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Knowledge about erythrocyte metabolic pathways has expanded
greatly in a recent couple of years and several enzyme deficiencies of
human erythrocytes have been described as well. Normal erythrocyte
metabolic pathways with special emphasis on regulatory mechanisms
will firstly be discussed followed by a brief review on recently described
enzyme deficiencies of human erythrocytes.

METABOLIC PATHWAYS

In the mature erythrocyte, under normal physiologic conditions glucose
is metabolized primarily via the Embden-Meyerhof glycolytic pathway to
produce adenosine triphosphate (ATP) whereas about 109 of the glucose
is metabolized by the hexose monophosphate oxidative pathway to produce
dihydronicotinamide-adenine-dinucleotide phosphate (NADPH). Although
glucose is the principal source of energy for the red cell under normal
circumstances, it has the capacity also to utilize other substrates, such as
inosine, fructose, mannose and galactose”. Recently it was found that
erythrocyte can utilize dihydroxyacetone as well®'®. The routes of
utilization of these substrates are shown in Fig. 1.

Now I will discuss about how the hexose monophosphate pathway is
regulated in physiological conditigns. Hexose monophosphate pathway is
mainly regulated by the first step, glucose 6-phosphate dehydrogenase
(G6PD) reaction. Let us consider about the kinetic properties of the
enzyme In the presence of in vivo concentrations of substrates and
inhibitors (Fig. 2). Michaelis constant (Km) for the substrate glucose
6-phosphate (G6P) is 50 to 70 4M and the concentration of G6P in normal
erythrocyte is estimated to be around 40uM. Even more remarkable is the
fact that Km for the coenzyme NADP is 12.54M, in vivo concentration of
NADP is far below this level, being less than 2 #M. That means that
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Fig. 1. Metabolic pathways of human mature erythrocytes, showing the routes or
utilization of substrates.

G6P =glucose 6-phosphate; F6P={ructose 6-phosphate; FDP=fructose 1, 6-diphosphate;
DHAP=dihydroxyacetone phosphate; GAP =glyceraldehyde 3-phosphate;
1, 3DPG =1, 3-diphosphoglycerate; 2,3DPG=2, 3-diphosphoglycerate;
3PG=3-phosphoglycerate; 2PG=2-phosphoglycerate; PEP=phosphoenolpyruvate;
6PG =6-phosphogluconate; NADPH =dihydronicotinamide-adenine-dinucleotide phosphate;
ATP=adenosine triphosphate; Pi=inorganic phosphate;
NAD=nicotinamide-adenine  dinucleotide; NADH =dihydronicotinamide-adenine
dinucleotide; HMP Pathway=hexosemonophosphate pathway.

G6PD is working far below the saturation of its substrates G6P and NADP.
In addition, NADPH exerts profound product inhibition, inhibition constant
(Ki) of which being 9 uM whereas in vivo concentration of NADPH appears
to be 5 times more than this level. ATP also inhibits G6PD competitively
with G6P but its physiological significance is probably much less than that
of NADPH. In vitro experiments revealed that under the saturation of
NADP and substrates, 101 red cells could oxidize about 2.2 gmoles of G6P,
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Fig. 2. Regulation of glucose 6-phosphate dehydrogenase (G6PD) reaction.

NADP = nicotinamide-adenine dinucleotide phosphate; Vmax =
velocity maximum.

producing 1.5 gmoles of CO, in 1 minute whereas only 2 to 3 nmoles of CO,
are actually produced by 10 red cells suspended in an isotonic solution
containing glucose at 37°C#+®, These facts clearly show that because of
the strong inhibition of G6PD by physiologic concentration of NADPH and
ATP, only 0.1 to 0.2% of its potential activity is estimated to be expressed
in human red cells that contain low concentrations of NADP and G6P®.

If an oxidant drug such as nitrofurantoin is administered, its active
derivative interacts with oxyhemoglobin, generating low levels of hydrogen
peroxide. Hydrogen peroxide is inactivated by glutathione peroxidase
reaction thus producing oxidized glutathione (GSSG). GSSG is reduced to
. GSH by glutathione reductase reaction which requires NADPH and
produces nicotinamide-adenine-dinucleotide phosphate (NADP). NADPH
decreases and NADP increases and thus release G6PD reaction from
inhibition, resulting in increased flow in hexose monophosphate pathway.

Fig. 3 shows the mechanism of regulation of Embden-Meyerhof
glycolytic pathway in mature human erythrocytes. In these steps three
kinases, hexokinase, phosphofructokinase and pyruvate kinase are the
rate limiting enzymes, and the rate of these enzyme catalized steps are
influenced by several inhibitors and activators as well as allosteric
effectors™»®. Of these three enzymes, phosphofructokinase in particular
plays the central role in regulating the rate of glycolysis.

I will discuss the regulatory mechanism of phosphofructokinase
reaction. Inorganic phosphate accelerates this step markedly whereas
decrease in pH inhibits it. It is to be noted that Beutler et al recently found
that 2,3-diphosphoglycerate (2,3DPG) exhibits inhibitory effects on almost
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Fig. 3. Regulatory mechanisms of Embden-Meyerhof pathway and
Rapoport-Luebering cycle.

HK =hexokinase; PFK =phosphofructokinase; PK=pyruvate kinase; PALP =

pyridoxal phosphate; AMP=adenosine monophosphate; ADP=adenosine

diphosphate.

all the proximal glycolytic steps, including phosphofructokinase® 19,10,
Srivastava and Beutler have also shown that pyridoxal phosphate inhibits
phosphofructokinase!®. ATP is both a substrate and a strong allosteric
inhibitor of phosphofructokinase. The inhibitory effects of ATP can be
relieved by fructose 6-phosphate (F6P), inorganic phosphate (Pi) or
adenosine diphosphate (ADP). It has been estimated that at the usual pH
within the red cell and at the normal concentrations of F6P and ATP the
enzyme may be operating at only 0.5% of its maximal capacity?. Change
in pH, intracellular F6P, ADP, ATP, Pi and intracellular magnesium may
be expected to produce dramatic effects on phosphofructokinase control.

It would be appropriate at this point to refer to the study of Yawata,
Jacob and their colleagues on hyperalimentation hypophosphatemial®.
They reported that infusion of hyperalimentation solutions which lacked
phosphates in starved dogs as well as in patients rapidly produced
hypophosphatemia. Within 48 hours following the development of hypo-
phosphatemia, hemolytic anemia becomes obvious. Exactly paralleling the
decrease in serum phosphorus, ATP levels of red cells fall, and rigidity of
these cells increases. If serum phosphorus is repleted by supplementation
of the infusion solution with neutral phosphates, ATP levels and plasticity
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of red cells normalized rapidly. Although they didn’t measure the glycolytic
rate of the red cells, it is quite likely that low inorganic phosphate in the
red cell exerted inhibitory effects mainly on phosphofructokinase reaction
as well as hexokinase and glyceraldehyde 3-phosphate dehydrogenase
reactions, thus resulting in low glycolytic rate and low ATP level.

Now, let us consider about the 2,3-diphosphoglycerate cycle, which is
also called Rapoport-Luebering cycle. The production of 2,3DPG is another
important function of the Embden-Meyerhof pathway in human erythro-
cyte. 2,3DPG is an important regulator of the oxygen affinity of hemoglob-
in'®.14_ Diphosphoglycercerate mutase is profundly inhibited by low
concentration of its product 2,3DPG, Ki being only 0.85 zM, yet the normal
red cell has a remarkably high concentration of 4 to 5 mM?!). The binding
of 2,3DPG to hemoglobin reduces its affinity for oxygen, thus facilitating
the release of oxygen to the tissue. The presence of hemoglobin within the
cell provides a mechanism for relief of product inhibition of the diphos-
phoglycerate mutase, because the binding of 2,3DPG to deoxyemoglobin
decreases the concentration of free 2,3DPG and thus releasing product
inhibition.

Phosphoglycerate kinase has a very high affinity for 1,3-diphosphogly-
cerate (1,3DPG) and the activity of this enzyme appears to be determined
by the ATP/ADP ratio within the cell. With high red cell ADP levels,
1,3DPG will be converted to 3-phosphoglycerate (3PG) and this step will
resulted in the generation of ATP. On the other hand, with high ATP
levels, phosphoglycerate kinase inhibition occurs and 1,3DPG, in the
presence of deoxyhemogloben will be converted to 2,3DPG. It has been
estimated that approximately 209 of the glucose is metabolized via the
Rapoport-Luebering cycle?’ 19

As it has been shown that 2,3DPG plays an important role in oxygen
transporting function of hemoglobin in the red cell, how to keep the
2,3DPG level as well as the ATP level as high as possible in stored blood
becomes an important practical investigative field. Recently incubation of
ACD stored blood with inosine, Pi and pyruvate proved to restore 2,3DPG
level remarkably welll®»17:18  As shown in Fig. 4, inosine and Pi produces
glyceraldehyde 3-phosphate (GAP) via hexose monophosphate pathway.
Sufficient nicotinamide-adenine dinucleotide (NAD) is provided because of
the lactate dehydrogenase reaction in the presence of pyruvate in the
media, thus facilitating the glyceraldehyde 3-phosphate dehydrogenase
(GAPD) reaction together with Pi and finally 2,3DPG increases. This IPP
(inosine, Pi and pyruvate) media may be applicable clinically particularly
in patients who need massive blood transfusion. However it should be
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Restoration of 2,3DPG Level (1PP media)
Inosine (10 mM)+Pi (50 mM)+ Pyruvate (10 mM)

Pyruvate

Fig. 4. Metabolic scheme showing the mechanisms for restoration of
2, 3-diphosphoglycerate (2,3DPG) level by IPP media.

DIHYDROXYACETONE (DHA) METABOLISM
& TRIOKINASE  (BeutLer & GuinTo 1973)

TRIOKINASE
DHA + ATP ————— DHAP + ADP

EMBDEN-MEYERHOF PATHWAY

TriokInase: Km DHA 6 pM  (VERY Low !)
Km ATP 20 uM

DHA MAY BE USEFUL IN SHOCK, CORONARY ARTERY

DISEASE, CONGESTIVE HEART FAILURE, ETC,

Fig. 5. Dihydroxyacetone metabolism and triokinase in human mature erythrocytes.
DHA =dihydroxyacetone.
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noted that the large amount of uric acid formed from inosine will be an
important limiting factor in the use of this combination.
In this regard, an important finding was recently reported by Beutler

and Guinto?:®, Human erythrocytes can utilize dihydroxyacetone rather
efficiently by virtue of the triokinase activity and produce dihydroxyacet-
one phosphate (DHAP) which is a normal glycolytic intermediate and thus
dihydroxyacetone can be normally metabolized by the Embden-Meyerhof
pathway (Fig. 5). Km for dihydroxyacetone and also Km for ATP of this
enzyme are both remarkably low, and so red cells can utilize dihydroxy-
acetone very efficiently. Dihydroxyacetone may prove to be useful in the
maintenance of 2,3DPG levels during blood storage and also in the in vivo
manipulation of red cell 2,3DPG levels.

RECENTLY DESCRIBED ENZYME DEFICIENCIES OF
HUMAN ERYTHROCYTES

Fig. 6 shows the Embden-Meyerhof glycolytic pathway and Rapoport-
Luebering cycle in which the blocking steps by the known enzyme defic-
iencies are indicated. It is remarkable that enzyme deficiencies have so
far been described in 12 out of 13 Embden-Meyerhof pathway and
Rapoport-Luebering cycle enzymes, although in a few of which either
detailed description is lacking or cause and effect relationship is not
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Fig. 6. Embden-Meyerhof pathway and Rapoport-Luebering cycle. Blocking steps
by known erythrocyte enzyme deficiencies are indicated.
GPI =glucosephosphate isomerase; TPI=triosephosphate isomerase;
GAPD=glyceraldehyde 3-phosphate dehydrogenase; :
DPGM = diphosphoglyceromutase; DPG-Pase=diphosphoglycerate phosphatase;
PGK =phosphoglycerate kinase; MPGM=monophosphoglycerate mutase;
LDH=1actate dehydrogenase; PYR=pyruvate.
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clear!?®,
Aldolase Deficiency

- Among these glycolytic enzyme deficiencies, aldolase deficiency was
quite recently found by Beutler et al?®. Erythrocyte aldolase deficiency
shows hereditary hemolytic anemia. The propositus was a 4 year-old boy.
The parents were first cousins. At six weeks he was hospitalized with
pallor, 5 cm hepatomegaly and the spleen tip was felt. Liver biopsy showed
a modestly elevated glycogen the structure of which was normal, and the
propositus had once been considered to belong type VI glycogen storage
disease. He had mental retardation as well. Erythrocyte aldolase was
found to be decreased, being 16% of normal, and electrophoretic as well
as kinetic studies have disclosed no structural abnormality so far.

Three types of electrophoretically distinct and tissue specific aldolases
are known. The isozymes in the liver and the erythrocyte are different.
The mildly elevated glycogen in the liver in this case could be explained on
the basis of diversion of dietary glucose and fructose from the peripheral
tissues, which are aldolase deficient to the liver where aldolase is under
separated control.

Pyrimidine 5’-Nucleotidase Deficiency

Valentine et al reported quite recently pyrimidine 57-nucleotidase
deficiency associated with hereditary hemolytic anemia??. Four members
in 3 kindreds were found. The syndrome was characterized by marked
increase in red cell basophilic stippling, total nucleotides and GSH, and by
a fairly severe deficiency of ribosephosphate pyrophosphokinase, and
patient erythrocytes uniquely contained large amounts of pyrimidine
57-nucleotides. In earlier studies, these were erroneously considered to be
adenosine phosphates??:2¥, They therefore erroneously called the synd-
rome ‘‘high ATP syndrome’’29.

In earlier studies, Valentine and his colleagues measured adenosine
monophosphate (AMP), ADP and ATP by the conventional enzymatic
procedure described by Minakami et al?2®, The assay procedure had been
considered reliable and specific, since normally 97% or more of the
nucleotides of human red cells are adenine nucleotides, and pyrimidine-
containing nucleotides are present in negligibly small amounts. In the
assay procedures, however, non-adenosine nucleotides would react, but at
a relatively slow rate. In their recent investigations of a new patient, they
became aware of the probable presence of significant concentrations of
such “‘slow reacting” nucleotides.

Total nucleotides in patient cells were present in amount 3 to 6 times
greater than normal, and more than 80% were pyrimidine-containing,
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Table 1.
Pyrimidine 5/-nucleotidase deficiency.
Total Nucleotide | Total Pyrimidine | Pyrim. 5”-Nucleotidase
(#mol/10*°rbc) (%) (% of Normal)
Patient R. 8.5 86 11
Tr. 8.8 83 6
Control 2.0 <3 100

whereas normal red cells contained less than 3% (Table 1). The activity of
pyrimidine 5”-nucleotidase in the patients’ red cells were only 6 to 11% of
that of normal subjects.

The ultraviolet spectral curves of deproteinized red cell extracts
exhibited a shift in maximum absorbance from the usual 256-257 nm to
approximately 266-270 nm. This spectral characteristic of red cell extracts
provides the basis of an easily performed screening procedure which does
not require rather sophisticated red cell enzyme assay.

The pyrimidine 5”-ribonucleotides are presumed to be derived from
RNA degradation, and, not being diffusible, accumulate when the enzyme
catalyzing their dephosphorylation is deficient. It is postulated that the
prominent basophilic stippling results from retarded ribosomal RNA
degradation secondary to accumulation of degradation products, namely
pyrimidine 5”-ribonucleotides. Ribosephosphate pyrophosphokinase defic-
iency is considered to be an epiphenomenon. The mechanism responsible
for increased red cell GSH is unknown. The mechanism by which a
hemolytic syndrome is produced must be complex and unknown at the
moment. Several mechanisms can only be speculated. 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 phosphoglycerate 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 unexplored.

Adenosine Deaminase Deficiency

In 1972, Giblett and her colleagues reported erythrocyte adenosine
deaminase deficiency associated with severe combined immunodeficiency
disease and not associated with hemolytic anemia2,27-28_ The first patient
was a 22-month-old girl, the child of a consanguineous mating. Severe
T-lymphocyte deficiency was manifested from birth by recurrent respir-
atory infections, candidiasis, and marked lymphopenia. She has shown no
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delayed hypersensitivity response to candida, mumps, and could not be
sensitized to dinitrochlorobenzene. Her lymphocytes responded poorly
to phytohemagglutinin. Immunoglobulin levels were very low. Although
her blood-group was 0, she failed to develop anti-A and anti-B. It was
finally found that her red cells contained no measurable adenosine deam-
inase activity. Since adenosine deaminase of the red cell type predominates
in the lymphocytes, it was proposed that the enzyme difeicency in the
lymphocyte was probably a causal agent in the disease. The precise way
in which adenosine deaminase deficiency impairs the immune response is
not known with certainty. However, the work of Green and Chan?® had
shown that an increased level of adenosine, and thus of ADP and ATP,
which could occur in adenosine deaminase deficient cells causes ‘‘pyrimid-
ine starvation” due to a blockage of de novo uridine synthesis, at the level
of orotic acid production (Fig. 7). Thus, adenosine deaminase deficient

ADENOS INE-DEAMINASE DEFICIENCY
(GIBLETT ET AL 1972)

ComBINED IMMUNODEFICIENCY DISEASE
ADA oF RBC Type PREDOMINATES IN LYMPHOCYTES

ADliNOSINE-ﬂA—J\\—»INOSINE

ACCUMULATION OF ADENOSINE, ADP, ATP

BLockape IN DE Novo URIDINE SYNTHESIS
(AT THE LEVEL ofF OroTIC Acip PRODUCTION)

+
PYRIMIDINE STARVATION

GgEATLY REpuceD ABILITY TO PROLIFERATE &
DIFFERENTIATE RAPIDLY WHEN SUBJECTED TO
AN ANTIGENIC STimuLus (GReen & CHAN 1973)

Fig. 7. Adenosine-deaminase deficiency.

lymphocytes may have greatly reduced activity to proliferate and differ-
enciate rapidly when subjected to an antigenic stimulus. Combined
immunodeficiency diseases are a heterogeneous group of severe congenital
defects involving both cellular and humoral immunity. The discovery of
erythrocyte adenosine deaminase deficiency associated with combined
immunodeficiency disease certainly reperesent a major contribution for
the elucidation of these syndromes and their underlying immunobiology.



Normal Metabolic Pathway and Recently Described Enzyme Deficiencies of Erythrocytes 11

Carbonic Anhydrase B Deficiency

Quite recently Shapira et al3® reported an inactive mutant form of red
cell carbonic anhydrese B in three members of a large kindred who
manifest infantile renal tubular acidosis and nerve deafness. Both antigenic
and electrophoretic properties of the mutant enzyme were said to be
identical to those of the normal form. Since two major isozymes, carbonic
anhydrases B and C exist, and are distributed in varying proportions in
different body tissues, the inactive form of these patients suggests that
carbonic anhydrase B may have a major role in renal tubular acidification.

Glucose 6-Phosphate Dehydrogenase (G6 PD) Deficiency

More than 100 G6PD variants are now known to exist31:32, which
have been identified according to the recommendation of WHO scientific
group3®. G6PD “Kyoto3+:3% and G6PD Heian3® are the variants found in
Japanese.

Yoshida and Lin®® recently made an very important finding. It has
been a puzzling fact that some G6PD variants that are associated with
severe enzyme deficiency, such as G6PD Union and G6PD Mediterranean,
have no chronic hemolytic anemia, whereas several variants with less
severe enzyme deficiency, such as G6PD Manchester and G6PD Tripler,
are associated with chronic hemolytic anemia. Examination of the enzymes
from these variant subjects under simulated physiologic conditions revealed
that; (1) enzymes from the hemolytic variant subjects are strongly inhibited
by a physiologic concentration of NADPH due to their high Km for NADP
or low Ki for NADPH. Thus, these variant enzymes presumably cannot

Table 2.

Several typical G6PD variants which either associated
with or without chronic hemolytic anemia.

| Chron. Hem. | Activity | Km NADP | Ki NADPH o

l An. (%) ‘ (M) } (M) Heat Stability
B* - 100 12.5 9 Normal
A- - 8-20 8 13 Normal
Mediterranean — <5 3.8 9.5 Low

Union - <3 8.2 37 Low
Manchester + 25-30 18.5 0.8 Low
Tripler + 35 80 2.6 Very Low
Physiological Concentation i ’ <2 ‘ 50




12 Shiro Miwa

generate NADPH in red cells to maintain an adequate level of GSH (Table
2). (2) The nonhemolytic variant enzymes are far less sensitive to the
inhibition by NADPH, because of their low Km for NADP and high Ki for
NADPH. These variants are also more resistant to the inhibition by ATP.

Pyruvate Kinase (PK) Deficiency

Owing to the development in the polyacrylamide gel electrophoresis
method for pyruvate kinase isozyme studies by Imamura and Tanakas3”,
identification of pyruvate kinase variants became feasible in our labora-
tory3®:39_ So far eight pyruvate kinase variants, PK Tokyo I, PK Nagasaki,
PK Sapporo, PK Kiyose, PK Tokyo II, PK Ube, PK Maebashi and PK
Tsukiji and so-called classical type PK deficiency have been identified in
our hands, using several parameters such as urea-stability test, neutraliz-
ation test using anti-human-erythrocyte-PK serum, Km for phosphoenol-
pyruvate, velocity maximum (Vmax), nucleotide specificity as well as
polyacrylamide gel electrophoresis (Fig. 8). Classical type PK deficiency
lacks red-cell-PK isozyme but instead, Ms-type PK are weakly present

probably by compensative mechanism.

35 -
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2.0 4.0 6.0 8.0 10.0 125

PEP concentration (mM)
Fig. 8. Pyruvate kinase kinetic curves of several pyruvate kinase variants.
Km=DMichaelis constant.

These recently described hereditary enzyme deficiencies of human
erythrocytes are valuable examples of the investigation into the biochem-
ical nature of disease, and points out the vast areas still yet to be invest-

igated in the field of red cell metabolism.
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This paper was presented: at the XVth International Cengress of

Hematology, Jerusalem, Israel, September, 1974.
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