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A B S T R A C T The electrophoretic mobility of erythro-
cyte NADH methemoglobin reductase in five hereditary
methemoglobinemia patients from three Puerto Rican
kindreds was 118% of normal at pH 8.6. The methemo-
globin ferrocyanide reductase activity of the enzyme in
erythrocyte hemolysates was 3.2-6.4% of normal. Elec-
trophoresis of hemolysates prepared from the blood of
patients from two different families at six pH values
between 4.6 and 9.3 did not differentiate between the
variant enzymes. Examination of the deficient enzymes
extracted from the erythrocytes of one patient from
each kindred revealed altered affinity for NADH and di-
chloraindophenol dye and decreased thermal stability.
The quantitative similarity of the abnormal findings,
together with the Puerto Rican origin of the kindreds,
suggested that the cyanotic patients possessed the same
abnormal enzyme and were thus homozygous for the
same rare mutant gene. Consanguinity of the kindreds
could not be established.
The rates of decline of the normal and variant NADH

methemoglobin reductase enzymes in vivo were measured
in erythrocyte fractions of increasing cell age. The rate
of decline of the variant enzyme was increased 20-fold
by comparison with the normal enzyme. The methemo-
globin percentage in erythrocyte fractions of increasing
cell age correlated inversely with the activity of the
variant. The variant enzyme averaged 37% of normal
mean activity in young cells and 1% in old cells. The
normal enzyme, on the other hand, lost only one-sixth of
its activity as the cells aged, and the methemoglobin
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content in old normal cells did not rise. These observa-
tions support the hypothesis that the deficient activity
and the heterogeneous pattern of methemoglobin accu-
mulation in vivo arise principally from the accelerated
inactivation of variant NADH methemoglobin reductase
during the life-span of the red blood cell.

INTRODUCTION
Inherited methemoglobinemia arises either from struc-
tural alterations in the heme pocket of globin peptide
chains which impede normal reduction of ferric heme
(3), or as a result of marked deficiency of an NADH-
dependent methemoglobin-reducing enzyme (4). The
hemoglobinopathic forms of methemoglobinemia, ac-
counting for the hemoglobin M diseases, are transmitted
as autosomal dominant traits. Inheritance of the meta-
bolic form of methemoglobinemia is typically recessive:
parents and children of affected individuals have inter-
mediate activity of NADH methemoglobin reductase but
are not cyanotic (5). Deficient erythrocyte NADH
methemoglobin reductase has been documented in at
least 100 patients from 55 families in many parts of the
world (4). The abnormal electrophoretic mobility of
the residual methemoglobin reductase present in the
red cells of some affected individuals (6-9) suggests
heterogeneity of this enzymatic defect. This communica-
tion will describe certain physical and functional prop-
erties of erythrocyte NADH methemoglobin reductase
in three hereditary methemoglobinemia families of
Puerto Rican origin. The findings will be discussed in
terms of their relevance to the function of the enzymes
in vivo and to the cellular distribution of methemoglobin.
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METHODS
Reagents. Sodium salt of 2,6-dichloroindophenol (DCIP)1

was purchased from Eastman Organic Chemicals Div.
(Eastman Kodak Co., Rochester, N. Y.); NADPH, sodium
aspartate, and malate dehydrogenase from Boehringer Mann-
heim Corp. (New York); disodium EDTA, NADH, de-
amino NADH, [3- (4,5-dimethylthiazolyl-1,2)-2,5-diphenyl-
tetrazolium bromide] (MTT), Tris, oxidized glutathione
(GSSG), glucose-6-phosphate, and alpha ketoglutarate from
Sigma Chemical Co. (St. Louis, Mo.); and crystalline salt-
free bovine serum albumin from Armour Pharmaceutical
Co. (Kankakee, Ill.). Mixtures of phthalate esters of pre-
determined specific gravity were obtained from Miles-Yeda,
Rehovot, Israel; and diethylaminoethyl Sephadex (A50) and
Sephadex G 100 from Pharmacia Fine Chemicals, Inc.,
Piscataway, N. J.
Subjects studied. The diagnosis of hereditary methemo-

globinemia in the five women who were examined in this
study was based on a history of cyanosis dating from birth,
elevated blood methemoglobin level, and markedly reduced
activity of erythrocyte NADH methemoglobin reductase.
The cyanosis in each case disappeared temporarily after the
intravenous injection of methylene blue. The women were
from 14 to 48 yr old, and none was mentally retarded. They
were members of three apparently unrelated kindreds of
Puerto Rican origin and included two sibling pairs: GT
and NR (family T), AuC and AC (family C), and GR
(family R). Neither their parents, their children, nor their
grandchildren were cyanotic. There was no blood related-
ness between the subjects' parents in any of the families.

100 healthy unrelated Puerto Rican adults, 1 Italian sub-
ject heterozygous for normal and variant NADH methemo-
globin reductase, and 1 subject deficient in erythrocyte
NADPH methemoglobin reductase were also examined.

Collection of blood samples. Freshly drawn venous blood
was collected into heparin and immediately chilled, and was
used for the fractionation of erythrocytes according to their
density. The fractionation process was begun within 1 hr of
phlebotomy except for an 18 hr delay in the case of patient
AuC. Blood for purposes other than fractionation was col-
lected into 0.2 vol of acid-citrate-dextrose solution (NIH
formula A).
Assay and kinetic analysis of NADH methemoglobin

reductase. Two methods were used for the determination
of NADH methemoglobin reductase in erythrocyte hemoly-
sates: the DCIP dye reduction method (diaphorase method)
of Scott (5), and the methemoglobin ferrocyanide reductase
method of Hegesh, Calmanovici, and Avron (10). A modi-
fication of the diaphorase method was employed for kinetic
analysis and heat stability studies of NADH methemoglobin
reductase in partially purified enzyme extracts. The modi-
fied assay and the procedures used to measure the half-
maximal velocity constants (K.) for NADH and DCIP dye
and the thermal stability of the enzyme have been described
(1). The spectrophotometric reactions of NADH methemo-
globin reductase and of the other enzymes reported in this
paper were performed at 250C in quartz cuvettes with 1 cm
light path, and were measured with a Gilford model 220
spectrophotometer (Gilford Instrument Laboratories, Inc.,
Oberlin, Ohio) linked to a multiple sample absorbance
recorder.
Partial purification of NADH methemoglobin reductase.

NADH methemoglobin reductase was partially purified by

1Abbreviations used in this paper: DCIP, 2,6-dichloroindo-
phenol; Ki, half-maximal velocity constant.

diethylaminoethyl Sephadex chromatography as previously
described (1). The extraction produced 50- to 120-fold
concentration of normal enzyme, measured as diaphorase per
milligram protein, with 50-90% yield. The preparations
were free of hemoglobin and of small molecules capable of
directly reducing DCIP dye. The partially purified enzymes
normally maintained full activity when stored at 4VC for
at least 5 days. Nevertheless, variant and normal NADH
methemoglobin reductase enzymes were characterized imme-
diately after purification.
In vivo lability of NADH methemoglobin reductase. 80-

125-ml samples of blood were subjected to density separa-
tion by differential flotation on mixtures of phthalate esters
of known specific gravity (11). Portions of whole blood
measuring 2.25 ml mixed with 0.75 ml of phthalate esters
in 10 X 76-mm siliconized glass tubes were centrifuged in
a swinging bucket rotor for 30 min at 12,000 g and 250C.
The lightest layer of cells was usually removed from above
fluid of 1.090 specific gravity, and the heaviest layer of
cells was removed from below fluid of 1.114 specific gravity.
In some blood samples, separation into fractions of red cells
of intermediate densities was also performed. The fraction of
lightest cells was recentrifuged and the contaminating white
cells and platelets were separated above a fluid of 1.062 spe-
cific gravity. The red cell fractions and a sample of unfrac-
tionated red blood cells were washed with 0.15 M potassium
chloride until the supernate was clear. After the removal of
portions for the measurement of methemoglobin, hemolysates
were prepared (12) from the unfractionated red cells and
from each of the density fractions, and the activities of
NADH methemoglobin reductase, glutamic-oxalacetic trans-
aminase, and glucose-6-phosphate dehydrogenase were deter-
mined. The activity of NADH methemoglobin reductase in
each hemolysate was plotted on logarithmic paper against
the corresponding activity of glutamic-oxalacetic transami-
nase or glucose-6-phosphate dehydrogenase. The slopes were
calculated by the least-square method, and they were taken
as an index of the NADH methemoglobin reductase en-
zyme's lability during the life-span of the red blood cell.

Electrophoresis. Hemolysates and partially purified en-
zyme preparations were electrophoresed in starch gel, and
stained for NADH methemoglobin reductase, NADPH
methemoglobin reductase, and GSSG reductase according
to the tetrazolium methods of Kaplan and Beutler (6, 13).
The electrode chamber buffer system generally employed
was 0.13 M Tris-0.07 M boric acid-2.3 mm EDTA pH 8.6.
The gel was prepared with the same buffer diluted 1:10
and with electrostarch (Otto Hiller, P. 0. Box 1294, Madi-
son, Wis.) in a concentration of 10 g/100 ml. Destroma-
tized freeze-thaw hemolysates prepared from 50% sus-
pensions of washed erythrocytes were added in 150 gl vol-
ume to each slot of a five-slot gel. For the electrophoresis
of enzyme extracts, 40-,ul samples were added to each slot
of a 10-slot gel. Electrophoresis was performed at 4°C in
the horizontal position utilizing a constant current of 10 ma
for 16 hr or 30 ma for 4 hr. The sliced gels were stained
in the dark for 3 hr with freshly made reaction mixtures.
The background stain and the hemoglobin were removed by
washing the gel in cold deionized water for 1-3 days.
The mobility of variant NADH methemoglobin reductase

bands was determined at additional pH values between 4.5
and 9.3. The electrode chamber buffer systems were 0.1 M
Tris-4.5 mm EDTA pH 9.3; 0.093 M disodium phosphate-
0.007 M sodium phosphate8 mM EDTA pH 7.5; 0.064 M
disodium phosphate-0.036 M sodium phosphate5 mm EDTA
pH 7.0; 0.022 M citric acid-0.056 M disodium phosphate-3
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mM EDTA pH 5.6; and 0.05 M acetic acid-0.05 M sodium
acetate-3 mm EDTA pH 4.5. The relative electrophoretic
mobility of variant bands was expressed as a percentage of
the migration of normal NADH methemoglobin reductase
on the same starch gel.
Molecular weight determination of NADH methemoglobin

reductase. 1 ml of clear hemolysate (150 mg hemoglobin/
ml) or of partially purified enzyme extract was dialyzed for 2
hr against 2 liters of 0.005 M potassium phosphate buffer pH
6.45 containing 0.1 mm EDTA and 0.1 M potassium chloride.
The dialyzed sample was applied to a 2.5 X 34.0 cm column
of Sephadex G 100 previously equilibrated with the same
buffer, and was eluted with buffer flowing at a rate of
22 ml/hr. 1-ml fractions were collected and assayed for
NADH methemoglobin reductase, adjusting the assay mix
when hemoglobin contaminated the eluate (after the appli-
cation of hemolysate) so that the final concentration of
methemoglobin ferrocyanide was kept constant. The enzyme's
distribution coefficient was calculated (14), and the molecu-
lar weight determined by reference to the selectivity curve
constructed from the elution patterns of aldolase, ovalbumin,
chymotrypsinogen A and ribonuclease A. The elution peak
of NADH methemoglobin reductase was concentrated by
dialysis under reduced pressure, and was electrophoresed in
starch gel.
The methemoglobin content of washed red blood cells

was quantified spectrophotometrically by the procedure of
Evelyn and Malloy (15). Standard techniques were em-
ployed for the spectrophotometric determination of hemo-
globin (16), GSSG reductase (17), glucose-6-phosphate
dehydrogenase (12), and glutamic-oxalacetic transaminase
(18) in red blood cell hemolysates. Student's t test was
employed for the statistical analysis of paired observa-
tions (19).

RESULTS

The NADH methemoglobin reductase of erythrocyte
hemolysate normally migrates in starch gel at pH 8.6 as
a single band anodal to the position of hemoglobin A2.

The normal band was absent from the hemolysates and
partially purified enzyme extracts of all five hereditary
methemoglobinemia patients. Instead, a faint NADH
methemoglobin reductase band was observed with mo-
bility 117-118% of normal (Table I and Fig. 1). He-
molysates prepared from the blood of patients from two
different families (GR and GT) were electrophoresed
at five additional pH values between 4.6 and 9.3. The
mobility of the variant bands in the respective he-moly-
sates was identical: 93% of normal at pH 4.7, 250% at
pH 5.6, 143% at pH 7.0, 124% at pH 7.5, and 117% at
pH 9.3. The migration of normal and variant enzyme
bands was toward the cathode at pH 4.7 and toward the
anode at pH 5.6 and greater. The staining of the variant
bands was more intense after electrophoresis at pH 5.6,
7.0, and 7.5 than at the more acid and alkaline values
which were tested.
The activity range of NADH methemoglobin reduc-

tase in the erythrocyte hemolysates of the five methemo-
glob.inemia patients was 3.2-6.4% of the normal mean
(Table I). Kinetic analysis of the partially purified
NADH methemoglobin reductase enzymes extracted
from the blood of one hereditary mnethemoglobinemia
patient in each of the families revealed higher than nor-
mal Km NADH and lower than normal Km DCIP (Table
II). There was no overlap of the data observed for the
variant and normal enzymes. The thermal stability of
the variant NADH methemoglobin reductase enzymes
was moderately reduced (Fig. 2).
No significant differences were observed in the en-

zyme activities or in the methemoglob.in content of un-
fractionated erythrocytes after three passages through
the phthalate esters (t tests, P > 0.1). The method of

TABLE I
Hematologic Data, and Activity and Electrophoretic Mobility of Methemoglobin and Glutathione Reductases in Hemolysates of

Five Methemoglobinemia Patients

NADH NADH NADPH
methgb GSSG methgb methgb GSSG

Methemo- reductase reductase reductase reductase reductase
Subjects Age Hemoglobin globin* activityt activity mobility§ mobilityff mobility

yr g/100 ml % Mmoles/min jumoles/min
per g hgb per g hgb

GR 14 13.4 21.4 0.26, 0.12, 0.10 3.32 118 Normal Normal
GT 25 13.9 13.3 0.20, 0.12, 0.08 3.45 118 Normal Fast
NR 23 14.0 11.1 0.17, 0.12, 0.07 2.70 118 Normal Normal
AuC 48 17.0 13.4 0.10, 0.07, 0.06 - 117 Normal Normal
AC 46 15.7 12.9 0.09 - 117 Normal Normal

Normal values 0-1.5 2.51 40.53¶ 3.94 ±0.65¶ 100 Normal 99 Normal, 1 Fast
n = 22 n = 22 n = 26 n = 100** n = 100** n = 100**

* Mean values.
t NADH methemoglobin reductase determined by methemoglobin ferrocyanide method (Hegesh). Where more than one value is given, determination
were performed on different blood samples.
§ Per cent normal mobility.
11 Mobilities of normal NADPH methemoglobin reductase and of normal and fast GSSG reductase are respectively 260, 105 and 133% normal NADH
methemoglobin reductase.
¶ Mean isD.
** Normal Puerto Rican adults.
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fractionation with phthalate esters was, therefore, con-
sidered adequate for studies of enzyme lability and met-
hemoglobin accumulation. Comparisons of normal and
methemoglobinemia erythrocyte fractions separated ac-
cording to their density are presented in Table III. Age
separation was indicated by the findings of a 5.2-fold
difference in the activity of glutamic-oxalacetic trans-
aminase between lightest ("young") and heaviest
("old") fractions and a 2.2-fold difference in the ac-
tivity of glucose-6-phosphate dehydrogenase.
The older cells of normal subjects contained 16% less

NADH methemoglobin reductase (measured as methe-
moglobin ferrocyanide reductase) on the average than
the young cells (P < 0.001), but they did not differ in
their methemoglobin content (P > 0.4).
The activity of NADH methemoglobin reductase in

the younger cells of four patients with hereditary
methemoglobineynia was increased 8.4-fold by compari-
son with the unfractionated erythrocytes, and averaged
37% of the normal mean activity. In contrast to the mild
reduction in activity observed during the aging of
normal cells, the activity of the enzyme was nearly ex-
hausted in the old methemoglobinemia cells. Further, the

H5b A
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FIGURE 1 Scale drawing of the electrophoretic mobilities in
starch gel at pH 8.6. NADH Methgb-R is represented in
the left panel. Position 1, normal hemolysate. Position 2,
hemolysate of Puerto Rican homozygote. Position 3, hemoly-
sate of "Boston Fast" heterozygote. Position 4, normal en-
zyme extract stored at 4°C: note fast bands which have
formed in vitro accompanied by less intense staining of
primary band. NADPH Methgb-R and cross activity
(stippled) of concentrated NADH Methgb-R are repre-
sented in center panel. Position 5, normal hemolysate. Posi-
tion 6, enzyme extract of patient with homozygous deficiency
of NADPH Methgb-R; note complete absence of the normal
NADPH Methgb-R bands. Position 7, normal enzyme ex-
tract; note the primary NADPH Methgb-R zone spread more
anodally than in hemolysate, and a broad new zone cathodal
to hemoglobin A. GSSG-R is represented in the right panel.
Simultaneously stained NADPH Methgb-R band is omitted
from the drawing. Position 8, normal hemolysate. Position
9, hemolysate of patient GR; note fast GSSG-R variant
and complete absence of the normal band. Methgb-R is
methemoglobin reductase, GSSG-R is glutathione reductase.

TABLE I I
Determinations of Km for NADH and DCIP

Number Km NADH Number Km DCIP
of of

subjects Mean Range subjects Mean Range

AM pM

Normal 5 (9) 1.2 0.5-2.2 5 (8) 154 124-191
GR 1 (3) 4.1 3.6-4.6 1 (3) 28 23-34
GT 1 (2) 5.6 5.3-5.9 1 (2) 55 36-75
AuC 1 (1) 7.8 - 1 (1) 22 -

Figures within the parentheses indicate the number of enzyme preparations
tested.
Km, values for NADH were calculated from the regression of S/V against S,
and for DCIP from the regression of V against V/S. V is initial velocity and
S is substrate concentration.

methemoglobin percentage in the blood of the patients
with hereditary methemoglobinemia was markedly in-
creased in the old (28%) as compared with the young
(8%) red blood cells (Table III).
The methemoglobin level in the youngest cells of the

patients with hereditary niethemoglobinemia was ele-
vated above normal even when their enzyme activity
approached the normal range (Fig. 3). The methemo-
globin level in erythrocyte fractions of increasing den-
sity increased progressively as the enzyme activity de-
clined, and increased precipitously in the very oldest
fractions of GR, NR, and GT (GT not shown in Fig. 3)
with activity below 1% of normal. The marked increase
in the methemoglobin of fractions with activity below 1%
of normal was obscured in AuC in whom fractionation of
erythrocytes was delayed for 18 hr and suboptimal age
separation achieved: glutamic-oxalacetic transaminase
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FIGURE 2 Activity of NADH methemoglobin reductase in
freshly prepared enzyme extracts after 20 min incubation at
38, 40, and 420C (left panel) and after 20, 40, and 60 min
incubation at 380C (right panel). Paired normal and variant
enzyme extracts equal in activity and protein concentration
are simultaneously tested. Shaded areas are range in six
normal subjects. Curves for GR and GT are typical of
several experiments performed for each.
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TABLE I I I
Enzymatic Activities and Methemoglobin Content of Erythrocytes Separated According to their Density

Glutamic-oxalacetic Glucose-6-phosphate NADH methemoglobin
transaminase dehydrogenase reductase* Methemoglobin

Patients Control Patients Control Patients Control Patients Control
n =4 n =5 n =4 n =5 n =4 n =8 n =4 n =6

1-3% youngest RBC 5.2 (4.0-7.7) 5.8 (3.8-8.9) 8.9 (7.5-10.9) 10.2 (6.7-16.6) 0.92 (0.46-1.62) 2.89 (1.72-3.90) 7.6 (4.3-11.6) 1.2 (0.6-1.8)
1-3% oldest RBC 1.0 (0.6-2.0) 1.1 (0.7-1.5) 4.1 (3.3-5.4) 4.7 (3.6-6.1) 0.02 (0.00-0.07) 2.44 (1.38-3.36) 27.5 (16.1-41.9) 1.5 (0.7-2.4)
Total RBCt 2.1 (1.5-2.5) 2.6 (2.2-2.9) 6.3 (6.0-6.9) 7.1 (5.7-9.8) 0.11 (0.08-0.17) 2.65 (1.63-3.51) 15.5 (11.4-21.0) 0.9 (0.8-1.3)

Normal values 2.7±0.6 6.5±0.8 2.51±0.53 0-1.5
n = 25 n = 24 n = 22 n = 22

Values are mean values, ranges indicated in parentheses.
Enzyme activities in micromoles substrate consumed/minute per gram hemoglobin.
* Determined by methemoglobin ferrocyanide method (Hegesh).
t Unfractionated erythrocytes washed free of plasma and buffy coat.
P < 0.05 for paired comparisons of young, unfractionated and old RBC in all categories except methemoglobin in controls.

in "old"/unfractionated cells of AuC = 0.93, of other
subjects = 0.30-0.61.
The average rate of loss of erythrocyte NADH met-

hemoglobin reductase with increasing cell age was 0.13
in control blood and 2.32 in methemoglobinemnia blood
when methemoglobin reductase was plotted against glu-
tamic-oxalacetic transaminase, and 0.22 in control blood
and 4.59 in methemoglobinemia blood when methemo-
globin reductase was plotted against glucose-6-phosphate
dehydrogenase (Fig. 4). The decline in NADH methe-
moglobin reductase activity was thus 20-fold faster in

40

30

0d20 0

10 0 GR

k-r4NR
8 16 24 321240

METHEMOGLON REDUCTASE ACTMTY
(% Normal Mean)

FIGURE 3 Activity of NADH methemoglobin reductase and
proportion of methemoglobin in erythrocyte fractions sepa-
rated according to their density. Activities of unfractionated
erythrocytes of GR, NR, and AuC were 4.0, 6.8, and 4.0o%
normal, and the corresponding methemoglobin levels were
21.0, 11.4, and 12.6%. Normal (2 SD) enzyme activity range
is 58-143% of normal mean activity. f-Z, experi-
ments in three normal subjects.

hereditary methemoglobinemia erythrocytes than in
control erythrocytes. The heaviest two erythrocyte frac-
tions of patient GR contained 0.00 U of NADH methe-
moglobin reductase, 0.6 and 0.5 U of glutamic-oxalacetic
transaminase, and 3.7 and 3.3 U of glucose-6-phosphate
dehydrogenase. Because of the logarithmic nature of the
plots, the values for these erythrocyte fractions are not
shown in Fig. 4 and they could not be used for compu-
tation of the slopes.
The accelerated decline in the activity of variant

NADH methemoglobin reductase with increasing cell
age was demonstrated in patient GT by the use of both
the diaphorase and methemoglobin ferrocyanide assay
systems (Table IV). Although enzyme activity was not
detectable in oldest erythrocytes assayed by either method
(or in unfractionated erythrocytes assayed by the di-
aphorase method), the activity of the enzyme in the
youngest erythrocyte fraction of patient GT equaled 21%
of the normal mean when the terminal electron acceptor
was DCIP dye and 34% of the normal mean when it was
methemoglobin ferrocyanide. Similarly, the age-de-
pendent decline in the activity of normal NADH methe-
moglobin reductase in two control subjects demonstrated
with the methemoglobin ferrocyanide test system was
accompanied by comparable decline in the diaphorase
activity (Table IV).
The molecular weight of normal NADH methemo-

globin reductase in freshly prepared erythrocyte hemoly-
sates and enzyme extracts, determined from the position
of the enzyme's elution from a calibrated Sephadex G 100
column, was 31,000. This value agrees closely with the
estimate by Hegesh, Calmanovici, Lupo, and Bochkow-
sky (20). There was no change in the elution profile or
in the activity of the normal enzyme after storage for
8 days at 4°C despite coincident changes in the electro-
phoretic pattern (Fig. 1). The NADH methemoglobin
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FIGuRE 4 Activity of NADH methemoglobin reductase expressed as a func-
tion of the activity of glutamic-oxalacetic transaminase (GOT) and glucose-6-
phosphate dehydrogenase (G6PD). Symbols: 0, normal subjects; X, patient
NR; (0, patient AuC; *, patient GR. Logarithmic scale used for vertical and
horizontal axes.

reductase extracted from the blood of a subject heterozy-
gous for the normal enzyme and a variant with nearly
normal staining intensity ("Boston Fast" [9] variant,
Fig. 1) eluted as a single peak at the normal position.
No electrophoretic variants of erythrocyte NADH

methemoglobin reductase were detected in 100 normal
Puerto Rican subjects (Table I). A rapidly migrating
variant of erythrocyte GSSG reductase was present in
one control subject and one methemoglobinemia patient
(Table I and Fig. 1). A sharp formazan band observed
to underlie the position of the major hemoglobin com-

ponents (A, F, G, and S) in all tested hemolysates, in-
cluding those prepared from erythrocytes deficient in
NADPH- or NADH methemoglobin reductase, was prob-
ably due to the direct reduction of DCIP by ferrous he-
moglobin. The band was present when pyridine nucleo-
tide was omitted from the staining mixture. The band

was absent after electrophoresis of partially purified
enzyme extracts free of hemoglobin.

DISCUSSION

The erythrocyte NADH methemoglobin reductase en-

zymes of the hereditary methemoglobinemia patients ex-

amined in this study are abnormal by virtue of more

negative surface charge, altered affinity for the NADH
and DCIP substrates, decreased thermal stability, and
accelerated loss of activity during the life-span of the
cell. The quantitative similarity of the abnormal findings
in affected members of the three families, together with
the Puerto Rican origin of the kindreds, suggests a com-

mon genetic mutation. Although each of the families
originated from cities in the Northwest portion of
Puerto Rico, we were not able to establish consanguinity.
Heterogeneous distribution of methemoglobin has been
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TABLE IV
Comparison of Diaphorase and Methemoglobin Ferrocyanide Reductase Activities of NADH Methemoglobin Reductase in

Young and Old Red Blood Cells

NADH
Glutamic- Methgb
oxalacetic ferrocyanide NADH

Subject Sample transaminase reductase diaphorase*

Amoles/min per g hgb pmoles/min per g hgb AOD X 104/min per 3.0 mg hgb

Patient GT 1-3% youngest RBC 4.9 0.85 +12.9
1-3% oldest RBC 0.8 0.00 -14.0
Total RBCJ 2.3 0.08 -5.1

Normal 1-3% youngest RBC 5.2 (4.5)§ 2.96 (2.78) 61.5 (65.4)

Control 1-3% oldest RBC 0.7 (1.1) 2.46 (2.35) 49.3 (51.9)
Total RBCJ 2.2 (2.3) 2.52 (2.45) 51.2 (55.8)

* NADH diaphorase mean4SD in 11 normal subjects = 62.3a 13.2.
t Unfractionated erythrocytes washed free of plasma and buffy coat.
§ Mean values for studies in two normal subjects indicated within parentheses.

observed in a patient with hereditary methemoglobinemia
studied by Keitt, Smith, and Jandl (21). The authors
could not correlate the increased level of methemoglobin
in the older cells with loss of NADH methemoglobin
reductase (measured as diaphorase), and they attributed
it instead to critical decline in the activity of an ancillary
methemoglobin-reducing pathway involving reduced glu-
tathione (GSH) and the hexose monophosphate shunt.
The levels of methemoglobin in the oldest and youngest
cells of the Puerto Rican patients with hereditary methe-
moglobinemia are similar to those in the patient studied
by Keitt et al. (21). Analysis of erythrocyte fractions
of increasing density suggests, however, that the ac-
cumulation of methemoglobin is related to the declining
activity of the variant NADH methemoglobin reductase,
and possibly to its catalytic inefficiency.
The elevated methemoglobin level in erythrocyte frac-

tions with normal and intermediate enzyme activity may
result from uneven distribution of methemoglobin and of
active enzyme in the sampled cells. Alternatively, this
finding may mean that the in vivo function of the vari-
ant enzyme is abnormal due to changed conformation-
a view suggested by the altered substrate affinities-but
it is not possible to be sure of this since a nonphysio-
logical (diaphorase) test system was employed. The
rapid decrease in NADH methemoglobin reductase is
accompanied by progressive increase in methemoglobin,
and the virtual loss of activity in the oldest cells is
signaled by a precipitous rise in their ;methemoglobin
content. The various methemoglobin levels found in
erythrocyte fractions of patients with similarly low en-
zymatic activity (Fig. 3) may reflect differences in in-
tracellular oxidant stresses and/or in the capacity of
secondary mechanisms of methemoglobin reduction, such

as GSH, ascorbic acid and perhaps NADPH methemo-
globin reductase.
At least five different electrophoretic variants of eryth-

rocyte NADH methemoglobin reductase associated with
low activity and with methemoglobinenmia are currently
known (4). The in vivo deficiency of the enzymes might
arise from retarded synthesis of the enzyme, inefficient
catalytic function, increased lability or a combination of
these factors. The degree of the methemoglobinemia and
the cellular distribution of the methemoglobin will de-
pend partly on which mechanisms operate and on the
severity of the resulting defect.
The rate of synthesis of the variant NADH methemo-

globin reductase in the Puerto Rican patients is un-
known and the physiologic significance of the altered
substrate affinities is uncertain. Nevertheless, the pres-
ent studies support the hypothesis that the deficient
activity and the heterogeneous pattern of methemoglobin
accumulation arise principally from the accelerated in-
activation of variant enzyme during the life-span of
the red cell. The lability of the variant enzyme in the
erythrocytes of Puerto Rican patients with hereditary
methemoglobinemia is analogous to the in vivo lability
of the A- and Mediterranean variants (22, 23) of glu-
cose-6-phosphate dehydrogenase in patients susceptible
to oxidant drug-induced hemolysis. The precise struc-
tural alterations which underlie increased in vivo la-
bility of deficient glucose-6-phosphate dehydrogenase
and NADH methemoglobin reductase enzymes are un-
known. Inference by analogy with unstable hemoglobin
molecules (24) suggests that substitution or deletion
of one or more amino acids may have severely distorted
the configuration of the enzyme molecule, disrupted
normal contact between subunits, or interfered with the
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binding of a prosthetic group or coenzyme which con-
fers stability on the molecule as a whole.2

Conflicting reports in the literature indicate stability
(21) and lability (26) of normal NADH methemo-
globin reductase as red blood cells age in vivo. The
discrepant results may reflect varying degrees of suc-
cess in separating erythrocytes into younger and older
cell populations. Feig, Nathan, and Gerald (26) have
observed accelerated age-dependent decline in the ac-
tivity -of variant NADH methemoglobin reductase
present in the erythrocytes of an Italian subject with
slightly elevated blood methemoglobin level.
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