15, the second order rate constant for ester forma-
tion, ki, was found to be equal to 35 M~1s=1, Using the value Keq =
0.084 M} obtained from the MMR spectra of glucose/vanadate solutions, and
the eqﬁiliﬁfium relation Keq = k;/ky, the first order rate constant for
ester hydrolysis, k,, was calculated to be equal to 420s=1., The value for
k, was introduced into the expression for the horizontal intercept of the
reciprocal rate plot, kg,./kyK,, to obtain the value for the ratio
Keat/Kgp = 12 mlmg=ls™1,

The significance of the ratio k. ,./Ky, which is really an apparent
second order rate constant at low substrate concentration (Equation 5),
lies in the fact that its value determines the specificity of the enzyme
for competing substrates (27). In order to compare this quantity with the
corresponding ratio, that is the keat/Kp ratio for the physiological
substrate, glucose-6-phosphate, the enzyme saturation behavior for glucose-

6-phosphate was tested. The results are plotted in Figure 16; the double
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Figure 15

The effect of different enzyme (G6PDH) concentrations on the rate of

vanadate activated NADP* reduction in the presence of glucose, Figure 15 is

a double reciprocal plot of the data from the middle curve (e) of

Figure 14.
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reciprocal plot of Figure 16 appears in Figure 17. Equation 10 is the
reciprocal of the Michaelis-Menten equation which relates the velocity of
the reaction to the substrate concentration. If the oxidation of glucose-
6-phosphate obeys Michaelis-Menten kinetics, the piot in Figure 17 should

be described by Equation 10, where [G-6-P] is glucose-6-phosphate.

1 _ Kp 1

Rate keoge © [G-6-P] k

(10)

cat ©

From the slope of the line plotted in Figure 17 the kqa/Ky ratio
for glucose-6-~phosphate as a substrate for G6PDH was found to be equal to
120 mng"1s°1.

From a comparison of the values for the k., ¢/K, ratios of glucose-
- g-vanadate and glucose-6-phosphate, it can be seen’ that the k., /Ky
ratio for glucose-6-phosphate ‘as a substrate for G6PDH is ten times that
for glucose-6-vanadate. This is a reasonable result since it would be
expected that the enzyme would have a higher specificity for its natural
substrate. In a published study using this enzyme (12), the kcge/Ky
ratio for glucose-6—phosphate was found to be abou; threé times that for
glucose-6-arsenate.

The kinetic parameters of the three glucose esters - phosphate, arsen-
ate and vanadate are displayed in Table V. It is of interest to compare
the esters in terms of their rates éf formation and hydrolysis, their equi-

librium constants and their kcat/Km ratios as substrates for G6PDH.
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Figure 16

The effect of different concentrations of glucose-f6-phosphate on the
rate of NADP* reduction in the presence of G6PDH at pH 7.4. The reaction
mixture contained 1.0 mM NADP*, 10 mM MgCl,, 6.0x10"> mg mL~! G6PDH and

glucose-6-phosphate concentrations as shown., The reaction was initiated by

1.0 mL of the reaction mixture. The temperature was 30°C.
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Figure 17

The effect of different glucose-6-phosphate concentrations on the
rate of NADP* reduction in the presence of G6PDH at pH 7.4. Figure 17 is a

double reciprocal plot of the data from Figure 16.




61

i- (NA)  [ILVHJSOHJ-9-3S00N1©1/ L
SL'0 0L'0 SO0

G00-

! | |

90

80

-(Uuw/W) 0L X (EI.LVH/L) |



62

*$°L Hd ‘D_0€ °19m suoTITPUOD .mﬂ.wuswﬂm woaj o
: *f°f Hd D,0€ 918m SUOTITPUOD .Mﬂ.wu:wﬂm woig g

*0°L Hd ‘D,G7 °18M SUOTITPUOD mMﬂ.mucwuwmwM woij p

5 rA | 5 NIOH x %°Q . 5 NOH X 7% 5 ﬁoﬂ X C°¢ 2]1eprURA-Q~-DS0ONTH
2l e ¢-0T X € g ¢-0T X A e mloH x [ 9]1BU3SIB~-Q-OS0ONTH
el?  q0C1 e =0T X ¥ e g-0T X G°1T e 11-01 % 6 23eydsoyd-9-asooniy
AﬁtwﬁnwEAEv Aﬁlzv Aﬁlwv Aﬁlwdlzv 1218y
EM\umox GOM Nx ﬁx

*uMoys 231e1lsqns 8yl 10J dwhzua |yl Jo 0 A31o13102ds 2y Jo aansedm e sT Wy/IEIy pue uorjPWIO] 193SD
103 Jue3jsuod untiqiiinbs ayj st bay ‘€7 2an81g ut ¢y pue Iy o031 puodsaxaiod Kayj ‘*A1aatidadssx stsk
-10oapAy pue uoTlBPWIO] 12159 10J SIUBRISUOD D31 A8 Oy pue Iy °s191sd9 9s0on{8 10J siajoueied oSTILUTY

A JTI9VL




63

The most remarkable feature of this group of esters is the fact that
although tﬁeir equilibrium constants differ within a factor of thirty,
their rates of formation are up to 1l orders of magnitude apart. The rate
constant (k;) for the formation of glucose-6-phosphate is extremely small.
This was i1llustrated by a published experiment where glucose and phosphate,
incubated togetﬁer at room temperature for several years, produced less
than one tenth of the concentration of glucose-6-phosphate expected at
equilibrium (12). The k; for glucose-6~arsenate is 5 orders of magnitude
larger than that of glucose-6-phosphate (12).

The k; for glucose-6-vanadate that has been determined from the recip-
rocal rate vs 1/(G6PDH) plot shown in Figure 15 is approximately eleven
orders of magnitude larger than thét for glucose-6-phosphate. The probable
mechanism for ester formation involves the vanadate ion acting as an elec-
trophile toward the hydrox&l groups of glucose. The glucose—-6-phosphate
analogue is the one that is the most likely to be accepted by the enzyme,
One possible mechanism for ester formation and hydrolysis is shown in
Figure 18.

The difference in magnitude that has been found between the formation
constants of the glucose esters of phosphate, arsenate and vanadate is un-
doubtedly a function of the properties of the central atom of the anion.
From Table II it can be seen that in the +5 oxidation state, the cation ra-
dius increases from phosphate to arsenate to vanadate (0.34, 0.47 and 0.59
respectively), while the elecronegativity decreases (2.1, 2.0 and 1.6) a-
long this series. A larger central atom can accommodate more ligands; also
a decrease in electronegativity implies a lower negative charge density

close to the nucleus. From these considerations the trend for k1 would be
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Figure 18

A proposed mechanism for the spontaneous formation and hydrolysis of

glucose-6-vanadate. k; and kp are the rate constants for the formation and

hydrolysis respectively.
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expected to increase from phosphate to arsenate to vanadate, aé has been
found (Table V).

In addition, vanadium V contains empty 3d orbitals which are at a lower
energy than the empty 3d orbitals of phosphate and the empty 4d orbitals of
arsenate. In aqueous solution, some five and six coordinate vanadium V
complexes are known to exist, while only four coordinate phosphate complex-
es are stable under these conditions. The ability of vanadium to form a
stable five coordinate species could significantly lower the energy of the
transition state for the reactions of ester formation and hydrolysis, thus

enhancing their rates.

B. Estimation of k; by >ly Nuclear Magnetic Resonance.

The NMR spectrum shown in Figure 10 was used previously to calculate
the equilibrium constant for the formation of glucose-6-vanadate from the
peak areas of the vanadate and the 1-0O-methyl-glucose-6-vanadate species.
From the-difference between the chemical shifts, Av, of these peaks, an
upper limit value for k;, the rate constant for ester formation has been
calculated. The presence of individual resonances for the peaks at ambient
temperature placed an upper limit on the rate constant calculated by this
method. Details of the procedure can be found in Appendix III,

The k; calculated using the NMR spectrum was equal to 43'Mf1s'1, a
value which is in reasonable agreement with the k; of 35 M~ls~! determined

kinetically. As noted earlier, the fact that there is a separation between

the peaks indicates that the rate of exchange at ambient temperature will
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be slower than that calculated using Av.
(ii) Glycerol-3-vanadate and Dihydroxacetone Vanadate

Glycerol~-3-phosphate dehydtogenase* (G3PDH) catalyses both the oxida~
tion of glycerol-3-phosphate by NAD* and the reverse reaction, the reduc-
tion of dihydroxyacetone phosphate by NADH. Unlike the glucose/G6PDH sys-
tem, G3PDH shows only a slight activity with the nonphosphorylated sub-
strates glycerol and dihydroxyacetone. However, the addition of vanadate
to a solution of G3PDH and glycerol or dihydroxyacetone along with the ap-
propriate coenzyme produces a cqnsiderable enhancement of the reactiﬁn vel-
ocity.

The progress of the oxidation of glycerol by NADY, catalysed by G3PDH
in the presence of vanadate can be followed by measuring the increase in
absorbance at 340 nm. due to the production of NADH., The reverse reaction,
reduction of dihydroxxacetone by NADH in the presence of vanadate, is fol-
lowed by observing the éecrease in absorbance as the NADH becomes oxidized.

The observed rate acceleration by vanadate is interpreted in terms of
spontaneous vanadate ester formation; the vanadate ester, glycerol-3-vana-
date or dihydroxyacetone vanadate, being accepted by G3PDH as a substrate
analogue of glycerol-3-phosphate or dihydroxyacetone phosphate respective-
ly. As the position of equilibrium was found to be independent of the
qqantity of vanadate used in the experiment, it is expected that the prod-
uct of thé reaction undergoes rapid hydrolysis, releasing the vanadate ion
into solution for the activation of other reactant molecules.

Similar behavior has béen reported for the reduction of dihydroxyace-
tone by NADH, catalysed by G3PDH in the presence of arsenate (13). In this
case the ester dihydroxyacetone arsenate has been suggested to account for

* L-Glycerol-3-phosphate: NAD oxidoreductase, EC 1.1.1.8
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the‘enhancement of the reaction rate by arsenate.

A ﬁodel which describes the proposed mechanism for the activation by
vanadate is presented in Figure 19.

The relationship between the kinetic parameters in Figure 19 is exactly
analogous to that derived for the glucose/G6PDH system. Equation 2) resta-
ted below, was derived by considering a similar model for the acceleration
of glucose oxidation in the presence of vanadate. It is used here to pre-
dict the behavior of the 1l/Rate vs 1/e plots which describe the activation
of glycerol oxidation by vanadate (Figure 20), and the activation of dihy-
droxyacetone reduction by vanadate (Figure 21). In EQuation 9, X symboli-
zes either glycerol or dihydroxyacetone, according to which direction of
reaction is being considered. Othef symbols have the meanings previously
defined; they appear unprimed in reference to glycerol oxidation and
primed for dihydroxyacetone reduction in Figure 19. Kkcar/Kp is refer-

red to as k3 in the figure.

1 ko Ky 1

Rate klkcat e[X] [V] kl[X] [V]

(9)

Figures 22 and 23 show the rate vs enzyme concentration curves for the
forward and reverse reactions illustréted in Figure lg,' The leveling~off
of the acceleration at high enzyme concentfations is a recurrent character-—
istic of these experiments. In ;he case of the glucose/G6PDH system, it
was suggested that ester formation becomes rate limiting at high enzyme
concentration, as the enzyme activity was shown to be proportional to its
concentration in studies with glucose. The rates of glycerol oxidation and

dihydroxy acetone reduction, catalysed by G3PDH are very low, and the
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Figure 19

The mechanism proposed to account for the acceleration of the enzymic
oxidation éf glycerol by NAD*, and the reverse reaction, the reduction of
- dihydroxyacetone by NADH, in the presence of vanadate ion. G3PDH symboli-
zes the enzyme, glycerol-3-phosphate dehydrogenase. The k's indicate rate
constants; unprimed for glycerol oxidation and primed for dihydroxyacetone

reduction.
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Figure 20

The effect of different enzyme (G3PDH) concentrations on the rate of
vanadate activated NAD* reduction in the presence of glycerol at pH 7.4.
The reaction mixture contained 0.5 mM NADY, 62.5 mM glycerol, 12 yM vana-
date and G3PDH concentrations as shown. The reaction was initiated by the
addition of 5.0 uL of the stock vanadate solutiéns, blown in through capil-
lary-tubing, to a final volume of 0.4 mL éf the reaction mixture. Figure

20 is a double reciprocal plot of the data from Figure 22.
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Figure 21

The effect of different enzyme (G3PDH) concentrations on the rate of
vanadate activated NADH oxidation in the presence of dihydroxyacetone at pH .
7.4. The reaction mixture contained 0.105 mM NADH, 1.25 mM dihydroxyace-
tone, 12 uM vanadate and G3PDH concentrations as shown. The reacﬁion was
initiated by the addition of 5.0 uL of the stock vanadate solution, blown
in through capillary tubing, into a total volume of 0.4 mL of the reaction

mixture at 30°C. Figure 21 is a double reciprocal plot of the data from

Figure 23.
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Figure 22

The effect of different enzyme (G3PDH) concentration on the rate of
vanadate activated NAD* reduction in the presence of glycepol. Procedures

and concentrations are the same as those described in Figure 20.
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Figure 23

The effect of different enzyme (G3PDH) concentrations on the rate of

vanadate activated NADH oxidation in the presence of dihydroxyacetone.

Procedures and conditions are those which were described for Figure 21.
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activity vs. enzyme concentration was not examined. It is possible that
the curvature_of the rate vs. enzyme concentration plot for G3PDH is a
reflection of a decrease in enzyme acti#ity. Alternatively, .the curvature
could be explained if ester formation becomes rate limiting at high enzyme
concentrations.

The rate constants for the formation (k; and k;') of the putative
esters glycerol-3-vanadate and dihydroxyacetone vanadate have been calcula-
ted from the vertical intercepts of Figures 20 and 2l respectively. Rate
constants for ester hydrolysis (k; and k;') were calculated using the equi-
librium relation Keq = kj/kz. Values for the equilibrium constants were
obtained from the peak area ratios of vanadate ester to vanadate recorded
on the °lv mmr spectra (Figures 11 and 12). An example of this calculation
can bg found in Appendix II. The values for k; and ky' were used to deter-
mine the k¢ ¢ /Ky ratios for glycerol-3-vanadate and dihydroxyacetone
vanadate as substrates for G3PDH, from the horizontal intercepts of Figures
20 and 21 respectively. The calculated constants are displayed in Table
VI, along with the c?rresponding values for glycerol-3-phosphate and dihy-

droxyacetone phosphate that have been reported in the literature,
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‘It is apparent from Table VI that the rate constants for the formation
of glycerol-3-vanadate and dihydroxyacetone vanadate are within two orders
of magnitude of each other and of that of glucose-6-vanadate (Table V). It
is expected that the k; values for the corresponding phosphate esters will
be many orders of magnitude smaller, as is the case with glucose-6~phos-
phate, but in this case literature values are not available for compar-
ison.

The keoat/Ky values that have been calculated for glycerol-3-vana-
date and dihydroxyacetone vanadate are unexpectedly higher than those pub-
lished by Bentley and Dickinson (29) for glycerol-3-phosphate and dihydrox-
yacetone phosphate. Since the k.,¢/Ky ratio expresses the specificity
of an enzyme for its substrate, it is usual for the natur;l substrate to
produce the highest value for this ratio. A truly quantitative comparison
can be made only when both experiments have been performed under the same
conditions., Since Bentley and Dickinson used a phosphate buffer and a
different enzyme preparation, their results may not reflect the kqy¢/Kp
values for glycerol-3-~phosphate and dihydroxyacetone phosphate under the
conditions for which this ratio has been determined for glycerol-3-vanadate
and dihydroxyacetone vanadate. Because of these considerations an attempt
was made to obtain the k¢y¢/Kp values for glyceroi—3—phosphate and |
dihydroxyacetone phosphate under the conditions of the.vanadate experi-
ments. This attempt was not successful for the reasons discussed below.

The enzyme G3PDH is strongly inhibited by its own substrates and coen-
zymes (29). Therefore, a large extrapolation is necessary to obtain a val-

ue for the rate of reaction at infinite substrate concentration. The low
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concentrations essential to prevent enzyme inhibition lead to low rates of
reaction. Although thesé low rates were detected by absorbance spectrosc-
opy, they could not be differentiated. In order to measure the kinetic
parameters correctly, it will be necessary to use more sensitive instrumen-
tation, such as the fluorescence spectrophotometer and rapid-mixing appara-
tus used in the experiments done by Bentley and Dickinson (29).

Another reason for the high values obtained for the kcat/Km ratios
of the vanadate esters could be that glycerol and dihydroxyacetone do not
inhibit the enzyme to the same extent as the phosphate esters., 1In a study
with G3PDH by Jaffé and Apitz-Castro (13), in which the activation by
arsenate of dihydroxyacetone reduction was measured, dihydroxyacetone did
not exh}bit the enzyme inhibition characteristic of dihydroxyacetone phos-

phate.

IV. Margin of Error

The k., /Ky ratio calculated for the natural sub§trate is dependent
upon measurement of the true initial velocity of the reaqtion, as the value
for the total enzyme concentration (e = [E],) has been used in the
calculations. Since a period of approximately five seconds elapsed before
the velocity was measured in these experiments, it is possible that this
factor could lead to some error in the k. ,¢/Ky value. The result of a
delay in measurement would be that the initial velocities detected would be
lower than their true values. Since the slope of the 1/Rate vs
1/(Substrate) plot is equal. to Km/kcate, the steeper slope resulting
from the lower velocities would lead to a lower value for kg ,./Ky-
Therefore, it is possible that the k.,./K, calculated for |

glucose-6-phosphate
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(120 mlmg™' s™!) has been underestimated.
" As noted in the previous section, the use of a rapid-mixing device
would improve the measuring technique considerably.

Both the k.,./K, ratio and the k; calculated for the vanadate
esters are dependent upoh the measurement of the steady-state velocity; as
it is the steady-state concentration of the ester which leads to Equation
9. A progress curve which clearly delineates the linear, steady-state
phase of the reaction is desirable, but in many cases product inhibition
causes the linear portion to become curved. This effect was. prevalent in
the case of glycerol oxidation, less so with glucose oxidation, and only
slight with dihydroxyacetone reduction.

The fact that the steady-state velocity is difficult to locate accur-
ately leads to uncertainties in the calculation of kinetic parameters. 1In
the experiments performed on glucose, glycerol and dih&droxyacetone, the
assumption was made that the steady-state velocity was equivalent to the
velocity measured approximately five seconds after the reaction was initia-
ted; this was the earliest measurement possible given the equipment at
hand. This is a reasonable assumption, since the equilibrium concentration
would be reached in the order of milliseconds due to the high rate
constants for ester formation. However, there is a possibility that even
only five seconds after initiation, product inhibition could. result in low
velocity readings. If this is the case, the true values of.kcat/Km and

k; will be higher than those reported here.
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CONCLUSION

Rapid, spontaneous vanadate ester formation with the hydroxyl groups on
glucose, glycerol and dihydroxyacetone is supported by evidence from NMR
and from enzymic rate studies. The fact that vanadate accelerates the oxi-
dation of glucose catalyzed by glucose-6-phosphate dehydrogenase, but not
that of 6-deoxyglucose indicates that vanadate requires a free hydroxyl
group on the 6-carbon of glucose to express its activity. The failure of
vanadate to inhibit the oxidation of glucose-6~phosphate under similar con-
ditions (21) shows that, at these concentrations, this ion does not signif-
icantly interact with the enzyme.

Sulphate also activates the enzymic oxidation of glucose. However, its
behavior with other substrates implies that it activates by a different
pathway than that of vanadate. Sulphate accelerates the oxidation of 6-
deoxyglucose and ‘inhibits the oxidation of glucose-6-phosphate (19),
results consistent with the formation of sulphate/enzyme complex which fac-
ilitates binding with 6-deoxyglucose, but blocks binding with glucose-6-
phosphate. |

The rate constants of formation for vanadate esters have been found to
be many orders of magnitude higher than those of phosphate esters.
Physiologically, the concentration of phosphate esters is controlled by
enzymes which catalyze phosphorylation and dephosphorylation reactions
according to the requirements of the cell. The ability of vanadate to
spontaneouély form compounds which can substitute for phosphate substrates

in enzymic reactions may be responsible for some of its toxic effects.
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Although the physiological concentration of vanadate is normally much lower
than that of phosphate, the equilibrium constants for the formation of
vanadate esters are about 10 times greater than those of the corresponding
phosphate esters; for the compounds that were measured in this study. The
more favorable equilibriuﬁ constants for the formation of vanadate esters
make it more likely that their concentrations will become significant if
the level of vanadate is increased, as it might be under toxic conditionms.
The ability of the vanadate ion tokreact with hydroxyl groups, its
facile reduction at cell potentials, its tendency to oligomerize and its
ionization behavior combine to make it a useful investigative tool for

bidlogical systems.
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APPENDIX I

From the model illustrated in Figure 5, the rate of reaction (R) is:

d[Gluconate]
R = = ks [GI[E] + k3[E][G-6-V] + k,[E.S][C] (1a)
dt ’

In order to express [E]}, [ES] and [G-6-V] in terms of measurable variables,

three additional equations are necessary,

- The association constant for the enzyme binding with sulphate:
[E+s]

= (1b)
[El{s]

-  The total enzyme concentration, e:

~
S’

e = (E] + [Ees]

p—
(¢}

- The rate of formation of G-6-V:
d{G-6-v]
—_— = Kk [GI[V] - ky[G-6-V] -~ k3[E}[G-6~V] (1d)

dt ‘

At the steady state, the rate of formation of G-6-V is equal to its rate of

hydrolysis, therefore d(G-6-V)/dt .= 0. Rearrangement of 1d gives the value

for the steady state concentration of G-6-V.

[G-6-V] = ky [e11v] (1le)

ky + k3[E]

¢

Rearranging 1lb and substitution with lc leads to expressions for [E] and
[ES] in terms of total enzyme concentrations, sulphate concentration and

KC.
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[E.s]

K. [EI[S]

K. [s]{e - [E*S])

K.[Sle

[EeS] -~ (1f)

1+ K¢

[E-S]
(E] =
K.[s]

K.[Sle 1
X

1+ Ke[S]  Kels]

6] = ——— | (1g)
1 + K.[8]

Substitution of lg into le gives:

k, [G1(V]

[G-6-V] =
e

ky + k3 | (1h)

1 + K.[S]

When 1f, lg and 1lh are substituted into la and the simplifying assumption
is made that ky >> kge {1 + K.[S]), which would be true at low enzyme

concentration, Equation 1 is obtained.

(S
ks(G]l e +—"_e [G][V] + kyK. e [G][S]

” |
R = z W)

1 + K.[S]
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APPENDIX II

The peak at 560 ppm. on the NMR spectrum of the glycerol/vanadate solu-
tion (Figure ll) which isbassigned to the monoester glycerol-3-vanadate, is
actually composed of a mixture of the primary and secondary monoesters.
Since the secondary ester is unlikely to contribute significantly to the
vanadate activation, it is desirable to separate its quantity from the
ester peak in order to obtain a value for the primary monoester/vanadate
ratio.

Fordham and Wang (26) have calculated the equilibrium ratio of primary
to secondary phosphate esters which would be undergoing exchange in a solu-
tion pf glycerol phosphate in water. Assuming that the ratio of vanadate
esters is the same as that of the phosphate esters, the eqdilibriﬁm con~
stant for the formation of the primary ester can be calculated from the
value for the total ester obtained from Figure 11.

The equilibrium constant for the total amount of monoester formed
(Keq) is calculated from the peak area ratio of monoester to vanadate
(Pgy/Py), where G stands for glycerol and V for vanadate. [G] is the

concentration of glycerol.

Py

Keq
PylG]

(387)
(1176)(1.0 M)

= 0.33 M!
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The conceuntration of primary vanadate monoester (p) can be calculated
using the value for the primary/secondary ratio (p/s) obtained by Fordham

and Wang (26) for phosphate esters.

P2 o0.67
S
_ (p+s)
d [61( [V]-(p*s))
(p + p/0.67)
0.33 =

(1.0 M){5.0 x 10™* M - (p+p/0.67))
P = 0.5x107*M
The equilibrium constant for the formation of the primary vanadate

monoester (K'eq) can now be calculated.

k=
& [GI1([V] - (p+p/0.67))

(0.5 x 10~" ™)

(1.0 M)(5.0 x 10=% - 1.2 x 10="*)M

=  0.13 M
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APPENDIX III

The Gutowsky-Holm equation (28) provides the rate constant (key) for
an exchange between two equally populated sites at the coalescence
temperature, whefe Av is-the difference in chemical shift between the two
species.

T
k = — Av

ex
/2

Using this relation and their new approximation formula, Fraser et al. (28)
obtained rate constants for the case of unequal singlet peaks within 47 of
the more accurate but cumbersome method of complete line shape analysis.

For the process

G+ VI GV + Hy0

where G = l~0-methylglucose
V = vanadate
GV =

Glucose vanadate monoester
At equilibrium:
ki [G][V] = ka[H20][GV]
where k; and k, are the rate constants for vanadate ester formation and

hydrolysis respectively.
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The Fraser et al. formulations are:

kv = ZkexPGV for vanadate going to glucose vanadate ester
= ' hydrolysi )

kGV ZkexPV for ester hydrolysis
= ko (H20)

where P is the relative population ratio of the species denoted by the
subscript. The population ratio of each vanadate species is determined by

the ratio of its peak area to the total peak area of vanadate species.

From Figure 10,

Av = 131 Hz
k= (131 s}y = 291 ¢
ex
/Z
P, = 0.885
Pyy = 0.115
k, = 20291 s71)(0.115) = 67.1 s~}
= -1 = -1
Kgy 2(291 s=1)(0.885) 515 s
ky 67.1 s~} .
ky = = = 43 Ml sl

[G] 1.55 M
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