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Abstract

The activity of NADH-cytochrome b5 reductase (NADH-met-
hemoglobin reductase) is generally reduced in red cells of pa-
tients with recessive hereditary methemoglobinemia. To deter-
mine whether this lower activity is due to reduced concentra-
tion of an enzyme with normal catalytic properties or to
reduced activity of an enzyme present at normal concentration,
we measured erythrocyte reductase concentrations with a
quantitative radioimmunoblotting method, using affinity-puri-
fied polyclonal antibodies against rat liver microsomal reduc-
tase as probe. In five patients with the "mild" form of recessive
hereditary methemoglobinemia, in which the activity of eryth-
rocyte reductase was 4-13% of controls, concentrations of the
enzyme, measured as antigen, were also reduced to 7-20% of
the control values. The concentration of membrane-bound re-
ductase antigen, measured in the ghost fraction, was similarly
reduced. Thus, in these patients, the reductase deficit is caused
mainly by a reduction in NADH-cytochrome b5 reductase
concentration, although altered catalytic properties of the en-
zyme may also contribute to the reduced enzyme activity.

Introduction

The principal enzymatic system of the red cell for the reduc-
tion of methemoglobin (MetHb)' consists of a soluble
NADH-cytochrome b5 (cyt b5) reductase (1) and an interme-
diate electron carrier, soluble cyt b5 (2). Soluble erythrocyte
reductase is very similar enzymatically (1) and immunologi-
cally (3, 4) to a membrane-bound form of the enzyme, present
on endoplasmic reticulum and outer mitochondrial mem-
branes of a variety of tissues. Sequencing studies of the human
erythrocyte (5) and steer liver microsomal (6) reductases have
confirmed the high degree of homology between the two forms
of the enzyme, showing also that the soluble form lacks a
hydrophobic segment at the NH2-terminus, present in the mi-
crosomal reductase.

In hereditary recessive methemoglobinemia, the activity of
erythrocyte cyt b5 reductase is generally reduced (7-9, but also
see 10). In a rare form of the disease, associated with mental
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1. Abbreviations used in this paper: cyt b5, cytochrome b5; MetHb,
methemoglobin; MetHb.FeCN, MetHb-ferrocyanide complex.

retardation, both the erythrocyte soluble protein and the
membrane-bound forms of other tissues are lacking (1 1);
therefore, it is thought that the two forms of the enzyme are
products of the same gene (see 12 for a review). In most cases
of hereditary enzymatic methemoglobinemia, however, the
levels of reductase are selectively depressed in erythrocytes and
are normal, or close to normal (1 1, 13), in other cell types; in
these cases, the disease is mild and not associated with neuro-
logical disorders. Recently, a second type of mild disease has
been reported in which the enzyme is deficient in both red and
white blood cells and presumably present at normal levels in
other tissues ( 14). Destruction of an altered enzyme by proteo-
lytic enzymes present in blood cells and not in other tissues
could explain this selective deficit of the reductase in the eryth-
rocytes (and in some cases leukocytes) of patients with the
mild form of the disease (15). However, until the present, only
measurements of the enzyme activity of methemoglobinemic
patients have been done, whereas data on the levels of reduc-
tase protein are not available. Thus, it is possible that methe-
moglobinemic individuals have normal levels of an enzyme
with reduced activity. In this study, we have undertaken to
directly measure levels of cyt b5 reductase in erythrocytes of
methemoglobinemic patients and normal subjects with a
quantitative radioimmunoblotting assay, using an affinity-pu-
rified polyclonal antibody against the rat liver microsomal en-
zyme as probe.

Methods

Materials. In addition to materials listed in previous publications (16,
17), the following chemicals were purchased from the indicated
sources: a-cellulose and Sigmacell type 50. Sigma Chemical Co., St.
Louis, MO; 5'AMP-Sepharose 4B, Biotechnology International AB,
Uppsala, Sweden; hemoglobin assay kit, Boehringer Mannheim
GmbH, Mannheim, FRG.; 50% glutaraldehyde, Fluka AG, Buchs,
Switzerland.

Purification ofproteins and preparation of antibodies. The purifica-
tion of the water-soluble fragment of rat liver microsomal NADH-cyt
b5 reductase, the production of antisera in rabbits, and the purification
of antireductase antibodies by affinity chromatography have been de-
scribed in previous publications (16, 18). Briefly, the Cathepsin D-sol-
ubilized form of cyt b5 reductase, purified by standard procedures and
conjugated to keyhole limpet hemocyanin, was used as antigen. Anti-
sera were passed over a column containing Sepharose B conjugated to
the same reductase preparation as the one used as antigen. Antireduc-
tase antibodies were eluted with a pH 2.2 buffer. The resulting affin-
ity-purified antibodies recognize only one band on immunoblots of rat
liver microsomes and human erythrocytes (see Fig. 2), and immuno-
precipitate a polypeptide that yields two-dimensional peptide maps
indistinguishable from those obtained with the enzyme purified by
standard procedures ( 18).

A partially purified preparation of human erythrocyte soluble cyt
b5 reductase was obtained from 225 ml of packed red blood cells. Cells
were lysed with 36 vol of hypotonic buffer (1 mMEDTA, 1 mM
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phenylmethylsulfonyl fluoride (PMSF), and 5 mMNa+ phosphate
buffer, pH 7), and centrifuged at 25,000 g. for 30 min (Sorvall GSA
rotor, DuPont de Nemours & Co., Inc., Sorvall Instruments Div.,
Newton, CT). Soluble reductase was recovered in the resulting super-
nate, which was supplemented with solid (NH4)2SO4 to a final concen-
tration of 64.5% of saturation. After allowing the (NH4)2SO4 to dis-
solve, the suspension was left for 2 h at 4VC and then centrifuged at
25,000 g. for 10 min (Sorvall GSA rotor, DuPont de Nemours &
Co., Inc.). The supernate was discarded, and the precipitate was taken
up with phosphate buffered saline (PBS) containing 1 mMEDTAplus
I mMPMSFto a volume of 150 ml. This solution was concentrated to
25 ml by ultrafiltration (Amicon PM-10 filter; Amicon Corp.,
Danvers, MA), and dialysed extensively against PBSplus I mMEDTA
plus I mMPMSF. After addition of Triton X-100 and EDTAto final
concentrations of 2%and 5 mM, respectively, the solution was clari-
fied by ultracentrifugation and then loaded slowly (- I ml/min) onto
a 5'AMP-Sepharose 4B column (2 X 4 cm). The effluent was passed
through the column again two times. The column was washed with 100
ml PBS containing I mMEDTAand 0.2% Triton X-100. Reductase
was then eluted with PBS containing 1 mMEDTAand 0.2 mM
NADH. The reductase-containing fractions were concentrated to 1.25
ml by ultrafiltration and loaded onto a Sephadex G-100 column (1
X 35 cm) equilibrated in 0.1 mMEDTA, 5 mMTris-HCl, pH 8. The
reductase-containing fractions eluting from this column were pooled,
divided into aliquots, and liophylized. Before use, a liophylized aliquot
was dissolved in a small volume of 0.015% Triton X-100, and the
protein concentration was determined. After appropriate dilution in
bovine serum albumin solution (0.1 mg/ml), the reductase solution
was used as a standard in quantitative radioimmunoblotting experi-
ments.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and radioimmunoblotting. SDS-PAGEon 8 or 10% polyacryl-
amide gels 1.5 mmthick was done as previously described (16). After
electrophoresis, gels were either stained with silver ( 19) or electroblot-
ted as previously described ( 17, 20).

For quantitative radioimmunoblotting of a large number of sam-
ples, only the portion of the gel containing the reductase was used. The
appropriate region of the gel was identified by visualizing molecular
weight markers in a lane exposed to 0.25 MKCI for 5 min, a treatment
which results in the precipitation of the SDScontained in the polypep-
tide bands (21). A strip of gel centered around the expected position of
the reductase was excised and electroblotted onto a nitrocellulose filter
in a methanol-containing buffer (20) for 90 min with an applied volt-
age gradient of 20 V/cm. The plexiglass blotting box was kept im-
mersed in a water bath held at 15°C by circulating tap water. After
electrophoretic transfer, the blot was stained by sequential incubation
with affinity-purified antibodies and '25I-protein A. After exposing the
blot to an x-ray film, the autoradiogram was used as a guide to excise
the reductase bands from the nitrocellulose filter. An area comprising
both the membrane-bound and the soluble form of the reductase was
excised. The radioactivity contained in the bands was quantitated in a
gammacounter (Beckman 4000; Beckman Instruments, Inc., Fuller-
ton, CA). A background of 1,000 cpm, corresponding to the radio-
activity contained in an area of equal size excised from a region of the
blot devoid of bands, was subtracted. Samples were always run in
duplicate or triplicate and the values obtained were averaged. Details
of this procedure for quantitative radioimmunoblotting are given in a
recent publication (17).

Preparation andfractionation of erythrocytes. Samples of heparin-
ized whole blood of methemoglobinemic patients of normal controls
were passed through microcrystalline cellulose-a-cellulose columns to
remove leukocytes (22). 6 ml of blood were passed through 10 ml
columns packed in 50 ml disposable syringes. The effluent was centri-
fuged (1 50 gm,), and the packed red blood cells were washed twice with
PBS. No leukocytes could be detected in these preparations, which
were diluted in 5%acetic acid-0.25% methylene blue (TUrk's solution).
Whole blood collected from decapitated male Sprague-Dawley rats
was treated in the same way as the human blood. 96%of the leukocytes

were removed from the rat blood by passage through the microcrystal-
line cellulose-a-cellulose column.

Washed erythrocytes were lysed, and the lysate fractionated into a
ghost and soluble fraction, as previously described (16), but the last
wash of the ghost pellet was with PBS. Before SDS-PAGE, the soluble
fraction was concentrated by liophylization followed by resuspension
in one-tenth the original volume of PBS. In one experiment the soluble
reductase was concentrated by (NH4)2504 precipitation (16).

Biochemical assays. Reductase activity in whole blood or erythro-
cyte preparations was determined by the rate of reduction of the ferri-
hemoglobin-ferrocyanide complex (Methb.FeCN), as described by
Hegesh et al. (23) with slight modification. The hemoglobin (Hb) sub-
strate preparation was centrifuged before use (40,000 gma. for 30 min
[Sorvall SA600 rotor; DuPont de Nemours & Co., Inc.]), and addi-
tional centrifugation after addition of the sample was found to be
unnecessary. The amount of Hb substrate solution used was varied, so
that the final Hb concentration (substrate plus sample) was constant
(2.7 mg/ml). The reaction was followed in a double-beam recording
spectrophotometer (Lamda 5; Perkin-Elmer Corp., Norwalk, CT) in I
ml cuvettes with a 1-cm light path. Values were corrected for a blank,
containing an equal amount of substrate Hb and NADH, but no sam-
ple. In all assays linearity of the reaction rate with respect to sample
concentration was verified.

In erythrocyte ghost fractions, enzyme activity was determined
both with the Hegesh assay for NADH-MetHb.FeCN reductase as well
as with the NADH-FeCNreductase assay described by Sottocasa et al.
(24). In both cases, 1% Triton X-100 was included in the assay (25).
Samples were preincubated for 5 min in the detergent containing assay
mixture before starting the reaction by addition of NADH.

Hb was determined with a test combination kit (Boehringer
Mannheim, GmbH), and protein was measured by the method of
Lowry et al. (26), using bovine serum albumin as standard.

Patients. Five methemoglobinemic patients from three different
families were referred to us by northern Italian hospitals. On the basis
of their low levels of erythrocyte NADH-MetHb.FeCN reductase ac-
tivity and of the observation of normal intellectual development and
absence of neurological disorders, they were diagnosed as being af-
fected by the mild form of recessive hereditary methemoglobinemia.

Results

To measure reductase antigen levels in human erythrocytes
with our anti-rat liver reductase antibodies, it was first neces-
sary to partially purify a small amount of the human red cell
reductase, to be used as a standard in our assays. Pig. 1 illus-
trates the quality of our preparation, analysed by SDS-PAGE:
lanes B and Cshow the polypeptides eluted by NADHfrom a
5'AMP affinity column, whereas lanes Dand E show the final
reductase-enriched fractions, collected from a Sephadex G- 100
column. This preparation was enriched in a polypeptide run-

ning slightly more slowly than the water-soluble fragment of
rat liver microsomal cyt b5 reductase (Fig. 1, lane F). The
molecular weight of this polypeptide (Mr of - 32,000) was

close to that reported by others for purified erythrocyte reduc-
tase (5, 27). Moreover (Fig. 2), it was the only polypeptide of
the preparation recognized by our antireductase antibodies
and could thus be identified as human erythrocyte cyt b5 re-

ductase. Starting from 225 ml of packed red blood cells, we

obtained 200 ,g of protein in our final preparation. Densito-
metric scanning of a gel lane like the one of Fig. 1, lane D
indicated that - 60% of the protein in the preparation was cyt
b5 reductase.

In the experiment shown in Fig. 2, lanes A and B, we

compared the ability of our anti-rat reductase antibodies to

bind to rat liver and human erythrocyte reductase. Equal
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Figure 1. Purification of
_ ._ erythrocyte cyt b5 reduc-

92- -- tase, analysed on a 10%
66- SDS-polyacrylamide gel.

Lanes contained: A, low
molecular weight standards

45 - (Bio-Rad Laboratories,
Richmond, CA); B and C,
input to final Sephadex

31- _ G-100 column (1.34 and
0.33 jIl, respectively); D
and E, final reductase-
enriched fractions eluted

21 - _uit, from Sephadex G-100 col-
umn (50 and 100 ng of
protein, respectively); and
F, purified water-soluble
fragment of rat liver micro-

_- somal cyt b5 reductase (100
ng). The gel was stained

A B C D E F with silver. Numbers on
the left indicate molecular

weights (X l0-') of standards. Square and asterisk indicate erythro-
cyte reductase and water-soluble fragment of rat liver microsomal re-
ductase, respectively. Arrow and arrowhead point to origin and front
of the gel, respectively.

amounts of the hydrophylic fragment of rat liver microsomal
reductase and human erythrocyte reductase (considered to be
60% of the partially purified preparation) were run on an
SDS-polyacrylamide gel, electroblotted, and then radioim-
munostained with anti-rat reductase antibodies and '25t-pro-
tein A. The amounts of 251I-protein A bound to the two bands
were roughly the same, confirming the strong immunological
similarity between the two proteins (3, 4).

4 .. Figure 2. Radioimmuno-
blots of reductase-contain-
ing samples. Blotting was
from 8% (lanes A and B) or
from 10% (lanes C-G)
SDS-polyacrylamide gels.
Lanes contained: A, puri-
fied water-soluble fragment

_Om of rat liver microsomal re-
ductase (10 ng); B, partially
purified human erythrocyte
reductase (sample shown in
lanes D and E of Fig. 1, 15
ng of protein); C, soluble
fraction of the erythrocyte
of a normal individual,
concentrated by (NH4)2SO4

A B C D E F G precipitation (50 ng of pro-
tein); D erythrocyte ghost

fraction of a normal individual (6.1 jig of protein); E, rat liver micro-
somes (0.5 jig of protein); F, erythrocytes of a normal control (300
,ig of Hb); and G, erythrocytes of a methemoglobinemic patient (523
jig of Hb). Arrow and arrowhead point to origin and front of the gels,
respectively. In the experiment shown in lanes F and G, only a lim-
ited portion of the gel, containing the reductase band, was electro-
blotted. Control experiments showed that in methemoglobinemic pa-
tients, no other immunoreactive bands were present on the gel. The
membrane-bound and soluble forms of the enzyme are not resolved
in the experiment shown in these last two lanes.

When tested against the soluble and ghost fraction of
human erythrocytes, the anti-rat reductase antibodies recog-
nized only one band in radioimmunoblotting experiments
(Fig. 2, lanes Cand D). The polypeptide in the ghost fraction
migrated more slowly than its counterpart in the soluble frac-
tion. The ghost reductase migrated also slightly behind the rat
liver microsomal enzyme (Fig. 2, lane E).

Lanes F and Gof Fig. 2 show the result obtained when red
blood cells of a normal individual (lane F) and a methemoglo-
binemic patient (lane G) were analyzed by radioimmunoblot-
ting. Although a larger sample of red blood cells was loaded for
the methemoglobinemic subject, very little reductase could be
detected in this patient's erythrocytes..

To assess the differences in reductase concentrations be-
tween patients and normal controls, we used the radioim-
munoblotting system quantitatively, comparing the radioac-
tivity bound to the reductase bands of red cell samples with
that bound to the bands of known amounts of erythrocyte
reductase standard. In preliminary experiments, we deter-
mined that it was unnecessary to electroblot for a time > 90
min since a further 90 min of electroblotting resulted in the
binding of only 10% more reductase to a fresh nitrocellulose
filter than the amount bound during the first 90 min of
transfer, as quantitated by antibody plus 1251I-protein A bind-
ing (results not shown). Moreover, when a second sheet of
nitrocellulose was placed behind the first one, 90% of the re-
ductase revealed by radioimmunostaining (after 90 min of
electroblotting) was found on the first sheet and only 10% on
the second sheet, indicating that, with this time of electroblot-
ting, the reductase was efficiently retained on the nitrocellulose
filter (results not shown).

The typical standard curve of Fig. 3 a shows that the ra-
dioimmunoblotting assay was linear from 1 to 8 ng. Fig. 3 b
shows how the amount of reductase measured in the assay
increased linearly with increasing amounts of the same red
blood sample loaded on the gel. Linearity of the assay was
tested routinely on all samples.

0

E
al

4 8 100 200
ng reductase

cu
(A

pg Hb

Figure 3. Quantitative radioimmunoblotting assay for erythrocyte
cyt b5 reductase. (a) A typical standard curve obtained with three
quantities of partially purified human erythrocyte reductase. The
quantities indicated on the abscissa are corrected for contaminants
present in the preparation (40%). (b) The results of an experiment in
which increasing amounts of the same red blood cell sample (ab-
scissa) were assayed for reductase content (ordinate) with the radioim-
munoblotting assay.
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Table I. Distribution of Protein and Cyt b5 Reductase in Rat
and HumanErythrocyte* Subfractions

Soluble fraction Ghosts

Humani Rat$ Humani Rat*

Total protein (%)I
Reductase antigen (%)II
Nanogram reductase per

milligram protein

99.6±0.1 98.2 0.4±0.1
90.2±0.9 93.5 9.8±0.9

22.6±3.6 19.3 574±124 117

* Erythrocytes were purified by the method of Beutler et al. (22).
Values from one experiment.

§ The values for human erythrocytes are averages of two experiments
± half-range.

Values are percentage of total recovered in soluble plus ghost frac-
tion. Recoveries of protein and reductase with respect to the starting
erythrocyte preparations were 93-110% and 93-130%, respectively.

With this quantitative radioimmunoblotting assay, we first
compared amounts and subcellular distribution of erythrocyte
reductase in the human and in the rat (Table 1). As can be seen
from row 2 of Table I, in both species most of the erythrocyte
reductase was recovered in the soluble fraction. The concen-
tration of reductase in the soluble fraction was similar in the
two species (Table I, row 3) and close to the value previously
determined by us in rat erythrocytes with a competition radio-
immunoassay, using rat liver reductase as standard (16). In
contrast, the concentration of reductase in the ghost fraction
was - 5 times higher in humans than in the rat and 25 times
higher than in the soluble fraction (Table I, row 3). The high
concentration of reductase antigen in human erythrocyte
ghosts is in agreement with the high values for the specific
enzyme activity of human red cell membrane reductase found
previously by others (25).

Table II summarizes the results obtained with methemo-
globinemic patients. Patients from three different families
(B.C., B.T., B.A.M., P.C., and P.R.) had NADH-MetHb.FeCN
reductase activity levels 13% or less of control values (Table II,
column 3). Similarly, when cyt b5 reductase levels were deter-

mined by quantitative radioimmunoblotting in these individ-
uals, it was found that the levels of antigen were reduced in the
patients (Table II, column 4). However, a close inspection of
the data reveals that the levels of antigen in the patients were
not reduced to the same extent as the levels of enzyme activity.
This is better seen by comparing the absolute specific activity
values (enzyme activity per milligram reductase determined as
antigen). These values were lower in the patients than in the
controls (Table II, column 5). The average value for the abso-
lute specific activity of the enzyme of the patients was reduced
to - 60% of the control value.

The NADH-MetHb.FeCN reductase assay carried out on
total erythrocytes in the absence of detergent measures mainly
the soluble enzyme (25). However, it is known that in recessive
hereditary methemoglobinemia, the ghost-associated reduc-
tase is affected as well as the soluble form (25). Therefore, it
seemed worthwhile to compare antigen concentration and en-
zyme activity in the erythrocyte ghosts of our patients. The
enzyme assays on ghost fractions were carried out in the pres-
ence of detergent, which was found to activate the enzyme
nearly 20-fold, in accordance with a previous report (25). Ex-
posure of the soluble enzyme to detergent had no effect on the
activity (data not shown). In agreement with previous work
(25), we found that NADH-MetHb.FeCN reductase activity
was reduced in erythrocyte ghosts of methemoglobinemic
subjects (Table III, column 3). The extent of reduction of the
membrane-bound activity for the individual patients corre-
lated with the decrease in enzyme activity measured in total
erythrocytes (compare the data of Tables II and III). Similar
results were obtained also with another enzyme assay for the
reductase, the NADH-FeCN reductase assay. As expected,
membrane-bound reductase, measured as antigen, was also
reduced in the patients (Table III, column 2), and the extent of
this diminution was similar to that observed for total erythro-
cyte antigen (compare the data of Tables II and III). The data
of Table III were used to calculate absolute specific activities
both for NADH-MetHb.FeCN and for NADH-FeCNreduc-
tase (columns 4 and 6). In normal individuals, the absolute
specific activity for NADH-MetHb.FeCN reductase was some-
what lower than that of the enzyme measured in total erythro-
cytes. This could be due to incomplete activation of the mem-

Table II. Levels of Cyt b5 Reductase Measured as Enzyme Activity or Antigen in Methemoglobinemic Patients and Normal Individuals

Enzyme activity Reductase antigen Absolute specific activity
Subject Relationship (NADH-MetHb.FeCn reductase)* (ag/g Hb) (lU/mg reductase)s

Control I 3.17 30.0 106
Control II 3.56 25.6 139
Control III 3.67 28.6 128
Average±SD 3.47±0.26 28.1±2.2 124±17

B.C. 0.22 3.68 60
B.T. Sister of BC 0.46 6.40 72
B.A.M. 0.26 3.58 73
P.C. 0.24 2.18 110
P.R. Brother of PC 0.14 2.02 69
Average±SD§ 0.26±0.12 3.57±1.76 77±19

(7.5) (12.7) (62)

* Activity is given in international units (micromole substrate reduced/minute) per gram Hb. * Values in this column are obtained by dividing
enzyme activity (international units per gram Hb) by antigen concentration (milligram reductase per gram Hb). § Numbers within parentheses
indicate percentages of average control values.
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Table III. Levels of Cyt b5 Reductase Measured as Antigen or Enzyme in Erythrocyte Ghosts
of Methemoglobinemic Patients and Normal Individuals

NADH-MetHb.FeCN reductase* NADH-FeCNreductase*

Reductase antigen Absolute specific activity Absolute specific activity
Subject (jug/g protein) IU/g proteint (IU/mg reductase) IU/g protein$ (IU/mg reductase)

Control I 505 4i.2 82 349 702
Control ii 461 35.5 77 334 724
Average±half-range 483±22 38.3±2.8 79.5±2.5 341±8 713±11

B.C. 62 1.9 31 29.1 469
B.T. 98 7.1 72 78.6 802
B.A.M. 37 1.6 43 16.0 432
Average±SD 65.7±30.7 3.5±3.1 49±17 41.2±27.0 567±204

(13.6) (9.2) (62) (12.1) (79)

* Enzyme assays were caried out in the presence of 1%Triton X-100. International Units are micromole substrate reduced per minute.
* Numbers within parentheses indicate percentages of average control values.

brane enzyme by detergent. Two of the patients (B.C. and
B.A.M.) had lower values than the controls with both enzyme
assays. In contrast, one of the patients (B.T.) had a mem-
brane-bound enzyme with absolute specific activity similar to
that of the controls.

Discussion

In previous studies, we have used affinity-purified rabbit anti-
bodies against the water-soluble fragment of rat liver microso-
mal cyt b5 reductase to study the localization and biosynthesis
of the enzyme in rat liver (17, 18, 28-30), as well as its proper-
ties and subcellular distribution in rat erythrocytes (16). In the
present work, we have used these same antibodies to quanti-
tate the enzyme in human erythrocytes and to compare its
levels in red cells of normal individuals and patients affected
by the mild form of recessive hereditary methemoglobinemia.
The quantitative radioimmunoblotting assay we used proved
to be very sensitive, in that it could detect nanogram amounts
of the reductase, in samples where it was present in an ex-
tremely low proportion (< 1/100,000 of the total protein in
methemoglobinemic individuals).

Using this assay, we found that, like in the rat, most of the
human erythrocyte cyt b5 reductase is soluble, but that consid-
erable amounts are found also in the ghost fraction. The
membrane-associated form was found to migrate more slowly
than its soluble counterpart, in agreement with previous stud-
ies on the purified enzyme (31). The concentration of the en-
zyme in the ghost fraction (nanogram reductase per milligram
protein) was considerably higher than that in the rat and 25
times higher than that in the soluble fraction. A high concen-
tration of reductase in erythrocyte ghost fractions has been
reported also by others on the basis of enzyme activity mea-
surements (25, 31). On the basis of specific enzyme activity
measurements of the purified ghost reductase and of a total
ghost fraction, it can be calculated from the data of Kitajima et
al. (31) that the membrane-associated reductase represents
1/2,500 of the total ghost protein, in very close agreement with
our results. The functions of the NADH-cyt b5 reductase sys-
tem on erythrocyte membranes are at present not known.

Whenwe used quantitative radioimmunoblotting to mea-
sure reductase concentrations in red cells of methemoglobin-
emic patients, we found that antigen levels were reduced to

7-20% of the values found in controls. A similar diminution
was found also for the membrane-bound enzyme, measured in
ghost fractions. Thus, the reductase deficit in these patients
must be attributed mainly to a reduction in the levels of en-
zyme protein. In addition to the lower concentrations of re-
ductase measured as antigen, our experiments also suggested a
lower activity of the enzyme (a 60% of normal) in methemo-
globinemic patients. This effect was seen both in total erythro-
cytes (reflecting the soluble enzyme) and in the ghost fractions
of two of the patients examined. In contrast, in one of the
patients, the memnbrane-associated enzyme behaved in a simi-
lar manner to that of the controls. This result was surprising
since this patient (B.T.) is the sister of B.C., whose membrane-
bound reductase showed reduced absolute specific activity;
moreover, the soluble reductase of this same patient (B.T.) had
reduced absolute specific activity similar to that of her sister.
However, reductase antigen levels of B.T. were in any case
considerably higher (both in total erythrocytes and in the ghost
fraction) than those in the other patients examined, including
the sister. It is possible that these two sisters do not share both
reductase alleles, but we do not have the necessary information
to reach any conclusion on this point.

The lower levels of reductase antigen found in methemo-
globinemic patients could be due either to increased degrada-
tion or to decreased synthesis of the enzyme, or to both these
factors. Since it has been observed that cyt b5 reductase decays
in the erythrocytes even of normal individuals (32, 33), and,
moreover, an unstable variant of the enzyme in Puerto Rican
methemoglobinemic patients has been described (34), we fa-
vour the idea that a higher than normal susceptibility of an
altered reductase to proteolysis in the red cell is the main cause
of many of the mild forms of recessive hereditary methemoglo-
binemia. It is of interest that, in our patients, the membrane-
bound and soluble antigen were affected to comparable de-
grees, suggesting that they are degraded with a similar mecha-
nism.

In conclusion, our results show that, in the patients exam-
ined in this study, the reduced levels of NADH-MetHb reduc-
tase activity in the red cell are due mainly to reduced concen-
trations of enzyme and probably in small part to reduced activ-
ity of the residual enzyme. Reduced levels of immunologically
reactive enzyme protein have also been reported in other he-
reditary enzymopathies, such as glucose-6-phosphate dehy-
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drogenase (35), adenosine deaminase (36), and three types of
hypoxanthine-guanine phosphoribosyltransferase deficiency
(37). In contrast, one variant of the latter enzyme has drasti-
cally reduced absolute specific activity and is present in in-
creased concentration in the erythrocytes of affected individ-
uals (37). The assay described in this paper, which could be
used to study the reductase variants described in the literature
(38), as well as to measure antigen levels in other cell types of
methemoglobinemic individuals, ought to be a useful tool for
increasing our knowledge at a molecular level of the etiology of
this disease.

Acknowledgments

Wewould like to thank Drs. P. Marenco and L. Barbarano of the
Ospedale Niguarda Ca' Granda, Milan; Dr. G. Chelazzi of the Ospe-
dale del Ponte, Varese; and Drs. U. Mazza and C. Camastella of the
Ospedale San Giovanni Battista, Turin, for kindly providing us with
fresh blood samples of methemoglobinemic patients. Wealso would
like to thank the patients for donating their blood for this study with-
out the promise of immediate benefits for themselves. Weare particu-
larly grateful to Dr. A. Zanella of the Centro Trasfusionale e di Im-
munologia dei Trapianti, Milan, for helping us to locate methemoglo-
binemic patients and for providing us with outdated human red cells
needed for the preparation of reductase. Finally, we would like to
thank F. Crippa and P. Tinelli for their technical assistance with the
preparation of the illustrations and Drs. F. Clementi and J. Meldolesi
for reading the manuscript.

This work was supported by a grant from the Italian National
Research Council '"Progetto Finalizzato Ingegneria Genetica e Basi
Molecolari delle Malattie Ereditarie."

References

1. Passon, P. G., and D. E. Hultquist. 1972. Soluble cytochrome b5
reductase from human erythrocytes. Biochim. Biophys. Acta. 275:62-
73.

2. Hultquist, D. E., and P. G. Passon. 1971. Catalysis of methemo-
globin reduction by erythrocyte cytochrome b5 and cytochrome b5
reductase. Nature (Lond.). 229:252-254.

3. Kuma, F., R. A. Prough, and B. S. Siler Masters. 1976. Studies
on Methemoglobin reductase. Immunochemical similarity of soluble
MetHb reductase and cytochrome b5 of human erythrocytes with
NADH-cytochrome b5 reductase and cytochrome b5 of rat liver mi-
crosomes. Arch. Biochem. Biophys. 172:600-607.

4. Goto-Tamura, R., Y. Takesue, and S. Takesue. 1976. Immuno-
logical similarity between NADH-cytochrome b5 reductase of erythro-
cytes and liver microsomes. Biochim. Biophys. Acta. 423:293-302.

5. Yubisui, T., T. Miyata, S. Iwanaga, M. Tamura, S. Yoshida, M.
Takeshita, and H. Nakajima. 1984. Amino Acid sequence of NADH-
cytochrome b5 reductase of human erythrocytes. J. Biochem. (Tokyo).
96:579-582.

6. Ozols, J., G. Korza, F. S. Heinemann, M. A. Hediger, and P.
Strittmatter. 1985. Complete amino acid sequence of steer liver mi-
crosomal NADH-cytochrome b5 reductase. J. Biol. Chem.
260:11953-11961.

7. Gibson, Q. H. 1948. The reduction of methemoglobin in red
blood cells and studies on the cause of idiopathic methemoglobinemia.
Biochem. J. 42:13-24.

8. Scott, E. M. 1960. The relation of diaphorase of human erythro-
cytes to inheritance of methemoglobinemia. J. Clin. Invest. 39:1176-
1179.

9. Kuma, F., S. Ishizawa, K. Hirayama, and H. Nakajima. 1972.
Studies on methemoglobin reductase. I. Comparative studies of dia-
phorases from normal and methemoglobinemic erythrocytes. J. Biol.
Chem. 247:550-555.

10. Hegesh, E., J. Hegesh, and A. Kaftory. 1986. Congenital methe-
moglobinemia with a deficiency of cytochrome b5. N. Engl. J. Med.
314:757-761.

11. Leroux, A., C. Junien, J.-C. Kaplan, and J. Bamberger. 1975.
Generalized deficiency of cytochrome b5 reductase in congenital met-
hemoglobinemia with mental retardation. Nature (Lond.). 258:619-
620.

12. Jaffe', E. R. 1981. Methemoglobin pathophysiology. In The
Function of Red Blood Cells: Erythrocyte Pathobiology. D. F. H.
Wallach, editor. Alan R. Liss, Inc., NewYork. 133-151.

13. Lostanlen, D., G. Lenoir, and J.-C. Kaplan. 1981. NADH-cy-
tochrome b5 reductase activity in lymphoid cell lines. Expression of the
defect in Epstein-Barr virus transformed lymphoblastoid cell lines
from patients with recessive congenital methemoglobinemia. J. Clin.
Invest. 68:279-285.

14. Tanishima, K., K. Tanimoto, A. Tomoda, K. Mawatari, Y.
Yoneyama, H. Ohkuwa, and E. Takazura. 1985. Hereditary Methe-
moglobinemia due to cytochrome b5 reductase deficiency in blood
cells without associated neurologic and mental disorders. Blood.
66: 1288-1291.

15. Beutler, E. 1983. Selectivity of proteases as a basis for tissue
distribution of enzymes in hereditary deficiencies. Proc. Natil. Acad.
Sci. USA. 80:3767-3768.

16. Borgese, N., D. Macconi, L. Parola, and G. Pietrini. 1982. Rat
erythrocyte NADH-cytochrome b5 reductase. Quantitation and com-
parison between the membrane-bound and soluble forms using an
antibody against the rat liver enzyme. J. Biol. Chem. 257:13854-
13861.

17. Borgese, N., and G. Pietrini. 1986. Distribution of the integral
membrane protein NADH-cytochrome b5 reductase in rat liver cells,
studied with a quantitative radioimmunoblotting assay. Biochem. J.
239:393-403.

18. Meldolesi, J., G. Corte, G. Pietrini, and N. Borgese. 1980.
Localization and biosynthesis of NADH-cytochrome b5 reductase, an
integral membrane protein, in rat liver cells. II. Evidence that a single
enzyme accounts for the activity in its various subcellular locations. J.
Cell Biol. 85:516-526.

19. Switzer, R. C., III, C. R. Mervil, and S. Shifrin. 1979. A highly
sensitive stain for detecting proteins and peptides in polyacrylamide
gels. Anal. Biochem. 98:231-237.

20. Towbin, H., T. Staehlin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc. NatIl. Acad. Sci. USA.
76:4350-4358.

21. Hager, D. A., and R. R. Burgess. 1980. Elution of proteins from
sodium dodecyl sulfate-polyacrylamide gels, removal of sodium dode-
cyl sulfate, and renaturation of enzymatic activity: results with sigma
subunit of Escherichia coli RNApolymerase, wheat germ DNAtopi-
somerase, and other enzymes. Anal. Biochem. 109:76-86.

22. Beutler, E., C. West, and K.-G. Blume. 1976. The removal of
leukocytes and platelets from whole blood. J. Lab. Clin. Med. 88:328-
333.

23. Hegesh, E., N. Calmanovici, and M. Avron. 1968. Newmethod
for determining ferrihemoglobin reductase (NADH-methemoglobin
reductase) in erythrocytes. J. Lab. Clin. Med. 72:339-344.

24. Sottocasa, G. L., B. Kuylenstierna, L. Ernster, and A. Berg-
strand. 1967. An electron transport system associated with the outer
membrane of liver mitochondria. A biochemical and morphological
study. J. Cell Biol. 32:415-438.

25. Choury, D., A. Leroux, and J.-C. Kaplan. 1981. Membrane-
bound cytochrome b5 reductase (MetHb reductase) in human erythro-
cytes. Study in normal and methemoglobinemic patients. J. Clin. In-
vest. 67:149-155.

26. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and E. J. Randall.
1951. Protein measurement with the Folin Phenol reagent. J. Biol.
Chem. 193:265-275.

27. Kuma, F., and H. Inomata. 1972. Studies on methemoglobin
reductase. II. Purification and molecular properties of reduced nico-

Cytochrome b5 Reductase Concentrations in Methemoglobinemic Individuals 1301



tinamide adenine dinucleotide-dependent methemoglobin reductase.
J. Bio. Chem. 247:556-560.

28. Borgese, N., and J. Meldolesi. 1980. Localization and biosyn-
thesis of NADH-cytochrome b5 reductase, an integral membrane pro-
tein, in rat liver cells. I. Distribution of the enzyme activity in micro-
somes, mitochondria, and Golgi complex. J. Cell Biol. 85:501-515.

29. Borgese, N., G. Pietrini, and J. Meldolesi. 1980. Localization
and biosynthesis of NADH-cytochrome b5 reductase, an integral
membrane protein, in rat liver cells. III. Evidence for the independent
insertion and turnover of the enzyme in various subcellular compart-
ments. J. Cell Bio. 86:38-45.

30. Borgese, N., and S. Gaetani. 1980. Site of synthesis of rat liver
NADH-cytochrome b5 reductase, an integral membrane protein.
FEBS(Fed. Eur. Biochem. Soc.) Lett. 112:216-220.

31. Kitajima, S., Y. Yasukochi, and S. Minekami. 1981. Purifica-
tion and properties of human erythrocyte membrane NADH-cy-
tochrome b5 reductase. Arch. Biochem. Biophys. 210:330-339.

32. Matsuki, T., M. Tamura, M. Takeshita, and Y. Yoneyama.
1981. Age-dependent decay of cytochrome b5 reductase in human
erythrocytes. Biochem. J. 194:327-330.

33. Takeshita, M., M. Tamura, T. Yubisui, and Y. Yoneyama.

1983. Exponential decay of cytochrome b5 and cytochrome b5 reduc-
tase during senescence of erythrocytes: relation to the increased methe-
moglobin content. J. Biochem. (Tokyo). 93:931-934.

34. Schwartz, J. M., P. S. Paress, J. M. Ross, F. DiPillo, and R.
Rizek. 1972. Unstable variant of NADH-methemoglobin reductase in
Puerto Ricans with Hereditary Methemoglobinemia. J. Clin. Invest.
51:1594-1601.

35. Morelli, A., U. Benatti, G. F. Gaetani, and A. De Flora. 1978.
Biochemical mechanisms of glucose-6-phosphate dehydrogenase defi-
ciency. Proc. Natl. Acad. Sci. USA. 75:1979-1983.

36. Daddona, P. E., M. A. Frohman, and W. N. Kelley. 1979.
Radioimmunochemical quantitation of Human Adenosine Deami-
nase. J. Clin. Invest. 64:798-803.

37. Wilson, J. M., B. W. Baugher, L. Lauda, and W. N. Kelley.
1981. Human Hypoxanthine-guanine phosphoribosyltransferase. Pu-
rification and characterization of mutant forms of the enzyme. J. Biol.
Chem. 256:10306-10312.

38. Schwartz, J. M., and E. R. Jaffe'. 1978. Hereditary methemo-
globinemia with deficiency of NADHdehydrogenase. In The Meta-
bolic Basis of Inherited Disease. J. B. Stanbury, J. B. Wyngaarden, and
D. S. Frederickson, editors. McGraw-Hill, Minneapolis. 1452-1464.

1302 N. Borgese, G. Pietrini, and S. Gaetani


