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Electron and proton transport by NADPH oxidases
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The NADPH oxidase is the main weapon of phagocytic white blood cells that are the first line of
defence of our body against invading pathogens, and patients lacking a functional oxidase suffer from
severe and recurrent infections. The oxidase is a multisubunit enzyme complex that transports
electrons from cytoplasmic NADPH to molecular oxygen in order to generate superoxide free
radicals. Electron transport across the plasma membrane is electrogenic and is associated with the
flux of protons through voltage-activated proton channels. Both proton and electron currents can be
recorded with the patch-clamp technique, but whether the oxidase is a proton channel or a proton
channel modulator remains controversial. Recently, we have used the inside–out configuration of the
patch-clamp technique to record proton and electron currents in excised patches. This approach
allows us to measure the oxidase activity under very controlled conditions, and has provided new
information about the enzymatic activity of the oxidase and its coupling to proton channels. In this
chapter I will discuss how the unique characteristics of the electron and proton currents associated
with the redox activity of the NADPH oxidase have extended our knowledge about the
thermodynamics and the physiological regulation of this remarkable enzyme.
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NADPH oxidases (NOX) are a growing family of
plasma membrane enzymes whose function is to
generate superoxide by transferring electrons from
cytosolic NADPH to extracellular O2. The founding
father of the NOX family is the phagocytic NADPH
oxidases (phox), which is expressed in phagocytic white
blood cells such as neutrophils, eosinophils and
macrophages (Babior et al. 2002; Quinn & Gauss
2004). The oxidase of phagocytes was identified early,
because biochemical studies showed that activation of
neutrophils results in a massive increase in non-
mitochondrial consumption of oxygen, a process
termed the ‘respiratory burst’ (Baldridge & Gerard
1933; Klebanoff 1971; Babior et al. 1975). Patients
with a defective respiratory burst suffer from chronic
granulomatous disease (CGD), a predominantly
X-linked disease associated with severe recurring
bacterial and fungal infections (Segal et al. 1978;
Segal 1987). This genetic linkage highlighted the
importance of the phagocytic oxidase in the defence
of our body against microbial infections, and led to the
early cloning of the CYBB gene coding for the large
transmembrane subunit of the phagocytic oxidase, the
glycoprotein gp91phox (Royer-Pokora et al. 1986;
Dinauer et al. 1987). The most frequent forms of
CGD are due to mutations that result in an absent or
non-functional gp91phox, but the disease can also be
caused by defects in one of the other oxidase
components (non-X-linked forms; Roos et al. 1996).
The oxidase is a multi-component enzyme, which
contains both catalytic transmembrane proteins and
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regulatory cytosolic proteins. The enzymatic core of the

NADPH oxidase consists of the two integral membrane

proteins gp91phox and p22phox, which together form the

flavocytochrome b558, named from its absorbance

peak at 558 nm (Segal 1987). The regulatory subunits

comprise the cytosolic proteins p47, p67 and p40, as

well as the small GTPase Rac (either Rac1 or Rac2).

Upon cellular activation, the regulatory subunits

relocate from the cytosol to the plasma membrane or

to the phagosomal membrane and induce enzymatic

activity (Clark et al. 1990). Biochemical analysis

established that the cytosolic proteins p47, p67 and

Rac were sufficient to reconstitute superoxide pro-

duction in a cell-free system containing purified

flavocytochrome b558, provided that an anionic

amphiphile was used as an activator (Bromberg &

Pick 1984; Clark et al. 1987). Further studies indicated

that the activation of the oxidase in the cell-free system

absolutely required p67phox and Rac but not p47phox,

suggesting that p67phox functions as ‘activator’ to

initiate electron flow across gp91phox, while p47phox

and Rac act as ‘organizers’ of the p67phox–gp91phox

interaction (Nisimoto et al. 1999). Several non-

phagocytic oxidase homologues also require cytosolic

subunits for assembly and activation, and a similar

model has been proposed for the regulation of NOX1

by the organizer and activator proteins NOXO1 and

NOXA1 (Lambeth 2004). All the NOX enzymes

transfer electrons across the plasma membrane, using

NADPH as electron donor and molecular oxygen as

electron acceptor. For this purpose, the active enzymes

have an unusually low redox potential which enables

the direct reduction of molecular oxygen to superoxide

(O$K
2 ; Cross et al. 1981). The superoxide anions might

be subsequently converted into hydrogen peroxide
q 2005 The Royal Society
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(H2O2), hypochlorous acid (HOCl), and other reactive
oxygen species (ROS). In phagocytes, ROS are used for
the killing of phagocytosed micro-organisms, while in
non-phagocytic cells ROS generated by NOX enzymes
might be used for signal transduction, or for remodel-
ling of the extracellular matrix (Lambeth 2004).

The transfer of electrons across biological mem-
branes is an electrogenic process, which generates
currents as charges are separated and moved across the
lipid bilayer. The amplitude of the electron current
carried by the phagocyte NADPH oxidase can be
calculated from the amount of superoxide generated
extracellularly by the cells, which is classically
measured by absorbance measurements as the super-
oxide dismutase-dependent reduction of cytochrome c
(Babior et al. 1975). Using this assay, human
neutrophils typically generate 10 nmoles of O2K per
minute per million of cells (Shult et al. 1985). This
translates into a flux of 108 electrons per second per
cell, which is equivalent to an ‘electronic’ current of
16 pA. A current of this magnitude, if not compen-
sated, is expected to produce a large depolarization of
the plasma membrane. Indeed, the first direct evidence
that the oxidase is electrogenic came from membrane
potential measurements (Henderson et al. 1987).
These measurements indicated that the activation of
the oxidase depolarized cells to voltages exceeding
0 mV, the upper limit of the measurements. The same
logic can be applied to calculate the amount of protons
generated inside cells by the enzymatic activity of
oxidase, which separates NADPH into NADPC and
HC in the cytosol. Because one proton is released in the
cytosol for each electron translocated, 108 protons are
generated every second in an activated neutrophil (Van
Zwieten et al. 1981). Given the buffering power of the
cytosol, this acid production, if not compensated, will
cause the intracellular pH to drop by 1 unit per minute.
Indeed, a cytosolic acidification of this magnitude can
be measured in cells with an activated oxidase when all
plasma membrane HC transporters are inhibited
(Demaurex et al. 1996). The acidification is exacer-
bated during continuous activation of the oxidase,
because the regeneration of NADPH by the hexose
monophosphate shunt required to sustain the
oxidase activity generates additional acid equivalents
(Borregaard et al. 1984; Grinstein & Furuya 1986).

Because the oxidase both depolarizes and acidifies
cells, it was realized very early that the most efficient
charge compensating mechanism would be to extrude
HC ions from the cells through an electrogenic pathway
(Henderson et al. 1988a,b). A similar process occurs in
mitochondria, where the flux of electrons across
mitochondrial cytochromes is used to move protons
across the inner mitochondrial membrane (Mitchell &
Moyle 1967). The proton and electron transport
pathways are often contained within the same protein,
the best-studied system being the cytochrome c oxidase
which functions as a redox-driven proton pump
(Wikstrom 1977). Although the mechanism of proton
translocation across the cytochrome c oxidase is not yet
fully understood at the molecular level, the fluxes of
HC and eK are clearly coupled and involve histidine
residues within the cytochrome (Wikstrom 1989,
2004). As discussed below, a similar mechanism has
Phil. Trans. R. Soc. B (2005)
been proposed for electron and proton transport by
NADPH oxidases, based essentially on functional
evidence. Unlike mitochondrial cytochromes,
NADPH oxidases are expressed at the plasma
membrane and the fluxes of electrons and protons
associated with their activity can be recorded directly
with electrophysiological approaches. Using the patch-
clamp technique, one can thus measure several
parameters that directly or indirectly reflect the activity
of the NADPH oxidase, namely: (i) the plasma
membrane voltage, (ii) proton currents and (iii)
electron currents. The data obtained by whole-cell
patch-clamp recordings of cells expressing a phagocytic
NADPH oxidase will be discussed in the following
sections.
1. PROTON CURRENTS IN PHAGOCYTES
Based on the thermodynamic considerations discussed
above and on the functional analogy with mitochon-
drial cytochrome, attempts were made early to test
whether a proton channel is contained within the
phagocytic oxidase. Studies with fluorescent dyes
revealed that the activity of the oxidase is coupled to
the efflux of protons through a voltage, pH and Zn2C-
sensitive pathway (Henderson et al. 1987). At the same
time, electrophysiological studies reported voltage, pH
and Zn2C-sensitive proton currents in snail neurons
and rat lung epithelia (Thomas & Meech 1982; Byerly
et al. 1984; Decoursey 1991). Our report of proton
currents in the phagocytic cell line HL-60 cells
(Demaurex et al. 1993) followed by the report of
similar currents in neutrophils, macrophages and
eosinophils (Decoursey & Cherny 1993; Kapus et al.
1993; Schrenzel et al. 1996) indicated that a proton
conducting pathway was expressed in phagocytes. The
currents had all the features of previously described
proton currents: they were activated by depolarizing
voltages and by a cytosolic acidification, were highly
selective for HC over other ions, were blocked by
micromolar concentrations of Zn2C and were associ-
ated with a large alkalinization of the cytosol (figure 1;
Demaurex et al. 1993). The activation of outward
proton current by intracellular acidification and
membrane depolarization functionally coupled proton
extrusion to oxidase activation. This suggested that the
flux of protons was coupled to the flux of electrons
through the same protein, gp91phox. Contrary to this
prediction, proton currents were observed shortly after
in neutrophils from CGD patients (Nanda et al. 1994)
and subsequently in eosinophils from CGD patients
(Banfi et al. 1999) and in CGD cell lines (Decoursey
et al. 2001b). This observation indicated without
ambiguity that a protein other than the transmembrane
oxidase subunit gp91phox was acting as a proton channel
(figure 2; Banfi et al. 1999). Because the amplitude and
kinetics of the outward proton currents recorded in
phagocytes from CGD patients were undistinguishable
from the currents recorded in control cells, it was also
concluded that gp91phox contributed only a minor
fraction, if any, of the proton conductance. However,
this conclusion was premature because the conditions
that allowed the recording of electron currents had not
yet been established, and at that time proton current
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Figure 1. Proton currents in HL-60 cells. (a) Depolarization increases cytosolic pH and activates outward currents in HL-60
cells. Cells were loaded with the pH-sensitive indicator carboxy-SNARF-1 and voltage clamped at K60 mV in the whole-cell
configuration using KCl-based solutions buffered to pH 6.5 with 10 mM pipes. Where indicated, voltage was changed first to
0 mV, then to C60 mV for 30 s. The voltage protocol is shown in the lower trace. (b) Time-course of the voltage-activated
currents and block by divalent cations. Top: families of whole-cell currents elicited by depolarizing pulses lasting 2 s (inset).
Currents were recorded in bilateral CsAsp solutions, bath pH 7.5; pipette pH 5.5. Bottom: the current elicited by a
depolarization to C20 mV is reversibly blocked by the addition of 3 mM Cd2C to the external solution. Reproduced from
Demaurex et al., ‘Proton currents in human granulocytes: regulation by membrane potential and intracellular pH’. The Journal
of Physiology, 1993, vol. 466, pp. 329–344, by copyright permission of Blackwell Publishing Ltd.
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Figure 2. Proton currents in resting eosinophils from CGD patients. Proton currents recorded in eosinophils from a healthy
donor (a) or from a 6-year-old Caucasian boy with X-linked CGD, who completely lacked the gp91phox subunit (b, X918). The
currents were elicited by 5 s depolarizing steps ranging from K60 to 0 mV, in conditions preventing the activation of the
NADPH oxidase (pHi 6.1, 0.2 mM EGTA, no GTPgS). Reproduced from The Journal of Experimental Medicine, 1999, vol. 190,
pp. 183–194, by copyright permission of the Rockefeller University Press.
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was recorded in conditions that prevented the activity
of the oxidase.
2. ELECTRON CURRENTS IN PHAGOCYTES
As noted above, the predicted flux of electrons carried
by the oxidase is in the picoamperes range, well within
the reach of patch-clamp amplifiers. Despite the
theoretical feasibility of electron current measurements
however, most patch-clamp studies in phagocytes
focused initially on the description of proton currents
and of other ion channels. One reason was that the
currents carried by proton and other ions are two
Phil. Trans. R. Soc. B (2005)
orders of magnitude larger than electron currents.

Typical proton current amplitudes can be several

hundreds of picoamperes in neutrophils and eosino-

phils, and these currents are easy to record. Another

trivial reason is that most experimenters, including us,

did not include the oxidase substrate NADPH in their

pipette solution during whole-cell patch-clamp record-

ings. Under whole-cell conditions the cytosolic pool of

NADPH is rapidly depleted and electron currents are

absent because the oxidase cannot catalyse electron

transport in the absence of substrate. Electron currents

are immediately apparent however, if one simply

includes the enzyme substrate together with known
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Figure 3. Proton currents in activated eosinophils from CGD patients. Proton currents recorded in eosinophils from a healthy
donor (a) or from a 6-year-old Caucasian boy with X-linked CGD, who completely lacked the gp91phox subunit (b, X918). The
currents were elicited by 5 s depolarizing steps ranging from 0 mV (CGD) or K20 mV (control) to C50 mV, in conditions
favouring the activation of the NADPH oxidase (pHiZ7.6, 25 mM GTPgS). Reproduced from The Journal of Experimental
Medicine, 1999, vol. 190, pp. 183–194, by copyright permission of the Rockefeller University Press.
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activators of the oxidase in the patch pipette, the most
potent being the non-hydrolysable GTP analogue
GTPgS (Schrenzel et al. 1998). The slowly activating
inward currents were generated by the flow of electrons
across the oxidase, because (i) the currents were
associated with the formation of formazan precipitates
in the cell cytosol, indicating that superoxide was
generated, (ii) the currents were blocked by dipheny-
lene iodonium (DPI), a well-known oxidase inhibitor,
(iii) the currents were absent in cells from CGD
patients and (iv) the currents were not observed in the
absence of oxygen.
3. INTERACTIONS BETWEEN PROTON AND
ELECTRON CURRENTS
Once the conditions to record electron currents were
established, it became immediately apparent that the
properties of the proton currents were altered in cells
with an active oxidase. In cells perfused with NADPH
and GTPgS to elicit electron currents, proton currents
activated at much lower voltages, enabling the inward
flux of HC into the cell (Banfi et al. 1999). This was
very surprising, because only outward proton currents
had been recorded so far, and the underlying proton
channel had been touted as a uniquely designed ‘one
way only’ proton extruder. In all conditions studied so
far, proton currents activated 20 mV above the
equilibrium potential for HC, EHC, such that the
driving force for HC was always directed outward. In
contrast, in cells with an active oxidase the voltage
sensitivity of the proton channel was shifted by 40 mV
to more negative voltages, such that the channel
activated below EHC. Other anomalies were noted in
the ‘activated’ proton current phenotype, including a
much faster kinetics of activation, an increased
sensitivity to inhibition by Zn2C and a slower kinetics
of deactivation. A shift in the voltage sensitivity of
proton currents had been previously reported in
phagocytes stimulated with arachidonic acid (AA),
which promotes the activation of the oxidase in the
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cell-free system (Kapus et al. 1994; Schrenzel et al.
1996). However, the shifts in the voltage-sensitivity of
the proton channel observed in response to AA were of
much smaller magnitude, not large enough to induce
current reversal. Furthermore, both the activation and
deactivation kinetics of proton currents became faster
in cells stimulated with AA (Kapus et al. 1994), while
proton currents in cells dialysed with NADPH and
GTPgS had a faster kinetics of activation, but a slower
kinetics of deactivation. The observation that proton
currents in cells with an active oxidase had distinct
characteristics prompted us to re-examine the role of
the oxidase in proton transport.

We thus studied eosinophils from CGD patients,
who lack a functional oxidase but retain a proton
conductance, and checked whether proton currents in
CGD cells were altered by the intracellular application
of NADPH and GTPgS. As shown in figure 3, the shift
in the voltage activation of proton currents was not
observed in activated eosinophils from patients lacking
either the gp91phox or the p47phox subunit (Banfi et al.
1999). This observation indicated that a functional
oxidase was required for the shift in voltage activation
of the proton channel. Importantly, oxidase assembly
and activation, but not its redox function, was required
for the changes in proton currents because low
threshold proton currents were also observed in cells
perfused with NADPH and GTPgS in the absence of
oxygen or in the presence of DPI (Banfi et al. 1999).
From these observations, we concluded that the
NADPH oxidase or a closely associated protein
provides a new type of proton conductance during
phagocyte activation (Banfi et al. 1999). In subsequent
studies, similar alterations in proton currents were
observed in neutrophils and eosinophils using the
permeabilized-patch configuration to prevent
NADPH washout through the patch pipette and
phorbol myristate acetate (PMA) or AA to activate
the oxidase (Decoursey et al. 2000, 2001a; Cherny et al.
2001). Oxidase activation could be documented under
these conditions and was also associated with a negative
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Figure 5. Mechanism of proton and electron transport by NADPH oxidases. We propose that protons are carried along a
hydrogen-bonded chain comprising histidine residues within the catalytic domain of NADPH oxidases. The proton flow is
limited by the mobility of the central His-115 residue, which acts as heme ligand. During electron flow, de-ligation of the heme
molecule increases the mobility of His-115 and facilitates proton transport. The bi-functional His-115 residue at the ‘core’ of the
proton wire functionally couples electron and proton transport. Reproduced from The Journal of General Physiology, 2002, vol.
120, pp. 781–786, by copyright permission of the Rockefeller University Press.
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shift in voltage sensitivity, a faster activation and a

slower deactivation of proton currents. Interestingly,

AA did not consistently slow the deactivation of proton

currents and could enhance proton currents at

concentrations that did not elicit detectable electron

currents (Cherny et al. 2001). Contrary to us, these
authors concluded that the changes in proton current

phenotype reflected the modulation of pre-existing

channels, because the amplitudes of proton and

electron currents activated by PMA were not correlated

and because activation of HC currents by AA could be
dissociated from its activation of the oxidase. Indeed,
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because a proton conductance is present in CGD cells

the alterations in proton current observed during

oxidase activation are compatible either with the

oxidase acting as a modulator of pre-existing channels

or with the oxidase acting as a HC channel during

electron transfer.
The observation that the activation of the oxidase

modulated proton currents prompted us to take a

closer look at the structure of the gp91phox cytochrome.

The predicted topology of the gp91phox protein is shown

in figure 4. The protein contains six transmembrane
domains and two heme groups buried within the
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plasma membrane. The heme groups are coordinated
by histidine residues located in the third and fifth
transmembrane domains (Biberstine-Kinkade et al.
2001), and additional histidine residues are present
along the third transmembrane domain and predicted
to be aligned along the axis of the alpha-helix. This
string of histidine residues caught our attention,
because a similar motif, engineered into the voltage-
sensing domain of the Shaker potassium channel by the
group of Francisco Bezanilla, had been shown to be
sufficient to turn a non-conductive KC channel into a
voltage-gated proton channel (Starace et al. 1997).
Using this motif for an expressed sequence tags (EST)
database screen we identified the first gp91phox

homologue, NOH-1, together with the group of Karl-
Heinz Krause (Banfi et al. 2000). The group of J. David
Lambeth had independently cloned the same protein,
termed Mox1 for mitogenic oxidase because it
promoted cells growth when expressed in NIH-3T3
cells (Suh et al. 1999). This first homologue of the
catalytic subunit of the superoxide-generating NADPH
oxidase of phagocytes has now been renamed NOX1,
and several new homologues have since been identified
(reviewed in Lambeth 2004). Expression in HEK-293
cells of the cDNA coding for the full-length NOX1
protein was associated with voltage and pH activated,
Zn2C sensitive, HC-selective currents (Banfi et al.
2000). Expression in HEK-293 cells of gp91phox (now
renamed NOX2) generated nearly identical proton
currents (Maturana et al. 2001), while the expression of
a truncated NOX1 protein containing only the first
four transmembrane domains, but retaining the
predicted HC channel motif, was sufficient to induce
HC currents (Banfi et al. 2000). Moreover, expression
of the Ca2C-activated oxidase NOX5, which contains
four EF-hand domains in its N-terminus and is
activated directly by Ca2C, generated HC currents
that were activated by an increase in the cytosolic free
Ca2C concentration (Banfi et al. 2001). This indicated
that specific domains within NOX proteins contained
all the information required to induce proton currents
or to modulate proton currents in an isoform-specific
manner when expressed in HEK-293 cells.

Further evidence for the role of NOX in proton
transport came from mutagenesis studies, performed
by our group and by the group of Lydia Henderson.
When proton currents where recorded in CHO cells
expressing mutated versions of NOX2, histidine
mutagenesis revealed that His residues at positions
111 and 119 contributed to voltage gating, while the
His residue at position 115 was critical for HC

selectivity (Henderson & Meech 1999). In HEK-293
cells, mutation of His-115 generated a protein that was
expressed at the plasma membrane but was devoid of
heme, and proton currents were absent (Maturana et al.
2001). All this evidence suggested that a proton
pathway was contained within the gp91phox protein, as
originally proposed by the group of Lydia Henderson
(Henderson et al. 1995, 1997). The critical role of the
His-115 residue further suggested that protonation and
deprotonation of this residue was involved in HC

transport, and that de-ligation of the heme molecule
increased the mobility of this histidine residue during
electron flow. This ‘histidine’ model of proton
Phil. Trans. R. Soc. B (2005)
transport is shown in figure 5 (Maturana et al. 2002).
Heme de-ligation might facilitate HC transport by
increasing the mobility of His-115, allowing the
protonation and deprotonation of this histidine residue
as it is exposed alternatively to the interior and exterior
faces of the cell membrane. This model is attractive
because it nicely explains the coupling of electron and
proton transport.

Despite this body of evidence however, the role of
NOX as proton channels still remains controversial, for
several reasons. While all NOX isoforms tested so far,
except the histidine mutants, generate HC currents in
HEK-293 and CHO cells, NOX expression is usually
not associated with proton currents when the protein is
expressed in COS-7 cells (Morgan et al. 2002, but see
Murillo & Henderson 2005). More problematic, COS-
7 cells expressing all the oxidase subunits (Cos-phox)
generate superoxide, but lack HC currents (Morgan
et al. 2002). The different interpretations of these
findings and the controversy regarding the channel
nature of NOX proteins have been discussed in detail in
recent reviews (Decoursey et al. 2002; Henderson &
Meech 2002; Maturana et al. 2002; Touret & Grinstein
2002), and will not be repeated here. The only
consensus between the different groups is that, to
account for the different observations, NOX proteins
must be either proton channels or proton channel
modulators.

Because studies in expression systems were incon-
clusive, we decided to use a different experimental
approach to study the mechanism of proton and
electron transport by NADPH oxidases. For this
purpose, we developed strategies to record both
electron and proton currents in patches excised from
human eosinophils. The data obtained with this
approach will be discussed in the following sections.
4. PROTON AND ELECTRON CURRENTS IN
EXCISED PATCHES FROM HUMAN EOSINOPHILS
We initially recorded proton currents in patches excised
from resting eosinophils, i.e. cells that were not
activated with chemical stimuli but only by their
adhesion to the glass cover-slip. Only outward proton
currents were recorded under these conditions, and the
currents had all the features of the ‘classical’ proton
currents previously reported: activation by voltage and
pH, inhibition by Zn2C, and high selectivity for HC

ions (Petheö et al. 2003). We then proceeded to check
whether the modulation of proton channels observed
under whole-cell conditions following the activation of
the oxidase persisted in excised membrane patches.
Indeed, as shown in figure 6, very different proton
currents were recorded when the patches were excised
from eosinophils that had been pre-treated with PMA
to activate the oxidase. In keeping with our findings
from whole-cells recordings, proton currents activated
at much lower voltages and allowed the influx of
protons, the inward HC currents often being as large as
the outward HC currents at an equal driving force
(Petheö et al. 2003). Proton currents also activated
much faster upon depolarization in cells pre-treated
with PMA, as observed in the whole-cell configuration.
However, while proton currents in resting cells were
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stable for several minutes, the low-threshold proton
currents recorded in activated cells ran down within
minutes, the residual currents resembling those
observed in non-activated cells. We then verified that
the oxidase was active in these cells by recording
electron currents in excised patches (Petheö et al.
2003). The addition of NADPH to a patch excised
from a PMA-stimulated eosinophil elicited instan-
taneous inward currents whose amplitude ranged
from 0.2 to 4 pA. The currents were fully inhibited by
the oxidase inhibitor DPI and were associated with the
formation of black insoluble formazan precipitates
when the patch pipette contained nitro blue tetra-
zolium (NBT) (figure 7). This indicated that super-
oxide was produced in the patch pipette when the
Phil. Trans. R. Soc. B (2005)
inward currents were evoked by the addition of
NADPH to the cytosolic side of the patch. On the
basis of their NADPH requirement, DPI sensitivity and
association with superoxide generation, the inward
currents were identified as electron currents. Similar to
the low-threshold proton currents observed under
these conditions, the electron currents recorded in
excised patches ran down within minutes. The run-
down could be largely prevented by the addition of
ATP and GTPgS to the cytsolic side of the patch.

The ability to reconstitute the oxidase-associated
proton and electron currents in membrane patches
allowed quantification of the two transport process
under well-controlled conditions. The amplitude of
proton and electron currents recorded in excised
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patches correlated very well, indicating that the
underlying transport proteins co-segregated in the
plasma membrane (Petheö et al. 2003). Moreover,
the run-down of proton and electron currents was
inhibited equally well by the inclusion of ATP and
GTPgS to the cytosolic side of the patch. A detailed
analysis of this run-down process, which we believe
reflects the inactivation of the oxidase and of its
associated proton channel, is now under way in our
laboratory. We expect that this will yield new infor-
mation regarding the inactivation of the oxidase, a
process that is difficult to study with classical bio-
chemical approaches. Preliminary observations indi-
cate that the run-down of both electron and proton
currents is hampered by the inclusion of specific
phosphoinositides in the bath solution (G. L. Petheö &
N. Demaurex 2005, unpublished data). Interestingly,
factors that promote the stability of electron currents in
excised patches also increase the stability of proton
currents, raising the possibility that the inactivation of the
oxidase and of the proton channel is coupled.
5. VOLTAGE AND NADPH DEPENDENCE OF
ELECTRON CURRENTS
The possibility to record electron currents in excised
patches allowed us to probe several key aspects of the
enzymatic activity of the oxidase in intact membranes
under voltage-clamp conditions (Petheö & Demaurex
2005). The inside–out configuration provided a unique
advantage compared to biochemical approaches or to
other patch-clamp configurations, because the cyto-
solic side of the plasma membrane which contains all
the oxidase regulatory subunits is exposed to the bath
solution whose composition can be manipulated
selectively. Furthermore, after optimizing the recording
conditions the electron currents evoked by the addition
of NADPH to the cytosolic side of the patch were
stable for several minutes, allowing quantitative
Phil. Trans. R. Soc. B (2005)
measurements of the enzyme activity under physio-
logical conditions. We took advantage of this feature to
measure the activity of the oxidase at different NADPH
concentrations. As shown in figure 8, the addition of a
low dose of NADPH elicited small electron currents,
while the subsequent addition of a higher dose of
NADPH elicited larger currents in the same patch.
This procedure allowed us to perform a dose–response
of the oxidase activity by normalizing the currents
recorded at intermediate concentrations to the currents
recorded with a maximal dose of NADPH in the same
patch. The amplitude of electron currents was minimal
at 8 mM NADPH, increased steadily in the submilli-
molar range, and was maximal above 1 mM NADPH
(Petheö & Demaurex 2005). Using this approach, we
could establish the Km (concentration required for half-
maximal activity) of the enzyme in intact membranes,
which averaged 110G11 mM at the holding voltage of
K60 mV.

The excised patch approach also enabled us to
determine the voltage dependence of electron currents.
For this purpose, we applied voltage ramps ranging
from K120 to C200 mV before and after the addition
of NADPH. Using a simple ramp subtraction protocol,
the ‘steady-state’ current to voltage relationship of the
electron currents (Ie–V) could be obtained, at different
concentrations of NADPH. A similar approach had
been applied in perforated whole-cell recordings, but in
this case the concentration of NADPH could not be
controlled and the currents were defined by their
sensitivity to the oxidase inhibitor DPI (Decoursey
et al. 2003). In our inside–out patches, we could
determine the voltage dependence of the oxidase in the
absence of DPI and, more importantly, at different
concentrations of NADPH. Contrary to the whole-cell
perforated patch study, the amplitude of electron
currents decreased steeply with voltage when saturating
concentrations of NADPH were used, with no
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apparent rectification (Petheö & Demaurex 2005). In
perforated patch recordings, electron currents were
nearly voltage independent at negative voltages, and
the shape of the Ie–V was very variable between
different cells. In excised patches, the electron current
amplitude varied linearly with voltage in the physio-
logical voltage range (K60 to C60 mV), and the shape
of the Ie–V was nearly identical between individual
patches when a saturating concentration of NADPH
was used. When lower concentrations of NADPH were
used, however, electron currents became voltage
independent at negative voltages and the shape of the
Ie–V resembled those reported in the whole-cell study.
These data indicated that the apparent voltage
dependence of the oxidase was strongly influenced by
the concentration of substrate. To quantify more
precisely this phenomenon, we determined the Km of
the enzyme at different voltages by systematically
recording Ie–V at different concentrations of
NADPH. These experiments revealed that the appar-
ent Km of the NADPH oxidase gradually decreased by
40% with membrane depolarization from K60 to
C60 mV. These data indicate that the voltage inde-
pendence of the electron currents reported in the
perforated whole-cell study was due to substrate
limitation and is not an intrinsic property of the
oxidase. As can be expected for an electrogenic
transporter, the enzyme becomes voltage independent
when the availability of the substrate is limiting, such
that the rate-limiting step is not the electron transloca-
tion across the membrane but the delivery of electrons
from NADPH. Surprisingly, this limitation occurred
within the physiological concentration range of
NADPH, which has been estimated to be around
170–220 mM (Olsen et al. 2003). Because the average
cytosolic concentration of NAPDH is below the
saturating level of the oxidase, our data indicate that
under physiological conditions the activity of the
enzyme is mainly determined by the availability of
substrate. Accordingly, imaging studies have shown
that the concentration of NADPH oscillates in
neutrophils, and that the cytosolic waves of NADPH
correlate both spatially and temporally with the release
of superoxide at the lammellipodium of the cells
(Kindzelskii & Petty 2002). It is tempting to speculate
that the activity of the other NADPH oxidase isoforms
is also regulated in space and time by changes in
substrate concentration. So far, however, fundamental
biochemical and biophysical characterization of the
novel NADPH oxidase isoforms is lacking.
6. MEMBRANE POTENTIAL CHANGES
The Ie–Vs obtained in excised patches also allowed us
to assess the capacity of the oxidase to depolarize the
plasma membrane. In most cases, the amplitude of
electron currents declined asymptotically to zero at
voltages exceeding C200 mV. These observations were
confirmed by recording the changes in plasma
membrane voltage during activation of electron cur-
rents in excised patches. In the current clamp mode,
the addition of NADPH induced a depolarization to
C180 mV when charge compensation due to the
activity of proton channels was blocked by Zn2C
Phil. Trans. R. Soc. B (2005)
(G. L. Petheö & N. Demaurex, unpublished data).

In early studies, plasma membrane depolarizations

ranging from K40 to 0 mV had been reported in intact

phagocytes using voltage-sensitive dyes, and the

depolarization was absent in patients lacking a

functional oxidase (Seligmann et al. 1980). More

recently, a depolarization to voltages as high as

C58 mV was reported in activated neutrophils using

a more accurate method based on the rates of Mn2C

influx through endogenous Ca2C channels ( Jankowski

& Grinstein 1999). In whole-cell recordings, activation

of the oxidase induced a depolarization to C80 mV in

the presence of Zn2C (Banfi et al. 1999). Our I–Vs

indicate that the oxidase is able to depolarize the

plasma membrane to voltages close to 200 mV. This

value probably represents a maximal limit, which is not

reached in vivo due to the activation of charge

compensating mechanisms. Both HC channels

(Henderson et al. 1987; Banfi et al. 1999) and

large conductance calcium-activated KC channels

(Ahluwalia et al. 2004) are involved in charge

compensation, but their relative contribution remains

to be determined (Decoursey 2004). KC flux appears

to compensate for a small fraction of electron transport

(Reeves et al. 2002; Rada et al. 2004) mainly during the

initial phase of superoxide production (Rada et al.
2004). Therefore, HC channels might be required to

prevent deleterious membrane depolarization, as at

membrane potentials exceeding 100 mV the electrical

field generated across the thin layer of the plasma

membrane (ca 105 V cmK1) will cause most insulators

to break down irreversibly (the axon guide, www.axon.

com/mr_Axon_Guide.html). A close coupling between

the oxidase and proton channel is, thus, primordial not

only to sustain oxidase activity, but also to prevent

membrane damage.

This research is supported by the operating grant no.
31-068317.02 from the Swiss National Science Foundation.
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