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ABSTRACT 

Evidence has  been obta ined  t h a t  t h e  vanada te  i on  r e a c t s  spontaneously 

w i t h  g lucose  and g l y c e r o l  t o  form compounds which a r e  de t ec t ed  by 5 1 ~  NMR. 

These compounds a r e  accepted by glucose-6-phosphate dehydrogenase and g lyc-  

erol-3-phosphate dehydrogenase r e s p e c t i v e l y  a s  s u b s t r a t e s  f o r  t h e  r educ t ion  

of NADP+ and NAD+, and a r e  thought t o  be vanadate  e s t e r  analogues of glu- 

cose-6-phosphate and glycerol-3-phosphate,  t h e  normal s u b s t r a t e s  of t h e s e  

enzymes. 

The r a t e  c o n s t a n t s  f o r  t h e  formation of glucose-6-vanadate and g lycer -  

ol-3-vanadate have been es t imated  t o  be 35 M - ~ s "  and 0.6 M - ~ s "  respec-  

t i v e l y .  The r a t e  cons t an t  f o r  e s t e r  formation between vanadate  and dihy-  

droxyacetone has  a l s o  been c a l c u l a t e d ;  i t  i s  equa l  t o  50 PJT1s'le Dihydrox- 

yacetone vanadate  a l s o  appears  t o  be a good s u b s t r a t e  f o r  glycerol-3-phos- 

pha te  dehydrogenase f o r  t h e  o x i d a t i o n  of NADH. 

The equ i l i b r ium c o n s t a n t s  f o r  t h e  formation of t h e  vanadate  e s t e r s ,  a s  

determined by 'V NMR a r e  about 10 t i m e s  t hose  of  t h e  corresponding phos- 

pha te  e s t e r s .  

Vanadate a c t i v a t e s  t h e  o x i d a t i o n  of g lucose  by NADP', c a t a l y s e d  by 

glucose-6-phosphate dehydrogenase,  through spontaneous e s t e r  formation wi th  

g lucose .  This  mechanism has  been compared wi th  t h a t  of t h e  s u l p h a t e  a c t i -  

v a t i o n  of t h i s  system, which i s  thought  t o  proceed through t h e  d i r e c t  

b ind ing  of s u l p h a t e  t o  t he  enzyme. 
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INTRODUCTION 

vanadium i s  a  t r a n s i t i o n  meta l  found i n  t r a c e  amounts i n  a l l  b i o l o g i c a l  

systems. In c o n c e n t r a t i o n s  of approximately 2 t o  4  UM (0 .1  t o  0.2 ppm.) 

i t  i s  t o l e r a t e d  by mammals (11,  and s t u d i e s  have ind i ca t ed  t h a t  i t  may be 

required t o  op t imize  growth (2) .  Higher c o n c e n t r a t i o n s  a r e  ex t remely  t o x i c  

( 3 ) ,  and have been a s s o c i a t e d  wi th  pa tho log ica l  s t a t e s  such a s  high blood 

p re s su re  (4)  and r e n a l  f a i l u r e  ( 5 ) .  Atmospheric p o l l u t i o n  by vanadium 

compounds i s  e l e v a t e d  by t h e  burning of f o s s i l  f u e l s .  This  meta l  

accumulates i n  o rgan ic  m a t t e r  through i t s  tendency t o  be bound by 

porphyrin-type r i n g s  ( 6 ) .  The inc reased  use of vanadium i n  r ecen t  years  a s  

a c a t a l y s t  i n  t h e  formation of p l a s t i c s  and a s  an agent  t o  temper s t e e l  h a s  

increased  t h e  i nc idence  of vanadium r e l a t e d  d i s e a s e  among workers i n  t h e s e  

i n d u s t r i e s  ( 7 ) .  In one s tudy  a  c o r r e l a t i o n  was found between t h e  

c o n c e n t r a t i o n - o f  vanadium i n  t h e  a i r  and t h e  m o r t a l i t y  r a t e  from h e a r t  

d i s e a s e  (8). 

In i t s  h i g h e s t  o x i d a t i o n  s t a t e  (+5), t h e  vanadate  anion ( ~ 0 ~ ~ ~ )  resem- 

b l e s  t h e  phosphate an ion  (pob3-) i n  s i z e  and e l e c t r o n i c  s t r u c t u r e  (9). It 

i s  a po t en t  i n h i b i t o r  of many enzymes, ~ a r t i c u l a r l y  t hose  which involve  

phosphorylated i n t e r m e d i a t e s  such a s  t h e  phosphatases  (6). The d i scove ry  

i n  1977 t h a t  a  vanadium compound r o u t i n e l y  c o p u r i f i e d  wi th  t h e  ATP der ived  

from equine  muscle,  coupled wi th  t h e  ev idence  t h a t  vanada te  i n h i b i t s  t h e  

(Na+, K+) ATPase ( l o ) ,  l ed  t o  t h e  sugges t ion  t h a t  t h i s  ion might be r e q u i r -  

ed f o r  t h e  r e g u l a t i o n  of t h i s  enzyme. 

The goa l  of t h i s  r e s e a r c h  has  been t o  s tudy  t h e  i n t e r a c t i o n  of vanada te  

w i t h  s e v e r a l  common biomolecules  and enzymes i n  o r d e r  t o  understand how 



this anion may be exerting its effects. The procedure was suggested by the 

following considerations. 

The behavior of another phosphate analogue, arsenate (ASO,+ 3 - ) ,  has been 

,tudied extensively with respect to its effect on enzymic reactions. The 

formation of an ADP-arsenate anhydride and its subsequent rapid hydrolysis 

is thought to be the mechanism by which this ion uncouples oxidative 

ph~sphorylation in mitochondria (1 1). In addit ion, it has been reported 

that arsenate esters can form spontaneously and be accepted by the enzymes 

gl~cose-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 

phosphorylation 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 accepted as 

substrates by the dehydrogenase enzymes mentioned above. A description of 

the experiments designed to answer these questions, their results and 

implications forms the basis of this thesis. 



EXPERIMENTAL PROCEDURE 

s o l u t i o n  P r e p a r a t i o n  

The method used t o  prepare  t h e  s o l u t i o n s  f o r  t h e  experiments  i s  r eco r -  

ded i n  Table  I. The s o l v e n t ,  except  where o the rwi se  i n d i c a t e d ,  was 50 mM 

 is-acetate, pH 7.4. This  was prepared by d i s s o l v i n g  6.05 g  of  Trizma 

base  (Sigma, Reagent Grade) i n  d i s t i l l e d  water  t o  a  t o t a l  volume of  1.0 L;  

t he  pH was a d j u s t e d  t o  7.4 w i th  g l a c i a l  a c e t i c  a c i d  ( F i s h e r )  b e f o r e  t h e  

f i n a l  a d d i t i o n  of wa te r .  

The pH of each s o l u t i o n  used i n  t h e  experiments  was measured and 

ad jus t ed  t o  7.4 when neces sa ry  w i th  a c e t i c  a c i d  o r  NaOH ( F i s h e r ) .  

The commercial p r e p a r a t i o n s  of t h e  enzymes were sub jec t ed  t o  t h e  pu r i -  

f i c a t i o n  procedures  desc r ibed  i n  t h e  fo l lowing  s e c t i o n .  

Enzyme P r e p a r a t i o n  

Each enzyme p r e p a r a t i o n  was p u r i f i e d  by one of  two methods, a )  d i a l y s i s  

( f o r  l a r g e  q u a n t i t i e s  of  enzyme -10 mg) o r  b)  d e s a l t i n g  on a  Sephadex co l -  

umn ( f o r  smal l  q u a n t i t i e s  of enzyme - 2  mg), u s ing  t h e  procedure of  Penefsky 

(15) .  

a )  D i a l y s i s  

The commercial enzyme p r e p a r a t i o n  which i s  s t o r e d  i n  ammonium s u l p h a t e  

s o l u t i o n  was placed i n  prepared d i a l y s i s  t ub ing .  The method f o r  prepara-  

t i o n  of t h e  t ub ing  i s  desc r ibed  i n  r e f e r e n c e  16. The tub ing  was covered 

with 2.0 L T r i s - a c e t a t e  b u f f e r  and l e f t  t o  d i a l y s e  ove rn igh t  a t  O O C  w i t h  

cont inuous s t i r r i n g .  A f t e r  8 hours  t h e  t ub ing  was placed i n  f r e s h  b u f f e r  

and l e f t  t o  con t inue  d i a l y s i s  f o r  4 hours  a t  0 " ~ .  



b )  ~ e s a l t i n g  on a  Sephadex Column. 

sephadex g ranu le s  (Sigma, G50-80, p a r t i c l e  s i z e  20-80 p) were placed i n  

d i s t i l l e d  wa te r ,  5 g/100 mL, and l e f t  t o  s t and  f o r  8  hours .  The swol len  

were then  placed i n  a  1 mL p l a s t i c  s y r i n g e  f i t t e d  wi th  a  porous 

po lye thylene  plug,  d r a i n e d ,  r e f i l l e d  and d ra ined  a g a i n  u n t i l  t h e  volume of 

dra ined  g ranu le s  was equa l  t o  1 mL. The tube  was then  c e n t r i f u g e d  i n  an 

1.E.C.  c l i n i c a l  c e n t r i f u g e  f o r  1 minute  a t  314 of t h e  maximum speed. 

The commercial enzyme p r e p a r a t i o n  was c e n t r i f u g e d  a t  10,000 rpm f o r  12 

minutes ,  a f t e r  which t h e  ammonium s u l p h a t e  supe rna t an t  was removed. The 

c e n t r i f u g a t e  was d i s s o l v e d  i n  T r i s - a c e t a t e  b u f f e r  (50 mM, pH 7.4) t o  i t s  

o r i g i n a l  volume and placed on t h e  t o p  of t h e  prepared Sephadex column 

(approximately 1 mg of enzyme per  1 mL column). The column was then  spun 

i n  t h e  c l i n i c a l  c e n t r i f u g e  f o r  1  minute  a t  314 of t h e  maximum speed. 

The e l u e n t  from t h e  Sephadex column, o r  t h e  p u r i f i e d  enzyme i n s i d e  t h e  

d i a l y s i s  t ub ing ,  was sub jec t ed  t o  a  p r o t e i n  de t e rmina t ion  by t h e  Lowry 

method (17) .  
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Rate Measurement 

The r a t e  of r educ t ion  of NADP' ( o r  NAD+) was measured by fo l lowing  t h e  

inc rease  i n  absorbance a t  340 nm caused by the  formation of the  product 

NADPH ( o r  NADH). The molar e x t i n c t i o n  c o e f f i c i e n t  f o r  t h i s  product a t  - 
340 nm i s  6.22 x l o 3  ~-'cm-'. The r e v e r s e  r e a c t i o n  involv ing  t h e  ox ida t ion  

of NADH was monitored by fo l lowing  t h e  dec rease  i n  absorbance a t  340 nm. 

The procedure f o r  mixing t h e  r e a c t a n t s  was s i m i l a r  i n  a l l  of t he  exper- 

iments. A l l  of the  r eagen t s  except  one, which was r equ i r ed  t o  i n i t i a t e  t h e  

r e a c t i o n ,  were incubated f o r  4  minutes a t  3 0 " ~  i n  t he  r e a c t i o n  c u v e t t e .  

The absorbance was measured dur ing  t h e  incuba t ion  period t o  v e r i f y  t h a t  no 

oxidation. ( o r  r educ t ion )  was t ak ing  p lace .  The f i n a l  reagent  &s added and 

mixed by blowing it i n t o  the  c u v e t t e  through c a p i l l a r y  tub ing ,  o r  by 

syringe i n j e c t i o n  followed by s e v e r a l  i nve r s ions  of t h e  c u v e t t e  t o  mix t h e  

so lu t ion .  The absorbance reading  was taken approximately 5 seconds a f t e r  

t he  r e a c t i o n  was i n i t i a t e d .  This  was the  minimum time r equ i r ed  f o r  t h e  pen 

t o  s t a b i l i z e .  The "blow-in" method was used r a t h e r  than hand mixing by 

invers ion  when i t  was important t o  record t h e . i n i t i a 1  v e l o c i t y  of t he  

r eac t ion ,  a s  t h e  l a t t e r  procedure delayed t h e  i n i t i a l  r a t e  measurement by 

an a d d i t i o n a l  10 seconds.  Rate de t e rmina t ions  were performed i n  d u p l i c a t e  

and were r ep roduc ib l e  t o  5%. 

The Beer-Lambert law r e l a t e s  t he  change i n  absorbance t o  t h e  change i n  

concent ra t ion  of t h e  chromophore: 

A = c ~ l  

A = absorbance 

c  = c o n c e n t r a t i o n  of t he  chromophore, NADPH ( o r  NADH) 

E = t h e  molar e x t i n c t i o n  cons t an t  f o r  NADPH ( o r  NADH) a t  340 nm, 

equal  t o  6.22 x l o 3  ~"cm". 



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- 

trifugations 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 Trina 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. 



RESULTS AND DISCUSSION 

1. E f f e c t s  of  Vanadate and Sulpha te  on t h e  Enzymic Oxidat ion of Glucose 

and 6-Deoxyglucose . 

( i )  Glucose 

F igures  - 1 and - 2 show 

or  su lpha t e  r e s p e c t i v e l y  

t h e  a c t i v a t i n g  e f f e c t  of t h e  a d d i t i o n  of vanada te  

t o  a r e a c t i o n  v e s s e l  which c o n t a i n s  g lucose ,  

NADP+, MgC12 and glucose-6-phosphat e  dehydrogenase* (G6PDH) a t  pH 7.4. 

G6PDH w i l l  a ccep t  g lucose  a s  a  s u b s t r a t e  a s  shown by t h e  low r a t e  of oxida- 

t i o n  when vanada te  and s u l p h a t e  a r e  absen t .  This r a t e  i s  approximately 

doubled by t h e  a d d i t i o n  of 0.08 mM of vanadate  ion o r  of 3 mM of s u l p h a t e  

ion. 

S tud ie s  wi th  giucose-6-phosphate,  t h e  normal s u b s t r a t e  f o r  t h i s  enzyme, 
, ̂ 

have shown t h a t  s u l p h a t e  ( a s  wel l  a s  b i ca rbona te  and phosphate)  i n h i b i t s  

t he  o x i d a t i o n  of t h i s  e s t e r  by NADP' ( 19 ) .  It has  been suggested t h a t  

these  i ons  bind t o  t h e  enzyme a t  t h e  p o s i t i o n  which t h e  phosphate group o f  

t he  bound e s t e r  s u b s t r a t e  would normally occupy. Thus g lucose  o x i d a t i o n  

would be a c c e l e r a t e d  i f  t h e  b ind ing  of g lucose  i s  more favourable  on t h e  

enzyme/anion s p e c i e s ,  and glucose-6-phosphate o x i d a t i o n  would be r e t a r d e d ,  

a s  t h e  phosphate moiety on t h e  ester would be o b s t r u c t e d  by t h e  an ion  group 

bound t o  t h e  enzyme. 

The maxim- vanada te  c o n c e n t r a t i o n  used i n  t h e s e  experiments  i s  f i v e  

hundred micromolar. It was neces sa ry  t o  use low c o n c e n t r a t i o n s  of vanadate  

i n  o rde r  t o  ma in t a in  t h i s  an ion  i n  i t s  monomeric form (20).  The marked 

a c c e l e r a t i o n  of g lucose  o x i d a t i o n  by vanada te ,  and t h e  f a c t  t h a t  a t  t h e s e  

* 
D-Glucose-6-phosphate: NADP 1-oxidoreductase,  EC 1.1.1.49 

4 .P 



Figu re  1 

, 
The e f f e c t  of d i f f e r e n t  vanadate  c o n c e n t r a t i o n s  on t h e  r a t e  of NADP+ 

reduc t ion  i n  t h e  presence  of g lucose  and G6PDH. The c o n c e n t r a t i o n s  i n  t h e  

r e a c t i o n  mix ture  were: 1.0 mM NADP+, 10 mM MgC12, 1 .0  mM glucose ,  0.17 mg 

m ~ "  G6PDH and vanada te  a s  shown. A l l  r e a g e n t s  were a t  pH 7.4. The reac-  

t i o n  mix ture ,  except  f o r  t h e  g lucose  was incubated a t  30•‹C f o r  4 minutes ,  

then the  r e a c t i o n  was i n i t i a t e d  by adding 30 pL of t h e  g lucose  s t o c k  so lu-  

t i o n  and i n v e r t i n g  t h e  c u v e t t e  e i g h t  t i m e s  t o  mix t h e  c o n t e n t s .  The t o t a l  

volume of t h e  r e a c t i o n  mix ture  was 0.3 mL. The g lucose  was added l a s t  t o  

prevent a l a g  i n  i n i t i a l  v e l o c i t y  which was apparen t  when t h e  enzyme was 

not p re incubated  wi th  NADP' and MgC12. 





Figu re  2 

The e f f e c t  of  d i f f e r e n t  s u l p h a t e  concen t r a t i ons  on t h e  r a t e  of NADP+ 

reduc t ion  i n  t h e  presence  of  g lucose  and G6PDH a t  pH 7.4. Procedures and 

cond i t i ons  were t h e  same a s  t hose  desc r ibed  f o r  ~ i g u r e  1, except  t h a t  t h e  

concen t r a t i on  of s u l p h a t e  was v a r i e d ,  a s  shown, and vanadate  was a b s e n t .  





concentrations this ion has no effect on the oxidation of glucose-6-phos- 

P hate (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 

GhPDH, and might therefore act as a good substrate for this enzyme. 

~lucose-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 w?th this substrate. 

The possibility that vanadate and glucose can spontaneously form an 

ester which is accepted by G6PDH as a substrate is supported by studies 

with arsenate and glucose (12). 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 I1 compares the size 

and electron configuration of these three atoms in their highest stable 

oxidation state (+5). Table 111 lists the ionization constants for the 

oxyacids of these elements. 

The proposed enzyme/substrate/anion interactions are illustrated in 

Figure 3. m e  accelerated oxidation of the upper pathway of ~igure 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 111 

I o n i z a t i o n  c o n s t a n t s  f o r  t h e  oxyacids  of phosphorus,  a r s e n i c  and vanadium. 

a From Reference 6 - 
From Reference 24 - 



Figu re  3 

Proposed pathways for glucose  (GI o x i d a t i o n  i n  t h e  presence of G6PDH 

( 2 )  and t h e  an ions  (X) phosphate,  a r s e n a t e ,  vanada te  and su lpha t e .  GX de- 

no tes  t h e  glucose-anion e s t e r .  
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important i n  t h e  c a s e  of  s u l p h a t e  a c t i v a t i o n .  Experiments wi th  b a c t e r i a l  

GGPDH (23) have shown t h a t  under t h e s e  c o n d i t i o n s  glucose-6-sulphate  is  

~ x i d i z e d  more s lowly than  g lucose .  Although i t  i s  p o s s i b l e  t h a t  each of 

t he  an ions ,  phosphate,  a r s e n a t e ,  vanada te  and s u l p h a t e  can  f a c i l i t a t e  g lu-  

cose ox ida t ion  through t h e  lower pathway of  F i g u r e  3,  i t  i s  proposed t h a t  - 
rapid spontaneous e s t e r  format ion  i s  t h e  p r i n c i p a l  mechanism by which vana- 

d a t e  a t  low concen t r a t ions  enhances g l u c o s e  o x i d a t i o n .  The fo l lowing  

experiments were designed t o  t e s t  t h i s  p roposa l .  



The a c t i v a t i n g  e f f e c t  of su lpha te  on g lucose  ox ida t ion  can be modified 

by the  a d d i t i o n  of vanadate  a s  shown i n  Figure 4. In t h e s e  experiments t h e  - 
r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  of glucose t o  a  v e s s e l  which con- 

t a ined  a l l  of t he  o t h e r  components. 

In t h e  absence of vanadate ,  t h e  p l o t  of r a t e  v s .  s u l p h a t e  concen t r a t ion  - 
shows a  s a t u r a t i o n  p a t t e r n .  A t  low vanadate  concen t r a t ions ,  a d d i t i o n  of 

s u l p h a t e  i n c r e a s e s  t h e  r a t e  of glucose o x i d a t i o n ,  bu t  t he  e f f e c t s  of su l -  

phate  and vanadate  a r e  not a d d i t i v e .  As the  concen t r a t ion  of vanadate  i s  

i nc reased ,  t h e  s u l p h a t e  a c t i v a t i o n  becomes n e g l i g i b l e  compared with t h a t  of 

vanadate .  A t  t he  h ighes t  concen t r a t ion  of vanadate  used i n  t hese  exper i -  

ments ( 0 . 3 3  mM), t h e  r e a c t i o n  i s  i n h i b i t e d  by su lpha te .  

I f  vanadate  e x e r t s  i t s  a c t i v a t i n g  in f luence  by forming an e s t e r  wi th  

g lucose  which i s  accepted by the  enzyme a t  t h e  same s i t e  a t  which i t  b inds  

su lpha te ,  and i f  s u l p h a t e  a c t i v a t e s  by binding t o  the  enzyme t o  form an 

adduct which can accept  g lucose  but  not  a  g lucose  e s t e r ,  t he  curves  i n  

Figure 4 would be expected t o  r e f l e c t  t h e  i n t e r p l a y  between the  two d i f f e r -  - 
e n t  mechanisms of a c t i v a t i o n .  The a c t i v a t i n g  e f f e c t  of t he  sulphate/enzyme 

complex i s  apparent  a t  low vanadate concen t r a t ions  because the  r a t e  

enhancement due t o  t he  low concen t r a t ion  of vanadate  e s t e r  i s  smal l .  As 

vanadate  i s  i nc reased ,  empty s i t e s  can be u t i l i z e d  by the  e s t e r  and the  n e t  

r a t e  becomes dominated by t h e  e f f e c t  of vanadate ;  t h e  a c t i v a t i o n  due t o  

su lpha te ,  whi le  s t i l l  p r e s e n t ,  i s  comparat ively small .  A t  h ighe r  vanadate  

concen t r a t ions ,  t h e  b inding  of su lpha te  t o  t he  a c t i v e  s i t e  on the  enzyme 

slows the  n e t  r a t e ,  a s  t hese  s i t e s  must bind glucose i n  o rde r  f o r  o x i d a t i o n  

t o  t ake  p lace .  A t  h igh  s u l p h a t e  concen t r a t ions ,  t h e  presence of t he  



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 following concentrations: 

0 mM(o), 0.18 mM(=), 9.17 mM(i), and 0.33 mM(cj. 





vanadate e s t e r  molecules t h a t  compete s u c c e s s f u l l y  wi th  su lpha te  i ons  f o r  

a c t i v e  s i t e s  on t h e  enzyme, w i l l  undergo r ap id  ox ida t ion .  Because t h e  

process  of e s t e r  o x i d a t i o n  is  f a s t e r  than t h a t  of su lpha te  a c t i v a t e d  

glucose ox ida t ion ,  t he  presence of e s t e r  molecules w i l l  i n c r e a s e  t h e  n e t  ., 

r a t e .  

A model f o r  t h e  proposed enzyme/substrate/anion i n t e r a c t i o n s  between 

GGPDH, g lucose ,  s u l p h a t e  and vanadate  i s  presented i n  Figure 5. Equation 1  - - 
expresses  t he  r a t e  of t h e  r e a c t i o n  i n  terms of t he  concen t r a t ions  of t h e  

r e a c t a n t s ,  g lucose  [ G I ,  su lpha te  [S] and vanadate  [v] ,  t h e  t o t a l  enzyme 

concen t r a t ion ,  e ,  t h e  b inding  cons t an t  f o r  t h e  enzyme/sulphate complex, 

Kc, and the  r a t e  c o n s t a n t s ,  k ,  which correspond t o  t he  pathways shown i n  

Figure - 5. The d e r i v a t i o n  of t h e  r a t e  equat ion  i s  descr ibed  i n  Appendix I. 

Rate = 

1 + Kc[sl 

The r a t e  of t h e  r e a c t i o n  was measured specrophotometr ica l ly  by monitor ing 

the  i n c r e a s e  i n  absorbance a t  340 nm due t o  t he  product ion of NADPH ( s e e  

Experimental Procedures) .  NADP+, the  r e a c t a n t  which undergoes r educ t ion ,  

does not  appear i n  t h e  r a t e  equa t ion  a s  i t  i s  present  a t  a  cons t an t  s a t u r -  

a t i n g  c o n c e n t r a t i o n  i n  t h e  r e a c t i o n  mix tu re s .  

k5e [GI is  t h e  exp res s ion  f o r  t h e  r a t e  of g lucose  o x i d a t i o n  i n  t h e  

absence of t he  a c t i v a t i n g  an ions .  By s e t t i n g  t h i s  r a t e  equal  t o  zero ,  t h e  



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, EaS, 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. 





r a t e  of r e a c t i o n  i n  t h e  absence of vanadate  i s  desc r ibed  by Equation - 2.  

The r e c i p r o c a l  of Equation - 2 i s  - 3 .  

Rate = 
k4 K, e [GI IS1 

1 + KJSI 

A p l o t  of l / R a t e  v s .  1 / [ ~ ]  i s  shown i n  F igure  6. As  expected i t  i s  - - 
l i n e a r  wi th  a  v e r t i c a l  i n t e r c e p t  from which k4 can be c a l c u l a t e d .  Kc can 

t hen  be determined from t h e  s l o p e  of  t h i s  graph o r  from t h e  h o r i z o n t a l  

i n t e r c e p t .  In o r d e r  t o  o b t a i n  a  more a c c u r a t e  va lue  of t h e  r a t e  a t  i n f i n -  

i t e  s u l p h a t e  c o n c e n t r a t i o n ,  t h e  r a t e  of unac t iva t ed  g lucose  o x i d a t i o n  which 

was o r i g i n a l l y  s u b t r a c t e d  t o  o b t a i n  Figure 6 ,  k5e[G], i s  added t o  t h e  r a t e  - 
a t  i n f i n i t e  s u l p h a t e  concen t r a t i on  t o  o b t a i n  t h e  broken l i n e  of F igure  6 .  - 
The broken l i n e  r e p r e s e n t s  a  more a c c u r a t e  r e c i p r o c a l  r a t e ,  a s  t h e  unac t i -  

va ted  g lucose  o x i d a t i o n  w i l l  d ec rease  a s  t h e  s u l p h a t e  b ind ing  i n c r e a s e s .  

kg i s  e s t ima ted  from t h e  r a t e  of o x i d a t i o n  when vanada te  and s u l p h a t e  a r e  

absen t ,  then k lkg /k2  is  determined from t h e  r a t e  of vanada te  a c t i v a t e d  oxi-  

d a t i o n  i n  t h e  absence of su lpha t e .  

F igure  7 d e p i c t s  r a t e  curves  which have been c a l c u l a t e d  from Equation - 
1, using t h e  c o n s t a n t s  de r ived  from Figure 6 and the  va lues  f o r  t h e  expe r i -  - - 

- mental c o n c e n t r a t i o n s  of  vanadate ,  s u l p h a t e ,  g lucose  and enzyme which were 

used t o  produce t h e  cu rves  i n  F igure  4. The exper imenta l  va lues  from - 
Figure 4 have been placed on F igure  7 f o r  comparison wi th  t h e  c a l c u l a t e d  - - 



.e e f f e c t  of d i f f e r e n t  con 

Figure '  6 

. c e n t r a t  ion .s of sulph a t e  on t h e  

NADP+ r educ t ion  i n  t h e  presence of g lucose  and G6PDH a t  pH 7.4. 

r a t e  of 

F igure  - 6 

i s  a  double  r e c i p r o c a l  p l o t  of  t h e  d a t a  from Figure  - 2 .  The s o l i d  l i n e  

r e p r e s e n t s  t h e  r e c i p r o c a l  r a t e  v s .  t h e  r e c i p r o c a l  su lpha t e  c o n c e n t r a t i o n  

a f t e r  t h e  unac t iva t ed  r a t e  of  NADP+ r educ t ion  has  been s u b t r a c t e d ;  i e .  t h e  
7 

v e l o c i t y  a t  [S]=O. t h e  broken l i n e  was ob ta ined  by readding  t h e  s u b t r a c t e d  

va lue  t o  t h e  r a t e  a t  i n f i n i t e  [ S ] .  The broken l i n e  i s  a  more r e a l i s t i c  

r e p r e s e n t a t i o n  of t h e  r e c i p r o c a l  s u l p h a t e  a c t i v a t i o n  a s  t h e  r a t e  of 

unac t iva t ed  g lucose  o x i d a t i o n  would be  expected t o  d e c r e a s e ,  becoming 

n e g l i g i b l e  a t  i n f i n i t e  s u l p h a t e  c o n c e n t r a t i o n .  





Figure  7  

The e f f e c t  of d i f f e r e n t  s u l p h a t e  concen t r a t ions  on t h e  r a t e  of vana- 

d a t e  a c t i v a t e d  NADP+ r educ t ion  i n  t h e  presence of g lucose  and G6PDH a t  pH 

7.4. The l i n e s  were c a l c u l a t e d  us ing  equat ion  1, the  c o n s t a n t s  were 

derived from Figure 6 a s  desc r ibed  i n  t h e  t e x t .  Values f o r  t h e  concentra-  - 
t i o n  of g lucose  and enzyme were taken from Figure - 2. The experimental  

po in ts  from Figure - 4 correspond t o  vanadate  concen t r a t ions  of 0  (01, 0.1 mM 

( * I ,  0.17 mM (A) and 0.33 mM (I). 





cu rves .  It can be seen  t h a t  t h e  exper imenta l  p o i n t s  f a l l  c l o s e  t o  t h e  ca l -  

c u l a t e d  cu rves  a t  low s u l p h a t e  concen t r a t i on .  A t  h ighe r  s u l p h a t e  concen- 

t r a t i o n  t h e  i n h i b i t i o n  by s u l p h a t e  i s  s t r o n g e r  than t h a t  c a l c u l a t e d  from 

Equation - 1. Since t h e  a c t i v a t i o n  of g lucose  o x i d a t i o n  by vanada te  is  l i n -  

e a r  i n  t h i s  r eg ion  (F igure  1 ) ,  i t  i s  p o s s i b l e  t h a t  an i n t e r a c t i o n  between - 
vanadate  and s u l p h a t e ,  no t  p r ed i c t ed  by t h e  model i n  Figure 5, could - 
account f o r  t h i s  dec rease  i n  r e a c t i o n  v e l o c i t y .  

( i i )  6-Deoxygl ucose (6 -~eoxy-D-~ lucose )  

In o rde r  t o  t e s t  t h e  hypo thes i s  t h a t  s u l p h a t e  and vanadate  a c t i v a t e  

g lucose  o x i d a t i o n  by d i f f e r e n t  mechanisms, i t  was decided t o  r e p l a c e  t h e  

g lucose  i n  t h e  r e a c t i o n  v e s s e l  wi th  6-deoxyglucose. This  compound i s  s i m i -  

l a r  i n  eve ry  r e s p e c t  t o  g lucose  except  t h a t  i t  l a c k s  t h e  hydroxyl group on 

t h e  6-carbon, a s  shown beiow. 

F igu re  - 8 shows t h a t  6-deoxyglucose i s  ox id i zed  s lowly  by NADP+ i n  t h e  

presence of G6PDH. The a d d i t i o n  of vanadate  has  no s i g n i f i c a n t  e f f e c t  on 

t h i s  r e a c t i o n  but  s u l p h a t e  produces a  marked a c c e l e r a t i o n .  This  behav io r -  

suppor t s  t h e  proposal  t h a t  vanadate  a c t i v a t e s  by e s t e r  formation whi le  s u l -  

phate  a c t i v a t e s  by b ind ing  wi th  t h e  enzyme. S ince  t h e r e  i s  no hydroxyl 

group on t h e  &carbon of 6-deoxyglucose, t h e  e s t e r  glucose-6-vanadate can- 

* 



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 MgC12, 10 mM 6-deoxyglucose, 0.05 mg m~-' G6PDH and sulphate 

(A) c r  vanadate ( 9 )  as shown. A i l  reagents except 6-deoxyglucose were 

incubated at 30•‹c for 4 rnin. 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. 





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. 

11. Measurement of Equilibrium Constants for Vanadate Ester Formation. 

(i) Nuclear Magnetic Resonance 

~vidence for vanadate ester formation has been provided by nuclear mag- 

netic resonance (NMR) measurements of the 5 1 ~  nucleus. Studies of the NMR 

spectra of vanadate with organic molecules which contain hydroxyl groups 

indicate that complex formation 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 is shown in 

Figure - 9. Figures - 10,.: a d  12 represent solutions of vanadate with - 
methyl-B-D-glucopyranoside (1-0-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 1-0-methylglucose 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 I .  An - 



F i g u r e  9 

5 1 ~  NMR s p e c t r a  o f  v a p a d a t e  i n  water. The s o l u t i o n  c o n t a i n e d  5.0 x 

10'~ M y a n a d a t e  and 20 mM Tris-C1 b u f f e r .  Temperature  was 21•‹C, pH was 

7 . 5 .  





Figure 10 

5 1 ~  NMR spectra of a 1-0-methyl-8-D-Glucose/vanadate/water solution. 

Concentrations were: 1.5 M 1-0-methyl-0-D-glucose, 5.0 x 10'~ M vanadate 

and 20 mM Tris-C1 buffer. Temperature was 2 I 0 c ,  pH was 5.9. 





Figure 11 

5 1 ~  NMR spectra of a glycerol/vanadate/water solution. concentrat ions 

were 1.0 M glycerol, 5.0 x M vanadate' and 20 mM Tris-C1 buffer. Temp- 

erature was 21•‹C, pH was 7.2 





Figure 12 

5 1 ~  NMR spectra of a dihydroxyacetone/vanadate/water solution. Con- 

centrations were 1.0 M dihydroxyacetone, 5.0 x M vanadate and 20 rnM 

Tris-C1 buffer. Temperature was 21•‹C, pH was 7.5. 





example of t h i s  c a l c u l a t i o n  can be found i n  Appendix 11. 

[X-vanada t e l  
Keq 

= 
[XI [vanada te ]  

The accuracy  of t h e  va lue  f o r  Keq i s  r e s t r i c t e d  when t h e  ove r l ap  of 

t h e  peaks ( a s  i n  1-0-methylglucose and g l y c e r o l )  makes i t  d i f f i c u l t  t o  

a s s i g n  the  c o r r e c t  a r e a  va lue  f o r  each s p e c i e s .  In p a r t i c u l a r ,  t h e  peaks 

of  1-0-methylglucose vanadate  and vanadate  a r e  poorly reso lved .  In t h i s  

c a s e  t h e  Keq va lue  ob t a ined  from measuring t h e  peak a r e a  r a t i o  must be 

cons idered  an approximation of t h e  t r u e  va lue .  

Table  IV l i s t s  t h e  va lues  of Qq t h a t  have been c a l c u l a t e d  from "V 

NMR s p e c t r a  f o r  t h e  o rgan ic  molecules which have been used i n  t h e s e  

experiments .  



TABLE IV 

Equilibrium constants (K ) for monoesters formed spontaneously in e q 
solutions of vanadate and organic molecules. Keq was calculated from the 
peak areas obtained from 'V NMR spectra as described in the text. 

Vanadate Ester 

a 
Glucose-6-vanadate 

Gl ycero 1-3-vanadat e 
b 

Dihydroxyacetone-vanadate 

a Methyl-8-D-glucopyranoside (1-0-methylglucose) was used instead of 
glucose in the NMR determination of K a 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 1-carbon, and open-chain forms, mutarotated glucose and furanoside 
forms are not present in solutions of 1-O-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 species repre- 
sented by the downfield shoulder on the vanadate peak at 560 ppm. The 
structure of 1-0-methylglucose is illustrated below. 

b Keq has been corrected for the presence of the secondary ester 
whlch is not separate from the monoester peak. The calculation is des- 
cribed in Appendix 11. 

c Keq is an approximate value due to poor resolution of the peaks. 



(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 adding aliquots of a 

solution of glucose and assenate to an assay mixture which contained G6PDH, 

NADP+ and MgC12. 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 oxidation 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 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. Kine t i c s  of Vanadate E s t e r i f i c a t i o n  

- 

( i )  Glucose-6-vanadate 

A .  Estimation of Rate Constants by Enzyme Kine t i c s .  

It has been proposed t h a t  vanadate a c c e l e r a t e s  g lucose  ox ida t ion  

through t h e  formation of t he  e s t e r  glucose-6-vanadate, which i s  then accep- 

t ed  by t h e  enzyme G6PDH a s  a s u b s t r a t e  analogue of glucose-6-phosphate. 

The product of t h i s  r e a c t i o n  would be 6-vanadogluconate. Rapid h y d r o l y s i s  

of t h i s  product would r e l e a s e  the  vanadate  ion  f o r  subsequent a c t i v a t i o n  of 

o t h e r  glucose molecules .  Figure 13 shows t h e  proposed r e a c t i o n  mechanism - 
f o r  glucose o x i d a t i o n  i n  t h e  presence of vanadate .  

I f  t he  r e a c t i o n  fo l lows  Michael is  Menten k i n e t i c s ,  i t s  r a t e  w i l l  be  

descr ibed  by Equat ion - 5, where [G-6-V] i s  t he  concen t r a t ion  of glucose-6- 

vanadate ,  - e  i s  t h e  enzyme concen t r a t ion  and k c  i s  equa i  t o  kg i n  

F igure  13. - 

kcat e  [G-6-V] 
Rate = 

K, 

From Figure - 13 the  product ion of glucose-6-vanadate can be expressed by 

Equation 5, where [G] and [v] a r e  t h e  concen t r a t ions  of g lucose  and vana- 

d a t e  r e s p e c t i v e l y .  

In  Equation - 5, K, i s  t he  Michae l i s  cons t an t  of t h e  e s t e r  and kcat 

i s  t h e  turnover  number f o r  t h e  enzyme ( t h e  number of r e a c t a n t  molecules 



Figu re  1 3  

A model of t h e  proposed r e a c t i o n  mechanism f o r  t h e  o x i d a t i o n  of g lu-  

cose  by NADP' i n  t h e  presence  of vanada te ,  c a t a l y s e d  by GGPDH. kl and k2 

a r e  t h e  r a t e  c o n s t a n t s  f o r  t h e  formation and h y d r o l y s i s  of glucose-6- 

vanada te  r e s p e c t i v e l y .  k3 i s  t h e  kcat/& r a t i o  f o r  glucose-6-vanadate 

a s  a  s u b s t r a t e  f o r  GSPDH. The reaction can be followed by observ ing  the  

i n c r e a s e  i n  absorbance a t  340 nm due t o  t h e  product ion  of NADPH ( d e t a i l s  i n  

Experimental Procedures) .  





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 assumption is made that 

the concentration of glucose-6-vanadate will be very small compared to its 

. Under the conditions of the reaction ( [GI = 5.0 x M, [v] = 

1.0 x lo-' M, Figure - 14), the concentration of glucose-6-vanadate can be 

estimated using the equilibrium constant for ester formation determined by 

NMR (8.4 x 10'~ ~ ' ~ 1 .  This gives an equilibrium concentration for glu- 

cose-6-vanadate of 4.2 x lo-' M, or 0.0042 pM. The & for glucose-6- 

phosphate as a substrate for G6PDH has been determined by other investiga- 

tors (12) to be equal to 22 pM. It must be used for comparison as the K, 

for glucose-6-vanadate is not known. Since the for glucose-6-arsenate 

(45 pM) (12) is similar in magnitude to that of glucose-6-phosphate, this 

substitution appears to be reasonable. 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. - - 



Equation - 9 p r e d i c t s  t h a t  p l o t s  of l /Ra te  vs  l / e  w i l l  be  l i n e a r  with a  ver- 

t i c a l  i n t e r c e p t  of 1 / k l [ ~ ] [ v ] .  The r a t e  cons t an t  f o r  e s t e r  formation ( k l )  

can be c a l c u l a t e d  from t h e  va lue  of t h i s  i n t e r c e p t  and known concen t r a t ions  

of glucose and vanadate .  I f  t h e  concen t r a t ion  of glucose-6-vanadate can be 

measured t h e  r a t i o  kcat/% can be obta ined  from Equation 5. Using t h i s  - 
r a t i o ,  and t h e  va lue  f o r  t h e  h o r i z o n t a l  i n t e r c e p t  of t h e  r e c i p r o c a l  r a t e  

p l o t  (-kcat/k2&), t h e  r a t e  cons t an t  f o r  e s t e r  -hydro lys is  (k2 )  can be 

es t imated  . 
A l t e r n a t i v e l y ,  i f  Keq f o r  t h e  e s t e r  i s  known, k2 can be c a l c u l a t e d  

from kl and t h e  equ i l i b r ium r e l a t i o n  Keq = k l /k2 .  kcat/% can then 

be determined from t h e  h o r i z o n t a l  i n t e r c e p t  of t he  r e c i p r o c a l  r a t e  p l o t .  

Figure 14 shows the  change i n  r a t e  of t h e  ox ida t ion  of g lucose  i n  t he  - 
presence of 0.1 mM vanadate  a s  t he  concen t r a t ion  of G6PDH is inc reased .  

The observed a c c e l e r a t i o n  of t he  r e a c t i o n  i s  c o n s i s t e n t  wi th  t h e  formation 

of an e s t e r ,  glucose-6-vanadate, which i s  accepted by t h e  enzyme a s  a  sub- 

s t r a t e .  Because t h i s  compound i s  s t r u c t u r a l l y  s i m i l a r  t o  t h e  t r u e  sub- 



Figure 14 

The effect of different enzyme (G~PDH) concentrations on the rate of 

vanadate activated NADP' reduction in the presence of glucose at pH 7.4. 

Reactant concentrations were: 1.0 mM NADP', 10 mM MgC12, 0.5 mM glucose and 

0.1 mM vanadate. G6PDH concentrations were as shown. The reactants, 

except glucose, were incubated at 30•‹C for 4 min. before the reaction was 

initiated by blowing 5.0 pL of the glucose stock solution through a 

capillary tube into a final volume of 0.3 mL. 

The concentrations of vanadate are: 0 (0) and 0.1 mM (A). The middle 

curve ( * )  shows the vanadate activated glucose oxidation after the 

unactivated glucose oxidation has been subtracted. 





s t r a t e  f o r  t h i s  enzyme, glucose-6-phosphate, i t  would be expected t o  bind 

more r e a d i l y  than g lucose  t o  t h e  enzyme. 

The f a c t  t h a t  t h e  r a t e  i n c r e a s e  wi th  i n c r e a s i n g  enzyme concen t r a t i on  

i n  t h e  presence of vanadate  l e v e l s  o f f  a t  h igh  enzyme concen t r a t i ons  can be  

expla ined  i f  t h e  product ion  of glucose-6-vanadate becomes r a t e  l i m i t i n g  a s  

\ 

more c a t a l y t i c  s i t e s  become a v a i l a b l e .  Since t h e  r a t e  of g lucose  ox ida t ion  

i n  t h e  absence of vanada te  shows a  l i n e a r  i n c r e a s e  wi th  enzyme concentra- 

t i o n ,  i t  i s  l i k e l y  t h a t  t h e  enzyme ma in t a in s  i t s  a c t i v i t y  a t  t h e  h i g h e s t  

concen t r a t i ons  used. 

Equation 9 p r e d i c t s  t h a t  a  p lo t  of r e c i p r o c a l  r a t e  v s  l / e  w i l l  y i e l d  - 
v a l u e s  f o r  t h e  k i n e t i c  parameters  of i n t e r e s t .  From t h e  v e r t i c a l  i n t e r c e p t  

of t h i s  p l o t ,  F igure  15, t h e  second o r d e r  r a t e  cons t an t  f o r  e s t e r  forma- - 
t i o n ,  k;, was found t o  be equa l  t o  35 M - ~ S - ~ .  Using t h e  v a l u e  Gq = 

1  0,084 If- obtained f r o m  the ?MR s p e c i r a  of g lucose ivanada te  s o i u t i o n s ,  and 

t h e  equ'ilib;ium r e l a t i o n  K = kl/k2,  t h e  f i r s t  o r d e r  r a t e  cons t an t  f o r  
eq 

e s t e r  h y d r o l y s i s ,  k2 ,  was c a l c u l a t e d  t o  be equa l  t o  420s". The va lue  fo r  

k2 was in t roduced  i n t o  t h e  exp re s s ion  f o r  t h e  h o r i z o n t a l  i n t e r c e p t  of t he  

r e c i p r o c a l  r a t e  p l o t ,  kcat/k2&, t o  o b t a i n  t h e  va lue  f o r  t h e  r a t i o  

The s i g n i f i c a n c e  of t h e  r a t i o  kcat/%, which is  r e a l l y  an apparent  

second o r d e r  r a t e  c o n s t a n t  a t  low s u b s t r a t e  c o n c e n t r a t i o n  ( ~ ~ u a t i o n  51, 

l i e s  i n  t h e  f a c t  t h a t  i t s  va lue  de te rmines  t h e  s p e c i f i c i t y  of  t he  enzyme 

f o r  competing s u b s t r a t e s  (27 ) .  In o r d e r  t o  compare this q u a n t i t y  wi th  t h e  

s u b s t r a t e ,  glucose-6-phosphate,  t h e  enzyme s a t u r a t i o n  behavior  f o r  glucose-  

, 6-phosphate was t e s t e d .  The r e s u l t s  a r e  p l o t t e d  i n  Figure 160 t h e  double  
-8 



Figu re  15 

The e f f e c t  of d i f f e r e n t  enzyme (G6PDH) c o n c e n t r a t i o n s  on t h e  r a t e  of 

vanadate  a c t i v a t e d  NADP' r educ t ion  i n  t h e  presence of g lucose ,  Figure - 15 i s  

a  double  r e c i p r o c a l  p l o t  of t h e  d a t a  from t h e  middle curve ( 0 )  of 

Figure 14. - 





r e c i p r o c a l  p l o t  of F igu re  J.6- appears  i n  F igure  - 17. Equat ion - 10 is  t h e  

r e c i p r o c a l  of t he  Michaelis-Menten equa t ion  which r e l a t e s  t h e  v e l o c i t y  o f  

t he  r e a c t i o n  t o  t h e  s u b s t r a t e  concen t r a t i on .  I f  t h e  o x i d a t i o n  of glucose-  

6-phosphate obeys Michaelis-Menten k i n e t i c s ,  t h e  p l o t  i n  F igure  - 17 should 

be desc r ibed  by Equat ion - 10, where [G-6-P] i s  glucose-6-phosphate. 

1 - - K, 1 + 
Rate kcat e [G-6-PI % a t  

From t h e  s l o p e  of t h e  l i n e  p l o t t e d  i n  F igure  17 t h e  kcat&, r a t i o  - 
f o r  glucose-6-phosphate a s  a s u b s t r a t e  f o r  G6PDH was found t o  be equa l  t o  

120 mLmg"s-l. 

From a comparison of t h e  va lues  f o r  t h e  kcat/& r a t i o s  of  glucose-  

6-vanadate and glucose-6-phosphate, i t  can be s e e n ' t h a t  t h e  kca t&,  

r a t i o  f o r  glucose-6-phosphate a s  a s u b s t r a t e  f o r  G6PDH is  t e n  t i m e s  t h a t  

f o r  glucose-6-vanadate. This  i s  a r ea sonab le  r e s u l t  s i n c e  i t  would be  

expected t h a t  t h e  enzyme would have a h ighe r  s p e c i f i c i t y  f o r  i t s  n a t u r a l  

s u b s t r a t e .  In  a publ i shed  s tudy  us ing  t h i s  enzyme (121, t h e  kCat/K, 

r a t i o  f o r  glucose-6-phosphate was found t o  be about t h r e e  t i m e s  t h a t  f o r  

The k i n e t i c  parameters  of t h e  t h r e e  g lucose  e s t e r s  - phosphate ,  arsen-  

a t e  and vanadate  a r e  d i sp l ayed  i n  Table V. It .is of i n t e r e s t  t o  compare 

t h e  e s t e r s  i n  terms of t h e i r  r a t e s  of formation and h y d r o l y s i s ,  t h e i r  equi- 

l i b r i u m  c o n s t a n t s  and t h e i r  kcat/& r a t i o s  a s  s u b s t r a t e s  f o r  G6PDH. 



Figure 16 

The effect of different concentrations of glucose-6-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 MgC12, 6.0~10-~ mg m ~ - l  G6PDH and 

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

the addition of 5.0 pL of the enzyme' stock solution to a final voll~ne of  

1.0 mL of the reaction mixture. The temperature was 30•‹C. 





Figu re  17 

The e f f e c t  of  d i f f e r e n t  glucose-6-phosphate c o n c e n t r a t i o n s  on t h e  

r a t e  of NADP+ r educ t ion  i n  t h e  presence of G6PDH a t  pH 7.4. Figure 17 i s  a  - 
double r e c i p r o c a l  p l o t  of t h e  d a t a  from Figure 16. - 
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The most remarkable f e a t u r e  of t h i s  group of e s t e r s  i s  t h e  f a c t  t h a t  

a l though t h e i r  e q u i l i b r i u m  c o n s t a n t s  d i f f e r  w i t h i n  a  f a c t o r  of t h i r t y ,  

t h e i r  r a t e s  of format ion  a r e  up t o  11 o r d e r s  of magnitude a p a r t .  The r a t e  

cons t an t  ( k l )  f o r  t h e  formation of glucose-6-phosphate i s  ex t remely  smal l .  

This  was i l l u s t r a t e d  by a  publ ished experiment where g lucose  and phosphate ,  

incubated t o g e t h e r  a t  room temperature  f o r  s e v e r a l  yea r s ,  produced l e s s  

t han  one t e n t h  of t h e  c o n c e n t r a t i o n  of glucose-6-phosphate expected a t  

e q u i l i b r i u m  (12) .  The k l  f o r  glucose-6-arsenate  is  5  o r d e r s  of magnitude 

l a r g e r  than t h a t  of glucose-6-phosphate ( 1 2 ) .  

The k l  f o r  glucose-6-vanadate t h a t  has  been determined from the  r ec ip -  

r o c a l  r a t e  - v s  ~ / ( G ~ P D H )  p l o t  shown i n  F igure  15 i s  approximately e l even  - 
o r d e r s  of magnitude l a r g e r  than t h a t  f o r  glucose-6-phosphate. The probable  

mechanism f o r  e s t e r  formation invo lves  t h e  vanada te  i on  a c t i n g  a s  an e l ec -  

t r o p h i l e  toward t h e  hydroxyl groups of g lucose .  The glucose-6-phosphate 

analogue i s  t h e  one t h a t  i s  t h e  most l i k e l y  t o  be accepted  by t h e  enzyme. 

One p o s s i b l e  mechanism f o r  e s t e r  formation and h y d r o l y s i s  i s  shown i n  

F igure  - 18. 

The d i f f e r e n c e  i n  magnitude t h a t  ha s  been found between t h e  format ion  

c o n s t a n t s  of t h e  g lucose  e s t e r s  of phosphate ,  a r s e n a t e  and vanadate  i s  un- 

doubted ly  a  f u n c t i o n  of  t h e  p r o p e r t i e s  of t h e  c e n t r a l  atom of  t h e  anion.  

. From Table I1 i t  can be seen  t h a t  i n  t h e  +5 o x i d a t i o n  s t a t e ,  t h e  c a t i o n  ra-  

. d i u s  i n c r e a s e s  from phosphate t o  a r s e n a t e  t o  vanada te  (0.34, 0.47 and 0.59 

r e s p e c t i v e l y ) ,  wh i l e  t h e  e l e c r o n e g a t i v i t y  d e c r e a s e s  (2 .1 ,  2.0 and 1.6) a- 

long t h i s  s e r i e s .  A l a r g e r  c e n t r a l  atom can accommodate more l i g a n d s ;  a l s o  

a  dec rease  i n  e l e c t r o n e g a t i v i t y  imp l i e s  a  1-ower n e g a t i v e  charge d e n s i t y  

c l o s e  t o  t h e  nuc leus .  From t h e s e  c o n s i d e r a t i o n s  t h e  t r end  f o r  kl  would be  



Fiaure 18 

A proposed mechanism for the spontaneous formation and hydrolysis of 

glucose-6-vanadate. kl and k2 are the rate constants for the formation and 

hydrolysis respectively . 





expected t o  i n c r e a s e  from phosphate t o  a r s e n a t e  t o  vanada te ,  a s  has  been 

found (Table V). 

In  a d d i t i o n ,  vanadium V c o n t a i n s  empty 3d o r b i t a l s  which a r e  a t  a  lower 

energy than t h e  empty 3d o r b i t a l s  of phosphate and t h e  empty 4d o r b i t a l s  o f  

a r s e n a t e .  In aqueous s o l u t i o n ,  some f i v e  and s i x  coo rd ina t e  vanadium V 

complexes a r e  known t o  e x i s t ,  whi le  on ly  four  c o o r d i n a t e  phosphate complex- 

e s  a r e  s t a b l e  under t h e s e  c o n d i t i o n s .  The a b i l i t y  of vanadium t o  form a 

s t a b l e  f i v e  c o o r d i n a t e  s p e c i e s  could s i g n i f i c a n t l y  lower t h e  energy of t h e  

t r a n s i t i o n  s t a t e  f o r  t h e  r e a c t i o n s  of  e s t e r  formation and h y d r o l y s i s ,  t hus  

enhancing t h e i r  r a t e s .  

B. Es t imat ion  of  k l  by 5 1 ~  Nuclear Magnetic Resonance. 

The NMR spectrum shown i n  Figure 10 was used p rev ious ly  t o  c a l c u l a t e  - 
t h e  equ i l i b r ium cons t an t  f o r  t h e  formation of glucose-6-vanadate from t h e  

peak a r e a s  of t he  vanadate  and t h e  1-0-methyl-glucose-6-vanadate s p e c i e s .  

From t h e  d i f f e r e n c e  between t h e  chemical s h i f t s ,  Av, of t h e s e  peaks,  an 

upper l i m i t  v a lue  f o r  k l ,  t h e  r a t e  cons t an t  f o r  e s t e r  formation has  been 

c a l c u l a t e d .  The presence  of i n d i v i d u a l  resonances  f o r  t h e  peaks a t  ambient 

t empera ture  placed an upper l i m i t  on t h e  r a t e  cons t an t  c a l c u l a t e d  by t h i s  

method. D e t a i l s  of t h e  procedure can be  found i n  Appendix 111. 

The k l  c a l c u l a t e d  us ing  t h e  NMR spectrum was equa l  t o  43 MT1s-l, a  

va lue  which i s  i n  r ea sonab le  agreement wi th  t h e  k l  of 35 ~ - l s " l  determined 

k i n e t i c a l l y .  A s  noted e a r l i e r ,  t h e  f a c t  t h a t  t h e r e  i s  a  s e p a r a t i o n  between 

t h e  peaks i n d i c a t e s  t h a t  t h e  r a t e  of exchange a t  ambient t empera ture  w i l l  



be slower than that calculated using Av. 

(ii) Glycerol-3-vanadate and Dihydroxacetone Vanadate 

Glycerol-3-phosphate dehydrogenasek (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 considerable enhancement of the reaction vel- 

ocity. 

The progress of the oxidation of glycerol by NAD', 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 dihydroxyacetone by NADH in the presence of vanadate, is fol- 
, -  

lowed by observing the decrease 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, gl~c'erol-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 

quantity of vanadate used in the experiment, it is expected that the prod- 
\ 

uct of the reaction undergoes rapid hydrolysis, releasing the vanadate ion 

into solution for the activation of other reactant molecules. 

Similar behavior has been reported for the reduction of dihydrox~ace- 

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 

e 



t h e  enhancement of  t h e  r e a c t i o n  r a t e  by a r s e n a t e .  

A model which d e s c r i b e s  t h e  proposed mechanism f o r  t h e  a c t i v a t i o n  by 

vanada te  is  presen ted  i n  F igure  - 19. 

The r e l a t i o n s h i p  between t h e  k i n e t i c  parameters  i n  F igure  19 i s  e x a c t l y  

analogous t o  t h a t  de r ived  f o r  t h e  g l u c o s e / ~ 6 ~ ~ ~  system.  quat ti on - 9, r e s t a -  

t ed  below, was de r ived  by cons ide r ing  a  s i m i l a r  model f o r  t h e  a c c e l e r a t i o n  

of  g lucose  o x i d a t i o n  i n  t h e  presence of vanadate .  It is used he re  t o  pre- 

d i c t  t he  behavior  of  t h e  l / R a t e  vs l / e  p l o t s  which d e s c r i b e  t h e  a c t i v a t i o n  - 
of g l y c e r o l  o x i d a t i o n  by vanada te  ( ~ i g u r e  20),  and t h e  a c t i v a t i o n  of dihy- - 
droxyacetone r e d u c t i o n  by vanadate  (F igure  21) .  In Equation 9 ,  X symboli- - 
zes  e i t h e r  g l y c e r o l  o r  dihydroxyacetone,  accord ing  t o  which d i r e c t i o n  of 

r e a c t i o n  i s  be ing  cons ide red .  Other symbols ,have t h e  meanings p rev ious ly  

d e f i n e d ;  t hey  appear  unprimed i n  r e f e r e n c e  t o  g l y c e r o l  o x i d a t i o n  and 

primed f o r  dihydroxyacetone r educ t ion  i n  F igure  - 19. kcat/Km i s  r e f e r -  

r ed  t o  a s  k3 i n  t h e  f i g u r e .  

F igu re s  22 and 23 show t h e  r a t e  vs  enzyme c o n c e n t r a t i o n  curves  f o r  t h e  - - - 
forward and r e v e r s e  r e a c t i o n s  i l l u s t r a t e d  i n  F igure  19. The leve l ing-of f  - 
of t h e  a c c e l e r a t i o n  a t  h igh  enzyme c o n c e n t r a t i o n s  is  a  r e c u r r e n t  cha rac t e r -  

i s t i c  of t h e s e  exper iments .  In t h e  c a s e  of  t h e  g lucose /G6PD~ system, i t  

was suggested t h a t  e s t e r  formation becomes r a t e  l i m i t i n g  a t  h igh  enzyme 

concen t r a t i on ,  as t h e  enzyme a c t i v i t y  was shown t o  be  p ropor t i ona l  t o  i t s  

c o n c e n t r a t i o n  i n  s t u d i e s  w i th  g lucose .  The r a t e s  of g l y c e r o l  o x i d a t i o n  and 

dihydroxy ace tone  r e d u c t i o n ,  c a t a l y s e d  by G3PDH a r e  ve ry  low, and t h e  



Figure 19 

The mechanism proposed to account for the acceleration of the enzymic 

oxidation of glycerol by NAD+, and the reverse reaction, the reduction of 

dihydroxyacetone by NADH, in the presence of vanadate ion. G3PDH symboli- 

zes the enzyme, giycerol-3-phosphate dehydrogenase. The k g s  indicate rate 

constants; unprimed for glycerol oxidation and primed for dihydroxyacetone 

reduction. 
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Figu re  20 

The e f f e c t  of  d i f f e r e n t  enzyme (G~PDH) c o n c e n t r a t i o n s  on t h e  r a t e  of  

vanadate  a c t i v a t e d  NAD+ r educ t ion  i n  t h e  presence of g l y c e r o l  a t  pH 7 . 4 .  

The r e a c t i o n  mix ture  conta ined  0 . 5  mM NAD', 6 2 . 5  mM g l y c e r o l ,  12 VM vana- 

d a t e  and G3PDH c o n c e n t r a t i o n s  a s  shown. The r e a c t i o n  was i n i t i a t e d  by t h e  

a d d i t i o n  of 5 . 0  pL of t h e  s t o c k  vanadate  s o l u t i o n s ,  blown i n  through c a p i l -  

l a r y - t u b i n g ,  t o  a  f i n a l  volume of 0 . 4  mL of t h e  r e a c t i o n  mix ture .  F igure  

20 i s  a  double  r e c i p r o c a l  p l o t  of t h e  d a t a  from Figure 2 2 .  - - 





Figu re  21 

The e f f e c t  of d i f f e r e n t  enzyme ( G ~ P D H )  concent r  a t i o n s  on the  r a t e  o f  

vanada te  a c t i v a t e d  NADH o x i d a t i o n  i n  t h e  presence of dihydroxyacetone a t  pH 

7.4. The r e a c t i o n  mix ture  conta ined  0.105 mM NADH, 1.25 mM dihydroxyace- 

t one ,  12 yM vanadate  and G3PDH concen t r a t i ons  a s  shown. The r e a c t i o n  was 

i n i t i a t e d  by t h e  a d d i t i o n  of 5.0 pL of t h e  s t o c k  vanadate  s o l u t i o n ,  blown 

i n  through c a p i l l a r y  t ub ing ,  i n t o  a  t o t a l  volume of 0.4 mL of  t h e  r e a c t i o n  

mix ture  a t  3 0 " ~ .  F igure  21 i s  a  double r e c i p r o c a l  p l o t  of t h e  d a t a  from - 
Figure 23. - 





Figure  22 

The e f f e c t  of  d i f f e r e n t  enzyme ( G ~ P D H )  concen t r a t i on  on t h e  r a t e  of 

vanadate  a c t i v a t e d  NAD+ r educ t ion  i n  t h e  presence  of g l y c e r o l .  Procedures  

and c o n c e n t r a t i o n s  a r e  t h e  same a s  t hose  desc r ibed  i n  F igure  2. 





Figure 23 

The effect of different enzyme ( G ~ P D W )  concentrations on the rate of 

vanadate gctivated NADH. oxidation in the presence of dihydroxyacetone. 

D r n e  ...,,edures and conditions are those which were desc r ibed  for Figure 2. 





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 activity. Alternatively, the curvature 

could be explained if ester formation becomes rate limiting at high enzyme 

concentrat ions. 

The rate constants for the formation (kl and kll) of the putative 

esters glycerol-3-vanadate and dihydroxyacetone vanadate have been calcula- 

ted from the vertical intercepts of Figures 20 and 21 respectively. Rate - - 
constants for ester hydrolysis (k2 and k2') were calculated using the equi- 

librium relation bq = kl/k2. Values for the equilibrium constants were 

obtained from the peak area ratios of vanadate ester to vanadate recorded 

on the 5 1 ~  NMR spectra (Figures 11 and 12). An example of this calculation - - 
can be found in Appendix 11. The values for k2 and k2' were used to deter- 

mine the kc at/^, 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 corresponding values for glycerol-3-phosphate and dihy- 

droxyacetone phosphate that have been reported in the literature. 
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It i s  apparen t  from Table V I  tha  !t t h e  r a t e  cons t a n t s  f o r  t h e  formation 

of glycerol-3-vanadate  and dihydroxyacetone vanada te  a r e  w i t h i n  two o r d e r s  

of  magnitude of each o t h e r  and of t h a t  of glucose-6-vanadate va able v ) .  It 

is expected t h a t  t h e  kl va lues  f o r  t h e  cor responding  phosphate e s t e r s  w i l l  

be many o r d e r s  of magnitude sma l l e r ,  a s  i s  t h e  c a s e  wi th  glucose-6-phos- 

pha te ,  but  i n  t h i s  c a s e  l i t e r a t u r e  va lues  a r e  no t  a v a i l a b l e  f o r  compar- 

i son .  

The kc at/^, v a l u e s  t h a t  have been c a l c u l a t e d  f o r  glycerol-3-vana- 

d a t e  and dihydroxyacetone vanadate  a r e  unexpectedly h ighe r  than  those  pub- 

l i s h e d  by Rent ley and Dickinson ( 2 9 )  f o r  glycerol-3-phosphate  and dihydrox- 

of  an enzyme f o r  i t s  s u b s t r a t e ,  i t  i s  usua l  f o r  t h e  n a t u r a l  s u b s t r a t e  t o  

produce t h e  h i g h e s t  va lue  f o r  t h i s  r a t i o .  A t r u l y  q u a n t i t a t i v e  comparison 

can be made on ly  when both  experiments  have been performed under t h e  same 

c o n d i t i o n s .  Since Bent ley and Dickinson used a phosphate b u f f e r  and a 

d i f f e r e n t  enzyme p r e p a r a t i o n ,  t h e i r  r e s u l t s  may not  r e f l e c t  t h e  k c a t / ~ m  

v a l u e s  f o r  glycerol-3-phosphate and dihydroxyacetone phosphate under t h e  

c o n d i t i o n s  f o r  which t h i s  r a t i o  has  been determined f o r  glycerol-3-vanadate  

and dihydroxyacetone vanadate .  Because of  t h e s e  c o n s i d e r a t i o n s  an a t tempt  

was made t o  o b t a i n  t h e  kcat/Km va lues  f o r  glycerol-3-phosphate  and 

dihydroxyacetone phosphate  under t h e  c o n d i t i o n s  of t h e  vanada te  experi-  

ments.  This  a t tempt  was no t  s u c c e s s f u l  f o r  t h e  r ea sons  d i s cus sed  below. 

The enzyme G3PDH is  s t r o n g l y  i n h i b i t e d  by i t s  own s u b s t r a t e s  and coen- 

zymes (29). Therefore ,  a l a r g e  e x t r a p o l a t i o n  i s  necessary  t o  o b t a i n  (a v a l -  

ue f o r  t h e  r a t e  of r e a c t i o n  a t  i n f i n i t e  s u b s t r a t e  concen t r a t i on .  The low 



concen t r a t i ons  e s s e n t i a l  t o  prevent  enzyme i n h i b i t i o n  lead  t o  low r a t e s  of 

r e a c t i o n .  Although t h e s e  low r a t e s  were de t ec t ed  by absorbance spec t rosc-  

opy, they could no t  be d i f f e r e n t i a t e d .  In  o r d e r  t o  measure t h e  k i n e t i c  

parameters  c o r r e c t l y ,  i t  w i l l  be necessary  t o  use more s e n s i t i v e  instrumen- 

t a t i o n ,  such a s  t he  f l uo re scence  spectrophotometer  and rapid-mixing appara- 

t u s  used i n  t h e  experiments  done by Bentley and Dickinson (29). 

Another reason  f o r  t h e  h igh  va lues  ob ta ined  f o r  t h e  kcat& r a t i o s  

of t h e  vanadate  e s t e r s  could be t h a t  g l y c e r o l  and dihydroxyacetone do not  

i n h i b i t  t he  enzyme t o  t h e  same e x t e n t  a s  t h e  phosphate e s t e r s .  In a  s tudy  

wi th  G3PDH by J a f f e  and Apitz-Castro (13) ,  i n  which t h e  a c t i v a t i o n  by 

a r s e n a t e  of dihydroxyacetone r educ t ion  was measured, dihydroxyacetone d i d  

no t  e x h i b i t  t h e  enzyme i n h i b i t i o n  c h a r a c t e r i s t i c  of dihydroxyacetone phos- 

phate .  

I V .  Margin of E r ro r  

The kcat/% r a t i o  c a l c u l a t e d  • ’ o r  t h e  n a t u r a l  s u b s t r a t e  i s  dependent 

upon measurement of t h e  t r u e  i n i t i a l  v e l o c i t y  of t h e  r e a c t i o n ,  a s  t h e  va lue  

f o r  t h e  t o t a l  enzyme c o n c e n t r a t i o n  ( e  = [Elo)  has  been used i n  t h e  

c a l c u l a t i o n s .  S ince  a per iod  of  approximately f i v e  seconds e lapsed  be fo re  

t h e  v e l o c i t y  was measured i n  t h e s e  exper iments ,  i t  i s  p o s s i b l e  t h a t  t h i s  

f a c t o r  could lead  t o  some e r r o r  i n  t h e  kcat/& va lue .  The r e s u l t  of a  

d e l a y  i n  measurement would be t h a t  t h e  i n i t i a l  v e l o c i t i e s  de t ec t ed  would be 

lower than t h e i r  t r u e  va lues .  Since t h e  s lope  of t h e  l / R a t e  

l / ( S u b s t r a t e )  p l o t  i s  equa l  t o  %/kcate,  t h e  s t e e p e r  s l o p e  r e s u l t i n g  

from t h e  lower v e l o c i t i e s  would lead  t o  a  lower va lue  f o r  kcat/I$,,. 

Therefore ,  i t  i s  p o s s i b l e  t h a t  t h e  kcat/% c a l c u l a t e d  f o r  



(120 mlsng'l 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 kcat/Km ratio. and the kl calculated for the vanadate 

esters are dependent upon 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. In 

the experiments performed on giucose, glycerol and dihydroxyacetone, 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/% and 

kl will be higher than those reported here. 



CONCLUSION 

Rapid, spontaneous vanadate  e s t e r  formation wi th  t h e  hydroxyl groups on 

g lucose ,  g l y c e r o l  and dihydroxyacetone i s  supported by ev idence  from NMR 

and from enzymic r a t e  s t u d i e s .  The f a c t  t h a t  vanadate  a c c e l e r a t e s  t h e  oxi- 

d a t i o n  of g lucose  ca t a lyzed  by glucose-6-phosphate dehydrogenase,  but  no t  

t h a t  of 6-deoxyglucose i n d i c a t e s  t h a t  vanadate  r e q u i r e s  a  f r e e  hydroxyl 

group on t h e  6-carbon of g lucose  t o  exp re s s  i t s  a c t i v i t y .  The f a i l u r e  o f  

vanadate  t o  i n h i b i t  t h e  o x i d a t i o n  of glucose-6-phosphate under s i m i l a r  con- 

d i t i o n s  (21) shows t h a t ,  a t  t h e s e  c o n c e n t r a t i o n s ,  t h i s  ion  does no t  s i g n i f -  

i c a n t l y  i n t e r a c t  wi th  t h e  enzyme. 

Sulpha te  a l s o  a c t i v a t e s  t h e  enzymic o x i d a t i o n  of g lucose .  However, i t s  

behavior  w i th  o t h e r  s u b s t r a t e s  impl ies  t h a t  it a c t i v a t e s  by a  d i f f e r e n t  

pathway than t h a t  of vanadate .  Su lpha te  a c c e l e r a t e s  t h e  o x i d a t i o n  of 6- 

deoxyglucose and - i n h i b i t s  t h e  o x i d a t i o n  of  glucose-6-phosphate (191, 

r e s u l t s  c o n s i s t e n t  w i th  t h e  formation of sulphate/enzyme complex which fac-  

i l i t a t e s  b ind ing  wi th  6-deoxyglucose, but  b locks  b ind ing  wi th  glucose-6- 

phosphate.  

The r a t e  c o n s t a n t s  of formation f o r  vanadate  e s t e r s  have been found t o  

be many o r d e r s  of  magnitude h ighe r  t han  those  of  phosphate e s t e r s .  

P h y s i o l o g i c a l l y ,  t h e  concen t r a t i on  of phosphate e s t e r s  i s  c o n t r o l l e d  by 

enzymes which c a t a l y z e  phosphory la t ion  and dephosphory la t ion  r e a c t i o n s  

accord ing  t o  t h e  requirements  of t h e  c e l l .  The a b i l i t y  of vanada te  t o  

spontaneously form compounds which can s u b s t i t u t e  f o r  phosphate s u b s t r a t e s  

i n  enzymic r e a c t i o n s  may be r e s p o n s i b l e  f o r  some of i t s  t o x i c  e f f e c t s .  



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 equilibrium 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 conditions. 

The ability of the vanadate ion to react 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 

biological systems. 



APPENDIX I 

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

d [Gluconat el 
R = = kg [GI [El + k3[E] [G-6-V] + k4[~.sI [GI (la) 

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: 

- The total enzyme concentration, e: 

e = [E] + [ E o S ]  

- The rate of formation of G-6-V: 

d [G-'6-V] 
= kl [GI [V] - k2 [G-6-V] - kg [El [G-fj-V] 

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 Id gives the value - 
for the steady state concentration of G-6-V. 

[G-6-V] 
kl [GI [VII 

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



S u b s t i t u t i o n  of - l g  i n t o  - l e  g ive s :  

When I f ,  l g  and l h  a r e  s u b s t i t u t e d  i n t o  l a  and t h e  s i m p l i f y i n g  assumption - - - - 
i s  made t h a t  k2 >> k3e  (1 + Q [ S ] ) ,  which would be t r u e  a t  low enzyme 

c o n c e n t r a t i o n ,  Equat ion - 1 i s  ob t a ined .  
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APPENDIX 11 

The peak at 560 ppm. on the NMR spectrum of the glycerol/vanadate solu- 

tion (Figure - 11) which is assigned 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 toa 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 of glycerol phosphate in water. Assuming that the ratio of vanadate 

esters is the same as that of the phosphate esters, the equilibrium 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 

(K,~) is calculated from the peak area ratio of monoester to vanadate 

(pGV/pV), where G stands for glycerol and V for vanadate. [GI is the 

concentration of glycerol. 



The concentration of primary vanadate monoester (p) can be calculated 

using the value for the primarylsecondary ratio (p/s) obtained by Fordham 

and Wang (26) for phosphate esters. 

= 0 . 5 ~  ~ o - ~ M  

The equilibrium constant for the formation of the primary vanadate 

monoester (K',~) can now be calculated. 
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The Gutowsky-Holm equation (28) provides the rate constant (kex) for 

an exchange between two equally populated sites at the coalescence 

temperature, where Av is.the difference in chemical shift between the two 

species. 

Using this relation and their new approximation formula, Fraser -- et al. (28) 

obtained rate constants for the case of unequal singlet peaks within 4% of 

the more accurate but cumbersome method of complete line shape analysis. 

For the process 

G + V GV + 820 

where G = 1-0-methylglucose 

V = vanadate 

GV = Glucose vanadate monoester 

At equilibrium: 

ki [GI [Vl = k2[H201 [GVI 

where kl and k2 are the rate constants for vanadate 

hydrolysis respectively. 

ester formation and 



The F r a s e t  e t  a l .  f o rmu la t ions  a re :  -- 
- 

k~ - 2 k e x P ~ ~  
f o r  vanadate  going t o  g lucose  vanadate  e s t e r  

a - 
k~~ - 2 k e x p ~  

f o r  e s t e r  h y d r o l y s i s  

= k2 (H20) 

where P i s  t h e  r e l a t i v e  popula t ion  r a t i o  of t h e  s p e c i e s  denoted by t h e  

s u b s c r i p t .  The popu la t i on  r a t i o  of each vanadate  s p e c i e s  i s  determined by 

t h e  r a t i o  of i t s  peak a r e a  t o  t h e  t o t a l  peak a r e a  of vanadate  s p e c i e s .  

From Figure  10, - 
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