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So far one gene for Hv1 has been detected in studied species. The work pre-

sented by Chaves et al. in The FEBS Journal reported an ‘Unexpected expan-

sion of the voltage-gated proton channel family’. They searched for proton

channel candidates and found three sequences in the genome of Aplysia califor-

nica (Ac), which were named AcHv1, AcHv2 and AcHv3. Based on electro-

physiological experiments, AcHv1 and AcHv2 are voltage-gated channels.

While AcHv1 behaves like Hv1 in other species, that is, it is voltage and pH-

dependent, it can be inhibited by zinc and conducts protons outwardly, AcHv2

conducts protons inwards at symmetrical pH. AcHv3 constantly leaks pro-

tons, and its C-terminal part contains several cytoplasmic retention motifs.

Through carefully designed and carried out electrophysiological experiments,

Chaves et al. determined the biophysical parameters of all three proton chan-

nels, such as the voltage and the pH dependence, the threshold-voltage, the

gating charge and the time constants of activation and inactivation.

Comment on: https://doi.org/10.1111/febs.16617.

Introduction

After completing the sequencing of the human genome,

researchers in the voltage-gated ion channel field were

looking for new voltage sensor proteins using bioinfor-

matic tools. The discovery of voltage-sensing phos-

phatase (VSP) revealed that voltage-sensing domains

(VSD) can exist in proteins independent of ion-

conducting pore [1]. The first member of voltage-gated

proton channels (Hv1) was subsequently discovered and

shown to consist of only a VSD that conducts protons in

response to membrane depolarization [2,3]. The next

identified candidate protein was encoded by the c15orf27

gene (called TMEM266 now), which contained the most

critical residues found in VSD of other voltage sensors.

Based on sequence alignment and structural prediction,

Hv1 showed the highest similarity to TMEM266 [4],

suggesting the existence of a new member in the voltage-

gated proton channel family. However, experiments

showed that TMEM266 is not a voltage-gated proton

channel. In Decoursey’s laboratory, TMEM266 served as

a non-conducting negative template to identify the selec-

tivity filter of Hv1 [5]. In Swartz’s laboratory, we were

able to make functional chimera ion channels in which

the S4 domain of TMEM266 was transferred to Hv1 or

Shaker channels, indicating that the S4 domain of

TMEM266 could function as part of voltage sensor units

[6]. Furthermore, our voltage clamp fluorometry (VCF)

experiments have demonstrated that TMEM266 can

sense voltage, but it is not a new Hv channel [6].

The Hv1 proton channel has been described in many

different species from unicellular organisms to

Abbreviations

AcHv, Aplysia californica voltage-gated proton channel; Hv, voltage-gated proton channels; NAPDH, nicotinamide adenine dinucleotide

phosphate; VCF, voltage clamp fluorometry; VSD, voltage-sensing domain; VSP, voltage-sensing phosphatase.

1The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16670 by C

ochrane H
ungary, W

iley O
nline L

ibrary on [02/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-9549-6066
https://orcid.org/0000-0002-9549-6066
https://orcid.org/0000-0002-9549-6066
mailto:
https://doi.org/10.1111/febs.16617
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.16670&domain=pdf&date_stamp=2022-10-31


mammals and in many different cell types [7]. In the

last years, the number of publications on Hv1 has

increased and it was identified in species and cell types

that were not known to express the Hv1 [8]. The main

characteristics of the proton channel are that it has

high proton selectivity, it opens upon membrane depo-

larization and it is sensitive to pH gradient [7]. Hv1

regulates the intracellular pH by extruding protons

from the inside to the outside of the cell [9]. One

exception has been described in dinoflagellates, in Kar-

lodinium veneficum, where the proton channel conducts

proton current inwardly [10].

Hv1 has many different functions, such as contribut-

ing to the production of bioluminescent light in

dinoflagellates or calcifying the skeleton of coccol-

ithophores [10]. Mouse and human Hv1 channels have

been identified in many different immune cell types, and

the best-known functions of Hv1 are related to the regu-

lation of reactive oxygen species production via

NAPDH oxidase, but they also play a role in B-cell

receptor signalling [11], T-cell activation [12] and modu-

lation of sperm motility (in humans) [13]. Also, Hv1 has

been associated with tumour progression, via promotion

of tumour cell proliferation and migration [14].

So far one gene for Hv1 has been detected in stud-

ied species. For human Hv1 gene, three transcript vari-

ants were described, two of them encoded the same

protein; however, the third variant encodes a shorter

protein that was linked to malignant B cells [15].

From 2006 until recently, we had been waiting for new

members to join the Hv family: the Musset laboratory

has published two new members: Hv2 and Hv3 [12].

The new members of Hv

The work presented by Chaves et al. in The FEBS

Journal reported an ‘Unexpected expansion of the

voltage-gated proton channel family’ [12]. They

searched for proton channel candidates and found two

sequences with the criteria for Hv channels in the gen-

ome of Aplysia californica (California sea hare, marine

mollusc; Ac; Fig. 1A), which were named AcHv1 and

AcHv2. Furthermore, they recognized another channel

candidate gene (AcHv3); however, that one had two

sequence anomalies compared to Hv1. Based on elec-

trophysiological experiments, AcHv1 and AcHv2 are

voltage-gated channels. Whereas AcHv1 behaves like

Hv1 in other species, that is, it is voltage and pH-

dependent, it can be inhibited by zinc and conducts

protons outwardly, AcHv2 conducts protons inwards

at symmetrical pH (Fig. 1B). So, while the primary

function of mammalian proton channels is to release

protons from the cell, AcHv2 conducts inward proton

currents that acidify the cell and maybe more impor-

tantly, depolarize the cell membrane. Because of this

latter, it is possible that AcHv2 could generate proton-

mediated action potential in Aplysia californica sup-

posed by Chaves et al. AcHv3 is the longest protein

among the three proton channels with 980 amino acids

(AcHv1 has 281, while AcHv2 has 339). AcHv3 is not

likely to be present in the plasma membrane but in

intracellular membranes in vivo for two reasons: it is

constantly leaking protons, and its C-terminal part

contains several cytoplasmic retention motifs. Two

possible explanations for the proton selective leakage

Fig. 1. Schematic representation of the Aplysia californica (A, internet source: Aplysia Genome Project¦Broad Institute), the model organism

used in the present study and of the three AcHv proton channels (B). The AcHv1 conducts proton current outwardly, the AcHv2 inwardly

and AcHv3 leaks current. I, inner layer of the cell membrane; O, outer layer of the cell membrane.
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current are mentioned by Chaves et al.: (a) weak volt-

age dependence of gating. (b) closed-channel proton

leak. Both could come from the missing of the first

arginine residue in the VSD (called R1 in the classical

Hvs) and the existence of a proline right before the

second arginine (R2). Through carefully designed and

carried out electrophysiological experiments, Chaves

et al. determined the biophysical parameters of all

three proton channels, such as the voltage and the pH

dependence; the threshold-voltage; gating charge; the

time constants of activation and inactivation.

Conclusion

The discovery and detailed electrophysiological charac-

terization of the three proton channels of Aplysia cali-

fornica by Musset and his colleagues is a major

contribution to the field of proton channel research.

Beside the characterization of the AcHv channels,

Chaves et al.’s preliminary data suggest that the pres-

ence of three proton channels is characteristic not only

to Aplysia californica species but also to other mem-

bers of Mollusca phylum. Will be interesting to learn

more about the function of these novel proton channel

proteins, to understand why it is necessary to conduct

the current inwardly, and what is the need for the

AcHv3 proton channel. It should be mentioned here

that inward proton currents have been reported before

in the case of a symmetric pH, namely through the

KvHv1 channel discovered in ‘Karlodinium veneficum’.

It may then be worth investigating further and won-

dering whether the proton channel named KvHv1

should perhaps be called KvHv2. A precise identifica-

tion of cell types expressing the different proton chan-

nels will also be meaningful. The authors keep the

readers tuned up, since it is mentioned that the ‘story’

of the novel proton channels in Mollusca phylum will

be continued in an upcoming paper. We are looking

forward to that!
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