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Pyruvate Kinase Deficiency as a Model of Red Cell
Enzymopathies Associated with Hereditary Nonspherocytic

Hemolytic Anemia

Shiro Miwa

I. Discovery

The designation of hereditary nonspherocytic hemolytic
anemia (HNSHA) was introduced in 1950 by Croshy, fol-
lowed by a detailed discussion by Dacie et al. in 1953. In
1954, Selwyn and Dacie classified HNSHA into two types,
type 1 and type 2, based on the distinction that the addition
of glucose did not correct theincreased rate of autohemoly-
sisintype 2. This suggested a disturbance in the Embden-
Meyerhof glycolytic pathway intype 2 patients. DeGruchy
et al. reported that patients with type 2 HNSHA had in-
creased red cell 2,3-diphosphoglycerate (2,3DPG) levels,
suggesting a block of glycolysis distal to the 2,3DPG pro-
duction step®. Finally, in 1961, Valentine, Tanaka and
Miwa?3 directly assayed variousred cell glycolytic enzymes
in patients with type 2 HNSHA and discovered pyruvate
kinase (PK) deficiency. Several key observationswere made
in the original reports. Heterozygotes had approximately
one-half normal red cell enzyme activity; an autosomal re-
cessive mode of inheritance became clear through studies
of alarge family; no inhibitors of PK were found; glucose
utilization by red cellswas approximately normal, but less
than that of red cells from individuals with a comparable
degree of reticulocytosis; and leukocyte PK activity was
normal.

L eukocyte enzyme activity was about 300-fold that of
normal red cells, which impliesthat leukocyte contamina-
tion in ared cell suspension could easily mask PK defi-
ciency. Vaentine et al. were successful in uncovering PK
deficiency because, in connection with their earlier work
on leukocyte enzymes, they had made a point of meticu-
lously separating red cellsand leukocytesin their prepara-
tions and even calculated the amount of remaining leuko-
cyte contamination®,

I1. Clinical Aspects
A. Prevalence and Clinical Features

PK and glucose 6-phosphate dehydrogenase (G6PD) defi-
cienciesarethemost prevalent deficienciesin HNSHA.. Both
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deficiencies have been reported in over several hundred
families, while other rare red cell enzymopathies with
HNSHA, such as glucose phosphate isomerase, phospho-
glycerate kinase, pyrimidine 5'-nucleotidase or triose-
phosphate isomerase, were each found in about 15 to 40
families. Approximately 80% of red cell enzymopathies
(erythroenzymopathies) with HNSHA seem to be accounted
for by the two common enzyme deficiencies®. So far, there
appearsto be no remarkable predominancein either race or
geographic distribution.

PK deficiency isan autosomal recessive inherited dis-
order, and patients are usualy either compound heterozy-
gotesor homozygotes. In most instances, heterozygoteshave
no clinical manifestations, although someclinically affected
cases have been reported.

Clinical severity varied considerably from mild and
fully compensated to transfusion-dependent severe cases
but was usually moderate. Anemia of PK deficiency isin
general well tolerated, mainly because PK deficiency causes
accumulation of 2,3DPG, which lowers the affinity of he-
moglobin for oxygen, reducing the burden on the patient’s
heart.

PK deficiency shows normocytic and often macrocytic
anemia, reflecting accompanied reticulocytosis. Splenec-
tomy characteristically induces a paradoxical increment of
reticul ocyte counts as high as40-90%. Specific changesin
erythrocyte morphology are not observed. However, par-
ticularly in severe cases, echinocytes (dehydrated and spicu-
lated red cells) are often observed. This morphological
change becomes more prominent after splenectomy. The
osmotic fragility of fresh red cellsisusually normal, but the
incubated osmotic fragility test may show abnormal value
to avariable extent.

B. Diagnosis and Treatment

Diagnosis of PK deficiency depends on red cell enzyme
assay®”. Measurement of red cell glycolytic intermediates
ishelpful though not conclusive. A quantitative decrease of
enzymatic activity can be determined by spectrophotomet-



ric assay of red cell lysates, which are prepared by carefully
removing leukocytes and platel ets. Since leukocytes contain
as much as 300-fold red cell PK activity per cell and the
distinct PK isozyme, the M,-type, is expressed in both
leukocytes and platel ets, contamination of these cellsleads
to fal se negative results at the enzymatic diagnosis.

The PK activitiesof clinically affected individual s usu-
ally range from less than 10% to 25% of the norma mean
value; however, sometimes subnormal activity might be
shown, or else higher than normal values might be indi-
cated. A number of PK variants with lower affinities for
phosphoenolpyruvate (PEP) have been biochemically de-
termined. To avoid false negative results, examination of
the enzyme at low substrate concentrations is preferable
whenever thehigh K [PEP] variant is suspected. Margin-
ally normal PK activity with concomitant rise of other age-
dependent enzymes, such as hexokinase and G6PD, may
indicate afamily study or measurement of glycolyticinter-
mediates for confirmation of PK deficiency. Heterozygous
carriers show 40-60% PK activities of normal controls.

Methods of enzymatic characterization of variant PK
were standardized by the International Committeefor Stan-
dardization in Haematology (ICSH) in 19790,

No curative therapy has been found, and nonspecific
supportive therapies such as red cell transfusion or sple-
nectomy have been utilized. Splenectomy is not curative
but mostly achieves appreciable clinical improvement of
anemia, usually 20-30g/1 elevations of hemoglobin level,
aswell as growth and devel opment for affected infants. In
contrast to hereditary spherocytosis, expected response to
splenectomy is not definite, suggesting that an indication
should be based on severity of hemolysis. Retrovirus-me-
diated PK genetransfer into murine hematopoietic cellshas
been performed experimentally® and anticipated asfuture
therapy for PK deficiency.

I11. Biochemistry and Molecular Genetics

Four isozymes of mammalian PK, designated asM , M, L
and R-type, have been established©., All isozymes are
activeastetramersand consist of identical subunitsof about
60 kilodaltons (kDa). M -PK isexpressed mainly in muscle
and brain; M_-PK isthe only isozymethat isactivein early
fetal tissuesand also almost ubiquitously expressed in most
adult tissues including leukocytes and platelets; L-PK isa
major hepatic isozyme and detected as aminor component
in kidney, small intestine, and pancreas; and the R-PK is
exclusively expressed in red cells.

All PK isozymesexcept M -typeareallosterically regu-
lated, and fructose-1,6 diphosphate (F-1,6-DP) isknown to
act as an dlosteric effector. Structural analysis by X-ray
crystallography has been achieved by use of cat muscleM -
PK@, rabbit muscle PK®3, E. coli type 14 and yeast PK®,
the latter two of which are alosterically regulated. A sub-
unit is composed of four distinct domains: N-terminal and
A, B and C domains*?. The active site of PK liesin the
pocket between domains A and B2, and the all osteric site
isentirely located in the C domain®,
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Kinetic, electrophoretic, andimmunological properties
suggest that both L-type and R-type differ from M -type
and M_-type and that these two kinds of isozymes are under
the control of different genes, L gene¢¥, |ocated at chro-
maosome 19219, and M gene®?, located at 15022.2-22.3,
respectively. Both human M and L gene have 12 exonsand
11introns; L gene spansabout 9.5 kb and M gene about 32
kb. The primary transcript generated from the M geneis
alternatively spliced, generating two mature transcripts, M -
typeand M -type, which specifically includetheexon 9 and
10 sequence, respectively. The L gene has two promotors
that direct tissue-specific transcription; the R-type promoter
islocalized upstream of exon 1 and highly and exclusively
active in erythroid lineage of hematopoietic cells®2, In
turn the L-type promoter in intron 1 has shown to be tran-
scriptionally active in hepatocytes®? as well as pancre-
atic b cells. Recent observations concluded that in the rat
system, the 5'-upstream enhancer was required for driving
transgenesat asimilar transcription level asthe endogenous
PK genein erythroid cells of the fetal liver®. The human
and rat R-PK promoter aswell astherat erythroid-specific
enhancer contain multiple GATA motifs; in addition the
transactivation experiment demonstrated an involvement of
GATA-1for activation of rat R-PK promoter, leading to the
conclusion that GATA-I, thekey regulatory nuclear protein
for erythroid-specific genes, is also an essential trans-act-
ing factor for tissue-specific expression of the R-PK. Inthe
enhancer located 3.5-kb upstream of the R-PK promoter,
multiplein vivo footprints have been reveal ed, one of which
shared similarity with NF-E4, astage-specific erythroid tran-
scription factor.

Alteration of isozyme composition from M, - to R-PK
inthe process of erythroid differentiation/maturation have
been demonstrated by several strategies. Immunologically
the R-PK can be detected at the basophilic erythroblast stage
by isozyme-specific antibody®”. Both M, and R-PK are de-
tectableinisolated CFU-E, and M,-PK activity disappears
during erythroid differentiation induced by erythropoietin®.
Switching of erythrocyte isozyme is partly attributable to
changesin rates of degradation aswell as synthesis®. Per-
sistent expression of M,-PK has been noticed in mature
erythrocytes of several PK-deficient subjects®™ as well as
in animal models®-%, Onemay consider that the M-geneis
reactivated or conserved in order to compensate for de-
creased R-PK activity; however, the existence of M_-PK in
erythrocytes did not correlate with severity of hemolysis
nor any specific gene mutations, and the mechanisms and
significance of the phenomenon still remains unknown.

1V. Red Cell Metabolism in PK Deficiency

Theglycolytic rate of PK-deficient red cellsisreduced, and
erythrocyte ATPisusually decreased, but some patientswith
extremely elevated reticulocyte counts show normal or even
high ATP concentrations. High ATP in spite of impaired
glycolysisisexplained by the fact that PK-deficient reticu-
locytesamost entirely rely on mitochondrial oxidative phos-
phorylation. Glycolytic intermediates proximal to the PK



step, such as 2,3DPG and 3-phosphoglycerate (3PG), ac-
cumulate in affected erythrocytes, and markedly elevated
2,3DPG levels shift the oxyhemoglobin dissociation curve
to the right. Because of this, a severe degree of anemiais
tolerablefor PK-deficient patients.

V. Molecular Abnormalities and Structure-Function
Relationship

So far, over one hundred mutations have been described®3.
Although some specific mutations are frequently seen, such
as 1529A in Europeans and 1468T in Japanese, PK gene
mutations responsible for HNSHA are quite heterogenous,
so that entire coding sequences aswell asexon-intron junc-
tionsand the 5'-, 3'-flanking region must be examined.

As described earlier, a subunit of PK consists of four
domains. The amino acid residues important for compris-
ing the active site as well as the allosteric site have been
proposed by X-ray crystallographic studies of cat muscle
and yeast PK®219, The amino acids comprising the active
site arelocated in seven clusters, which are encoded in ex-
ons5, 7, 8and 9 of human R-PK. The magjority of missense
mutations are found inside or nearby these clusters®. The
singleamino acid substitutions may alter hydrophobicity or
secondary structure in the vicinity of mutated sites, result-
ing in disturbed contacts of either substrate or cations for
the subunit®. These structural changes are recognized as
elevated Michaelis constantsfor PEP, which ismeasurable
by the standardized procedure recommended by the ICSH®.
True homozygotes of 941C (11e€314Thr; PK Hong Kong)®®,
1151T (Thr384Met; PK Tokyo®, Nagasaki©®?, and Beirut®®
as well as the murine PK gene mutation (1103A,
Gly338Asp)©Y are categorized in thisgroup. The most fre-
guently identified homozygous mutation in Japanese PK
deficiency is1261A, causing GIn421Lysin Aa8. Thisamino
acid substitution causes a dramatic increase of hydropho-
bicity and may affect not only the active site but also the
alosteric site, since the region is close to the Cal, where
the tetramer interface in close proximity to the F-1,6-DP
binding siteislocated. Consequently, the mutant PK shows
decreasein alosteric activation by F-1,6-DP aswell asim-
paired substrate affinities. The 1276T (Arg426Tyr, PK
Naniwa)® and 1277A (Arg4d26GIn; PK Sapporo)“ are
considered to be classified in this group. The 3-half of the
exon 10 region encodes the amino acids essential for the
alosteric regulation of PK. Two human R-PK mutations
have been implicated as allosteric mutants: 1403T
(Alad68Val; PK Hadano)® and 1436A (Arg479Pro; PK
Amish®, PK Shinshu®,

Approximately 70% of all the PK gene mutations so
far elucidated are missense mutations. | n addition to these,
point mutations, deletions or insertions that induce more
drastic structural changes have been reported. They include
the splice site, frameshift, and nonsense mutations, and some
of them abolish catalytic activity as expected. Curioudly,
several homozygous PK null mutations have been discov-
ered. For example PK Beppu is a variant with one base
deletion at 434C® causing frameshift and premature ter-
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mination of trandation. The mutant subunit encodesthe 144
N-terminal amino acids of R-PK plusan aberrant 33 amino
acids. Another example is PK Gypsy.“? Uneven crossing
over between the homol ogous sequence of introns 10 and
11 isthought to be a cause of deletions flanking exon 11 of
this mutant, resulting in a 1149-bp deletion that generates
the skipping of a182bp exon 11 sequence of the mutant R-
PK mRNA, with premature termination of itstrandation at
513 amino acidsand aninclusion of aberrant 35 amino acid
residues at the C-terminal. Interestingly, acanine PK vari-
ant, the Basenji, has been found to have one base deletion
of R-PK at the corresponding site®?. Although the “null”
R-PK expression of each variant has not been intensively
established, survival of these PK variants raises the ques-
tion of whether the PK L-gene is indispensable. Histori-
cally, the continuation of M_-PK expressionin mature eryth-
rocytes of some PK variantsled usto suspect the quantita-
tive anomaly of R-PK expression, and these variants were
cited as “classical” PK deficiency®. PK Beppu is one of
theclassical PK variants, andthe M,-PK can be exclusively
detected in zymograms of mature erythrocytes. These ob-
servations allow usto specul ate that the extinction of the M
geneaong with erythroid maturation may beinhibited, and
that thisamelioratesthe PK deficiency of the patient.

VI. Murine PK Deficiency

Murine PK deficiency was discovered in an inbred colony
of the CBA strain by our group®444, A homozygous mis-
sense mutation G1013A, which causes Gly338Asp single
amino acid substitution, has been identified. 337Arg was
reported to be important for substrate binding. A similar
homozygous missense mutation at the catalytic domain has
been identified in a human PK variant, PK Hong Kong,
T941 C, 11e314Thr®, Although both 1013A and 941C give
riseto an amino acid change adjacent to the active site and
may interfere with substrate binding to the subunit, the de-
gree of anemiawas much more severe in the human case.
The erythroid-progenitor cell number wasincreased in the
spleen of the PK-deficient miceto alevel approximately 66
times higher than that of normal CBA mice, suggesting that
compensatory extramedullary erythropoiesisin the spleen
of the mutant mice, but not in the human variant, might ac-
count for the observed differencein the phenotype. Themice
grew well and have normal reproductive ability, giving birth
to 100% homozygous PK-deficient mice. Hence, this mu-
tant mouse should be a useful anima model for studying
the pathophysiology of PK deficiency and for developing
new therapeutic methods to correct PK deficiency.
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