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I N T R O D U C T I O N

The pH of the airway surface liquid (ASL) is regulated by 
several acid and base transporters (for review see Fischer 
and Widdicombe, 2006). There have been reports of ASL 
pH values measured in vivo ranging from 5.5 to 8.3, with 
acidic values found in asthma and cystic fibrosis and alka-
line values in rhinitis patients (Fischer and Widdicombe, 
2006). Acid secretion by human airways is thought to  
involve three apical mechanisms: two ATP-dependent 
transporters (H+/K+ ATPase and V-type H+ ATPase) may 
transport H+ against considerable electrochemical H+ 
gradients; in contrast, H+ secretion across H+ channels 
requires an outward electrochemical driving force to 
drive H+ secretion and open H+ channels (Cherny et al., 
1995). We have previously identified H+ channels in the 
apical membrane of human tracheal epithelial cultures 
and airway cell lines and have found a contribution of 
apical H+ channels to acid secretion into the ASL (Fischer 
et al., 2002).

However, it has been unclear when H+ channels are 
physiologically active in airways. Membrane depolari-
zation is a key activator of H+ channels in phagocytes 
during the respiratory burst (DeCoursey, 2003b), which 
depolarize from their resting potential by >100 mV to 
+60 mV (DeCoursey, 2003a). In contrast, the apical 
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membrane potential (Va) in airways is comparably sta-
ble. Va is determined by the basolateral K+-dependent 
potential, which is further depolarized by the apical  
Cl and Na+ currents to a value of Va 20 mV (Willumsen 
et al., 1989; Clarke et al., 1992; Willumsen and Boucher, 
1992). The activity of the apical Na+ and Cl conduc-
tance and the basolateral K+ conductance regulate Va. 
For example, in cystic fibrosis cells, where Cl secretion is 
missing and Na+ absorption is increased, the apical mem-
brane potential has been shown to be slightly depolar-
ized (by 10 mV) compared with normal (Willumsen  
et al., 1989). Compared with phagocytes, this depolariza-
tion is quite small, suggesting that the membrane poten-
tial in airways has a minor effect on H+ channel activity. 
In addition, H+ channels are sensitively regulated by 
the H+ gradient across the plasma membrane (Cherny 
et al., 1995). Owing to the wide range of measured 
ASL pH values, it appeared possible that the trans-
membrane H+ gradient is the key regulator of H+ channels 
in the airways.

Recently, the HVCN1 gene has been identified to code 
for the plasma membrane H+ channel (Ramsey et al., 
2006; Sasaki et al., 2006). Recombinantly expressed 
HVCN1 shows many characteristics of the native H+ chan-
nel, including activation by an intra-to-extracellular  
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36 Proton channels in airways

presence of 10 µM ZnCl2 in the mucosal bath to identify the 
contribution of H+ channels in these recordings. Recordings 
were done at 37°C.

Patch clamp recordings
Cells were whole cell patch clamped on the stage of an inverted 
microscope using an Axopatch 1D amplifier connected to a Digi-
data 1440A and a Minidigi 1B digitizer. Currents were recorded 
using PClamp 10 and Axoscope 10 (MDS Analytical Technolo-
gies). H+ currents were measured in solutions that were largely 
free of small mobile ions. The bath solution contained (in mM): 
226 HEPES, 90 TMAOH (trimethylammonium hydroxide),  
23 MSA (methanesulfonic acid), 1 CaCl2, and 1 MgCl2, pH 7. Bath 
solution with pH values between 6 and 8 was prepared by varying 
the concentrations of HEPES (or MES (2-[N-morpholino]ethane
sulfonic acid)), TMAOH, and MSA. Bath pH (pHo) was increased 
from 6 to 8 by perfusing solutions with increasing pH values into 
the bath. To control for incomplete washout of the previous solu-
tion, pHo was measured from aliquots taken during experimental 
runs before perfusion of the next solution. Patch pipettes were 
filled with solutions made of (in mM): 140 MES or HEPES, 70 or 
60 gluconic acid, 90 or 115 TMAOH, 2.5 EGTA, 2 MgCl2, and  
1 MgATP, adjusted to pH 6. The bath electrode was filled with the 
pipette filling solution and was connected to the bath solution 
through a short agar bridge. The amplifier signal was zeroed  
before seal formation with the pipette in the bath. In the whole 
cell recording mode, the membrane potential was continuously 
clamped to 80 mV and pulsed every 25 s for 6 s to +20 mV to 
monitor the activation of H+ currents. Reversal potentials were 
determined from tail currents exactly as described previously 
(DeCoursey, 2008). The threshold potential (Vth; i.e., the most 
negative voltage at which H+ current activated) was determined 
from depolarizing voltage steps. Recordings were done at room 
temperature (20°C).

H+ gradient, voltage activation, outward rectification, slow 
time constants of current activation, and block by low mi-
cromolar concentrations of Zn2+ (DeCoursey, 2003b).

In this study, we asked whether the ASL pH is a factor 
that regulates airway epithelial H+ channel–mediated 
acid secretion, and whether plasma membrane H+ cur-
rents in airway cells are conducted by HVCN1. We 
found that H+ channel–mediated acid secretion is acti-
vated at a mucosal threshold pH of 7 and increases 
with alkalinization of the mucosa. HVCN1 expression 
was required for H+ currents by airway cells. During 
these studies, a novel missense mutation, M91T HVCN1, 
was identified, which showed a significantly different 
sensitivity to mucosal pH. The functionally distinct 
characteristics of this mutation provided additional  
evidence for the involvement of HVCN1 in airway epi-
thelial acid secretion.

M AT E R I A L S  A N D  M E T H O D S

Cells
The human nasal epithelial cell line JME/CF15 (termed JME 
here and throughout; Jefferson et al., 1990) was cultured as de-
scribed in detail previously (Schwarzer et al., 2008). These cells 
are of cystic fibrosis genotype and express no measurable Cl cur-
rents under normal conditions. For patch clamping, cells were 
seeded in small Petri dishes at low density and patch clamped  
after 1–3 d. Human primary tracheal epithelial (HTE) cultures 
were provided by the laboratory of J.H. Widdicombe (University 
of California, Davis, Davis, CA). Use of human tissue was approved 
by the institutional review board at Children’s Hospital & Re-
search Center Oakland. For transepithelial pH stat recordings, 
HTE and JME cells were cultured on Snapwell filter supports 
(Corning) as described previously (Fischer et al., 2002). COS-7 
cells were provided by T.E. DeCoursey (Rush University Medical 
Center, Chicago, IL) and cultured as described previously (Morgan 
et al., 2002).

Measurement of epithelial acid secretion
Acid secretion by confluent epithelial sheets was measured us-
ing the pH stat technique in an Ussing chamber as described 
previously (Cho et al., 2009). Fig. 1 shows a sketch of the orien-
tation of the epithelium in the chamber and the placement of 
the pH electrode and the titrating burette in the mucosal cham-
ber half. In this study, the serosal pH was stably buffered to  
pH 7.4, and the mucosal pH was adjusted by titration to target 
values between 6 and 8. The intracellular pH is not controlled in 
these measurements. Cultures were mounted in Ussing cham-
bers, and the serosal compartment contained HEPES-buffered 
solution (composed of [in mM]: 140 NaCl, 12.5 HEPES, 2 KCl, 
2 CaCl2, 1 MgCl2, and 5 glucose, pH 7.4, gassed with O2) and the 
mucosal compartment contained a buffer-free solution (com-
posed of [in mM]: 145 NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, and 5 glu-
cose, gassed with N2). The gassing of solutions resulted in a 
continuous circulation within the compartment. The mucosal 
pH was measured with a fast-responding electrode (pHC4000-8; 
Radiometer Analytical) and was continuously titrated with 2 mM 
NaOH to maintain a constant mucosal pH using a computer-
controlled automatic titrator (TIM 865; Radiometer Analytical). 
Mucosal target pH was increased in steps of 0.5 pH units 
(from pH 6 to 8) to determine the rates of acid secretion in de-
pendence of mucosal pH. This was done in the absence and 

Figure 1. Orientation of epithelium, pH electrode, and titrator 
burette in Ussing chamber with serosal HEPES-buffered and mu-
cosal unbuffered solutions during pH stat experiments. Solutions 
were continuously gassed with O2 (serosally) and N2 (mucosally) 
to mix the solutions and prevent air CO2 from entering.
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gatgagggccccccttgacttca; reverse, acgttggatgccacctacctgaaacctgtg. 
The resulting amplified material was subjected to single-nucleotide 
probe extension using the probe molecule: agctgaacagtttcctcaa.  
After desalting, the probed material was spotted on a matrix-coated 
microchip in preparation for MALDI-TOF mass spectrometric 
analysis (Pusch et al., 2002). MALDI-TOF genotyping results were 
confirmed by DNA sequencing on a 96 capillary 3730xl DNA Ana-
lyzer (Applied Biosystems). The sample was amplified with the fol-
lowing primers containing the forward M13 (18 mer) or the reverse 
M13 (-24)16-mer sequencing primer tails (underlined nucleotides) 
and subjected to Sanger dideoxy capillary electrophoresis DNA  
sequencing: forward, tgtaaaacgacggccagttaccatgcctggaacatcaa; 
reverse, aacagctatgaccatgtcatggctcttttctccctg.

Statistics
All data are given as original or as mean ± SE; n refers to the num-
ber of experiments. Treatment groups were compared by t tests or 
ANOVAs (as described in the text). Relations between reversal 
potentials, threshold potentials, and pHo were analyzed by linear 
regression. P < 0.05 was considered significant. All calculations 
were done with the statistics routines incorporated in Sigmaplot 
version 11 (Systat Software).

R E S U LT S

Acid secretion and H+ currents in airway cells are regulated 
by the outside pH (pHo)
Acid secretion into the mucosal medium by JME cultures 
was investigated using the pH stat technique in Ussing 
chambers (Fig. 2). Serosal pH was buffered at pH 7.4. 
Initially, the mucosal pH was allowed to reach an equi-
librium pH (pH 6.9 ± 0.05; n = 5) at which no acid secre-
tion was apparent. When adjusting the mucosal pH to 
more alkaline values, epithelial acid secretion increased 
(Fig. 2 A, filled circles). To identify the H+ channel–me-
diated fraction, 10 µM ZnCl2 was added to the mucosal 
bath (Fig. 2 A, open circles), which blocked acid secre-
tion significantly at pH 7.4 and 8. Fig. 2 B displays the 
Zn-sensitive fraction of acid secretion (calculated from 
data in Fig. 2 A). Above a threshold mucosal pH of 7, 
Zn-sensitive acid secretion increased at a rate of 339 ± 
33.6 nmol × h1 × cm2 per pH unit. This observation sug-
gests that H+ channel–mediated acid secretion acidifies 
an alkaline ASL.

Small interfering RNA (siRNA)-mediated knockdown  
of HVCN1 mRNA levels
Using a control green fluorescent protein (GFP) plasmid to probe 
the efficiency of transfection, we found that JME cells were readily 
transfected by electroporation (Nucleofector II; Lonza), resulting 
in transfection of 90% of cells. Three sets of siRNA (25 mers;  
Invitrogen) were used that were designed to bind to starting posi-
tions 818, 905, and 985 of HVCN1 mRNA (numbering according 
to GenBank accession no. NM_001040107) and were compared 
with a control siRNA (Silencer Negative Control siRNA; Applied 
Biosystems). Two siRNAs resulted in efficient gene knockdown: 
siRNA818 (5-gcccggaucaucaaugggauuauca-3) and siRNA905  
(5-gccgccaagauucaacaccuugagu-3; one strand given, respec-
tively). Cells were treated with 150 nM siRNA and used after 2–3 d 
in culture. Determination of HVCN1 mRNA level was done by 
real-time PCR using an ABI Prism 7000 SDS instrument (Applied 
Biosystems) and SYBR Green as a reporter. Analysis of HVCN1 
mRNA was performed in comparison with GAPDH mRNA using 
the difference of PCR cycles to reach a threshold amplification 
(CT). Probes for HVCN1 were: forward, 5-catccagcccgacaagaata-
acta-3; reverse, 5-acaatgtcgaggatgaatgaga-3, resulting in a 183-bp 
fragment; primers for GAPDH were from Schwarzer et al. (2004). 
Standard curves were generated for both target and endogenous 
control genes using serial dilutions of cDNA using 0.4 µM of for-
ward and reverse primers and 50 ng cDNA. To control for specific 
PCR products, a dissociation curve was generated after the end of 
the last cycle.

Cloning of HVCN1 from airways
Total RNA was prepared from filter-grown, confluent human pri-
mary cultures and reverse transcribed to cDNA. The published 
HVCN1 cDNA sequence was used as a template to generate gene-
specific oligonucleotides (sense, 5-atggccacctgggacgaaaagg-3; 
antisense, 5-ctagttcacttcaccaagaagtcc-3). The open reading frame 
of HVCN1 was amplified, the PCR product was cloned into pCR2.1 
vector (TA cloning kit; Invitrogen), and six clones from two differ-
ent donor tissues were sequenced to full length. Clones were then 
transferred into a GFP expression vector (pAcGFP-C1; Takara Bio 
Inc.), the inserted fractions were resequenced, and the resulting 
plasmids were used to express HVCN1-GFP fusion proteins in 
COS-7 cells for patch clamp analysis.

Population analysis
The ethnically diverse Coriell genomic DNA SNP500V panel was 
interrogated for the M91T HVCN1 mutation using a multiplex ge-
notyping system (iPLEX MassARRAY; Sequenom). The following 
PCR primers, containing a 10-nucleotide 5 mass tag (underlined) 
to distinguish them from the probe and extension products (Haff 
and Smirnov, 1997), were used to amplify a 68-bp fragment 
containing the HVCN1 polymorphic region: forward, acgttg-

Figure 2. Acid secretion by JME epithelial cul-
tures. (A) Rates of acid secretion in the absence 
(filled symbols) and presence (open symbols) of 
10 µM ZnCl2. Serosal pH 7.4 and mucosal pH was 
adjusted to 7, 7.4, and 8; n = 5. *, significantly dif-
ferent from control; t test. (B) Zn-sensitive rates of 
acid secretion (calculated as the difference from 
data in A) resulted in an average slope of 339 ± 
33.6 nmol × h1 × cm2 × pH1 and a threshold 
pH of 6.90 (by linear regression).
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during depolarizing pulses as shown in the inset in 
Fig. 3 A. Measured H+ currents activated slowly during 
depolarizing pulses. At an acidic pHo, currents were small 
and depolarizations above 40 mV were required for cur-
rent activation. When pHo was alkalinized to 7 or 8,  
H+ currents increased and activated at lower membrane 
potentials (Fig. 3, B and C). H+ currents were fully 
blocked by 10 µM ZnCl2 added to the bath (Fig. 3 D). 
Average H+ current densities for the voltage range of 
20 to +80 mV are shown in Fig. 3 E. H+ currents in-
creased with increasing pHo and with increasing volt-
ages. Thus, H+ currents measured in single cells showed 
qualitatively similar characteristics as epithelial acid se-
cretion, i.e., activation by alkaline pHo and block by Zn. 
This suggested that during epithelial acid secretion the 
H+ channel was activated by an alkaline mucosal pH. At 
physiologically expected apical membrane potentials in 
airways (20 mV), H+ currents appeared small com-
pared with currents measured at large depolarizing po-
tentials (Fig. 3 E); however, using reasonable estimates 
to relate epithelial and cellular measurements, the mea-
sured H+ currents could account for epithelial H+ secre-
tion (see Discussion).

Reversal potentials (Erev) of voltage-activated H+ cur-
rents were determined from tail currents. Examples are 

In the presence of mucosal ZnCl2 (10 µM), a sub-
stantial residual acid secretion remained at a mucosal 
pH of 8 (Fig. 2 A). The non-Zn–sensitive fraction ap-
peared to be driven by the pH gradient. Higher con-
centrations of ZnCl2 had no additional effects (up to 
100 µM nominally); however, owing to the limiting sol-
ubility of Zn(OH)2, maximal free Zn2+ concentrations 
in solution are 30–40 µM at pH 8 (Cherny and  
DeCoursey, 1999; Lide, 2000). Whether the residual 
acid secretion is due to an incompletely blocked H+ 
conductance or is carried by other mechanisms was 
not further investigated here; however, previously it 
was found that airway epithelia express additional H+ 
secretory mechanisms, including an apical bafilomy-
cin-sensitive H+-ATPase and an apical ouabain-sensi-
tive H+/K+-ATPase (Coakley et al., 2003; Inglis et al., 
2003; Fischer and Widdicombe, 2006).

These studies in intact epithelia suggested a regula-
tion of the apical H+ channel by the mucosal pH; how-
ever, they do not distinguish between effects on channel 
activity or effects on driving forces for H+ exit. This was 
addressed by investigating the pH dependence of H+ cur-
rents in single JME cells in whole cell patch clamp re-
cordings. Fig. 3 shows patch clamp recordings using pHo 
of 6, 7, or 8, and pHi of 6. H+ currents were measured 

Figure 3. Effect of outside pH (pHo) on H+ currents in JME cells. (A–D) Whole cell currents elicited by voltage pulses (as shown in top 
inset in A) at pHo 6, 7, and 8 (A–C), and in the presence of 10 µM ZnCl2 at pHo 8 (D). All recordings are from one cell; pHi 6. Y axis and 
10-s time bar in A are the same for B–D. Selected voltage steps are labeled. The bottom insets in A–C are respective expanded tail cur-
rents on a scale as shown in A. (E) Average steady-state current–voltage relations at pHo 6, 7, and 8 as indicated. Currents were normal-
ized to membrane capacitance. The number of experiments is given in F in parentheses and is the same for E–H. (F) Reversal potential 
(Erev) was determined from tail currents resulting in a slope of 53 ± 5.1 mV/pH. (G) Threshold potential (Vth) as determined from 8-s 
voltage steps resulted in a slope of 31.5 ± 1.9 mV/pH. (H) Relationship between Vth and Vrev (using data from F and G) resulted in a 
slope of 0.62 ± 0.12 mV/mV and an offset of 35.5 ± 7.4 mV.
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after 2–3 d in culture. Fig. 4 shows the effects of siRNA 
treatment on levels of HVCN1 mRNA and on H+ currents. 
Two of three tested siRNAs resulted in a substantial 
knockdown of HVCN1 mRNA (siRNA818 and siRNA905) 
when compared with control treatment (Fig. 4 A). At 
the same time, in siRNA-treated cells, no voltage-acti-
vated currents were measured in the range of applied 
voltages (Fig. 4 D, inset), and currents were reduced to 
baseline (Fig. 4, C and D), indicating HVCN1 as the 
gene responsible for the H+ currents measured in JME 
airway cells.

Cloning of HVCN1 from airways and identification  
of a naturally occurring mutation, M91T
To further investigate the identity of the airway H+ chan-
nel, we cloned the open reading frame of HVCN1 from 
primary human airway cultures using standard tech-
niques (see Materials and methods). Surprisingly, airway 
cultures from two different donor tracheas yielded two 
different HVCN1 clones: one was identical to the pub-
lished sequence (GenBank accession no. NM_001040107), 
the other contained two sequential nucleotide varia-
tions at positions 437T>C and 438G>A (numbering ac-
cording to GenBank accession no. NM_001040107), 
indicating a Met-to-Thr amino acid exchange at  
codon 91 (M91T) of the HVCN1 protein. To verify these 
results, we further investigated the occurrence of  
the M91T mutation in the human population. In 95  
genotyped DNA samples of the Coriell genomic  
DNA SNP500V panel, a single DNA sample (sample 
NA17172) was identified as heterozygous for the sequential 

shown in the insets of Fig. 3 (A–C). Erev was dependent 
on pHo (Fig. 3 F) with a slope of 53 ± 5.1 mV/pH, indi-
cating that the applied H+ gradients in patch clamp re-
cordings were maintained at 79% of nominal (using 
Nernst’s equation and assuming perfect selectivity of the 
H+ channel; DeCoursey, 2003b). The threshold poten-
tials (Vth) and the relation to pHo and Erev are shown in 
Fig. 3 (G and H). Vth was determined from depolarizing 
voltage pulses (in 20-mV increments) at pHo 6, 7, and 8 
from recordings as shown in Fig. 3 (A–C) at pHi 6. 
Linear regression analysis of the data in Fig. 3 G resulted 
in a slope of 31.5 ± 1.9 mV/pH. Fig. 3 H shows the rela-
tion between threshold potential Vth and the reversal 
potential Erev. Linear regression resulted in a slope of 
0.62 ± 0.12 mV/mV and an offset of 35.5 ± 7.4 mV. These 
data show that increased alkalinization of pHo or in-
creased outward electrochemical driving forces for H+ 
activate H+ currents in JME cells. To further investigate 
the role of the HVCN1 H+ channel in acid secretion, we 
used molecular approaches that target HVCN1 in mea-
surements of both whole cell H+ currents and epithelial 
acid secretion.

HVCN1 expression is required for H+ currents  
in airway cells
To determine the role of the HVCN1 H+ channel in these 
measurements, we used siRNA to knock down HVCN1 
mRNA levels in JME cells and analyzed H+ currents by 
whole cell patch clamping. JME cells were transfected by 
electroporation with one of three siRNAs or a control 
siRNA (see Materials and methods) and investigated  

Figure 4. Effect of HVCN1 siRNA on 
H+ currents in JME cells. (A) HVCN1 
mRNA levels relative to GAPDH mRNA. 
Treatment with siRNA significantly re-
duced HVCN1 mRNA levels (P = 0.002; 
Kruskal-Wallis ANOVA on ranks). Bars, 
average; symbols, individual measure-
ments. (B–D) H+ currents measured 
in single JME cells evoked by depolar-
izing pulses (as shown in inset); pHi 
6 and pHo 7. (E) H+ current density  
after activation by an 8-s, 80-mV pulse. 
Treatment with siRNA significantly re-
duced HVCN1 mRNA levels (P = 0.003; 
Kruskal-Wallis ANOVA on ranks). Cur-
rents measured in siRNA-treated cells 
were very small (corresponding to a 
conductance of 79 ± 15 pS/cell) and 
not voltage activated in the used volt-
age range.
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up to a mucosal pH of 7.4 (Fig. 5 B); only at a mucosal pH 
of 8 was a Zn-sensitive fraction of acid secretion apparent. 
For comparison, the Zn-sensitive fractions of acid secre-
tion by cultures expressing wild-type and M91T HVCN1 
are shown in Fig. 5 C. The threshold pH at which the acti-
vation of Zn-sensitive acid secretion was apparent shifted 
from pH 7 for wild-type HVCN1-expressing cultures to 
pH >7.4 in M91T HVCN1-expressing cultures. These ob-
servations suggested that the M91T mutation affected the 
pH sensitivity of Zn-sensitive acid secretion, supporting 
the notion that HVCN1 is the H+ channel responsible for 
acid secretion by airways. To further verify that the differ-
ence in acid secretion between the cultures was based on 
the M91T mutation, we recombinantly expressed wild-
type and M91T HVCN1 and characterized the sensitivity 
of resulting H+ currents to changes in pHo.

Patch clamp analysis of recombinantly expressed wild-type 
and M91T HVCN1
HVCN1 was recombinantly expressed in COS-7 cells. 
Typical whole cell patch clamp recordings are shown in 
Fig. 6. Measured H+ currents in cells recombinantly ex-
pressing HVCN1 were considerably larger than currents 
that were measured in cells that expressed native HVCN1 
(compare Figs. 3 and 6). As a result, outward currents 
during depolarizing pulses showed prominent decays, as 
discussed in detail previously (DeCoursey and Cherny, 
1996; DeCoursey, 2008). This is likely due to an intracel-
lular alkalinization caused by the outward H+ currents, 
which limits the quantification of large outward H+ cur-
rents. However, H+ currents measured around the thresh-
old potential (Vth) were likely not affected under the 
used recording conditions, and thus Vth was used in 
this set of experiments to compare wild-type and M91T 
HVCN1 activity.

437T>C/438G>A nucleotide exchanges at codon 91 of 
HVCN1. The genotyping result was further verified by 
partial DNA sequencing of this sample, which confirmed 
the heterozygosity of the mutation. Thus, M91T HVCN1 
is a naturally occurring missense mutation that is esti-
mated to occur at a frequency of 1/190 alleles in the 
human population.

Epithelial acid secretion of human tracheal cultures 
expressing wild-type and M91T missense HVCN1
Epithelial acid secretion was measured in primary human 
airway cultures that were derived from the same tracheal 
specimens as were used for the cloning of HVCN1; i.e., 
cultures that expressed endogenous wild-type or M91T 
HVCN1. As above, as a characteristic of H+ channel activ-
ity, we determined the pH-dependent activation of acid 
secretion and used 10 µM of mucosal ZnCl2 to block api-
cal H+ channels. Acid secretion was measured over a 
range of mucosal pH from 6.0 to 8.0. In cultures that ex-
pressed wild-type HVCN1, acid secretion was low at  
mucosal pH of <7 (Fig. 5 A, filled circles). When mucosal 
pH was alkalinized to values >7, acid secretion increased 
steadily. Significant block of acid secretion by ZnCl2 was 
apparent at alkaline mucosal pH of >7, but not <7. These 
results closely resembled the results found in JME cells, 
with the exception that HTE cultures secreted acid at 
low rates even at quite acidic mucosal pH values of  
≤6.5, which is likely related to ATP-driven H+ secretion 
in these cells (Fischer et al., 2002; Coakley et al., 2003;  
Inglis et al., 2003).

Acid secretion by HTE cultures that expressed M91T 
HVCN1 is shown in Fig. 5 B, and their comparison of the 
Zn-sensitive acid secretion to wild-type cultures is shown 
in Fig. 5 C. In contrast to wild-type cultures, M91T HVCN1-
expressing cultures showed no Zn-sensitive acid secretion 

Figure 5. pH dependence of acid secretion of primary human tracheal cultures. Serosal pH 7.4 and mucosal target pH were set to step-
wise increasing values over a range of pH 6.0 to 8. (A) Cultures expressing wild-type HVCN1. Filled symbols, untreated; open symbols, 
10 µM ZnCl2 mucosally. (B) Primary human tracheal cultures expressing M91T HVCN1. (C) Activation of Zn-sensitive acid secretion by 
mucosal alkalinization in wild-type (filled symbols) and M91T HVCN1 (open symbols). Data were calculated as the difference of values 
before-minus-after Zn addition from data in A and B. *, significantly different from control; t test.
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tion of 10 µM ZnCl2 to the bath. Fig. 6 (B–J) shows re-
cordings that were obtained from cells that expressed 
recombinant wild-type HVCN1 (Fig. 6, B–D) or M91T 
HVCN1 (Fig. 6, E–G), or were from mock-transfected 
cells (Fig. 6, H–J). Recombinant expression of wild-type or 
M91T HVCN1 resulted in typical, slowly depolarization-
activated H+ currents. In the presence of a nominal  

Fig. 6 A shows an overview recording of the typical 
protocol used to investigate the voltage-dependent acti-
vation and Zn sensitivity of recombinantly expressed 
HVCN1. The membrane potential (Fig. 6 A, bottom 
tracing) was held at 80 mV and pulsed to 20 mV every 
40 s to monitor the activation of H+ currents. Voltage 
step protocols were applied before and after the addi-

Figure 6. Patch clamp recordings of H+ currents after recombinant expression of wild-type HVCN1, M91T HVCN1, and empty vector in 
COS-7 cells. (A) Typical overview recording for this set of experiments. Top trace shows current measured at holding potentials as shown 
in the bottom trace. Baseline voltage was 80 mV, pulsed every 40 s to +20 mV, and a voltage step protocol from 40 to +80 mV, step 20 mV, 
was applied before and after 10 µM ZnCl2 was added to the bath; pHi 6 and pHo 7. Note the recovery of depolarization-activated currents 
after the first current–voltage steps. (B–D) Recording from cells expressing recombinant wild-type HVCN1. Current pulse to 0 mV is 
indicated in B, and voltage step protocol is depicted in the inset; recordings in B and C are from the same cell, and the y-axis scaling is 
the same. (E–G) Recording from a cell expressing recombinant M91T HVCN1. Current pulse at 20 mV is indicated in E; recordings in 
E and F are from the same cell, and the y-axis scaling is the same. (H–J) Mock-transfected cells expressed no significant currents. The  
y axis in I is the same as in H. The time bar in B is the same for all current recordings (excluding A). Recordings in H and I are from the 
same cell, and the y-axis scaling is the same. D and G are reported in percent of maximal current, and the x axis is the same as in J. The 
number of experiments is given in parentheses.
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pulses to 20 mV (Fig. 7 A), whereas M91T HVCN1 
required a depolarization to 0 mV (Fig. 7 B) for cur-
rent activation. A more alkaline pHo (Fig. 7, C and D) 
resulted in current activation at lower potentials for 
both HVCN1 constructs; however, M91T HVCN1-me-
diated currents consistently required 20 mV stron-
ger depolarizations than wild-type HVCN1 for current 
activation. Fig. 7 E shows average Vth at pHi 6 for wild 
type (open symbols) and M91T HVCN1 (filled sym-
bols). The slope of these plots was not affected by the 
M91T mutation (wild type, 28.1 ± 3.6 mV/pH; M91T, 
30.3 ± 3.1 mV/pH); however, the M91T mutation 
caused a significant right-shift of Vth to higher pHo val-
ues by 0.65 pH units (at Vth 0: wild type, 6.43 ± 0.08; 
M91T, 7.08 ± 0.05; P < 0.001), suggesting that larger H+ 
gradients are required for the activation of M91T 
HVCN1. The corresponding relationship between Vth 
and Erev is shown in Fig. 7 F. Linear regression analysis of 
these data resulted in similar slopes of 0.78 ± 0.06 mV/mV 
(wild type) and 0.81 ± 0.09 mV/mV (M91T, NS), but M91T 
showed a significantly higher offset of 34.4 ± 4.7 mV com-
pared with wild type (2.1 ± 1.9 mV; P < 0.001), indicating 
that M91T HVCN1 required comparably larger pH gra-
dients for H+ current activation.

1-pH gradient (pHi 6 and pHo 7), H+ currents carried by 
wild-type HVCN1 activated at potentials larger than 
20 mV. In contrast, M91T HVCN1 appeared less sensi-
tive to depolarizing voltage pulses and required higher 
voltages for current activation, which resulted in a shift 
of the current–voltage relation of M91T HVCN1 to the 
right compared with wild type (compare Fig. 6, D with G), 
suggesting that the M91T mutation affects HVCN1 acti-
vation. Both wild-type and M91T HVCN1 were readily 
blocked by 10 µM ZnCl2 (Fig. 6, C and F). Mock-trans-
fected COS-7 cells showed no measurable currents and 
no effect of ZnCl2 (Fig. 6, H–J).

The pH dependence of recombinantly expressed 
wild-type or M91T HVCN1 was determined from 
threshold potentials (Vth) of H+ currents over a pHo 
range of 6 to 8. Vth was previously shown to be 
strongly pH dependent (Cherny and DeCoursey, 
1999). Vth was determined from depolarizing voltage 
pulses from a baseline potential of 80 mV. Fig. 7 
shows examples of current recordings evoked by volt-
age pulses near Vth from wild-type (Fig. 7, A and C) 
and M91T HVCN1-transfected COS-7 cells (Fig. 7,  
B and D) using pHi 6 and pHo as stated in the figures. 
At pHo 7.1, wild-type HVCN1 was typically activated by 

Figure 7. Threshold potentials of H+ current activation 
across recombinantly expressed wild-type and M91T 
HVCN1 in COS-7 cells. (A and C) Wild-type HVCN1. 
Example recordings of depolarizing steps from 80 mV 
to potentials near Vth at pHo 7.1 (A) and 7.5 (B) from 
one cell. Clamped voltages are given next to traces. Tail 
currents are shown on an expanded time scale (note 
the break in time axes); pHi 6. (B and D) Correspond-
ing recording from an M91T HVCN1 at pHo 7.1 (B) 
and 7.65 (D) recorded from same cell; pHi 6. pHo was 
determined from aliquots taken from bath solution for 
every condition during experimental runs. (E) Rela-
tionship between Vth and pHo. Linear regression analy-
sis for wild-type and M91T resulted in similar slopes of 
wild type (28.1 ± 3.6 mV/pHo) and M91T (30.3 ± 
3.1 mV/pHo). Correspondingly, M91T required signifi-
cantly higher pHo (7.08 ± 0.05) than wild type (6.43 ± 
0.08; P < 0.001). The number of experiments is given 
in parentheses. (F) Relationship between Vth and Erev 
for wild-type and M91T HVCN1. Regression analysis 
yielded the following: wild-type, Vth = 0.78 ± 0.06 Erev +  
2.1 ± 1.9 mV; M91T, Vth = 0.81 ± 0.09 Erev + 34 ±  
4.7 mV. Offset, but not slope, was significantly different 
(P < 0.001; t tests).
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Block by Zn2+. The HVCN1 H+ channel is blocked  
by low micromolar concentrations of ZnCl2. For ex-
ample, Ramsey et al. (2006) recently found HVCN1 to be 
blocked by ZnCl2 at a half-maximal effective concentra-
tion of 1.9 µM. In the current report, we readily blocked 
H+ currents in whole cell patch clamp recordings and 
transepithelial acid secretion in both JME and primary 
HTE cultures using 10 µM ZnCl2 (compare Figs. 2, 3 D, 
and 5). The consistent block of acid secretion and  
H+ currents in this study, and of both native H+ currents 
and HVCN1 in many previous studies (Cherny and  
DeCoursey, 1999; DeCoursey, 2003b; Ramsey et al., 
2006), is one functional indication for HVCN1 H+ cur-
rents in epithelial acid secretion.

Rectification of acid secretion. In whole cell recordings,  
H+ currents rectify strongly based on the voltage-depen-
dent characteristics of the channel, but more importantly 
for epithelial function, based on the required inside-to-
outside H+ gradient. These functional characteristics  
result in H+ being conducted only outwards (DeCoursey, 
2008). In epithelial recordings, we similarly observed a 
strong rectification of acid secretion, which was always  
directed toward the mucosa. In both JME and HTE, acid 
secretion was apparent only above a mucosal threshold 
pH of 7 (compare Figs. 2 A and 5 A). In HTE, we found 
no noticeable reversal at acidic mucosal pH levels down 
to 6. Thus, epithelial acid secretion shows strong rectifi-
cation, similar to the pH-dependent characteristics of the 
H+ channel in whole cell recordings.

Activation by mucosal alkalinity. H+ currents have been de-
scribed to activate in the presence of an inside-to-outside 
H+ gradient (Cherny et al., 1995). Because of reports  
that the ASL pH varies over a wide range (Fischer and 
Widdicombe, 2006), an effect on the apical H+ conduc-
tance could be expected. In this study, we used the pH 
dependence as another functional characteristic to iden-
tify the role of H+ channels during epithelial acid secre-
tion. We found that acid secretion was activated by 
mucosal alkalinity above a threshold pH of 7 in both 
JME and HTE cells. Similarly, whole cell H+ currents 
in JME cells were activated pH-dependently by alkaline  
pHo values, although currents appeared quite small at 
physiological potentials. However, when quantitatively 
comparing the transepithelial and patch clamp data, 
the measurements appear to coincide reasonably: when 
(a) considering Zn-sensitive acid secretion by JME cells 
at a mucosal pH of 8 of 347 nmol × h1 × cm2 (Fig. 2 B, 
corresponding to 9.4 A/cm2) and (b) assuming an api-
cal capacitance of 3 µF/cm2 (Danahay et al., 2006), and 
(c) a ratio between apical and basolateral membrane 
capacitance of 1:10 (Danahay et al., 2006), an H+ current 
of 0.31 pA/pF is predicted from the measured epithe-
lial acid secretion for a corresponding whole cell patch 
clamp measurement. For comparison, we observed 

Previously, it was noted that recombinantly expressed 
HVCN1 activates at significantly lower membrane po-
tentials than native H+ channels (Musset et al., 2008). 
This is also apparent in the current study when compar-
ing native H+ currents in JME cells with recombinantly 
expressed HVCN1 in COS-7 cells (compare Figs. 3,  
G and H, and 7, E and F). Threshold potentials of H+ cur-
rents across recombinant HVCN1 were shifted by 33 mV 
compared with native H+ currents in JME cells (com-
pare Figs. 3 H and 7 F). Correspondingly, recombinant 
HVCN1 activated at 0.7 pH units more acidic pHo 
than native HVCN1 (compare Figs. 3 G and 7 E). De-
spite this difference between native and recombinant 
HVCN1 H+ currents, the recordings of recombinant wild- 
type and M91T HVCN1 show a significant effect of the 
M91T mutation on pH-dependent current activation;  
i.e., M91T HVCN1 forms an H+ channel with an altered 
pH sensitivity that would be expected to show reduced 
activity in airways. The similar pH-dependent behavior 
of M91T HVCN1 H+ currents and epithelial acid secre-
tion by M91T HVCN1-expressing cultures suggests that 
HVCN1 is the H+ channel responsible for acid secretion 
by airways.

D I S C U S S I O N

Zn-sensitive acid secretion has been shown in airway  
epithelial tissues, primary cultures, or cell lines, and 
H+ channel activity has been found in single airway cells 
(Fischer et al., 2002; Schwarzer et al., 2004; Cho et al., 
2009). Similar to H+ currents studied in other cell types, 
H+ currents measured in airways were activated by an 
outward electrochemical H+ gradient. Based on previous 
measurements of the apical membrane potential of 
20 mV in airway epithelia (Willumsen and Boucher, 
1989; Clarke et al., 1992; Willumsen and Boucher, 1992), 
and the functional characteristics of the H+ channel, it 
was not clear when the H+ channel is active in the apical 
membrane. Also, measurements of pHi in airway cells of 
7.1 (Willumsen and Boucher, 1992; Paradiso, 1997; 
Paradiso et al., 2003) and ASL pH of <7 (Kyle et al., 1990; 
Jayaraman et al., 2001a,b) suggested that electrochemi-
cal gradients for H+ across the apical membrane are in-
ward, which would keep H+ channels closed (DeCoursey, 
2003b). The mismatch of the observed characteristics of 
epithelial acid secretion and the described functional 
characteristics of the H+ channel was puzzling and was 
the basis for this study.

Evidence that HVCN1 mediates acid secretion by airways
This study provides several lines of evidence that the 
HVCN1 H+ channel contributes to epithelial acid se-
cretion in a pH-dependent manner. These are based 
on block by Zn2+, functional characteristics, and the 
properties of the newly identified missense mutation, 
M91T HVCN1.
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identify HVCN1 function in acid secretion by epithe-
lial preparations.

pH dependence of acid secretion by airways
In previous measurements of the ASL pH of epithelial 
cultures or in animal models under controlled condi-
tions, the average ASL pH was found to be 6.9 (Kyle  
et al., 1990; Jayaraman et al., 2001a,b). Our current data 
suggest that at ASL pH 6.9, acid secretion is low and  
the H+ channel is likely closed. However, ASL pH has 
been found to alkalinize to values >7 (Fischer and 
Widdicombe, 2006), and extremes of >8 have been mea-
sured under certain conditions (England et al., 1999; 
Paget-Brown et al., 2007). Although the reason for an 
excessive alkalinization of the airways is not fully under-
stood, it may be governed by CFTR-mediated HCO3

 se-
cretion into the ASL (Ballard et al., 1999; Thiagarajah  
et al., 2004). Our data suggest that above a threshold pH 
of 7, H+ channels and acid secretion are activated, which 
would re-acidify an alkaline ASL. Thus, we suggest that 
the function of the apical HVCN1 H+ channel in airways 
is to acidify and maintain the mucosal pH under condi-
tions of base secretion.

Owing to the reported range of ASL pH values, this 
study largely focused on the effects of pHo on H+ channel 
function. However, the pH gradient across the mem-
brane, rather than the absolute pH value, determines  
H+ channel activity (Cherny et al., 1995). Therefore, intra-
cellular acidification may similarly drive acid secretion 
across H+ channels. For example, we recently identified 
an apocyanin-sensitive intracellular acid production that 
was likely based on the NADPH oxidase DUOX that is lo-
calized in the apical membrane in HTE cells (Schwarzer 
et al., 2004). Our current study suggests that apical  
H+ channels release intracellularly produced acid across 
the apical membrane, driven by a cell-to-ASL H+ gradient.

Characteristics of M91T HVCN1
An unexpected finding during this study was the identi-
fication of, to our knowledge, the first naturally occur-
ring missense mutation described in HVCN1. In wild-type 
HVCN1, M91 is located in the intracellular N-terminal 
tail just before the first transmembrane-spanning domain. 
There are no known functions of this part of the chan-
nel. Recently, a putative phosphorylation site at the 

whole cell H+ currents of 0.18 pA/pF (at a pHo 8, mem-
brane potential of 20 mV, and nominal pHi of 6; Fig. 3 E). 
The roughly twofold overestimation of whole cell H+ cur-
rents from acid secretion may be explained by (a) the 
unknown apical membrane potential and pHi in JME ep-
ithelia during the pH stat recordings, (b) the tempera-
ture dependence of H+ channel activity (Kuno et al., 
1997; DeCoursey and Cherny, 1998) and the difference 
in temperature used in this study in epithelial (37°C) and 
patch clamp measurements (20°C), and (c) the some-
what reduced H+ gradients across the membrane (to 79% 
of nominal; Fig. 3 F). This estimation suggests that the 
measured whole cell H+ channel activity could account 
for the measured epithelial acid secretion.

Knockdown of HVCN1 expression reduces H+ currents. We 
used siRNA to knock down the levels of HVCN1 mRNA. 
The JME cell line was advantageous because it was  
the only airway epithelial cell type that, in our hands,  
allowed for an efficient transfection with siRNA. On  
average, levels of HVCN1 mRNA were reduced to 13% 
by siRNA treatment, and, at the same time, H+ currents 
measured in single cells were reduced to baseline (Fig. 4). 
In our study, we have investigated a limited voltage range 
up to 80 mV. We cannot exclude that at higher voltages 
the HVCN1 mRNA levels remaining after knockdown 
could generate measurable H+ currents, which could  
be expected from the strong voltage dependence of  
H+ currents (DeCoursey, 2008). Nevertheless, concur-
rent knockdown of HVCN1 mRNA and H+ channel 
function indicates HVCN1 in whole cell H+ currents in 
airway cells.

The functional characteristics of the M91T HVCN1 muta-
tion are found in epithelial acid secretion. The M91T 
HVCN1 mutation showed distinct H+ channel activa-
tion, such that 0.65 pH units more alkaline pHo was  
required for current activation at any membrane po-
tential investigated (Fig. 7 E). This functional charac-
teristic of M91T HVCN1 was also found in epithelial 
cultures that natively expressed this mutation. Acid 
secretion by these cultures showed a mucosal thresh-
old pH that was 0.5 pH units more alkaline than in 
wild-type cultures (Fig. 5 C). Thus, the phenotype of 
M91T HVCN1 served here as a molecular tool to 

Figure 8. Alignment of the 
HVCN1 region around M91 
for several species. Position 91 
is boxed. Identical residues are 
marked dark gray, and similar 
residues are marked light gray. 
Alignment with the human se-
quence was done using BlastP 
(http://blast.ncbi.nlm.nih.gov).
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of this study but highlight the possibilities to be encoun-
tered when investigating native HVCN1 mutants.

In conclusion, this study provides indications that the 
apical HVCN1 H+ channel contributes to airway epithe-
lial acid secretion at an ASL pH >7. We suggest that, in 
contrast to H+ channels in phagocytes, the physiological 
mechanism of activation of the airway H+ channel uses 
the pH gradient rather than membrane depolarization, 
and thus may operate under conditions where its open 
probability is quite low. Several H+ channel characteris-
tics, including the altered pH sensitivity of the M91T 
HVCN1 H+ channel, were found in epithelial recordings 
implicating HVCN1 in airway epithelial acid secretion.
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