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A Mammalian H" Channel
Generated Through Alternative
Splicing of the NADPH Oxidase

Homolog NOH-1

Botond Banfi,"* Andrés Maturana,?? Stefano Jaconi,’
Serge Arnaudeau,? Terese Laforge,’ Bhanu Sinha,*
Erzsébet Ligeti,®> Nicolas Demaurex,?* Karl-Heinz Krause’

Voltage-gated proton (H*) channels are found in many human and animal
tissues and play an important role in cellular defense against acidic stress.
However, a molecular identification of these unique ion conductances has so
far not been.achieved. A 191-amino acid protein is described that, upon
heterologous expression, has properties indistinguishable from those of native
H* channels. This protein is generated through alternative splicing of mes-
senger RNA derived from the gene NOH-1 (NADPH oxidase homolog 1, where
NADPH is the reduced form of nicotinamide adenine dinucleotide phosphate).

Voltage-gated H* channels (/) were first de-
scribed in snail neurons (2) and were further
characterized in a variety of mammalian cells
(3-5). They are unique among ion channels
with respect to their extremely high selectiv-
ity (5), marked temperature dependence (6),
and unitary conductance, which is three or-
ders of magnitude lower than that of most ion
channels (7, 8). An H* channel protein has
not yet been identified, but Arg — His mu-
tations were sufficient to turn the voltage
sensor of the Shaker K* channel into a volt-
age-gated H* conductance (9). The critical
residues (R/HVIR/HLVR/H) (10) are not
found among known proteins, but are remi-
niscent of a motif (HSAIHTIAH) within the
predicted third transmembrane domain of
gp91Phox the electron-transporting subunit of
the phagocyte NADPH oxidase (11, 12).

By analogy with mitochondrial cyto-
chromes, gp91P"°* had been postulated to con-
duct protons to preserve electroneutrality
(13). This prediction was supported by pH
measurements in phagocytes and in gp91phox
transfectants (/4-16), and a mutational
analysis suggested a role for the histidines of
the third transmembrane domain (/7). How-
ever, normal H* currents were observed in
resting phagocytes from gp91Ph°*-deficient
patients (/8), and a distinct type of H* cur-
rent was activated during assembly of the
NADPH oxidase (/9). Thus, gp91P'°* might
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conduct protons within an active oxidase
complex, but a separate protein, possibly shar-
ing the gp91Pr°x histidine motif, mediates the
H* currents of resting phagocytes and other
tissues.

A search of expressed sequence tag (EST)
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databases with the gp91P"* third transmem-
brane domain yielded two cDNA clones cod-
ing for a short NH,-terminal gp91Ph°* ho-
molog, which ended with 35 unrelated amino
acids. A further search with the COOH-ter-
minus of gp91Pho* yielded another cDNA se-
quence, which suggested the presence of a
longer homolog. A search of genomic DNA
databases with the EST clones yielded a com-
mon gene (20), localized to the long arm of
the human X chromosome (Xq22, Fig. 1),
which we termed NOH-1 (NADPH oxidase
homolog 1). Exon 1 (homologous to exon 1
of gp91Phox) contained a presumable transla-
tion initiation site, whereas exon 13 (homol-
ogous to exon 13 of gp91Ph°X) contained a
stop codon. In 3’ position from exon 13, we
identified an additional exon (exon 14) cor-
responding to the unique COOH-terminus of
the short NH,-terminal homolog.

We next used the reverse transcription
polymerase chain reaction (RT-PCR) to am-
plify the expected products of the NOH-I
gene (21). An exon l-exon 13 primer pair
yielded two PCR products (~1.75 and ~1.6
kb) in the colon carcinoma cell line CaCo-2
(Fig. 2A). An exon l—exon 14 primer pair
yielded a ~0.5-kb band in CaCo-2 cells,
HL-60 cells, and leukocytes, but not in HEK-
293 cells (Fig. 2A), heart, and skeletal muscle

Fig. 1. The NOH-1 gene generates
NOH-1S and NOH-1L through alter-
native splicing. The NOH-1 gene, as
found in the nonredundant data-
base, localizes to Xq22. The CYBB
gene (coding for gp91P"°¥) localizes
to Xp21. Exons are shown as hori-
zontal bars; introns are shown as
thin vertical lines. We have identi-
fied 14 exons of the NOH-1 gene;
only 13 .exons are known for the
CYBB gene. Exons 1 to 13 constitute
NOH-1L; exons 1 to 5 and exon 14
constitute NOH-1S. gp91Phox con-
sists of 13 exons, all with lengths
similar to the 13 exons of NOH-1L
(boxed numbers, coding nucleotides).
Arrow indicates the last exon coding
the unique NOH-1S COOH-terminus.
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Fig. 2. (A) Left panel: RT-PCR detection of mRNA
coding for NOH-1L (lanes 2, 4, 6, and 8) and NOH-1S
(lanes 3, 5, 7, and 9). Lane 1, DNA length markers. Right
panel: RNase protection assay using a probe protecting 355 nucleotides of NOH-1S but only 240 nucleotides of NOH-1L. The undigested NOH-1 and
GAPDH probes are labeled with asterisks (25). HL-60 cells were differentiated with DMSO. Human peripheral blood leukocytes (Leuk.) were purified
as described (30) and included both lymphocytes and granulocytes. (B) Tissue distribution of NOH-1L and NOH- 1S assessed by RNase protection assay
using the probes described in (A).
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myotubes (22). The amino acid sequences of
the three NOH-1 products, NOH-1S (short),
NOH-1L [long (23)], and NOH-1Lv (long vari-
ant, corresponding to the 1.6-kb PCR prod-
uct), are shown in Fig. 3A (24). With the use

Fig. 4. Cells expressing NOH-
1S have voltage-activated, pH-
dependent, Zn?* -sensitive cur-
rents. (A and B) Currents in
NOH-1S-expressing cells and in
mock-transfected cells, elicited
by 3-s depolarizing voltage steps
ranging from —40 to +80 mV
(inset); pH; 5.7, pH, 7.5. (C) The
currents in NOH-1S—expressing
cells were reversibly inhibited by
100 uM Zn2*. (D) Current den-
sities in wild-type cells (WT)
and clones transfected with the
empty vector (B4), a calcium
channel (hTRP4), or NOH-1S
(D3, E9). Zn2* (100 pM) re-
duced the currents to back-
ground levels in NOH-1S—ex-
pressing cells. Data are means *
SE of leak-subtracted currents
measured at +60 mV, pH,/pH,
5.7/7.5 (NS: not significant ver-
sus WT; *P < 0.00004 versus
WT, unpaired t test). (E) Fami-
lies of currents recorded at the s
indicated pipette pH values in }
NOH-1S—expressing cells (pH, ; ——
7.5). (F) Current-voltage relation | e——
of the NOH-7-dependent cur-
rents recorded at the indicated
pipette pH values (means =+ SE
from 5 to 19 individual cells).
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Fig. 5. The NOH-1S currents
are H* selective and alter cel-
lular pH. (A) The reversal po-
tentials of tail currents were
measured upon depolarization
to various test potentials after
a 2-s depolarization to +60
mV (pH, 5.7, pH, 7.5). (B) Re-
versal potentials measured in
solutions containing Cs*, Na™,
or K*, plotted against pipette
pH; pH, 7.5. Values are
means = SE of 3 to 12 exper-
iments. The dotted line shows
the H* equilibrium potential.
(C and D) Combined record-
ings of whole-cell currents and
of cytosolic pH, measured with
carboxy—SNARF-1 in NOH-1S
and mock-transfected HEK-293
cells. Long-lasting depolarizing
steps to +60 mV were applied
(middle), and the currents
(bottom) and cytosolic pH
changes (top) were measured
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of a ribonuclease (RNase) protection assay
(25), NOH-1L was detected in colon, uterus,
prostate, and CaCo-2 cells, whereas NOH-1S
was detected only in colon and CaCo-2 cells
(Fig. 2, A and B). The positive NOH-1S PCR
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concomitantly (pH; 6.5, pH, 7.5). Cytosolic pH changes were measured with carboxy-SNARF-1 as

described (4). HEK-293 cells were incubated with 5
min at room temperature just before recordings

1M carboxy—SNARF-1 acetoxymethyl ester for 20
in the whole-cell patch-clamp configuration. To

compensate for the diffusion of the dye into the patch pipette, we included 100 uM carboxy—SNARF-1
(free acid) in the pipette solution. Data are expressed as the ratio of carboxy-SNARF-1 emission at 640

nm to emission at 580 nm.

results were confirmed by nested PCR and by
sequencing (22), which suggested that NOH-
1S was indeed present in HL-60 cells and
leukocytes but in amounts below the detec-
tion threshold of the RNase protection assay.

On the basis of the sequence information,
we identified the exons of NOH-1 gene that
generate NOH-1S and NOH-1L (Fig. 1). Ex-
ons 1 to 5 code for the common NH,-terminal
158 amino acids of NOH-1L and NOH-1S.
Exons 6 to 13 code for the COOH-terminal
406 amino acids of NOH-1L, with exon 11
missing in NOH-1Lv. Finally, exon 14 codes
for the COOH-terminus of NOH-1S. Note
that the splice donor site for the generation of
NOH-18 is not located at the end of exon 5,
but within the exon. The gp91Ph°* gene CYBB
localizes to the short arm of the X chromo-
some (Xp21). The size of the corresponding
exons is conserved between NOH-I and
CYBB, with the exception of exon 14, for
which no corresponding sequence in CYBB is
known. However, the lengths of the introns
are markedly different. Thus, the presence of

- the two homologous genes is most likely due

to a relatively ancient gene duplication.

Hydropathy plots showed a similar profile
for NOH-1L and gp91P"x (22). Predicted
transmembrane topology models of NOH-1L
and NOH-18 are shown in Fig. 3B. NOH-1L
appears similar to gp91PP°*, with a short cy-
tosolic NH,-terminus, six transmembrane do-
mains, and a long cytosolic COOH-terminus.
NOH-18S shares the cytosolic NH,-terminus
and the first three transmembrane domains
with NOH-1L, but terminates with a distinct
fourth transmembrane domain followed by a
short, intracellular COOH-terminus. NOH-1L
contains a heme-spanning histidine motif as
well as flavin adenine dinucleotide (FAD)
and NADPH binding regions, consistent with
its oxidoreductase function (23). In contrast,
NOBH-1S only retains the histidine-rich trans-
membrane motif postulated to generate volt-
age-dependent H™ currents (Fig. 3B).

To investigate whether NOH-1S functions
as an H* channel, we stably expressed the
protein in HEK-293 cells and chose experi-
mental conditions to isolate H* currents (4,
5, 26). In the absence of a cell line complete-
ly devoid of H* currents, HEK-293 cells
provided a good expression system, as they
had only very small H* currents (Fig. 4, B
and D) and did not express the NOH-1 iso-
forms (Fig. 2A). Cells were acidified through
the patch pipette to maximize H* currents,
and depolarizing voltage pulses were applied.
No currents above background levels were
observed in HEK-293 cells stably transfected
with the empty vector (mock-transfectants) or
with an unrelated channel protein, hTRP4
(Fig. 4). In contrast, voltage-dependent out-
ward currents were observed in two indepen-
dent NOH-1S-expressing clones. The cur-
rents activated slowly upon depolarization,

7 JANUARY 2000 VOL 287 SCIENCE www.sciencemag.org



and several seconds were required to elicit
maximal amplitude, as expected for voltage-
dependent H* currents of epithelial cells and
phagocytes (27). The NOH-1S currents were
reversibly blocked by Zn?* (100 uM), a
known H* channel inhibitor (5) (Fig. 4C).
The experiments are summarized in Fig. 4D.
Nontransfected, mock- and hTRP4-transfected
cells had only minor currents, whereas cells
stably transfected with NOH-1S had large
currents that were blocked by Zn?*.

Low intracellular pH generally activates
H* channels and shifts their threshold of
voltage activation toward more negative val-
ues. We therefore performed experiments us-
ing pipette solutions of differing pH. The am-
plitudes of the currents were larger and the
thresholds of voltage activation were lower as
the cytosol was more acidified (Fig. 4, E and F).

The NOH-1S currents share several char-
acteristics of previously described H* cur-
rents: activation by depolarization and cyto-
solic acidification, slow kinetics of activa-
tion, and reversible block by Zn?*. To direct-
ly demonstrate that the observed currents
were carried by H* ions, we investigated the
selectivity of the conductance by tail current
analysis. The reversal potential of the current,
E.,., depended on the pH gradient and, within
the physiological pH range, changed by 46
mV per pH unit (Fig. 5, A and B). At very
low pipette pH, E_, deviated from the proton
equilibrium potential (Ey;) but was not affect-
ed by substitution of K* or Na™ in the ex-
tracellular solution (Fig. 5B). The 35-mV
deviation of E,_, from E, at pH; 5.7 most
likely reflects an imperfect submembranous
pH clamp in the presence of large outward
currents. However, even assuming that the
deviation was due to permeation of other
ions, the relative H* permeability is still very
large [py/pc, > 10° (28)] given the low con-
centration of H™ ions. This degree of selectivity
is three orders of magnitude higher than Ca®*
channels [p.,/pc, = 1:4200 (29)] and in the
same range as native H* channels (27).

Finally, we investigated whether the
NOH-1S-associated H* channel participates
in cytosolic pH homeostasis by measuring
intracellular pH during activation of the cur-
rents. Cells were patch-clamped in the whole-
cell configuration, and cytosolic pH changes
were measured with the fluorescent pH indi-
cator carboxy—SNARF-1. As shown in Fig. 5,
C and D, the activation of voltage-dependent
H* currents by long-lasting depolarization
from —60 mV to +60 mV led to an increase
of cytosolic pH in NOH-1S—expressing cells.
In contrast, no pH changes and no H* cur-
rents above background levels were detected
in mock-transfectants. Thus, NOH-18S is able
to participate in the regulation of cellular pH
and can extrude H* ions under intracellular
acidic stress.

NOH-1S—-expressing HEK-293 cells dis-

REPORTS

play electrophysiological properties similar
to previously described voltage-gated H*
channels. On the basis of current kinetics,
DeCoursey has suggested the presence of at
least four different types of H™ channels
(27); the relatively slow time constant of
NOH-1S current activation resembles the ep-
ithelial type and the phagocyte type. At this
point we cannot exclude the possibility that
NOH-1S is an H* channel regulator, rather
than the channel itself. However, H* conduc-
tion appears to be a general property of sev-
eral proteins containing an intramembranous
histidine motif, as demonstrated by (i) pH
measurements in cells expressing full-length
or truncated gp91Phox (14-16), (ii) studies
with the mutated Shaker voltage sensor (9),
and (iii) studies demonstrating H* currents in
cells expressing NOH-1L and gp91°rbheox (22).
The fact that NOH-1S does not contain an
electron transport chain suggests that H*
conductance is its main physiological func-
tion, whereas flavocytochromes such as NOH-
1L or gp91Phox might conduct H* ions as part
of their electron transport mechanism.

Given its limited tissue expression, it is
clear that NOH-1S should only be considered
as a prototype H* channel. We recently iden-
tified two additional gp91P"°* homologs
[NOH-2 and NOH-3 (22)] that have a high
degree of conservation within the histidine-
rich third transmembrane domain. Thus, new
candidate H* channel proteins are already
emerging and should provide new insights
into H* channel heterogeneity.

Note added in proof: A recent publication

“demonstrates H* currents in cells transfected

with gp91Phox (33).
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Stat3-Mediated Transformation
of NIH-3T3 Cells by the
Constitutively Active Q205L
Go, Protein

Prahlad T. Ram,’* Curt M. Horvath,? Ravi lyengar’

Expression of Q205L Ga_ (Ga_*), an alpha subunit of heterotrimeric guanine
nucleotide-binding proteins (G proteins) that lacks guanosine triphosphatase
(GTPase) activity in NIH-3T3 cells, results in transformation. Expression of Ga *
in NIH-3T3 cells activated signal transducer and activator of transcription 3
(Stat3) but not mitogen-activated protein (MAP) kinases 1 or 2. Coexpression
of dominant negative Stat3 inhibited Go,_*-induced transformation of NIH-3T3
cells and activation of endogenous Stat3. Furthermore, Go * expression in-
creased activity of the tyrosine kinase c-Src, and the Ga_*-induced activation
of Stat3 was blocked by expression of Csk (carboxyl-terminal Src kinase), which
inactivates c-Src. The results indicate that Stat3 can function as a downstream
effector for Ga_* and mediate its biological effects.

Although downstream effectors that mediate
the actions of G protein a subunits Ga, Gay;,
and Ga_ have been elucidated, little is known
about signaling pathways activated by Ga.
Expression of the GTPase-deficient (and thus
constitutively active) mutant of Go, in which
Gly?%s is -nanged to Leu (Ga *) in NIH-3T3
cells results in transformation (/), but the
molecular mechanisms underlying this phe-
nomenon are not known. MAP kinases 1 and
2 participate in stimulation of proliferation
and transformation of NIH-3T3 cells (2). The
transcription factor Stat3 is activated and re-
quired for transformation of NIH-3T3 cells
by the v-Src oncogene (3). Hence, the roles of
MAP kinases and Stat3 in transformation of
NIH-3T3 cells by Ga * were investigated.
The Stat family of proteins is implicated
in the functions of a wide range of cells (4).
When activated, Stat3 becomes phosphoryl-
ated, dimerizes, and translocates to the nucle-
us, where it binds DNA and modulates gene
expression. To determine the effects of Go *
on the phosphorylation state of native Stat3,
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we transiently transfected NIH-3T3 cells with
a Go* expression vector, extracted the pro-
teins, resolved them by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), and blotted
them with antibodies specific for Stat3 phos-
phorylated on Tyr’% (5). Expression of Ga_*
led to phosphorylation of Tyr’%5 on endoge-
nous Stat3 proteins in NIH-3T3 cells (Fig.
1A). Expression of Go * did not lead to
phosphorylation of Statl (6). To further de-
termine if the Go. *-induced phosphorylation
of Stat3 reflected an increase in Stat3 tran-
scriptional activity, we did a transcriptional
activation assay in cells transfected with a
Stat3-responsive luciferase reporter construct
(7). Expression of Ga* resulted in activation
of endogenous Stat3 (Fig. 1B), as evidenced
by increased reporter gene expression. To
determine that the reporter gene activity was
in fact due to Stat3 activation, we coex-
pressed mutant Stat3 proteins that are not
phosphorylated or fail to bind DNA and act in
a dominant negative manner (3). Activation
of Stat3 in cells expressing Go._* was inhib-
ited by the coexpression of dominant nega-
tive Stat3 proteins (Fig. 1B). Additionally,
expression of wild-type Go, or G protein B
and -y subunits had no effect on Stat3 activity
(Fig. 1C). Expression of Ga,* gave a small
but consistent twofold increase in Stat3 ac-
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tivity (Fig. 1C). Activation of Stat3 by Go*
was varied (Fig. 1C), and cell density appears
to play a role in this activation; further work
is being done. Thus, Ga_* appears to activate
Stat3 in a specific manner in NIH-3T3 cells.

The role of MAP kinases 1 and 2 in cell
proliferation and transformation has been ex-
tensively studied, and activation of these en-
zymes can transform NIH-3T3 cells (2). Re-
ceptor-mediated activation of Ga leads to
increased activity of MAP kinases 1 and 2 in
Chinese hamster ovary cells (8). Therefore,
we examined the effects of Ga_* expression
on MAP kinase activity in NIH-3T3 cells (9).
Expression of Go * did not activate MAP
kinases 1 or 2 in NIH-3T3 cells (Fig. 2), as
measured by immunoblot analysis with anti-
bodies that specifically recognize the active
forms of MAP kinases 1 and 2, which are
phosphorylated on Thr2°? and Tyr2°¢. Thus,
the Stat3 signaling pathway and not the MAP
kinase 1 and 2 pathway is activated by Ga_*
in NIH-3T3 cells.

Expression of Ga * transforms NIH-3T3
cells and leads to colony formation in soft
agar (/). Expression of dominant negative
Stat3 inhibits transformation of NIH-3T3
cells by v-Src but not transformation by H-
Ras (3). To test the hypothesis that activation
of Stat3 is necessary for transformation of
NIH-3T3 cells by Go *, we prepared trans-
fected cells that expressed dominant negative
Stat3 and Ga * and assayed colony forma-
tion (10). Expression of dominant negative
Stat3 inhibited Go * transformation of NIH-
3T3 cells (Fig. 3). Thus, activation of Stat3 is
necessary for transformation of NIH-3T3
cells by Go *.

Stat3 is activated in response to cytokines
and is tyrosine phosphorylated by Janus ki-
nases (JAK) (/7). We found that expression
of Ga* did not activate JAK2 (6). However,
Stat3 can also be directly phosphorylated and
activated by c-Src or v-Src, which results in
the proliferation and transformation of sever-
al cell types (3, 12). Therefore, we tested
whether Go* activated endogenous c-Src.
Ga * was expressed in NIH-3T3 cells. The
cells were lysed, endogenous c-Src was im-
munoprecipitated, and an in vitro kinase as-
say was done with the immune complex (/3).
Expression of Go * increased endogenous
c-Src activity in NIH-3T3 cells (Fig. 4A). We
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