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Abstract Hereditary methemoglobinemia is an autosomal recessive disorder caused by
a deficiency of NADH-cytochrome bs reductase. In most cases enzyme deficiency occurs
in red cells and symptom is only cyanosis due to elevated methemoglobin (type 1). In
about 109 of the cases deficiency is demonstrated in all the examined tissues and is
accompanied by methemoglobinemia and severe neurological disorders (type II). Gene
analyses of five independent families with type I disease showed that point mutations
leading to amino acid substitutions occur in all cases. Mutations found in three patients
of type II disease were a point mutation, a deletion of 3 bases that leads to one amino
acid deletion, and a mutation of splicing acceptor site of exon 9. Characterization of
recombinant type I and type II mutant enzymes showed that type I enzymes retained
high enzyme activity but were unstable, whereas type II enzymes had low catalytic
ability. Mutations in type I disease on three dimensional structure of the enzyme reside
in the marginal portion of the enzyme that seem to participate in maintaining the enzyme
structure, while type II mutations were found close to the catalytic center of the enzyme
that explain low catalytic efficiency of the mutants.

Key words: hereditary methemoglobinemia, NADH-cytochrome bs reductase, genetic
diagnosis, x-ray structure, catalytic mechanism.

Introduction

Hereditary methemoglobinemia is an
autosomal recessive disorder caused by a
deficiency of NADH-cytochrome b;
reductase (b5R, EC 1.6.2.2). The enzyme
transfers two electrons from NADH to two
molecules of cytochrome b; (cyt. b5) through
enzyme-bound FAD. Reduced cyt. b5 transfer
electrons to various electron acceptors, there-
by participating in a variety of biological
processes. There are two forms in b5R, sol-
uble and membrane bound that are generated

by alternative usage of different promoters
of the single geneV. The soluble form exists
in red cells and participates in methemog-
lobin (non-functional hemoglobin with Fe®*)
reduction®. In other tissues the membrane
bound form localizes in microsomes - and
mitochodrial outer membranes where this
electron transfer system functions in fatty
acid desaturation® and elongation®, choles-
terol biosynthesis®, cytochrome P450-
mediated drug metabolism®, and cytidine
monophospho-N-acetylneuraminic acid
hydroxylation™.
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Table I Summary of NADH-cytochrome b; reductase activities of type I and type II
patients and recombinant mutant enzymes

Enzyme activity (9% of normal control)

Subjects Mutations Erythrocytes Lymphocytes Kcat/Km* Function of the affected residue
Normal 100 100 100
Type 1
Kagoshima, Japan Arg-57— Gln 7.7 40.1 24.6 Structural (mutant is unstable)
Italy Val-105— Met 7.5 NT** 14.5 Structural (mutant is unstable)
Kurobe, Japan Leu-148— Pro 1.1 36.1 46.7 Structural (mutant is unstable)
Type I
Hiroshima, Japan Ser-127— Pro 2.1 10.6 3.4 Interact with phosphate of FAD
Yokohama, Japan Phe-298 deletion =~ ND*** 8.4 0.4 Hydrophobic FAD-binding pocket

* KKk

Italy exon 9 splicing acceptor site

*Values of recombinant enzymes.
**Not tested.
***Not detected.
****No functional enzyme might be produced.

For the deficiency of b5R that causes
hereditary methemoglobinemia, three types
had been reported. Type I (erythrocyte
type), whose enzyme deficiency is restricted
to red cells, causes only cyanosis due to
elevated methemoglobin. In type II(general-
ized type), enzyme deficiency is observed not
only in red cells but in fibroblasts, muscles,
liver, and brain as well. The patients have
severe symptoms including mental retarda-
tion, microcephaly, retarded growth, bilat-
eral athetoid movements, and generalized
hypertonia®. On type Ill only one detailed
report is available®. The type IlI patient has
the same symptom as type I but the enzyme
activity was reduced in all blood cells such as
Ilymphocytes, neutrophils, and platelets
besides red cells. To clarify the molecular
mechanism leading to the diversity of heredi-
tary methemoglobinemia, molecular genetic
approach was undertaken.

Re-evaluation of classification of hereditary
methemoglobinemia

The family in Kurobe, Japan was reported
as a sole example having a puzzling
phenotype in which b5R activity is defective
in all blood cells but is not associated with
generalized symptoms and a new classifica-
tion "type II” was proposed®. Nagali et al.!?,
however, carefully re-examined the case and
demonstrated that the enzyme activities of
the leukocytes and platelets of the patient

were, indeed, in the range of type I disease.
The mutant enzyme, Leu-148 — Pro, expres-
sed in the patient showed marked instability
that might be the cause of the disease. From
these results we concluded that it is not
necessary to have "type IlI” category in the
classification of the disease.

Restriction of enzyme deficiency to red cells
in type I

In hereditary methemoglobinemia type I,
enzyme deficiency has been reported to be
restricted to red cells, as reported for
glucose-6-phosphate dehydrogenase!?,
glutathione synthetase'? as well. To under-
stand molecular mechanism for this phenom-
enon, the nucleotide sequences of the b5R
gene of the patients of 8 families of heredi-
tary methemoglobinemia were determined
(Table 1)'®-19 The patients in Kagoshima,
Okinawa, and Toyoake, Japan were shown
to have the same mutation, Arg-57 — Gln.
Patients in Kurobe and Italy had Leu-148 —
Pro and Val-105 — Met mutations, respec-
tively. The enzyme activities of Arg-57 —
Gln, Leu-148 — Pro, and Val-105 — Met were
629, 479%, and 779 of the normal, respective-
ly, whereas the activities in erythrocytes of
the patients were <109 of the normal.
These data suggest that the amount of active
enzymes might be reduced in red cells as
measured for the Italian patient'”. The heat
instability and proteinase susceptibility were
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demonstrated for the recombinant type I
mutants. Thus the restriction of the defi-
ciency to erythrocyte might be caused by the
instability of the mutant type I enzymes
where there can be no compensation by pro-
tein synthesis, but not due to an impairment
of the erythroid specific promoter, or a fail-
ure of release of the membrane-bound ert-
zyme into soluble fraction in the red cells as
formerly postulated.

Why are there two types, type 1 and type
1I?

Mutations of type II disease in Hiroshima
and Yokohama were Ser-127 — Pro and 3
base-pairs in-frame deletion of codon 298
which results in deletion of Phe-298. kcat/
Km values, which reflect the efficiency of the
enzyme reaction in vivo, of the recombinant
mutant enzymes of type 1 disease (Table 1)
were closer to normal comparing with type
II. The enzyme activities in type II patients
might be reduced to the level that is not
sufficient for the cell metabolism due to
mutations in critical residues and result in
general symptoms. Thus, the extent of the
impairment of the enzyme activity might
diverge the disease into two types.

Localization of affected residues in heredi-
tary methemoglobinemia in bSR structure

X-ray structure of b5R was determined by
authors’ group'® and Miki’s group'® recently.
The affected residues in type I are located
in a marginal portion in the structure which
might be involved in a maintenance of over-

all enzyme conformation. In contrast, the

residues altered in type II exist close to the
catalytic center. Ser-127, which was replaced
by Pro in type II Hiroshima, hydrogen-bonds
to pyrophosphate moiety of cofactor FAD.
Phe-298, which was deleted in type II Yoko-
hama, is a part of hydrophobic FAD binding
pocket. Thus, the affected residues in type II
disease were shown to be important in the
enzyme function.

New insights into ascorbate regeneration
from hereditary methemoglobinemia

Neurological disorder might be explained
by an impaired lipid metabolism which
causes altered fatty acid composition in

brain??. The modified lipid metabolism, how-
ever, does not explain some of the symptoms
in hereditary methemoglobinemia, such as
delayed synostosis of cranial bones, hypertro-
phy of gums, and absent or underdeveloped
teeth®. We recently demonstrated that severe
type II patient in Italy had a mutation at 3’
splicing acceptor site of exon 9 and expres-
sed no immunologically detectable b5R2%.
The previous report on the participation of
b5R in semiascorbate (SDA) reduction??
prompted us to measure SDA reductase
activity of fibroblast of this patient to show
that the activity was markedly reduced?.
These results suggest an important role of
b5R in ascorbic acid regeneration. Impair-
ment of SDA reductase activity may lower
intracellular ascorbate level, thereby
hampering collagen biosynthesis.
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