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The kinetic and e lee t rophore t i c  p rope r t i e s  of p repara t ions  of g lucose -6 -phospha te  dehydro-  
genase  (G6PD), obtained f rom e ry th rocy te s  f rom healthy blood donors and pat ients  with 
acute drug-induced hemolyt ic  anemia  caused by G6PD deficiency,  purif ied 230-300 t imes ,  
were  invest igated.  A new abnormal  va r ian t  of G6PD, not p rev ious ly  descr ibed  in the 
l i t e r a tu re ,  w a s  isola ted f r o m  the e ry th rocy tes  of a patient  with acute drug-induced 
hemolyt ic  anemia .  The abnorma l  enzyme differs  f r o m  the no rma l  in having a lower 
Michaelis  constant  for  g lucose -6 -phospha te  and NADP, in its inc reased  uti l ization of sub-  
s t r a t e  analogs (2-deoxyglucose-6-phospha te  and, in pa r t i cu la r ,  d iamino-NADP),  low t h e r m o -  
s tabi l i ty ,  the c h a r a c t e r  of its pH dependence,  and in the appearance  of only one band of G6PD 
act ivi ty  during e l ec t rophores i s  in po lyac ry lamide  gel. 

KEY WORDS: g lucose -6 -phospha te  dehydrogenase ;  abnorma l  var ian t  of g l u c o s e - 6 - p h o s -  
phate dehydrogenase  in human e ry th rocy tes  

The invest igat ion of the p rope r t i e s  of g lucose-6-phospha te  dehydrogenase (G6PD) is in te res t ing  in con- 
nection with the d i scovery  of abnormal  enzymes  in hemolyt ic  anemias  due to reduced G6PD activi ty [16-18]. 
The def ic iency of enzyme act ivi ty is inher i ted  as a t r a i t  linked with the X c h r o m o s o m e ,  and the appearance  of 
anomal ies  is connected with a mutation of the locus of the X c h r o m o s o m e  coding G6PD synthes is .  As a resul t  
of mutat ions an enzyme differing f rom norma l  in its act ivi ty and its kinetic and e lec t rophore t ic  c h a r a c t e r i s t i c s  
is formed.  

The object  of this invest igat ion was to obtain a G6PD prepara t ion  f r o m  a sma l l  number  of human e ry th ro -  
cy tes  in o rde r  to inves t iga te  the kinetic and e [ec t rophore t ic  p roper t i e s  of  the enzyme in healthy subjects  and in 
pat ients  with hemolyt ic  anemia  due to reduced G6PD activi ty.  

EXPERIMENTA L METHOD 

Experiments were carried out on partially (230-300 times) purified preparations of G6PD not containing 
hemoglobin or 6-phosphogluconate dehydrogenase (6PGD), the presence of which distorts the calculations of the 
kinetic characteristics. The work was done by the method suggested by the scientific group of the World Health 
Organization on standardization of methods of investigation of G6PD for the purpose of identifying abnormal 
variants of the enzyme [2]. 

Isolation and purification of G6PD from human erythrocytes were carried out by Kirkman's method [8] in 
the writers' modification [I]. Activity of G6PD and 6PGD [6, I01 and the protein concentration [9] were deter- 
mined in the resulting preparation. When determining the Michaelis constants (Kin) for glucose-6-phosphate 
(G6P) and NADP the initial reaction velocities were measured for eight different concentrations of G6P (from 
20 to 250 #M) and NADP (from 1.5 to 20 pM). The true concentrations of G6P and NADP were determined by 
an enzymic method. 

The utilization of substrate analogs (2-deoxyglucose-6-phosphate, diamino-NADP, and NAD) was deter- 
mined by the standard method of determination of G6PD activity using the above-mentioned analogs, in the same 
concentrations, instead of G6P or NADP. G6PD activity was expressed as a percentage of the level of activity 
obtained when G6P or NADP was used [5]. 
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sented by Academic ian  of the Academy of Medical Sciences of the USSR S. E. Severin.) Trans la ted  f r o m  Byul-  
leten' ]~ksperimental'noi Biologii i Meditsiny, Vol. 84, No. 12, pp. 728-731, December, 1977. Original article 
submit ted Decembe r  15, 1975. 

0007-4888/77/8412-1771507.50 �9 Plenum Publishing Corpora t ion  1771 



0 

0 

0 

0 

M 

0 

e~ 

% 

N 
M 

M 

r.) m 
.-~ 

M 

N 

E 

r  

~ ~ 

N 
% '9  "8 

E 

s_Ol~to ~auoso~d u! u.Ku 
OI ~o1 uo. t l~qnou~ ~u!~np 

o ~ n l ~ o d m ~  lea.tl.t~D 

E 

o 

c~ 

z ~ ~ ~ 

,~ ~-,o I I I I 1 1 
A 

o r 
o ~. ~ 

O O 

IOAOI d ~ V N  jo  o/o ,d ( IVN ~ o *0 ~ ~ 
-OU.tLU~!p ;o uo~.~zTI!~Fl ~ ~ ~ 

- Axoop-~  Jo {loIx~zT~[Ilfl 

F'I r~ ' d9O ao$ LUM 

I I 

%% t i I I tlOI:lO~tI o o o  

IeLUlotl  JO 
/4d %I:~Z uT l~/~tkl 

oo o o  o ~ o o o ~  o o o ~  

t •  r--r--~o 

i 

~0~ 0 ol ~ T ~  c~ ~.~C~ ~ 
~ - o ' ~ , ~  ,,~ ~ . ~ o  o 8 O ~ o  
Z ~  ' c ~  ~ ~ ~L) OP~ 

IeUa~ou ~o q0 'ales~(I 
- o t u ~ q  u.t ,Q.IA~a~ (Id9O 

1 7 7 2  



~oo [ 
90; 
80 
70 
50 
50 
40 
30 
20 

1o 

~/'6" 
"50 52" 

0 10 20 30 ~0 50 60 

Fig. 1. Thermostabi l i ty  of G6PD isolated f rom 
ery throcytes  of donors,  of patient S-r ,  and of his 
mother,  during incubation for 10 min in presence  of 
10 -5 M NADP at different tempera tures .  1, la ,  lb) 
changes in activity of enzyme f rom donor ' s  e r y t h o r -  
cytes at different t empera tu res ;  2) changes in act iv-  
ity of enzyme f rom erythrocytes  of patient S- r  
(mother) at cr i t ical  t empera ture ;  3) changes in 
activity of enzyme f rom erythrocytes  of patient S-r  
(son) at c r i t ica l  t empera ture ;  4) changes in activity 
of enzyme f rom donor 's  e ry throcytes  at c r i t ica l  
t empera ture .  Abscissa ,  incubation t ime (in min); 
ordinate,  activity (in %). 

Thermostabi l i ty  was determined by measur ing  G6PD activity af ter  incubation of the enzyme for 10 rain 
at t empera tures  of 46, 50, 52, 54, and 58~ in the course  of 60 rain, and also for  5 min at t empera tures  of 45, 
48, 51, 54, 57, and 60~ G6PD activity was expressed as a percentage of its initial activity. 

The pH optimum for G6PD was determined in 0.1 M T r i s - 0 . 1  M g lyc ine -0 .1  M NaH2PO 4 " 2H20 at pH 
5.5-11.0 at intervals  of 0.5 pH unit [5]. Activity of the enzyme at different pH values was calculated by taking 
the activity at pH 8.0 as a rule as 100%. 

Elect rophoret ic  analysis of the G6PD prepara t ion was car r ied  out in finely porous 7.5% polyacrylamide 
gel (PAG) without the use of gel of large pore size [7, 13]. 

Samples of the G6PD preparat ion with activity of 0.015-0.020 i.u. were mixed with 40% sucrose  in the 
rat io of 1 : 1 and layered above electrode buffer on the gel with a micropipet  in a volume of 0.1-0.2 ml. E lec t ro-  
phoresis  was ca r r i ed  out with a current  of 3 mA to the column for 2-2.5 h at 0~ using 5 mM Tr i s -g lyc ine  
buffer, pH 8.3, as the electrode buffer. To detect G6PD activity the gels were placed after  e lect rophores is  in 
a react ion mixture containing 0.1 M Tris-HC1, pH 8.0, 3 mM G6P, 0.37 mM NADP, 0.98 mM phenazine meta-  
sulfate, and 0.12 mM ni t ro-BT for staining in darkness at 37~ The relat ive e lectrophoret ic  mobility (REM) 
of zones of G6PD activity was calculated by the usual method [4]. Activity was est imated quantitatively by 
means of the DMU-2 densi tometer  (Toyo, Japan) at 620 nm [12]. 

The e lect rophoret ic  mobility of G6PD, which is essent ial  when studying var iants  of G6PD, was determined 
by horizontal  e lec t rophores is  in s tarch  gel at 0~ [14] in T r i s - E D T A - - b o r i c  acid (TEB) at pH 8.6. The current  
to the chamber  was 30 mA, its voltage 150 V, and the duration of e lec t rophores is  16 h. The mobility of the 
mutant enzymes was expressed as percentages ,  taking as 100% the distance (to the center  of the spot) moved by 
the control  (normal) enzyme during paral lel  e lec t rophores is .  

E X P E R I M E N T A L  R E S U L T S  

The resul ts  of investigation of the proper t ies  of G6PD f rom erythrocytes  of 16 donors and patients with 
hemolytic anemia are  given in Table 1. 

The study of G6PD f rom ery throcy tes  of patients with hemolytic anemia caused by a deficiency of this 
enzyme revealed abnormal i t ies .  The physicochemical  indices of G6PD from ery throcy tes  of a son and mother  
of Jewish race  were studied. The investigation of the proper t ies  of G6PD from the e ry throcytes  of the mothers  
with hemolytic anemia is par t i cu la r ly  interest ing,  for  the patient could obtain the X chromosome with mutation 
in the G6PD locus only from his mother ,  
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Fig. 2. Effect of pH of medium on activity of G6PD isolated from erythrocytes of donors, patient 
S-r, and his mother. 1) Shaded region corresponds to observed deviation from mean level for 
16 experiments (normal) ; 2) pH-dependence of G6PD from erythroeytes of patient S-r (mother) ; 
3) pH-dependence of G6PD from erythrocytes of patient S-r (son). Abscissa, pH values; ordinate, 
activity (in %). 

Fig. 3. Densitogram of G6PD from erythrocytes of donor and patient S-r (son). A) Densitogram 
of G6PD f rom donor ' s  e ry throey tes ;  B) densi togram of G6PD f rom ery throcytes  of patient S-r .  

During investigation of the enzyme f rom erythrocytes  of patient S- r  and his mother  S- r  who, like the son, 
also suffered f rom acute drug-induced hemolytic anemia, provoked by a var ie ty  of drugs,  features of s imi lar i ty  
and difference were found. In patient S-r  (son) G6PD activity was not found in the hemolysate and 6PGD activity 
was normal :  0.0015 #M NADP during 1 rain per  mi l l igram protein. After purification of the enzyme the G6PD 
activity in the result ing preparat ion was 0.017 pM NADP in 1 rain per  mi l l ig ram protein (2% of normal).  In 
the mother  of patient S-r  G6PD activity in the hemolysate  was 0.00154 pM NADP per  minute per  mi l l igram 
protein (59.2% of normal) ,  whereas 6PGD activity was normal ,  namely 0.0015 pM NADP per  minute per  mil l i -  
g ram protein. After purification of the enzyme by 286 t imes the G6PD activity in the preparat ion was 0.44 pM 
NADP per  minute per mi l l igram protein (51.8% of normal).  The values of Km for G6P and NADP w e r e  
appreciably lower than normal  for G6PD isolated f rom the e ry throcytes  of both the son and his mother.  Uti l iza-  
tion of subst ra te  analogs (2-deoxy-G6P and diamino-NADP) was sharply increased for the son 's  abnormal  
enzyme, and a less marked increase ,  affecting diamino-NADP, was observed for the enzyme f rom the mother ' s  
e ry throcytes .  Neither mutant enzyme utilized NAD. The thermostabi l i ty  of G6PD f rom the son ' s  e ry throcytes  
was sharply r e d u c e d - t h e  cr i t ical  t empera tu re  during incubation for 10 rain in the presence  of 10 -5 M NADP 
was 42~ whereas for enzyme f rom the mothe r ' s  e ry throcytes  it was above 50~ (Fig. 1). The optimum of 
enzyme activity f rom the son 's  e ry throcytes  occur red  at pH 8.0; at pH 5.5 only 4% of the activity was exhibited, 
and with an increase  in pH to 8.0 enzyme activity gradually increased to reach a maximum, and at pH 8.5 
inactivation began. G6PD f rom mother  S - r ' s  e ry throcytes  had a pH dependence s imi lar  to that of the normal  
enzyme,  but the maximum of its activity was observed at pH 9.5 (Fig. 2). 

During e lec t rophores is  in PAG the abnormal  G6PD isolated from the e ry throcytes  of patient S-r  (son} 
was manifested as a single band of G6PD activity (REM 0.29), evidently corresponding to the less active 
t e t r amer  form of the enzyme (Fig. 3). The mutant G6PD from the e ry throcytes  of  mother S-r  was manifested 
as two bands of G6PD activity (REM of first  band 0.29, of second band 0.36), corresponding to the dimer  and 
t e t r amer  forms of the enzyme. 

During e lec t rophores is  in s tarch gel both mutant enzymes were revealed as a single band of G6PD 
activity. The e lectrophoret ic  mobility of the abnormal  enzyme f rom the e ry throcytes  of mother  and son was 
indistinguishable f r o m  normal.  The differences in the proper t ies  of the abnormal  enzymes isolated f rom 
mother  and son c lear ly  reflect  the presence  of a mixture of different enzymes in the maternal  e ry th rocy tes :  
normal  and abnormal.  
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Compar i son  of the p rope r t i e s  of G6PD isola ted f rom the e ry th rocy te s  of patient  S - r  (son) with the 
p r o p e r t i e s  of known abnorma l  va r ian t s  of this enzyme [3, 5, 16] showed that  with r e spec t  to the def ic iency  of 
act ivi ty,  the G6PD now isolated co r responds  to c lass  II of G6PD var ian ts  according to the WHO class i f ica t ion  
[2], but according  to the c h a r a c t e r i s t i c s  studied, it d iffers  f rom those descr ibed  in the l i t e ra ture .  

The va r i an t  of G6PD found in the e ry th rocy tes  of  patient S- r  (son) is a new abnormal  va r i an t  of this 
enzyme,  which we have called NKremenchug" a f te r  the town where  the proband l ives.  
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