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The plasma membrane fraction fromporcine thyroid
is known to exhibit an NADPH-dependent production
of hydrogen peroxide (HzOz), which is utilized for the
oxidative biosynthesis of thyroid hormones catalyzed
by thyroid peroxidase. The Hz02 formation iscyanideinsensitive,
ATP-activatable,
and
Ca2+-dependent
(Nakamura, Y., Ogihara, S., and Ohtaki, S. (1987)J.
Biochem. (Tokyo) 102, 1121-1132).
It remains unknown, however, whether H20, is produced directly
from molecular oxygen (02)
or formed via dismutation
of superoxide anion (0;).We therefore attempted to
analyze themechanism of Hz02 formation by utilizing
a new method for the simultaneous measurement of
0 2 andH202, in which diacetyldeuteroheme-substitutedhorseradish peroxidase was employed as the
trapping agent forboth oxygen metabolites.
WhenNADPH was incubated with the membrane
fraction in the presence of the heme-substituted peroxidase, a massive O2 consumption was observed together with the formationof compound 111, an 0 2 adduct of the peroxidase. The amounts of compound I11
formed and 0 2 consumed were stoichiometric with each
other, while formation of compound 11, an indicative
of Hz02, was not observed during the reaction.On the
other hand, when an excess amount of superoxide dismutase was included in the reaction mixture, compound I1 was produced with complete suppression of
the compound 111 formation. NADH minimally supported both 0 2 consumption and formation of compound 111 or 11. These results indicatethat theNADPH
oxidase in the plasma membrane of thyroid produces
0 2 as the primarymetabolite of O2 and hence that H20z
required for the thyroid
hormone synthesis isprovided
through thedismutation of 0;.

Thyroid peroxidase catalyzes two obligatory reactions in
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thyroid hormone synthesis, i.e. the iodination of tyrosine
residues in thyroglobulin and a subsequent coupling of the
two iodinated tyrosine residues to form iodothyronine (1-3).
Both reactions have been known to require Hz02 as an oxidant, but the precise mechanism(s) for the Hz02 generation
in thyroid has not yet been clearly understood. Deme et al.
( 4 ) found that a particulatefraction from porcine thyroid was
capable of generating H2O2 when incubated with NADPH
and Ca2+under aerobic conditions. The result indicated that
a membrane-bound NADPH oxidase was responsible for the
generation of Hz02.To elucidate the localization of the enzymemore exactly, we further fractionated the particulate
fraction and found that virtually all of the NADPH oxidase
activity resided in the plasma membrane-rich fraction (5).
The membrane fraction was able to catalyze the generation
of H202but had apparently no activity for the superoxide
dismutase-sensitive reduction of cytochrome c. This finding
was consistent with the view that the NADPH oxidase generates exclusively H202but not 02. There wasno definite
proof, however, that the preparation did not contain other
kinds of membranes or components which might reoxidize
the reduced cytochrome c.
In the present study, we analyzed the mechanism of H202
generation by the plasma membrane-rich fraction from porcine thyroid by using a new method for the simultaneous
determination of H202 and 0;(6), in which diacetyldeuteroheme-substituted horseradish peroxidase (diacetylheme-peroxidase)‘ wasemployed as the trapping reagent for both
oxygen metabolites. Application of the method provided definitive evidence that the 0, consumed by the membranebound enzyme was stoichiometrically converted to 0,.Thus
the generation of 0; by the plasma membrane-bound
NAD(P)H oxidase system is not limited to polymorphonuclear leukocytes (6, 7), macrophages (8), and sea urchin eggs
(9) but could be a rather common property of the aerobic
organisms. A portion of this work has been presented at the
International Thyroid Symposium (Tokyo, 1988).
MATERIALSANDMETHODS

The plasma membrane fraction from porcine thyroid was prepared
as described previously (5) and further purified by the following
procedure. The membrane fraction designated as Fraction 1 in the
previous report (5) was washed twice by suspending it in a solution
containing 5 mM ATP, 0.4 M KCI, 2 mM MgClz, 0.25 M sucrose, and
20 mM Tris-C1, pH 7.2, followed by centrifugation at 17,000 X g for
30 min. The pellets were resuspended in a buffer consisting of 2 mM
MgC12, 0.25 M sucrose, and 20 mM Tris-C1, pH 7.2 (Buffer A), in
which protein concentration was adjusted to about 5 mg/ml. CHAPS
(100 mg/ml) and sucrose (2.5 M ) were then added to give the final
concentrations of 7.5 mg/ml and 0.5 M, respectively. The mixture was
centrifuged at 17,000 X g for 30 min, and the sediment was washed
again with Buffer A. The resultant pellet, suspended in Buffer A, was
quickly frozen in liquid Nz and was stored at -80 “C until use. By
these procedures, the NADPH oxidase activity was enriched by 2-3fold that in Fraction 1. Protein in the sample was determined according to the method of Bradford (10) by using bovine serum albumin
as thestandard. The H202generation was assayed by the scopoletinperoxidase method described previously ( 5 ) . Horseradish peroxidase
The abbreviations used are: diacetylheme-peroxidase, diacetyldeuteroheme-substituted horseradish peroxidase; MOPS, 3-(A”morpho1ino)propanesulfonic acid; CHAPS, 3-[(3-cholamidopropyI)dimethylammonio]-1-propanesulfonate;EGTA, (ethylenebis(0xyethylenenitri1o)ltetraacetic acid.
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from Toyobo Co. Ltd., Osaka, Japan was purified by the method of exhibited its absorption maxima at 550 and 585 nm. These
Shannon et a!. (ll),and fractions containing isozymes B and C were characteristics of the new species agreed with those of comemployed for the following heme substitution. The procedures for the
preparation of apohorseradish peroxidase and itsreconstitution with pound I11 of diacetylheme-peroxidase, an 0; adduct of the
diacetyldeuterohemin were described earlier (12). Superoxide dismu- peroxidase (6, 12). During the conversion, no formation of
tase (bovine erythrocyte) and catalase (type I, beef liver) were the compounds I and I1 of the peroxidase was detected as judged
products of Toyobo Co. and Boehringer Mannheim GmbH, respec- by spectra. These resultsindicated that 01,but not H202,was
t,ively. All other chemicals used were of the highest grade commer- produced during the NADPH oxidase reaction catalyzed by
cially available.
the plasma membrane-rich fraction from porcine thyroid. On
Simultaneous determination of O2 consumption and generation of
both 0; and HZ02 were carried out in a single cuvette which was set the other hand, when an excess amount of superoxide disin a Hitachi 557 dual wavelength-double beam spectrophotometer mutase (100 pg/ml) was supplemented to the reaction mixunder constant stirring (6). Oxygen consumption was measured with ture, theformation of compound I11 was completely abolished,
a Clark-typeoxygen electrode (YSI Inc. 5331 probe with a 5776 highly and instead formation of compound 11, a complex of H202
sensitive membrane) which was installed in the optical cuvette ( 6 ) . with the peroxidase, was observed (data not shown). The
The standard reaction mixture contained 1.1 mg as protein of the results indicated that H202 was generated from 0;by the
plasma membrane-rich fraction, 150 p~ diacetylheme-peroxidase,0.1
action of added superoxide dismutase and then reacted with
mM NADPH, 5 mM ATP, 1.1 mM CaClz, 1 mM EGTA, 2 mMMgC12,
90 mM KCI, 0.25 M sucrose, and 20 mM MOPS, pH 7.3 at 28 "C, in a the peroxidase to yield compound 11. On the basis of these
total volume of 0.73 ml. The reaction was usually started by the findings, we conclude that the NADPH oxidase produces 0;
addition of NADPH. Other details aregiven under appropriate figure exclusively as theprimary oxygen metabolite. This conclusion
legends.
was further supported by the findings described below.

Stoichiometry between 0; Formation and Oxygen Consumption-To analyze the stoichiometry between 0;production
Detection of 0; during the NADPH Oxidase Reaction as and O2 consumption, the formation of compound I11 was
Measured by the Spectral Changes of Diacetylheme-Peroxi- measured at a fixed wavelength with a simultaneous record
dase-Fig. 1 shows changes in absorption spectra of diacetyl- of O2 consumption. As seen in Fig. 2, the absorbance at 585
heme-peroxidase which occurred during the incubation of the nm which corresponded to a peak position of compound I11
plasma membrane-rich fraction from porcine with NADPH. in the difference spectrum (see Fig. 1) rapidly increased in
The heme-substituted peroxidase (150 p ~ ) added
,
to the parallel with the increase in Onconsumption rate andreached
reaction mixture as the ferric form, had no On-consumingor a maximum when On consumption ceased. From the steepest
NADPH-oxidizing activity under the experimental condi- portion of the traces, the initial rates for 0;production and
tions. The reaction was started by the addition of NADPH, O2 consumption were determined to be 33 and 37 pM min-',
and the changes in the spectrum of diacetylheme-peroxidase respectively, indicating that O2 consumed was converted to
were recorded as difference spectra against that in the ferric 0;nearly stoichiometrically.
Analyses of the effects of catalase on the 0 2 consumption
state prior to theaddition of NADPH. A simultaneous record
of oxygen consumption was depicted in the inset of the same rate provided further support for the above conclusion. As
figure. As seen, a rapid oxygen consumption together with the shown in experiment a in Fig. 3, addition of NADPH to a
formation of a new spectral species of the peroxidase was suspension of the membrane fraction in the presence of catobserved, where the formation of the species began at the alase elicited Onconsumption at a rateof 9.3 pM min". When
onset of oxygen uptake and ceased upon the termination of catalase was omitted from the reaction mixture (experiment
Onconsumption. The spectral transitionhad a setof isosbestic b), the value was doubled to 18 p~ min". Then addition of
points at 480,530, and 605 nm, and the resultant new species catalase to the reaction mixture upon termination of the 0 2
uptake resulted in an evolution of 34 pM 0 2 . This amount of
RESULTS
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FIG. 1. Generation of 0; as measured by spectral changes
of diacetylheme-peroxidase.Changes in the spectrum of diacetylheme-peroxidase (150 *M) and oxygen uptake (inset) during the
incubation of plasma membrane-rich fraction (1.1mg/ml as protein)
from porcine thyroid with 0.1 mM NADPH were recorded simultaneously. Other detailswere described under "Materials and Methods."
The reaction was started by the addition of NADPH, and spectra 16 were recorded at the times indicated by arrows in the inset (about
40-s intervals). The spectra were recorded in the dual wavelength
mode in which the reference wavelength was fixed at 700 nm.
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FIG. 2. Rates of oxygen consumption and accumulation of
compoundI11 of diacetylheme-peroxidase during the NADPHoxidase reaction. Formation of compound 111 wasfollowed by
measuring the changes in absorbance at 585 nm minus that at 605
nm in the dual wavelength mode under the same conditions as those
in Fig. 1. Oxygen consumption was measured simultaneously as
described under "Materials and Methods."
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of the preparations. The details will be described elsewhere.
It was also confirmed that the 0;-generating activity of the
membrane preparation was only seen in thepresence of Ca2+.
Upon removal of Ca", the activity decreased to less than onetenth of that observed in the presence of Ca2+.These findings
are consistent with the previous conclusion that the H202generating activity of the plasma membrane fraction is Ca2+dependent and is highly specific to NADPH as the electron
donor (4, 5).
DISCUSSION
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FIG. 3. Effect of catalase on the rateof oxygen consumption.
Reactions were carriedout under the same conditions as those inFig.
1 except for the presence and absence of catalase (50 pg/ml) and
diacetylheme-peroxidase (150 PM). O2 consumption was measured
polarographically.Reactions were initiated by the addition of 0.1 mM
NADPH at the time indicated by arrows. In experiment a, catalase
was added priorto the addition of NADPH; inexperiment b, catalase
was not present during the reaction but was added to the reaction
mixture after the cessation of oxygen uptake; and in experiment c,
the reaction was carried out in the presence of diacetylheme-peroxidase and absence of catalase. Note that the time scale was different
in experiment c from those of other traces.

evolved O2 corresponds to the accumulation of 68 p M H202,
ie. about 75% of the total amount of 0 2 consumed in the
reaction. Such recovery of H202 at the end of the reaction
was variable depending on the membrane preparations employed but always ranged between 75 and 85%. Since small
catalase activities were inevitably associated with the membrane preparations, these results may indicate that O2 consumed by the NADPH oxidase is converted to H202 stoichiometrically. On the other hand,when the reaction was carried
out in the presence of diacetylheme-peroxidase and no catalase, the rate of O2 consumption increased to 39 p M min"
(experiment c ) . The value was 4-foldas large as thatobtained
in thepresence of catalase. These stoichiometric relationships
among these oxygen consumption rates confirm the view that
the plasma membrane fraction from porcine thyroid produces
exclusively 0 2 as theprimary oxygen metabolite.
Other Properties of the Enzyme System-When NADPH,
the electron donor mainly used in this study,was replaced by
NADH, the rate of 0; formation decreased to one-tenth of
that observed with NADPH as judged by both O2 uptake and
the compound I11 formation (datanot shown). Likewise,
succinate could not support the 0; production. In addition,
antimycin A did not enhancethe reaction both in the presence
and absence of cyanide. These results indicate that the 0;
production in our plasma membrane preparation is not due
to the mitochondrial respiratory system, although a small
amount of mitochondrial contaminationas well as cytochrome c oxidase activity was noticed upon close examination

Active oxygen species such as 0; and Hz02 play an important role in the bactericidal activity of phagocytes (7, 8) as
well as in the membrane cross-linking followed byfertilization
of sea urchin eggs (9). Being localized in plasma membrane,
these enzymes share common characters in which the reduced
form of pyridine nucleotides such as NADH and NADPH is
required as theelectron donor. In particular,the natureof the
enzyme inthe thyroid is remarkably similar tothat of
NADPH oxidase in phagocytes, as pointed out by van Sande
et al. (13). Then we further demonstrated in this paper that
the thyroid membrane fraction catalyzes the stoichiometric
conversion of O2 to 0; as has been shown in the neutrophil
system (6).
We had previously described that the plasma membrane
fraction of thyroid generated H20z directly rather than indirectly through dismutation of 0; (5).The issue was based on
the observation that the fraction had apparently no activity
of superoxide dismutase-inhibitable reduction of cytochrome
c (5). From the present study, however, such an interpretation
has been proved to be invalid. As mentioned, the membrane
fraction contained a small amount of cytochrome c oxidase,
which was sufficient to reoxidize the reduced cytochrome c.
Then this finding posed the question that contaminated mitochondria might be responsible for the 0; generation. The
possibility is unlikely, however, for the following reasons. (a)
The 0 2 generation was dependent on NADPH but notNADH
and was not enhanced by the addition of antimycin A, an
inhibitor of mitochondrial electron transport. ( b ) Succinate
could notsupport the H202 formation in the presence of
cyanide. (c) The reaction was insensitive to cyanide and was
enhanced by the addition of Ca2+below 1 p ~ Such
.
effects of
modulators are quite different from those reported for mitochondrial H202 formation (14). ( d ) Finally, the specific activities of H202and 0; generation by the mitochondrial fraction
isolated from porcine thyroid were less than one-tenthof that
in the plasma membrane fraction under comparable conditions.
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