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ABSTRACT

The observation in the early 1970s that ferricyanide can replace transferrin as a growth factor highlighted the ma-
jor role plasma membrane proteins can play within a mammalian cell. Ferricyanide, being impermeant to the cell,
was assumed to act at the level of the plasma membrane. Since that time, several enzymes isolated from the plasma
membrane have been described, which, using NADH as the intracellular electron donor, are capable of reducing
ferricyanide. However, their exact modes of action, and their physiological substrates and functions have not been
solved to date. Numerous hypotheses have been proposed for the role of such redox enzymes within the plasma
membrane. Examples include the regulation of cell signaling, cell growth, apoptosis, proton pumping, and ion
channels. All of these roles may be a result of the function of these enzymes as cellular redox sensors. The emer-
gence of many diverse roles for ferricyanide utilizing redox enzymes present in the plasma membrane might also,
in part, be due to the numerous redox enzymes present within the membrane; the poor molecular characteriza-
tion of the enzymes may be the reason for some of the diverging results reported in the literature as various re-
searchers may be working on different enzymes. Here we review the diverse proposals given for structure and
function to the plasma membrane NADH-oxidoreductase system(s) with a specific focus on those enzyme activi-
ties which can couple ferricyanide and NADH. Although they are still ill-defined enzymes, evidence is rising that
they are of utmost significance for cellular regulation. Antiox. Redox Signal. 2,197-212.

INTRODUCTION plasma membrane level were described by

Voegtlin and co-workers (Voegtlin et al., 1925)

O DATE THE INNER MITOCHONDRIAL and the
Tthylakoid membranes contain the best-
characterized electron transmembrane trans-
port systems, namely the respiratory and pho-
tosynthetic electron transport chains. However,
within every membrane there appears to exist
similar electron transport systems and within
every plasma membrane studied so far there
exists at least one transmembrane electron
transport system, namely the plasma mem-
brane NADH-oxidoreductase (PMOR). The ini-
tial observations of redox regulation at the

when they showed that dyes, which were later
shown to be impermeant to cells (Keilin and
Hertree, 1946; Székely et al., 1952), were still re-
duced by tissue slices and in vivo. Further evi-
dence pointing to an electron transport system
located in the plasma membrane was then
formed by Brooks (1947), who described
plasma membrane-impermeant redox dyes be-
ing capable of activating the growth of sea
urchin eggs while being reduced. Theories ex-
plaining the presence of such enzymes in the
plasma membrane then surfaced, according to
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which, components of the endoplasmic reticu-
lum would be transported through the Golgi,
onto the plasma membrane taking along with
them components of a transmembrane electron
transport system from the endoplasmic reticu-
lum (Morré et al., 1979). A plasma membrane
electron transport system was later evidenced
by Barnes and Sato (1980), who defined fer-
risulfate as a growth factor as it could replace
transferrin and maintain cell survival. Later on
it was shown by Ellem and Kay (1983) that fer-
risulfate can be replaced by ferricyanide. Be-
cause ferricyanide is an anion, large in struc-
ture and hydrophilic in nature, it is believed
not to permeate the plasma membranes of cells
(Keilin and Hertree, 1946; Székely et al., 1952;
Mishra and Passow, 1969). This finding there-
fore linked the plasma membrane ferricyanide-
reductase as a vital communicator from the
outside world, to intracellular signaling. Many
oxidoreductases have since been found to be
present on the plasma membrane, from proto-
zoa to humans. Two major families can be
distinguished, the NAD(P)H acceptor oxidore-
ductases and the NADH acceptor oxidoreduc-
tases, the latter of which will be the focus of
this review.

Erythrocyte membrane preparations (which
lack any contamination by intracellular mem-
branes) were shown to contain ferricyanide re-
ductase activity which is specific for NADH as
a cofactor (Low and Werner, 1976; Grebing et
al., 1984). Plasma membrane preparations from
other mammalian sources have also been
shown to contain such an activity, which is
not inhibitable by the mitochondrial inhibi-
tors cyanide, 2-heptyl-4-hydroxyquinoline-N-
oxide, rotenone, and antimycin A (Sun et al.,
1984; Low and Crane, 1995), thus clearly dis-
tinguishing it from mitochondrial oxidoreduc-
tases. On the other hand, these authors describe
atebrin as a specific inhibitor of the activity,
thereby distinguishing it from the atebrin-in-
sensitive corresponding enzymes from the en-
doplasmic reticulum.

Transplasma membrane NADH-oxidoreduc-
tase activities have been linked to several vital
cellular functions, including growth control
(Crane et al., 1985), iron uptake (Inman and
Wessling-Resnick, 1993), apoptosis (Lawen et al.,
1994; Morré, et al., 1995a; Wolvetang et al., 1996),
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bioenergetics (Sun et al., 1984; Larm ef al., 1994),
transformation (Morré et al., 1997; Morré and
Reust, 1997; Chueh et al., 1997), and hormone re-
sponses (Pershadsingh and McDonald, 1979).
The diversity of such functions may be due to
the privileged position in which these enzymes
are located, potentially making them the (redox)
sensory switch between the external environ-
ment and the intracellular signaling cascades.

CHARACTERISTICS OF MAMMALIAN
NADH:FERRICYANIDE-REDUCTASES

The investigation of the NADH:ferricyanide-
reductase from Ehrlich ascites tumor cells has
revealed that the enzyme may be a glycopro-
tein, and that the glycosidic moiety appears to
be required for full activity because the enzyme
is sensitive to treatment with various glycosi-
dases (del Castillo-Olivares et al., 1994). Fur-
thermore the NADH:ferricyanide-reductase ac-
tivity can be strongly activated by the bivalent
cations Ca?*, Mn2", Sr?* and Mg?* at micro-
molar concentrations (del Castillo-Olivares et
al., 1994). The enzyme is NADH specific, be-
cause exchange of NADH by NADPH in the in
vitro incubation leads to abolishment of the ac-
tivity of partially purified enzyme preparations
(Vaillant et al., 1996). The enzyme, partially pu-
rified from rat liver plasma membranes, can be
stimulated by addition of co-factors such as co-
enzyme Q (CoQ), and inhibited by covalent
binding of the thiol compound p-chloromercu-
riphenylsulfonic acid (Sun et al., 1984; Vaillant
et al., 1996), suggesting an active thiol group ei-
ther in its active site, or very close to it. There
are at least two lines of experimental evidence
to suggest transmembraneous localization of
the enzyme: (1) it has been shown that a de-
hydrogenase capable of oxidizing NADH must
have both sides of the plasma membrane avail-
able for maximal activity (Grebing et al., 1984);
(2) upon modification with diazobenzenesul-
fonate (a plasma membrane impermeant agent
that can bind to exposed functional groups of
membrane proteins and thus react with both
transmembraneous and external proteins but
not with internal proteins), cells lose some of
their ferricyanide reductase activity (Sun et al.,
1984; Grebing et al., 1984).
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In HeLa cells, biphasic ferricyanide reduc-
tion kinetics have been observed (Sun et al.,
1984). Recently, evidence has been presented
for two different ferricyanide reductases in HL-
60 cells (Van Duijn et al., 1998), making the mea-
surement of data on in vivo ferricyanide re-
duction rather difficult to interpret. Therefore,
the major aim of the field, obviously, has to
be the molecular characterization of the en-
zymes involved in the transplasma membrane
NADH-oxidoreductase complex.

The plasma membrane NADH:ferricyanide-
reductase is believed to be in tight association
with a second plasma membrane redox enzyme
called the plasma membrane NADH-oxidase
(Crane et al., 1985). The oxidase also uses
NADH as a cofactor, and presumably oxygen
as a final electron acceptor (Crane et al., 1985).
The NADH-oxidase may be linked to the
NADH:ferricyanide-reductase via CoQ (Sun et
al., 1992) to form the bigger PMOR complex.

CANDIDATES FOR THE PLASMA
MEMBRANE NADH:FERRICYANIDE-
REDUCTASE

To date various plasma membrane oxidore-
ductases have been described and partially
characterized from many different sources. Po-
tentially several of these enzymes could fulfil
the role as the key player(s) in redox regulation
at the plasma membrane level (see Medina et
al., 1997 for a list of enzymes). Here we shall
focus on the plasma membrane NADH:ferri-
cyanide-reductase enzyme(s).

Dehydrogenases from the plasma membrane
of erythrocytes and human lymphoblastoid
cells lines have been purified and include the
NADH methemoglobin reductase. This en-
zyme can function as an NADH:ferricyanide-
reductase and has been found to be anti-
genically undistinguishable from NADH: cy-
tochrome bs-reductase (Goto-Tamura et al.,
1976). However NADH:cytochrome bs-reduc-
tase is not transmembraneous because inside-
out erythrocyte ghosts retain 100% of cy-
tochrome ¢ reducing activity in the presence of
NADH (Grebing et al., 1984). However, right-
side-out ghosts do not reduce cytochrome c at
all, suggesting that NADH:cytochrome bs-re-
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ductase is associated with the inner side of the
plasma membrane only (Grebing et al., 1984).
These same authors showed that exposure to
both sides of the membrane was required for
at least 50% of the total erythrocyte NADH:fer-
ricyanide-reductase activity. Therefore, the
presence of another NADH:ferricyanide-re-
ductase was postulated. This second plasma
membrane NADH:ferricyanide-reductase was
suggested to be the transplasma membrane
transferrin reductase, or part of the transferrin
receptor itself (Crane et al., 1985). Indeed, a re-
cent publication demonstrated that the staphy-
lococcal transferrin receptor protein, Tpn, is a
multifunctional cell wall enzyme with high
homology to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Modun and Williams,
1999). GAPDH is capable of reducing 2,6-
dichloroindophenol (DCIP), a substance com-
monly used instead of ferricyanide to assay
plasma membrane NADH-dehydrogenases
(Buillard et al., 1997). However the NADH:fer-
ricyanide-reductase itself is most probably not
part of the transferrin receptor because ery-
throcytes with very good ferricyanide reduc-
tion have little transferrin receptor (Octave et
al., 1983). Furthermore, affinity-purified trans-
ferrin receptors from human placental tro-
phoblast plasma membrane preparations do
not exhibit any measurable NADH:ferri-
cyanide-reductase, whereas the membrane
preparations retain measurable NADH:ferri-
cyanide-reductase activity (Berczi and Faulk,
1992).

Another promising plasma membrane can-
didate protein that has been purified and that
would qualify for the NADH:ferricyanide-re-
ductase is a still ill-defined 40-kDa protein iso-
lated by Wang and Alaupovic (1978). This en-
zyme can be inhibited by divalent ions and
sulfhydryl agents. Furthermore, it is specific for
NADH, as NADPH is ineffective as a reducing
agent when added together with ferricyanide,
DCIP or cytochrome c. This enzyme is a glyco-
protein and it is likely to be a transmembrane-
ous protein (Wang and Alaupovic, 1978).

Yet another dehydrogenase suggested to be
part of the PMOR complex was found by Bul-
liard and co-workers (1997). In their report, the
authors describe the isolation of a complex of
four proteins from rat brain using NADH and
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DCIP in the enzyme assays. The isolated com-
plex comprised of a GAPDH isozyme, a bovine
homologue of the rat 64-kDa protein “turned
on after division” (TOAD)-64 (Minturn et al.,
1995), enolase-vy, and aldose C. No NADH-ox-
idase activity, commonly believed to be in as-
sociation with the NADH:ferricyanide-reduc-
tase, was found in the isolated complex
(Buillard et al., 1997).

ASCORBATE REGULATION

Although the NADH:ferricyanide-reductase
is most commonly analyzed using ferricyanide
as a substrate, this clearly is not the physiolog-
ical substrate of the enzyme. To date many re-
dox compounds have been found in, and iso-
lated from, the plasma membrane. They
include thiols, iron/copper cytochromes (in-
cluding bs, P420, and P450), and CoQ (Bruder
et al., 1980; Cunningham et al., 1982; Loeper et
al., 1993). All constitute potential physiological
substrates for the NADH:ferricyanide-reduc-
tase. An additional potential physiological sub-
strate for the NADH:ferricyanide-reductase is
ascorbate. Ascorbate, like ferricyanide, can in-
crease the growth rate of tumor cells when
added to the media (Alcain et al., 1990). Ascor-
bate at 0.2 mM stimulates growth of A-204
rhabdomyosarcoma and HL-60 cells (Alcain et
al., 1990), however the same concentration in-
hibits growth of U-20s osteosarcoma, Y-79
retinoblastoma, and several neuroblastoma cell
lines (Medina et al., 1994; Garcia de Veas et al.,
1995). There appears to be a connection be-
tween ascorbate oxidation and ferricyanide re-
duction.

As discussed in more detail in a recent re-
view by May (1999), there is some evidence to
suggest that ascorbate may be able to act as an-
other intracellular electron donor for the
NADH:ferricyanide-reductase in wvivo. Cell
membranes loaded with ascorbate show a
higher rate of external ferricyanide reduction
than those loaded with NADH (May et al.,
1998). However, to the authors’ knowledge, the
suggestion of ascorbate being an electron donor
for the reductase has not yet been examined in
vitro with purified enzyme preparations. Fur-
thermore, evidence presented by van Duijn et
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al. (1998), indicates that the ferricyanide reduc-
tion that is stimulated by ascorbate is not due
to the plasma membrane NADH:ferricyanide-
reductase. Addition of extracellular ascorbate
has been shown to increase the reduction of
ferricyanide at the plasma membrane level
(Schweinzer and Goldenberg, 1993). One mech-
anism that has been proposed to explain the in-
crease of ferricyanide reduction by external
ascorbate, is that upon addition of extracellu-
lar ascorbate, ferricyanide reacts directly and
nonenzymatically forms ferrocyanide and
ascorbate free radical (AFR) (Schweinzer and
Goldenberg, 1993). The ascorbate free radical
then becomes reduced into ascorbate by a
second enzyme, distinct to the NADH:ferri-
cyanide reductase, namely the AFR-reductase.
However, because addition of excess ferri-
cyanide to a solution of ascorbate yields dehy-
droascorbate in an extremely quick manner,
this mechanism appears to be unlikely (Van
Duijn et al., 1998). Nevertheless, the AFR-re-
ductase may still play a role in ascorbate home-
ostasis. It has been shown that ascorbate, at
37°C, in the presence of oxygen spontaneously
undergoes autoxidation to form the free radi-
cal (Winkler, 1987). However in the presence of
cells, both the rate of ascorbate autoxidation de-
creases, and the amount of ascorbate in the me-
dia increases significantly (Alcain ef al., 1991).
Such a stabilization in external ascorbate may
be due to the AFR-reductase.

An additional route of dehydroascorbate
(DHA) uptake was evidenced by nuclear mag-
netic resonance studies in whole red blood
cells. Extracellularly added, 13C-labeled DHA
was shown to enter the cells. During this
process, DHA became rapidly reduced. This
uptake and the concomitant reduction are be-
lieved to occur through a novel transport mech-
anism, a process that appears to be linked to
NADH oxidation (Himmelreich et al., 1998).

Increasing the intracellular concentration of
ascorbate has also been shown to result in an
increase in ferricyanide reduction in whole red
blood cells (Himmelreich and Kuchel, 1997).
The mechanism proposed for this increase is a
more complicated one. The stimulation of fer-
ricyanide reduction involves the uptake of the
two-electron oxidized form of ascorbate, DHA,
into the cytosol of cells. DHA and extracellu-
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lar ferricyanide are utilized by a transplasma
membrane  ascorbate:ferricyanide-reductase,
forming ascorbate and ferrocyanide.

The uptake of DHA has been shown to oc-
cur through the glucose transporter GLUT-1
(Guaiquil et al., 1997). Once taken into the cell,
DHA is converted back to ascorbate. The mech-
anism of this conversion remains controversial.
The reduction of DHA to ascorbate inside the
cells has been linked to a second plasma mem-
brane electron transport system, not involving
the NADH:ferricyanide-reductase (Himmelre-
ich et al., 1998; Van Duijn et al., 1998). The au-
thors reached that conclusion because pCMBS,
normally a potent inhibitor of the NADH:fer-
ricyanide-reductase, has little effect on the re-
duction of DHA to ascorbate (Van Duijn et al.,
1998). This second plasma membrane ascor-
bate:ferricyanide-reductase may be capable of
converting dehydroascorbate back into ascor-
bate, using extracellular ferricyanide. This
would explain the increased rate of ferri-
cyanide reduction upon addition of ascorbate
(Van Duijn et al., 1998). Interestingly, blocking
the GLUT-1 receptor before addition of ascor-
bate totally abolishes ascorbate-dependent fer-
ricyanide reduction. However blocking the
GLUT-1 receptor after addition of ascorbate,
does not inhibit ascorbate-dependent ferri-
cyanide reduction (Himmelreich et al., 1998;
Van Duijn et al., 1998). One candidate for the
ascorbate:ferricyanide-reductase could be the
selenoenzyme thioredoxin reductase, as liver
cytosolic fractions from selenium-deficient rats
show a decreased generation of ascorbate,
when compared to cytosolic fractions from nor-
mal rats (May et al., 1997). Also, gold-contain-
ing compounds have been shown to inhibit se-
lenoenzymes (Chaudiere and Tappel, 1984).
Upon addition of gold thioglucose (auro-
thioglucose) to purified rat liver cytosol, a 90%
decrease in ascorbate regeneration is seen (May
et al., 1997). This suggests that the NADPH-de-
pendent thioredoxin reductase may be the sec-
ond electron transport system involved in
ascorbate-dependent ferricyanide reduction. In
accordance with that hypothesis, oxidation of
NADPH and glutathione (GSH) has been re-
ported to occur when ferricyanide was added
to ascorbic acid-loaded red blood cells (Him-
melreich et al., 1998). Although an ascorbate
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transporter has been described to be present on
some nucleated cells (Rose, 1988), ascorbate it-
self may not directly be taken into the cell, since
intracellular ascorbate only accumulates when
DHA is present in the medium (Van Duijn ef
al., 1998). A summary of the putative pathways
and enzymes involved in ascorbate-dependent
redox reactions is given in Fig. 1.

IRON UPTAKE

It is commonly believed that iron uptake oc-
curs by endocytosis of transferrin and its re-
ceptor followed by the release of iron into an
endosome at low pH (Baldwin et al., 1982). But
there is evidence to suggest that this is not the
only mechanism for iron uptake in mammalian
cells: cells from which the transferrin receptor
has been removed, are still capable of taking
up iron. This suggests that there exists a trans-
ferrin-independent iron uptake pathway
(Berczi and Faulk, 1992). The first steps in-
volved in the nontransferrin iron uptake into
cells, include the specific binding of iron to the
plasma membrane (Musilkova et al., 1998). It is
unknown to which receptor the iron binds on
the plasma membrane, however there is evi-
dence from studies with yeast to suggest that
it may be the plasma membrane NADH:ferri-
cyanide-reductase. A yeast plasma membrane
NADH-reductase has been identified, which is
responsible for the transport of ferrous iron
across the cell surface (Dancis et al., 1990). A
similar enzyme may exist in mammalian cells.
Studies based mainly upon the unique proper-
ties of K562 cells have demonstrated that a fer-
ricyanide NADH-reductase may be responsi-
ble for transferrin-independent iron transport
in these cells (Inman and Wessling-Ressnick,
1993).

K562 cells have maintained a unique ferri-
cyanide reductase that is not involved in
growth. This NADH:ferricyanide-reductase
isozyme appears to be tightly coupled to the
transferrin-independent iron uptake pathway
(Inman and Wessling-Resnick, 1993; Inman et
al., 1994). This was demonstrated by the fol-
lowing experiments: (1) Ferricyanide compet-
ing with the iron binding site in the ferri-
cyanide reductase completely inhibits iron
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uptake of *Fe nitriloacetic acid (Inman et al.,
1994); (2) the alkylating agent N-ethyl-
maleimide (NEM) completely inactivates the
ferricyanide reductase (Inman et al., 1994).
NEM also inhibits transferrin-independent iron
transport in K562 cells (Inman and Wessling-
Resnick, 1993); (3) cadmium inhibits both the
ferricyanide reduction and the transferrin-in-
dependent iron transport. This suggests that
ferricyanide reductase and the iron transport
are one and the same, or alternatively they both
contain the same Cd?* binding site (Inman et
al., 1994).

Robinson et al. (1999) have identified an
FRO2 gene from Arabidopsis, an iron-deficient
plant, that is homologous to that of ferric-
chelate reductase. The latter is required in
plants to acquire soluble iron. FRO2 is a mem-
ber of the superfamily of flavocytochromes that
transport electrons across membranes and that
have binding sites for heme and cytoplasmic
nucleotide binding co-factors.

Yeast has a similar set of genes, which ap-
pear to play a major role in iron reduction. The
first gene isolated is known as FRE]1 (ferric re-

AFR-reductase

GSH

. NADH NAD
NA(J(?rH NAD((; H Dehydroascorbate
Ascorbate?) Dehydroascorbate?)
Ascorbate

e

ytochalasin B

Dehydroascorbate

Ascorbate: ferricyanide-reductase

Ferrocyanide

Pathways and enzymes involved in ascorbate-dependent-ferricyanide reduction.

ductase enzyme 1). There now exist nine open
reading frames which, based on amino acid
similarity, fall into the category of iron/copper
reductase-related genes (Georgatsou and
Alexandraki, 1999). Disruption of both the
FRE1 and the related FRE2 gene completely
abolishes ferric reductase activity in yeast
(Georgatsou and Alexandraki, 1994). These
genes encode regions with sequence homology
to the gp91-phox protein, a component of the
human phagocyte NADPH oxidoreductase
(Roman et al., 1993), suggesting that a reduc-
tase may play an important role in iron uptake.
Also, hydropathic analysis points to proteins
with five membrane-spanning helices. Both
genes have been shown to be induced by iron
deprivation (Georgatsou and Alexandraki,
1994).

The plasma membrane NADH:ferricyanide-
reductase is capable of reducing iron in trans-
ferrin (Crane et al., 1985). Thus, the diferric re-
ceptor site may be identical with or very close
to the transmembrane electron-transfer com-
plex (Crane et al., 1985).
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GROWTH CONTROL SIGNALING

The first evidence for the involvement of the
transplasma membrane NADH:ferricyanide-
reductase in growth control came when Ellem
and Kay (1983) showed that the addition of ex-
ternal ferricyanide can stimulate the growth of
melanoma cells, in the absence of sufficient
growth factors. Concentrations between 0.01
and 0.1 mM ferricyanide are needed to stimu-
late growth of cells. Ferrocyanide, on the other
hand, does not stimulate nor does it inhibit
growth (Ellem and Kay, 1983). Ferricyanide,
being impermeant to cells, must be working on
the plasma membrane level. Léw and Crane
(1995) later demonstrated that ferricyanide can-
not activate growth on its own, but rather
maintains an already established signal. Sup-
porting this idea, Crane ef al. (1982) have es-
tablished that the reductase activity of Saccha-
romyces cerevisiae is dependent on the growth
phase of yeast cells, which stop to reduce ex-
tracellularly added electron acceptors once
they enter the stationary phase.

The exact mechanism by which ferricyanide
simulates cell growth still needs to be estab-
lished. A likely explanation, however, may be
a stimulation of the plasma membrane
NADH:ferricyanide-reductase, which leads to
electron transfer, causing an increase in cyto-
plasmic pH, mobilization of calcium ions,
turnover of phosphatidyl inositol, and changes
in ratios of cyclic nucleotides or redox state of
pyridine nucleotides (see next section)—all sig-
nals able to lead finally to growth stimulation
of a cell.

pH CHANGES AND
MITOGENIC ACTIVITY

It was noted in the early days of research on
plasma membrane redox proteins that addition
of ferricyanide to the external medium causes
a proton release from erythrocytes, adipocytes,
and HeLa cells (Dormandy and Zarday, 1965).
The protons released from cells cause acidifi-
cation of the medium and alkalization of the
cytosol (Low and Crane, 1995). Such alkaliza-
tion has been proposed to lead to growth of the
cells, since mitosis has been related to an in-
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crease in cytosolic pH (Gerson et al., 1982).
Upon addition of ferricyanide to the medium,
the NADH:ferricyanide-reductase begins to ox-
idize cytosolic NADH. The free protons formed
upon oxidation are then believed to be pumped
from the cytosol out of the cell by a Na*/H™
antiporter (Sun et al., 1988). Under steady-state
conditions, a balance of proton influx and ef-
flux would remain the same and no difference
in plasma membrane potential would occur.
However, the plasma membrane potential in-
creases when accumulation of protons in the
cytosol occurs (hyperpolarization). Alterna-
tively, a decrease in the plasma membrane po-
tential occurs when the majority of cytosolic
protons are “pumped out” in cell culture into
the medium, or in vive into the extracellular
matrix (depolarization). Upon addition of 0.5
mM ferricyanide to bean root cells, a depolar-
ization (20—40 mV) of the plasma membrane is
seen (Sijmons et al., 1984), suggesting that the
protons generated by the NADH:ferricyanide-
reductase are exported to the other side of the
plasma membrane. Such a depolarization is ac-
companied by a cytosolic alkalization. Three
minutes following addition of ferricyanide, the
cell becomes slightly repolarized (Sijmons et al.,
1984). The short-term electrochemical gradient
produced by the addition of external ferri-
cyanide may aid in the uptake of amino acids
through a Na*-dependent amino acid trans-
port system. These amino acids would then be
used by the cell, during the mitogenic process
(Valdeolmillos et al., 1986).

Contrary to these findings, Thomas et al.
(1996) reported that the addition of 100 uM fer-
ricyanide to serum-starved PC12 cells causes a
cytosolic acidification, a drop of pH from 7.52
to 7.25 was measured. This pH drop has also
been proposed to play a major role in mitogenic
signaling, because DNA synthesis and ATP
production increase (Thomas et al., 1996). It is
still unclear as to why ferricyanide causes a pH
decrease in PC12 cells. The authors suggest that
the addition of physiological concentrations of
bicarbonate to their culture media causes the
activation of one or more bicarbonate-depen-
dent acid extrusion mechanism(s). Such a
mechanism aids in the acidification of the
cytosol when ferricyanide is added. There
seems to be no doubt that stimulation of the
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plasma membrane NADH:ferricyanide-reduc-
tase leads, in the first instance, to cytosolic acid-
ification and in the second instance to growth
stimulation. Whether the initial acidification it-
self serves as a growth signal or has to be first
converted into an alkalization still remains to
be finally established.

SECOND MESSENGERS

The signaling pathway originating from the
transplasma membrane dehydrogenase, also
remains unclear. Apart from proton movement
in the cytosol, G proteins may play a role in the
transduction of the signal (del Castillo-Olivares
et al., 1995). Rodriguez-Aguilera et al. (1993)
have shown that the transplasma membrane
dehydrogenase may work through a signaling
cascade involving the second messenger
cAMP. Additionally, increasing PMOR activity
increases the cytosolic Ca?* concentration,
which then leads to activation of PKC. PKC it-
self has also been found to stimulate ferri-
cyanide reductase activity (del Castillo-Oli-
vares et al., 1996), which may suggest the
existence of a self-amplification loop.

The importance of the transplasma mem-
brane NADH:ferricyanide-reductase in growth
control is also evidenced by the effects of com-
mon anticancer drugs. Such drugs are believed
to induce cell arrest and finally to cause the
cells to undergo apoptosis. Azaserine, acivicin
(Medina et al., 1992b), adriamycin, dauno-
mycin, AD32 (Vyskocil et al., 1983), cisplatin
(Sun and Crane, 1984), mitoxantrone (Medina
et al., 1991), adriamycin (Tritton and Yee, 1982),
bleomycin (Sun and Crane, 1985), cis-di-
aminedichloroplatinum (II), and actinomycin
D (Crane et al., 1985) all are strong inhibitors of
the plasma membrane NADH:ferricyanide-re-
ductase. Once thought to disrupt the internal
environments of cells, many of the aforemen-
tioned drugs may actually be acting at least ad-
ditionally at the level of the plasma membrane.
Tritton and Yee (1982) immobilized adriamycin
on agarose beads, making it totally imperme-
ant to cell membranes and found that the com-
pound had an improved cytotoxicity when
compared to soluble compound. Inhibition of
the reductase with drugs at concentrations that
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inhibit growth also points to the vital role the
plasma membrane NADH:ferricyanide-reduc-
tase may play in the regulation of growth.

PMOR ACTIVITY CHANGES DURING
TRANSFORMATION AND
DIFFERENTIATION OF CELLS

The plasma membrane NADH:ferricyanide-
reductase has been found ubiquitously in cells,
ranging from protozoa to humans. Neverthe-
less, the role of the mammalian enzyme has re-
mained inconclusive over the past several
decades. Some knowledge has been gained
while observing the relationship between the
NADH:ferricyanide-reductase and the trans-
formation of cells, which was achieved using
two oncogenes, N-myc and Ha-Ras (Medina et
al., 1992a; Crowe et al., 1993). A reverse rela-
tionship between N-myc expression and ascor-
bate oxidation in three neuroblastoma cell lines
was found (Medina et al., 1992a). Ascorbate
(as discussed above) may be a natural electron
acceptor for the transplasma membrane
NADH:ferricyanide-reductase. A decrease in
ascorbate oxidation suggests that a reductase
may be up-regulated to maintain ascorbate
in its reduced form. This enzyme may be
the NADH:ferricyanide-reductase. Similarly,
the NADH:ferricyanide-reductase activity in-
creased five-fold during the transfection of the
Ha-ras gene into CBH 10T1/2 mouse embryo
fibroblast cells (Crowe et al., 1993). However,
because reduction of externally added cy-
tochrome c also increased under these condi-
tions, the increase may be attributed to an in-
crease in cytochrome bs reductase activity. Yet
another explanation may be an increase in the
internal supply of NADH (Crane et al., 1985).
The increase of plasma membrane NADH:fer-
ricyanide-reductase activity upon transforma-
tion (perhaps upon increase in intracellular
NADH concentration) would fit with the hy-
pothesis that the NADH:ferricyanide-reduc-
tase is involved in up-regulation of cell growth
and correlates with cell proliferation.

The up-regulation of the transplasma mem-
brane NADH:ferricyanide-reductase is not re-
stricted to cell transformation. A change in
the NADH:ferricyanide-reductase activity was
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shown during differentiation of HL-60 cells af-
ter a period of 24 hr with 12-O-tetrade-
camoylphorbal-13-acetate (TPA) (Burén et al.,
1993). TPA causes the promyelocytic HL-60
cells to undergo a monocytic differentiation.
These cells lose their proliferative capacity and
acquire maturation features of macrophage-
like cells (Rovera et al., 1979). However, during
the differentiation, a 1.4-fold increase in ferri-
cyanide reduction occurs. This may indicate a
stimulation of the NADH:ferricyanide-reduc-
tase during TPA-induced differentiation, again
supporting the hypothesis that the enzyme
may be generally involved in cell signaling and
growth control. TPA-induced stimulation of
ferricyanide reduction provides a specific ex-
ample for a potential involvement of the
NADH:ferricyanide-reductase in the regula-
tion of cell differentiation. Such small changes,
however, could also be caused by the secretion
of a substrate for the reductase, because stim-
ulations in that order have also been described
upon ascorbate addition to the medium (Him-
melreich and Kuchel, 1997).

BIOENERGETICS

It is still unclear whether the transplasma
membrane NADH:ferricyanide-reductase causes
a direct change in the nucleotide concentration
of cells, or whether a change in the nucleotide
ratio modulates the enzyme activity. Lactate as
a direct source of cytosolic NADH enhances
ferricyanide reductase activity in whole cells
(Medina et al., 1988), suggesting that an in-
crease in the NADH:NAD™ ratio may stimu-
late the NADH:ferricyanide-reductase. One
role the PMOR may play is that of a cellular re-
dox sensor. Supporting this view, we have
shown in our laboratory that during the gen-
eration of p° cells, in which NADH is no longer
oxidized by the respiratory chain, a more than
three-fold increase in the rate of NADH:ferri-
cyanide-reduction occurs. The pP cells appear
to respond to the increased NADH:NAD™ ra-
tio as a result of an nonfunctional electron
transport chain by up-regulating the activity of
the NADH:ferricyanide-reductase. Similarly,
the addition of mitochondrial inhibitors such
as potassium cyanide can stimulate ferri-
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cyanide reduction (Gutierrez et al., 1998). Im-
pairment of the respiratory chain has also been
implicated during ageing (Linnane et al., 1990).
The up-regulation of the NADH, in response
to the nucleotide pool may enhance survival in
such energy-deficient cells (Lawen et al., 1994).
Similarly, the up-regulation of the NADH:fer-
ricyanide-activity may explain the survival of
tumor cells, in which the natural environment
of the cell is believed to become hypoxic. Be-
cause normal mitochondrial respiration may be
impaired during tumor progression, levels of
NADH may be maintained by up-regulation of
the enzyme.

However, the phenomena described appear
to be dependent on the cell line used. Low et
al. (1991) found that transformation of Swiss
3T3 fibroblasts with the simian virus 40 (SV40)
caused a decrease in ferricyanide reduction.
This was accompanied by an increase in the
number of transferrin receptors. Similarly, we
have observed a down-regulation of both
NADH:ferricyanide-reductase and NADH-ox-
idase activity during prolonged treatment with
ethidium bromide in fibroblast cell lines (Ma-
lik et al., unpublished results). A summary of
the available data on the regulation of the two
PMOR activities depending on the various cel-
lular states is given in Table 1.

APOPTOSIS

The PMOR system is believed to consist of
atleast two enzyme activities, the plasma mem-
brane NADH:ferricyanide-reductase and the
plasma membrane NADH-oxidase (Crane et
al., 1985). In an attempt to purify and charac-
terize the plasma membrane NADH-oxidase a
32-kDa ectoenzyme has been shown on the
outer surface of the plasma membrane (Morré
et al, 1995b). In vitro, this enzyme uses NADH
and presumably oxygen as a final electron ac-
ceptor (Crane et al., 1985). Evidence is accu-
mulating, that in transformed cells, an isoform
of the NADH-oxidase exists. This isoform may
be shed into the medium or sera of cancer pa-
tients (Wilkinson et al., 1996). It has been re-
ported by us and others that the NADH-oxi-
dase can be stimulated by the addition of CoQ
and its analogues (Brightman ef al., 1992; Larm
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TaBLE 1.
Cell

Cell line treatment Reductase Oxidase Comments References
Neuroblastoma Transfection 16%~72% nd? Tumor vs. normal cells, faster growth = Medina et al., 1992

with N-myc greater PMOR activity
Mouse embryonic Transfection 5-Fold nd? (1) Increase in amount of enzyme on plasma Crowe et al., 1993
fibroblasts with Ha-ras increase membrane

(2) Increase in internal [NADH]
human myeloid HL-60 TPAP 1.4-Fold nd? Internal [NADH] and [NAD™"] Burén et al., 1993
increase

human myeloid HL-60 Ethidium 3-Fold 4-Fold An increase in “hypoxic”-like conditions, Larm et al., 1994; S. Malik, S. Marzuki, and

bromide increase increase leads to up-regulation of PMOR A. Lawen, unpublished data
human
lymphoblastoma
Namalwa
Human fibroblasts Ethidium Decrease Decrease S. Malik, S. Marzuki, and A. Lawen,

bromide unpublished data
Swiss 3T3 mouse Transformation 4-Fold nd? Low et al., 1991
embryo fibroblast cells with SV-40 decrease
K562 human Mitochondrial Increase nd? Decrease in cellular ATP concentration Gutierrez et al., 1998
erythroleukemia inhibitors

and, not determined

bTPA, 12-O-tetradecamoylphorbal-13-acetate.
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et al., 1994; Vaillant et al., 1996; Wolvetang et
al., 1996). These analogues were also shown to
stimulate activity of the plasma membrane
NADH:ferricyanide-reductase of whole cells
(Larm et al., 1994). The ability of the CoQ to
stimulate both the NADH-oxidase and the
NADH:ferricyanide-reductase may suggest a
functional link between the two moieties. A
compound related in structure to CoQ is cap-
saicin. Capsaicin is the pungent ingredient
found in a wide variety of red peppers. We
and others have demonstrated that capsaicin
and its analogues dihydrocapsaicin and
resiniferatoxin (all three CoQ analogues be-
longing to the class of vanilloids) are potent
inhibitors of the NADH-oxidase (Morré et al.,
1995a; Vaillant et al.,1996; Wolvetang et al.,
1996). The inhibition of the NADH-oxidase by
vanilloids has been shown to induce rapid
apoptosis in leukemic (Lawen et al., 1994; Wol-
vetang et al., 1996) and HelLa cells (Morré et
al., 1995a). Apoptosis is a physiological form
of cell death, whereby cells undergo morpho-
logical changes, including a characteristic
blebbing of the plasma membrane, and after
which, in vivo, the cell is engulfed by
macrophages (Schwartzman and Cidlowski,
1993). The induction of apoptosis in many sys-
tems can be inhibited by the classical anti-
apoptotic oncogene product, Bcl-2, however it
is unclear how Bcl-2 exerts its anti-apoptotic
effect. Upon addition of capsaicin to Daudi,
FDCP-1, or HL-60 cells, apoptosis occurs
within 6-12 hr. The induction of apoptosis by
the vanilloids can be prevented by the PMOR
substrate CoQ (Wolvetang et al., 1996). After
transfection of the cell lines with Bcl-2, cap-
saicin no longer exerts its apoptosis-inducing
effect. (Wolvetang et al., 1996). The mechanism
by which inhibition of the NADH-oxidase
leads to apoptosis has been suggested by us
to be the generation of an imbalance in the cel-
lular NADH/NAD" ratio (Lawen et al., 1998).
Such an imbalance can be considered as ox-
idative stress (in an electron sense rather than
an oxygen sense). One means of overcoming
such oxidative stress would be to up-regulate
the NADH:ferricyanide-reductase. This can be
achieved by the stimulation of the reductase
through addition of ferricyanide to the cells.
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FIG. 2. Prevention of plasma membrane NADH-
oxidase inhibition-induced apoptosis by stimulation
of the plasma membrane NADH:ferricyanide-reductase.
Daudi cells were incubated with 10 mM ferricyanide (H),
10 mM resiniferatoxin (A) or both (V). Cells were har-
vested at the indicated times, cytospun, and stained with
DAPI (Grubb et al., 1995) to assess apoptosis. (@) Vehi-
cle-treated control cells.

Preliminary data from our laboratory have
shown that co-incubation with ferricyanide
and a vanilloid leads to a decrease in the
amount of apoptosis in HL-60 and Daudi cells
when compared with cells treated with the
vanilloid alone (Fig. 2; Lawen et al., 1998; Ben-
ning, Miglic, and Lawen, unpublished re-
sults).

Our interpretation of these data is that by in-
hibiting the oxidase, capsaicin causes increases
of the NADH/NAD™ ratio. However upon ad-
dition of ferricyanide an up-regulation of the
NADH:ferricyanide-reductase occurs (Navas et
al., 1986). This leads to the oxidation of excess
NADH and a lowering of the nucleotide ratio,
thus maintaining cell survival (Fig. 3; Lawen et
al., 1998).

Alternatively, the PMOR may be regulating
antioxidants such as ascorbate (see above) and
CoQ, which protect cells from undergoing mild
oxidative stress by mediating electron trans-
port within the PMOR. It is for this reason that
CoQ has been described as the ‘plasma mem-
brane-equivalent of Bcl-2’ (Barroso et al., 1997).
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FIG. 3. Schematic representation of the involvement of the PMOR in redox homeostasis and cell death.

CONCLUSION

The plasma membrane contains a vast num-
ber of unique enzymes waiting to be uncov-
ered. The NADH:ferricyanide-reductase is just
one of those still ill-defined proteins that are
enigmatic as to their function in mammalian
cells. By the use of pharmacological assays, the
NADH:ferricyanide-reductase has been impli-
cated in a host of functions. Growth or death
of a cell may be regulated by the transplasma
membrane NADH:ferricyanide-reductase in
response to changes in the cellular redox po-
tential. Ascorbate stabilization is seen to in-
crease proportionally, with NADH:ferri-
cyanide-reductase activity. The enzyme may
play a role in protection from oxidative stress
and in the uptake of iron. Obviously, the mol-
ecular identification of the major NADH:ferri-
cyanide-reductase(s) involved in all these func-
tions needs to be established. Whether it be
only one dehydrogenase or a host of such en-
zymes found in the plasma membrane work-
ing together needs to be clarified. Whether the
enzyme forms a complex with other redox en-

zymes, the transferrin receptor, and/or growth
hormone receptors or not also needs to be es-
tablished. Furthermore, following the molecu-
lar characterization, the potential use of knock-
out mice would be of considerable interest for
the analysis of the role(s) of this enzyme. Our
understanding of these unusual multifunc-
tional plasma membrane redox enzymes is still
in its infancy. Their role in apoptosis and drug
responsiveness may, in the future, warrant
such enzymes to be explored for cancer thera-
pies.

ABBREVIATIONS

AFR, Ascorbate free radical; CoQ, co-enzyme
Q; DCIP, 2,6-dichloroindophenol; DHA, dehy-
droascorbate; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GSH, glutathione;
NEM, N-ethylmaleimide; PMOR, plasma mem-
brane NADH-oxidoreductase; SV40, simian
virus 40; TOAD-64, turned on after division, 64

kDa; TPA, 12-O-tetradecamoylphorbal—13-aC-
etate.



THE PLASMA MEMBRANE NADH-OXIDOREDUCTASE

REFERENCES

ALCAIN, FJ.,, BURON, M1, RODRIGUEZ-AGUILERA,
J.C., VILLALBA, ] M., and NAVAS, P. (1990). Ascorbate
free radical stimulates the growth of a human promye-
locytic leukemia cell line. Cancer Res, 50, 5887-5891.

ALCAIN, FJ, BURON, MIL, VILLALBA, JM. and
NAVAS, P. (1991). Ascorbate is regenerated by HL-60
cells through the transplasmalemma redox system.
Biochim. BionhusAcia.1073, 380-385.

BALDWIN, D.A., DE SOUSA, DM.R,, and VON WAN-
DRUSZKA, RM.A. (1982). The effect of pH on the ki-

209

CRANE,F.L,, SUN, LL.,, CLARK. M.G., GREBING, C., and
LOW, H. (1985). Transplasma-membrane redox sys-
tems in growth and development. Bigchim, Biophys.
Acta 811, 233-264.

CROWE, R.A,, TAPAROWSKY, EJ., and CRANE, F.L.
(1993). Ha-ras stimulates the transplasma membrane
oxidoreductase activity of C3H10T1/2 cells. Biochem.
Biophys.Res.Commun. 196, 844-850.

CUNNINGHAM, C.C, DECHATELET, L.R., SPACH,
PI, PARCE, JW., THOMAS, MJ]., LEES, CJ.,, and
SHIRLEY, P.S. (1982). Identification and quantitation of
electron-transport components in human polymor-

netics of iron release from human transferrin. Biochim, phonuclear neutrophils. Rigchim Bionbyus—Acta 682,

Biophys. Acta 719, 140-146.
BARNES, D., and SATO, G. (1980). Methods for growth

of cultured cells in serum-free medium. Apal Biochem
102, 255-270.

BARROSO, M.P., GOMEZ-DIAZ, C., LOPEZ-LLUCH, G.,
MALAGON, MM., CRANE, FL., and NAVAS, P.
(1997). Ascorbate and a-tocopherol prevent apoptosis
induced by serum removal independent of Bcl-2. Arch.
Biochem, Bigphvys. 343, 243-248.

BERCZ], A., and FAULK, W.P. (1992). Iron-reducing ac-
tivity of plasma membranes. Biochem, Int, 28, 577-584.

BRIGHTMAN, A.O., WANG, ], MIU, RK.-M,, SUN, I.L.,
BARR, R., CRANE, F.L, and MORRE, D.J. (1992).
growth factor-and hormone-stimulated NADH ox1dase
from rat liver plasma membrane. Bigchim Biophys
Acta 1105, 109-117.

BROOKS, M.M. (1947). Activation of eggs by oxidation-
reduction indicators. Science 106, 320.

BRUDER, G. BRETSCHER, A., FRANKE, WW., and
JARASCH, E.D. (1980). Plasma membranes from intesti-
nal mlcrovﬂh and erythrocytes contain cytochromes bs
and P-420. 0, 739-755.

BULLIARD, C., ZURBRIGGEN, R., TORNARE, J., FATY,
M., DASTOOR, Z., and DREYER. J.-L. (1997). Purifica-
tion of a dichlorophenol-indophenol oxidoreductase
from rat and bovine synaptic membranes: tight com-
plex association of a glyceraldehyde-3-phosphate de-
hydrogenase isoform, TOAD64, enolase-y and aldolase
C. Bigchem. ]. 324, 555-563.

BURON, M.L, RODRIGUEZ-AGUILERA, ].C., ALCAIN,
FJ., and NAVAS, P. (1993). Transplasma membrane re-
dox system in HL-60 cells is modulated during TPA-
induced differentiation. RigcheislianhisRos (o
mun. 192, 439-445.

CHAUDIERE, J., and TAPPEL, A L. (1984). Interaction of
gold(I) with the active site of selenium-glutathione per-
oxidase. JInargBiochem, 20, 313-325.

CHUEH, P.J., MORRE, D.J., WILKINSON, F.E., GIBSON,
J., and MORRE, D.M. (1997). A 33.5 kDa heat and pro-
tease-resistant NADH oxidase inhibited by capsaicin
from sera of cancer patients. Arch. Biochem. Biophys.
342, 38-47.

CRANE, F.L., ROBERTS, H., LINNANE, A W., and LOW,
H. (1982). Transmernbrane ferricyanide reduction by
cells of the yeast Saccharomyces cerevisiae. J_Bioenerg.

Biomembr. 14, 191-205.

430-435

DANCIS, A., KLAUSNER, R.D., HINNEBUSCH, A.G.,
and BARRIOCANAL, J.G. (1990). Genetic evidence that
ferric reductase is required for iron uptake in Saccha-
romyces cerevisiae. Mol Cell, Biol, 10, 2294-2301.

DEL CASTILLO-OLIVARES, A., MARQUEZ, J., NUNEZ
DE CASTRO, I, and MEDINA, M.A. (1994). Charac-
terization of plasma membrane redox activity from
Ehrlich cells. CellBigchem Funct 12, 149-152.

DEL CASTILLO-OLIVARES, A., ESTEBAN DEL VALLE,
A., MARQUEZ, J., NUNEZ DE CASTRO, I. and MED-
INA, M.A. (1995). Ehrlich cell plasma membrane redox
system is modulated through signal transduction
pathways involving ¢<GMP and Ca* as second mes-
sengers. ], i 7, 605-611.

DEL CASTILLO-OLIVARES, A., ESTEBAN DEL VALLE,
A, MARQUEZ, J., NUNEZ DE CASTRO, I, and MED-
INA, M.A. (1996). Effects of protein kinase C and phos-
phoprotein phosphatase modulators on Ehrlich cell
plasma membrane redox system activity. Biochim, Bio-
phys. Acta 1313, 157-160.

DORMANDY, T.L., and ZARDAY, Z. (1965). The mech-
anism of insulin action: the immediate electrochemical
effects of insulin on red-cell systems. ]. Physiol. 180,
684-707.

ELLEM, K.A.O,, and KAY, G.F. (1983). Ferricyanide can
replace pyruvate to stimulate growth and attachment
of serum restricted human melanoma cells. Biochem.

i - 112, 183-190.

GARCIA DE VEAS, R.,, SCHWEIGERER, L., and MED-
INA, M.A. (1995). Why is ascorbate toxic for neurob-
lastoma cell lines and why does this toxicity increase
with cell line malignancy? Redox Rep. 1, 225-227.

GEORGATSOU, E., and ALEXANDRAKI, D. (1994). Two
distinctly regulated genes are required for ferric re-
duction, the first step of iron uptake in Saccharomyces
cerevisiae. Nfol,_Cell,_Biol 14, 3065-3073.

GEORGATSOU, E., and ALEXANDRAK]I, D. (1999). Reg-
ulated expression of the Saccharomyces cerevisie
Frelp/Fre2p Fe/Cu reductase related genes. Yeast 15,
573-584.

GERSON, D.F.,, KIEFER, H., and EUFE, W. (1982). Intra-
cellular pH of mitogen-stimulated lymphocytes. Sci-
ence 216, 1009-1010.

GOTO-TAMURA, R. TAKESUE, Y., and TAKESUE, S.
(1976). Immunological similarity between NADH-cy-



210

tochrome bs reductase of erythrocytes and liver micro-
somes. Bigchim Bignhys Acta 423, 293-302.

GREBING, C., CRANE, F.L., LOW, H, and HALL, K.
(1984). A transmembranous NADH-dehydrogenase in
human erythrocyte membranes. | BiognoigRiamombi
16, 517-533.

GRUBB, D.R., WOLVETANG, EJ., and LAWEN, A.
(1995). Didemnin B induces cell death by apoptosis: the
fastest induction of apoptosis ever described. Biochem.
Biophys. Res. Commun. 215, 1130-1136.

GUAIQUIL, V.H,, FARBER, CM., GOLDE, D.W., and
VERA, ].C. (1997). Efficient transport and accumulation
of vitamin C in HL-60 cells depleted of glutathione. J.
Biol. Chem. 272, 9915-9921.

GUTIERREZ, J.A., INMAN, R.S.,, AKOMPONG, T., YU,
J., and WESSLING-RESNICK, M. (1998). Metabolic de-
pletion inhibits the uptake of nontransferrin-bound
iron by K562 cells. ]_Cell Physiol, 177, 585-592.

HIMMELREICH, U., and KUCHEL, P.W. (1997). 13C-
NMR studies of transmembrane electron transfer to ex-

BAKER AND LAWEN

(1993). Cytochromes P-450 in human hepatocyte
plasma membrane: recognition by several autoanti-
bodies. Gastrgenterology 104, 203-216

LOW, H., and CRANE, F.L. (1995). The NADH oxidizing
system of the plasma membrane and metabolic signal
control. Protoplasma 184, 158-162.

LOW, H., and WERNER, S. (1976). Effects of reducing and
oxidizing agents on the adenylate cyclase activity in
adipocyte plasma membranes. FEBS Lett. 65, 96-98.

LOW, H., CRANE, F.L., GREBING, C., ISAKSSON, M.,
LINDGREN, A., and SUN, LL. (1991). Modification of
transplasma membrane oxidoreduction by SV40 trans-
formation of 3T3 cells. [ BigenoreRigmamby. 23,
903-917.

MAY, J.M. (1999). Is ascorbic acid an antioxidant for the
plasma membrane. EASEB ]. 13, 995-1006.

MAY, J. M., MENDIRATTA, S., HILL, KE,, and BURK,
R.F. (1997). Reduction of dehydroascorbate to ascorbate
by the selenoenzyme thioredoxin reductase. ]. Biol.
Chem. 272, 22607-22610.

tracellular ferricyanide in human erythrocytes. Eur. J. MAY,JM.QU, Z-C.,and WHITESELL, R.R. (1998). Ascor-

Biochem. 246, 638—645.

HIMMELREICH, U., DREW, K.N., SERIANNI, A.S., and
KUCHEL, P.W. (1998). 13C-NMR studies of vitamin C
transport and its redox cycling in human erythrocytes.
Biochemistry 37, 7578-7588.

INMAN, RS., and WESSLING-RESNICK, M. (1993).
Characterization of transferrin-independent iron trans-
port in K562 cells. Unique properties provide evidence
for multiple pathways of iron uptake. J. Biol. Chem. 268,
8521-8528.

INMAN, R.S., COUGHLAN, MM.,, and WESSLING-
RESNICK, M. (1994). Extracellular ferrireductase activ-
ity of K562 cells is coupled to transferrin-independent
iron transport. Biochemistry 33, 11850-11857.

KEILIN, D., and HARTREE, E.F. (1946). Spectroscopic
study of the permeability and lysis of red blood cor-
puscles. Nature 157, 210-213.

LARM, J.A, VAILLANT, F., LINNANE, AW, and
LAWEN, A. (1994). Up-regulation of the plasma mem-
brane oxidoreductase as a prerequisite for the viability
of human Namalwa p° cells. I_Bijol. Chem. 269,
30097-30100.

LAWEN, A, MARTINUS, R.D., MCMULLEN, G.L., NA-
GLEY, P, VAILLANT, F., WOLVETANG, EJ]., and
LINNANE, A.-W. (1994). The universality of bioener-
getic disease: the role of mitochondrial mutation and
the putative inter-relationship between mitochondria
and plasma membrane NADH oxidoreductase. Mol.
Aspects Med. 15(Suppl.), s13-s27.

LAWEN, A., BAKER, M.A., and MALIK, S. (1998). Apop-
tosis and redox homeostasis—On a possible mecha-
nism of action of Bcl-2. Protoplasma 205, 10-20.

LINNANE, AW., BAUMER, A.,, MAXWELL, R]., PRE-
STON, H., ZHANG, C.F., and MARZUK], S. (1990). Mi-
tochondrial gene mutation: the ageing process and de-
generative diseases. Biochem. Int 22, 1067-1076.

LOEPER, J., DESCATOIRE, V., MAURICE, M., BEAUNE,
P., BELGHITI, J., HOUSSIN, D., BALLET, F., FELD-
MANN, G., GUENGERICH, F.P.,, and PESSAYRE, D.

bate is the major electron donor for a transmembrane
oxidoreductase of human erythrocytes. Biochim. Bio-
phys. Acta 1238, 127-289.

MEDINA, M.A., SANCHEZ-JIMENEZ, F., SEGURA, J.A.,
and NUNEZ DE CASTRO, I (1988). Transmembrane
ferricyanide reductase activity in Ehrlich ascites tumor
cells. B ] 6, 1-4.

MEDINA, M.A., LUQUE, P., and NUNEZ DE CASTRO,
L. (1991). Mitoxantrone toxicity on Ehrlich ascites tu-
mour cells: inhibition of the transplasma membrane re-
dox activity. CallBigchem Eunct 9 95-98.

MEDINA, M.A.,, DEL CASTILLO-OLIVARES, A., and
SCHWEIGERER, L. (1992a). Plasma membrane redox
activity correlates with N-myc expression in neuroblas-
toma cells. FEBS Lett. 311, 99-101.

MEDINA, M.A., SANCHEZ-JIMENEZ, F., MARQUEZ, J.,
RODRIGUEZ QUESADA, A., and NUNEZ DE CAS-
TRO, L. (1992b). Relevance of glutamine metabolism to
tumor cell growth. Mgl Cell Bigchem 113, 1-15.

MED}NA, M.A., DEL CASTILLO-OLIVARES, A,
MARQUEZ, J., and NUNEZ DE CASTRO, I. (1994). In-
volvement of essential histidine residue(s) in the activ-
ity of Ehrlich cell plasma membrane NADH-ferri-

cyanide oxidoreductase. BigghipeBionkieitand 190,
20-24.

MEDII}IA, M.A., DEL CASTILLO-OLIVARES, A., and
NUNEZ DE CASTRO, I. (1997). Multifunctional plasma
membrane redox systems. Bigessays 19, 977-984.

MINTURN, J.E., FRYER, H.J., and HOCHFIELD, S. (1995).
TOAD-64, a gene expressed early in neuronal differen-
tiation in the rat, is related to unc-33, a C. elegans gene
involved in axon growth. . Neurosci, 15, 6757-6766.

MISHRA, R K., and PASSOW, H. (1969). Induction of in-
tracellular ATP synthesis by extracellular ferricyanide
in human red blood cells. ]_Membr_Bigl 1, 214-224.

MODUN, B., and WILLIAMS, P. (1999). The staphylo-
coccal transferrin-binding protein is a cell wall glycer-

aldehyde-3-phosphate dehydrogenase. [nfect Immun.
67, 1086-1092.



THE PLASMA MEMBRANE NADH-OXIDOREDUCTASE

MORRE, DJ., and REUST, T. (1997). A circulating
form of NADH oxidase activity responsive to the anti-
tumor sulfonylurea N-4-(methylphenylsulfonyl)-N'-(4-
chlorophenyl)urea (LY181984) specific to sera from can-
cer patients. ] Bigcnore Hiomamhe29, 281-289.

MORRE, D.J., KARTENBECK, J., and FRANKE, W.W.
(1979). Membrane flow and intercoversions among en-
domembranes. Wﬁ 71-152.

MORRE D.J., CHUEH, P.J., and MORRE, D.M. (1995a).
Capsaicin inhibits preferentially the NADH oxidase

and growth of transformed cells in culture. Ppoc, Natl,

Acad, 5¢i, USA 92, 1831-1835.

MORRE, D.J., WILKINSON, F.E.,, LAWRENCE, J., CHO,
N., and PAULIK, M. (1995b). Identification of antitu-
mor sulfonylurea binding proteins of HelLa plasma
membranes. Bigchim Bigohys Acta 1236, 237-243,

MORRE, D.J., CALDWELL, S., MAYORGA, A., WU, L.Y.,
and MORRE, D.M. (1997). NADH-oxidase activity from
sera altered by capsaicin is widely distributed among
cancer patients. ALk Rigchom Rionhise342, 224-230.

MUSILKOVA, J., KRIEGERBECKOVA, K., KRUSEK, J.,
and KOVAR, J. (1998). Specific binding to plasma mem-
brane is the first step in the uptake of non-transferrin
iron by cultured cells. Bigchim Rionbus—dcta 1369,
103-108.

NAVAS, P, SUN, LL., MORRE, DJ., and CRANE, F.L.
(1986). Decrease of NADH in HeLa cells in the presence

of transferrin or ferricyanide. Bigghem e RioRhys e Res

Commun. 135, 110-115.
OCTAVE, ]J-N., SCHNEIDER, Y-J., CRICHTON, R.R., and
TROUET, A. (1983). Iron mobilization from cultured he-

211

Apoptosis: the biochemistry and molecular biology of
programmed cell death. Epdocrine Rev. 14, 133-151.
SCHWEINZER, E., and GOLDENBERG, H. (1993). Mon-
odehydroascorbate reductase activity in the surface
membrane of leukemic cells. Characterization by a fer-
ricyanide-driven redox cycle. Eur I _Biochem. 218,

1057-1062.

SIJMONS, P.C., LANFERMEIJER, F.C., DE BOER, A.H,,
PRINS, H.B.A., and BIENFAIT, H.F. (1984). Depolar-
ization of cell membrane potential during Trans-plasma
membrane electron transfer to extracellular electron ac-
ceptors in iron-deficient roots of Phaseolus vulgaris L.
Plant Physiol. 76, 943-946.

SUN, LL., and CRANE, F.L. (1984). The antitumor drug,
cis diamminedichloro-platinum, inhibits trans plas-
malemma electron transport in HeLa cells. Biochem.
Int. 9, 299-306.

SUN, I.L., and CRANE, F.L. (1985). Bleomycin control of
transplasma membrane redox activity and proton
movement in Hela cells. Bigchem Pharmacal 34,
617-622.

SUN, LL., CRANE, F.L, GREBING, C., and LOW, H.
(1984). Properties of a transplasma membrane electron
transport system in HeLa cells. ] Bigehoigmbiaeiohi
16, 583-595.

SUN, IL., TOOLE-SIMMS, W., CRANE, F.L., MORRE,
D.J., LOW, H., and CHOU, J.Y. (1988). Reduction of di-
ferric transferrin by SV40 transformed pineal cells tim-
ulates Na*/H™ antiport activity. Bigchim Bigphys,
Acta 938, 17-23.

SUN, L.L., SUN, E.E., CRANE, F.L., MORRE, D.J., LIND-

patocytes: effect of desferrioxamine B. Bigchem, Phar-  GREN, A, and LOW, H. (1992). Requirement for coen-

macol. 32, 3413-3418.
PERSHADSINGH, H.A., and MCDONALD, ].M. (1979).
Direct addition of insulin inhibits a high affinity Ca2*-

ATPase in isolated adipocyte plasma membranes. Na-

ture 281, 495-497.

ROBINSON, N.J., PROCTER, C.M., CONNOLLY, EL,
and GUERINOT, M.L. (1999). A ferric-chelate reductase
for iron uptake from soils. Nature 397, 694-697.

RODRIGUEZ-AGUILERA, J.C, NAVARRO, F, AR-
ROYO, A., VILLALBA, .M., and NAVAS, P. (1993).
Transplasma membrane redox system of HL-60 cells is
controlled by cAMP. L_Biol, Chem 268, 26346-26349.

ROMAN, D.G., DANCIS, A., ANDERSON, G.J., and
KLAUSNER, R.D. (1993). The fission yeast ferric
reductase gene frpl* is required for ferric iron
uptake and encodes a protein that is homologous
to the gp9l-phox subunit of the human NADPH
phagocyte oxidoreductase. Mol Cell_Biol. 13,
4342-4350.

ROSE, R.C. (1988). Transport of ascorbic acid and other
water-soluble vitamins. BigchimRigohys Acta 947,
335-366.

ROVERA, G., SANTOLI, D., and DAMSKY, C. (1979). Hu-
man promyelocytic leukemia cells in culture differen-
tiate into macrophage-like cells when treated with a
phorbol diester. Riatmmbitiett i /0
2779-2783.

SCHWARTZMAN, R.A., and CIDLOWSK], J.A. (1993).

zyme Q in plasma membrane electron transport. Proc.
Natl_Acad Sci TISA 89, 11126-11130.

SZEKELY, M., MANYAI, S., and STRAUB, F.B. (1952)
Uber den Mechanismus der osmotischen Hamolyse.
Acta Physiol. Acad. Sci. Hung,. 3, 571-583.

THOMAS, D., RITZ M.-F,, MALVIYA, AN, and GAIL-
LARD, S. (1996). Intracellular acidification mediates the
proliferative response of PC12 cells induced by potas-
sium ferricyanide and involves MAP kinase activation.
Int L Cancer 68, 547-552.

TRITTON, T.R., and YEE, G. (1982).The anitcancer agent
adriamycin can be actively cytotoxic without entering
cells. Science 217, 248-250.

VAILLANT, F,, LARM, J.A.,, MCMULLEN, G.L., WOL-
VETANG EJ., and LAWEN, A. (1996). Effectors of
the mammalian plasma membrane NADH-oxidore-
ductase system. Short-chain ubiquinone analogues as
potent stimulators. | eeRicchokgembiamamal 28,
531-540.

VALDEOLMILLOS, M., GARCIA-SANCHO, J., and
HERREROS, B. (1986). Differential effects of trans-
membrane potential on two Na*-dependent transport
systems for neutral amino acids. Bigchim. Bigphys,
Acta 858, 181-187.

VAN DUIJN, MM, VAN DER ZEE, ],
VANSTEVENINCK, J., and VAN DEN BROEK, P.J.A.
(1998). Ascorbate stimulates ferricyanide reduction in
HL-60 cells through a mechanism distinct from the



212

NADH-dependent plasma membrane reductase. J_Biol.

Chem. 273, 13415-13420.

VOEGTLIN, C,, JOHNSON, J.M., and DYER, H.A. (1925).
Quantitative estimation of the reducting power of normal
and cancer tissue. J. Pharmacol. Exp. Ther. 24, 305-334.

VYSKOCIL, F., PILAR, ., ZEMKOVA, H., SVOBODA, P.,
VITEK, V., and TEISINGER, J. (1983). Bleomycin stim-
ulates both membrane (Nat-K*) ATPase and electro-
genic (Na™-K*) pump and partially removes the inhi-
bition by vanadium ions. BigghemRionbycRas,
Commun. 116, 783-790.

WANG, C-S., and ALAUPOVIC, P. (1978). Isolation and
partial characterization of human erythrocyte mem-

brane NADH: (acceptor) oxidoreductase. J. Supramol,

Struct. 9, 1-14.

WILKINSON, F., KIM, C., CHO, N., CHUEH, P.J,
LESLIE, S, MOYA-CAMARENA, S, WU, L.-Y,
MORRE, D.M., and MORRE, D.J. (1996). Isolation and
identification of a protein with capsaicin-inhibited
NADH oxidase activity from culture media condi-

BAKER AND LAWEN

WINKLER, B.S. (1987). In vitro oxidation of ascorbic acid

and its prevention by GSH. Bjgchim Bigphys Acia.d25,
258-264.

WOLVETANG, EJ.,, LARM, J.A., MOUTSOULAS, P.,
and LAWEN, A. (1996). Apoptosis induced by in-
hibitors of the plasma membrane NADH-oxidase in-

volves Bcl-2 and calcineurin. Cell Growith Differ 7,
1315-1325.

Address reprint requests to:
Dr. Alfons Lawen

Department of Biochemistry and
Molecular Biology

Monash University

100 Wellington Road

Clayton 3800, Australia

E-mail: alfons.lawen@med.monash.edu.au

tioned by growth of Hela cells. Argh_Biachem BRio.Received for publication January 7, 2000; ac-

phys. 336, 275-282.

cepted February 22, 2000.


mailto:alfons.lawen@med.monash.edu.au

Thisarticle has been cited by:

1. Ravshan Z. Sabirov, Petr G. Merzlyak. 2012. Plasmalemma VDAC controversies and maxi-anion channel
puzzle. Biochimica et Biophysica Acta (BBA) - Biomembranes 1818:6, 1570-1580. [ CrossRef]

2. Jong-Jin Park, Jakyung Yi, Jinmi Y oon, Lae-Hyeon Cho, Jin Ping, Hee Joong Jeong, Seok Keun Cho, Woo Taek
Kim, Gynheung An. 2011. OsPUB15, an E3 ubiquitin ligase, functions to reduce cellular oxidative stress during
seedling establishment. The Plant Journal 65:2, 194-205. [ CrossRef]

3.Hee-Young Yang, Joseph Kwon, Hoon-In Choi, Seong Hwa Park, Ung Yang, Hyang-Rim Park, Lina Ren,
Kyoung-Jin Chung, Y oun U. Kim, Byung-Ju Park, Sang-Hun Jeong, Tae-Hoon Lee. 2011. In-depth analysis of
cysteine oxidation by the RBC proteome: Advantage of peroxiredoxin Il knockout mice. PROTEOMICS n/a-n/
a. [CrossRef]

4. Frank A. Hoeberichts, Jorge Perez-Valle, Consuel o Montesinos, José M. Mulet, MariaD. Planes, Guillem Hueso,
Lynne Yenush, Sukesh C. Sharma, Ramén Serrano. 2010. The role of K+ and H+ transport systems during
glucose- and H202-induced cell death in Saccharomyces cerevisiae. Yeast 27:9, 713-725. [ CrossRef]

5. Varda Shoshan-Barmatz, Vito De Pinto, Markus Zweckstetter, Ziv Raviv, Nurit Keinan, Nir Arbel. 2010. VDAC,
a multi-functional mitochondrial protein regulating cell life and death. Molecular Aspects of Medicine 31:3,
227-285. [CrossRef]

6. Darius J.R. Lane, Stephen R. Robinson, Hania Czerwinska, Alfons Lawen. 2010. A rolefor Na+/H + exchangers
and intracellular pH in regulating vitamin C-driven electron transport across the plasma membrane. Biochemical
Journal 428:2, 191-200. [ CrossRef]

7.Vito De Pinto, Angela Messinag, Darius J.R. Lane, Alfons Lawen. 2010. Voltage-dependent anion-selective
channel (VDAC) in the plasma membrane. FEBS Letters 584:9, 1793-1799. [ CrossRef]

8. Byung Chul Park, Seung Hee Park, Seung-Hwan Paek, Su-Young Park, Mi-Kyoung Kwak, Han Gon Choi,
Chul Soon Y ong, Bong Kyu Y 00, Jung-Ae Kim. 2008. Chloroquine-induced nitric oxide increase and cell death
is dependent on cellular GSH depletion in A172 human glioblastoma cells. Toxicology Letters 178:1, 52-60.
[CrossRef]

9. Darius J. R. Lane, Alfons Lawen. 2008. Transplasma membrane electron transport comes in two flavors.
BioFactors 34:3, 191-200. [ CrossRef]

10. Argirios E. Tsantes , Stefanos Bonovas , Anthi Travlou , Nikolaos M. Sitaras . 2006. Redox Imbalance,
Macrocytosis, and RBC Homeostasis. Antioxidants & Redox Signaling 8:7-8, 1205-1216. [Abstract] [Full Text
PDF] [Full Text PDF with Links]

11. Eleanor C. Kennett , Prof. Philip W. Kuchel . 2006. Plasma Membrane Oxidoreductases: Effects on Erythrocyte
Metabolism and Redox Homeostasis. Antioxidants & Redox Sgnaling 8:7-8, 1241-1247. [Abstract] [Full Text
PDF] [Full Text PDF with Links]

12. A BEKHIT, C FAUSTMAN. 2005. Metmyoglobin reducing activity. Meat Science 71:3, 407-439. [ CrossRef]

13.T BERA, K LAKSHMAN, D GHANTESWARI, SPAL, D SUDHAHAR, M ISLAM, N BHUYAN, P DAS.
2005. Characterization of the redox components of transplasma membrane electron transport system from
promastigotes. Biochimica et Biophysica Acta (BBA) - General Subjects 1725:3, 314-326. [ CrossRef]

14. Safarina G. Madlik, Francois Vaillant, Alfons Lawen. 2004. Plasma membrane NADH-oxidoreductase in cells
carrying mitochondrial DNA G11778A mutation and in cells devoid of mitochondrial DNA (# 0 ). BioFactors
20:4, 189-198. [ CrossRef]

15. Mark A. Baker, Jennifer D. Ly, Alfons Lawen. 2004. Characterization of VDAC1 asaplasmamembrane NADH-
oxidoreductase. BioFactors 21:1-4, 215-221. [ CrossRef]

16. Said H. Audi, Hongtao Zhao, Robert D. Bongard, Neil Hogg, Nicholas J. K ettenhofen, Balaraman Kalyanaraman,
Christopher A. Dawson, Marilyn P. Merker. 2003. Pulmonary arterial endothelial cells affect the redox status of
coenzyme QO. Free Radical Biology and Medicine 34:7, 892-907. [ CrossRef]

17. Henrietta A. Headlam, Michael J. Davies. 2003. Cell-mediated reduction of protein and peptide hydroperoxides
to reactive free radicals. Free Radical Biology and Medicine 34:1, 44-55. [ CrossRef]

18. M. V. Wright, T. B. Kuhn. 2002. CNS neurons express two distinct plasma membrane el ectron transport systems
implicated in neuronal viability. Journal of Neurochemistry 83:3, 655-664. [ CrossRef]


http://dx.doi.org/10.1016/j.bbamem.2011.09.024
http://dx.doi.org/10.1111/j.1365-313X.2010.04416.x
http://dx.doi.org/10.1002/pmic.201100275
http://dx.doi.org/10.1002/yea.1767
http://dx.doi.org/10.1016/j.mam.2010.03.002
http://dx.doi.org/10.1042/BJ20100064
http://dx.doi.org/10.1016/j.febslet.2010.02.049
http://dx.doi.org/10.1016/j.toxlet.2008.02.003
http://dx.doi.org/10.1002/biof.5520340303
http://dx.doi.org/10.1089/ars.2006.8.1205
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1205
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1205
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1205
http://dx.doi.org/10.1089/ars.2006.8.1241
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1241
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1241
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1241
http://dx.doi.org/10.1016/j.meatsci.2005.04.032
http://dx.doi.org/10.1016/j.bbagen.2005.05.024
http://dx.doi.org/10.1002/biof.5520200402
http://dx.doi.org/10.1002/biof.552210143
http://dx.doi.org/10.1016/S0891-5849(03)00025-X
http://dx.doi.org/10.1016/S0891-5849(02)01181-4
http://dx.doi.org/10.1046/j.1471-4159.2002.01176.x

