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Introduction 

I feel it a great honor to receive The Japan Society of Human Genetics Award 
of this year. The initiation of my works on red cell enzyme abnormalities associ- 
ated with hereditary hemolytic anemia dates back to 1960, when I began to work 
with Dr. W.N. Valentine at the University of California at Los Angeles (UCLA). 
We were lucky enough that we could discover pyruvate kinase (PK) deficiency 
hemolytic anemia in the following year (Valentine et al., 1961 ; Tanaka et al., 1962). 
After came back to Japan, I was able to continue and develop the studies in this 
field owing to the cooperation of my colleagues as well as kind advices from many 
of my seniors. Especially, Dr. S. Shibata's pioneer works on hemoglobinopathies 
in Japan encouraged me very much. In this lecture, I would like to follow my trail 
of my works. 

Discovery o f  Pyruvate Kinase Deficiency 

Selwyn and Dacie (1954) developed the autohemolysis test and found that 
some cases of so-called congenital nonspherocytic hemolytic anemia showed a 
peculiar pattern in this test. Red cells of these cases showed greatly increased 
hemolysis after 48 hours' incubation at 37~ which was not correctable with the 
addition of glucose. They classified these cases as Type II of congenital non- 
spherocytic hemolytic anemia. From this result, they predicted that something is 
wrong with glycolysis of the red ceils in Type II cases. Meanwhile, it was found 
that red cell glucose 6-phosphate dehydrogenase (G6PD) was deficient in Negro 
cases who show drug-induced acute hemolysis after taking anti-malarial drugs such 
as primaquine (Carson et al., 1956). Thus, in late 1950s, biochemical studies of 
red ceils attracted hematologists' attention quite a bit. In 1960, in Dr. Valentine's 
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laboratory, we made a plan to check the activities of as many red cell enzymes of the 
Embden-Meyerhof glycolytic pathway as possible on cases with so-called Type II 
congenital nonspherocytic hemolytic anemia, with an intention that some kind 
of enzyme deficiency should be found in Type II cases. At that time, I was im- 
pressed by Drs. LiShr and Waller's works of Marburg, Germany, on red cell enzymes 
which were on Klinische Wochenschrift (LiShr et al., 1957). They have already 
developed the methods for the determination of all the red cell enzyme activities of 
the glycolytic pathway. To tell the truth, we mainly followed their methods. In 
February, 1961, we found that the activity of pyruvate kinase was markedly de- 
creased in the red cells of a 26 years old Caucasian painter who had a Type II con- 
genital nonspherocytic hemolytic anemia. Family study in this case disclosed 
that the father, mother, all of the children and some of the siblings had about half- 
normal red cell PK activity without any clinical symptoms, indicating that this 
disorder is inherited by an autosomal recessive trait. Seven cases with this disorder 
were found by us within a year. We also found that the PK activity of the patients' 
leukocytes was entirely normal (Valentine et al., 1961; Tanaka et al., 1962). The 
latter finding was later confirmed by Koler et al. (1968) showing that the red cell PK 
and leukocyte PK from normal human subjects showed different kinetic properties 
and by Imamura and Tanaka (1972) that they showed different electrophoretic 
mobilities. 

In this regard, I would like to emphasize just one point. Why the discovery 
of PK deficiency was all to our credit and the German investigators like L6hr and 
Waller could not find it earlier than us in spite of the fact that they had been ahead 
of us by four years in setting up red cell enzyme assays? It should have not been 
caused by the difference in frequency of the disorder between the U.S.A. and Ger- 
many, because many cases with this disorder were reported later from Germany. 
I think the reason for it is that Dr. Valentine had been working mainly with leukocyte 
enzymes and hence, we were accustomed to set up the assay methods of both red 
cell and leukocyte enzyme activities at the same time after carefully separating 
leukocytes from red cells. This is especially important for PK assay because leuko- 
cyte PK activity is entirely normal in red cell PK deficiency and also because one 
leukocyte has about 300-fold PK activity as compared with the activity of one 
normal red cell. If one is careless in separating leukocytes from red cells, one is 
apt to overlook PK deficiency due to the activity of contaminated leukocytes. I 
presume this might have happened in German investigators even they had encoun- 
tered PK deficiency cases earlier than we had. 

Progress of  the Studies on Pyruvate Kinase Deficiency in Our Laboratory 

Just before coming back to Japan, I was confident that there must be PK de- 
ficiency in Japan, and I decided to continue red cell enzyme studies. I was able to 
find the first PK deficiency case in Japan in 1965 (Miwa and Nagata, 1965a). In 
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1965, Minakami, Yoshikawa and their colleagues developed simple enzymatic 
methods for the determination of red cell glycolytic intermediates and adenine 
nucleotides (Minakami et  al., 1965). We adopted these methods, and this soon 
resulted in the discovery of a PK deficiency case which showed an even higher than 
normal enzyme activity determined by the conventional assay method. We found 
this case because of  the accumulation of glycolytic intermediates previous to the 
step catalyzed by pyruvate kinase as well as a decreased amount of ATP in the 
patient's red cell. It soon became clear that the red cell PK of this case was kinetic- 
ally abnormal because it had a markedly high Michaelis constant for the substrate 
phosphoenolpyruvate (K~ for PEP). We reported this case as "functionally ab- 
normal PK deficiency" (Ohyama et al., 1969). It was unfortunate to us that one year 
earlier than this, Paglia et  al. (1968) reported a case who showed high K~ for PEP, 
although our study was done independently from theirs. At any rate, it became 
apparent that like G6PD deficiency (WHO Scientific Group, 1967), at 1east some 
PK deficiency cases were caused by mutant PKs. 

At this point, we felt that a more direct approach than kinetic studies was 
desirable to confirm the evidence of structural gene mutations in this disease. There 
had been several previous reports of  electrophoresis of  kinetically abnormal red cell 
PK, but we were unaware of  any reports that clearly indicate inherited molecular 
abnormalities of  red cell PK with abnormal electrophoretic mobility. Imamura 
and Tanaka (1972) developed a very good electrophoretic method which use thin 
layer polyacrylamide gel for PK isozyme studies. We quickly performed a co- 
operative study with them. A liver biopsy specimen of a PK deficiency case revealed 
to show clearly different mobility of liver-type (L-type) PK from that of  the normal 
(Imamura et  al., 1973). Soon after this, red cell PK (PK-R) of this case was also 
found to show a similar abnormal electrophoretic mobility (Nakashima et  aL, 1974). 
Using several kinetic parameters as well as polyacrylamide gel electrophoresis, we 
could identify several PK variants (Nakashirna et  al., 1974; Miwa et  al., 1975). At 
that time, it was noticed that some of the severe PK deficiency cases failed to show 
PK-R in electrophoresis when hemolysate was used. We thought that these cases 
were probably caused by the lack of PK-R synthesis probably due to regulatory 
gene mutation. We called these cases as classical PK deficiency (Miwa et  al., 1975). 
Interestingly, these cases showed M2-type PK which was not seen in normal red 
cells, presumably by a compensatory mechanism. However, in a later study using 
a partially purified PK, it was found that PK-R with abnormal kinetic properties 
as well as abnormal electrophoretic mobility existed in the red cell (Shinohara et  al., 

1976). Hence, it has become increasingly apparent that most, if not all, of  the PK 
deficiency is caused by structural gene mutation, and not by decreased synthesis of  
normal enzyme protein molecules. 

A variety of  techniques and methods had thus far been used in different labor- 
atories for characterizing PK variants. The investigators in this field began to 
feel that the use of standard methods for the analysis of PK variants would make it 
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Table 1. Main features of seven PK variants found in our laboratory. 

Tokyo Nagasaki Sapporo Maebashi Itabashi Fukushima Aizu 

Activity (~) 156 136 147 39 51 92 63 
K0.ss(PEP) H H H H H H H 
Hill coeff. L N N N L slightly H N 
K0.5s(ADP) L L L N N N N 
Nucleotide slightly N Abn N Abn Abn Abn 

specificity Abn 
ATP inhibition More More More N More More More 
F-1,6-DP activation N N N Less N Less Less 
Thermostability Lab Lab N Lab Lab Lab Lab 
pH curve Acid Acid N N N N N 

narrow narrow 
Electrophoretic Slow Slow Fast N Slow Slow N 
mobility 

N, normal; H, high; L, low; Abn, abnormal; More, more inhibition than the normal; Less, less 
activation (more F-1,6-DP required than the normal required for 50~; activation); Lab, labile. 

possible to compare results obtained in different laboratories, and to identify variants 
on the basis of  biochemical parameters. Such methods have been developed through 
a collaborative effort among members of  a working group of the International 
Committee for Standardization in Haematology (ICSH, 1979), in which I played a 
role as a chairman. The number of  essential parameters for abnormal PKs are 
minimized to ten because of the limitation of both time required for the studies 
and volume of blood obtainable from a patient. The ten parameters are as follows: 
1) P K  activity, 2) thermostability, 3) K0.ss (PEP), 4) Hill coefficient, 5) K0.ss (ADP), 
6) nucleotide specificity, 7) ATP inhibition, 8) fructose 1,6-diphosphate (F-1,6-DP) 
activation, 9) pH curve, and 10) thin layer polyacrylamide gel electrophoresis. 
The first two are determined using crude hemolysate while other parameters are 
determined using partially purified samples. 

As red cell PK activity sometimes decreases in erythroleukemia, acute leukemia, 
refractory anemia and other hematological disorders (Arnold et al., 1974; Boivin 
et al., 1975), a family study is essential in order to differentiate hereditary PK de- 
ficiency f rom an acquired PK deficiency. It  should be noted at this point that we 
can characterize a PK variant from the red cell of  a homozygous PK deficiency, 
but it is almost impossible to characterize two PK variants from a heterozygous 
PK deficiency which is caused by the inheritance of two different mutant  PKs. Main 
features of  seven new PK variants characterized by this methods in our laboratory 
is shown in Table 1 (Miwa et aL, 1980a). 

G6PD Deficiency in Japan 

Japan locates in the temperate zone and the malaria is not endemic. Presumably 
for these reasons, G6PD deficiency appears to be rare. However, until recently little 
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was k n o w n  a b o u t  the  f requency in Japanese  ( M a t s u n a g a  et al., 1965; Miwa  et aL, 

1965b). Us ing  the spo t  test o f  Beutler  and  Mitchel l  (1968) and  s tarch gel electro-  

phoresis ,  the  screening for  G 6 P D  deficiency was made  recent ly  in males  l iving in 

Yamaguch i  prefecture  by  us. Ini t ia l ly ,  a to ta l  o f  6,120 males  were screened using 

Beut ler ' s  spot  test and  5 deficiency cases were found  ( N a k a s h i m a  et al., 1977). 

Secondly,  3,000 males  were screened using bo th  the  spot  test  and  s tarch gel electro-  

phoresis  and  15 cases with the  deficiency were found  (Naka tsu j i  and  Miwa,  1979). 

F requency  o f  G 6 P D  deficiency in Japanese ,  at  least  who live in Yamaguch i  pre- 

fecture, was revealed to be 0 . 1 - 0 . 5 ~ .  This value  is quite different f rom those found  

in southern  Chinese ( 5 . 5 ~ )  (Chart et al., 1964), in T a i w a n - H a k k a  popu l a t i on  ( 5 . 5 ~ )  

(Lee et al., 1963) and  in the  Phi l ippines  ( 6 . 0 ~ )  (Motu l sky  et aI., 1964). In  addi t ion ,  

the var iants  f o u n d  in Chinese and  Phi l ippines  are different f rom those  found  in 

Japanese  except  for  G 6 P D  B ( - )  Chinese ( N a k a s h i m a  et aI., 1977). These dif- 

ferences suggest the poss ibi l i ty  tha t  the  m u t a t i o n  might  have occurred  after  Japanese  

were i sola ted  in the islands.  In  addi t ion ,  the  f requency in J apan  could  no t  increase 

p r o b a b l y  because  the posi t ive  selective pressure  o f  the endemic  o f  ma la r i a  was 

lacking.  

Table 2. Main features of 19 G6PD variants found in our laboratory, 

Hb Retics Activity KmG6P KmNADP KiNADPH Thermal 
(g/100 ml) (~ )  (~ )  stability 

Class 1 
Tokyo 12. 6 
Tokushima 12. 1 
Ogikubo 9. 2 
Kurume 10. 6 
Fukushima 6. 5 
Yokohama 7.5 
Yamaguchi 6. 9 
Wakayama 10. 6 
Akita 11.1 

Class 2 
Mediterranean-like 9. 2 

Ogori 15.9 
Gifu 11.1 
Fukuoka 12. 4 

Class 3 
Hofu 15. 1 
B(--) Chinese 13. 1 
Ube 14. 0 
Konan 13.7 
Kamiube 12. 5 
Kiwa 13.0 

4. 5 4. 4 Normal Normal Normal Labile 
22. 0 3.0 Normal High Normal Labile 
8.4 3.0 Normal Normal Normal Labile 
4.0 0.8 Normal Normal Low Labile 

18.5 2. 8 Normal Normal Low Labile 
35.2 1.9 Normal Normal Low Labile 
32.4 3.5 Normal High Normal Labile 
3.6 4.5 Normal Normal Low Labile 

15. 0 0 Normal Normal Normal Labile 

2. 0 3. 5 Low Slightly - -  Slightly 
low labile 

3.3 3. 5 Normal Normal - -  Normal 
i0.7* 1.2 Normal Normal Normal Labile 
1.8 3.4 High Normal Normal Labile 

3.2 12. 1 Low Normal - -  Normal 
4. 3 25. 1 Normal Normal High Normal 
1.0 46.4 Normal Normal High Normal 
0. 8 42. 1 Normal Normal Normal Normal 
1.1 45 Normal Normal Normal Normal 
1.0 64 Normal Normal Normal Normal 

* At the time of acute hemolysis. 
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Fifty-four cases of G6PD deficiency have so far been reported in Japan. Among 
them, 21 G6PD variants have been characterized. Nineteen out of the 21 variants 
were characterized in our laboratory (Miwa et al., 1976; Nakashima et al., 1977; 
Miwa et al., 1977a; Miwa et al., 1978a, 1978b; Nakatsuji and Miwa, 1979). Main 
features of the 19 G6PD variants characterized in our laboratory are shown in 
Table 2. 

Other Red  Ceil Enzyme Anomalies, Studies in Our Laboratory 

Number of cases of red cell enzyme anomalies mainly associated with hereditary 
hemolytic anemia found or studied in our laboratory is shown in Table 3. Among 
them, pyrimidine 5'-nucleotidase (P5N) deficiency and adenosine deaminase over- 
production both associated with hereditary hemolytic anemia will be mentioned 
briefly here. 

P5N deficiency was first described by Valentine et al. (1974). Since then, an 
increasing number of cases of this deficiency has been reported, and it seems likely 
that this deficiency will prove to be fairly common cause of hereditary hemolytic 
anemia. In Japan, 3 different families have been found by us recently (Miwa et al., 

1977b; Miwa et al., 1980b; Miwa et al., unpublished observation). The hallmark 
of the deficiency is a marked basophilic stippling of the red cells of the patients. 
It should be noted that the basophilic stippling seen in lead poisoning was proved 
to be caused by marked inhibition of red cell P5N by lead (Valentine et al., 1976). 
Pyrimidine nucleotides increase as a result of P5N deficiency and they probably 
interfere with adenine nucleotides. As a result, glycolysis is disturbed, resulting 
in chronic hemolytic anemia. 

It has been known that adenosine deaminase deficiency causes severe combined 
immunodeficiency (Giblett et al., 1972). This disorder is caused by an autosomal 
recessive trait, and probably caused by structural gene mutation. Recently, 

Table 3. Number of cases of red cell enzyme abnormalities mainly associated with 
hemolytic anemia found in our laboratory. 

Embden-Meyerhof pathway 
Glucosephosphate isomerase deficiency 
Phosphofructokinase deficiency 
Phosphoglycerate kinase deficiency 
Pyruvate kinase deficiency 

Pentose cycle and glutathione metabolism 
G6PD deficiency 
Glutathione peroxidase deficiency (heterozygote) 

Nucleotide metabolism 
Pyrimidine 5'-nucleotidase deficiency 
Adenosine deaminase overproduction 

7 
1 
1 

42 

46 
1 

Total 105 
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Valentine et al. (1977) reported for the first time 12 cases in one family of hereditary 
hemolytic anemia associated with markedly increased red cell adenosine deaminase 
(45- to 70-fold) and decreased ATP. The disorder is inherited as an autosomal 
dominant trait. We found the second family of this disorder (Miwa et al., 1978c). 
As it is quite interesting to know whether this disorder is caused either by an over- 
production of  normal enzyme protein or by synthesis of  mutant enzyme protein 
molecules with increased specific activity due to structural gene mutation, we 
wanted to clarify this point. Red cell adenosine deaminase from normal control 
subjects and from a case of this disorder were purified using antibody affinity chro- 
matography. No differences could be found between them in molecular weight, 
specific activity, polyacrylamide gel electrophoresis, Michaelis constant for adenosine, 
inhibition constant for guanylurea, utilization of 2-deoxyadenosine, thermal sta- 
bility, optimum pH, immunological reactivity, amino acid composition as well as 
tryptic map (Miwa et al., unpublished observation). These results strongly suggest 
that the increased red cell adenosine deaminase activity seen in the patient is caused 
by an overproduction of a structurally normal enzyme, presumably by a regulatory 
gene mutation. 

Future Prospects 

Much will be learned about the mechanism of hemolysis from the studies to 
see biochemical characteristics of mutant enzymes. However, the next step should 
be the determination of amino acid substitution or deletion of the mutant enzyme 
molecules as well as the determination of primary structure of normal human red 
cell enzymes. As compared to hemoglobin, concentrations of enzymes in the red 
cells are much lower than that of hemoglobin and the molecular weights are in general 
larger than that of hemoglobin. Primary structures of  the red cell enzymes which 
we are dealing with are mostly unknown. 

Amino acid substitution has been proven in two G6PD variants, G6PD A +  
(Yoshida, 1967) and G6PD Hektoen (Yoshida, 1970). These two variants fortu- 
nately had only modestly decreased activity or even higher than normal activity. 
In order to achieve the determination of  amino acid substitutions of the deficient 
enzymes, development of very good ultramicro analytical methods suitable for these 
studies are badly needed. 

Storage of cells with rare mutant enzymes is also important. This can be 
achieved either by culture of skin fibroblasts or by culture of lymphocytes of the 
patients, provided that the particular enzyme of fibroblasts of lymphocytes and red 
cells is governed by the same structural gene. For  the culture of lymphocytes, 
treatment with EB virus is necessary. 

Animal model such as PK deficient Basenji dog is quite useful for biochemical 
studies as well as for the search for an appropriate treatment of the disorders. For  
example, bone marrow transplantation has been shown to be successful in PK 
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deficient Basenji  dog (Weiden et  al., 1976). 

The  final goal  is to find the way to t rea t  the pat ients  sat isfactori ly.  A t  present ,  

sp lenectomy is modera t e ly  effective in many  cases. Sat is factory  t r ea tmen t  o f  the 

pat ients  is by  no means  easy, but  hopeful ly  will be achieved in near  fu ture  by  ei ther  

b iochemica l  means  or  by  genetic means.  
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