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I t  is a general experience that different 
types of glucose-6-phosphate dehydrogenase 
(G-6-PD) deficiency of the erythrocytes re- 
sul t in variable clinical expression, ranging 
from a silent carrier to the extreme of chronic 
hemolysis in patients with congenital non- 
spherocytic hemolytic anemia (CNSHA) ( 1 ) . 
The severity of the deficiency as measured 
in the ordinary assay does not always corre- 
late with the clinical syndrome. This is most 
evident in the variants associated with 
CNSHA, where some have higher activities 
than some of the clinically silent variants 
(2-4). Several biochemical characteristics of 
the variants such as in vivo lability, low 
affinity for the substrate glucose-6-phosphate 
(G-6-P) ( 5 ) ,  abnormal affinity for NADP 
perturbing the monomer-dimer equilibrium 
(4) and differing sensitivity to the inhibitory 
effect of NADPH (6, 7 ) ,  have all been sug- 
gested as explanations for these discrepancies. 

Avigad (8) and others (9) have shown 
that ATP and certain other nucleoside tri- 
phosphates, inhibit G-6-PD competitively 
with the substrate, G-6-P. Smith and Anwer 
(10) have found an uncharacterized variant 
with a low inhibition constant and suggested 
that this could explain some of the observed 
discrepancies between G-6-PD activity and 
clinical manifestations. To test the possibility 
that this might be the explanation for the 
occurrence of CNSHA we undertook a study 
of the inhibition by ATP of several G-6-PD 
variants, some of which are associated with 
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CNSHA. 
Materials and Methods. Red cell enzymes 

were partially purified using methods recom- 
mended by the WHO and previously de- 
scribed in detail (2). All partially purified 
enzymes were dialyzed for 3 hr. For the 
determinations of the inhibition constants 
(Ki) for ATP the following modifications of 
the standard assay (2) were used: MgC12 
was omitted and the pH of the Tris-HC1 
buffer was lowered to 7.3 instead of 8.0. 
Neutralized 20 mM ATP solution was added 
to a find concentration of 2 and 4 mM. All 
assays were carried out with the Gilford 
model 2400 spectrophotometer at 37". The 
Michaelis constants (K,) for G-6-P with and 
without ATP ware calculated using the least 
square fit equation. Ki-ATP was calculated 
from equations given by Dixon and Webb 
(10) for competitive inhibition. 

Results and Discussion. In  preliminary ex- 
periments we confirmed that ATP inhibits 
erythrocyte G-6-PD by competition with G- 
6-P. This is partially relieved by magnesium 
ions and is very sensitive to the pH of the 
reaction mixture: i t  is almost inapparent at 
the WHO standard pH of 8.0 and increases 
as the pH falls. At the adopted pH of 7.3, 
a concentration of 0.2 mM NADP and in the 
absence of magnesium, G-6-PD B has an 
apparent Ki-ATP of 2.11 -t. 0.6 mM. The 
K,-G-6-P and Ki-ATP of the variants studied 
are given in Table I. 

In some of the variants the observed K,  
for the G-6-P differ from the reported values 
( 12-1 5) , especially for G-6-PD Alhambra, 
because of the different conditions of the 
assay (pH 7.3, no Mg2+). As shown, none 
of the studied variants had Ki-ATP value 
below normal, while G-6-PD Alhambra, G-6- 
PD Canton and to a lesser degree G-6-PD 
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TABLE I. K,-G-GP and K4-ATP of Erythrocyte 
G-6PD Variants." 

~~ ~~ 

Km-G-6P ,.,dl K,-ATP mM 
- 

Gd B (6) 32 2.1 0.6 
Gd A (2) 34 2.5 
Gd Mediterranean (2) 14 2.6 
Gd Chicago 37 2.1 
Gd Canton 39 4.7 
Gd Alhambra 28 4.0 
Gd Charleston 25 1.9 

" T h e  number of samples is given in parentheses. 

Mediterranean, were found to have higher 
Ki  values. As none of the variants manifested 
undue sensitivity to ATP, inhibition by the 
physiologic levels of intracellular ATP is 
probably not a major factor in the patho- 
genesis of hemolysis in patients with those 
variants. These determinations did not dis- 
tinguish variants associated with CNSHA 
like G-6-PD Alhambra, G-6-PD Chicago and 
G-6-PD Charleston from those unassociated 
with chronic hemolysis like G-6-PD A-, G-6- 
PD Mediterranean and G-6-PD Canton. 

Recently Yoshida and Lin ( 7 )  studied 
several variant enzymes at  physiologic con- 
ditions of pH, substrate and inhibitor con- 
centrations and found that enzymes from 
subjects with hemolysis are strongly inhibited 
by physiologic concentrations of NADPH, 
while variants not associated with CNSHA, 
are far less sensitive to inhibition by 
NADPH. The latter are also more resistant 
to the inhibition of ATP. In  an assay sys- 
tem which contains physiologic concentrations 
of NADP and NADPH, the variants G-6-PD 
Union, G-6-PD Markam and G-6-PD Medi- 
terranean, not associated with CNSHA were 
less inhibited by ATP compared to the nor- 
mal enzyme ( 7 ) .  We, too, found a slightly 
higher Ki for ATP in G-6-PD Mediterranean. 

It will be useful to study more variants 
by these methods in order to establish the 

role of this biochemical characteristic in 
G-6-PD deficient erythrocytes. 

Summary. ATP is a competitive inhibitor 
of erythrocyte glucose-6-phosphate dehydrog- 
enase. Inhibition of the normal enzyme and 
the enzyme of six variants, four of them 
associated with nonspherocytic congenital 
hemolytic anemia was investigated. None of 
the variants manifested undue sensitivity to 
ATP inhibition. It is concluded that inhibition 
by physiologic levels of ATP is probably not 
a major factor in the pathogenesis of hemol- 
ysis in these variants. 

1. Beutler, E., Seminars Hematol. 8, 311 (1971). 
2.  Beutler, E., Mathai, C. K., and Smith, J. E., 

Blood 31, 131 (1968). 
3. Ramot, B., Ben-Basuat, I., and Shchory, M., 

J. Lab. Clin. Med. 74, 895 (1969). 
4. Rattazzi, M. C., Corash, L. M., Van Zanen, 

G. E., JaffC, E. R., and Piomelli, S., Blood 38, 205 
(1971). 

5. Kirkman, H. N., Ann. N.Y. Acad. Sci. 151, 
757 (1968). 

6. Afolayan, A., and Luzzstto, L., Biochemistry 
10, 45 (1971). 

7. Yoshida, A., Science, in press. 
8. Avigad, G., Proc. Nat. Acad. Sci. USA 56, 1543 

(1966). 
9. Horne, R. N., Anderson, W. B., and Nordlie, 

R. C., Biochemistry 9, 610 (1970). 
10. Smith, J. E., and Anwer, M. S., Experientia 

27, 835 (1971). 
11. Dixon, M., and Webb, E. C., "Enzymes." 

Academic Press, New York (1964). 
12. Kirkman, H. N., Rosenthal, I. M., Simon, E. 

R., Carson, P. E., and Brinson, A. G., J. Lab. Clin. 
Med. 63, 715 (1964). 

13. McCurdy, P. R., Kirkman, H. N., Naiman, 
J. L., Jim, R. T. S., and Pickard, B. M., J. Lab. 
Clin. Med. 67, 374 (1966). 

14. Beutler, E., and Rosen, R., Pediatrics 45, 230 
(1970). 

15. Beutler, E., Grooms, A. M., Morgan, S. K., 
and Trinidad, F., J. Pediatr. 80, 1005 (1972). 

Received Oct. 4, 1972. P.S.E.B.M., 1973, Vol. 142. 


