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Summary 

A new case of glucosephosphate isomerase deficiency is described in a 
Dutch family. The activity of the enzyme was decreased to 20-25s of the 
normal value. Characterization of the defect enzyme showed a pronounced 
thermolability. Heating of the enzyme at 45°C showed a loss of activity of 
90% after one hour. The pH-optimum and the electrophoretic migration were 
normal. The KV-value for F-6-P, the Ki for the competitive inhibitors 2,3-DPG 
and 6-PG were in the normal range. The variant described here differs from all 
known variants. Therefore we propose to give to this new variant the name of 
GPI-Utrecht. 

Introduction 

Glucosephosphate isomerase (EC 5.3.1.9) (GPI) catalyses the reversible 
interconversion of glucose B-phosphate and fructose 6-phosphate (F-6-Z’). In 
1968 Baughan et al. [l] reported that GPI-deficiency is a cause of hemolytic 
nonspherocytic anemia. Since then more than 17 distinct deficient GPI variants 
have been published [ 2-71. GPI-deficiency is after glucose-6-phosphate dehy- 
drogenase- and pyruvate kinase deficiency probably the most common enzyme 
defect in human erythrocytes. Distinct GPI variants were described, based on 
differences in electrophoretic migration, the extent of thermal inactivation, 
pH-isoelectric point, GPI activity, pH-optimum, molecular weight and antibody 
combining capacity. In this paper we deal with a new variant detected in a 
Dutch family. It is proposed to give it the name of GPI-Utrecht. 

* Correspondence to Dr. G.E.J. Staal. 
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Case report 

An 84 year old, mentally retarded girl was admitted to our hospital in 
July 1974, for observation of a severe hemolytic anemia and jaundice. Since 
birth she was suffering from a severe non-classified non-spherocytic hemolytic 
disorder. Besides chronic hemolysis, hemolytic crises were provoked by fre- 
quently occurring bacterial and viral infections and also by the administration 
of pharmaca (a.o. nitrofurantoin, acetylsalicylic acid, anesthetics, pheno- 
thiazines). The splenectomy performed in 1972, however, did not influence the 
course of the hemolytic disorder. A few days before referral to our hospital the 
patient inadvertently received nitrofurantoin for treatment of a urinary infec- 
tion. This might have provoked hemolytic crises, observed at admission. 

Materials and methods 

Substrates, coenzymes and auxiliary enzymes for the determination 
of enzymes and glycolytic intermediates were provided by Boehringer and 
Sohne (Mannheim). All other reagents used were of analytical grade. Glycolytic 
intermediates (except for adenosine triphosphate (ATP) and 2,3-diphospho- 
glycerate (2,3-DPG) were determined according to Niessner and Beutler [S] . 
Adenosine triphosphate (ATP) was determined according to Minakami et al. 
[9] and 2,3-DPG according to Sigma [lo]. Glucosephosphate isomerase activ- 
ity was measured by the method of Slein [ll] at 25°C. The reduction of 
NADP was followed at 340 nm with a Perkin-Elmer spectrophotometer. GPI 
activity was determined in 0.1 M Tris/HCl, pH 8.3, in a final volume of 3 ml 
containing 3 mM F-6-P, 0.5 mM NADP, 0.01 ml glucose-6-phosphate dehydro- 
genase and sample. GPI from erythrocytes was purified according to the 
method of Arnold et al. [12]. Homogenization of liver, muscle tissue and 
leucocytes was carried out in 0.1 M sodium potassium phosphate buffer, pH 
7.0, containing 0.1% saponine. Leucocytes were obtained by the method of 
Wyss et al. [13] . The protein content was determined by the method of Lowry 
et al. [14] with crystalline human serum albumin as standard. Electrophoresis 
was carried out according to Meera Khan and Ratazzi [15] and staining for 
GPI after electrophoresis according to Welch [ 161 . 

Results 

As would be expected in patients with high reticulocyte counts, normal or 
increased activities were found for the erythrocytary enzymes of the glycolytic 
pathway (phosphofructokinase, triosephosphate isomerase, glyceraldehyde-3- 
phosphate dehydrogenase, phosphoglycerate kinase, enolase, pyruvate kinase, 
lactate dehydrogenase), the hexosemonophosphate pathway, the glutathione 
metabolism (glucose8-phosphate dehydrogenase, 6-phosphogluconate dehydro- 
genase, glutathione reductase, glutathione peroxidase) and catalase. The 
glucose-6-phosphate isomerase activity, however, was found to be 6.4 pmol/ 
min/g Hb, a value of 20--25% of the normal value (28-36 ,umol/min/g Hb). 
Compared to normal control tissues the enzyme activity in leucocytes, throm- 
bocytes, liver- and muscle tissues from the proband was decreased to the same 
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TABLE 1 

ACTIVITY OF GLUCOSE&PHOSPHATE ISOMERASE IN DIFFERENT TISSUES 

Percentage of normal activity 

Erythrocytes 
Leucocytes 
Thrombocytes 

Liver 
Muscle 

20-25 
25 
20 

26 
28 

._~ .~---..-._-_ 

degree (see Table I). In both parents the GPI activity of the erythrocytes was 
decreased to 50% of the normal activity. Table II shows the content of gly- 
colytic in~rmedia~s in erythrocytes. In agreement with GPI-deficiency, the 
glucose &phosphate concentration is increased while the other metabolites 
of glycolysis are in the low normal range. 

Characterization of the defective enzyme 

Heat ~tubility 
One of the most characteristic findings in GPIdeficiency is the increased 

thermolability of the defective enzyme [2]. Fig. 1 shows the influence of 
heating for the normal- and defective enzyme (isolated from erythrocytes) at 
45°C. In the patient’s enzyme 90% of its activity is lost after one hour heating 
(Fig. 1B) while only 10% decrease of GPI activity is noticed for the normal 
control (Fig. IA). The same pattern was found, when instead of the purified 
enzyme a hemolysate was used. These results prove the existence of the marked 
thermolability of the defective enzyme. In contrast to the patient’s enzyme, 
the parental erythrocytes contained the same small amount of heat-labile GPI 
activity. 

TABLE II 

THE CONTENT OF GLYCOLYTIC INTERMEDIATES FROM NORMAL AND THE PATIENT’S 
ERYTHROCYTES 

Figures expressed as nmol/ml erytbmcytes, except for ATP and 2,3-DPG (~.tmol/ml erythrocytesf. 

Normal Patient 

Glucose B-phosphate 30 - 45 72 
Fructose &phosphate 10 - 20 13 
Glyceraldehyde phosphate 2 - 10 2 
Dihydroxyacetone phosphate 10 - 22 11 
Fructose l&diphosphate 3 - 13 3 
3-Phosphoglycerate 40 - 90 44 
Phosphoenolpyruvate 10 - 24 10 
2-Phosphoglycerate 4 - 14 6 
Pyruvate 50 -200 60 
Adenosine triphosphate 1.2- 1.6 1.2 
2,3-Diphosphoglycerate 5.3 * 0.4 4.9 

--- -- ..-- -.-.-___ ~.______~.__l_~ 



Fig. I, Heat stability test for the normal (A) and the patient’s GPI (B). The experiment was performed at 

45°C in 5 X lo-’ M TRA-buffer. pH 7..2 + 10 mM EJJTA. 

pH-optimum and electrophoresis 
Fig. 2 shows the pH optimum for the normal and the defective enzyme. 

No difference in pH optimum is observed. In both cases the same value was 
found (pH optimum: 8.3). The electrophoretic migrations of the patient’s 
enzyme from different tissues is compared to normal controls in Fig. 3. In 
these it can be seen that the electrophoretic migration of GPI from muscle, 
leucocyte and erythrocyte in the patient is the same as normal controls. 

A narrow single band is present in the patient’s zymogram and a broad 
single band in the zymogram of the normals. As presumed by Blackburn et al. 
[17] the minor bands observed sometimes in zymograms of normal GPI [ 181 
are probably artefacts arising from oxidation of the enzyme. The electro- 
phoretic migration of the parent’s erythrocyte enzyme was normal. The width 
of the bands in the parents was intermediate between those of the patients and 
the normals. 

Kinetics 

Figs. 4A and 4B show the l/u versus l/[ F-621 , plot at 37°C of the en- 
zyme isolated from normal erythrocytes (Fig. 4A) and from the patient’s 

I ; Q~ ““-, 
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Fig, 2. pn optimum for the normal (A) and the patient’s ensyrne (B). Buffer used: 0.2 M Tris/HCI. 
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Fig. 3. Electrophoresis Of GPI Of ewthrocytes. leucocytes and muscle tissue, in C, our proband and in 
normal controls. 

erythrocytes (Fig. 4B). From these plots a &,-value for F-6-P of 75 E.IM (normal 
enzyme) and a &-value for F-6-p of 72 PM (patient’s enzyme) can be calcu- 
lated. For the Michaelis-Menten constants, identical values were obtained. Sim- 
ilarly, Ki-values for the competitive inhibitors 2,3diphosphoglycerate (2,3-DPG) 
and 6-phosphogluconate (6-PG) were identical for the normal and the patient’s 
enzyme. Fig. 5 shows the inhibition of 2,3-DPG on GPI. 

For the normal enzyme Ki for 2,3-DPG of 2.6 mM was calculated (Fig. 5A) 
and for the patients enzyme this value is about 2.5 mM (Fig. 5B). In case of 
6-PG as competitive inhibitor Ki values of 21 PM (normal enzyme) and 29 PM 
(patient’s enzyme) could be calculated. From these results we can conclude 
that the kinetic properties of the abnormal enzyme are not different from 
those of the normal enzyme. 
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Fig. 4. The l/u versus l/[FB-PI plot at 37°C of the enzyme isolated from normal erythrocytes (A) 

and from the patient’s erythrocytes (B). Buffer 5 X lo-’ M TRA. pH 7.2 + 10 mM EDTA. 

Discussion 

The GPIdeficiency described here could be detected in erythrocytes, 
leucocytes, thrombocytes, liver- and muscle tissue. Based on electrophoretic, 
and isoelectric-focussing studies, Arnold et al. [19,20] and Payne et al. [21] 
reported that no tissue specific isoenzymes of GPI exist in man. Although the 
deficiency of GPI is the same in the tissues so far tested, the increased inactiva- 
tion of the enzyme is only critical for the red cell. It is only in the erythrocyte 
with its relatively long lifespan that glycolysis is disturbed by the inactivation 
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Fig. 5. The l/u vemus l/[F-6-PI plot at 37’C at different (DPG). The different (DPG) are indicated 
in the figures. A, the plots for the normal enzyme; B. the patient’s enzyme. Buffer 5 X 10m2 M TRA, 
pH 7.2 f 10 mM EDTA. 

of GPI. In GPI-deficiency glucose g-phosphate is increased (see table II). Conse- 
quently one would expect inhibition of hexokinase by accumulation of glucose 
6-phosphate and therefore reduction of the rate of glycolysis. As pointed out 
by Lohr [ZZ] the level of glucose 6-phosphate in GPI~e~cient patients is not 
high enough to inhibit hexokinase. 

GPI is known to maintain the equilibrium between glucose 6-phosphate 
and F-6-P. Therefore this enzyme has no regulatory function for glycolysis 
under normal conditions. In GPI deficiency however the equilibrium between 
glucose 6-phosphate and F-6-P is not reached, and the kinetic properties of the 
enzyme are of interest in this particular metabolic situation. 

Characterization of the abnormal enzyme showed normal kinetics: normal 
K, for F-6-P, normal Ki for 2,3-DPG and 6-PG, normal electrophoretic migra- 
tion and normal pH-optimum. The only difference found with respect to the 
normal enzyme is the increased thermal inactivation. Unlike erythrocytic 
pyruvate kinase anomalies, the polymorphism of GPI defects is not commonly 



manifested by altered enzyme kinetics. In crude homogenat.rs as well as in the 
partially purified preparations, the apparent Michaelis-Menten constants of the 
residual GPI, in either erythrocytes or leucocytes, have never been reported to 
diverge significantly from normal controls. The same applies to the inhibition 
constants for 6-PG and 2,3-DPG. 

The enzyme characteristics of the defective enzyme of our proband differ 
from all other variants presenting normal electrophoretic migration rates: GPI 
Matsumoto [ 231, GPI Valle-Hermoso [ 41, GPI Kentucky [ 51, and the variants 
described by Cartier et al. [ 241 and Miiller et al. [3] . GPI Matsumoto [23] 
exhibited a more acid optimal pH curve and a less pronounced thermal inac- 
tivation (30%’ residual activity after 60 min heating at 48°C). In GPI Vallr- 
Hermoso [4] the enzyme deficiency was apparently confined to the erythocyte. 
In the variant described by Cartier et al. 1241 the residual GPI activity in 
erythrocytes is still twice that observed in our variant. 

In the Kentucky variant [ 51, the residual activity in the erythrocytes is 
also higher than in our proband (36-50s of the normal activity versus 20-25’S 
in our variant). The thermal inactivation, though not exactly comparable to our 
results, due to the method differences, seems also more pronounced than in our 
patient. After 15 min heating at 5O”C, the normal GPI activity decreased only 
to 90-95% of the initial activity; in GPI Kentucky homozygotes, the enzyme is 
almost completely inactivated. In the variant recently described by Miiller [ 31, 
the optimal pH-activity curve was shifted to more acid values. Ail other variants 
present abnormal electrophoretic migrations. 

The results of the enzyme characterisation in the patient, the increased 
thermolability in both hemolysate and the purified enzyme, and the identity of 
the enzyme characteristics, so far investigated in both parents, point to homo- 
zygous state of a mutant structural allele in our proband. Further genetic studies 
are in progress. 

We propose to give this new enzyme variant the name of GPI-Utrecht. 
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