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Summary

Efficient mechanisms of H* ion extrusion are crucial for normal NADPH oxidase function.
However, whether the NADPH oxidase—in analogy with mitochondrial cytochromes—has
an inherent H* channel activity remains uncertain: electrophysiological studies did not find al-
tered H™ currents in cells from patients with chronic granulomatous disease (CGD), challeng-
ing earlier reports in intact cells. In this study, we describe the presence of two different types
of H* currents in human eosinophils. The “classical” H* current had properties similar to pre-
viously described H* conductances and was present in CGD cells. In contrast, the “novel” type
of H* current had not been described previously and displayed unique properties: (a) it was ab-
sent in cells from gp91- or p47-deficient CGD patients; (b) it was only observed under experi-
mental conditions that allowed NADPH oxidase activation; (c) because of its low threshold of
voltage activation, it allowed proton influx and cytosolic acidification; (d) it activated faster and
deactivated with slower and distinct kinetics than the classical H* currents; and (e) it was ~20-fold
more sensitive to Zn?* and was blocked by the histidine-reactive agent, diethylpyrocarbonate
(DEPC). In summary, our results demonstrate that the NADPH oxidase or a closely associated
protein provides a novel type of H* conductance during phagocyte activation. The unique
properties of this conductance suggest that its physiological function is not restricted to H™ ex-
trusion and repolarization, but might include depolarization, pH-dependent signal termination,

and determination of the phagosomal pH set point.
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hagocytes such as neutrophils, eosinophils, and macro-

phages kill invading pathogens by various mechanisms,
including phagocytosis, secretion of proteolytic enzymes, and
the production of toxic oxygen radicals (1-3). Superoxide is
generated during the respiratory burst by the one-electron re-
duction of molecular oxygen, a reaction that is catalyzed by
the NADPH oxidase complex (4, 5). This multicomponent
enzyme is composed of at least two cytosolic subunits, p47rhox
and p67Pox and two membrane-associated subunits, p22rhox
and gp91phox (6, 7). Upon stimulation, the cytosolic compo-
nents associate with the membrane-bound subunits, resulting
in a functional NADPH oxidase. Patients with chronic gran-
ulomatous disease (CGD)! who have a missing or defective

LAbbreviations used in this paper: CGD, chronic granulomatous disease; DEPC,
diethylpyrocarbonate; DPI, diphenyliodinium; E,, and Ex,, H" and K*
equilibrium potential; E,,, reversal potential of the current; pH;, intracellular
pH; pH,, extracellular pH; TEACI, tetraethyl ammonium chloride.
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subunit fail to assemble a functional oxidase and suffer from
severe recurrent infections (8-10).

The assembled oxidase transfers electrons from cytosolic
NADPH to extracellular oxygen (11, 12), a process that
generates measurable currents across the plasma membrane
(13). The electron transport can be sustained for several
minutes, suggesting the existence of charge-compensating
mechanisms (14). Efflux of H* ions has long been postu-
lated to provide the compensating charge (15), as large
quantities of acid equivalents are generated in the cytosol
during the respiratory burst (16, 17) and during the resyn-
thesis of NADPH by the hexose monophosphate shunt
(18). Despite this increased intracellular acid production,
neutrophils alkalinize during the respiratory burst, due in
part to the concomitant activation of the Na*/H™* anti-
porter (19, 20). However, Na*/H* exchange is electro-
neutral and cannot provide a compensating charge (21). In
contrast, H* efflux through a conductive pathway would
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provide an efficient mechanism of H™ extrusion and charge
compensation.

H™ currents were initially described in snail neurons (22,
23) and subsequently found in many cellular systems (24, 25),
including phagocytes (26—30). Common properties of proton
conductances include voltage activation, regulation by intra-
and extracellular pH, block by divalent cations, extremely
high selectivity, high temperature dependency, and very small
unitary conductance (for a review, see reference 31). Due to
the lack of resolvable unitary events, H* currents cannot be
attributed unambiguously to ion channels, and we therefore
prefer to use the term “conductance” (rather than “channel’)
to describe an H* permeation pathway that might involve a
voltage-dependent ion carrier.

H™* conductance activity is highest in phagocytes, where
it provides both a charge-compensating and a pH-regulat-
ing mechanism during the respiratory burst (32, 33). These
cells express a plasma membrane cytochrome, gp91phox,
which, by analogy with mitochondrial cytochromes, has
been proposed to function as an H* channel (for a review,
see reference 34). However, the experimental evidence re-
garding the H* channel function of gp91P"°x remains so far
contradictory: (a) the NAPDH oxidase and the H* con-
ductance have a similar pattern of activation by agonists
(35, 36) and intracellular messengers (37, 38), and H™ cur-
rents develop in parallel with gp91rhox during the differen-
tiation of HL-60 cells (39, 40). However, H* currents are
found in a variety of animal and human cells that do not
express the phagocyte NADPH oxidase (22, 24, 41, 42). (b)
Studies using pH-sensitive fluorescent dyes found signs of an
abnormal H* conductance in TPA- or AA-stimulated CGD
cells (40, 43, 44). However, a patch clamp study reported
normal H* current in monocytes from patients with X-linked
CGD, who completely lacked the gp91Phox subunit (45).
Nevertheless, transfection of gp91P"ox into Chinese hamster
ovary (CHO) fibroblasts conferred H* conductance to these
NADPH oxidase—negative cells (40, 46).

To clarify the role of the NADPH oxidase in proton
transport, we used human eosinophils, whose oxidase acti-
vity can be readily measured with the patch clamp tech-
nique (13). This enabled us to demonstrate for the first
time that CGD patients lack an oxidase-associated H* con-
ductance that is activated during the respiratory burst.

Materials and Methods

Patients.  The gp91rhox-negative CGD patient was a 6-yr-old
Caucasian boy. The p47rhox-negative CGD patient was a 34-yr-
old Caucasian woman. Both patients had been thoroughly docu-
mented and completely lacked the respective oxidase subunits.

Materials and Media. ~ Tetraethyl ammonium chloride (TEACI),
2-(N-morpholino)ethanesulfonic acid (MES), Hepes, diethylpy-
rocarbonate (DEPC), and Tris were from Sigma Chemical Co.
The pH-sensitive fluorescent dye 5'(and 6')-carboxy-10-dimethyl-
amino-3-hydroxy-spiro[ 7H-benzo[c]xanthene-7,1'(3'H)-isobenzo-
furan]-3'-one (carboxy-SNARF-1, free and acetoxymethylester
form) was purchased from Molecular Probes, Inc. All other
chemicals were of analytical grade and obtained from Sigma
Chemical Co., Merck, or Fluka.

Unless otherwise indicated, the recording solutions used in
current measurements contained (in mM) CsCI 75, CsOH 50,
TEACI 10, MgCl, 1, buffered to the indicated pH with 50 mM
of MES (pH 6.1 and 6.6), Hepes (pH 7.1-7.6), or Tris (pH 8.1).
In addition, the bath solution contained 0.1% glucose, and the pi-
pette solution 1 mM MgATP and 8 mM NADPH. Free Ca%*
concentration was ~5 wM, measured with a calcium electrode (13).
The quasiphysiological solutions used for some membrane poten-
tial measurements were buffered as described above and con-
tained (in mM), pipette: KCI 110, NaCl 5, KOH 2.4, MgCl, 2;
bath: NaCl 109, NaOH 2.4, KCI 5, MgCl, 2, 0.1% glucose.
DEPC was dissolved in 50% ethanol at 1.2 M and used at a final
concentration of 1.2 mM, such that the final ethanol concentra-
tion did not exceed 0.1%. The various free Zn?* concentrations
used in Fig. 7, A and B, were buffered by citrate (5 mM) accord-
ing to calculations performed with the MaxChelator 6.7 program
(Chris Patton, Stanford University, Stanford, CA).

Cells. Human eosinophils (>98% pure) were isolated from
heparinized or citrated whole blood obtained by venipuncture, us-
ing dextran sedimentation, discontinuous plasma-Percoll gradients,
and negative selection by CD16-coupled magnetic beads as de-
scribed (30). The same procedure was used to obtain eosinophils
from CGD patients. After isolation, cells were kept on ice until
used (generally <10 h). All experiments were performed at room
temperature. Oxygen depletion was performed as described (13).

Measurements of Cytosolic pH.  Cytosolic pH was measured with
the dual emission pH indicator carboxy-SNARF-1, as described
previously (26), using an inverted microscope (Nikon Diaphot)
equipped with a xenon arc lamp and the appropriate filters (Glen
Spectra Ltd.). The fluorescence intensity at 580 and 640 nm was
measured simultaneously on two photometers (Hamamatsu) and
recorded at a rate of 50 Hz using a 12-bit A/D converter (Acqui;
Sicmu). Eosinophils were incubated with 5 wM carboxy-SNARF-1
acetoxymethylester for 30 min at room temperature just before
recordings in the whole cell patch clamp configuration. To com-
pensate for the diffusion of the dye into the patch pipette, 100
wM carboxy-SNARF-1 (free acid) was included in the pipette
solution. Data are expressed as the ratio of carboxy-SNARF-1
640 nm to 580 nm emission.

Patch Clamp Recordings.  The whole cell patch clamp technique
(47) was used to measure whole cell membrane currents and mem-
brane potential, essentially as described (26, 30). Patch pipettes
were pulled from borosilicate glass (1.5 mM OD; Clark Electro-
medical Instruments) using a Flaming Brown automatic pipette
puller (Sutter Instruments). Pipettes were fired—polished and had
resistance in the range of 3-12 M(); seal resistance was 5-50 G{).
Patch recordings were performed using a Axopatch 200A amplifier
(Axon Instruments), in the current clamp or voltage clamp mode.
Values for whole cell resistance varied between 2.5 and 30 G();
mean access resistance was between 10 and 30 MQ. Cell capaci-
tance ranged from 1.8 to 3.0 pF. Data were low-pass filtered at 20
Hz through an eight-pole Bessel filter and digitized at 100 Hz on a
12-bit A/D converter (Acqui; Sicmu), which also provided the
voltage pulses. In addition, all experiments were recorded at high
frequency (44 kHz) on a DAT tape recorder (DTR 1801; Bio-
logic). Leak currents were small compared with the studied cur-
rents, and were subtracted only to calculate the current—voltage re-
lationship of the time-dependent currents. Traces shown are not
corrected for leak current and were smoothed by averaging 5 or 40
consecutive data points. In ~~30% of the cells, a transient (<10 s)
outward current (presumably carried by K+) developed immedi-
ately after break-in (e.g., see Fig. 5 A, bottom left trace); this cur-
rent was observed in both control and CGD cells.
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Data Analysis. The recorded traces, filtered at 500 Hz, were
digitized at 2 kHz and transferred to Origin software for analysis
(MicroCal). For tail current analysis, exponential curves were fitted
to the deactivating currents using the Origin software. To avoid
capacitance artifacts, the first 5 ms after the repolarization were not
considered for analysis. Computation required ~20-200 iterations
to reach a stable condition with a level of confidence of 1%, as as-
sessed by the nonlinear least squares regression method.

Results

An H* Conductance Sets the Membrane Potential during the
Respiratory Burst.  To investigate the role of the H* con-
ductance during the respiratory burst, we directly measured
changes in membrane potential during activation of eo-
sinophils from control and CGD patients, using the current
clamp mode of the patch clamp technique. Electron trans-
fer through the NADPH oxidase is electrogenic and is as-
sociated with a depolarization of the plasma membrane (15,
33). The magnitude of this depolarization is unknown but
likely exceeds the threshold of activation of the phagocytic
H* conductance, since conductive H* efflux has been re-
ported during the respiratory burst (36). We took advan-
tage of the patch clamp technique to activate the oxidase,
by including its substrate NADPH together with Ca2*
and/or nonhydrolyzable GTP analogues in the patch pi-
pette (13; see also Fig. 2 A).

In initial experiments, 125 mM Cs*™ and 10 mM TEA
were included in the solutions to block the inwardly recti-
fying K* channel of eosinophils (Kir 2.1), which normally
sets the membrane potential close to the K+ equilibrium
potential (Ex.) (48). As shown in Fig. 1 A, control eosino-
phils rapidly depolarized upon perfusion with a pipette
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containing 25 wM GTP~S (arrowhead). The time course
of the membrane potential changes was biphasic: the cells
depolarized within 30 s and then repolarized to approxi-
mately +30 mV, i.e., close to the H* equilibrium potential
(Eqs = +29 mV). Addition of Zn?* (10 nM), a known
blocker of the phagocytic H* conductance, caused the cells
to depolarize to extremely high values (+80 mV). This
suggested that, at the steady state +30 mV potential, an H*
conductance was counteracting the depolarization induced
by the oxidase.

To assess the contribution of the H* conductance, we
measured membrane potential changes at various bath and
pipette pH. As shown in Fig. 1 B, the amplitude of the de-
polarization increased when the external pH was made
more acidic than the cytosol, whereas the cells hyperpolar-
ized when the pH gradient was reversed. A plot of the
steady state membrane potential against the pH gradient
(Fig. 1 C) revealed that the membrane potential of acti-
vated eosinophils (upward triangles) closely followed the H*
equilibrium potential (dotted line). Identical values were ob-
tained when the experiments were repeated in quasiphysio-
logical solutions devoid of TEA (downward triangles), sug-
gesting that the contribution of K* channels was minimal.
However, regardless of the pH gradient, the cells depolarized
to approximately +80 mV upon addition of Zn?* (filled tri-
angles). This confirmed that an H* conductance was equili-
brating the membrane potential with the pH gradient.

In contrast, cells from a p47-deficient CGD patient,
which lacked a functional oxidase, failed to depolarize and
remained insensitive to Zn?* (Fig. 1 A, bottom trace). As
shown in Fig. 1 C, the CGD cells maintained a negative
potential at all pH (open circles), even in the presence of

Figure 1. Membrane potential
changes during activation of
control and CGD eosinophils.
The membrane potential of eo-
sinophils, determined as the zero
current holding potential, was
measured in current clamp mode
after the formation of the whole
cell configuration (arrowhead).
The pipette solutions contained
8 mM NADPH and 25 uM
GTP+S to activate the oxidase.
(A) Time course of the mem-
brane potential changes in con-
trol and CGD eosinophils, mea-
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sured in Cs*-based solutions
containing 10 mM TEA (pH; =
7.6, pH, = 7.1). When indi-
cated, the HT* conductance
blocker, Zn2* (10 wM), was
added to the bath solution. (B)
Membrane potential changes
measured with CsCl solutions
buffered to different pH. (C)
The steady state membrane po-
tential of control (triangles) and
CGD cells (circles) is plotted
against the transmembrane pH
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gradient, measured in CsCl (upward triangles) or quasiphysiological (downward triangles) solutions, in the absence (open symbols) or presence (filled
symbols) of Zn?*. The dotted line represents the calculated H* equilibrium potential. Data are mean += SEM of =5 experiments for each condition.
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Zn2* (filled circles). This demonstrated that a functional
oxidase is required not only for the depolarization, but also
for the activation of an H* conductance. The H* conduc-
tance then counteracted the depolarization and rendered
the cell pH sensitive, setting the membrane potential ac-
cording to the pH gradient. This latter observation was sur-
prising, inasmuch as the known H* conductances open at
voltages significantly higher than E,, (49). Thus, the H*
conductance activated during the respiratory burst appeared
to have an unusually low threshold of activation.

Activation of the Oxidase Is Associated with Inward H* Cur-
rents. To investigate the unusual behavior of this H* con-
ductance, we directly measured proton currents during the
respiratory burst in voltage-clamped experiments. To vary
the degree of oxidase activation, we perfused calcium che-
lators or GTP analogues through the patch pipette. As de-
scribed previously (13), electron transport by the oxidase
generated inward currents that developed slowly upon cell
activation (Fig. 2 A, left traces). These electron currents
were sustained for several minutes (n = 804) and did not
display time-dependent voltage activation or inactivation,
allowing concomitant recordings of currents elicited by de-
polarizing voltage steps (Fig. 2 A, right traces).

As shown in Fig. 2 A, perfusion of eosinophils with ~5
wM unbuffered free [Ca2*] generated an electron current
whose amplitude, 2 min after achieving the whole cell
configuration, averaged —3.9 = 0.16 pA/pF (n = 32). De-
spite the use of alkaline pipette solutions to minimize H*
currents (intracellular pH [pH;] 7.6, extracellular pH [pH,]
7.1), voltage-activated outward currents were observed
above +30 mV (Ey, = +29 mV), whereas deactivating
tail currents (current observed after stepping back to the
holding voltage) were observed above 0 mV (Fig. 2 A, top
right traces). This suggested that an ionic conductance was
already activated at 0 mV, yet produced measurable steady
state currents only at higher voltages. To guantitate the
amplitudes of the voltage-activated currents, the currents
measured 500 ms after the beginning of the voltage pulse
were subtracted from the current measured at the end of
the 5-s pulse, and the result was plotted against the activat-
ing voltage (Fig. 2 B). The current—voltage relationship re-
vealed that small (—1.3 = 0.2 pA, n = 12) inward current
developed already at voltages higher than 0 mV (Fig. 2 B,
circles). This current reversed sign close to the H* equilib-
rium potential (E,, = +30 mV, E, = +29 mV), suggest-
ing that it might be carried by H* ions. Furthermore, its
slow kinetics of voltage activation and deactivation were
similar to previously described H* currents. However, this
putative H™ current activated well below the expected
voltage range for the H* conductance of phagocytes, which
has been thought to carry only outward H* current.

This unusually low threshold of activation was not ob-
served in conditions that prevented oxidase activation, i.e.,
calcium buffered with 10 mM EGTA (electron current den-
sity, 2 min after break-in, —1.0 = 0.22 pA/pF; n = 11). Un-
der those conditions, little or no current was elicited by depo-
larizing pulses (Fig. 2 A, middle traces), and the I-V curve
revealed only small outward currents that activated at voltages
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Figure 2. H* currents during activation of the NADPH oxidase. (A)
Whole cell current in human eosinophils measured under resting and
stimulated conditions. The pipette solution contained 8 mM NADPH to
provide substrate for the oxidase, and either no calcium buffer (top, ~5 uM
free [Ca?*]), 10 mM EGTA (middle), or 25 wM GTP~S (bottom). After
break-in (arrowheads), the electron currents were recorded at 0 mV (left
traces). After achieving a steady state, the holding voltage was changed to
—20 mV, and 5-s depolarizing steps ranging from —10 to +40 mV (inset)
were applied in 10-mV increments to elicit H* currents (right traces).
Traces are representative of =20 experiments for each condition. (B)
Current-voltage plot of the voltage-dependent currents measured with
~5 uM free [Ca?*] (@), 25 uM GTP~S (J), and 10 mM EGTA (A).
Currents measured 500 ms after the beginning of a 5-s-long voltage pulse
were subtracted from the current measured at the end of the pulse. The
leak-subtracted currents reversed sign around +30 mV, close to the H*
reversal potential (pH; = 7.6, pH, = 7.1; E, = +29 mV; mean = SEM
of =7 experiments).

higher than +40 mV (Fig. 2 B, triangles) consistent with the
known behavior of the H* conductance (29, 30). This sug-
gested that the degree of cellular activation and/or the con-
comitant activation of the NADPH oxidase could alter the
voltage dependence of the H* conductance of phagocytes.
To test this possibility, we perfused GTPyS through the
patch pipette to induce maximal cell activation and stimu-
late the respiratory burst. GTPyS increased the amplitude
of the electron currents (—7.5 £+ 0.3 pA/pF, n = 36), con-
firming that the oxidase was strongly activated (Fig. 2 A,
bottom left trace). Under these conditions, the amplitude
of the voltage-activated currents was markedly increased
(Fig. 2 A, bottom right traces), and the threshold of voltage
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activation was shifted to even lower values (Fig. 2 B,
squares). Thus, activation of the oxidase was associated
with large voltage-dependent currents that activated well
below the H* equilibrium potential. Given the kinetic sim-
ilarities with the known H* currents of phagocytes and the
fact that, in our ionic conditions, H* was the only known
permeant ion, the observed current was likely carried by H.
This suggested that, upon oxidase activation, the threshold
of voltage activation of the H* conductance was shifted be-
low Ey., allowing H* ions to enter the cell down their
electrochemical gradient.

pH Changes Associated with the Inward Current. To dem-
onstrate that the inward current observed in activated eo-
sinophils was carried by H™ ions, we measured the cytoso-
lic pH changes during depolarizing voltage steps (Fig. 3 A).
The cells were loaded with the pH-sensitive fluorescent in-
dicator carboxy-SNARF-1, and changes in pH; were mea-
sured by ratio emission photometry. After break-in (arrow),
a robust e~ current developed, and the cell alkalinized as it
equilibrated with the pipette solution (pH 7.6). After the
establishment of a steady state pH and current, long-lasting
depolarizing voltage steps were applied to elicit the volt-
age-dependent inward current. As shown in Fig. 3 A, de-
polarizing steps to +20 mV (middle trace) elicited large in-
ward currents (bottom trace) that were accompanied by a
sizable cytosolic acidification (top trace). The current rap-
idly deactivated upon repolarization to —20 mV, and the
cell realkalinized as base equivalents were continuously per-
fused through the patch pipette. Addition of Zn?*, which
blocks H* currents in several cell types, abolished both the
pH; changes and the associated inward currents (Fig. 3 A).

This confirmed that the inward current was carried by H*
ions, and suggested that the underlying conductive pathway
might be the Zn2*-sensitive H* conductance of phagocytes.

As, under our activating conditions, the H* conductance
is open below and above E,,,, it is expected to drive both
cytosolic acidification and alkalinization depending on the
driving force for H* ions. To test this possibility, a depolar-
ization was applied to elicit outward current, and the exter-
nal medium was exchanged for a more acidic solution to
change the direction of the protonmotive force (Fig. 3 B).
As expected, the outward current was associated with a
large cytosolic alkalinization, whereas after the change of the
pH, from 7.1 to 6.6, the cell rapidly acidified (Fig. 3 B,
top). This cytosolic acidification was associated with a large
inward current (Fig. 3 B, bottom) that rapidly inactivated,
likely reflecting the reduction in the H* driving force as
the cytosolic pH decreased. Thus, at constant voltage, the H*
conductance can drive either cytosolic alkalinization or acid-
ification after changes in the pH gradient.

Modulation of the H* Currents by pH;. The direction of
the H* flux at constant voltage could also be reversed when
different pH; were imposed through the patch pipette (Fig. 4).
Reducing the pipette pH from 7.6 to 7.1 changed the di-
rection of the H* current at +10 mV (Fig. 4 A) and shifted
the reversal potential of the current by —30 mV (Fig. 4 B).
Conversely, increasing pH; by 0.5 pH unit shifted the re-
versal potential of the current by +30 mV (Fig. 4 B). In
each case, the reversal potential of the current was close to
the H* equilibrium potential (arrows), confirming that the
inward and outward currents were carried by H* ions. In
addition to the expected changes in the reversal potential,

Figure 3. HT current-associ-
ated changes in cytosolic pH.
Combined recordings of whole
cell currents and cytosolic pH
changes measured with the fluo-
rescent pH indicator carboxy-
SNARF-1. The pipette solu-

—_
)]
o

1

100

71 I 6.6 ‘ pH0 tions contained 25 wM GTPyS

-

N

o
T

90 r

SNARF-1 ratio
0
(=)

SNARF-1 ratio
[0
o
T
)
o

70 -

Current (pA)

5 <o
S 3
=<
8
Current (pA)
8 o B

-40

-60

187 Banfi et al.

and 8 mM NADPH. (A) After
break-in (arrowhead), the cytosol
was allowed to equilibrate with
the alkaline pipette solution (pH =
7.6). Then, long-lasting (20 s) de-
polarizing steps to +20 mV were
applied (middle), and the currents
(bottom) and cytosolic pH

+80 changes (top) were measured

concomitantly. When indicated,
Zn%* (10 M) was added to the
bath solution. (B) A sustained de-
polarization to +80 mV was im-
posed (middle) to allow H* efflux
through the conductance (pH; =
8.1, pH, =7.1,E4, = +58 mV).
After establishing a new steady
state pH (top) and current (bot-
tom), the external pH was rapidly
decreased from 7.1 to 6.6 to
change the direction of the H*
gradient (Ey; = +90 mV). Re-
cordings are representative of =16
experiments for each condition.
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pH dependence of the H™ currents. (A) Currents elicited by a 5-s depolarizing pulse to +10 mV in cells perfused with alkaline (pH = 7.6,

n = 20) or neutral (pH = 7.1, n = 7) pipette solutions containing 25 uM GTP~S. (B) Current-voltage relationship measured at a pipette pH of 6.1
(V), 7.1 (A), 7.6 (@), and 8.1 (TJ). The holding voltage was —60 mV (pH 6.1), —40 mV (pH 7.1), and -20 mV (pH 7.6 and 8.1), and bath pH was 7.1
in all conditions. Arrows indicate the H* equilibrium potential for each condition. Data are mean = SEM of =7 experiments for each condition.

changing the transmembrane pH gradient shifted the
threshold of voltage activation of the H* current (Fig. 4 B).
At neutral or alkaline pH;, the current activated well below
the H* equilibrium potential, thus producing inward H*
currents (Fig. 4 B, squares and circles). In contrast, at acidic
pH; the current activated above the reversal potential, and
only outward H* currents were observed (Fig. 4 B, down-
ward triangles).

Thus, the low threshold of activation observed in acti-
vated eosinophils is lost at acidic pH;. The loss was not due
to a decrease in oxidase activity, since a positive NBT
stain was observed at pH; 6.1 (not shown) and the ampli-
tude of electron currents was similar when measured in
acidic or alkaline solutions (—7.64 = 1.03 vs. —7.5 = 0.3
pA/pF, n = 8 and 36, respectively). This apparent inhibition

at acidic pH; differs from the known properties of H* con-
ductances, which activate at acidic pH;.

The Inward H* Current Is Not Coupled to Electron Trans-
port. The development of inward H* currents closely
correlated with the amplitude of electron transfer by the
oxidase (Fig. 2 A), suggesting coupling between electron
and proton transport. To test this hypothesis, we measured
the H* currents under conditions that allowed the assembly
of the oxidase, but prevented its redox function. As shown
in Fig. 5 A, block of electron transport by diphenyliodi-
nium (DPI) or removal of oxygen, the electron acceptor,
from the bath solution, completely abolished the electron
current through the oxidase (left traces). The electron cur-
rent density was smaller than —0.5 pA/pF in both cases (n =
19 and 14 for DPI and oxygen-depleted, respectively).
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Figure 5. The inward H™ currents do not require oxidase activity. (A) Effect of DPI (top) and of oxygen depletion (bottom) on the electron

(left) and proton currents (right traces). Pipette solutions contained 25 M

GTPyS, 8 mM NADPH, pH 7.6; bath pH 7.1. Oxygen was removed

from the bath solution by a 4-h preincubation with glucose-oxidase (50 mU/ml) and catalase (2,000 U/ml). Traces are representative of =7 experi-
ments. (B) Current-voltage relationship of the H* currents, measured as in the legend to Fig. 2, under control conditions (A, PO, = 25.7 * 0.3
kPa), in the presence of DPI ((J), or under low oxygen conditions (®, PO, < 1 kPa). Data are mean = SEM of =7 experiments for each condition.
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However, neither procedure had major effects on the H*
currents (right traces). The slight reduction in the ampli-
tude of the inward currents (Fig. 4 B) was not statistically
significant (P > 0.05). Thus, the inward H* current is not
coupled to electron transport and does not require con-
comitant oxidase activity.

The Inward H* Current Is Absent in CGD Patients.  Al-
though the inward H* currents did not require electron
flow through the oxidase, they were only observed in con-
ditions favoring oxidase assembly, suggesting a close cou-
pling between the two systems. To analyze in detail the
molecular basis of this putative interaction, we measured
the currents in two patients with CGD. One patient had
X-linked CGD and was completely deficient in the trans-
membrane gp91Phex subunit of the oxidase, whereas the
second patient lacked the cytosolic p47 subunit. As ex-
pected, eosinophils from these CGD patients did not pro-
duce a detectable amount of superoxide and failed to gen-
erate electron currents upon activation with GTPyS (not
shown). As shown in Fig. 6 A, the two types of CGD cells
were completely devoid of inward H* currents (top traces).
However, small outward currents were observed in both
the gp91- and p47-deficient cells, suggesting that an H*
conductance was present in the CGD cells. Accordingly,
when measured in the acidic conditions classically used for
H* current detection (pH; 6.1, 0.2 mM EGTA), CGD
eosinophils had near-normal H* currents (right traces).
Thus, an H* conductance is present and functional in CGD
cells, but is unable to catalyze H* influx in response to cell
activation. This abnormal behavior was not due to a lack of
response to GTP~yS or Ca?*, which had a marked effect on
the outward H™ currents (Fig. 6 C). Despite the activation,
however, GTPyS and Ca?" did not induce the apparition
of inward currents (compare Fig. 6 C with Fig. 2 B). Thus,

A B C
pH, 7.6 pH, 6.1

X91°

=
=l

=i
o] w1

2s 2s
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CGD cells possess an endogenous H* conductance distinct
from gp91rhox which can be activated by cytosolic acidifi-
cation, by Ca?*, and by GTP~S. However, regardless of
the mode of activation, this conductance carries only out-
ward current in CGD cells.

Eosinophils Express Two Distinct H* Conductances.  The
absence of inward H* current in CGD eosinophils could
result from the defective modulation of a preexisting, out-
ward-rectifying H* conductance. Alternatively, it could re-
flect the lack of a distinct H* entry pathway linked to one
of the oxidase subunits. To distinguish between these two
possibilities, we analyzed in detail the kinetic and pharma-
cological properties of the inward and outward H* cur-
rents. Polyvalent metal cations such as Cd?* and Zn2*+
block, at submillimolar concentrations, all the voltage-acti-
vated H* currents described to date (31, 32). The block is
voltage dependent and mimics a lowering in pH,, suggest-
ing that the cations interact with the external H* binding
site on the transport protein (50). If a separate conductance
with a higher affinity for external H* is activated, the re-
sulting currents should thus be more sensitive to block by
Cd?* and Zn2?*. Consistent with this hypothesis, a large
fraction of the outward currents observed in control, acti-
vated eosinophils was already blocked by submicromolar
concentrations of Zn?*, whereas higher concentrations
were required to block the residual currents (Fig. 7 A). Ac-
cordingly, the dose-inhibition curve of the outward cur-
rents was biphasic, with apparent Ky of 150 nM and 2.4 M,
suggesting the presence of both a high-affinity and a low-
affinity conductance (Fig. 7 B, open circles). In contrast,
the dose-inhibition curve of the inward currents was mono-
phasic, with an apparent Ky of 133 nM, consistent with the
presence of only a single, high-affinity conductance (Fig. 7
B, open circles). Thus, two H* conductances with distinct

407 Figure 6. The inward H*
pA X91° currents are absent in CGD pa-
30 tients. Proton currents recorded

® Ca* in eosinophils from two CGD pa-

20 o GTPyS tients: a 6-yr-old Caucasian boy
A EGTA with X-linked CGD, who com-

pletely lacked the gp91Phox subunit

10 (X919, and a 34-yr-old Caucasian

1 woman with a deficiency in p47

—In L ARAD (A479. (A) Families of currents
20 | 20 40 60 80 elicited by 5-s depolarizing steps
10 mv ranging from 0 mV (CGD) or

—20 mV (Control) to +50 mV,
in conditions favoring inward cur-
rents (pH; = 7.6, 25 uM GTPyS).
(B) Currents elicited by 5-s pulses
from —60 mV to 0 mV, in condi-
tions minimizing inward currents
(pH; 6.1, 0.2 mM EGTA, no
GTP~yS). Traces are representa-
tive of =8 experiments. (C)
Current-voltage plot of proton
currents measured in CGD cells
under different activating condi-
tions (pH; = 7.6, pH, = 7.1). Data
are mean = SEM of =4 experi-
ments for each condition.
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Figure 7. Block of the cur-
rents by Zn?* and DEPC. Effect
of the polyvalent cation Zn2*+
and of the histidine reagent
DEPC on the H* currents of
control and CGD cells. Pipette
solutions contained 25 pM
GTPyS, pH; 7.6 (A-C) or 7.1
(D), pH, 7.1. (A) Effect of Zn?*
on the outward currents in con-
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Control
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. B = S trol, activated eosinophils. Cur-

T T rents were elicited by a pulse

8 7 6 5 from —20 to +60 mV, and in-
[Zn**] (log M) creasing free concentrations of

Zn?* (buffered with 5 mM ci-
trate) were added to the bath
solution. Traces are representa-
tive of =11 experiments. (B)
Dose-inhibition curves of the
block by zZnZ*. The fractional
outward (O, measured at +60
mV) or inward (M, measured at
+20 mV) current is plotted
against the extracellular Zn?*
concentration. Data are mean *
SEM of =4 experiments for
each condition, fitted with a
single (M) or double sigmoidal

curve (O) using Origin software. (C) Effect of DEPC (1.2 mM) on the inward current induced by a 7-s-long depolarization to +10 mV. (D) Effect
of DEPC on the outward current induced by a 5-s depolarization to +60 mV. Traces are representative of =7 experiments.

Zn2* sensitivity appeared to coexist in activated eosino-
phils. The low-affinity component likely reflected the en-
dogenous H* conductance which, in a previous study us-
ing nonactivated eosinophils, was blocked by Zn2* with a
half-inhibitory concentration of 4 WM (30).

To verify that the high-affinity component reflected the
activation of a separate conductance, we searched for or-
ganic inhibitors able to block the inward H* currents.
Since several H* conducting transporters contain histidyl
residues, whose protonation/deprotonation play a key role
in H* translocation (51-53), we tested the effects of DEPC,
a histidine-modifying reagent. DEPC did not significantly
affect the activity of the oxidase, as it reduced the ampli-
tude of electron currents by only 2.57 = 0.04% (P = 0.56,
n = 22). DEPC specifically reacts with histidyl residues at
physiological pH (54-56), and is thus expected to affect the
currents if histidine residue(s) are involved in either inward
or outward proton transport. As shown in Fig. 7 C, DEPC
almost completely blocked the inward H* current. In con-
trast, DEPC had no effects on the outward H* current of
CGD eosinophils, and only partially blocked the outward
H* current in control cells (Fig. 7 D). This suggested that
histidine residue(s) are critical for the inward H* currents,
and mediate part of the outward H* current observed in
control cells. In contrast, histidine residues are either not
accessible for DEPC or not involved in outward H* trans-
port by CGD eosinophils.

To confirm the existence of two separate H* conductive
pathways, we analyzed in detail the kinetics of activation
and deactivation of the currents. As shown in Fig. 8 A, su-
perimposition of the currents elicited by a pulse to +60 mV
and normalized to the peak current measured at this volt-
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age revealed that current activation was more rapid in con-
trol than in CGD cells. Addition of DEPC, which had no
effect on CGD cells (Fig. 7 D), slowed current activation to
levels comparable to CGD cells (Fig. 8 A). At all voltages,
the time for half-maximal activation (t;,, act, measured by
fitting a sigmoidal curve to the current) was significantly
lower in control cells, and increased to values comparable
to CGD cells upon addition of DEPC (Fig. 8 B).

To study the kinetics of deactivation, outward H* cur-
rents of similar magnitudes were induced by depolarizing
the cells to +60 mV for different duration, and the tail cur-
rents measured at different deactivating voltages were com-
pared. As shown in Fig. 8 C, current deactivation was
much slower in control than in CGD eosinophils. Addition
of DEPC, which had no effects in CDG cells (Fig. 7 D),
dramatically accelerated current deactivation in control
cells (Fig. 8 C). To check whether the slow deactivation
was due to a distinct conductance, we attempted to fit the
tail currents with multiple exponential components. The
tail currents of CGD cells were best fitted with a double
exponential, with time constants at —20 mV of 11 = 34.6 =
5.39 and 72 = 201.78 * 52.8 ms. Attempting to fit a third
exponential component did not significantly improve the
fit quality (P = 0.448). In contrast, the tail currents of con-
trol cells were fitted significantly better when a third expo-
nential, with time constant of 3 = 1,301.88 = 169.95 ms,
was included in the fitting procedure (P < 0.002 by x?
analysis). This slow, additional component was observed
within the whole tested voltage range and was more sensi-
tive to voltage than the two faster components (Fig. 8 D).
Addition of DEPC reduced the amplitude of the slow
component by 84.6%, but had only marginal effects on the
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Figure 8. Activation and deac-
tivation of the currents in control
and CGD cells. pH; 7.1 (A, B) or
7.6 (C, D), pH, 7.1. (A) Kinetics
of current activation in control,
CGD, and DEPC-treated cells.
Currents elicited by a 5-s-long
pulse from —20 mV to +60 mV
were normalized to the maximal
current recorded at this voltage
and superimposed for compari-
son. (B) Voltage dependence of
current activation. The time for
half-maximal activation (t;,, act)
is plotted against the activating
voltage. (C) Kinetics of current
deactivation during repolariza-
tion from +60 mV to -20 mV.
Cells were depolarized for vari-
ous durations to induce currents
of similar amplitude. Traces are
representative of =9 experi-
ments. (D) Voltage dependence
of the deactivation time con-
stants (), estimated by fitting
exponential curves to the cur-
rents measured after a pulse to

+60 mV. The two fast kinetic
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amplitude of the two fast components observed in control
and CGD cells (not illustrated). Thus, H* currents in acti-
vated eosinophils had an additional component that could
be blocked by DEPC, unmasking slowly activating, rapidly
deactivating currents that were indistinguishable from the
currents observed in CGD cells.

These results are best compatible with the coexistence of
two separate H* conductive pathways (Fig. 9). One con-
ductance, present in both control and CGD cells, activates
slowly, inactivates rapidly, is blocked by Zn?* with low af-
finity, and is insensitive to DEPC. In addition, a conduc-
tance coupled to the oxidase is absent in CGD, activates
rapidly, inactivates slowly, is highly sensitive to Zn2*, and
is blocked by DEPC.

Discussion

In this study, we describe a novel type of H* current as-
sociated with the activation of the NADPH oxidase in hu-
man eosinophils. The current was absent in cells from ei-
ther gp91- or p47-deficient CGD patients, and developed
on top of outward-rectifying H* currents that were present
in both control and CGD cells. The two types of H* cur-
rents observed in resting and stimulated cells were activated
by voltage and modulated by intra- and extracellular pH.
However, the oxidase-associated currents had unique prop-
erties. First, they activated at lower voltages than known
proton currents, allowing H* ions to enter the cell down

191 Banfi et al.

60 -50 -40  -30 20
Voltage (mV)

A) is absent from CGD cells.
Data are mean = SEM of =5
experiments for each condition.

their electrochemical gradient and to acidify the cytosol
(Fig. 3). Second, they activated faster and deactivated much
more slowly than the outward-rectifying H* currents. De-
tailed analysis of the tail currents revealed that the slower
deactivation was due to an additional kinetic component,
which was absent in CGD cells (Fig. 8). Third, they were
~20-fold more sensitive to Zn?* and were blocked by the

CGD

Control

Figure 9. CGD eosinophils lack a distinct H* conductance linked to the
oxidase. Diagram illustrating the two types of H* conductances described in
this study, and their coupling to the NADPH oxidase. The “classical” H*
conductance (1) is present in both control and CGD cells and allows only H*
extrusion and repolarization. This conductance activates slowly, deactivates
rapidly, is blocked by Zn?* with low affinity, and is insensitive to DEPC. In
contrast, the novel H* conductance (2) is absent in CGD cells and allows H*
influx and depolarization. It activates rapidly, inactivates slowly, is highly sen-
sitive to Zn?*, and is blocked by DEPC. This conductance is closely coupled
to and might possibly be part of the NADPH oxidase (3).



histidine-reducing agent DEPC (Fig. 7). These distinct
characteristics suggest that the oxidase-associated H™ cur-
rents occur through a separate molecular entity (Fig. 9). In
addition, block by DEPC suggests the participation of crit-
ical histidine residue(s). Interestingly, histidine-containing
repeats can be found on gp91Phox within its third trans-
membrane domain, where they are thought to participate in
heme binding (57). Furthermore, a recent mutagenesis study
revealed that a critical histidine residue (His-115) is re-
quired for H* fluxes in gp91rhox transfectants (58). This
strongly suggests that gp91Phox itself mediates the oxidase-
associated H* currents, possibly through voltage-depen-
dent translocation of protonated histidine residue(s) (53).

The H* channel function of NADPH oxidase had long
been predicted from thermodynamic considerations (15),
and was initially confirmed by pH measurement in neutro-
phils from CGD patients (43). Using this technique, a de-
tailed study using different forms of CGD revealed that ac-
tivation of the H* conductance required the assembly of
the oxidase, but not its redox function (44). However, the
H* channel function of gp91rhox was challenged by patch
clamp detection of normal H* currents in monocytes from
gp91rhox-deficient CGD patients (45). In apparent contra-
diction with this observation, however, gp91Phox was subse-
quently shown to confer conductive H* fluxes when ex-
pressed in HL-60 cells and CHO fibroblasts (40, 46).

These seemingly irreconcilable results can be fully explained
by our description of oxidase-associated inward H* currents in
activated eosinophils. The inward currents could not be de-
tected previously, because the conditions typically used to de-
tect H* currents preclude the activation of the oxidase (elec-
tron currents are not measurable under these conditions; data
not shown). Therefore, most patch clamp studies relate to the
endogenous outward-rectifying H* conductance, which is
also expressed in CGD cells (Fig. 6). In this context, the pres-
ence of normal outward H* currents in CGD cells (45) was
indeed a reasonable argument to rule out a role for gp91rhox,
Our study confirmed that CGD cells have H* currents, and
showed in addition that these currents can be activated by cal-
cium and GTPyS (Fig. 6 C). In unstimulated, acidified cells
this endogenous conductance accounted for most of the H*
current measured, and no differences could be observed be-
tween control and CGD cells (Fig. 6 B). However, in condi-
tions favoring oxidase activation at neutral or alkaline pH;, the
oxidase-associated conductance became the predominant H*
translocating pathway, and its defective activation in CGD
cells was apparent (Fig. 6 A). Interestingly, Henderson et al.
(40, 46) reported inward H* fluxes associated with the phago-
cytic H™ conductance, an observation that was not consistent
with the electrophysiological properties of the H* conduc-
tance. Again, this might be explained by the different condi-
tions used, as the inward H* fluxes, which are not detectable
in the acid patch-clamped cells, might be measurable in the
alkaline intact cells.

What might be the physiological role of the oxidase-
associated H* conductance? Its coupling to the oxidase en-
sures that it renders the cell membrane permeable to protons
only during the respiratory burst. Because the oxidase gener-

ates an outward protonmotive force, the conductance will
function, under most conditions, as an efficient proton ex-
truder. However, the conductance also allows H* entry in
the presence of an inward protonmotive force. Thus, at very
acidic pH, or when depolarization is blunted, such as in an-
oxic conditions, the conductance will favor cytosolic acidifi-
cation. Since several cellular functions are inhibited at acidic
pH; (20), this might preclude microbicidal activity when
phagocytes encounter acidic or anoxic environments. Indeed,
earlier studies found that the FMLP- or TPA-induced respira-
tory burst was decreased at acidic pH; (59, 60). This might re-
flect defective signal transduction or decreased NADPH pro-
duction as, in our conditions, normal activity was observed at
acidic pH; when the oxidase was activated by GTPyS and
NADPH continuously perfused through the patch pipette.

In addition, changes in membrane potential caused by
the oxidase-associated H* conductance might inhibit cellu-
lar functions, as the H* conductance depolarizes cells when
the extracellular pH becomes more acidic than the cytosol
(Fig. 1). Because the depolarization inhibits superoxide
production (61), the oxidase-associated H* conductance
might provide a negative feedback to terminate the respira-
tory burst in acidic environments, such as in an abscess.

Finally, the role of the oxidase-associated H* conductance
must be considered in the context of phagocytosis. The oxi-
dase assembles essentially around phagosomes, membrane-
enclosed compartments containing the ingested microorgan-
isms (62). The increased H* permeability conferred by the
oxidase-associated conductance might have two important
effects in phagosomes: (a) if the phagosomal membrane has a
low permeability to ions other than H*, the oxidase will
depolarize these small vesicles even more rapidly than the
plasma membrane, thus opening the bidirectional H* con-
ductance. Initially, H* entry into the phagosome (the lumen
is equivalent to the extracellular space) will favor oxidase ac-
tivity by preventing the depolarization. However, as the
phagosomal lumen becomes more acidic than the cytosol, the
H* conductance equilibrates the potential at progressively
higher voltages (Fig. 1). As the depolarization opposes elec-
tron transport, superoxide production will decrease as phago-
somes acidify. In these conditions, the NADPH oxidase—
associated H* conductance will provide a negative feedback
for the production of toxic oxygen derivatives as phagosomes
mature and become more acidic. (b) If, on the other hand,
the K* or Cl~ permeability of phagosomes is high, as has
been reported in macrophages (63), changes in membrane
potential are minimal and superoxide production is not af-
fected by the acidification. In this case, the H* conductance
will counteract the acidification by allowing HT efflux from
the phagosome to the cytosol. Because the steady state phago-
somal pH results from the equilibrium between H* efflux
and H* pumping by the H* ATPase, the H™ conductance
will increase the phagosomal pH set point during oxidase ac-
tivation. Indeed, an overshooting phagosomal acidification
has been observed in granulocytes from CGD patients (64). A
limitation of phagosomal acidification might be particularly
relevant for granulocytes, where neutral proteases are thought
to be involved in killing of phagocytosed bacteria (65).
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