of this data is that the Hurler’s -
galactosidase is deficient in a thermo-
labile component (or components).

This suggestion was substantiated by
starch-gel electrophoresis studies. Con-
trol livers contained three separable
[-galactosidase components with ac-
tivity at pH 4 to 5—a fast-moving com-
ponent and two slow-moving ones.
After the preliminary incubation either
of homogenates or supernatant frac-
tions from controls, for 30 minutes
at 42°C, both slow-moving [-galac-
tosidase components were rendered in-
active, whereas the fast component re-
mained active.

A marked deficiency of the slow-
moving [-galactosidase components
was found in liver tissue from all pa-
tients with the Hurler’s syndrome
(types 1 to 3) (Fig. 3). Repeated freez-
ing and thawing of the normal or
Hurler’s liver sucrose homogenates, or
of the supernatant fractions in distilled
water, caused no alterations of (-
galactosidase patterns. No deficiency of
the slow-moving components was
found in liver tissue from a patient
with Niemann-Pick disease, an indica-
tion that lysosomal storage in itself (in
this case of sphingomyelin) does not
produce the alteration. In generalized
gangliosidosis, a [-galactosidase defi-
ciency disease (8), both fast-moving
and slow-moving components were
nearly absent.

The degree of deficiency of the
major slow-moving [-galactosidase in
the Hurler’s liver tissue was estimated
from visual inspection of the gels. This
gave only a very rough approximation
of the degree of deficiency due to the
inaccuracies inherent in the method of
estimation. We estimated that, in the
Hurler’s tissues, the activity of the
major slower-moving component was
one-tenth to one-twenticth that of nor-
mal (/0).

Examination of the separable f-
galactosidase components in the kidney
(Fig. 3) demonstrated the presence of
four components, two of which were
fast moving and two slow moving. In
the Hurler’s patients (types 1 to 3)
both slow-moving components in kid-
ney were markedly deficient but the
degree of deficiency was not as great
as that in liver, except in a patient with
type 3 disease (Fig. 3).

Incubation of the gels with 4-
methylumbelliferylglucoside revealed [3-
glucosidase activity which coincided
exactly with B-galactosidase activity of
the fastest-moving component in both
controls and the patients’ liver and
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kidney tissues. The slow-moving com-
ponents did not possess S-glucosidase
activity. No alteration of B-glucosidase
activity was noted in the tissues of
patients with Hurler’s syndrome.

The mutation in Hurler’s syndrome
thus may result in preferential loss of
specific ~ B-galactosidase  isoenzymes.
Studies of the fast- and slow-moving
B-galactosidases indicate that they are
structurally different proteins, prob-
ably under separate genetic control,
and can be thought of as isoenzymes
(11). The fact that total (3-galactosidase
activity in some patients with the
Hurler’s syndrome is normal or only
slightly reduced (5, 6) can be explained
by a shift in isoenzyme pattern; in-
creases in the fast-moving isoenzyme
could give this result. Different iso-
enzyme patterns in different tissue
could also explain the finding of vary-
ing degrees of [-galactosidase defi-
ciency in different organs (5, 6). For
example, the deficiency of B-galacto-
sidase in Hurler’s kidney is less than
that in liver (5, 6); we demonstrate
here that kidney normally contains
smaller proportions of the slow-moving
isoenzymes than liver.

Although the Q-galactosidase iso-
enzyme deficiency could provide an
explanation for the ganglioside (and
other glycolipid) accumulations, be-
fore accepting it as pathogenetically
significant ‘it must be demonstrated
that (i) the deficient QB-galactosidase
isoenzyme or enzymes participate in
mucopolysaccharide turnover, (ii) the
deficiency is genetically transmitted in

either autosomal (types 1 and 3) or X-
linked (type 2) fashion, and (iii) the
nature of the mutation differs in types
1, 2, and 3.
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Glutathione Reductase: Stimulation in
Normal Subjects by Riboflavin Supplementation

Abstract. Glutathione reductase of hemolyzates from clinically normal subjects
is activated by the addition of flavin-adenine dinucleotide. One-half maximum
stimulation could be achieved by approximately 0.02 micromolar flavin-adenine
dinucleotide; prior addition of adenosine triphosphate, adenosine diphosphate, or
adenosine monophosphate prevented activation. Stimulation of glutathione re-
ductase activity of red cells of normal subjects occurred when they were given
5 milligrams of riboflavin daily for 8 days. The degree of stimulation in vitro
by flavin-adenine dinucleotide and in vivo by riboflavin was inversely propor-
tional to dietary intake of riboflavin. The variety of clinical disorders which
have been associated with glutathione reductase deficiency may have, as a com-
mon denominator, abnormalities in flavin-adenine dinucleotide formation.

Most vitamins serve as substrates for
the synthesis of coenzymes. When
frank vitamin deficiencies occur, insuf-
ficient quantities of coenzyme may be
synthesized, and the rates of the cor-
responding enzymatic reactions are

slowed. For example, thiamine defi-
ciency causes a decrease in the activity
of transketolase (1), an enzyme which
has thiamine pyrophosphate as a co-
factor. Similarly, pyridoxine deficiency
results in a decrease in the activity of
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aminotransfcrases which have pyridoxyl
phosphate as a coenzyme (2). In nor-

mal subjects, however, it is generally

assumed that tissues are “saturated”
with vitamins and that, therefore, the
availability of vitamins is not a limiting
factor in the rates of enzyme reactions.

Red cell glutathione reductase (E.C.
1.6.4.2) contains flavin-adenine dinucle-
otide (FAD) (3) and requires this ribo-
flavin-containing coenzyme for its activ-
ity. We have found that the activity of
red cell glutathione reductase from ap-
parently normal subjects is strongly stim-
ulated in vitro by minute quantities of
FAD and in vivo by the administration
of physiological amounts of riboflavin.

Normal hospital personnel or their
family members served as volunteers.
Seven females and two males, aged 11
to 43 years, participated. No attempt
was made to regulate the dietary intake
of the voluntecers during the course of
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Fig. 1. Effcet of riboflavin administration
on glutathione reductase and red cell FAD
of nine normal individuals. The value for
cach subject was expressed as a percentage
of that individual’s base linc value. Base
linec glutathione reductase and FAD val-
ues (mean == 1 S.E.) for the subjects
with fiboflavin intake greater than 1.5
mg/day were: glutathione reductase ac-
tivity without FAD stimulation, 7.11 =+
0.36 international units (IL.U.) per gram of
hemoglobin (Hb); glutathione reductase
activity with- 1 uM FAD, 9.18 + 0.51 1.U.
per gram of Hb; red cell FAD concen-
tration, 0.547 - 0.020 uM. Average base
line activities and standard errors of the
mean for the four subjects with riboflavin
intake of less than 1.5 mg/day were:
glutathione reductase without FAD stimu-
lation, 5.09 % 0.86 1.U. per gram of Hb;
glutathione reductase activity with 1 uM
FAD, 9.26 =+ 0.96 1.U. per gram of Hb;

red cell FAD concentration, 0.398 =+
0.042 uMM.
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investigation. A 5- to 7-day dietary his-
tory was taken during the initial part of
the study, and the average intake of
riboflavin was calculated according
to standard tables of food composition:
(4, 5). Riboflavin was administered as
5 mg tablets. Blood was collected in 1
mg of neutralized ethylenediaminetetra-
acetic acid (EDTA) per milliliter of
blood. Part of each blood sample was
centrifuged, the plasma and buffy coat
were removed, and packed cells were
frozen at —20°C. The FAD, flavin,
mononucleotide (FMN), and riboflavin
content of the packed red cells was
measured fluorometrically (6) within
7 days of their collection. A sample of
red cells was washed three times in
isotonic sodium chloride solution, lysed
in 19 volumes of distilled water, frozen
in a mixture of dry ice and acetone,
and thawed; the stroma were removed
by centrifugation at 5000g for 10 min-
utes.

Glutathione reductase activity was
assayed spectrophotometrically in «
1-ml system containing the following:
0.05 ml of 1M tris-HCI1 buffer pH 8.0
(25°C); 0.01 ml of 0.2M neutralized
EDTA; 0.010 ml of hemolyzate; 0.1
ml of 0.033M neutralized oxidized
glutathione (GSSG); 0.1 ml of 1.0 mM
reduced nicotinamide-adenine dinucleo-
tide phosphate (NADPH); FAD, as
indicated; and water to make 1.00 ml.
Oxidized glutathione was omitted from
the blank. The reaction was followed
for 20 to 30 minutes at 340 nm in a
Gilford model 2000 or model 2400 re-
cording spectrophotometer at 37°C.
The order in which reagents were add-
ed to the assay system influenced the
rate of the glutathione reductase reac-
tion. Maximum rates were obtained
when the order of addition was: (i)
FAD, (ii) GSSG, and (iii) NADPH.
Therefore we first incubated the reac-
tion mixture at 37°C and then added
FAD (or water), GSSG, and NADPH,
in that order, at 10-minute intervals.
Results were expressed as the number
of micromoles of NADPH oxidized
per gram of hemoglobin per minute.

The addition of as little FAD to the
assay system as to give a final concen-
tration of 0.01 umole/liter resulted in
substantial stimulation of glutathione
reductase activity of normal hemol-
yzates. Addition of 1 uM FAD (final
concentration) to hemolyzates from
21 normal subjects caused 27 to 157
percent stimulation of glutathione re-
ductase activity. Riboffavin and FMN
were without effect.

Glutathione reductase in hemoly-
zates was “stripped” of FAD by treat-
ment with acid and ammonium sulfate
(3). Since the stripped enzyme had
some activity without added FAD, and
since, at low FAD concentrations, re-
activation was time-dependent a classi-
cal kinetic analysis of the relation be-
tween enzyme and FAD could not be
made. However, one-half maximum re-
activation of preparations from the red
cells of an individual with unusually
Jow glutathione reductase activity and
from individuals with a normal gluta-
thione reductase activity was achieved
with approximately 0.02 uM FAD.

The activation of stripped glutathione
reductase or of normal hemolyzate was
markedly inhibited by the addition of
adenosine triphosphate (ATP), adeno-
sing diphosphate, and, to a lesser ex-
tent, adenosine monophosphate. This
effect resembled competitive inhibition

. in that it was most apparent at low

FAD concentrations. It could be dem-
onstrated easily with nucleotide con-
centrations as low as 0.1 mM, less than
10 percent of the normal level of ATP
in red cells. The order of addition of
FAD and adenine nucleotide was of
great importance. If, for example, 1
mM ATP (final concentration) was
added to stripped enzyme and followed
after 10 minutes incubation by the
addition of 0.020 uM FAD, reactiva-

s

1504
)
82
o
= 1007
>
= .
fod
2 %
Rud mg
g RIBOFLAVIN INTAKE <1.5/doy %
= 501 RIBOFLAVIN INTAKE > 1540y e

e r=.80
® L) g
o} S d
Q 80 100

Stimulation in vivo (%)

Fig. 2. Relation between stimulation of
glutathione reductase activity by 1 uM
FAD in vitro and stimulation of gluta-
thione reductase by riboflavin administra-
tion in vivo. The degree of stimulation in
vitro by FAD is plotted as the average of
all assays before administration of ribo-
flavin. The degree of stimulation in vivo
is plotted from the ratio of the average
¢lutathione reductase activities during 8
days of administration of 5 mg of ribo-
flavin per day to the average base line en-
zyme activity.
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tion of the enzyme was inhibited by 92
percent. If the order of addition of
FAD and ATP was reversed, however,
glutathione reductase activity was only
inhibited 28 percent.

To determine whether FAD cata-

lyzed the glutathione reductase reaction
in the free form or whether the FAD
became bound to protein, we added
FAD in a final concentration of 0.125
uM to an incomplete reaction system,
comprised of the tris buffer, EDTA,
water and hemolyzate. Dialysis against
medium without FAD failed to cause
any loss of enzyme activity. It appeared
that once the enzyme had been incu-
bated with FAD firm binding of the
FAD to enzyme occurred. Thus, al-
though very small amounts of FAD
activate the dilute enzyme in vitro,
these quantities cannot be compared
directly to the effect of FAD in intact
red cells, since much of red cell FAD
is undoubtedly protein bound and not
readily available to glutathione reduc-
tase, and, in addition, the high con-
centrations of ATP within red cells
may interfere with binding.

To determine the effect of adminis-
tration of riboflavin on red cell gluta-
thione reductase, nine normal subjects
were studied before, during, and after
administration of riboflavin. Five sub-
jects had a dietary intake of riboflavin
in excess of the recommended daily al-
lowance (4) of 1.5 mg. They were esti-
mated to be taking an average of 1.58,
1.77, 2.74, 2.79, and 3.70 mg/day. The
other subjects had an intake less than
the recommended daily allowance, av-
eraging 0.67, 0.78, 1.05, and 1.09 mg
of riboflavin daily. In all cases the in-
take was greater than that which causes
frank riboflavin deficiency (7).

Two to six base line estimations of
red cell FAD and glutathione reductase
were carried out over 3 to 20 days on
each of the nine subjects. Each volun-
teer was then given 5 mg of riboflavin
daily for 8 days. Red cell FAD, FMN,
and riboflavin were determined, and
glutathione reductase was estimated
at appropriate intervals. In each case
the activity of red cell glutathione re-
ductase was increased. These changes
were most striking in the subjects with
an average daily riboflavin intake of
less than 1.5 mg, but they could also
be observed in each of the other sub-
jects, even when the dietary riboflavin
intake was greater than 3 mg/day. An
increase in red cell FAD concentrations
could also be detected in most cases,
especially when amounts of riboflavin
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in the diet were less than 1.5 mg/day.
Only traces of free riboflavin and FMN
were detected in the red cells and
showed little change when riboflavin
was administered (Fig. 1). None of the
subjects reported any marked changes
in feeling of well-being or other symp-
toms during riboflavin supplementation.
The degree of increase of glutathione
reductase activity during administration
of riboflavin was closely related to the
degree of stimulation in vitro of gluta-
thione reductase by FAD and to the
base line dietary level of riboflavin
(Fig. 2).

Staal et al. (8) studied the partially
purified glutathione reductase of a pa-
tient with a-thalassemia whose red cell
glutathione reductase activity was 50
percent of normal. They considered
their subject to have a genetically ab-
normal enzyme with an increased
Michaelis constant for GSSG and
found that enzyme activity was normal
after administration of FMN for sev-
eral weeks. Glatzle et al. (9) found that
glutathione reductase of frankly ribo-
flavin-deficient individuals was slightly
stimulated in vitro by the addition of
FAD; the enzyme from normal red
cells was essentially unaffected by FAD.
They suggested that Staal’s patient
might have been deficient in riboflavin.
No experimental details were given in
either study.

In our assay, the glutathione reduc-
tase activity of all hemolyzates was
stimulated by FAD; the administration
of 5 mg of riboflavin daily uniformly
caused an increase in red cell glutathi-
one reductase activity. These studies
indicate that the intake of riboflavin,
even in individuals taking a normal
diet, is apparently inadequate to main-
tain saturation of red cell glutathione
reductase with FAD.

The physiologic effects of moderate-
ly severe glutathione reductase deficien-
cy are not well understood. Although
deficiency of this red cell enzyme has
been associated with a variety of ab-
normal clinical states (10), including
drug-induced pancytopenia, nonsphero-
cytic hemolytic anemia, oligophrenia,
catatonia, and spasticity, a cause-and-
effect relation between enzyme lack and
disease is by no means certain. Gluta-
thione reductase deficiency has been
observed in some normal subjects (11).
Furthermore, severe deficiency of glu-
tathione reductase has been associated
with homozygous hemoglobin C dis-
ease (/2), a disorder which would be
very difficult to ascribe to a defect in

glutathione reductase activity, since it
is clearly due to an amino acid sub-
stitution in the beta chain of hemo-
globin. However, many of the clinical
states which have been associated with
glutathione reductase deficiency may
have as a common denominator ab-
normalities in riboflavin nutrition or
riboflavin metabolism. In fact, dietary
riboflavin deficiency (I3), feeding of a
riboflavin antagonist (I/4), and gluta-
thione reductase deficiency (/0) have
been reported to be associated with
hypoplastic anemia. Thus, a deficiency
of one of the enzymes required for
the synthesis of FAD from ribofla-
vin, flavokinase or FAD pyrophosphot-
ylase, might result in diminution of
glutathione reductase activity of red
cells as only one of a number of dis-
turbances of activity of other flavin
enzymes.

ERNEST BEUTLER
Division of Medicine, City of Hope
Medical Center, Duarte, California
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