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Congenital Hemolytic Anemias:
A Review of Recent Progress.

Shiro MiwA

From the Third Department of Internal Medicine
Yamaguchi University School of Medicine, Ube, Japan

Congenital hemolytic anemias are composed of various kinds of
disorders and can be subdivided into three categories based on the
cause, namely, membrane defects, enzyme anomalies and hemoglobin
abnormalities. It certainly is a difficult task for me to review recent
advances and topics on such a wide area. As I have been working ma-
inly on enzyme anomalies and red cell metabolism, I would like to spend
half of my speech about enzyme anomalies and rather limit the time to
be spent for the disorders due to hemoglobin abnormalities and membr-
ane defects. -

Table, 1 Result of epidemiological survey on congenital
hemolytic anemias in Japan performed in 1974
by a study group of hemolytic anemias granted
by the Ministry of Health and Welfare, Japan®’.

PREVALENCE: 5, 7-20. 3/million Japanese/year

No. of cases* %
Hereditary spherocytosis 201 72
Hereditary elliptocytosis 6 2
Unstable hemoglobins 3 1
Thalassemias 10 3.5
gﬂlfrhilrir&?]gilgbmopathms associated 1 0.5
G6PD deficiency 6 2
Pyruvate kinase deficiency 9 3
Other enzymopathies associated with 3 1
hemolysis
Congenital hemolytic anemias of unknown 41 15
cause

Total 280 100%

*Nationwide survey by letter inquieries at all 8, 189 hospitals (over
50 beds). Recovery of inquieries; 28%. Number of patients visited
hospitals during Jan. - Sept., 1974.
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First of all, the result of epidemiological survey on congenital hemo-
lytic anemias in Japan is shown in Table 1. The survey was made in
1974 by the study group of hemolytic anemias granted by the Ministry
of Health and Welfare, Japan®. The prevalence of congenital hemolytic
anemias was estimated to be 6 to 20 per million Japanese per year. This
value appears to be definitely lower than that obtained in caucasians
because of the fact that in Japan, sickle cell anemia cannot be seen and
both thalassemia syndromes and glucose 6-phosphate dehydrogenase
(G6PD) deficiency are rare?®. Hence, hereditary spherocytosis accounts
for as much as 72% of all the congenital hemolytic anemias. The pre-
valence of both hereditary spherocytosis and hereditary elliptocytosis is
still much lower than that seen among caucasians”®. These values are
of some interest from the standpoint of geographical hematology.

HEREDITARY SPHEROCYTOSIS AND OTHER HEMOLYTIC
ANEMIAS DUE TO HEREDITARY MEMBRANE DEFECTS

Hereditary spherocytosis:

~ Although hereditary spherocytosis is common among congenital he-
molytic anemias, the molecular mechanism of this disease has not yet
been elucidated. The evidences of defective erythrocyte membranes in
hereditary spherocytosis (HS) are shown in Table 2. Bertles® and Jacob
and Jandl” have shown that the HS cells had increased permeability to
sodium. In 1966, Reed and Swisher® and Jacob? observed that the red
cell membrane tended to form budds which fragmented off during incu-
bation. This causes lipid loss and decrease in surface area with concomi-
tant increase in osmotic fragility. Membrane lipid analysis was done by
Jacob and Karnovsky!'® in 1967 but no remarkable abnormality was found.

Membrane protein analysis has been hampered until relatively recen-

Table, 2 Evidences of defective erythrocyte membrane proteins
in hereditary spherocytosis.

1957-64: Increased permeability to Nat(Bertles; Jacob & Jandl)

1966: Lipid loss (budding and fragmentation)
during incubation (Weed & Reed)

1967: Only minor abnormality of lipid (Jacob & Karnovsky)

1972: Evidence of abnormal membrane microfilaments (Jacob et al)

1973-75: Defective membrane protein phosphorylation (protein kinase]
(Greenquist & Shohet, Jacob et al, Yawata et al)

1974: Relative deficiency of Ca?*-ATPase (Feig & Guidotti)

1967: Mg-ATPase d‘efiéiency (Nakao et al)

1974: Defect in the IVb-band (Nozawa et al; Hayashi et al)
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Fig. 1 Schematic representation of human erythrocyte membrane. Intrinsic proteins
are embedded in a matrix of lipid bilayer while extrinsic proteins are
mostly located at the inner surface of the membrane.
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Fig. 2 Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoretic pattern
of human erythrocyte membrane proteins.
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tly because of the difficulty in getting soluble protein fractions. In 1968,
Mazia and Ruby!'? devised a good method to solubilize membrane prote-
in by simple dialysis of ghosts in low ionic strength media. Marchesi
and Steers!? in 1968 observed that the membrane protein solubilized in
this way assumes an intriguing ultrastructure when ionic strength is
reconstituted, especially in the presence of ATP and Mg**. Under these
conditions the membrane protein aligns into microfilaments, behavior of
which is reminiscent of that seen with actin after its similar extraction
from skeletal muscle. Applying these procedures to HS cells, Jacob'®
were able to- obtain the evidence of abnormal membrane microfilaments
in 1972. HS red cells had decreased aggregation property of solubilized
protein when ionic strength was increased.

Schematic representation of human erythrocyte membrane is shown
in Fig. 1. In this model, intrinsic proteins are embedded in a matrix of
lipid bilayer whereas extrinsic proteins are mostly located at the inner
surface of the membrane. The numerical order of the proteins in the
figure are according to the nomenclature by Fairbanks et al.!* of protein
bands obtained by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (Fig. 2). Bands 1 and 2 are the same as spectrin by Marchesi, a
microfilamentous protein. ’

Although Jacob et al. presented the evidence of abnormal microfi-

lamentous protein in HS red cell membrane, the exact nature still remains
to be proven. In this connection, it is interesting to note that Matheson
and Howland' in 1974 reported erythrocyte deformation in patients with
congenital muscular dystrophy suggesting that erythrocyte surface may
reflect a systemic defect in membrane properties.
Quite recently Greenquist and Shohet!®, Jacob et al.'” and Yawata et
al.’® found a defective membrane protein phosphorylation especially that
of spectrin in HS red cells, although Zail and Hoek’s result'” is contrary.
This very interesting finding means that protein kinase is defective in
this disease. It is interesting in this connection to note that Roses and
Appel?” in 1973 found decreased protein kinase activity in the red cells
of the patients with myotonic muscular dystrophy.

The concentrations of cyclic-AMP (cAMP), adenyl cyclase and phos-
phodiesterase of human red cells as compared to other tissues are shown
in Table 3?V. Concentrations of these substances in human red cell
membrane are remarkably low, and one wonders whether they play an
important role in the red cells. Although this point must wait further
elucidation, it appears that protein kinase may play a role in maintaining
red cell shape.
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Table, 3 Concentration of cyclic 3':5~AMP (cAMP) and enzymatic
activities of adenyl cyclase and phosphodiesterase in
various tissues?'’.

cAMP Adenyl Phospho-
(X107°M) cyclase diesterase
HUMAN RED CELLS <0.03 <.1 0-0. 15
HUMAN PLASMA 13 — —
sTs FIBROBLAST 1030 58 78
RAT LIVER 960 - -

Meanwhile in 1974 Feig and Guidotti*?® observed that the activity
of Ca?*-ATPase was relatively deficient in HS. Although Feig’s data does
not clarify the problem whether a relative deficiency of Ca?*-ATPase is
a primary defect or a reflection of unknown primary defect, the data
does point strongly to relationship between the intracellular Ca?*, the
calcium pump, the fibrous membrane protein system and the deformabi-
lity of the membrane. HS may be associated with an alteration in a
fibrous protein in the membrane which regulates the fluidity and defor-
mability of the membrane, or there might be a change in membrane
enzyme which regulates the intracellular level of Ca?f, which in turn
affects the state of the membrane.

Other abnormalities that have been reported include the low Mg-
ATPase activity by Nakao et al*® and a defect in the IVb-band found
by Nozawa et al.?® and Hayashi et al.?®.

It appears quite likely that HS is a heterbogen,ous group of disorders
of different etiology because the clinical severity is different from one
family to another although the intrafamilial difference is minimum.

From the foregoing, the nature of the defect in HS has been focused
on the membrane protein, and either defective protein kinase or defi
ciency of Ca?*-ATPase appears to be more promising than others. But
the controversy over the nature of the membrane protein defect must
await the standardization of analytical techniques that are reproducible
from one laboratory to another.

Hereditary stomatocytosis:

Hereditary stomatocytosis is also of great current interest?®-*?. This
too probably represents a heterogenous group of disorders. Hereditary
stomatocytosis was originally designated according to the slit-like appear-
ance of the central pallor of the patient’s red cells. But a scanning ele-
ctron microscopic study revealed that stomatocytes are actually bowl-
shaped cells as schematically shown on the middle-top in Fig. 3.



136 Shiro. MIiwa

INCREASED PERMEABILITY TO CATIONS
HYDROCYTOSIS —» -3
Nat gain) K* loss

/ Hydration

Stomatocyte Osmotically
swollen
spherocyte

iscocyte
\ DESSICYTOSIS —= —
Na* gaindK' loss
Dehydration

' Echinocyte Spheroechinocyte

Fig. 3 Schematic representation of two forms of hereditary stomatocytosis.

Recently the concept on this disease appears to lay much stress upon
biochemical lesion and some forms of hereditary stomatocytosis do not
show stomatocytes but rather dessicytes?®, in other words, spheroechino-
cytes as shown in the right bottom of the Fig. 3 or target cells with
high mean corpuscular hemoglobin concentrations (MCHC). In any event,
a biochemical hallmark in these disorders is characterized by marked
increase in passive sodium and potassium permeability?® 2?7,

In order to compensate this cation leaks, active cation pump is
increased as in the case of hereditary spherocytosis. But it seems to me
that the distinguishing point in these two disorders is that membrane
loss is absent in hereditary stomatocytosis while this is present in HS
(Table 4). Because of this, red cell surface is not decreased in heredi-
tary stomatocytosis.

Table, 4 Main features of hereditary spherocytosis and of
hereditary stomatocytosis.

HEREDITARY HEREDITARY
SPHEROCYTOSIS | STOMATOCYTOSIS
Na-K pump Increased Increased
Osmotic fragility Increased Increased or decreased
Spherocytes Present Absent
. Stomatocytes or target cells Absent Present
Lipid loss Present Absent

Response to splenectomy Marked Good-Not striking
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Table, 5 Main features of two forms of hereditary stomatocytosis:
Hydrocytosis and dessicytosis™’.

‘ HYDROCYTOSIS DESSICYTOSIS
Increased permeability I Na>K K>Na
Na-K pump Increased Iricreased
Cell Na+K content Increased Decreased
% of water Increased ! Decreased
Osmotic fragility ]\ Increased |  Decreased
Splenectomy response Good ( Not striking

Table. 6 Reported cases of two forms of hereditary stomatocytosis®®’.

Osmotic MCHC Hb RBC cations I’Iqt(;il R 5
N PEr— R ral B emar
fragility (g/dD E%Jcr;/literl feﬁs) pgxl* cell )
DESSICYTOSIS
Jaffé, Shohet et al | Decreased | Normal| 12.6 | 22 75 Increased | PC*increased
Miller et al Decreased | Normal| 10 21 86 Normal PC normal
Honig et al Decreased | Normal | 12.2 7 95
‘Glader et al Decreased | High 10 18 59 ) )
Wiley et al Decreased |High | 12-16 9-15 | 79-g9 | Increased | PC increased
HYDROCYTOSIS
- Zarkowsky et al Increased | Low 6.2 | 91-108 | 35-47 | Increased
Oski et al Increased | Low 10-12] 39-53 | 73-86 | Increased
Lo et al Increased | Low 8-11} 65 39
Mentzer et al Increased | Low 4-10] 61-73 | 37-53 Defect in
NORMAL RANGE 6-12 | 90-103 protein kinase

*PC=phosphatidyl choline

It is not known why some cases show dessicytosis associated with
decreased osmotic fragility, normal or high MCHC, low content in cations
while the other cases show hydrocytosis associated with increased
osmotic fragility, low MCHC, high content in cations (Table 5). It is
interesting to note that high phosphatidylcholine hemolytic anemia repo-
rted by Jaffe et al.®*-*? and that of Wiley’s®” were included by Wiley
in hereditary stomatocytosis (Table 6).

Mentzer et al®® found in 1975 that protein kinase-mediated phosph-
orylation of erythrocyte membrane proteins is defective as in the case
of HS. This means that the abnormality in this disorder appears to be
in a defective membrane protein kinase rather than in the spectrin itse-
. According to Mentzer, protein kinase activity in a patient with this
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disorder was as low or lower than that of HS, and they postulate that
defective phosphorylation of membrane protein may play an equally
important role in. the induction of the shape changes as well as the
permeability and pump efficiency defects as seen in HS. In case the
primary defect in both of these diseases is defective membrane protein
kinase, it seems that there must be another factor in HS which renders
membrane loss with resultant spherocytosis. This point requires elucida-
tion.

Their remarkable energy requirements for cation transport render
hereditary stomatocytes unusually vulnerable to the effects of metabolic
depletion. These changes particularly become manifest in vivo in the
splenic environment.:

From the diagnostic standpoint, Wiley et al.?” emphasized that since
an increased Na* flux, either influx or efflux, appears to be the most
consistent abnormality in this disease. Hence, measurement.of Na* influx
is of diagnostic value.

Clinically, heterogeneity in this disorder is apparent that hemolysis
ranges from severe to mild or even absent from case to case. Water
content of hereditary stomatocytes varies according to the sum of mono-
valent cations, Na* + K*, and one factor causing hemolysis may be an
abnormal cell water content which is either too high or too low. In both
hydrocytes and dessicytes, deformability of the cell is impaired. Although
in other hemolytic conditions dessicytosis appears to be more deleterious
to cell survival than hydrocytosis, in stomatocytosis the opposite seems
to be the case. Furthermore, when hydrocytosis is the predominant lesion
in stomatocytosis, there is greater derangement of cation composition.

High phosphatidylcholine hemolytic anemia®®-*V:
In high phosphatidylcholine hemolytic anemia, a metabolic block

LYSOPHOSPHATIDYLCHOL INE

FREE FATTY ACID

PHOSPHATIDYLCHOLINE

BLOCK IN HIGH PHOSPHATIDYLCHOLINE
HEMOLYTIC ANEMIA

PHOSPHATIDYLETHANOLAMINE

INCREASED CATION
PERMEABILITY

| HEMOLYSIS
| HEMOLYSIS
HEREDITARY STOMATOCYTOSIS

Fig. 4 Metabolic block in high phosphatidylcholine hemolytic anemia.
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redides in the pathway in which actively incorporated phosphatidylcho-
line fatty acid is transferred to phosphatidylethanolamine prior to final
release from the cell (Fig. 4). In high phosphatidylcholine hemolytic
anemia, cation permeability defect as noted in hereditary stomatocytosis
is thought to contribute significantly to the early demise of the red cell
in this disorder®. However, how the defect in lipid metabolism which
is thought to be primary to this disorder causes the cation permeability
defect is unknown. Recent rapid advance in membrane biochemistry
will hopefully soon clarify the defective lipid and protein interaction in
this disorder. '

Congenital hemolytic anemia with extreme microcytosis:

Another interesting congenital hemolytic anemia due to membrane
defect was reported by Wiley and Gill*? in 1976, which was called con-
genital hemolytic anemia with extreme microcytosis. The disease is char-
acterized by extreme microcytosis with the mean corpuscular volume of
only 25 cu. . and the membrane Ca?" content was increased which
appeared to cause reduced deformability with resultant fragmentation.
Recently Zarkowsky et al.*® reported 3 cases with similar red cell mor-
phology as congenital hemolytic anemia with thermal sensitivity, because
the erythrocyte morphology resembled that associated with thermal
injury. Zarkowsky et al. postulate that the abnormally shaped cells are
probably the result of membrane budding occuring at body temperature
as suggested by the fragmentation of the patients’ cells when incubated

37°C.
HEMOGLOBINOPATHIES AND THALASSEMIAS
Molecular basis of hemoglobinopathies and thalassemias is shown in

Table 7. Single amino acid substitution has been the most common
form of hemoglobinopathies. Recently, chain termination mutation and

Table. 7 Molecular basis of hemoglobinopathies and thalassemias.

Point mutation

Single amino acid substitution Sickle cell anemia

Chain termination mutation Hb Constant Spring

Frame shift mutation Hb Wayne
Unequal crossing over

Triplet deletion Hb Tochigi

Fusion gene Hb Lepore

Gene deletion a-Thalassemia (hydrops fetalis)
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more interestingly, frame shift mutation have been found, while in severe
form of thalassemia gene deletion was discovered. Thalassemia appears
to be the most exciting field in molecular biology right now.

Thalassemias:

Until recently it was thought that, except for the rare Lepore hemo-
globins, there are no structural variants which cause the clinical picture
of thalassemia. This is not the case, however, and intriguing types of
hemoglobin variants called chain-termination mutant and frame shift
mutation have been discovered*”. Hb Constant Spring was found to have
elongated a-chains with 31 extra residues attached to the end*®. In this
case, the single base change is in the terminating codon UAA which is
changed to CAA as shown in Fig. 5. CAA is the code word for glutamine.

Position 437 133 139 140 141 142 143 144 145 146 147 148------- 172

on Chain

C.S. Thr Ser Lys Tyr Arg Gln Ala Gly Ala Ser Val Ala....... Glu

Icaria Thr Ser Lys Tyr Arg EE Ala Gly Ala Ser Val Ala....... Glu

A Thr Ser Lys Tyr Arg

Wayne Thr Ser Asn Thr Val Lys Leu Glu Pro Arg

c.s. ACC UCU AAA UAC CGU CAA GCU GGA GCC UCG GUA GCA..eee..

Icaria ACC UCU ABA UAC CGU AAA GCU GGA GCC UCG GUA GCA.+..s..

AcC UC[U] ARA UAC CGU UAA GCU GGA GCC UCG GUA GCA...e-..

“iframe shift" t__T g.,l rl _.__] l_»_.( ._I |—~I

Wayne ACC UCA AAU ACC GUU AAG CUG GAG CCU CGG UAG CA

Fig. 5 Chain termination mutation and frame shift mutation of a-globin
chain. Hb Constant Spring (C.S.), Hb Icaria and Hb Wayne.

Actually, normal messenger-RNA (mRNA) has extra base sequ ences
which is not normally translated, but in the case of Hb Constant Spring,
this extra material is translated until another ‘stop’ coden is reached.
This fanciful explanation has been confirmed recently by the discovery
of two further mutant hemoglobin, Hb Wayne*® and Hb Icaria*”. Hb
Wayne also has an elongated a-chain but in this case the chain is normal
only up to position 138 and then its structure changes and it ends at
position 146. This variant appears to have resulted from a process known
as a ‘frame shift’ (Fig. 5). A frame shift is caused by the loss of a single
base so that the code words get displaced, resulting in the production
of a completely new sequence.

When Hb Constant Spring was discovered it was predicted that
similar hemoglobin might exist which are idential in structure except
that they have amino acids other than glutamine at position 142, because
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it is theoretically possible for a single base change in the chain-termina-
ting codon to code for several amino acids other than glutamine. This
prediction has been confirmed in 1974 by Clegg et al.*” with the dis-
covery of Hb Icaria. This variant is exactly the same as Hb Constant
Spring except that instead of glutamine at position 142 it has lysine as
shown in Fig. 5. In these interesting hemoglobinopathies the abnormal
chains are produced at a reduced rate, hence, these belong to thalasse-
mias.

Thalassemias can be divided into two main types, a or 8, depending
on which chain is inefficiently synthesized. Also, both types can be fur-
ther subdivided, depending on whether there is a total absence or only
a partial reduction in the amounts of globin chain produced®®.

With respect to a-thalassemia, before 1971, it appeared that the
inheritance of Hb H disease followed a consistent pattern involving just
two a-thalassemia genes, one “severe” gene called a-thal-1 gene and the
other “mild” gene called a-thal-2 gene. In 1968 trace amounts of an Hb
Constant Spring were noted in some patients with Hb H disease*®.
Subsequent work has shown that it occurs in 4% of the population of
Thailand and is probably common in the Chinese and Malay populations
of Malaysia®,*,5” and that it has been found in Greece. Thus, both
forms of Hb H disease result from the “severe” a-thal-1 gene either
with a second a-thal-2 gene or with a Hb Constant Spring gene.

In thalassemias, the globin chains are synthesized either at a reduced
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Fig. 6 Genetic control of protein synthesis.
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rate or not at all. It is clear that the abnormality could be expressed
either at the translational level in the cytoplasm or within the nucleus
at the level of transcription of mRNA or at the gene itself as shown in
Fig. 6. It has become possible to use some of the newer methods of
molecular biology to study these problems. Because it is easier to study
the cytoplasm of cell than its nucleus, the earliest experiments examined
the processes of globin-chain initiation, translation and termination. And
with the development of methods for study mRNA and DNA the trail
has gradually led back to the globin genes.

The early study concerning the processes of translation have sugg-
ested that a deficiency of mRNA occurs in thalassemias®®. In the next
step, mRNA from reticulocytes were isolated and added in excess to a
protein-synthesizing preparation from either frog oocyte or wheatgerm
to see the production of human globin chains®®. It has become clear
from these experiments that there is either a deficiency of mRNA or an
abnormal mRNA in thalassemia red cells. To distinguish between these
possibilities it became necessary to measure the amount of mRNA in the
human red cell.

This became possible with the development of techniques for syn-
thesizing DNA on an RNA template using reverse transcriptase®’s?,
Using human mRNAs as a template, in 1973, Kacian et al.’® and Hou-
sman et al.’® were able to produce radioactive complementary DNA

RNA 3H-cDNA
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"Fig. 7 Quantitation of messenger RNA using mRNA/cDNA hybridization assay.
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2\ 4

Gene deletion in cfiThaTassemia

Fig. 8 Schematic representation of DNA/DNA hybridization technique which
revealed a-chain gene deletion in severe form of a-thalassemia, a-thal-1
homozygote (a°-thalassemia).

(cDNA) and used these as probes to measure the amount of mRNA in
thalassemic cells. It turns out that in B-thalassemic red cell precursors
there is a deficiency of 5-mRNA and in a-thalassemia red cell precursors
there is a deficiency of a-mRNA, when examined by the cDNA/mRNA
hybridization technique (Fig. 7).

In a severe form of «-thalassemia, namely a-thal-1 homozygote (a°
thalassemia), no a-chains are produced and no a-chain mRNA is dete-
ctable. The question about whether a-chain genes are deleted has been
answered quite recently by the technique of DNA/DNA hybridization
by Ottolenghi et al.’® and Taylor et al.’® as shown in Fig. 8. It has been
known that if total DNA is prepared from animal tissues and hybridized
in large excess to cDNA made from globin mRNA, it is possible to
measure the number of globin-gene copies present in the total DNA.
They prepared total DNA from fetal liver and spleen which are rich in
erythroblasts and complementary DNA from reticulocytes and hybridized
in large excess to cDNA. The experiment clearly revealed that the a-
chain genes are absent from the chromosomes of affected individuals.
This exciting finding is the first time that a gene deletion has been
shown to be the cause of human genetic disorder.

Then what is the molecular basis of a-thal-2? cDNA/mRNA hybridi-

zation experiments showed a genuine reduction in the amount of a-
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Table, 8 Molecular defects in thalassemias®®.

Gene deletion or absence of transcription (a°-& f°-thalassemia).
Decreased transcription (§*-thal.)
Abnormal processing or abnormal transport of mRNA.

W o

Synthesis of mRNA structurally abnormal in its untranslated regions.

chain mRNA in cells of persons with Hb H disease which is caused
by one a-thal-1 gene and one a-thal-2 gene®”. This result suggests a
transcriptional defect in a-thal-2. In §°-thalassemia the absence of mRNA
was confirmed®®.

Molecular defect in thalassemias is summarized in Table 8. Other
than gene deletion or absence of transcription as mentioned above
decreased transcription, abnormal processing or abnormal transport of
mRNA and synthesis of mRNA structurally abnormal in its untranslated
regions are the possibilities®®”. The use of the latest techniques of
nucleic acid hybridization should soon allow exploration of many of these
possibilities, so that we may expect within the next year or two an
explanation of the molecular basis of most of the thalassemias.

Unstable hemoglobin hemolytic anemias:

With respect to the unstable hemoglobin hemolytic anemias, I don’t
think there has been much remarkable progress in the last couple of
years. So, I would like to mention the unstable hemoglobins found in

K81n (Hb Ube-1)

Hb Hammersmith
(Hb Chiba)

Hb_Tochigi
_Hb Genova

(Hb Hyogo)

Hb Mizuho

ol-CHAIN @—CHAIN

Hb Hirosaki= CD1 43 PheyLeu; K81n= FG5 98 ValaMet;
Hammersmith= CD1 42 PhesSer; Tochigi= D7-E3 56-59
deleted; Genova= B10 28 LeusPro; Mizuho= E12 68
LeusPro

Fig. 9 Six unstable hemoglobins found in Japan.
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Japan. Six unstable hemoglobins have so far been found in Japan, in
which 3 turned out to be the same ones which have already been repo-
rted in Europe. These are Hb Ube-1°? (Hb Koln), Hb Chiba’® (Hb
Hammersmith) and Hb Hyogo® (Hb Genova). Three others are the ones
which were originally reported in Japan. These include Hb Tochigi®®,
Hb Mizuho®® and Hb Hirosaki®® (Fig. 9).

List of 60 reported unstable hemoglobins is shown in Table 9.

Table, 9 List of known unstable hemoglobins.

a-CHAIN B-CHAIN
A3 or A4 Leiden E18 Shepherds Bush
All Sogn E18 Atlanta
Al2 Belfast E18-19 St. Antoine
Al14-15 Lyoﬁ Ann Abror F1 Buenos Aires
B5 Freiburg F3 Tours
B6 Riverdale-Bronx F4 Santa Ana
B6 Moscva F4 Boras
B6 Savannah | Etobicoke F5
. B10 Genova f F7 Sabine
B10 St. Louis | F8 Istanbul
B12 Volga F8 Saint Etienne
B12 Tacoma F7-FG2 orF8-FG3
B14 Perth or F9-FG4 Gun Hill
B14 Castilla FG5 Kéln
C1 Philly FG5 Nottingham
Torino CD1 Hammersmith FG5 D Jelta
Hirosaki CD1 Bucuresti G3 Rush
CD1-3 or CD2-4  Niteroi G8 Casper
L Ferrara CD5 G13 Peterborough
Hasharon CD5 G17 Madrid
CD7 Okaloosa Daker G19
D7-E3 Tochigi H5 Erie
E6 Duarte H8 Wien
E7 Ziirich H9 Leslie
E10 I Toulouse Bibba H19 Coventry
E11 Sydney HC2-3
E11 Bristol (elongated) Cranston
E12 Mizuho
E14 Seattle r-CHAIN
E15 Christchurch F Pool H8
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Cyanate in the treatment of sickle cell anemia:

I am not familiar with sickle cell anemia. So I will only briefly
mention about the treatment of this disorder with cyanate®”.

Great effort has been made for its therapeutic potential for these
last several years, but it has turned out to be certain that cyanate’s
toxicity, such as peripheral neuropathy and cataracts precludes its fur-
ther clinical use at least by the oral routs. Furthermore, at present no
study clearly substantiates the claim that cyanate decreases the incidence
of painful crisis. On the other hand, treatment of patients by extracor-
poreal carbamylation of hemoglobin might be promising, but it has the
obvious drawbacks of expense and commitment of time for both the
patient and medical personell.

HEREDITARY HEMOLYTIC ANEMIAS DUE TO
ERYTHROCYTE ENZYME ABNORMALITIES

As shown in Table 10 and Fig. 10, there are 16 erythrocyte enzyme

Table, 10 List of enzymes in which hereditary erythrocyte enzyme deficiency
(anomaly) hemolytic anemia are known to exist. Lactate dehyd-
rogenase deficiency does not cause hemolysis.

EMBDEN-MEYERHOF PATHWAY &
RAPOPORT-LUEBERING CYCLE

1. Hexokinase
Glucosephosphate isomerase
Phosphofructokinase
Aldolase
Triosephosphate isomerase
Phosphoglycerate kinase
Pyruvate kinase

I R

Lactate dehydrogenase*

9. 2, 3-Diphosphoglyceromutase
HEXOSEMONOPHOSPHATE PATHWAY &
GLUTATHIONE METABOLISM

10. G6PD
11. Glutathione reductase

12. -Glutathione peroxidase

13. Glutathione synthetase

14. 7-Glutamy1cysteine synthetase
OTHERS

15. Adenylate kinase

16. Pyrimidine 5-nucleotidase

*No hemolysis
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Fig. 10 Main metabolic pathways of mature erythrocytes and reticulocytes. Asterisks
indicate enzymes in which hereditary deficiencies are known to exist. All
these enzyme deficiencies except for lactate dehydrogenase deficiency can
cause chronic hemolytic anemia.

anomalies, in which either homozygote or hemizygote have clearly been
described. Except for lactate dehydrogenase deficiency®®, all these 15
enzyme anomalies are associated with hemolytic anemia. Of these defi-
ciencies glucose 6-phosphate dehydrogenase (GEPD) deficiency is the
most common followed by pyruvate kinase deficiency and the third most
common being glucosephosphate isomerase deficiency. Of these deficien-
cies, unequivocal homozygous glutathione reductase deficiency was repo-
rted quite recently by Loos et al.5®,

I excluded the reported but generally not accepted 5 enzyme defi-
ciencies, namely glyceraldehyde 3-phosphate dehydrogenase’, enolase™,
6-phosphogluconate dehydrogenase’®, 2, 3-diphosphoglycerate phospha-
tase™, and adenosine triphosphatase (ATPase)’® from the previous list™.



148 Shiro MIwa

These are not generally accepted because of insufficient description
although in some of which heterozygotes certainly exist such as in case
of glyceraldehyde 3-phosphate dehydrogenase’. Hopefully, unequivocal
homozygote for variant gene of these enzymes will be discovered in the
near future.

I méntioned that except for lactate dehydrogenase deficiency all the
enzyme deficiencies in Embden-Meyerhof pathway cause hemolytic ane-
mia. Why doesn’t lactate dehydrogenase deficiency cause the symptom?
In case of the patient with homozygous H-subunit of lactate dehydrogen-
ase (LDH) deficiency®®’”, LDH-1, 2, 3 and 4 bands are lacking and
only LDH-5 band which correspond to liver-type is visible in all the
tissues we examined including erythrocytes. Determination of erythrocyte
glycolytic intermediates showed marked accumulation of glyceraldehyde
3-phosphate, dihydroxyacetone phosphate and fructose 1, 6-diphosphate
indicating that glyceraldehyde 3-phosphate dehydrogenase step in gly-
colysis- is disturbed in someway while pile up of the intermediates
previous to LDH step such as phosphoenolpyruvate and 2-phosphogly-
cerate -was not seen’” (Fig. 11). It appears that the pyruvate which
should accumulate due to LDH deficiency might diffuse out of the cell
and therefore accumulation of phosphoenolpyruvate and 2-phosphogly-
cerate 'did not occur whereas relative deficiency in NAD caused by the
block of LDH reaction resulted in the block in glycolysis at the glycer-

Glucose —---—FLF-—=== -+ Glucose

Z G6P
=" PENTOSE
PHOSPHATE F6P
PLASMA PATHWAY )
F P
DHAP
Lactate <———:‘E_— Lactate _\ap GA3P
GLYCERALDEHYDE 3-P
DEHYDROGENASE
: l 3 DPG
Pyruvate —--j== - Pyruvute NADH
- 2 ,30PG
PEP
2 IIG -— 3 PG
MEMBRANE

Fig. 11 Schematic representation of metabolic disturbance seen.in lactate
dehydrogenase deficiency. Relative decrease in NAD may play a
role upon accumulation of GA3P, DHAP and FDP.
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aldehyde 3-phosphate dehydrogenase step though not harmful to overall
erythrocyte glycolysis as shown in Fig. 11. '

Molecular basis:

In at least two of G6PD variants single amino acid substitution was
found by Yoshida’7"®. In almost all the cases of G6PD deficiency, pyru-
vate kinase deficiency and glucosephosphate isomerase deficiency, the
characteristics of the deficient enzymes are clearly different from the
normal, indicating that the deficiency is caused by structural gene mu-
tation and not by decreased synthesis of normal enzyme protein™. The
latter mechanism is just the same in the situation of thalassemias and
it is possible that the deficiency caused by this mechanism may exist.
But it appears to be difficult to state that the certain enzyme deficiency
is definitely due to quantitative deficiency caused by decreased produ-
ction of the normal enzyme molecule, because in most of the enzymes
the amino acid sequences have not been- clarified.

LDH deficiency discussed before is of some interest in this connec-
tion. As mentioned before, LDH in the propositus showed only one band,
LDH-5. In case the propositus produced mutant inactive H-subunit
which has the ability to hybridize with L-subunit, then the stainable
bands should be detected in LDH-4, LDH-3 and possibly in LDH-2.
But this was not the case. Hence it appears that in this case the defi-
ciency is caused either by no or greatly reduced production of normal
LDH-H subunit or production of mutant inactive H-subunit which lacks
the ability to make hybrid with L-subunit. This point needs further
study and the immunological approach seems promising.

In pyruvate kinase deficiency there is a claim that the enzyme
deficiency is merely an epiphenomenon due to unknown primary cause®”
81,82 hut it appears quite unlikely.

Pyrimidine 5 -nucleotidase deficiency:

In 1974, quite interesting erythrocyte enzyme deficiency, called pyri-
midine 5’-nucleotidase deficiency, was discovered by Valentine et al.’®
Ben-Bassat et al.?®, Oda and Tanaka®®, Beutler et al.!®, Rochant et al.??
reported cases subsequently and quite recently Miwa et al.®® found three
Japanese cases.

According to Valentine et al, the syndrome is characterized by
marked increase in red cell basophilic stippling, total nucleotides and
the patient’s erythrocyte uniquely contained large amounts of pyrimidine
5’-nucleotides. As shown in Table 11, total nucleotides in patient cells
were present in amount 3 to 6 times greater than normal, and more than
80% were pyrimidine-containing, while normal red cells contained less
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Table. 11 Concentrations of total nucleotide, pyrimidine nucleotide and
enzyme activity of pyrimidine 5'~nucleotidase in erythrocytes of
patients with pyrimidine 5’-nucleotidase deficiency®®’.

Total Pyrimidine Enzyme
nucleotide | nucleotide activity
(uM/10"**RBC) (%) (% of normal)
Patient R. 8.5 86 11
Tr. 8.8 83 6
Control 2.0 3 100

(By Valentine et al)

Patlent. ' .

ontrol . \ \

JRRUUIS. SR S

230 250 210 300 320
Wavelength (nm)

Fig. 12 Spectral pattern of deproteinized red cell extractes of patient with
pyrimidine 5 -nucleotidase deficiency and of control subject.

than 3%°%. The activity of pyrimidine 5'-nucleotidase in the patients’ red
cells were only 6 to 11% of that of normal subjects.

The ultraviolet spectral curve of deproteinized red cell extract of our
patient is shown in Fig. 12. As Valentine et al. indicated it exibits a
shift in maximum absorbance from the usual 256-257 nm which corres-
ponds to the absorbance of ATP to approximately 266-270 nm. This is
characteristic for the absorbance of pyrimidine nucleotides and provides
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the basis of an easily performed screening procedure.

It is postulated that accumulation of degradation products of riboso-
mal RNA, namely pyrimidine nucleotides results in basophilic stippling.
Pyrimidine 5’-nucleotidase is unique in that it appears to exist only in
red cells. Mature human red cells are anucleated cells and lack riboso-
mes and hence RNA is a disused substance. It probably is necessary
to remove this useless substance, and pyrimidine 5’-nucleotidase appears
to be the enzyme specifically to perform this job while it does not attack
adenine nucleotides which are essential substances for the red cell ener-
gy metabolism. ‘ |

Paglia et al.?»%® indicated that the enzyme was inhibited by very
low concentration of lead, and in addition, subjects with chronic lead
intoxication secondary to industrial exposure exhibited substantially
decreased pyrimidine 5’-nucleotidase activity. This result is quite interes-
ting because the basophilic stippling and premature erythrocyte hemoly-
sis seen in chronic lead poisoning are analogous to that encountered in
the hereditary deficiency of this particular enzyme.

The mechanism by which a hemolytic syndrome is produced is
complex and unknown at the moment. Several mechanisms can be spe-
culated®. First of all, the presence of uridine and cytidine di- and
triphosphates, might act as competitive co-factors capable of occupying
binding sites of enzymes such as hexokinase, pyruvate kinase and phos-
phoglycerate kinase, where ADP and ATP are preferred and much more
efficient. The possibility of deleterious feedback inhibitions, conceivably
mediated by cytidine and uridine nucleotides, had been virtually unexp-
lored. .

From the diagnostic standpoint, Ben-Bassat et al.3¥ pointed out an
practically important point. They noticed that after incubating the pati-
ent’s blood in EDTA for more than 3 hours, basophilic stippling disapp-
eared. Therefore unless smears made from capillary or heparinized blood
are screened, this important clue can be overlooked.

Quite recently I personally heard from Valentine®® that he found
new type of hereditary hemolytic anemia apparently caused by remarka-
bly excess amount of adenosine deaminase.

Immunological methods in the study of mutant enzymes:

Immunological methods have been increasingly épplied recently in

the study of mutant enzymes®?1®. The purpose is twofold. One .is to
find out the diffesence in antigenicity of mutant enzymes. The other is

to quantitate mutant enzyme proteins accurately.
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Fig. 13 Neutralization test by anti-human erythrocyte pyruvate kinase antiserum.
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Fig. .14 Results of neutralization test by anti-human erythrocyte pyruvate kinase
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The result of the neutralization test of erythrocyte pyruvate kinase
of animals and of human using anti-human erythrocyte pyruvate kinase
rabbit antiserum is shown in Fig. 13. The hemolysates of different ani-
mals showed the varying degrees of neutralization indicating the differ-
ence of antigenicity. The result of the neutralization test of several
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pyruvate kinase variants is shown in Fig. 14'°?. PK Tsukiji was scarcely
neutralized, while that of PK Tokyo-I was neutralized almost to the same
degree of the normal, indicating that in PK Tsukiji the antigenicity
is different from the normal. It appears that the immuno-neutralization
test can be used to see whether there is difference in antigenicity of the
mutant enzyme.

It is quite difficult to measure directly the specific activity after
purification of mutant enzyme by chemical means. Hence it is hoped
that the immunological indirect measurement of the enzyme protein to
the variant gene produces enzyme protein with low activity or produces
enzyme protein with normal characteristics at a reduced rate. Yoshida®”
had attempted a quantitative neutralization of G6PD by specific antibody
to G6PD. However, recently Nakashima and Yoshida!®® reevaluated the
test, and have reached the conclusion that at least in order to measure

Fig. 15 Electroimmunodiffusion pattern of erythrocyte G6PD of the human and
of the mouse using anti-human erythrocyte G6PD antiserum.



154 Shiro Miwa

the enzyme protein by the neutralization test, the enzyme to be examined
should have the same affinity to antibody as normal control. Furthermore,
the mutant enzyme should not have non-immunological inactivation dur-
ing incubation period.

Electroimmunodiffusion pattern of erythrocyte G6PD of the human
and of the mouse is shown in Fig. 15. Normal human hemolysate shows
linear correlation between the activity and the precipitation area, and
we can quantitate a minute quantity of enzyme protein by this method.
However, the G6PD of the mouse hemolysate moves faster and does not
make clear precipitation areas, so that it is impossible to quantitate
mouse G6PD by using anti-human G6PD serum by this method. Naka-
shima and Yoshida'’® obtained the similar abnormal pattern in the
human G6PD variant, GGPD Manchester. An antigen with lower affinity
has a tendency to make larger precipitation area than the normal because
such antigen moves further along the plate as it needs more antibodies.
Hence, for the application of this method, the enzyme protein should
have identical antigenicity to the normal enzyme.

If the variant enzyme has an identical antigenicity it is able to
measure the enzyme protein by this method. But, at least some, if not
all, variant enzymes such as G6PD Manchester do have different
antigenicity. That means that we have to be careful about applying the
electroimmunodiffusion method or other immunological methods to quan-
titate the variant enzyme.

Pyruvate kinase deficiency:

Until recently the study of pyruvate kinase variants has been ham-
pered by the lack of a suitable method of electrophoresis, one of the
standard methods for differentiating the structurally abnormal enzyme
protein from the normal, because of the instability of the enzyme and
the lack of a suitable positive staining method. In 1972 Imamura and
Tanaka!®® developed a good method using thin layer polyacrylamide gel.
The electrophoresis was soon applied to one pyruvate kinase deficient
subject, the liver of which clearly revealed slowmoving L-type PK as
compared to the normal'®®. The red cell of this variant, PK Tokyo-I also
showed the slow moving PK R, and R, while other variants such as PK
Kiyose and PK Sapporo showed fast moving PK R, and R, and classical
PK had no stainable PK-R!V,

Using other biochemical parameters such as substrate affinity, velo-
city maximum, urea stability, neutralization by antiserum as well as the
electrophoretic mobility, we have been able to differentiate at least 9 PK
variants'®®. Some of them are shown in Table 12.



Congenital Hemolytic Anemias 155

Table, 12 Various pyruvate kinase variants. Enzyme characteristics
and clinical symptoms.

15‘,}2:;?; KmPEP Vmax S tg)ri?iaty Clinical symptoms
PK Tokyo II Fast Low Low Stable Mild
PK Sapporo Fast High | High Labile Mild-moderate
PK Nagasaki Slow High | High Labile Moderate
PK Maebashi Normal High | Very low Labile Moderate
PK Osaka (Classical) | Slow*™M: - - - Severe

*PK Osaka had extremely low activity and the patient’s PKs were composed mainly
of Ma-type presumably due to compensatory production.

In 1975 we defined a classical type PK deficiency on the basis that
the usual red cell PK (PK-R; and R,) was not demonstrable by electro-
phoresis but instead M,-type PK was present in hemolysate free from
leukocytes and platelets, presumably by compensatory process!’V.

Quite recently, we were able to detect a slow moving PK-R after
partial purification, and in addition this abnormal PK-R had abnotrmal
kinetics!®”. This means that in at least some, if not all, of the so-called
classical type of PK deficiency, which had been considered to be a
quantitative deficiency, were caused by the production of the variant
enzyme with markedly low activity.

In collaboration with Dr. Black, we examined the blood of PK defi-
cient Basenji dog!’?. It revealed that the erythrocyte PK of the dog was
composed of only M, We were not able to do further examination
because of the limitation of the blood specimen, but it is quite likely
that if the further analysis is made using partially purified enzyme, very
low active variant PK might be found.

As to the characterization of G6PD variants, standardization of
procedures has been established in 1967 by a WHO scientific group!®®.
As pyruvate kinase deficiency is the second most common enzyme defi-
ciency which causes hemolytic anemia, there is a trend to standardize
the procedures for the characterization of pyruvate kinase variants, and
there are at least several pyruvate kinases which show different bioche-
mical characteristics. Although it will not be easy to define a standard
set of conditions that would be acceptable to all investigators, it would
be most useful and hopefully, this can be accomplished fairly soon.

As compared to the characterization of G6PD variants, certain diffi-
cult problems exist. The most difficult one is that while G6PD deficiency
is a sex-linked disorder and hemizygous subjects are available, pyruvate
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kinase deficiency has autosomal recessive inheritance. If the patient is
a pure homozygote for a single mutant gene, then it is not difficult to
characterize the variant, but in case the patient is double heterozygous
for two different mutant genes, it is pretty difficult to do so. This may
imply that in order to characterize all of the pyruvate kinase variants
it is necessary to have a good method to separate one mutant enzyme
from the other. It is by no means easy.

Glader®® reported that when pyruvate kinase deficient erythrocytes
were incubated with salicylate 2 to 30 mg/100ml, there was a marked
decrease in ATP. Salicylate is known to uncouple mitochondrial oxida-
tive phosphorylation, and it is also known that viability of pyruvate
kinase deficient reticulocytes depends on ATP by mitochondrial meta-
bolism!'?. Glader’s data suggest that aspirin therapy may aggravate
hemolysis in patients with pyruvate kinase deficiency.

Quite recently Burge et al.!'® reported the first case of neutrophil
pyruvate kinase deficiency associated with lifelong recurrent staphyloco-
ccus infections due to intracellular bacterial killing defect. The isozyme
of pyruvate kinase in neutrophils must be M,-type which is distributed
in many other organs. The mutant M,-type PK was said to be unstable
with normal electrophoretic mobility but kinetic studies could not be
performed. No functional defect in other organs was noticed. Since PK
isozyme in red cells and leukocytes are different, it is understandable
that this patient did not show hemolytic anemia. Before the discovery
I was thinking that M,-type pyruvate kinase deficiency might exist but
it might not be compatible with life because M,-type is so widely dis-
tributed in human tissues. Burge et al. postulated the mechanism of
bacterial killing defect in this case as follows. Decreased lactate formation
due to pyruvate kinase defect results in difficulty in maintaining
acidic pH in phagocytic vacuoles. As acidic milieu is necessary for
bacterial killing, pyruvate kinase defect causes recurrent staphylococcus
infections.

Glucosephosphate isomerase deficiency:

Glucosephosphate isomerase deficiency is the third most common
enzyme deficiency''?. About 30 cases have already been known. Variant
enzymes show different electrophoretic mobility. It is interesting to note
that most cases have normal enzyme kinetics, and all the mutant enzymes
associated with hereditary hemolytic anemia are thermolabile. The mech-
anism of hemolysis in this deficiency is schematically shown in Fig. 16.
Mature erythrocytes cannot synthesize enzyme protein and hence mutant
thermolabile glucosephosphate isomerase is inactivated and results in
disturbance in energy metabolism with resultant early demise of the red
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Fig. 16 Schematic representation of mechanism of hemolysis in
glucosephosphate isomerase deficiency.

cells while other organs can synthesize enzyme protein to compensate for
the rapid decay of the enzyme resulting in no disturbance in energy
metabolism with no symptoms. However, it is interesting to note that in
a particular variant, GPI Utrecht, the liver biopsy specimen showed the
histologic characteristics of glycogen storage disease!'®. This appears to
be due to marked functional disadvantage of this particular variant
enzyme.

FUTURE PROSPECT

As mentioned before, standardization of procedures for characteri-
zation of mutant enzymes is necessary.

In two of the G6PD variants, the amino acid substitution has been
shown’%. But to do so a large amount of blood was required and it
is almost impossible to apply it to patients with anemia. Refinement of
purification procedure which requires less amount of blood is badly
needed. Amino acid sequence analysis in normal enzyme such as G6PD
is also necessary in order to completely understand the structure and
function of the enzyme as well as to understand the mechanism of malf-
unction of the variant enzyme. This is now in progress in Yoshida’s
laboratory!'®.

Preservation of mutant enzymes is also an important task. In case
the isozyme distribution is the same in erythrocyte and in the skin, then
skin biopsy followed by the culture of the skin fibroblasts is a good way
of preservation of rare mutant enzymes. But in pyruvate kinase defici-
ency the isozyme distribution is different between the skin and erythro-
cyte and this method cannot be applied.
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If we could get a good animal model such as the Basenji dog in the
case of pyruvate kinase deficiency, this certainly would be a very good
tool for elucidation of the mechanisms of hemolysis as well as for thera-
peutic trials,

ACKNOWLEDGEMENT

The paper was presented in Main Topics Session at the 16th Inter-
national Congress of Hematology, Kyoto, September 7th, 1976. The
studies performed by us and cited in this paper were in part supported
by the Scientific Research Grants from the Ministry of Education, and
Research Grant for Specific Diseases from the Ministry of Health and
Welfare, Japan.

REFERENCES

1) Nomiyama, K., Aoki, K., Kato, T., Miwa,, S. and Maekawa, T.: Epidemiological survey on
hemolytic anemias in Japan. Abstracts of the 16th International Congress of Hematalogy,
Kyoto, Sept., 176, pp. 80-81 of Free Communication Section.

2) Fujiki, N.: Thalassemia syndrome found in Japan. Acta Haem. Jap., 31 : 861-890, 1968.

3) Nakashima, K., Ono, J., Abe, S., Miwa, S. and Yoshida, A.: G6PD Ube, a glucose 6~
phosphate dehydrogenase variant found in four unrelated Japanese families. Amer. J.
Hum. Genet., 29:24-30, 1977.

4) Weed, RL. ed.: Hematology for Internists. Little Brown & Co., Boston, 1971, p. 115.

5) Hoffbrand, A.V. and Lewis, S.M.: Hematology. Heineman Med. Books, London, 1972, p.
156, p. 163.

6) :Bertles, J.F.: Sodium transport across the surface membrane of red blood cells in -here-
ditary spherocytosis. J. Clin. Invest., 36: 816-824, 1957.

7) Jacob, H.S. and Jandl, J.H.: Increased cell membrane permeability in the pathogensis of
hereditary spherocytosis. J. Clin. Invest., 43: 1704-1720, 1964.

8) Reed, C.F. and Swisher, S.N.: Erythrocyte lipid loss in hereditary spherocytosis. J. Clin.
Invest., 45: 777-781, 1966.

9) Jacob, H.S.: Membrane lipid depletion in hyperpermeable red blood cells: Its role in
the genesis of spherocytes in hereditary spherocytosis. J. Clin. Invest., 46 : 2083-2094, 1967.

10) Jacob, H.S. and Karnovsky, M.L.: Concomitant alterations of sodium flux and membrane
phospholipid metabolism in red blood cells: Studies in hereditary spherocytosis. J. ' Clin.
Invest., 46 : 173-185, 1967.

11) Mazia, D. and Ruby, A.: Dissolution of erythrocyte membranes in water and comparison of
the membrane protein with other structural proteins. Proc. Nat. Acad. Sci. USA, 61:
1005-1012, 1968.

12) Marchesi, V.T. and Steers, E., Jr.: Selective solubilization of a protein component of the
red cell membrane. Science, 159 : 203-204, 1968.

13) Jacob, H.S.: The abnormal red-cell membrane in hereditary spherocytosis: Evidence for
the causual role of mutant microfilaments. Brit. J. Haemat., 23 : Suppl. : 35-44, 1972.

14) Fairbanks, G., Steck, T.L. and Wallach, D.F.H.: Electrophoretic analysis of the major
"poplpeptides of the human erythrocyte membrane. Biochemistry, 10: 2606-2617, 1971.

15) Matheson, D.W. and Howland, J.L.: Erythrocyte deformation in human muscular dystrophy.



Congenital Hemolytic Anemias 159

Science, 184 : 165-166, 1974.

16) Greenquist, A.C. and Shohet, S.B.: Defective protein phosphorylation in membranes of
hereditary spherocytosis erythrocytes. FEBS letters, 48 : 133-135, 1974.

17) Jacob, H.S., Yawata, Y., Matsumoto, N.,, Abman, S. and White, J.: Cyclic nucleot1de-
membrane protein interaction in the regulation of erythrocyte shape and survival: Defect
in hereditary spherocytosis. In: Erythrocyte Structure and Function. G.J. Brewer, Ed.,
.Alan R. Liss, Inc., New York, 1975, pp. 235-254.

18) Yawata, Y., Koresawa, S., Yamada, O. and Shibata, S.: Defective membrane protein
phosphorylation in red cells of a patients with hereditary spherocytosis. Acta Haem. Jap.,
38:311-314, 1975.

19) Zail, S.S. and Hoek, A.K.: Studies on protein kinase activity and the binding of adenosine
3’5-monophosphate by membrane of hereditary spherocytosis erythrocytes. Biockem.
Biophys. Res. Comm., 66 : 1078-1086, 1975.

20) Roses, A.D. and Appel, S.H.: Protein kinase activity in erythrocyte ghosts of patients
with myotonic muscular dystrophy. Proc. Nat. Acad. Sci. USA, 70: 1855-1859, 1973.

21) Yawata, Y., and Matsumoto, N.: A possible role of cylic nucleotides on the shape and the
membrane functions of human mature red cells. Acta Haem. Jap., 1976, in press. )

22) Feig, S.A. and Guidotti, G.: Relative deficiency of Ca’*-dependent adenosine triphos-
phatase activity of red cell membranes in hereditary spherocytosis. Biochem. Biophys. Res.
Comm., 58 : 487-494, 1974.

23) Nakao, K., Kurashina, S. and Nakao, M.: Adenosine triphosphatase activity of erythrocyte
membrane in hereditary spherocytosis. Life Sci., 6:595-600, 1967.

24) Nozawa, Y., Noguchi, T., lida,, H., Fukushima, H., Sekiya, T. and Ito, Y.: Erythrocyte
membrane of hereditary spherocytosis: Alteration in surface ultrastructure and membrane
proteins, as inferred by scanning electron microscopy and SDS-disc gel electrophoresis.
Clin. Chim. Acta, 55: 81-85, 1974.

25) Hayashi, S., Koomoto, R., Yano, A., Ishigami, S., Tujino, G., Saeki, S., and Tanaka, T.:
Abnormality in a specific protein of the erythrocyte membrane in hereditary spherocy-
tosis. Biochem. Biophys. Res. Comm., 57 : 1038-1044, 1974. '

26) Mentzer, W.C., Smith, W.B., Goldstone, J. and Shohet, S.B.: Hereditary stomatocytosis:
Membrane and metabolism studies. Blood, 46 : 659-669, 1975.

27) Wiley, J.S., Fllory, J.C., Shuman, M.C., Shaller, C.C. and Cooper, R.A.: Characteristics of
the membrane defect in the hereditary stomatocytosis syndrome. Blood, 46 : 337-356,
1975.

98) Zarkowsky, H.S., Oski, F.A., Sha’afi, F., Shohet, S.B. and Nathan, D.G.: Congenital
hemolytic anemia with high sodium, low potassium red cells, I. Studies of membrane
permeability. New Engl. J. Med., 278 : 573-581, 1968.

29) Oski, F.A., Naiman, J.L., Blum, S.F., Zarkowsky, H.S., Whaum, J., Shohet, S.B., Green,
A. and Nathan, D.G.: Congenital hemolytic anemia with high-sodium, low potassium red
cells. New Engl. J. Med., 280 : 910-916, 1969.

30) Miller, D.R., Rickles, F.R., Lichtman, M.A., LaCelle, P.L., Bates, J. and Weed, RIL: A
new variant of hereditary hemolytic anemia with stomatocytosis and erythrocyte cation
abnormality. Blood, 38 : 184-204, 1971.

31) Glader, B.E., Fortier, N., Albala, M.M. and Nathan, D.G.: Congenital hemolytic anemia
associated with dehydrated erythrocytes and increased potassium loss. New Eng: J. Med.,
291 : 491-496, 1974.

32) Honig, G.R., Lacson, P.S. and Maurer, H.S.: A new familial disorder with abnormal
erythrocyte morphology and increased permeability of the erythrocytes to sodium and pota-
ssium. Pediat. Res., 5: 159-166, 1971.

33) . Meadow, S.R.: Stomatocytosis. Proc. Royal Soc. Med., 60 : 13-15, 1967.

34) Jackson, J.M.: Stomatocytosis in migrants of Mediterranean origin. Med. J. Australia,



160 Shiro Miwa

1:939-940, 1969.
35) Ducrou, W. and Kimber, R.J.: Stomatocytes, haemolytic anaemia and abdominal pain in
Mediterranean migrants. Med. J. Australia, 2 : 1087-1091, 1969.

36) Lock, S.P., Smith, R.S. and Hardisty, R.M.: Stomatocytosis: A hereditary red cell anomaly
associated with haemolytic anaemia. Brit. J. Haemat. 7 : 303-314, 1961.

37) Miller, G., Townes, P. and MacWhinney, J.B.: A new congenital hemolytic anemia with
deformed erythrocytes (? “stomatocytes”) and remarkable susceptibility of erythrocytes to
cold hemolysis in vitro. I. Clinical and hematologic studies. Pediatrics, 35 : 906-915, 1965.

38) Lo, S.S., Hitzig, W.H. und Marti, H.R.: Stomatozytose. Schweiz. med. Wschr., 100: 1977-
1979, 1970. ‘

39) Jaffé, E.R. and Gottfried, E.L.: Hereditary nonspherocytic hemolytic disease associated
with an altered phospholipid composition of the erythrocytes. J. Clin. Invest., 47 : 1375-
1388, 1968.

40) Shohet, S.B., Livermore, B.M., Nathan, D.G. and Jaffé, E.R.: Hereditary hemolytic anemia
associated with abnormal membrane lipids: mechanism of accumulation of phosphatidyl
choline. Blood, 38 : 445-456, 1971.

41) Shohet, S.B., Nathan, D.G., Livermore, B.M., Feig, S.A. and Jaffé, E.R.: Hereditary
hemolytic anemia associated with abnormal lipid. II. Ion permeability and transport
abnormalities. Blood, 42 : 1-8, 1973. ‘

42) Wiley, J.S. and Gill, F.M.: Red cell calcium leak in congenital hemolytic anemia with
extreme microcytosis. Blood, 47 : 197-210, 1976.

43) Zarkowsky, H.S., Mohandas, N., Speaker, C.B. and Shohet, S.B.: A congenital haemolytic
anaemia with thermal sensitivity of erythrocyte membrane. Brit. J. Haemat., 29 : 537-
543, 1975.

44) Weatherall, D.J.: Molecular basis for some disorders of haemoglobin synthesis. Brit. Med.
J., 4 : 451-454, 516-519, 1974.

45) Milner, P.F., Clegg, J.B. and Weatherall, D.]J.: Haemoglobin H disease due to a unique
haemoglobin variant with an elongated a-chain. Lancet, 1:729-732, 1971.

46) Seid-Akhavan, M., Winter, W.P. and Rucknagel, D.: Hemoglobin Wayne: A frameshift
variant occurring in two distinct forms. Blood, 40 : 927, 1972.

47) Clegg, J.B., Weatherall, D.J., Contopolou-Griva, I., Caroutsos, K., Poungouras, P. and
Tsevrenis, H.: Haemoglobin Icaria, a new chain termination mutant which causes
a-thalassaemia. Nature, 251 : 245-247, 1974.

48) Weatherall, D.]., and Clegg,, J.B.: The thalassemia syndromes. Blackwell Scientific Publ-
ications, Oxford, 2nd Ed., 1972.

49) Fessas, P., Lie-Injo, L.E., Na-Nakorn, S., Todd, D., Clegg, J.B., and Weatherall, D.].:
Identification of 'slow-moving haemoglobins in haemoglobin H disease from different
racial groups. Lancet, 1:1308-1310, 1972.

50) Lie-Injo, L.E., Ganesan,.]., Clegg, J.B., and Weatherall, D.]J.: Homozygous state for Hb
Constant Spring (slowmoving Hb X components). Blood, 43 : 251-259, 1974.

51) Clegg, J.B., Weatherall, D.]., Na-Nakorn, S., and Wasi,, P.: Haemoglobin synthesis in p-
thalassaemia. Nature, 220 : 664-668, 1968.

52) Pritchard, J., Clegg, J.B., Weatherall, D.J. and Longley, J.: The translation of human
globin messenger "RNA in heterologous assay systems. Brit. J. Haemat., 28 : 141-142,
1974.

53) Kacian, D.L., Gambino, R., Dow, L.W., Grossbard, E., Natta, C., Ramirez, F., Spiegelman,
S., Marks, P.A., and Bank, A.: Decreased globin messenger RNA in thalassemia detected
by molecular hybridization. Proc. Natl. Acad. Sci. US4, 70 : 1886-1890, 1973.

54) Housman, D., Forget, B.G., Skoultchi, A., and Benz, E.]J., Jr.: Quantitative deficiency of
chain specific globin messenger ribonucleic acids in the thalassemia syndromes. Proc.



Congenital Hemolyti¢ Anemias 161

Natl. Acad. Sci. USA, 70: 1809-1813, 1973.

Ottolenghi, S., Lanyon, W.G., Paul, J.,, Williamson, R., Weatherall, D. J.,, Clegg,. J.B.,

Pritchard, J., Pootrakul, S., and Boon, W.H.: The severe form of a-thalassaemia is caused

by a haemoglobin gene deletion. Nature, 251 : 389-392, 1974.

56) Taylor, J.M., Dozy, A., Kan, Y.W., Varmus, H.E., Lie-Injo, L.E., Ganesan, J., and -Todd,
D.: Genetic lesion in homozygous a-thalassaemia (hydrops fetalis). Nature, 251: 392~
393, 1974.

57) Forget, B.G., Housman, D., Benz, E.J., Jr., and McCaffrey, R.P.: Synthesis of DNA
complementary to separated human alpha and beta globin messenger RNA’s. Proc. Natl.
Acad. Sci. USA, 72 :984-988, 1975.

58) Forget, B.G., Benz, E.J., Jr., Skoultchi, A., Baglioni, C., and Housman, D.: Absence of
messenger RNA for beta globin chain in §°-thalassaemia. Nature, 247 : 379-381, 1974.

59) Benz, E.J., Jr., and Forget, B.G.: The molecular genetics of the thalassemia syndromes. In:
Progress in Hematology. Brown, E.B. (ed.), Grune and Stratton, New York, 1975, Vol.
9, pp. 107-155. :

60) Forget, B.G., and Nathan, D.G.: Molecular pathology of the thalassemia. In: Advances in
Internal Medicine. Stollerman, G.H. (ed.), Year Book Publishers, Inc., Chicago, 1976, Vol
21, pp. 97-128.

61) Ohba, Y., Miyaji, T., and Shibata, S.: Identical substitution in Hb Ube-I and Hb Kéln.
Nature, New Biol., 234 : 205-207, 1973.

62) Ohba, Y., Miyaji, T., Matsuoka, M., Yamaguchi, K., Yonemitsu, H., Ishii, T., and Shibata,
S.: Hemoglobin Chiba: Hb Hammersmith in a Japanese girl. Acta Haem. Jap., 38 : 53—
58, 1975.

63) Miyaji, T., Ohba, U., Matsuoka, M., Kakishita, A., Miwa, S., and Tomita, A.: An unstable
hemoglobin variant, Hb Hyogo (8 28, B10 Leucine~>Proline): The first case of Hb Genova
disease in Japan. Acta Haem. Jap., 38 : 363-364, 1975 (in Japanese).

64) Yamada, K., Shinkai, N., Nakamura, S., Yamada, Z., Saito, K., Miwa, S., Miyaji, T.,
and Shibata, S.: Hemoglobin Tochigi disease, a new unstable hemoglobin hemolytic anemia
found in a Japanese family. Acta Haem. Jap., 34 : 484-497, 1971.

65) Miyaji, T.: personal communication,

66) Ohba, Y., Miyaji, T., Matsuoka, M., Yokoyama, M., Nakamura H., Nagata, K., Takebe,
Y., Izumi, Y., and Shibata, S.: Hemoglobin Hirosaki (a« 43 (CE-1) Phe—Leu), a new
unstable variant, Biochem. Biophys. Acta, 405 : 155~160, 1975.

67) Harkness, D.R., and Roth, S.: Clinical evaluation of cyanate in sickle cell anemia. In:
Progress in Hematology. Brown, E.B. (ed.), Grune and Stratton, New York, 1975, Vol 9,
pp. 157-184.,

68) Kitamura, M., lijima, N., Hashimoto, F., and Hiratsuka, A.: Hereditary deficiency of
subunit H of lactate dehydrogenase. Clin. Chim. Acta, 34 : 419-423, 1971.

69) Loos, H., Roos, D., Weening, R., and Houwerzijl, J.: Familial deficiency of glutathione
reductase in human blood cells. Blood, 48 : 53-62, 1976.

70) Oski, F., and Whaum, J.: Hemolytic anemia and red cell glyceraldehyde-3-phosphate
dehydrogenase (G-3-PD) deficiency. Clin. Res., 19: 427, 1971.

71) Stefanini, M.: Chronic hemolytic anemia associated with erythrocyte enolase deficiency
exacerbated by ingestion of nitrofurantoin. Amer. J. Clin. Path., 58 : 408-414, 1972.

72) Parr, C.W., and Fitch, L.L: Inherited quantitative variations of human phosphogluéonate
dehydrogenase. Ann. Human Genet., 30 : 339-353, 1967. :

73) Jacobasch, G., Syllm-Rapoport, I., Roigas, H., and Rapoport, S.: 2, 3-PGaseMangel als
mogliche Ursache erhohten ATP-Gehaltes. Clin. Chim. Acta, 10 : 477-478, 1964. -

74) Harvald, B., Hanel, K.H., Squires, R., and Trap-Jeensen, J.: Adenosine-triphosphatase
deficiency in patients with non-spherocytic haemolytic anaemia. Lancet, 11 : 18-19, - 1964.

75) Miwa, S.: Hereditary hemolytic anemia due to erythrocyte enzyme deficiency. Acta Haem.
Jap., 36 573-615, 1973.

o

55



162 : - -Shiro Miwa’

76) McCann, S.R., Finkel, B., Cadman, S., and Allen, D.W.: Study of a kindred with hereditary

spherocytosis and glyceraldehyde-3-phosphate dehydrogenase deficiency. Blood, 47 : 171-
181, 1976,

77) Miwa, S., Nishina, T., Kakehashi, Y., Kitamura, M., Hiratsuka, A. and Shizume, K.:
Studies on erythrocyte metabolism in a case with hereditary deficiency of H-subunit of
lactate dehydrogenase. Acta Haem. Jap., 34 : 228-232, 1971.

78) Yoshida, A.: A single amino acid substitution - asparagine to aspartic acid - between
normal (B+) and the common Negro variant (A+) of human glucose-6-phosphate. dehy-
drogenase. Proc. Nat. Acad. Sci. USA, 57 : 835-840, 1967.

79) Yoshida, A.: Amino acid substitution (histidine to tyrosine) in a glucose-6-phosphate
dehydrogenase variant (G6PD Hektoen) associated with over- productlon J. Mol. Biol., 52 :
483-490, 1970. :

80) Van Berkel, T.]J.C., Koster, J.F., and Staal, G.E.: On the molecular basis of pyruvate
kinase deficiency. I. Primary defect or consequence of increased glutathione disulfide
concentration. Biochim. Biophys. Acta, 321: 496-502, 1973.

81) Van Berkel, T.]J.C., Staal, G.E., Koster, J.E., and Nyessen, J.G.: On the molecu lar basis of
pyruvate kinase deficiency. II. Role of thiol groups in pyruvate kinase from pyruvate
kinase-deficient patients. Biochim. Biophys. Acta, 334 : 361-367, 1974.

82) Zanella, A., Rebulla, P., Giovanetti, A.M., Curzio, M., Pescarmona, G.P., and Sirchia, G
Effects of sulphydryl compounds on abnormal red cell pyruvate kinase. Brit. J. Haemat.,
32 : 373-385, 1976.

83) Valentine, W.N., Fink, K., Paglia, D.E.,, Harris, S.R., and Adams, W.S.: Hereditary
hemolytic anemia with human erythrocyte pyrimidine 5'-nucleotidase deficiency. J. Clin.
Invest., 54 : 866-879, 1974.

84) Ben-Bassat, 1., Brok-Simoni, Kende, G., Holtzmann, F., and Ramot, B.; A family with red
cell pyrimidine 5'-nucleotidase deficiency. Blood, 47 : 919-922, 1976.

85) Oda, S., and Tanaka, K.R.: Erythrocyte pyrimidine 5-nucleotidase deficiency: metabolic
studies. Abstracts of the 16th International Congress of Hematology, Kyoto, 1976, p. 89.

86) Beutler, E.: Personal communication.

87) Rochant, A.B.: A case with pyrimidine 5-nucleotidase deficiency. Presented before the
8rd Meeting of the European-African Division of the International Society of Hematology,
London, August, 1975.

88) Miwa, S., et atl.: unpublished observation.

89) Paglia, D.E., and Valentine, W.N.: Characteristics of a pyrimidine-specific 5-nucleotidase
in human erythrocytes. J. Biol. Chem., 250 : 7973-7979, 1975.

90) Paglia, D.E., Valentine, W.N., and Dahlgren, J.G.: Effects of low-level lead exposure on
pyrimidine 5-nucleotidase and other erythrocyte enzymes. J. Clin. Invest., 56: 1164~
1169, 1975.

91) Valentine, W.N.: Personal communication.

92) Yoshida, A.: Genetic variants of human glucose 6-phosphate dehydrogenase. Japan. J.
Genetics, 44 (Suppl. 1), 258-265, 1969.

93) Yoshida, A., Baur, EW., and Motulsky, A.G.: A Philippino glucose-6-phosphate dehy-
drogenase variant (G6PD Union) with enzyme deficiency and altered substrate specificity.
Blood, 35 : 506-513, 1970.

94) Kahn, A., Cottreau, D., and Boivin, P.: Molecular mechanism of glucose-6-phosphate
dehydrogenase deficiency. Humangenetik, 25 : 101-109, 1974.

95) Kahn, A., Hakim, J., Cottreau, D., and Boivin, P.: Gd (—) Matam, an African glucose-
6-phosphate dehydrogenase variant with enzyme deficiency. Biochemical and immunological
properties in various hemopoietic tissues. Clin. Chim. Acta, 59 : 183-190, 1975.

96) Kahn, A., Marie, J., Galand, C., and Boivin, P.; Molecular mechanism of erythrocyte
pyruvate kinase deficiency. Humangenetik, 29 : 271-280, 1975.



97)

98)

99)

100)

10D

102)

103)

104)

105)

106)

107)

108)
109
110)

11D

112)
113)

119

Congenital Hemolytic Anemias 163

Marie, J., Kahn, A., and Boivin, P.: Pyruvate kinase isozymes in man. I. M type isozymes
in adult and foetal tissues, electrofocusing and immunological studies. Hum. Genet., 31 : 35-
45, 1976.

Kahn, A., Marie, J., and Boivin, P.: Pyruvate kinase isozymes in man. II. L type and
erythrocyte-type isozymes. Electrofocusing and immunologic studies. Hum. Genet., 33 : 35—
46, 1976.

Etiemble, J., Kahn, A., Boivin, P., Bernard, J.F., and Goudemand, M.: Hereditary hemolytic
anemia with erythrocyte phosphofructokinase deficiency. Studies of some properties of
erythrocyte and muscle enzyme. Hum. Genet., 31: 83-91, 1976.

Lincoln, D.R., Black, J.A., and Rittenberg, M.B.: The immunological properties of pyruvate
kinase. II. The relationship of the human erythrocyte isozyme to the human liver isozymes.
Biochim. Biophys. Acta, 410 : 279-284, 1975.

Miwa, S., Nakashima, K., Ariyoshi, K., Shinohara, K., Oda, E., and Tanaka, T.: Four new
pyruvate kinse (PK) variants and a classical PK deficiency. Brit. J. Haemat., 29 : 157-
169, 1975.

Nakashima, K., Miwa, S., Shinohara, K., Oda, E., Tajiri, M., Abe, S., Ono, J., and
Black, J.A.: Electrophoretic, immunologic and kinetic characterization of erythrocyte
pyruvate kinase in the Basenji dog with pyruvate kinase deficiency. Tohoku J. Ezp. Med.,
17+ 179-185, 1975.

Nakashima, K., and Yoshida, A.: Problems of indirect immunologic assay of specific enzyme
activity. J. Lab. Clin. Med., 1976, in press.

Imamura, K., and Tanaka, T.: Multimolecular forms of pyruvate kinase from rat and other
mammalian tissues. I. Electrophoretic studies. J. Biochemistry, 71 : 1043-1051, 1972.
Imamura, K., Tanaka, T., Nishina, T., Nakashima, K., and Miwa, S.: Studies on pyruvate
kinase (PK) deficiency. IL. Electrophoretic, kinetic, and immunological atudies on pyruvate
kinase of erythrocyte and other tissues. J. Biochemistry, 74 : 11651175, 1973.

Miwa, S., Nakashima, K., and Shinohara, K.: Physiological and pathological significance
of human pyruvate kinase isozymes in normal and inherited variants with hemolytic
anemia. In: Isozymes. II. Physiological Function. Markert, C.L. (ed.), Academic Press,
New York, 1975, pp. 487-500.

Shinohara, K., Miwa, S., Nakashima, K., Oda, E., Kageoka, T., and Tsujino, G.: A new
pyruvate kinase variant (PK Osaka) demonstrated by partial purification and condensation.
Am. J. Human Genet., 28 : 474-481, 1976,

Report of a WHO Scientific Group: Standadization of procedures for the study of glucose-
6-phosphate dehydrogenase. WHO Techn. Rep. Ser., #366, 1967.

Glader, B.E.: Salicylate-induced injury of pyruvate-kinase-deficient erythrocytes. New Engl.
J. Med., 294 : 916-918, 1976.

Keitt, A.S.: Pyruvate kinase deficiency and related disorders of red cell glycolysis. Amer.
J. Med., 41: 762-785, 1966.

Burge, P.S., Johnson, W.S., and Hayward, A.R.: Neutrophil pyruvate kinase deficiency
with recurrent staphylococcal infections: first reported case. Brit. Med. J., 1: 742-745,
1976.

Paglia, D.E,, and Valentine, W.N.: Hereditary glucosephosphate isomerase deficiency. A
review. Am. J. Clin. Path., 62 : 740-751, 1974.

Van Biervliet, J.P.G.M.: Glucosephosphate isomerase deficiency. Proefschrift, Drukkerij
Elinkwijk BV, Utrecht, 1975.

Yoshida, A.: Molecular structure and biochemical properties of normal and variant glucose
6-phosphate dehydrogenase. 16th International Congress of hematology, Kyoto, 1976,
Abstracts of Main Topics and Symposia, p. 192.





