
io8 

BBA 66154 

BIOCHiMICA ET BIOPHYSICA ACTA 

KINETICS OF GLUCOSEPHOSPHATE ISOMERASE ACTIVITY ON 
FRUCTOSE IN THE PRESENCE OF ARSENATE 

REACTIVITY OF ALCOHOLIC GROUPS WITH ARSENATE 

R O S A R I O  LAGUNAS 

Instituto de Enzimologla, Centro de Investigaciones Biol@icas, C.S.I.C., Madrid (Spain) 

(Received March 2oth, 197 o) 
(Revised manuscr ip t  received June  is t ,  197 o) 

SUMMARY 

I. The kinetics of glucosephosphate isomerase activity (D-glucose-6-P ketol- 
isomerase, EC 5.3.1.9) on fructose in the presence of arsenate, and the effect of phos- 
phate, fructose-6-P, and erythrose-4-P on this activity, have been studied. 

2. The results suggest that arsenate interacts with the hydroxyl group of C-6 
of the sugar resulting in, perhaps, an ester bond, and that the resulting compound, 
fructose-6...arsenate, may be isomerized by the enzyme with about the same V as 
that of the physiological substrate fructose-6-P. 

3. Studies on the mechanism by which the interaction proceeds seem to indicate 
that, subsequent to the arsenate binding, the enzyme binds fructose, and then the 
interaction occurs between arsenate and the hydroxyl group of fructose. 

INTRODUCTION 

Enzymes whose main substrates are phosphorylated sugars show little or no 
activity on the corresponding dephosphorylated sugars. Nevertheless, an increase in 
or the appearance of this activity has been described with a variety of enzymes when 
arsenate, but not phosphate, is present a. GRISOLIA AND CASCALES 2 observed that 
phosphoglyceromutases, dependent on 2,3-phosphoglycerate as cofactor, were 
specifically activated by arsenate, and not by phosphate, when the cofactor was 
absent. I t  seems likely that 3-phosphoglycerate, present in the assay mixture as 
substrate, and arsenate, were together able to substitute for 2,3-phosphoglycerate. 

The diversity of enzymic reactions that can be activated by arsenate, the 
different nature of some reactant molecules whose common characteristic is the 
hydroxyl group, and the kinetic behaviour of glucosephosphate isomerase with 
respect to the arsenate-induced activity on fructose, suggest an interaction between 
certain hydroxyl groups and arsenate forming ester-like compounds capable of substi- 
tuting for the homologous phosphate esters 1,8. In this paper the kinetics of the glucose- 
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phosphate isomerase activity on fructose induced by arsenate have been studied in 
an at tempt to understand the mechanism involved. 

MATERIALS AND METHODS 

Reagents 
Yeast glucosephosphate isomerase, glucose-6-P dehydrogenase (D-glucose-6-P: 

NADP oxidoreductase, EC I.I.I.49), glucose oxidase (/5-D-glucose:oxygen oxido- 
reductase EC I. 1.3.4), and fructose-6-P (disodium salt) were obtained from Boehringer 
and Soehne. Peroxidase (donor:hydrogen peroxide oxidoreductase, EC 1.11.1.7) was 
obtained from Worthington Biochem. Corp. ; o-dianisidine and imidazole from Sigma 
Chem. Co. ; Triton X-Ioo from Rohm and Haas; EDTA, sodium arsenate, and sodium 
phosphate from Merck AG., Darmstadt. Fructose was obtained from Pfanstiehl 
Laboratories Inc. and recrystallized from 98 ~/o ethanol before use. 

Assay of enzymic activities 
The activity of glucosephosphate isomerase on the free sugar was measured by 

following the formation of glucose from fructose, employing a colorimetric method 
based on the oxidation of glucose by glucose oxidase and later oxidation of o-diani- 
sidine 4. Usually, unless otherwise indicated, the reaction mixture contained: 0.3 M 
arsenate-HC1 (pH 7.o), 0.4 M fructose, 5 mM EDTA, 0.2% Triton X-Ioo, IO #g 
peroxidase, 200 #g glucose oxidase and IOO/zg o-dianisidine. All reagents were placed 
in a microtube of a Klett-Summerson photoelectric colorimeter to a total volume 
of 2 ml. The reaction was started by adding o.75- 5/,g of the glucosephosphate isomer- 
ase. Colour development was followed in the colorimeter with the 42 filter. 

The isomerizing activity on the phosphorylated sugar was measured by following 
the formation of glucose-6-P with glucosephosphate dehydrogenase. The assay 
mixture contained, in a final volume of i ml, 5 ° mM imidazole (pH 7.o), 5 mM fructose- 
6-P, 0. 4 mM NADP + and 0. 4 unit of glucosephosphate dehydrogenase. The reaction 
was started by the addition of o.o63/zg of the glucosephosphate isomerase. The increase 
in absorbance, at 34 ° n m ,  accompanying the reduction of NADP +, was followed in 
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E~ructo~e-6-P~ (rnM t) 

Fig. I. Compe t i t i ve  inhib i t ion  b y  a r sena te  and  p h o s p h a t e  of  t he  i somer iza t ion  of  f rue tose -5-P  
b y  g lucosephospha t e  i somerase .  I t - - L  no added  an ion ;  k - - k ,  o . 3 M  p h o s p h a t e  (pHT.o) ;  
[ ] - - [ ~ ,  o.3 M a r sena te  (pH 7.o). T he  reac t ion  was  carr ied ou t  b y  o.063 jug of the  enzyme .  Velocities 
are expressed  as nmo l e s  of  f ruc tose -6-P  t r a n s f o r m e d  per  rain. 
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a Beckman  DB spec t ropho tomete r  in a cuve t te  of I - cm l ight  pa th .  Enzymes  were 
d i lu ted  in o.I  % bovine  a lbumin  solution. 

RESULTS 

Effect of arsenate and phosphate on the activity of glucosephosphate isomerase with 
fructose-6-P and fructose 

Arsenate  as well as phospha te  were compet i t ive  inhibi tors  of  f ructose-6-P 
b inding  (Fig. I) wi th  about  the  same K~ for bo th  anions, IO and 8 mM, respect ively.  

The ac t i v i t y  of  the  enzyme on fructose was dependen t  upon the presence of  
a rsenate  and all a t t e m p t s  to find some a c t i v i t y  in the  presence of  phosphate ,  su lpha te  
or in the  absence of added  anion were unsuccessful. The arsena te- induced  a c t i v i t y  
wi th  fructose increased l inear ly  wi th  the  concentra t ion  of arsenate  up to a concen- 
t r a t ion  of abou t  0.050 M, reached a m a x i m u m  at  about  0.2 M and decreased at  higher  
concentra t ions  (Fig. 2). By  ex t rapo la t ion  of the  L ineweave r -Burk  plot  an appa ren t  
Km for arsenate  of 0.25 M is obta ined.  
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Fig. 2. Kine t i cs  of f ructose i so lner iza t ion  by  g lucosephospha te  isomerase  wi th  respect  to  a r sena te  
concent ra t ion .  0. 4 M fructose  and  0.75/2g of the  enzyme,  Velocit ies are expressed as nmoles  of 
f ructose t r ans fo rmed  per  rain. 

Fig. 3. I n h i b i t o r y  effect of  p h o s p h a t e  on a r sena te - induced  a c t i v i t y  of g lucosephospha te  isomerase  
on fructose. 0. 4 M fructose.  [~--[N, no phospha t e ;  I - - I ,  o.I M phospha t e  and  i fig of enzyme  
was used. Velocit ies are expressed as nmoles  of f ructose t r ans fo rmed  per  rain. 

Phospha te  can inhib i t  the  arsenate- induced ac t iv i ty .  In  Fig. 3 the  results  
ob ta ined  at  various concentra t ions  of arsenate  in the presence and absence of  o . I  M 
phospha te  are shown. 

Effect of concentration of fructose on the arsenate-induced activity of glucosephosphate 
isomerase 

The effect of the  concent ra t ion  of fructose was s tud ied  at  two different concen- 
t ra t ions  of  arsenate.  At  bo th  concentrat ions ,  except  for the  depar tu re  from l inear i ty  
at  concent ra t ions  of  fructose over  0.5 M in the  presence of low concent ra t ions  of 
arsenate,  close to f i rs t-order  kinet ics  were obta ined,  as shown in Figs. 4 A and 4]3. 
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Fig. 4. Effect of fructose concentration on its rate of isomerization by  glucosephosphate isomerase 
in the  presence of arsenate. A. 0.3 M arsenate. When the fructose concentration was between 
0.050 and 0. 4 M, the amount  of enzyme was 5/~g. Between 0. 4 and 1.6 M fructose, 0.25/zg of the 
enzyme was used. The results of this series are referred to 5/~g of the enzyme, and are expressed 
as nmoles of fructose transformed per min. The activities between 0. 4 and 1.6 M fructose are 
multiplied by  3.3, the correction factor for the departure from linearity at  the widely different 
enzyme concentration used. B. Arsenate 0.025 M. The reaction was carried out by 4/*g of the 
enzyme. 

T h e r e f o r e ,  i t  is n o t  poss ib l e  to  e s t a b l i s h  e i t h e r  t h e  Km of  t h e  e n z y m e  for  f r u c t o s e ,  

w h i c h  is > 2 M, or  t h e  V va lue .  N e v e r t h e l e s s ,  a n  a p p r o x i m a t e  c a l c u l a t i o n  of  t h e  l a t t e r  

p a r a m e t e r  c a n  b e  m a d e :  t h e  m a x i m a l  a c t i v i t y  w i h t  f r u c t o s e - 6 - P  as s u b s t r a t e  was  

194 u n i t s / r a g  p r o t e i n ,  a n d  t h a t  w i t h  1.6 M f r u c t o s e  a n d  0.3 M a r s e n a t e ,  3 u n i t s / r a g  

p r o t e i n ,  so t h e  r a t i o  o f  t h e s e  t w o  ve loc i t i e s  is 65. T a k i n g  i n t o  a c c o u n t  t h e  n o n - s a t u r a t i o n  

c o n d i t i o n s  for  b o t h  f r u c t o s e  a n d  a r s e n a t e  a n d  t h e  f a c t  t h a t  t h e  a c t i v i t y  was  n o t  

s t r i c t l y  p r o p o r t i o n a l  in  t h i s  r a n g e  of  e n z y m e  c o n c e n t r a t i o n  ( f rom 5 to  0.063 #g) ,  in  

t h e  sense  o f  i n c r e a s i n g  as  t h e  e n z y m e  b e c o m e s  m o r e  d i l u t e d ,  i t  is q u i t e  poss ib l e  t h a t ,  

i n  b o t h  cases,  t h e  V is n e a r l y  t h e  s a m e ,  a n d ,  i ndeed ,  i t  s eems  l ike ly  t h a t  t h e y  a re  n o t  

m a r k e d l y  d i f f e ren t .  

T h e  low a f f in i ty  of  t h e  e n z y m e  for  f r u c t o s e  is in  a g r e e m e n t  w i t h  t h e  o b s e r v a t i o n  
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Fig. 5. Inhibi tory effect of fructose-6-P and erythrose-4-P on arsenate-induced activity on 
fructose. 0. 3 M arsenate. O - - O ,  no added inhibitor. A- -A ,  5 mM fructose-6-P. [~ - -D ,  0.03 mM 
erythrose-4-P. 0. 5 /*g of the enzyme was used when the fructose concentration was between 
o.025 M and o.I M. Between o.i and 0.8 M the amount  of enzyme was 2.o#g. The results are 
referred to 2/*g of the enzyme. Activities are expressed as nmoles of fructose transformed per min. 
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of no inhibition of the activity on o.2 mM fructose-6-P with o.8 M fructose. NATAKE 3 
has reported for the enzyme from Escherichia intermedia a Km for glucose of 1.6 M. 

Effect of fructose-6-P and erythrose-4-P on the activity with fructose 
Erythrose-4-P is a competitive inhibitor of glucosephosphate isomerase with 

a Kl value of 0.002 mM (ref. 5). This compound, when assayed at 0.03 mM concen- 
tration, produced a 45 % inhibition in the rate of isomerization of fructose by glucose- 
phosphate isomerase with 0.3 M arsenate (Fig. 5)- Fructose-6-P, the physiological 
substrate of the enzyme, at 5 mM concentration produced 50% inhibition (Fig. 5). 
These inhibitions may seem too low considering that  the concentrations of the inhi- 
bitors were 15 and 25 times their respective apparent affinity constants and that  the 
substrate was far below saturation concentration. This paradoxical result will be 
discussed below. 

DISCUSSION 

The activity of glucosephosphate isomerase on fructose has been shown to be 
dependent on the presence of arsenate. The apparent Km of this enzyme for fructose 
in the presence of arsenate is > 2 M. This low affinity very likely depends not only 
on the lack of a phosphoryl group on C-6, but also on the fact that  this enzyme binds 
the open form of the sugars much more efficiently 5. Therefore the high Km for fructose 
should be, to a considerable extent, determined by the low proportion of the open 
form present in equilibrated solutions of the free sugar, much lower than for phos- 
phorylated sugars 6-7. 

In the isomerization of fructose-6-P, a natural substrate of the enzyme, arsenate 
and phosphate are competitive inhibitors. In addition, phosphate has been shown 
to be an inhibitor of the isomerization of fructose induced by arsenate. These obser- 
vations indicate that  arsenate and phosphate bind at the active site of the enzyme. 
The kinetics of the arsenate induction of activity of glucosephosphate isomerase on 
fructose, described in this paper and by NATAKE a, and the generality of the phenome- 
non which occurs with molecules whose common characteristic is the hydroxyl groups, 
suggest an interaction between hydroxyl groups and arsenate forming, perhaps, an 
ester bond 1. The resulting "ester-like" compounds are able to substitute for the 
corresponding phosphorylated esters in enzymic reactions. The inability of the 
phosphate to "induce" activity could indicate that  in the conditions used, phosphate 
either does not interact with the hydroxyl groups of the sugars, or it interacts to a 
much less extent than does arsenate. In phosphorolytic reactions, arsenate can replace 
phosphate, supposedly through the formation oftransient arsenic organic compounds, 
anhydrides or esters. Although these postulated compounds have not been isolated, 
experiments with 1sO-labelled arsenate support this theoryS, 9. Moreover, CHAN et al. ~° 
report that,  during respiration of rat  liver mitochondria in the presence of radioactive 
arsenate, a radioactive arsenic substance is formed, which has been purified and 
whose properties are consistent with those expected for a stable arsenate ester. 

I f  we assume the formation of "ester-like" compounds of sugars with arsenate 
(represented as As in the scheme below), there are at least three possible mechanisms 
that  could in principle explain the arsenate-dependent fructose isomerization. 
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~ (a) Fru * As ------- Fru - . .  A S / A  s 

1L(b) Fru . . .  As + Enz ~ E n z \  
FFu 

i(a) Enz + Fru - ~ Enz 
2 \ FrU/As 

L (b) Enz\  + As ~ E n z \  * 
Fru - F r u  

As 
/ 

f 
(a) Enz + As ~ Eoz 

3 As As 

L ( b )  Enz / + Fru ~ E nz/ ~ 
\F~u 

As / 

After the formation of the complex, Enz(__ it could be assumed that  the iso- 
\ ~ r  11 

merization proceeds as in the case of the natural  substrate fructose-6-P. The product of 
the reaction, glucose-6...As, would be promptly hydrolysed to glucose and arsenate. 

Mechanism i postulates that  the "ester-like" compound is formed between 
arsenate and fructose in solution depending on an association constant. Taking into 
account the fact that  arsenate is a competitive inhibitor with respect to fructose-6-P 
(Fig. I), the non-combined arsenate, free in solution, would compete for the active 
site of the enzyme with the formed fructose-6...As. On the basis of arsenate as com- 
petitive inhibitor of fructose-6...As, by applying the equation of velocity in the 
presence of a competitive inhibitor 

- - = I  ( i  + - -  [arsenate] ) Km I __I 
v, K,(arsenate) V [fructose-6...As] + V 

and since [fructose-6...As] = C. [arsenate], "v," would be nearly constant when the 
arsenate concentration is changed within a range well over the K, value (IO mM). 
At concentrations of arsenate well over its K, value, the enzyme would be almost 
saturated. Although an increase of the arsenate concentration would increase the 
concentration of fructose-6...As, the degree of saturation of the enzyme would not 
allow a noticeable increase of the velocity. This prediction is in contrast with our 
results (Fig. 2) and those of NATAKE 3 because almost linear increases of activity were 
found on increasing the arsenate concentration up to o.I M. 

The contrast between the IO mM K,  of arsenate for glucosephosphate isomerase 
in the isomerization of fructose-6-P (Fig. I), and the 0.25 M apparent Km of arsenate 
in the isomerization of fructose (Fig. 2) cannot be understood by Mechanisms 2 or 3. 
This contrast could be explained on the assumption that  glucosephosphate isomerase 
in the presence of its substrate fructose-6-P experiences some conformational change 
lasting long enough to produce a significant increase in the apparent affinity for 
phosphate and arsenate. As a consequence the K, of IO mM found for these anions 
would be lower than the dissociation constants of these anions in the absence of the 
natural  substrate. With this assumption, any of the three proposed mechanisms could 
be consistent, in principle, with the kinetics found for fructose and arsenate. 

As pointed out above, erythrose-4-P and fructose-6-P, when assayed as inhi- 
bitors of the isomerization of fructose in the presence of 0.3 M arsenate, at concen- 
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trations 15 and 25 times their respective K, and Kin, caused inhibitions of only 45 
and 50%, respectively (Fig. 5). We will now consider these results on the basis of the 
three possible mechanisms described above. 

If  Mechanism I were involved to the greater extent, the substrate fructose- 
6...As would be at a concentration far below saturation of the enzyme, since its actual 
concentration would be dependent on the fructose concentration, and first-order 
kinetics have been found for this sugar. In these experimental conditions, i.e. low 
concentration of substrate and concentration of inhibitors 15 and 25 times their 
respective apparent affinities, the predictable inhibitions would be about 95 %. Since 
only 50% inhibition was found, it seems unlikely that Mechanism I has a significant 
function. 

In mechanism 2, fructose would compete with fructose-6-P or erythrose-4-P for 
the active site. Because of the very low affinity of glucosephosphate isomerase for 
fructose and for reasons similar to those discussed for Mechanism I, it seems that 
Mechanism 2 can also be eliminated as the main one. 

In Mechanism 3, arsenate would compete with fructose-6-P or erythrose-4-P 
for the active site. The dissociation constant of the complex enzyme-arsenate in {he 
presence of fructose-6-P has been found to be IO raM, and presumably the same 
constant would apply in the presence of erythrose-4-P. In the experiments described, 
arsenate was present at 0.3 M, that is 30 times the above dissociation constant, while 
fructose-6-P or erythrose-4-P were at 25 and 15 times their respective Km and K,. 
In these conditions about 50% inhibition is to be expected. Therefore, on the as- 
sumption that the dissociation constant of the enzyme arsenate complex is higher in 
the absence than in the presence of the phosphorylated substrate, only Mechanism 3 
is consistent with the results and seems likely to be quantitatively important in the 
"induction" of the activity of yeast glucosephosphate isomerase on fructose. 

The involvement of Mechanism I, while possible in qualitative terms, is likely 
limited by the low association constant of the fructose-6...As compound. The low 
affinity of the enzyme for fructose would be an important limitation in Mechanism 2 
as it would be also in Mechanism 3. However, in the latter this limitation could be 
sidestepped on the assumption that the binding of arsenate to the enzyme increases 
the affinity of the enzyme for fructose, perhaps involving some conformational change 
in the protein. 

Probably most hydroxyl groups have potential reactivity with arsenate, as is 
suggested by the generality of the activation or induction of activity by arsenate of 
certain enzymes1, ~ with their corresponding dephosphorylated substrates or co- 
enzymes. The precise mechanism of activation by arsenate would depend in each case 
on the peculiar characteristics of the different enzymes. ANDERSON et al. 12, according 
to their experimental observations with glucosephosphate dehydrogenase, suggest a 
Koshland's "induced fit" produced by sulphate, phosphate and bicarbonate, to be 
responsible for the increase of activity on free glucose. We have also found a 3-fold 
stimulation by phosphate of the glucosephosphate dehydrogenase on free sugar, but 
as much as I6-fold stimulation by arsenate 1. Consequently, it may be suggested in the 
case of glucosephosphate dehydrogenase that arsenate, as well as phosphate, produce 
a conformational change in the enzyme that facilitates its catalytic activity on free 
sugar. On the other hand, there probably occurs an interaction of arsenate with the 
hydroxyl group of C-6 of glucose, giving a glucose-6...As that would closely resemble 

Biochim. Biophys. Acta, 220 (197 o) lO8-115 



REACTIVITY OF ALCOHOLIC GROUPS WITH ARSENATE 115 

glucose-6-P and which could explain the greater increase of activity in the presence 
of arsenate as compared with phosphate. 

In general, it is suggested that, for enzymes whose substrate or coenzyme are 
phosphorylated compounds and which bind arsenate in the active site, the enzymes 
themselves are likely to play an important role in the interaction of arsenate and 
hydroxyl groups. The specific binding to the enzyme would facilitate the proximity 
and the precise spatial orientation of the groups able to interact giving an "ester-like" 
compound structurally related to the physiological substrate or coenzyme. In addition, 
if the active site were located in a hydrophobic part of the protein probably the 
interaction could be favoured, and the resultant bond stabilized. 
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