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Rapid Letter

Preferential Inhibition of the Plasma Membrane NADH
Oxidase (NOX) Activity by Diphenyleneiodonium
Chloride with NADPH as Donor

D. JAMES MORRE

ABSTRACT

The cell-surface NADH oxidase (NOX) protein of plant and animal cells will utilize both NADH and NADPH as
reduced electron donors for activity. The two activities are distinguished by a differential inhibition by the redox
inhibitor diphenyleneiodonium chloride (DPI). Using both plasma membranes and cells, activity with NADPH as
donor was markedly inhibited by DPI at submicromolar concentrations, whereas with NADH as donor, DPI was
much less effective or had no effecton the activity. The possibility of the inhibition being the result of two differ-
ent enzymes was eliminated by the use of a recombinant NOX protein. The findings support the concept that
NOX proteins serve as terminal oxidases for plasma membrane electron transport involving cytosolic reduced
pyridine nucleotides as the natural electron donors and with molecular oxygen as the electron acceptor. Antioxid.

Redox Signal. 4, 207-212.

INTRODUCTION

THE DESIGNATION N ADH OXIDASE is used for
a broad spectrum of often widely diver-
gent enzymes that oxidize reduced pyridine
nucleotides [NAD(P)H] with transfer of pro-
tons and electrons to molecular oxygen to
generate water. Our laboratory has described
a novel family of cell-surface hydroquinone
oxidases that use external NADH as an alter-
native artificial substrate that we suggest
may function as terminal oxidases of an elec-
tron transport chain from cytosolic NAD(P)H
to molecular oxygen via transmembrane
ubiquinone as an electron shuttle (12). These
enzymes of the external plasma membrane
surface differ from other NOX (for NADH ox-
idase) proteins in that quinone oxidation al-

ternates with protein disulfide-thiol inter-
change (protein disulfide isomerase) to gen-
erate a persistent pattern of oscillations with
a temperature-compensated period length of
24 min (16). To distinguish these NOX pro-
teins as a family from other NOX proteins, we
suggest the designation CLOX for cycling ox-
idase. One member of the CLOX family,
a tumor- (cancer-) specific isoform called
tNOX, has been cloned (accession number
AF207881). CLOX proteins appear to be in-
volved both in the enlargement phase of cell
growth (22) and in cellular time-keeping (7).

There are little or no reduced pyridine nu-
cleotides at the external cell surface. Also, as
pyridine nucleotides are generally unable to
cross the plasma membrane, we regard ex-
ternally supplied NAD(P)H as an artificial
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electron donor for the NOX proteins where
electrons and protons are normally supplied
by plasma membrane electron transport dur-
ing the oxidative part of the CLOX cycle
(16).

In the past, a number of artificial electron
acceptors have been used to monitor plasma
membrane electron transport. These include
ferricyanide (9, 10), tetrazolium salts (1), and
thiazine dyes such as methylene blue (4, 5).
Natural electron acceptors for plasma mem-
brane electron transport in addition to mole-
cular oxygen include ascorbate free radical
(21) and protein disulfides (6). Ascorbate
also can function as an intracellular electron
donor for ferricyanide and dye reduction
(15). A common characteristic of many of
these transfers is inhibition by diphenylene-
iodonium chloride (DPI). DPI is a general
flavoprotein inhibitor, commonly used to in-
hibit NAD(P)H oxidases (11). DPI is re-
ported to sensitize cells to Fas-mediated
apoptosis (8), providing a link between
plasma membrane redox activities and resis-
tance to apoptosis.

The question is often raised or the assump-
tion is made that the above artificial electron
acceptors all serve as measures of the same or
similar NOX proteins. In this report, we have
examined the effect of DPI on CLOX activities
comparing both NADH and NADPH as elec-
tron donors for the electron transport mea-
sured. Using cells and plasma membranes
from both plant and animal sources, as well
as recombinant NOX protein, we show that
with NADH as electron donor, DPI has little
or no effect on NOX activity. However, with
NADPH as donor, DPI inhibits in the micro-
molar range of concentrations. The findings
provide an important correlation to implicate
the cell-surface NOX protein as the principal
terminal oxidase at the cell surface for plasma
membrane electron transport.

MATERIALS AND METHODS

Materials

Unless described otherwise, all chemicals
were from Sigma Chemical Company.
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Plasma membranes/tissue/cell culture

HeLa cells (human cervical carcinoma)
were grown and assayed as described (19).
Etiolated seedlings of soybean (6) were used
as a source of plasma membranes isolated as
described (23). The plasma membrane prepa-
rations used were predominantly right side-
out (cytoplasmic side-in) and have been
characterized extensively (18). A recombinant
truncated NOX was expressed in E. coli (7)
and purified from French Press extracts by
ammonium sulfate fractionation.

Assay of NAD(P)H oxidase

NAD(P)H oxidase activities were mea-
sured using paired Hitachi U3210 spec-
trophotometers over successive 5-min inter-
vals (two to four or more at low inhibitory
concentrations) at 37°C. The activity was de-
termined as the disappearance of NAD(P)H
measured at 340 nm. The reaction mixture in-
cluded sample, 50 mM Tris-MES, pH 7.0, 2
mM KCN, and 150 puM NAD(P)H in a total
volume of 2.5 ml at 37°C with stirring. A mil-
limolar extinction coefficient of 6.22 was used
to determine NAD(P)H disappearance.

DPI (Sigma) was dissolved and diluted in
ethanol. Blanks received only ethanol.

RESULTS AND DISCUSSION

NOX activity was estimated using the de-
crease in absorbance at 340 nm as a measure
of NADH or NADPH oxidation. In general,
the rate with NADH was at least twice that of
the rate with NADPH with plants, but with
HeLa cells the rates with the two electron
donors were nearly equal, and for the recom-
binant tNOX protein, the rate was greatest
with NADPH.

The response to DP], a flavin inhibitor (11),
was determined from the dose-response over
the range 10-4 to 10-8 M (Figs. 1 and 2). Rates
were averaged over several successive 5-min
intervals to normalize variations due to the
periodic oscillations that characterize the
cell-surface NOX proteins (16). Comparisons
were with NADH or NADPH as substrate. As
the NAD(P)H site of the protein is on the ex-
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FIG. 1. Cell surface-associated reduced pyridine nu-
cleotide oxidase (NOX) activity of HeLa cells in culture
comparing NADH (A) and NADPH (B) as substrate and
inhibition by DPI. Results are averages of five (NADH)
or three (NADPH) experiments *+ standard deviations.

ternal cell surface (18), it is possible to esti-
mate the activity using whole cells, as well as
with isolated preparations of plasma mem-
branes, solubilized and partially purified
preparations of the activity, and the recombi-
nant protein.

With HeLa cells, a preferential inhibition
by DPI of NADPH oxidation versus NADH
oxidation was observed despite the fact that
both substrates were utilized with nearly
equal efficiency (Fig. 1) The EC, for DPIinhi-
bition of NADPH oxidation by HeLa cells
was 0.1 wM, whereas an EC,, for NADH oxi-
dation was never reached. Similarly, the EC,,
for DPI inhibition of NADPH oxidation by
solubilized NADH oxidase released from the
surface of HeLa cells by a low pH extraction
(Table 1) was 0.1 pM compared with ~1 pM
for NADH.

With plasma membranes prepared from 1-
cm sections of dark-grown soybeans, DPI was
largely without effect on rates of NADH oxi-
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FIG. 2. Reduced pyridine nucleotide oxidase activity
of plasma membrane vesicles isolated from sections cut
from the zone of cell elongation of etiolated seedlings
of soybean (Glycine max) and inhibition by DPI. Re-
sults are averages of six different experiments *+ stan-
dard deviations.

dation (Fig. 2). In contrast, with NADPH as
the electron donor, the inhibition was much
stronger (Fig. 2). The EC., was 0.1 pM. With
the plasma membranes from soybean, NADH
was the preferred substrate with the activity
being two times that with NADPH as sub-
strate.

To demonstrate that the DPI effect was on
the plasma membrane NADH oxidase, a re-
combinant plasma membrane NADH oxidase
(tNOX) where the cDNA was cloned from
HelLa cells was tested as well (Table 1). Both
NADH and NADPH served as substrates, but
only with the NADPH was the DPI effective
as an inhibitor (Table 1).

Interpretation of measurements of plasma
membrane electron transport with different
electron acceptors would be aided greatly by
availability of one or more common inhibitors.
Plasma membrane electron transport often has
been estimated using tetrazolium dyes (1) such
as the cell-impermeant tetrazolium salt WST-1
[2-(4-indophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium], with the cell-imper-
meant thiazine redox indicators (4, 5, 15) or with
ferricyanide (10) as acceptors. Although oxygen
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TaBLE 1.  INHIBITION OF NOX AcTivity BY DPI (C,, H, CL)
nmol/min/mg of protein EC., for DPI inhibition
Source of NOX el s/
activity NADH NADPH NADH NADHPH
HelLa cells 1.1+0.2 1.4+0.3 Not reached 0.1 pM
Released from HeLa 45+ 10 305 1M 0.1 pM
cells by low pH
Soybean plasma 1.0x0.2 0.5*0.05 Not reached 0.1 pM
membrane
Recombinant tNOX 450 1,350 No response 0.1 pM

to DPI

is often assumed to be the natural electron ac-
ceptor (9), a mechanism whereby electrons com-
ing from NADH or NADPH could be trans-
ferred to oxygen at the cell surface has been
missing from our information. The discovery
of the external plasma membrane-associated
NADH oxidase provides such a mechanism. By
functioning as an external oxidase catalyzing
electron transfer from hydroquinones to oxygen
(12), the plasma membrane-associated NADH
oxidase might represent a key component of the
long-sought physiological electron transport
chain of the plasma membrane.

A means to test the operation of the plasma
membrane-associated NADH oxidase (NOX
proteins) as terminal oxidases of plasma
membrane electron transport is afforded by
the observation that plasma membrane elec-
tron transport can be inhibited by DPI at mi-
cromolar concentrations, but only in the pres-
ence of NADPH as electron donor. With HeLa
cells, the activities with NADH and NADPH
were nearly equal, more so than with plants,
for example, where NADH has been shown
previously to be the preferred substrate (17).
With tetrazolium dyes, the ratio of activity
with NADPH and NADH as substrate varies
from 0.95 to 5.22 depending on cell type. This
could represent an argument for two different
enzymes or two different nucleotide-combin-
ing sites within a single enzyme. However,
recombinant tNOX with only a single appar-
ent adenine nucleotide binding site exhibited
both activities, only one of which, that with
NADPH as donor, was inhibited by DPI.

One physiological role for plasma mem-
brane electron transport with NADH oxidase
in the terminal enzyme is to regenerate pyri-

dine nucleotide for glycolytic ATP production.
Proliferating cells apparently use glycolytic
metabolism to generate ATP for growth (2, 13,
14). According to Lawen and collaborators
(13, 14), the KCN-insensitive oxygen con-
sumption of cultured cells is 10% of the total
(2 X 108 electrons/cell). Plasma membrane
electron transport, as well as the plasma
membrane-associated NADH oxidase, is
cyanide-insensitive (17). If only superoxide
were generated, the cells would be killed. A
four-electron transfer to oxygen to reduce
oxygen to water is required. Therefore, the
plasma membrane emerges as a major respi-
ratory organ, perhaps even more important
than mitochondria. Cells apparently do not
require mitochondria to proliferate. The latter
may be involved only when there is an acute
demand for energy as in muscle contraction.
Cell proliferation apparently does not require
mitochondrial ATP per se.

Although the DPI findings suggest that
electron transport using tetrazolium salts
may be catalyzed by one or more CLOX pro-
teins, a number of observations remain incon-
sistent with these findings. With Jurkat cells,
the reduction of the tetrazolium dye WST-1
was blocked by superoxide dismutase to sug-
gest that WST-1 was reduced extracellularly
by superoxide (1). Under normal circum-
stances, CLOX proteins generate little or no
superoxide (20). An equivalence of ferri-
cyanide reduction and tetrazolium salt reduc-
tion is considered doubtful on the basis that
human erythrocyte ghosts that actively re-
duce ferricyanide (24) fail to reduce WST-1
(1). Ferricyanide reduction and NADH oxida-
tion have been shown from protein purifica-
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tion studies with rat liver plasma membranes
to be catalyzed by different proteins (17).

To account for the rapid and superoxide
dismutase-sensitive reduction of WST-1 (1, 3),
a second enzyme might be operative (A. de
Grey, personal communication). However, if
such an enzyme exists, it has not been identi-
fied. Direct transfer of one electron from re-
duced ubiquinone, not protein catalyzed, in
the presence of dyes or ferricyanide is an al-
ternative possibility.

DPI is a flavin inhibitor. Most NADH oxi-
dases carry bound flavin. Thus, it might be
assumed that the DPI target in plasma mem-
brane redox would be a flavoprotein. How-
ever, the cloned plasma membrane cell-sur-
face NOX, tNOX, does not require flavin for
activity nor does it contain sequence homol-
ogy to known flavin binding domains (6), yet
it is markedly inhibited by DPI with NADPH
as donor, but not with NADH as donor.
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ABBREVIATIONS
CLOX, cycling oxidase; DPI, diphenyl-
eneiodonium chloride;, NADH, reduced

nicotinamide adenine dinucleotide; NADPH,
reduced nicotinamide adenine dinucleotide
phosphate; NOX, cell-surface hydroquinone
(NADH) oxidase with protein disulfide-thiol
interchange activity; tNOX, tumor-associated
NOX; WST-1, 2-(4-indophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium.
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