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~ n o r g a n i c  vanadate  

*, ' 

(Vi) a c t i v a t e s  . c a t a l y s i s  by ,g lucose 
i 

6-phosphate dehydrogenase (G6-PDH) of  t h e  ax ida t ion .  of g lucose  
F 

by NADP+. A s  {he Concentra t ion o f  t h e  enzyme i s  inc reased ,  

,the r a t e  of  t h e  vanadate-act ivat 'ed  glucoge ox ida t ion  becomes 
t 

v l e s g .  s e n s i t i v e  t o  i n c r e a s e  i n  enzyme c o e c e n t i a t i b n .  The r a t e -  
. i 

of g lucose  o x i d a t i o n  i n  *.the absence of vanadate  ' i n c r e a s e s  

l i n e a r l y  wi th  enzyme concen t r a t i on .  c his r e s u l t  i s  i n t e r p r e t -  
- - - - - 

i 

ed i h  terms of nonenzymic formation of g lucose  6-vanadate,  an 

ana log  of t h e  enzyme's phys io log ica l  s u b s t r a t e ,  g lucose  6- 

phosphate.  A t  h i g h  enzyme concen t r a t i on ,  t h e  vanadate  ester ' 

fo rma t ion  r e a c t i o n  becomes p a r t i a l l y  r a t e - l i m i t i n g ,  and e x t r a -  
< 

p o l a t i o n  ' t o  i n • ’  i n i t e  enzyme concen t r a t i on  a l lows  determi 'nation,  

of t h e  second o r d e r  rate c o n s t a n t  f o r  fo rmat ion  of t h e  ester - . , 

from g lucose  and vanada,te. -- 

2 - 
Sulpha te  (SO4 ) , ' a l s o  a c t i v a t e s  c a t a l y s i s  by G6-PDH of t h e  

ox ida t ion  of g lucose  by NADP+. The s u l p h a t e  ac tLva t ion  i s  

i n t e r p r e k e d  i n  terms of a c t i v a t i o n  of t h e  enzyme as -a  glucose 
2 - 1 

oxidase  by b ind ing  of SO4 t o  t h e  phosphate-binding domain i n  

t h e  c a t a l y t i c  s i t e ,  i .e . ,  b ind ing  of su lpha t e*  a t  t h e  reg ion  of 

t h e  c a t q l y t i c  s i t e  occllpied by - t h e  -- phosphate -- moiety of G6-P 

when t h e  p h y s i o l o g i c a l  s u b s t r a t e  i s  bound a t  t h e  catalytic - - - - - - - - -- -- 



- - - - -- - - - -- 

s i t e .  Supporting t h i s  i n t e r p r e t a t i o n  a r e  t h e  observat ions 
2 - 

t h a t :  a )  SOL i n h i b i t s  c a t a l y s i s  by G6-PDH of oxida t ion  of 

boch G6-P and the  p u t a t i v e  glucose 6-yanadate, while Vi 
9 

does not ,  a t - t h e  concentrat ions used i n  t h i s  s tudy,  i n h i b i t  

G6-P oxida t ion ,  and b) the  sulphate  a c t i v a t i o n  is  not s(l tur-  
4 - a b l e  by enzyme, i.;. , t he  r a t e  of the su lphate-ac t iva ted  g l  

' r  

4 
cose oxida t ion  inc reases  l i n e a r l y  with erfzyme concent ra t ion .  

2 

B y  ex t rapo la t ing  t o  in• ’  i n i t e  G6-PDH concent ra t ion ,  the  
- 

-- -- - -  - - 

second order  ratg constant  f o r  formation of glucose 6-vana- 

d a t e  from g l u c o ~ e  and vanadate at  pH 7.0 was determined t o  be 

1.93. M-' s-' . This can be compared with the  corresponding 

values fo r  formation of G6-P ( 9.*0 x ~o-"M-'s-  and* G6-As 
t 

- (6 .3  X . ~ O - ~ M - ' S - ' ) .  - In  the  pH range from 7.0 t o  8.4 the  'C --l 
second order  r a t e  constant  f o r  G6-V formation increased from 

- 

1.93 M"S" t o  11.2 M-'s-'. - 

It  is concluded t h a t  t h e  nonenzymic formation of glucose 

6-vanadate i s  formed i n  a  f a c i l e  nonenzymic reac t ion  from 

glucose and vanadate, and t h a t  it i s  a  s l ibs t r a t e  f i r  glucose . * 

6-phosphate dehydrogenase. I f  th2s  i s  an ins tance  of a  

genera l  phenomenon, i . e . ,  rapid  formation of vanadate e s t e r s  

which a r e  s u b s t r a t e s  for -  enzymes which ca ta lyze  reac t ions  bf 
- 

- 
-- - - -- 

t h e  corresponding phosphate e s t e r s ,  then it may be a  f a c t o r  
-- 

i n  some of the  phys io logica l  e f f e c t s  of vanadium. 
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General Introduction - 

1.1 Introduction > 

I. 2 Distribution of Vanadium in the Environment 

I. 3 Vanadium and Human Exposure 
2 - - 

h 

I .4 Biological Effects of Vanadium 
2 C 



I. 1 Introduct Fan 

Vanadium belongs t o  t h e  Group VB t r a n s i t i o n  metals thit 
b 

a l s o  includes niobium and tantalum. .,The e l e c t r o n i c  configura-  
-* 

t i o n  f o r  vanadium i n  i t s  zero oxidat ion - . s t a t e  is [Ar] 3d34s2. 
-+ 

The Group VB t r a n s i t i o n  metals a r e  charac ter ized  by having 

t h e i r  d - o r b i t a l s  p a r t i a l l y  f i l l e d  ( 3  e l e c t r o n s  i n  t h e  
I 

d k o r b i t a l s  i n  the  ground s t a t e ) .  P o t e n t i a l  oxida t ion  s t a t e s  

f o r  vanadium range from 0 t o  +5; however, vanadium i n  the  +4 

and +5 formal oxida t ion  s t a t e s  a r e  the  most . s tab le  forms (v4+ 

and v5+ a r e  not known) (1). 

t i 

1.2 Distrfbution of Vanadium in the Environment 

- 

Vanadium has an abundance i n  na ture  of about 0.02%. It 
- - -  

' occurs commonly but  not uniformly i n  the  e a r t h ' s  c r u s t  where 

i t s  average concent ra t ion  is  between 100 - 150 mg/Kg o r e  

( 1 2 )  In rocks and s o i l ,  vanadium does not occur a s  the  f r e e  

mecal but  r a t h e r  a s  vanadate of copper, z inc ,  lead ,  uranium, 

i r o n ,  calcium and potassium ( 2 ) .  -Genera l ly ,  vanadium is  

p resen t  i n  the  rocks a s  a r e l a t i v e l y  insolub.le s a l t  i n  the  

t r i v a l e n t  s t a t e  (2)-. , 

Fresh water contains  va r i ab le  amounts of vanadium ranging 
v 

- - - - - - - - - -- - - - -- - -- - - 

from 0.3 t o  200.0 p g / ~  (2) .  Although the  concentrat ion of 

vanadium i n  sea water i s  usually- low (2.0 - 29 0 pg/L), the  



t o t a l  amount i n  oceans is about 7.5 x l o 1  * K g  (2) .  The con- 

> c e n t r  t i o n s  of vanadium i n  a v a r i e t y  of p l a n t s  and animais are 

g iven  i n  Table 1.1 (2 ) .  

Genera l ly ,  marine p l a n t s  and i n v e r t e b r a t e  animals c o n t a i n  

more vanadium than  land p l a n t s ,  i n s e c t s  and v e r t e b r a t e s .  The 

b 
vanadium c o n c e n t r a t i o n s  i n  t h e  t i s s u e s  of  wi ld  animals  a r e  

l i s t e d  i n  Table 1 .2  ( 2 ) .  

1.3 Vanadium'and Human Exposure 

Exposure t o  vanadium pentoxide d u s t  produces a c l i n i c a l  
t 

syndrome c h a r a c t e r i z e d  by i r r i t a t i o n  of t h e  eyes ,  nose and 

t h r o a t ,  followed by r a l e s  throughout t h e  lungs and a c u t e  bron- 

chospasm similar t o  b ronch ia l  asthma - ( 3 3 .  

I--4 Biological Effects df Vanadium 

Vanadium has long been known t o  be e s s e n t i a l  f o r  normal 

growth and development of animals .  The r e s u l t s  of a s tudy  

which w a s  c a r r i e d  ou t  on some l a b o r a t o r y  animals ( r a t s  and 

ch i cks )  showed t h a t  r e t a r d a t i o n  of growth occurred when those  

animals  were kep t  on a  d i e t  d e f i c i e n t  i n  vanadium ( 4 ) .  It w a s  
- - - -  - - --- - - - -- 

a l s o  found t h a t  t h e  amount of d i e t a r y  vanadate  r equ i r ed  f o r  
-- - t- -- - --- - - 

t h e  normal growth of a rat  w a s  100 p a r t s  pe r  b i l l i o n ,  o r  2  nM, 
* 3 5 

and t h e  normal tissue concen t r a t i on  was about 0 .2  n  mole per  g 

w e t  weight (4) . 



TABLE 1.1 . a' . 

Vanadium in Plants and Animals(2) 

Source 

Plants : 

Plankton 5.00 

Brown algae 
,-. 

Bryophytes 
i 

Ferns 

Gymnosperms 

Angiosperms 

Fungi 

Animals : 

Plankton 

Anne 1 ids 

Molluscs 

Echinoderms 

I Crustaceans 

Insects 

Fish 
- - 



TABLE 1.2 

Vanadium Concentratio 
Animals W' the Tissues of Wild . 

Tissue* 

--- - - 

[v]  pg/g (dry.wt) 

" Mean Range 

Kidney 0.94 0.00. - 2.07 

Liver  0.25 0.00 - 0.94 

Heart  

Spleen 

* O f  those  t e s t e d  an'imals, t he  only t i s s u e  i n  which no -. 
vanadium was de tec t ed  ff? any instance m&hi Tang; 



- - 

/ Vanadium i s  widely d i s t r i b u t e d  i n  many p l a n t s  and a n i -  

mals, many of  which are inges t ed  by human be ings .  The d i s -  

covery of a n a t u r a l l y  occur ing po ten t  i n h i b i t o r  of  sodium 
. . 

potassium s t i m u l a t e d  adenosine t r i p h o s p h a t a s e  [ ( ~ a + ,  K+) 
rJ 

ATPase] i s o l a t e d  &om s t r i a t e d  muscle (5) has  r a i s e d  t h e  i dea  
m 

t h a t  t h e  element may have a phys io log ica l  r o l e  and many 

experiinents have- been c a r r i e d  ou t  t o  s tudy  i t s  e f f e c t .  

The i n t e r a c t i o n  of  vanadate  i n  t h e  +5 o x i d a t i o n  s t a t e  

w i th  p u r i f i e d  dog kidney (I4at, K+) ATPase waspstudied ( 6 ) .  - 

It w a s  found t h a t  vanadate  bound t o  one h igh  a f f i n i t y  s i t e  

and one low a f f i n i t y  s i t e  per  enzyme molecule. Binding t o  

t h e  h igh  a f f i n i , t y  s i t e  w a s  s u f f i c k e n t  t o  cause more than 95% 

i n h i b i t i o n  of t h e  enzyme, Scheme 1.1. . It w a s  a l s o  found t h a t  

i n  t h e  presence of vanadium, t h e  enzyme .had a h i g h e r  a f f i n i t y  
J - 

towards potassium and t h i s  reduced i t s  a f f i n i t y  towards sod i -  

um. . From t h e  above s tudy ,  it seems t h a t  vanadate  a c t e d ,  i n  a 

co -ope ra t ive  manner wi th  'potassium i n  promoting i n h i b i t i o n  

of  t h e  sodium pump which i m p l i e ' s  t h a t  vanadate  may have a 

p h y s i o l o g i c a l  r o l e  i n  c o n t r o l l i n g  t h e  rate of t h e  .sodium 

A f t e r  t h e -  d i scovery  of  t h e  powerful i n h i b i t o r y  e f f e c t  of 
- --- - -- 

vanadate  on ( ~ a + ,  K+) A T P ~ S ~ ,  it w a s  thought  t h a t  it may be 

s p e c i f i c  f o r  thIs enzyme oilry, as i t  %as c ~ m ~ ~ ~ ~  i n e f -  - 

f e c t i v e  on sacrop lasmic  r e t i c u l u m  c a 2 + - ~ ~ p a s e  (5)  . The * . - .. 





inhidition of ca2+-~Tpase ofShu6an red cell membranes by 

vanadate was studied. The steady-state level of the 

ca2+-dependent phosph~-enzyme decreased and, as &ifkhe case , 

of (~a+, K+)-~Tpase, this may be a result bf a similar E2 + 

El  conformat ional change. Inhibit ion by vanadate, thus, 

seems to be due to its binding to the high- affinity site for 

ATP. Vanadate inhibition was also found to be dependent on. 

the presence of M ~ ~ +  and K+ (7). High concentrations of ~ 

ca2+ were shown to decr&se the inhibLtion by vanadate and 

this had made the observation of such inhibition'of the 

enzyme difficult in the eaL1i~r studies. Vanadate 

inhibition was also shok by using rabbit muscle 

sacroplasmic reticulum ca2+-~Tpase, ca2+- M ~ ~ + - A T P ~ S ~ S  of 
,-. 

ascites plasma membrane and K+-ATP~S~ of E. Coli (8). 

G A study on the dietary ingest n of small amounts of 

vanadate (a potent inhibitor for (~a+, K+)ATP~S~) in rats 

showed that slow increases in their blood pressures occurred--+; 

- (9) (a similar effect was also observed 'in dogs (10). 

Increased pressure correlated positively with plasma 

vanadium levels. 

Ln an experiment using redbhod -selLs fxudumans, it "--- 

was found that vanadate, which was taken up by these cells, - 

was converted from the +5 to the +4 ~xidation state (ll).' 



\ .  
The conversion of vanadate to the +400xidation state is not 

a /' 

surprising in view of the reducing environment in the ged 

cell cytoplasm and this can occur in -the other cells which .+ . 

may take up vanadate. 
U 

Vanadate has *an effect on many enzymes which catalyze 

phospho.ry1 transfer or release reactions. In recent 'studies, 

it was shown that vanadate acted as a potent inhibitor of 

many enzymes - (12). - The effect of vanadium IV - and V on the 
- 

- - - - - - 

enzyme ribonuclease, which catalyzes the hydrolysis of cyclic 

uridine 2',3'-phosphate, showed that the-enzyme was 

competitively inhibited by complexes of vanadium IV and V 

with uridine, with- dissociatidn boqstants of 10-12 p M 113). 

The association constant for the binding. o f  the 

vanadyl-uridine complex'to rihtluclease was 1000 and 40-fold ' 

higher than that for the substrate and the product, 
7 

respectively. This was rationalized by two possibilities. 

First, on the basis that vanadium may co-ordinate strongly 

with   is'^ and/or   is"' at the active site of the enzyme 

(13). The other possibility was that the vanadium complex - 

may adopt a structure similar to tbat of'the substeate 

portion of the transition state for the ribonuclease - 
- - - - - - - - - - -- - -- - 

,catalyzed hydrolysis of phosphate esters, which was thought 
- -- -- -- - - -- 

to resemble a trigonal bipyramid of penta-oxophosphorus in 

which the entering and leaving groups were in axial positions. ' 



tor of alkaline phosphatase from E. Xoli (14). Vanadate 

clearly .showed inhibit-ion by competition with phosphate ions 

over the pH range 7.0 - 10.0 with a Ki (inhibition constant) 
value of 2.2 p M for vanadate compared to a corresponding 

value of 1.5 p M for phosphate. Oxovanadium ion was 

bind about five to six times stronger than phosphate, with a , 

Ki value of 0.4 M which indicated it to be a more potent 

inhibitor (14) . The enzyme -bound vanadium -(m and V) ions 

have some resemblance to the metastable intermediate formed - 
during the hydrolysis of phosphate esters (14). Thus it is 

r. 
reasonable to hypothesize that some of the physiological * 

effects of vanadate are due to how it acts as a phospfiate ana- -- 

log in the biochemical reactions. 
- - - ,  -- - , 8 

Some experimental evidence inhicated that vanadate acted 

catalytically to stimulate the oxidation of glyceraldehyde 3- - 
C . ,  

phosphate in the presence of the enzyme glyceraldehyde 3-phos- 

phate dehydrogenase (G3-PDH) and NAD + (15) ; These results 

were rationalized by proposing the formation of 1-vanado-3- - -  

phosphoglycerate which then rapidly hydrolyzed to vanadate and 
<-  

3-phosphoglycerate. When vanadate was replaced by phosphate, 
- - - - -  -- -- d-- - - - . 

1,3 diphosphoglycerate was formed and the reaction reached 
-- - - -- - -- - - - - 

equilibrium with the accumulation of the latter compound. The 



\- * 

Scheme 

* I . e 
f ,  

H-C- ' O H  



rate 05 the oxidation reaction was limited by the slow hydrol- 

ysis rate of 1,3 diphosphoglycerate '(Scheme 1.2). A similar 

mechanism was proposed to account for the stimulation, by 

arsenate of the glyceraldehyde 3-phosphate dehydrogenase Cata- 

lyzed oxidation of glyceraldehyde 3-phosphate by NAD+ (15). 

9 
A study 'of arsenate   AS^) showed that it reacted with 

glucose or gluconate to form the arsenate,esters glucose 6- 
" 

. . - - -  _ f 
arsenate (G 6-As) and 6-arsenogluconate (6-AsG) (16). These 

- - - - -  - - - -  - - - - - -7 - = - -- 
w - - 

esters were found to be substrates for the enzyme glucose 6- 

phosphate dehydrogenase (G6-PDH) and 6-phosphogluconate dehy- 

drogenase (6-PGDH) (16). The object of the study reported in 

this thesis was to investigate whether vanadate and arsenate 

act similarly in the.glucose &phosphate dehydrogenase catal- 
- - - -- -- - - - - 

yzed oxidation of glucose. 

the reaction shown below: 

NADPH 

- 

The equilibrium constant for the overall reaction is near 1.0 

at pH 7 (26). The enzyme from yeast has a m6lecular weight of 



128;000' ( 2 7 ) .  ~his' enzyme is used to determine directly G6-P 

and NADP+, and to determine many other species -indirectly in . 

coupled enzyme assay - systems . The activity is mosq conven- 

iently measu~ed spectrophotometrically by the rate- of forpa- 

tibn o'f HADPH, which is measured by the increase in absorbance 

at 340 nm. * 



CHAPTER I 1  

Exper imeaal  Sect ion  and Methods a•’ Analys i s  - - - -- - 

\ 

11.1 Experimental Sec t i on  

1 1 . 3  Methods o f  Analys is  



11.1 Experimental Section 

11.1.1 Reagents and Solutions ir 

Unless otherwise s t a t e d ,  a l l  the  reagents  used i n  t h i s  
w 

study were commercially a v a i l a b l e  (reagent grade) and were 

used without f u r t h e r  p u r i f i c a t i o n .  

a) Trizqa Base: (Sigma Reagent Grade) 

50 r&l T-acetate  (6.055 g / l )  was pre#ared and adjus ted  t o  

t h e  indica ted  pH f o r  each experiment, ~ h %  pH of the  s o h e i o n  
FD 

was adjusted by using 1M a c e t i c  ac id .  A l l  t he  following solu-  

t i o n s  were prepared i n  the  T-acetate b u f f e r .  

J 

b) Glucose : (Aarachem Reagent Grade) 

Stock s o l u t i o n s  of 20 mM glucose were prepared by d i s s o l -  

ving 0.363 gm glucose/lOO m l  T-acetate buf fe r  - s o l u t i o n .  - 

c) Magnesium Chloride: (Amachem Reagent Grade) 

Solut ions of magnesium chlor ide  (MgC12) of concentrat ions 

of 100 mM (2.303 g Mgc12/100 m l  T-acetate  b u f f e r )  were prepar- ' 

d 

c) Nicatinamide Adenine Dinucleotide Phosphate (oxidized 

prepared by d i s so lv ing  0.30 g per 3  m l  T-acetate buf fe r  solu-  

t i o n .  T h e  &I- of the  s o l u t i o n s  were then ad jus ted  by using 1 M  

sodium hydroxide so lu t ion .  - 
- 



- ---- 

e) Sodium Orthovanadate : (Fisher Scientific Company Reagent 

Grade) 

Sodium orthovanadate was used without f u r t h e r  p u r i f i c a -  

t i o n .  Since t h e  degree of hydration of t h e  sodium v a n d a t e  

w a s  not s p e c i f i e d ,  the  concentrat ions of the  s tock  so lu t ions  

were determined by d i l u t i n g  t o  approximately 2 x 10 '~  M a t  pH 
1 

10:5 and measuring the  absorbance a t  A = 260 nm. A t  t h i s  pH 

an-oncentration vanadium e x i s t s  e s s e n t i a l l y  e n t i r e l y  a s  
d 4 

H V O ~ * - ,  whose molar e x t i n c t i o n  c o e f f i c i e n t  ( E )  a t  260 nm is  

3.55 x lo3. (17).  The formula weighf of sodium orthovanadate 

w a s  ca lcu la ted  and s tock so lu t ions  of 4 mM vanadate so lu t ions  

were prepared i n  50 mM T-acetate  b u f f e r ' s o l u t i o n s  without 

ad jus t ing  t h e  .pH. 

f )  Glucose 6-Phosphate : (sigma Reagent Grade) 
- - - - 

A stock s o l u t i o n  of 1 m M  glucose 6-phosphate (0.028 g / l O O  

m l  T-acetate  buf fe r  s o l u t i o n )  was prepared and i t s  pH was 

adjus ted  t o  7.4. 

g) Sodium Sulphate : (BDH Chemicals) 

2.845 g of sodium sulph@e5 were dissolved i n  100 m l  of 

T-acetate  b u f f e r  s o l u t i o n ,  a t  pH 7.4, t o  give 0.2 M s o l u t i o n .  
d 

'% drogenase enzyme (Sigma type V I I ,  prepared from Bakers yeas t )  
d 



w a s  d i a l y z e d  ove rn igh t  a g a i n s t  two l i t e r s  of 50 mM T-ace ta te  

b u f f e r  s o l u t i o n  ( a t  t h e  i n d i c a t e d  pH f o r  each exper iment) .  

The process  of d i a l y s i s  w a s  c a r r i e d  o u t ,  i n  a co ld  room ( 4 ' ~ ) ~  

i n  a  beaker  i n s e r t e d  i n  i c e  wi th  cons t an t  s t i r r i n g .  For t h e  

exper iments  where t h e  e f f e c t  of d i f f e r e n t  s u l p h a t e  concentra-  

t i o n s  on t h e  enzyme a c t i v i t i e s  were checked, f u r t h e r  t r ea tmen t  

I ' 
f o r  t h e  enzyme w a s  c a r r i e d  out  by running t h e  enzyme twice  on 

a  Sephadex c e n t r i f u g e  column (us ing  t h e  method of  Penefsky 

11.1.2 Purification of the Enzyme 

I n  t h e  fo l lowing  s e c t i o n  ,-purif i c a t  ion  of t h e  enzyme by 
1 

d i a l y s i s  and by Sephadex c e n t r i f u g e  column chromatography w i l l  

be given i n  d e t a i l  as w e l l  as t h e  p r e p p a t i o n  of t h e  Sephadex 

column. 
t 

a) Method of Dialysis 

This  p roces s  is  one of t h e  methods which- can be used f o r  

d e s a l t i n g  t h e  enzyme. The membrane of t h e  d i a l y s i s  tub ing  

( F i s h e r  S c i e n t i f i c  Company, seamless c e l l u l o s e ,  having an 

average width  o f  1 c m ,  f l a t )  con ta ins  u l t r amic roscop ic  pores .  

This  membrane a l lows  s m a l l  molecular  weight s o l u t e s  and water  
- - - - 

f r e e l y ,  bu t  does not  p e r X t  t h e  passage o r  

l a r g e  mofecu'frrr weight nmtedes (sackt a s - p & n s ) . -  --- 

-- 

c" The t u b e  w a s  prepared by soaking it, f o r  on hour ,  i n  1% 
ID C a c e t i c  a c i d ,  t hen  a l lowing  it tp s tand ,  wi th  gen l e  s t i r r i n g ,  

i 



i n  d e i o n i z e d - d i s t i l l e d  water f o r  a  few minutes and then t h e  

wate r  was r ep l aced  by a  mixture of 1% sodium carbona te  and 

1 x 1 0 ' ~  M EDTA (e thy lene  diamine t e t r a a c e t i c  a c i d e  disodium 

s a l t ) .  A f t e r  ano the r  few minutes of g e n t l e  s t i r r i n g ,  t h e  

a l k a l i n e  EDTA s o l u t i o n  was rep laced  by a f r e s h  s o l u t i o n  a t  t h e  
6 

same c o n c e n t r a t i o n  and hea ted  wi th  s t i r r i n g  t o  about 7 5 O ~  f o r  

30 minutes.  The hot  s o l u t i o n  was poured o f f  and rep laced  by 

d e i o n i z e d - d i s t i l l e d  w a t e r  and s t i r r e d  g e n t l y .  The prepared 
. . 

t ub ing  was s t o r e d  i n  a r e f r L g e r a t o r  i n  d e i o n i z e d - d i s t i l l e d  - - 

water  con ta in ing  a few drops of  chloroform. The tub ing  w a s  

washed g e n t l y  w i th  d i s t i l l e d  water  be fo re  apply ing  t h e  so lu -  

t i o n  t h a t  con ta ined  t h e  enzyme. 

b) Method of Enzyme Desalting 

The t e r m  d e s a l t i n g  r e f e r s  not  only t o  t h e  removal of 

sa l t s ,  bu t  a l s o  t h e  removal of any lower molecular  weight corn- 
\ 4 

pound from a s o l u t i o n  of macromolecules. Enzyme d e s a l t i n g  w a s  
- 

done by running t h e  e-wyme s o l u t i o n  on a Sephadex, c e n t r i f u g e  

column. The p r e p a r a t i o n  of t h e  l a t t e r  as w e l l  as t h e  d e s a l t -  
. 

i n g  process  w a s  done as fo l lows:  - i3 

A d i s p o s a b l e ,  1 m l  p l a s t i c  t u b e r c u l i n  sy r inge  was f i t t e d  

w i th  a porous po lye thy lene  d i s k .  The sy r inge  - w a s -  f i l l e d  t o  1 
- - - - - - pp - --- - 

> 

ml mark w i t h  Sephadex G-50-80 (Sigma r eagen t  g rade ,  wi th  a 
r- - - ppp - 

p a r t i c l e  d iameter  20-80 pcm andX'water r e g a i n  o f  5.0 t 0 . 3  m l  

p e r  g dry sephadex) p rev ious ly  allowed t o  swe l l  i n  a s o l u t i o n  
d 



of 50 mM T-aceta te  buf fe r  overnight i n  a  r e f r i g e r a t o r .  The 

column was replaced i n  a  t e s t  tube,  allowed t o  s tand u n t i l  no 
---3 C 

%&her l i q u i d  drained from i t ,  and then was t r a n s f e r r e d  with - 
t he  t e s t  tube t o  a  s ix-p lace ,  swinging bbcket r o t o r  i n - a  - 
c l i n i c a l  cen t r i fuge .  The cen t r i fuge  was p r e s e t  t o  a  speed of 

1000 x g (about 3/4 of the  maximum speed).  Cent r i fugat ion  was 

----' done f o r  two minutes. 100 p 1  o f '  the s o l u t i o n  containing the  

enzyme was appl ied  t o  the  top of the  column and ' cent r i fugat ion  

w a s  immediately repeated under exac t ly  the  same condi t ions  but  

Eor only one minute. In  t h i s  case,  t h e  s o l u t i o n  containing 

t h e  enzyme passed down t h e  column ( the  low molecular weight 

molecules can penetrate i n t o  the  pores and were r e t a ined  i n  
3 

t he  column, but  l a rge  p ro te in  molecules cannot pene t ra te  i n t o  
'7r 

t h e  beads and thus passed through the column). 

% 
e, 

11.2 Instrumentation 

The instruments  used i n  t h i s  study were: 

- 1 - I E C  model and CH ( C l i n i c a l  Chemical) c e n t r i f u g e .  

2 - Cary-14 spectrophotometer (A = 340 'nm) with one inch per 

minute c h a r t  speed and 0.0 - ,  1.0 absorbance range. One 

cm quar tz  c e l l s  were used f o r  the  measurements. 

11.3 Methods of Analysis 

A l l  the  k i n e t i c  measurements were c a r r i e d  out a t  a  con; 
- - ---  - - - - -- -- - - - -- 

s t a n t  temperature of 30•‹c, using the  concent ra t ions  which a r e  



p ;  , 
5 

- given  i n  t h e  f i g u r e  legends.  The  concen t r a t i ons  of  n i c o t i n a -  

mide adenine -d inuc leo t  i d e  phosphate (NADP') and MgC1 were t h e  
X. 

same f w  a l l  t h e  experiments (I rnM and 10 mM f o r  NADP+ and 

MgC12, r e s p e c t i v e l y ) .  The t o t a l  volume of each r e a c t i o n  

mixture  was 300 f o r  a l l  t h e  experiments.  

? 
t 

11.3.1 Glucose Oxidation Rates 

Aliquots  of t h e  incubated mixtures of g lucose  and vana- 

d a t e  were added t o  r e a c t i o n  mixtures  ( con ta in ing  t r is  a c e t a t e  
- 
- 

b u f f e r ,  NADP', MgCll and d i f f e r e n t  enzyme concen t r a t i ons )  t o  
'. 

i n i t i a t e  t he  r e a c t i o n .  The change i n  t h e  absorbance a t  340 nm 

(hmax f o r  NADPH (19) ) w a s  measured spec t ropho tome t r i ca l ly  . - 
Sepa ra t e  b lanks  w i th  no v m a d a t e  were done f o r  each enzyme and 

g lucose  c o n c e n t r a t i o n  ( t o  measure t h e  r a t e  of t h e  enzymic 

o x i d a t i o n  of  g lucose  a l o n e ) .  The r a t e s  ob ta ined  from t h e  
B 

blank exper iments  were s u b t r a c t e d  from t h o s e  ob ta ined  i n  t h e  , 

1 .  

presence  of vanadate  t o  g i v e  r a t e s  from which p l o t s  of 1 / ~  

v s .  1/ [ E l  were ob ta ined  (where V is  the  o x i d a t i o n  r a t e ) .  

* -& J 
It  was found t h a t  on t h e  i dd i t i on ' t 4 f  g lucose  o r  g lucose  - -lr I 

- .  

and vanadate  t o  t h e  r e a c t i b  m i x t u r e ,  l a g  i n  t h e  absorbance 

vs .  t i m e  curve occur red .  Many a t tempts  w e r e  c a r r i e d  ou t  t o  

reduce t h i s  l a g ,  and it w a s  found t h a t  t h e  o p t i m w  cond i t i on  

w a s  t o  incuba te  t h e  enzyme wi th  t h e  b u f f e r  f o r  f i v e  minutes 
-- - - 

be fo re  t h e  a d d i t i o n  of  t h e  s u b s t r a t e .  



C a l c u l a t i ~ n  of t h e  r a t e  was c a r r i e d  out b p  using 

~ee r -Lamber t s '  l a w :  

where A = absorbance. 
2 -- -- 
-=c = concent ra t ion .  

3 E = t h e  molar e x t i n c t i o n  constant  which equals  t o  

6 .22  x l o 3  ~"cm" ( f o r  NADPH) -(19). 

A = t h e  l i g h t  path length  = 1 -cq.. 

- 11.3.2 The Burst Method 
sar 

6 

This t e s t  was c a r r i e d  out by incubat ing the  b u f f e r ,  
-- 

NADP', MgC12 glucose and vanadate f o r  a f ixed  time during 

which the  absorbance of t h i s  mixture was measured'. The enzyme 

was then added and the absorbance of th& r e s u l t a n t  mixture was 

measured eagain.  I n  t h i s  case,  t h e  burs t .  was t h e  d i f fe rence  

between the  absorbance before and a f t e r  the  add i t ion  of the  

enzyme and was propor t ional  t o  the  s u b s t r a t e  concentrat ion 

present  a t  the  moment when t h e  enzyme was added. Blanks were 

done by leaving out  vanadate. 
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111.1 Introduction 

Addition of inorganic  vanadate Cvi) t o  a reactionmix- 

f u r e  t h a t  conta ins  glucose (G),  nicotinamide adenine dinucleo- 

t i d e  phosphate (NADP+) and glucose 6-phosphate dehydrogenase 

(G6-PDH) r e s u l t e d  i n  an increase  i n  the  r a t e  of glucose oxida- 

t i o n .  Increas ing  the  concentrat ion of e i t h e r  glucose o r  t h e  

enzyme a l s o  caused an increase  i n  the  r a t e  of the  yeac t ion .  

Omission of glucose o r  the  enzyme from the  r e a c t i o n  mixture 
- - 

r e s u l t e d  i n  no observable r a t e .  The inc rease  i n  t h e  rat* of 

glucose oxida t ion  cocld be due t o  an i n t e r a c t i o n  between vana- 

d a t e  and the. a l c o h o l i c  groups of glucose t o  form an e s t e r l i k e  

compound (as  observed i n  t h e  case of V(1V) and (V) with 

u r i d i n e  (13)) which may a c t  a s  a s u b s t r a t e  f o r  glucose 6-phos- 

phate dehydrogenase and the re fo re  increase  the  NADP+ reduct ion 
- 

r a t e ,  o r d u e  t o  an a c t i v a t i o n  of the  enzyme (as observed i n  
I / 

t he  case of su lphate ,  see.below).  - 
9 
111.2 Evidence for Vanadate Ester Formation 

The f a c t  t h a t  add i t ion  of inorganic  vanadate increases  
-- 

t h e  r a t e  of g lucose  oxida t ion  r a i s e s  the  quest ion of whether 

vanadate r e a c t s  with glucose t o  fbrm a vanadate e s t e r  o r  binds 

t o  the  enzyme and a c t i v a t e s  it as a glucose dehydrogenase? 
--  -- - A -- -- - - - - - - --- ---- -- 

Suppose vanadate a c t i v a t e s  the  enzyme t o  a c c e l e r a t e  glucose 
- - - - - - - - -- 

oxidat ion .  Thus, it binds t o  the  inacf i v e  enzyme ( E ~ )  t o  

g ive  the  a c t i v e  enzyme (E,), which would increase  t h e  r a t e  

of glucose oxida t ion  as shown i n  equation ( 3 . 1 )  : 



where Ks i s '  t h e  equi l ibr ium constant  f o r  the  d i s s o c i a t i o n  of 
W 

vanadate from t h e  a c t i v e  enzyme. A study of t h e  e f f e c t  of 

vanadate on the  r e a c t i o n  r a t e  could be c a r r i e d  out by follow- 
- - - - 

- -  - - 

ing the  change i n  t h e  r a t e  of the  r eac t ion  with changing 

enzyme concentrat ion i n  t h e  presence of a f ixed  vanadate con- 

c e n t r a t i o n .  So, according t o  e q u a a o n  ( 3 . l ) ,  t he  r a t e  of g lu-  

cose oxida t ion  is  

Menten equation: 

given by equation ( 3 . 2 ) ,  t he  Michaelis-  

< - -7- 

* 

C S  
is  t h e  turnover number of the  enzyme (number of 

": 
where kcat 

s u b s t r a t e  molecules transformed t o  a product per minute by a 

s i n g l e  enzyme molecule a t  s a t u r a t i n g  s u b s t r a t e  concentra- 

t i o n s ) .  Km is  the  Michaelis constant  o r  the  concentrat ion 

of  subs t r a t i i  which giGG h a l f ~ ~ i ~ m - v e ~ d ~ ~  using the  
I 

~s~ eqtmtttofl--(3. 3 ) ,  t he  f r a c t i o n  of the  i n a c t i v e  

enzyme i n - t e r n s  of the  t o t a l  enzyme and t h e  a c t i v e  enzyme con- 

c e n t r a t i o n s  can be ca lcu la ted  as %n equation ( 3 . 4 ) :  



The equif ibrium 

from the active site 

constant for -the dissociation of vanadate - 

is given by equation (3.5) , and by sub- 

Rearranging equation (3.6) gives equation (3.7) which gives 

the fraction of the active enzyme: 
. 

[El lVil 
[Eal = 

- - -- K + [V.] 
- S -  -r & 



---- -- -- -- 

s u b s t i t u t i n g  t h i s  expression f o r  [E,] i n t o  t h e  rate equat ion 

(3.2) g ives  equat ion (3.8) , and taking the  r e c i p r o c a l  of both 

si,$es gives equat ion (3.9) : 
4' 

Equation (3 .9 )  p r e d i c t s  t h a t ,  by p l o t t i n g  1 / V  vs .  1 / [ ~ ]  a 

s t r a i g h t  l i n e  through t h e  o r i g i n  w i l l  be obtained.  It was 
- - 

- -- - - - - -  

8 

found t h a t ,  plotting 1 / ~  vs.  1 / [ ~ ]  (using d i f f e r e n t  vanadate 

and glucose concent ra t ions ,  Figure 3.1, 3.2) gave s t r a i g h t  

l i n e s  but they did not i n t e r s e c t  the  o r i g i n .  The i n t e r s e c t i o n  

of t h e  l i n e s  a t  t h e  hor izon ta l  a x i s  t o  t h e  l e f t  of t h e  o r i g i n  

means t h a t  equat ion (3.9) can not be appl ied t o  the- present  

system. This a l s o  r u l e s  out the  a c t i v a t i o n  of the  enzyme by 

vanadate and, the re fo re ,  the  increase  i n  the  r a t e  of glucose 



Figure 3.1 

\ 
A 

The Ef fec t  of Di f fe ren t  G6-PDH Concentrations on t h e  

Rate of NADP+ Reduction i n  the  P r e s e n ~ e  of Glucose and Three 

Di f fe ren t  Vanadate Concentrations a t  pH 8.0. Rates were 
- - - 

- - 

determined as  descr ibed i n  the  experimental s e c t i o n ,  and the  

r a t e s  observed i n  the  absence of vanadate were subt rac ted  
. 

from those measured i n  the  presence of vanadate t o  obta in  the 

values p l o t t e d  i n  t h e  Figure.  Concentrations of the  reagents  

were a s  follows: 5.0 x M T r i s - a c e t a t e  (pH 8.O), 1.0 x 

M N A D P ~ ,  1 .0  x - 1 0 - ~  M MgC12, 5-0 x 1 r 4  M g lucose ,  and - 

vanadate a t  1.0 x M ( s o l i d  c i r c l e s ) ,  2.0 x lo-* M ( so l id  
f 

squares) ,  and 3.0 x lo-' M ( s o l i d  t r i a n g l e s ) .  The indica ted  

volumes of G6-PDH siock s o l u t i o n  (8.6 mg/m~) were p r sen t  i n  

the  r e a c t i o n  mixkures whose f i n a l  volume was 300 DL. The 

e r r o r  bars  i n  t h i s  and 

represent  e r r o r  l i m i t s  

d u p l i c a t e  k i n e t i c  runs 
- 

wrthin t h e s e  l i m i t s .  

t e following double r ec ip roca l  p l o t s  'r 
of 510%. It was found t h a t  when 

were done, the  r a t e s  were always 
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Suppose t h a t  vanadate r e a c t s  with glucose t o  form an 

e s t e r .  I f  the  present  system follows Michaelis-Menten 

k i n e t i c s ,  on t h e  b a s i s  of equation (3. l o ) ,  one can der ive  the  

r a t e  equat ion (3.11) : % 

1 enzyme 

k l  and k2 a r e  the  r a t e  cons tants  f o r  formation and hydrolys is  

la; of G6-V (glucose 6-vanadate),  r e spec t ive ly .  6-VG is  6-vanado- 

gluconate.  

Equation (3.11) gives the  r a t e  of oxida t ion  of G6-V ( i t  is 

assumed t h a t  thk reac t ion  follows Michaelis-Menten k i n e t i c s ,  

and t h a t  [G6-V] <<  &). By applying the  s t e a d y - s t a t e  

assumption t o  G-6V (assume t h a t  the  r a t e  of formation of G6-V 

equals  i t s  r a t e  of consumpt ion)equa t ion(3 .12)  i o b t a i n e  4-2- 
which can be rearranged t o  equation (3.131. 

- - - - - --- - - 1--- - 



Solving equation (3.13) for 

gives equation (3.14) : 

+ 

the steady-state concentration 

Substituting equation (3.14) into equation 

equation (3.15) , and 
one obtains equation 

the 

~ - 

(3.11) results in 

reciprocal of both sides, 



Equation (3.16) p r e d i c t s  t h a t  the  p l o t  of 1 / ~  vs .  1 / [ ~ ]  is  a  

s t r a i g h t  l i n e  with a  v e r t i c a l  i n t e r c e p t  = l / k l [GI IVi I ,  a 
' 

hor izon ta l  i n t e r c e p t  = -kcat /~mk2 qnd a  s lope  = Kmk2/kcatk1 

By p l o t t i n g  the  r a t e  of G6-V oxida t ion  (obtained from 

sub t rac t ing  the  r a t e  of glucose oxida t ion  from the  t o t a l  r a t e  

of the  r eac t ion)  vs.  the  enzyme concent ra t ion ,  a  hyperboli'c 

curve was obtained ( ~ i ~ u r e s  3.3 - 3.6).  The hyperbol ic  curve 

i s  an i n d i c a t i d n  of s a t u r a t i o n  by enzyme, where a t  s a t u r a t i o n  

the  . r a t e  of the  r e a c t i o n  i s  independent of the  enzyme concen- 

t r a t i o n .  This curvature was not due t o  decrease i n  the  spec- 

i f i c  a c t i v i t y  of the  enzyme w i t h  incrCasinn enzyme concentra-, 

t i o n ,  because i n  the  absence of vanadate t h e  r a t e  of glucose 
- - - - - - - -- -- -- - -pppp 

oxidat ion  inc reases  l i n e a r l y  with enzyme up t o  the  h ighes t  



Figure 3.3 

The Ef fec t  of Di f fe ren t  G6-PDH Concentrations on t h e  Rate 

of NADP+ Reduction i n  t h e  Presence of 1 .0 x l o q 3  M Glucose 
I\ 

with and without 2.0 x 1 0 ' ~  M Vanadate a t  pH 7.0. Procedures 
s 

- and ConditLons w e r e  as described with Figure 3.1, except t h a t  - 

t he  vanadate and glucose concentrat ions were those indica ted  

above, and the  concent ra t ion  of the  enzyme s tock  s o l u t i o n  w a s  

F 7.8 mg/mL. The po in t s  r ep resen t ,  (a)  measurements of t h e  

r a t e s  of NADP+ reduct ion i n  the  presence of glucose without 

vanadate ( s o l i d  c i y c l e s )  , (b) s i m i l a r  measurements- i n  the  

presence of both glucose and vanadate ( s o l i d t r i a n g l e s ) ,  and 

(c) the  d i f f e r e n c e  between (b) and (a)  ( s o l i d  squares) .  





Figure 3.4 

The Effect of Different G6-PDH Concentrations on the Rate 

of NADP+ Reduction in the Presence .of . l  .O x M Glucose -- - 

with and without 2.0 x lo-* M vanadate at pH 7.4. Procedures - 
- 

*, 
and conditions were as described with Figure 3.3, except that 

v 

the pH was 7.4. The points represent: (a) measurements of 

the rates of NADP+ reduction in the presence of glucose 

without vanadate (solid circles), (b) similar measurements in 

the presence of both glucose and vanadate (solid squares), and 

(c) the 
- -  - - -- 

difference between (b) and (a) (solid triangles). 





Figure 3.5 
i - 

the Rate The Effect of Different G6-PpDH concentrations on 

of WP+ Reduction in the Presence of 1.0 x 10'~ M Glucose 

with and without 2.0 x 1 0 ~  M vanadate at -pHb;O. ~ r o c e d s e r  

and conditions were as described with Figure 3.3, except that 
U 

the pH was 8.0,- The points represent: (a) measurements of . 

the rates of NADP+ reduction in the presence of glucose 
L 

without vanadate (sol-id circles), (b) similar measurements in 

the presence of both glucose and vanadate (solid triangles), 

and (c) the difference between 
- - 

(solid squares). 





Figure 3.6 

The ~ f f z c t  of ~ i f f e r e n t  G6-PDH Concentrations on t h e  Rate 

of ~ D P +  Reduction i n  t h e  Presence of 1.0 x 10-% Glucose 

with and without 2.0 x 10 '~  M Vanadate a t  pH 8.2. Procedures 
-- --- ~ - - ~  ~- -~ ~ -- -~~ ~~~ ~ -- 

- ~ - - - -- -- - - ~ - - - -~ -- - -  ~ - -- -- -- - -- - - - - - - - 

and condi t ions  were as descr ibed with Figure 3.3, except t h a t  

t h e  pH was 8 -2.  The po in t s  r ep resen t :  (a) measurements of 
5 

, t h e  r a t e s  of NADP+ reduct ion  i n  the  presence of glucose 

without vanadate ( s o l i d  c i r c l e s ) ,  (b) similar measurements i n  

the  presence of both glucose and vanadate ( s o l i d  squares ) ,  and 

f c)  t h e  d i  f f erenee between fb)--&--(a)-- ( so Lid - t r i ang les  ) . 





The Ef fec t  of Dif ferent  G6-PDH Concentrations on the  Rate 

of NADP+ Reduction i n  the  Presence of 1 .0 x M Glucose 

and 

t h e  

the  

condi t ions  were a s  described with Figure 3.3, -except t h a t  

pH was 8.4.  he p o i n t s  represent :  (a )  measurements of 

r a t e s  of NADP+ reduct ion i n  the  presence of glucose 

without vanadate ( s o l i d  c i r c l e s ) ,  (b) s i m i l a r  measurements i n  

t h e  presence of both glucose and vanadate ( s o l i d  squares) ,  and 
-- - -  

(c)  the  d i f f e r e n c e  between (b) and (a)  ( s o l i d  t r i a n g l e s ) .  
- 





- 

enzyme concen t r a t i ons  used.  This s a t u r a t i o n  can be r a t i o n a l -  

i zed  i n  terms of a s t e p  i n  t h e  r e a c t i o n  mechanism b e f o r e  t h e  

enzymic o x i d a t i o n ,  which becomes r a t e - l i m i t i n g  a t  s a t u r a t i n g  

enzyme c o n c e n t r a t i o n s .  This  s t e p  'which becomes r a t e - l i m i t i n g  

a t  s a t u r a t i n g  enzyme concen t r a t i ons  i s  be l i eved  t o  be forma- 
d I 

t i o n  of  G6-V, which i s  similar t o  G6-P (g lucose  6-phosphate) 

and ,G6-As (g lucose  6 -a r sena t e )  whose oxidatioll? r e a c t i o n s  a r e  
*+ 

ca t a lyzed  by G6-PDH (16) .  

t Furthermore,  a f v NMR s tudy  of a mixture  of vanadate  and 
i 

e t h a n o l  showed t h a t  t h e  vanadate  formed a compound wi th  e than-  

o l  w i th  a chemical  s h i f t  f o r  vanadium d i f f e r e n t  from t h a t  f o r  

t h e  i no rgan ic  vanadate .  Thus, when e thano l  was added t o  d i -  

l u t e  aqueous vanadate  two peaks were observed i n  t h e  5 1 ~  NMR 

spectrum, whi le  only  one major peak was-observed i n  t h e  ab- 

sence of e t h a n o l  (20) .  A t  ambient t empera ture ,  two s e p a r a t e  

resdnances  due t o  t he  f r e e  V i  and t h e  p u t a t i v e  e t h y l  e s t e r  

were observed.  On r a i s i n g  t h e  temperature ,  t h e  two -resonances 

broadened and then  coa lesced  t o  a s i n g l e  peak, i n d i c a t i v e  of a 

r a p i d  exchange process  (20) .  This obse rva t ion  could be r ep re -  = 

sen ted  by equa t ion  (3.17) which suppor t s  t h e  hypot t rss is  t h a t  

vanadate  esters form r a p i d l y  f rom.Vi  and compounds, such as . 
- - - -- PA- @- 

glucose , '  which c o n t a i n  h y d r o i j T  gToup7. 



111.3 Effect of pH on G6-V Formation 

It is known t h a t  t h e  concen t r a t i on  of t h e  monovanadate 
/ 

s p e c i e s  i n  s o l u t i o n  is  very pH dependent a t  c o n s t a n t  vanadium 

atom c o n c e n t r a t i o n  (21) . A s  t h e  pH of t h e  s o l u t i o n  i n c r e a s e s ,  

t h e  f r a c t i o n  of t o t a l  vanadate  which e x i s t s  as monovanadate 

s p e c i e s  i n c r e a s e s  and it i s  t h e  predominant s p e c i e s  above pH 

7.0 w i t h  t o t a l  vanadium concen t r a t i on  l e s s  than  about 1.0 x 

~ O - ~ P I  (21) .  A s tudy  of  t h e  e f f e c t  of pH on t h e  r a t e  of G6-V 

format ion from pH 7.0 to .pH 8.4  at  a t o t a l  vanadate  concent ra -  

t i o n  of 2.0 x d - ' ~  w a s  c a r r i e d  o u t .  A s  c a n ~ b e  seen from t h e  

f i g u r e s  (3 .3  - 3 . 7 ) ,  t h e  r a t e  of t h e  G6-V o x i d a t i o n  increased  

as t h e  pH of  t h e  s o l u t i o n  inc reased .  

S a t u r a t i o n  curves  (V VS. [ E l  p l o t )  were-observed a t  pH 

v a l u e s  l e s s  than  8.4 (F igures  3.3 - 3.6) whi le  no such curve 

w a s  ob ta ined  a t  t h a t  pH (Xigure 3 .7) .  This  could be due t o  

t h e  monoprotonated s p e c i e s ,  H V O ~  2 -  ( t h e  predominant s p e c i e s  a t  

pH ranges  8 . 3  - 13.0 (21 ) ) ,  being t h e  most r e a c t i v e  s p e c i e s  

' ( 2 l p a r d s  e s t e r  format ion.  (The pKa f o r  l o s s  of a proton - 

•’(om H ~ V O ;  i s  8 .3  (22) .) Thus, a t  pH 8.4 G6-V e s t e r  w a s  

formed f a s t e r  than  a t  - t h e  - lower PH's and i n  t u r n  more enzyme 
- - -- - - - - - pp 

w a s  r e q u i r e d  t o  r each  t h e  s a t u r a t i o n  - p o i n t .  
- -- - - - -- - - -- -- 

f l h e s e  exper imental  r e s u l t s  were pupported by an es t imated  

V vs .  [ E l  p l o t  (F igure  3.8) based on t h e  fol lowing:  t h e  rate 



Figure 3.8 

. 
Estimated Rates of NADP+ Reduction at Different G6-PDH 

C 
- - 

Concentrations. The rates were calcufatec? from equation 3.15 

using the following values for the constants and concentra- 

tions : [Glucose] 

kl = 21.6 M-ls-', 

= 1--0 x M, [Vanadate] = 2.0 x M, 





cons tant  of C6-V formation, k l ,  a t  pH 8.4 (11.2 M - ~ S - ' )  was 

obtained from the  v e r t i c a l  i n t e r c e p t  of the  p l o t  1 / ~  vs.  1/[E] 

(Figure 3.13). The r a t e  constant  of G6-V hydrolys is  (k2 = 1.8 

x 10"-') was then ca lcu la ted  by assuming a Keq value equal 

t o  t h a t  of G6-P (6.2 x l 0 - ~ ~ - ' ) ( 1 6 ) .  The kcat/% r a t i o  

(3.6 p ~ - l )  was est imated from the  hor izon ta l  i n t e r c e p t  (-0.002 

a ~ - l . s - l )  of Figure (3.13).  The est imated r a t e ,  V,  was then 

obtained by applying t h e  kl  ,k2 a s  we11 a s  kcat/% values 

t o  equation (3.15) and using the  s a m e  experimental  vafues of 

[ E l  &+pH 8.4. The r e s u l t s  (which a r e  shown i n  Figure 3.8) 

i n d i c a t e  t h a t  it i s ' n o t  unreasonable t h a t  the  p l o t  of V vs .  

[ E l  i s  only vecry s l i g h t l y  curved a t  pH 8.4.  

I 

Table (3.1) g ives  the  values of kl  a t  d i f f e r e n t  pH values 

obtained from Figures  (3.9 - 3.13) . I t  was found t h a t ,  as t h e  - 

pH increased,  the  value of kl increased,  and t h i s  i s  shown i n  

the  p l o t  of log kl  vs. pH (Figure 3.14). 

111.4 Effect of Vanadate and ~lucose Concentrations on the 

Rate of G6-V Formation 

The second order  r a t e  constant  (k l )  f o r  t h e  formation of 
"7 

G6-V w a s  obtained using the  same procedure which was used f o r  
- - - - - - - - - - 

t h e  pH dependence studFes i n  t h e  p r e c e d l n g s e c ~ i o n ~  The v a l -  

ues of k l  wh?& were obt;aisd ~ ~ n n - ~ ~ r r g a l ~ e n t  vanadate 
I 

(Figure 3.1) and d i f f e r e n t  glucose (Figure 3.2) concentrat ions s 

at  pH 8.0 are l i s t e d  in Table ( 3 . 2 ) .  It was,lfo&&-t&at, k l  



-'. 
Figure 3.9 

The Ef fec t  of Dif ferent  G6-PDH Concen t ra&lms  on t h e  Rate = -  

of G6-V oxidat ion  a t  pH 7.0. This Figure is  atdouble r ec ip ro -  

/ 
..------+-~' c a l  p l o t  of da ta  from Figure 3 . 3 .  The values used ard from 

l i n e  (c)  i n  Figure 3 . 3 ,  i . e .  the  r a t e s  of NADP+ reduct ion i n  
,. . 

. t he  presence of glucose and vanadate, minus t h e  r a t e s  i n  the  

absence of vanadate. 



1 
Enzyme 



Figure 3.10 

The E f f e c t  of D i f f e r e n t  G6-PDH Concent ra t ions  on t h e  Rate  
- - -- -- - -- 

of  G6-V Oxidat  'on a t  p H  7.4. 'Th is  Figure  i s  a double r e c i p r o -  L* 
ca l  p l o t  of d a t a  rom l i n e  (c)  i n  F igu re  3 ; 4 . ,  i .e .  t h e  rates \c 

\ of  ~ ~ ~ ~ + . i e d u c t i o n  i n  t h e  presence of g lucose  and vanadate ,  

.--__ ~ &minus t h e  rates i n  t h e  absence of vanadate .  



1 ' 

Enzyme CY LT' 



Figure 3.11 

Rate of G6-V Oxidation at pH 8 .0 .  This Figure i s  , a  double 

reciprocal plot  of .data from Fig. 3 . 5 .  The values used are 

from l ine (c) in  F i g .  3 . 5 ,  i . e .  the rates of NADP+ reduction 

in the presence of glucose and vanadate, minus the rates in  

the absence of vanadate. 
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Enzyme 9 L, 



T _ h e - E • ’ • ’ ,  o_f D i • ’ • ’ e r e t .  G6 =PDH Concentrat iam-cz=the-Ra+~ , -- = 

of G6-V Oxidation at pH 8 .2 .  This Figure i s  a double recipro- 

cal plot of data from Figure 3 . 6 .  Tbe values used are from 

l ine  (c) in Figure 3 . 6 ,  i : e .  the rates of NADP+ reduction* in 

the presence of glucose and vanadate, minus the rates in the 

absence of vanadate. 











Log kl 



TABLE 3 .1  

. . 

format ion The rate values for G6-V ester constant 

at different pH values. 

3 

from 
1  

of - vs. v * Obtained p l o t s  



TABLE 3.2 

The rate constant (kl) values for formation of G6-V ester 

at different vanadate &d glucose concentrations, pH 8.0. 

a 

from p l o t s  * Obtained - 
[ E l  

(Figures 



l a t i n g  the  percentage decrease of the  monovanadate spec ies  i n  , 

decreases  s l i g h t l y  a s  the  concentrat ion of v a n a d a t e  increas-  

e-s. For example, a t  1.0 x 10-'M vanadate concent ra t ibn ,  kl  

was 3.9 M - l s . "  , while a t  3.0 x ~ o - ~ M  vanadate it was 2.788 

M-ls- l  (see Table 3.2).  This could be r a t i o n a l  jzed by in -  

creased polymerization of vanadate a s  vanadate-concentrat ion 

inc reases ,  r e s u l t i n g  i n  a decrease i n  t h e  concent ra t ion  of 
- 

monomeric vanadate.  This explanat ion w a s  supported by calcu-  

value of Keq (which i s  equal t o  (21)) f o r  vanadate 

d imer iza t ion  according t o  equat ion (3.18) and comparing it t o  

t h e  percentage decrease i n  kl  a t  the same concent ra t ions .  

S u b s t i t u t i n g  t h e  value of K = and t h e  ['OH] = 
eq - 

a t  pH 8.0, t h e r e f o r e ,  



The 

- 

total vanadium concentratioq will be 

vi tot = [Hvo:-] + 2 [HY20:-1 

Then 

3 - 
[ H V 2 0 7 +  1 into equation Substituting for the 

[HYO:q - vi - - 
tot 

From equation (3.21), the concentration of the monoprotonated 

monovanadate species could be calculated as follows: 



2 - 
Thus, the  equi l ibr ium concent ra t ions  of HV04 i n  1.0 x 1 0 ' ~  

and 3.0 x 10" M vanadate s o l u t i o n  at  pH 8.0 a r e  8.54 x 

. and 2.11 x M, r e spec t ive ly .  This means t h a t  about 85.5 

and 70.3% of t h e  -tota.l vanadate a r e  expected t o  e x i s t  as t h e  

monomeric form a t  1 .0 x 10 '~  and 3.0 x 10 '~  M vanLdate concen- 

t r a t i o n s ,  r e spec t ive ly .  It i s  c lea r"  t h a t  as t h e  concentrat ion - .  

of vanadate inc reases  th ree fo ld ,  the  monovanadate spec ies  

decreases  by about 15.2%: 
- - - - - - - - - - - - - - - - 

- - - -- - - 

The values of kl were- found t o  be severa l  orders  of mag- - 
ni tude  l a r g e r  than those reported f o r  t h e  r e a c t i o n  of glucose 

with a r sena te  and phosphate (16).  For example, a t  pH 7;4; akl 
B 

•’05 G6-V formation w a s  2.16 M - ~ s - ' ,  where t h e  corresponding 

s6cond ofrder rate cons tants  f o r  a r sena te  and phosphate e s t e r  

fromation were 6 . 3  x - 1 0 - ~  and-about--P;0 x - I O - "  Pfw%-'; 

r e s p e c t i v e l y .  The change i n  the  - r a t e  of glucose oxida t ion  i n -  - 

t h e  presence o f  a r sena te  with changing enzyme concentrat  ion,  . 

using 4.0 x lo-' M a r s e n a t e  i s  shown i n  Figure 3.15 It is 

c l e a r  from t h e  f i g u r e  t h a t  only a ' s l i g h t  a c t i v a t i o n  of glucose 

oxida t ion  by A s i  w a s  observed compared t o  t h a t  by vanadate 
t 

a t  s i m i l a r  ~ o n c ~ n t r a t i o n s  , Figure- (3.5). 



Calcula t ion  of the  r a t e  of G6-As oxida t ion  at' d i f f e r e n t  

 AS^ concent ra t ions  (4.0 x 1 0  t o  3.0 x lo- '  M) using t h e  

published values of t h e  k i n e t i c  cons tants  (kl, k2 and 

k c a t / ~ m j  gave very s m a l l  values  which were n e g l i g i b l e  com- 

pared to t h e  experimental  values f o r  t h e  glucose oxida t ion  

r a t e .  On t h i s  t w a s  expected t h a t  a d d i t i o n  o f -  A s i  

t o  a reac t ion  mixtur8 containing glucose and t h e  enzyme would 

not increase  the  r a t e  of glucose oxida t ion  by glucose 
- - -  - - - -  --  - -- -- - - - - - -- --- 

- - - -- - 

6-arsenate  formation. However, the  small inc rease  i n  t h e  r a t e  

of the  r e a c t i q n  on add i t ion  of  AS^ (which is  shown i n  Figure 

3.15) could be due t o  a c t i v a t i o n  of the enzyme by a r sena te ,  

s i n c e  an i n h i b i t i o n  cons tant ,  K i ,  of 12 mM f o r  As i  w i t h  

r e spec t  t o  G6-P w a s  previously reported (16) . This is  consis-  

t e n t  with binding -P - cf - A s .  a t  t he  phosphate binding domain of 1 - - - - Pp - -- - - - - - - - - - - - -- 

t h e  c a t a l y t i c  s i t e ,  which would be expected t o  i n h i b i t  ca ta ly -  

sis of G6-P oxida t ion  by t h e  enzyme, but might enhance glucose 

oxidat ion.  Th-glucose alone can bind a t  the  c a t a l y t i c  s i t e  
t' 

i s  ind ica ted  by t h e  f a c t  t-hat t h e  enzyme ca ta lyzes  i t s  oxida- 

t i o n ,  and t h a t  it is a  competi t ive i n h i b i t o r  with r e spec t  t o  

- ~ 6 - P .  ' No such i n h i b i t i o n  was observed by vanadqte with 
' 

r e spec t  t o  G6-P a t  t h e  vanadate concent ra t ions  used i n  these  



Figure 3-15 

- 

The EEfect of Di f fe ren t  G6-PDH Concentrations on. t h e  

Rate of NADP+ Reduction i n  the  presence of 1.0 x lo-' M 

Glucose an4 4.r0 Marsmmte a- p L 8 ~ - ~ ~ r e s ~ - - - - -  
_I- 

condi t ions  w e r  as descr ibed with Figure n, exce& th&- the- % 

pH-was 8.0, v a b t  was not p resen t ,  4.0 x lo-' M a r sena te  

w a s  p resen t ,  and t h e  coneentrat ion of t h e  G6-PDH s tock  solu-  

- t i o n  was 2<0 mg/mL. The po ik t s  represent :  (a) measurements 

of the  r a t e s  of WP+ reduct ion  i n  the  presence of glucose 
n 

merits-in -- t he  presence of both g l u c ~ s e ~ a n d  a r sena te .  - - 





I-: 
. , 

111.5 Attempts to Determine Dbectly the Concentration of 

Several  a t tempts  were made t o  measure t h e  conceqtraf ion 
* 

- 
of G6-V i n  s o l u t i o n s  conta in ing  glucose and V i ,  us ing t h e  

- 

method repor ted  by ofhers  f o r  determining G6-As (16).  - - 

a "burst" r e a c t i o n .  Subsequent a formatian of G6-As was slow, - - 

s o  t h e  b u r s t  phase was c l e a r l y  separated from t h e  subsequent 

slow phase of NADP+ reduct ion .  

. . 

This approach could not- be used success fu l ly  with t h e  
i 

- --- -- 

vanadate system f o =  two reasons:- - -- 

- - -  

ti 

a), The f a c i l e  o l igmer iza t ion  of V i  a t  concentrat ions 

above about 10'~ M mad& it +.mpossiblq t o  achieve formation of 
* 

an equi l ibr ium concent ra t ion  of G6-V which could be - r&ily 

de tec ted  i n  a b u r s t .  ~. ,' 

b) The nonenzymic formarion of G6-V i s  so  fast t h a t  the  

separa t ion  between b u r s t  and subsequent slow phases of NADP+ 

reduct ion  w&ld not be expected t o  be very c l e a r .  fJo b u r s t  df 
rk 

WP+ reduct ion  w a s  observed i n  these  experiments a t  t h e  low 
s 

enzyme concent ra t ions  used. 
L 



I Comparison of G6-P, G6-As and G6-V as Substrate for 

G6-PDH 

I f  it were poss ib le  t o  determine t h e  concent ra t ion  bf 

G6-V during c a t a l y s i s  its, oxida t ion  by 66-PDH o f ,  then from 

t h e  oxida t ion  r a t e  and ' t h e  G6-V concentrat ion kt ' h u l d  be 1 .  
d 

possib-le- t o  c a l c u l a t e  a  kcat/% r a t i o  f o r  G6-V as a  A 

- 

s u b s t r a t e  f o r  G6-PDH, using t h e  r a t e  equat ion (equat ion 

3.11). However, as ind ica ted  i n  Sect ion 111.5, it has' not  
- --- -- - - -- - - -- - --- - -- - 

- - -- - - 
- - - - - -- - - -- 

7 - -  
- 

thus  f a r  been poss ib le  t o  measure t h e  concent ra t ion  of G6-V 

under any cond2tions.  Al t e rna t ive ly ,  i f  a  value f o r  the  r a t e  

constant  , k2 , f o r  hydrolys is  of G6-V were known-, it would be 

poss ib le  t o  c a l c u l a t e  kcat/& from the  h o r i z o n t a l  

i n t e r c e p t  of 1 / ~  vs.  1/[G6-PDH] p l o t  (hor i zon ta l  i n t e r c e p t  = 

-kcat /~,k* ) . H o ~ e v e r  , k2 has n o t - - b e e ~ d e t e r m i n e d ,  - 

It is  perhaps worthwhile t o  make an es t ima te  of  the  

kcat/& r a t i o  f o r  G6-V a s  a  s u b s t r a t e  f o r  G6-PDH f o r  corn- 

- 
par ison  with the  kcat/K, r a t i o  f o r  G6-As and G6-P, because 

- 

i t  is  t h e  k c a t / k  r a t i o  which determines (or  i s  t h e  bes.t 

i n d i c a t i o n  o f )  t h e  s p e c i f i c i t y  of an enzyme f o r  a given sub- 

s t r a t e  (19).  

- - - - - - - - - - -- - ----- - - 

Such an e s t h a t e  can be made i f  it is assumed t h e  t h e  

- -- value  of hq f o ~  f o r m a i o n  of 
e .  - 

- V  Zrom glucose and Vi is  

* s i m i l a r .  t o  t h a t  f o r  G6-As formadion. This assumption is rea-  

son& as a first ap'proximatiorr fn-view o E M e  fact that t h e  p - 

0 

Qq value f o r  formation of G6-As is the  same as  t h a t  f o r  

/-- 



- - - --L -- -- 

G6-P (16) . Thus, assuming t h a t  bq f o r  formation of G6-V a t  
\ 

pH 7.4 is equal t o  4.3 x M\', and using t h e  k l  iralue 2.16 

M-ls-l (from Table 3.1) , one can b a l c u l a t e  a value of k 2  = 5.0 

x l o 2  s-'. From the  hor izon ta l  i n t e r c e p t  of g igure  3.10 (8.25 

\ " 4 ,  
x F ~ l ) ,  t h e  f a c t  t h a t  the  volumeyf t h e  reaction'mixtur'e 

was 300 pL,'and t h e  G6-PDH s tock  so lu t ion  w a s  a t  a concentra- 
-- 

t i o n  of  7.8 m g / m l , "  one c a l c u l a t e s  a value o k  0.318.'(mg/m~)-' 
'\ 

\ 

f o r  i t s  value of k c a t / k k 2 .  If k2 = 5.0 x l o h s ' l ,  then 
@' '\ 

A value of k C a t / b  f o r  G6-P can be ca lcu la ted  from - - -  
- - - - h 

t h e  da ta  i n  Figure 3.20. The r a t e  of G6-P oxida t ion  i s  3.2 

x 10-6 ~ . m i n - '  a t  2.6 x los5 mg/mL G6-PDH and 5.0 x lo-' M 

Using a va lue  of 2.4 x lo-' M f o r  the  K, f o r  G6-P 
\ 

( l 6 ) ,  'and the  Michaelis-Menten equat ion,  a value of 760 
S-ince - h--- -- - --- - - - 

(mg / a)-. min- ' is i 5 a l k u l a t d T  e r e  appears t o  be no 

case known i n  which the  kcat/% r a t i o  f o r  a nonphysiologi- 

cal s u b s t r a t e  is  l a r g e r  than t h a t  Eor t h e  phys io logica l  sub- 

s t r a t e  (19, 23),  the  l a r g e  value est imated above f o r  t h e  

kcat/% f o r  G6-V may i n d i c a t e  t h a t  the  value* used f o r  t h e  

r a t e  constant  f o r  G6-V hydrolys is  (k2)  is  l a r g e r  than t h e  rea l .  

value.  This,  i n  t u r n ,  wauld i n d i c a t e  t h a t  t h e  equi l ibr ium 

cons tant  f o r  formation of ,G6-V is  l a r g e r  than t h e  correspond- 

ing  values f o r  G6-P and glucose 6-arsenate.  Values of , 

kcat/& f o r  G6-P and G6-As ca lcu la ted  from published work 

# (16) i n d i c a t e  t h a t  k c a t / s ' f o r  G6-P is 3.4 t i m e s  t h a t  f o r  

, glucose 6-arsenate .  



- -- -- - - - - -- - -- ppp- 

The unit-s f o r  t h e  kcat/% r a t i o  a r e  t h e  same as those 

of a second order  r a t e  cons tant .  The use of t h e  u n i t s  

(mg /m~)" .minL1 i n  t h e  above c a l c u l a t i o n s  i s  due t o  t h e  

choice of concentraqion u n i t s  f o r  the  enzyme of 1 .0 mg/mL 

r a t h e r  than 1.0 M.  Such a choice is common, and is  e s s e n t i a l  

i n  cases  whEr~-  t h e  molecular weighht^of the  enzyme i s  not 

111.7 Inhibi t ion by Sulphate of Enzymic Oxidation of G6-V 

- 

, oxidat ion  of G6-P by the  enzyme (G6-PDH) i n  e presence of 

NADP+ (24) .  The s t u d y  of t h e  e f f e c t  of su lp  

p resen t  system provided some i n t e r e s t i n g  r e s u l t s  as well  a s  

a d d i t i o n a l  evidence f o r  G6-V formation. The e f f e c t  of d i f f e r -  * 

ent sulphate  concen t ra t ions  (Q1O - -2.0-x- -2)- t h e  rate- 
J 

of glucose oxida t ion  i n  the  presence and absence of vanadate 

w a s  s tudied  ( ~ i g u r e  3.16). It was found t h a t  t h e  r a t e  of 

glucose oxida t ion  increased with increas ing  su lphate  concen- 

t r a t i o n .  I n  t h e  absence of vanadate,-. t h e  rate s t a r t e d  t o  -be , 

independent a f  su lphate  a t  higher  su lphate  concent ra t ions ,  

showing sa tu ra t ion .behav iour  (Figure 3.16). Two p o s s i b i l i t i e s  

cqn account f o r  t h i s  observat ion:  e i t h e r  su lphate  reac ted  - 
- - - -- - - - -p - -- - 

with  glucose t o  form an e s t e r - l i k e  compound, which could a c t  
--- 

as  a s u b s t r a t e  f o r  t h e  enzyme, o r  it bound t o  t h e  enzyme and 
C 

a c t i v a t e d  it as  a glucose oxidase.  A p l o t  of the. r a t e  of - 
< 

glucose ox ida t ion  vs. su lphate  concentrat ion h t h e  presence - 



The Effect of Different Sulphate concentrations on the 

Rate of Glucose Oxidation in the Presence and Absence of 

, were as discribed with Figure 3 . 1 ,  except' that the pH was 7.4, 
- - 

) / glucose was it 1 . 0  x lo-' M ,  G6-PDH was .at 0.12 mg/mL, and 

/ sul$hate concentrations were as.indicated. The points 

breprese6t: (a) measurements of the rates of NADP' reduction 

in the presence of glucose without vanadate (solid circles), 

(b) simf 1 ar measurements tn the presence.of -both-glucose and 

vanadate (solid triangles), and (c) the difference between (b) - - 
and (a) (solid squares). 





of a f ixed  vanadate concentrat ion was l i n e a r  (Figuke 3.16). , 

The p l o t  of t h e  r a t e  of glucose 6-vanadate oxida t ion  ( d i f f e r -  
.4 

- ence between oxida t ion  r a t e s  i n  t h e  presence and absence of 

vanadate) vs .  su lpha te  concentrat ion i n d i c a t e s  t h a t  the  r a t e  

. of glucose 6-vanadate oxida t ion  by the  enzyme decreased as the  

s u  phate  concent ra t ion  w a s  increased.  i 
The e f f e c t  of su lphate  on glucose oxida t ion  is most l i k e -  

l y  due t o  enzyme a c t i v a t i o n  by su lphate  s ince  no curvature  was 

t h e  presence and absence of su lphate  vs. enzyme concentrat ion 

(Figure 3.17). Also t h e r e  w a s  a s t r a i g h t  l i n e  through t h e  

o r i g i n ,  which is  c o n s i s t e n t  with equat ion 3.9 obtained by 

asauming enzymic a c t i v a t i o n  by t he  anion. This ind ica ted  t h a t  

SO4 binds, t o  the  enzyme and - - a c t i v a t e s  i t  a s  glucose dehydro- 
- - - - - - - - - - - , 

genase. This r e s u l t  i s  similar (as  mentioned above) t o  the  

r e s u l t e d  obtained with a r sena te ,  and t h i s  suggeted t h a t  a rsen-  
* 

a t e  and su lphate  a r e  both a c t i n g  with t h e  same mechanism, 
- 

while  vanadate a  d i f f e r e n t .  mechanism. However, very f a s t  

ester formation could not be completely ru led  out .  The e f f e c t  

of su lphate  on t h e  r a t e  of glucose oxida t ion  (Figure-  3.17)' w a s  

s i m i l a r  t o  the  e f f e c t  of a r sena te  on t h e  same system (Figure 

-.----- 
(0.01 M SO, vs 4.0 x lo-'- M h i ) .  This suggested t h a t  SO, d 

% 



and. A s i  both had t h e  same e f f e c t  on t h e  enzyme'. Thus,> the2,  
I 

high a c t i v a t i o n  of glucose oxida t ion  i n  t h e  presence of SO, 

w a s  more l i k e l y  due t o  enzyme a c t i v a t i o n  by binding of s u l -  
, - 

phate  t o  the  enzyme a t  the  Pi binding domain of t h e  c a t a l y -  

t i c  s i t e .  

The above re-act-ions 

scheme : 

be summarb%?ed by t h e  •’01-lowing 



Figure 3.17 ' . 

The Ef fec t  of Di f fe ren t  Enzyme Coment ra t ions  on the  Rate 

of Glucose Oxidation i n  the  Presenee of 1.0 x M- glucose 

with and without 1.0 x M Sulphate a t  pH 7.4. Procedures 

and condi t ions  were a s  descr ibed with Figure 3.1, exceptb  t h a t  

p resen t ,  su lpha te  (where indica ted)  w a s  p resent  a t  1.0 x lo-* 
- 

- M, and the  G6-PDH s tock  s o l u t i o n  w a s  a t  2.0 mg/mL. The po in t s  

r ep resen t :  (a)  measurements of the  r a t e s  of NADP+ reduct ion 

i n  the  presence of glucose without  su lphate  ( s o l i d  c i r c l e s ) ,  

(b) s i m i l a r  measurements i n  t h e  presence of both glucose and 

su lpha te  ( s o I i d  t r i a n g l e s ) ,  aiGp(c) thcdi f ferenceb&Geen (b) 

and (a) ( s o l i d  squares) .  
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The Effect of Different Enzyme Concentrations on the Rate 

of Glucose Oxidation in the presence of 1 .0  x ~ o ' ~ M  Glucose 

and 1 .0  x 1 0 - * ~  Sulphate of pH 7 .4 .  The data •’rom Figure 3 .17 

(sol id  square), are plotted as a double reciprocal plot .  
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Scheme 3.1 

-- -- -- - - - -- - - - - - --- -- - -- 
- -- 

- 
T 

From Scheme 3.1 one predicts  that  increasing sulphate 

concentration w i l l  decrease the concentration of the f ree  
, A 

enzyme present %n the react2on mixtuf e-whf &- hz-tnm .dll-- --  ------------- 
0 

r e su l t  in a decrease in the r a t e  of G6-V oxidation catal ized 

by the enzyme, as was confirmed by the r e s u l t s  of Figure 3.16. ' 

A 

- -  - - - - - - - -- -- - --- -- -- -- 

In terms of scheme 3.1, the r e su l t s  shown i n  Figure 3.16 
2- 2 

a re  rat ionalized as  followe: i n  the absence of '  Vi, SO4 

ac t iva tes  G6-PDH as a glucose oxidase. The level l ing off  of 
- 2- 

the SO4 act ivat ion plot  (solid c i r c l e s ,  Figure 3.16) is due 
2 - 

t o  the saturat ion of the SO4 binding s i t e ,  a t  which poin t ,  
2 - 

most of the enzyme has been converted t o  the E.SOh form. In 
2 - 

the absence of SO,, , Vi causes considerable act ivat ion of 

glucose oxidation, as shown by the difference between the 

s o l i d  c i r c l e  and the t r iangle  on the ve r t i ca l  axis t -  However, 

as shown by the l ine  through the t r iangles ,  the'  Activation by c 



2-  - 
SO4 i n  the  presence of V i  i s  considerably l e s s  than i n  t h e  

absence of V i .  The two a c t i v a t i n g  e f f e c t s  are not a d d i t i v e ,  

even though they involve d i f f e r e n t  mechanisms. 

d 
1 

- The no d d i t i v i t y  'of the  vanadate and su lphate  a c t i v a t i o n  

of glucose oxida t ion  is a l s o  shown i n  Figure 3.18. T h t s  -fig- 
< - 

u r e  shows t h a t  t h e  a c t i v a t i o n  of glucose oxida t ion  by increas-  
A 

ing concent ra t ions  of vanadate (lower l i n e ,  s o l i d  c i r c l e s )  i s  , 

< L  . 
r e s u l t s  shown i n  Figure 3.18 would be cons i s t en t  with an i n h i -  

b i t i o n  by vanadate of the  su lphate  a c t i v a t i o n .  %ever, i n  

terms of Scheme 3.1, exac t ly  the  converse is t r u e .  Adding 

su lpha te  decreases  the  concentrat ion of t h e  enzyme< species  (E 

i n  Scheme 3.1) which ca ta lyzes  t h e  oxidatfon of G6-V. 
- - 4 -- - - - - - - - - - - - - - - - - - - - - - - - 

The lack  of any curvature  i n  the  v e l o c i t y  vs .  enzyme con- 

c e n t r a t i o n  p l o t  f o r  glucose oxida t ion  i n  the  presence of s u l -  

phate  (Figure 3.17) is  a l s o  cons i s t en t  with Scheme 3.1 as men- 

t ioned e a r l i e r . ,  It w a s  a l s o  mentioned t h a t  t h i s  lack  of cur -  * 
v a t k  could be explained by a very f a s t  su lphate  e s t e r  forma- 

t i o n ,  s o  t h a t  the  enzymic oxida t ion  s t e p  remained race - l imi t -  

ing  even a t  the  h ighes t  enzyme concentrations.  used. However, 
# 

T. 

t3iGiewe r e  t WxiieCna~tsm-f - s m ~ t z ~ C T ; 1 V & o ~ ~ - o • ’ g ~  

- m l d  not  expect t o  sec t h c  curvature i n  t h ~  

v e l o c i t y  vs .  su lphate  concentrat ion p l o t  (Figure 3.16, s o l i d  

c i r c l e s )  i n d i c a t i n g  s a t u r a t i o n  b y  su lphate  . - -- -- - - - - 



Rate 

The Ef fec t  of Di f fe ren t  Vanadate Concent raqons  on t h e  

of NADP+ Reduction i n  the  Presence and Absence of 

were a s  descr ibed with Figure 3.16, except t h a t  t h e  vanadate 

, concent ra t ion  was va r i ed  and su lphate ,  when presenf,  was a t  a  

constant  concent ra t ion  of 1.0 x 10 '~  M. Also, G6-PDH.was a t  

0 .2  mg/m~. The po in t s  r ep resen t :  (a)  measurements of the  

r a t e s  of NADP+ reduct ion  in - the  presence of glucose,  without 
- - -  - - - - - - - 

sulphate  ( s o l i d  c i r c l e s ) ,  and (b) s imi larmeasurements  i n  the  

presence of both glucose and su lphate  ( s o l i d  t r i ang les ) - .  





- - -  - 

Also, c o n s i s t e n t  with Scheme 3.1 is the  observat ion t h a t  

su lphate  a t  t h e  concent ra t ions  used i n  t h i s  s tudy,  i n h i b i t s  

oxida t ion  of G6-P catalyzed by G6-PDH, while vanadate does 

not (12).  These r e s u l t s  a r e  discussed below. 

2 - 
When the  e f f e c t  of SO4 concentrat ion w a s  checked on t h e  

r a t e  of G6-P oxidation, '  t h e  same e f f e c t  a s  i n  t h e  case of G6-V 

was observed (Figure 3.19). The s i m i l a r i t y  i n  the  e f f e c t  of 

su lphate  concent ra t ion  - - - - - - - on - both - - - - - the r a t e s  of ogidation=o_f _Gj-P_ = 

and glucose with vanadate supported the  formation of G6-V. 

I n h i b i t i o n  by 20 mM su lpha te  w a s  about 87% i n  case 4 G C - V  and 

about 52% i n  case of G6-P. The weaker i n h i b i t i o n  of G6-P 

oxida t ion  i s  probably because the  s t eady-s ta t e  concent ra t ion  

of G6-V is lower than' t h a t  used f o r  G6-P. 

When t h e  e f f e c t  of increas ing  the  concentratLon of vana- 

d a t e  (0.0 - 2.0 x lo-' M) on the  r a t e  of G6-P oxida t ion  (5.0. x 

lo-' M ~ 6 - P )  w a s  s tud ied ,  i t  was found t h a t  vanaklium has no 

e f f e c t ,  c o n s i s t e n t  with published r e s u l t s  (12).  This does not 1 
I 

exclude the  p o s s i b i l i t y  t h a t  vanadate might bind t o  the  enzyme - I  

s i g n i f i c a n t l y  a t  h igher  V i  concent ra t ions .  I n  t h e  case of 

 AS^, an i n h i b i t i o n  constant  (Ki = 12 mM) w a s  repor ted  

s i m i l a r ,  i n h i b i t i o n  --- by vanadate would be- fit the  

low V i  concent ra t ions  used i n  t h e  present  study. Because of 

t h e  f a c i l e  o l igmer iza t ion  of V' i ,  it is  not f e a s i b l e  t o  







extend the study to 

vanadate would then 

/ 

higher Vi concentrations; monomeric 
*- 

no longer be the predominant species. 

and Physiological Zlpplications 

it was found that glucose and vanadate .In this study, 

react to yield a pr-oduct which can be oxidized by NADP+ in a 

reaction catalyzed by glucose 6-phosphate dehydrogenase. It 

is likely th& the product of the reaction of glucose and 

ed previously in the case of- phosphate and arsenate. The 

values of kl were found to 5e several orders of magnitude , 

i 
C 

larger than those reported for the reaction of glucose with 

arsenate and phosphate (16)-. A value for kcat/& of 9540 
a 

(rng/m~)-' .min-' was estimated for glucose 6-vanada&e compared 
- - -- - - - - . - - --- - 

to 990 (mg/mI,)-' .min-' for G6rP. This is very likely an over- 

estimate, but it is consistent kith the hypoth&is that G6-V 

is a good substrate for G6-PDH. ' 

If the rapid reaction of vanadate with hydroxyl groups is 

a general phenomenon, then vanadate esteks are expected to . 
come to equilibrium rapidly under physiological conditions. 

If vanadate esters are generally good analogs to phosphate 
- - - - - - - - - --- - - - - -- 

esters, as is apparently the case with G6-V as a substrate for , 

- - -- - - - - - - 



G6-PDH, the* nonenqyrnic vanadate e s t e r  fqrmat ion  may be physi-' 

o l o g i c a l l y  important.  

Previous work has been i n t e r p r e t e d  as i n d i c a t i n g  t h a t  
.. 

vanadium compounds have a regula tory  r o l e  i n  carbohydrate 

metabolism as  revealed by t h e i r  e f f e c t  on glucose metabolism 

i n  v i t r o  (25) .  It was found t h a t  'vanadium has an insulzn-  - h * 

mimetic a c t i o n  i n  i s o l a t e d  r a t  adipocytes .  The incubat ion of 

adipocytes with orthovanadate s t imulated t h e  r a t e  of glucose 
- -- - - - -  - - --- - - -- - - - - - - - -- - - - 

- - >  - 

oxidat ion  as well  a s  glucose t r a n s p o r t .  The e f f e c t s  were 

dependent on t h e  concent ra t ion  of vanadate and the  time of t h e  
\ * 

incubat ion.  The authors  suggested t h a t  vanadate may e n t e r  the  - 

c e l l s  and i s  chemically a l t e r e d  and/or sequestered,  but i n  the  
I 

cours'e of these  i n t r a c e l l u l a r  r eac t ions  hexose t r a n s p o r t  i s  

s t imula ted .  T h i s  - could- be due- _to t he  involvement of  vanadatk - - - 

on phosphorylation of key membrane p ro te ins  i n  t h e  i n s u l i n -  

mimetic e f f e c t  of vanadate. . 



Cotton, F.A.; Wilkinson, G. "Advanced Inorganic 

Chemistry" 4th Ed., John Wiley and Sons, (1980), 

"vanadium" Division o•’ ~e'dical Sciences N.R. C . , National 
P 

Academy of Sciences, Washington, D.C., (1974), and 

references therein. 

Zenz, C.; Berg, B.A.. Arch. Environ. Health, (1967), 14, 

Hopkins, L.L., Jr.; Mohr, H.E. "The Biological 

Essentiality of Vanadium". In Mertz, w.; Cornatzer, 
W.E., Eds.  ewer Trace Elements in Nutrition1', New 
York: Marcel Dekker, (1971), p.195. 

,Josephson, L. ; Cantley, L.C. ~iochemistr~, (1977), - 16, 
- - -  - - - - - - - -  - - 

Cantley, L.C.; Cantley, L.G.; ~ose~hsdn, L.'. J. Biol. 

Chem., (1978), - 253,-7361. 

Barrabin, H.; Garrahan, P.J.; Rega, A.F, Biochim. 

Biophys. Acta, (1980), 600, 796. 

0 ' ~ e a l  , S . G. ; Rhoads, D. B . ; ~acker , E. ~io6hem'. 

Biophys. Res. Commun., - (1979), - 89, 845. 

- -  - - - -- - -- - - - -- - - -- - pp-p-p- 



- - - - - - - - --- -- .-  

Steffen, RIP.; Pamnani, M.B.; Clough, D.L.; Huot, 

S.J.,; Muldoon, S.M.; Haddy, F.J. Pathophysiology of 

Hypertension, Supp.1, (1981), - 3, 173. 
,. 

Inciarte, D.J.; Steffen, R.P.; Dobbins, D.E.; Swindall, . 

B .T. ; Johnston, J. ; Haddy, F. J. Am. J. Physiol., (l98O), 
4 

- 

Cantley, L.C.; Aisen, P. J. Biol. Chem., (1979), 254, - 
1781. 

f ,  
- -- - - -- - - - - 

- - - - -  - -  
- - -  - - - -- - - - - - - -- - 

- - - - -  - 
Climent, F.; Bartrons, R.; Pons, G., Carreras, J. 

I 

Biochem, Biophys. Res. Commun.? (19812, - 101, 570. 

Lindquist, R.N.; Lynn, J.L., Jr.; Lienhard, G.E. J. Am. 

Chem. Soc., (1973), - 95, 8762. 

Lopez, V.; Stevens, T.; Lindquist, R.N. Arch. Biochem. 

DeMaster, E.G.; Mitchell, R.A. Biochemistry, (1973), 19, 
3616. , 

Laugans, R. Arch. Biochem. Biophys., (1980), 205, 67. - 
/ Newman, L.; LaFleur, W.J.; Brousaicles, F.J.; Ross, A.M. 

a 

J. Am. Chem. Soc., (l958), 80, 4491. - 
Penefsky, H.S., Meth. En. 2, (1979), - 56, 527. 

C 
? 

Fersht , A. "Enzyme Structure and Mechanism". W.H. 
\ 

Pope, M.T.; Dale, B.W. Chem. Soc. Lond. Quart. Rev., 



- , , . 
22. ~ch&zenbach, A.  ; Geier, A. ~ e l v .  Chim. Acta, (1963), 

) *  ' 23. More, S.A.; Moe~nich, D.M.C.; Gresser, M.J. J. Biol-. 
13 3 

Chem., (1983), - 258, 6266. 

- 24. Noltmann, E.A.  ; GubIer, C. J. >; Kuby, S.A. ;I. B i o i .  Chem. 

25. Dubyak, G . R . ;  K le inze l l er ,  A. J .  B io l .  C h e m . ,  (1980), 

p-- 

- -  - - -  
- 

- 
-- 

p- - 

2%. NoTttmannrE.A. , KuEy, S .A .  Thep E h z s e s  , 2nd Ed. ,  V b l  . 7, 

; 2 7 .  The Enzyme Handbook,-Vol. 1 ,  (1969).  




