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Recently, three proton channels (HV) have been identified and characterized

in Aplysia californica (AcHV1-3). Focusing on AcHV1 and AcHV2, analysis

of Transcriptome Shotgun Assembly and genomic databases of 91 molluscs

identified HV homologous channels in other molluscs: channels homologous

to AcHV1 and to AcHV2 were found in 90 species (56 full-length sequences)

and in 33 species (18 full-length sequences), respectively. Here, we report the

discovery of a fourth distinct proton channel family, HV4. This new family

has high homology to AcHV1 and AcHV2 and was identified only in bival-

vian molluscs (13 species, 12 full-length sequences). Typically, these channels

possess an extracellular S1–S2 loop of intermediate size (~ 20 amino acids)

compared to the shorter loops of molluscan HV1 channels (~ 13 amino acids)

and the much larger loops of molluscan HV2 channels (> 65 amino acids).

The characteristic voltage-sensor motif in S4 possesses only two arginine resi-

dues with the common third arginine being replaced by a lysine. Moreover,

HV4 channels are much smaller with only around 200 amino acids in total

length. The smallest functional channel found so far in nature (189 amino

acids) is expressed in the pacific oyster Crassostrea gigas (CgHV4) and might

be considered an archetypical minimal proton channel. Functional expres-

sion and electrophysiological characterization demonstrated that CgHV4

shares distinctive hallmarks of other investigated proton channels as high

proton selectivity, slow activation, and pH- and voltage-regulated gating.

This work is the first description of a HV4 type channel, adding a new mem-

ber to the recently expanded family of proton channels.
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Introduction

Proton channels (HV) are found in many eukaryotic

species, from unicellular Alveolata (Karlodinium) [1,2]

and Haptophytes (Emiliana) [3] to multicellular organ-

isms such as plants [4], fungi [5] and Metazoa [6–9].
As such, they are involved in a huge variety of biologi-

cal functions, from calcification and bioluminescence

processes in unicellular organisms [1–3] to sperm mat-

uration [10,11], reactive oxygen species production

[12–14] and alveolar pH control in higher animals

[15,16]. Most species possess only one gene encoding

for a proton channel or completely lack a structural

HV homologue. It was thus a surprise to find three HV

channels in the gastropod Aplysia californica (AcHV1-

3) that are all three functional [17]. Whereas AcHV1

and AcHV2 are structurally typical proton channels,

AcHV3 has an unusual voltage-sensor motif (VSM)

within the fourth transmembrane region (S4), a partic-

ularly long extracellular loop between S1 and S2 and a

large C-terminal intracellular domain of unknown

function. All three channels are proton selective, with

AcHV1 being a regular HV1 channel, AcHV2 showing

pronounced inward H+ currents and the atypical

AcHV3 appearing as a proton leaky channel.

In this work, we emphasize on the identification of

structural homologues of AcHV1 and AcHV2 as typi-

cal members of the proton channel family in molluscs.

Homologous structures were identified within all four

molluscan classes analysed (Bivalvia, Cephalopoda,

Gastropoda and Polyplacophora). In Bivalvia a new

typical bivalvian-specific proton channel family (mol-

luscan HV4) was discovered, combining structural fea-

tures of the other molluscan HV channel families. We

further electrophysiologically characterized the main

biophysical properties of an archetypical HV4 channel

of the pacific oyster (Crassostreas gigas, CgHV4) to

confirm its functionality.

Results and discussion

Database analysis

Genomic and Transcriptome Shotgun Assembly (TSA)

databases of 91 molluscan species were analysed for

the presence of typical proton channels according to

the recently described Aplysia channels AcHV1 and

AcHV2 [17]. In total, 136 sequences were identified

harbouring typical features of proton channels, such

as an aspartate as part of the selectivity filter in S1

[18] and a VSM (RxWRxxR) in S4 [19–21]. From

these structures 86 channels were found to be

full length, 24 channels missed only small parts of the

N- and/or C-terminal domains, and 26 partial

sequences contained only part of the S1–S4 core seg-

ments of the channel. According to their homology, 90

sequences were found to be orthologous to AcHV1

(molluscan HV1 family), 33 sequences were ortholo-

gous to AcHV2 (molluscan HV2 family). In addition,

13 bivalvian sequences were not grouped into these

two HV families as they were clearly paralogous to the

AcHV1 and AcHV2 channels. Since they clearly do not

correspond to the atypical AcHV3 channel, they were

therefore grouped into a fourth bivalvian specific pro-

ton channel family within the mollusc kingdom. A

complete list of the amino acid sequences and Gen-

Bank accession numbers is found in Figs S1–S3. A list

of all full-length sequences, under exclusion of highly

homologous (> 98%) orthologues from the same

genus, is presented in Table S1.

In molluscs, nearly three times the amount of HV1

orthologues than HV2 orthologues were identified. This

could be explained by an underrepresentation of HV2

clones in TSA databases due to a lower total expression

rate. A closer look at genomic databases however indi-

cates that many species indeed do not have a HV2 gene.

For the pacific oyster Crassostrea gigas (GenBank

AccNo. NC_047564, [22]) and the eastern oyster Cras-

sostrea virginica (GenBank AccNo. NC_035784, [23]) a

gene for an HV1 orthologue was clearly identified (chro-

mosome 6 in Crassostrea virginica). In both, the coding

region of the respective channel was encoded by two

separate exons. An orthologous gene for HV2, however,

was not identified in both genomes.

For a single species, the Yesso scallop (Mizuhopecten

yessoensis, mizye, [24]), all three channels HV1, HV2 and

HV4 and the respective genes were identified in full

length. A sequence alignment of these channels can be

found in (Fig. 1). A detailed analysis of the genomic

localization and organization of the three Yesso scallop

HV genes revealed how the new HV4 family has evolved.

Whereas the gene for mizyeHV1 possesses only two

large exons and was found on scaffold10867 (GenBank

Acc.No. NW_018408761/NEDP02004255), the genes

for mizyeHV2 (KP79_PYT14874) and mizyeHV4

(KP79_PYT14872) were both located on scaffold8507

(GenBank Acc.No. NW_018407582) in close proximity

(< 41.000 bp) to each other (Fig. S4). Both genes are

separated by a gene of a yet uncharacterized MAM

domain-containing protein (KP79_PYT14873). In addi-

tion, exon-intron-structure of both genes closely resem-

bles each other: mizyeHV2 has seven exons, mizyeHV4

has six exons (Fig. S5). All exon-intron borders of both

genes are conserved, only the last exon of the mizyeHV2

gene is split by an additional intron. As the orientations

of the two genes have opposite directions, it can be
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concluded that in a common ancestor of bivalvian mol-

luscs, a gene duplication event with a subsequent inver-

sion of one of the duplicated genes gave rise to two

separate HV2 and HV4 genes. A phylogenetic analysis

supports this evolution of HV4 channels, as in a dendro-

gram the HV4 proteins form a monophyletic group

within the HV2 cluster (Fig. 2).

AcHV1 and AcHV2 homologues in Mollusca

The 90 identified AcHV1 orthologues have all typical struc-

tural features of proton channels. Total sequence length

varies from 240–280 amino acids in Bivalvia to 350–360
amino acids in most (6/8) Cephalopoda, due to a longer C-

terminal domain in the latter class. In Gastropoda, the C-

Fig. 1. Bivalvian HV4 type channel. (A) Amino acids sequence and structural scheme of CgHV4. A generated scheme using TOPO2 (http://www.

sacs.ucsf.edu/cgi-bin/open-topo2.py) shows the sequence of 189 amino acids composing the HV4 type channel of Crassosteas gigas, CgHV4. Nega-

tively and positively charged amino acids along the transmembrane alpha helices are coloured in red and blue, respectively. The conserved tryptophan

and the lysine variation belonging to the characteristic HV4 VSM, RxWRxxK, are shown in green and grey, respectively. Other functional-related amino

acids like the putative selectivity filter (magenta) in S1 and a zinc coordinating histidine (yellow) on top of S2 are also highlighted. (B) Structural model

of CgHV4 in a closed-state. The transmembrane segments are coloured red (S1), yellow (S2), green (S3) and blue (S4). The functional-related and

charged amino acids emphasized in (A) are displayed with the same colour pattern. The white-shaded region indicates the position of the HG (guided

by Phe86) that separates internal (under) and external (over) vestibules. (C) Full sequences alignment of the bivalvian Mizuhopecten Yessoensis HV1,

HV2, HV4 channels. Transmembrane segments (S1–S4) are written in bold. The fully conserved Asp residue serving as putative selectivity filter is

shown in magenta, His residues along S1–S4 regions are marked in yellow, and Arg residues belonging to the conserved RxWRxxR VSM are pre-

sented in blue (Trp in green). The distinctive and special variation Arg to Lys in the VSM of HV4 channels is shown in grey.
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terminal domain is more flexible in length resulting in pro-

teins of 220–320 amino acids. The only Polyplacophora

full-length sequence was found in Acanthochitona fascicu-

laris (276 amino acids). Compared to the other molluscan

HV families, the extracellular loop between S1 and S2 is

short (~ 13 amino acids), comparable in size to mammalian

[25,26] and insect channels [19,20]. A remarkable feature is

the conserved length of the N-terminal portion of the chan-

nel with a majority of sequences (68%) having a length

between 54–57 amino acids.

The 33 identified AcHV2 orthologues are in total

much longer compared to HV1 and HV4 channels and

sequence lengths vary in a broad range of ~ 300–750
amino acids. An obvious feature of these proton chan-

nels is the long extracellular loop between S1 and S2. In

Bivalvia, Gastropoda and Polyplacophora the loop is

between 65 and 97 amino acids long, in Cephalopoda it

is even larger with 118–129 amino acids. With a histi-

dine content of 10–27%, these loops are largely unstruc-

tured and may play a role in sensing extracellular pH or

zinc binding. For some Cephalopoda, a very long intra-

cellular C-terminal domain (390–470 amino acids) could

serve a special but yet unknown function. A list of loop

and cytosolic domain lengths of all identified molluscan

HV1-2 channels is presented in Table S1.

A novel bivalvian-specific proton channel family

(HV4)

In bivalvian species, a novel proton channel family

was found. With 189–214 amino acids, these channels

are the smallest proton channels found so far in Ani-

malia (see Fig. 1 for a sketch drawing and a homology

structural model of CgHV4). Especially the N- and C-

terminal domains are of minimal size (~ 30 N-terminal

amino acids, 35–50 C-terminal amino acids), whereas

the extracellular S1–S2 loop is even a bit larger than

for HV1-type channels (~ 20 amino acids). Interest-

ingly, most of HV4 S1–S2 loops contain several nega-

tively charged residues (Glu and Asp) that could play

a role in coordination of divalent cations involved in

inhibition [27–31]; e.g. in Crassostrea gigas HV4 chan-

nel, 10 out of 19 residues are negatively charged

(Fig. 1). In addition, the length and composition of

the S1–S2 loop play a dominant role in the activation

kinetics and threshold of activation in fungal HV1

channels [5]. A comparison of the extracellular loops

and the central pore region of HV1, HV2 and HV4

channels is shown in Fig. 3. A list of conserved amino

acids in the human hHV1 and all HV4 channels identi-

fied is shown in Table 1.

Perhaps the most striking structural element charac-

terizing HV4 channels is in its voltage-sensor. The posi-

tively charged voltage-sensor moiety (RxWRxxR) of

proton channels is modified as the third arginine (R3)

is replaced by a positively charged lysine residue (K3)

in all members of this bivalvian HV4 family, to gener-

ate the atypical RxWRxxK pattern.

The presence of an aspartate residue at the middle

of the S1 segment, serving as the selectivity filter of

proton channels [1,18,19,32] is observed in all HV4

channels. A notable exception is found in some

Fig. 2. Phylogenetic tree of basal molluscan proton channels. The different channel families are indicated by coloured bars (HV1 red, HV2

green, HV4 cyan). The human HV1 channel was selected as outgroup (yellow). Channels were selected from the following molluscan

species: ac: Aplysia californica, my: Mizuhopecten yessoensis, mv: Mimachlamys varia, ob: Octopus bimaculoides, cg: Crassostrea gigas,

af: Acanthochitona fascicularis, ns: Nodipecten subnodosus, pc: Pomacea canaliculata.
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polyneopteran insects, which possess a negatively

charged glutamate residue at this position [20]. The

neutralization of the aspartate residue at the specific

position in the S1 segment leads to Cl− permeability in

human [18], dinoflagellate [1], and insect proton chan-

nels [19].

Zinc has been extensively studied as an inhibitor of

HV channels. The binding of zinc to the structure of

HV1 channels has elicited several interpretations, where

both the role of amino acids and the mechanism of

inhibition remain debated. Some studies suggest the

involvement of negatively charged amino acids in zinc

coordination [28,29,31]. However, two main zinc-

binding sites each involving one titratable His residue

have been identified [26,28–30,33]. The neutralization

of both His residues to Ala renders HV channels zinc-

insensitive [26,27,33]. In hHV1, the first binding site,

ZB1, involves position 140 located at the top of the S2

segment. The second binding site, ZB2, comprises

position 193 and is found in the S3–S4 loop. The

alignment of HV4 channels (Fig. S6) reveals that all

species containing HV4 exhibit a conserved His residue

at the equivalent position in ZB1. However, a varia-

tion is observed at ZB2, where all HV4 channels pos-

sess a non-polar aliphatic valine residue instead of a

histidine, potentially rendering them less zinc-sensitive

compared to mammalian HV1 channels. The lower

zinc sensitivity of the insect channel NpHV1 has been

related to the minor role of the aspartate residue

(Asp145) at ZB2, where the main coordination effect is

carried by His92 at ZB1 [27]. Substituting Asp145 to

His at ZB2 resulted in increased zinc sensitivity com-

pared to the wild-type channels, similar to mammalian

HV1 [27,34]. The diversity of amino acid residues com-

posing ZB2 is significant among species and HV vari-

ants, while a His residue at ZB1 appears to be a more

common structural characteristic for most HV chan-

nels, including the recently discovered HV4 family.

Other residues are shared by HV4, HV1 and HV2

channels. A tryptophan composing the VSM [21] and a

phenylalanine delimiting the charge transfer centre of

HV channels [35–37] are also fully conserved in HV4.

Both residues are considered critical for HV gating. In

humans, Trp207 stabilizes the VSM of HV channels and

mutations at this position shift the gH-V relationship to

more hyperpolarized regions [21]. In the case of Phe150,

the residue is highly preserved in HV channels and

together with other hydrophobic residues (Val109, Val177

and Val178), forms the hydrophobic gasket (HG) of

hHV1 [35]. This hydrophobic region, also called “gating

pore”, forms a constriction at the centre of the trans-

membranal segments and is a common element in

voltage-activated proteins [38–40]. It is considered to be

the focal point of the electrical field and its hydrophobic

composition separates the internal and external water

vestibules. During gating, gating charge carriers (posi-

tive residues of the VSM in S4) move across the HG

[35,41,42]. Disruption of the HG in the human HV1

channel provokes leak of protons at the closed-state

which leads to channel’s misfunction [35]. Therefore,

preservation of Phe residues in this specific position

seems to be essential for the proper functioning of HV

channels, and HV4 fulfils this necessity.

Some negatively charged residues distributed along

S1, S2 and S3 segments serving as counter charges are

also universal in HV4 channels (Table 1). In human

HV1, Glu153 and Asp174 play a crucial role in stabiliz-

ing the closed state, while Glu119 and Asp123 stabilize

the open state [43]. The negative residue Asp185

opposes V116 in closed human HV1 channels, and

Arg205 (R1) interacts with it during gating [31]. Nota-

bly, Asp185 may also be involved in zinc coordination

[31]. With the exception of Glu119, which is substituted

with aliphatic residues in HV4 channels, all species

have the same residues at the equivalent positions.

Fig. 3. Structural models of AcHV1, AcHV2 and CgHV4 in putative

closed states. (A) The shorter extracellular S1–S2 loop (purple) of

AcHV1 has no particular characteristics with regards to the amino

acids’ composition while that of AcHV2 has a high content of His

residues (green sidechains) and that of CgHV4 has a high content

of negatively charged amino acids (red sidechains). (B) Views of

the transmembrane segments of AcHV1, AcHV2 and CgHV4

showing the characteristic three voltage-sensing arginines, or lysine

for K3 in the case of CgHV4, and HG (grey surfaces) that separates

the inner and outer vestibules of the proton channels. Colouring

scheme of the transmembrane helices S1 to S4 (S1: red, S2: yel-

low, S3: green and S4: blue).
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On the other hand, HV4 channels exhibit a high

diversity of residues at the position corresponding to

amino acid 168 in hHV1. This position, located at the

bottom of the S3 segment and exposed to the intracel-

lular medium, is occupied by a His residue in hHV1

that is essential for internal pH-sensing [44]. Mutation

of His168 to glutamine accelerates activation and devi-

ates ΔpH-gating from the “rule of forty”. According

to this property, gH-V relationships shift 40 mV for a

1-unit change in pHi or pHo and describe ΔpH-gating

for most HV channels [45]. Interestingly, His residues

at this position are common in mammal HV channels

but are swapped with other residues in HV channels of

other species. For example, the HV channel in the snail

Helisoma trivolvis, HtHV1 has a glutamine residue

(Gln229) at this position and displays abnormal pHi

sensitivity [46]. In fungi, this position is occupied by

amino acids of different physicochemical properties

(e.g. Ala, Ser, and Asn). For those fungal channels

that were tested, the ΔpH-gating deviated largely from

the rule of forty [5]. In HV4 channels, the species Sca-

pharca broughtonii and Perna canaliculus have gluta-

mine (Gln107) and asparagine (Asn104) residues,

respectively. This raises the possibility that HV4 chan-

nels in those species could have a pHi sensitivity simi-

lar to that of HtHV1. However, the structural elements

regulating pHi sensitivity in proton channels are most

likely more complex, as mutation of Gln229 to His in

HtHV1 does not normalize pHi sensing [46]. Three

species, Mizuhopecten yessoensis, Nodipecten subnodo-

sus, and Mimachlamys varia, have a lysine whereas all

the remaining species, including Crossostrea gigas,

have a negatively charged residue. Since the position is

exposed to the intracellular solution, it is expected that

the pKa values of these residues are similar to those in

bulk solution. Consequently, one would not expect a

conventional sensing for little changes of pHi, as

observed in channels with a His at this position.

The smallest HV4 channel, with only 189 amino acids,

was found in the pacific oyster Crassostrea gigas. We

selected this channel for functional expression and elec-

trophysiological characterization. As a typical proton

channel, CgHV4 possesses a selectivity filter aspartate

(Asp39) in the middle of S1, a zinc-binding histidine

(His76) at the outer rim of S2 and a totally conserved

tryptophan residue (Trp136) within the VSM in S4.

Expression and functional characterization of

Crassostrea gigas HV4 channel (CgHV4)

We used the patch-clamp technique to evaluate CgHV4

proton channel functionality. To achieve this, GFP-

CgHV4 constructs were transfected into tSA201 or

HEK293 cell lines. After 8 h of incubation, CgHV4

expression was clearly visible in the cell membrane

with an expression efficiency of ~ 10% (Fig. 4A).

Selected fluorescent cells showed reliable CgHV4

expression, with a current density of 0.24 � 0.15 nS/

Species SF     
(S1)

Open-state 
stabilization 
(S1/S1/S3)

ZB1     
(S2)

CT        
(S2)

Close-state 
stabilization 

(S2/S3)

pHi-
sens
(S3)

ZB2       
(S3-S4 
loop)

R1    
(S4)

W 
(S4)

R2  
(S4)

R3     
(S4)

hHV1 D112 E119 / D123/ D185 H140 F150 E153 / D174 H168 H193 R205 W207 R208 R211

MyHV4 D38 L45 / D49 / D118 H73 F83 E86 / D107 K101 V126 R141 W143 R144 K147

NsHV4 D38 L45 / D49 / D118 H73 F83 E86 / D107 K101 V126 R141 W143 R144 K147

SbHV4 D42 L49 / D53 / D124 H79 F89 E92 / D113 Q107 V132 R147 W149 R150 K153

MvHV4 D38 L45 / D49 / D118 H73 F83 E86 / D107 K101 V126 R141 W143 R144 K147

PcHV4 D39 L46 / D50 / D121 H76 F86 E89 / D110 N104 V129 R144 W146 R147 K150

CvHV4 D39 V46 / D50 / D121 H76 F86 E89 / D110 E104 V129 R144 W146 R147 K150

CgHV4 D39 V46 / D50 / D121 H76 F86 E89 / D110 D104 V129 R144 W146 R147 K150

CaHV4 D39 V46 / D50 / D121 H76 F86 E89 / D110 D104 V129 R144 W146 R147 K150

PimHV4 D47 I54 / D58 / D129 H84 F94 E97 / D118 D112 V137 R152 W154 R155 K158

PirHV4 D57 I64 / D68 / D139 H94 F104 E107 / D128 D122 V147 R162 W164 R165 K168

SgHV4 D38 V45 / D49 / D120 H75 F85 E88 / D109 D103 V128 R143 W145 R146 K149

MeHV4 D36 L43 / D47 / D118 H73 F83 E86 / D107 D101 V126 R141 W143 R144 K147

Table 1. Comparison of conserved amino acid residues in HV1 and HV4 proton channels with functional significance. Basic residues are

displayed in blue, acidic residues in red, aromatic residues in green. The conserved aspartate in the middle of S1 responsible for proton

selectivity is coloured in magenta. CT, charge transfer centre; pHi-sens, pHi sensing; R1-3, VSM charge carriers; SF, selectivity filter; W,

VSM tryptophan; ZB1, zinc binding site 1; ZB2, zinc binding site 2. The species designation is represented by letters abbreviations: Ca, Cras-

sostrea angulata; Cg, Crassostrea gigas; Cv, Crassostrea virginica; h, Homo sapiens; Me, Mytilus edulis; Mv, Mimachlamys varia; My, Mizu-

hopecten yessoensis; Ns, Nodipecten subnodosus; Pc, Perna canaliculus; Pim, Pinctada margaritifera; Pir, Pinctada radiata; Sb, Scapharca

broughtonii; Sg, Saccostrea glomerata.
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pF (mean � S.D.), n = 23 (Fig. S7). Robust sigmoidal

H+ currents conducted through CgHV4 showed clear

voltage-dependence of gating typical of HV channels:

currents have threshold of activation (Vthres), currents’

amplitude increases with depolarization of the cell

membrane and show activation time constants (τact)
within seconds (Fig. 4B). Moreover, distinctive H+ tail

currents were observed after repolarization of the cell

membrane with deactivation time constants τdeact < 1 s

(Fig. 4B).

The selectivity of CgHV4 for protons was evaluated

by comparison of measured reversal potentials, Vrev, to

theoretical values of the Nernst potential for protons,

EH (Fig. 4C). In a wide range of pHo (5.0–8.0) and pHi

Fig. 4. Expression and functionality of CgHV4. (A) CgHV4 expresses well in the HEK293 cell line. Pictures of the same cell culture taken 8 h

after transfection with GFP-CgHV4 plasmid DNA, at 10× magnification (left and central panels). Under fluorescence, expression of CgHV4 is

readily distinguished in the cell membrane (central and right panels). A 45× zoom-in of the dashed region of the central photography show-

ing two transfected cells is displayed at the right panel. (B) CgHV4 whole-cell H+ currents. Families of proton currents for the same cell

obtained by whole-cell patch-clamp configuration at different pHo//pHi as labelled. Depolarization of the cell membrane was done applying

pulses in 10 mV increments from the holding potential (Vhold) to the positive voltage shown. Vhold for pHo = 7.5, pHo = 7.0, pHo = 6.5 and,

pHo = 5.5 were −80 mV, −60 mV, −60 mV and, −20 mV, respectively. The intracellular pHi was 6.5 for all pH conditions. (C) CgHV4 is a per-

fect proton selective channel. Measured reversal potentials (Vrev) are plotted against the Nernst potential for protons (EH) at different pH gra-

dients across the membrane (ΔpH). The dotted line represents equality between Vrev and EH and indicates perfect proton selectivity. The

inset depicts an example of a Vrev determination (arrow; −33 mV) by the tail currents method. Here, test-pulses after a pre-pulse (1 s at

+20 mV) were applied in 10 mV increments from −60 to −20 mV, at ΔpH = 0.5. The number of measurements at ΔpH = 1, 0.5, 0, and −1
were 3, 4, 23, and 6, respectively. (D) Voltage- and pH-dependent gating of CgHV4. Maximal H+ conductance at different pHo from the pro-

ton currents measured in a single cell depicted in B are plotted against voltage.
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(5.5–7.5), we measured Vrev at different proton gradi-

ents. Within our experimental settings, protons are pre-

sent at concentrations ranging from 10 nM at pH 8.0 to

10 μM at pH 5.0. These concentrations show a clear

numerical disadvantage in comparison to other ions,

e.g. Cl−, TMA+, Mg2+, present at concentrations in the

range of 2–90 mM. The difference in concentrations

between H+ and other ions has an important implica-

tion. In case of a non-selective channel, the electrochem-

ical driving force and thus Vrev would be dominated by

the ions of higher concentration in accordance with the

Goldman-Hodgkin-Katz equation. During our experi-

ments and in spite of being present in a concentration at

least 1000 times lower than other ions, CgHV4 currents

reversed accordingly to EH for each pH condition

tested. Small fluctuations of Vrev values away from EH

are associated with poor control of cytosolic pH, e.g.

cell H+ depletion or H+ accumulation [17,45,47] which

are considered common sources of error when measur-

ing proton channels. The conformity of our data with

Nernst values for protons allows us to conclude that

CgHV4 is a proton-selective channel.

Furthermore, CgHV4 currents are also modulated by

pH. The pH-dependent gating is a hallmark of proton

channels and can be seen as a shift of the conductance-

voltage relationship due to changes in ΔpH. Figure 4D

depicts an example of a conductance-voltage for CgHV4.

At symmetrical pHi//pHo = 6.5, CgHV4 activates at

around −10 mV and its activation shifts rightwards to

more positive voltages once pHo is acidified to 5.5. On

the other hand, once the external pHo is exchanged to

more alkaline values (e.g. 7.0 and 7.5), conductance

curves shift oppositely to more hyperpolarized regions.

At symmetrical pH conditions, the Vthres of CgHV4 is

−12 � 28 mV (mean � SEM), n = 23 (Fig. S7).

For all our data set, the pH-dependent gating of

CgHV4 was determined to be: Vthres = 0.84 Vrev

−12 mV (n = 36), resulting in an approximate change

of 49 mV/unit ΔpH in the conductance-voltage rela-

tionship (Fig. S7). Interestingly, the pH regulation of

the conductance in CgHV4 is higher than the rule of

forty (40 mV/pH) for most of the measured HV chan-

nels [15,45] but is comparable to that of HV insect

channels [19,20]. Compared to other molluscan HV

channels, CgHV4 shows a pH sensitivity slightly stron-

ger than the molluscan Aplysia californica HV1 and

HV2 channels (~ 45 mV/pH) [17] but still weaker than

the anomalously high sensitivity of Helisoma trivolvis

(60 mV/pH at pHo 5–7) [46] and fungal channels (80–
90 mV/pH) [5]. The similitude of pH-dependent gating

of HV channels from different species is per se of inter-

est since it proposes a common mechanism of pH-

coupled gating that is still unknown. Further analysis

of pH-regulated conductance in other HV channels

and its relationship with common structural features

would help to decipher the pH-sensing mechanism of

voltage-gated proton channels.

Remarkably, CgHV4 presents a variation in the gat-

ing charges forming the VSM where the third and

most internal Arg (Arg211 in the human HV1) is

swapped to a Lys (Lys150) to produce the unusual

RxWRxxK motif (Fig. 3). Another variation at the

voltage sensor motif of HV channels has also been

found in AcHV3. In AcHV3, the first Arg of the VSM

is replaced by a neutral amino acid (LPWRxxR). The

reduced voltage-dependence of gating and the leakage

of H+ at the closed-state were interpreted as potential

consequences of this aberration [17]. In sharp contrast,

the atypical VSM of CgHV4 does not impair the gat-

ing as drastically as that of AcHV3. At all voltage

ranges tested, no evident H+ leak currents were

detected at the closed-state and gH-V curves are steep

at voltages near to Vthres (Fig. 4D).

The pKa values of arginine and lysine residues in

aqueous solution are reported to be ~ 13.8 [48] and

10.4–10.68 [49], respectively. However, values can be

significantly altered due to burial into the protein inte-

rior, e.g. pKa values of internal lysine residues in nucle-

ases reported to be as low as 5.3 depending on the

polarity of its microenvironment [50]. Studies conducted

on proton channels have demonstrated that the arginine

residue located at the third position (R3) of the voltage-

sensing motif (VSM) is exposed to the cytosolic solution

when the channel is in its resting state [42,49,51–55].
Under conditions of negligible pKa changes due to

microenvironmental effects of the CgHV4 structure on

K3, our experimental settings permit protonation of the

terminal amino group of Lys150, which would act as a

discrete gating charge [56]. Curiously, Lys acting as gat-

ing charge carrier in voltage-gated ion channels is not

common, as Arg is usually observed in this role. The

cause for this prevalence is currently unknown [57].

Additionally, R3K mutations in the human proton

channel shift gH-V relationship to more positive poten-

tials and slow activation kinetics [36]. Further investiga-

tions to determine the effect of this natural substitution

on CgHV4 gating would help to clarify the role of Lys as

component of the VSM of HV4 channels.

Conclusion and perspective

With the identification of a HV4 proton channel family

in bivalvians, the diversity of proton channels (in mol-

luscs) is further increased. The smallest naturally

occurring HV4 channel uncovered to date, CgHV4,

appears to be a good candidate to study biophysical
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channel functions and to identify minimal structural

requirements. In addition, future analysis of structural

differences among molluscan proton channels, such as

length and charge variations within the S1–S2 loop or

the unusual lysine residue at the “R3”-position within

the voltage-sensor of HV4 channels, may help us to

understand the unusual expansion within the family of

HV channels in molluscs. It is noteworthy that in addi-

tion to possessing tiny HV channels, molluscs also have

the largest known proton channels, the HV3 family. This

indicates a high degree of complexity in terms of struc-

tural and functional diversity within these channels.

Materials and methods

Molluscs database analysis

Transcriptome Shotgun Assembly and genomic DNA data-

bases at the National Center for Biotechnology Informa-

tion (NCBI) were analysed using the BLAST algorithm

and the coding sequence of the Aplysia californica channels

AcHV1 and AcHV2 (NCBI reference sequence numbers

XM_005100609 and XM_005093050, respectively) as query

sequences. Only sequences with significant homology within

the S1 and/or S4 segments containing the selectivity filter

and voltage sensor were used for further analysis. Genomic

sequences were shown using NCBI Sequence Viewer 3.46.1.

Phylogenetic tree

Several molluscan HV1, HV2 and HV4 channels were

selected and aligned using ClustalW. As an outgroup the

human HV1 channel (GenBank No. NM_001040107) was

chosen. A neighbour phylogenetic tree was created using

the ProtDist algorithm implemented in the BioEdit

sequence alignment program.

CgHV4 homology model

A structural model of the CgHV4 transmembrane domain

(amino acids 15–165) was constructed by homology model-

ling to the transmembrane domain of Ciona voltage-sensing

phosphatase (VSP) channel (Ci-VSP, PDB: 4G80 [58],

amino acids 106-244) using MODELLER with the DOPE-

based loop modelling protocol for loop refinements (release

10.2; [59]). The best model according to MODELLER’s

molpdf score was further refined with 3Drefine [60].

Heterologous expression and electrophysiology

The CgHV4 gene was synthetized and cloned in a pEX-A2

plasmid (Eurofins/Genomics, Ebersberg, Germany). For

expression in eukaryotic cell lines, CgHV4 was subcloned

into pQBI25-fC3 using 50 BamHI and 30 EcoRI restriction

sites. A GFP domain was fused N-terminally. HEK293 or

tSA201 cell lines at ~ 85% of confluency were transfected

with 1 μg of cDNA using polyethylenimine (Sigma, St.

Louis, MO, USA). After 12 h at 37 °C in 5% CO2, cells were

trypsinized and replated onto glass coverslips at low density

for patch clamp recordings at the same and the next days.

For measurements, green fluorescent cells were selected.

Patch-clamp recordings were done as described previ-

ously [17,19,20,27]: A patch-clamp amplifier EPC 10

(HEKA, Lambrecht, Germany) was used. Patch pipettes

were made from borosilicate capillaries GC 150TF-10 (Har-

vard Apparatus, Holliston, MA, USA) and pulled using

Flaming Brown automatic pipette puller P-1000 (Sutter

Instruments, Novato, CA, USA). Pipettes were heat

polished to obtain tip resistances from 5 to 9 MΩ once in

contact with working solutions. Electrical contact with the

pipette solution was achieved by a chlorinated silver wire

and connected to the bath with an agar bridge made with

Ringer’s solution. Seals were formed with Ringer’s solution

(160 mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,

5 mM Hepes, pH 7.4) in the bath, and the potential zeroed

after the pipette was placed above the cell. Solutions used

on whole-cell recordings (pipette and bath) included

100 mM buffer close to its pKa with tetramethylammonium

(TMA+) and methanesulfonate (CH3SO3
−) as main ions,

1 mM EGTA, and 1–2 mM Mg2+ with an osmolality of

300 mOsm�kg−1. Buffers were HomoPipes at pH 5, 2-(N-

morpholino)ethanesulfonic acid (MES) at pH 5.5 and 6.0,

Bis-(2-hydroxyethyl)imino-tris-(hydroxymethyl)-methane (BIS-

TRIS) at pH 6.5, PIPES at pH 7.0, Hepes at pH 7.5 and

Tricine at pH 8.0. Resistance of the seals were > 3 GΩ. Cur-
rents are shown without correction for leak or liquid junction

potentials. Data were collected between 19 °C and 22 °C.
Threshold potentials, Vthres, were determined from families

of pulses as the potential where the first tail current was

observed once the membrane was repolarized. Reversal

potentials were measured by two methods. When Vthres was

negative relative to Vrev, it could be readily determined by

the zero current. When Vthres was positive relative to Vrev, it

was determined with the tail current method. Overexpression

of the channels in small cells resulted in large proton currents

which removed enough protons to change pHi considerably,

e.g. due to depletion. Because proton channel gating depends

strongly on pH, proton depletion is a significant source of

error that must be avoided. To minimize this problem, fami-

lies with different pulse lengths were applied. Longer pulses

were used to determine pulses close to Vthres where τact was
slow, while shorter pulses were used at more positive volt-

ages. Recordings were stored on hard discs.

Biophysical characterization of CgHV4

Proton currents of 23 transfected cells were analysed with

Origin (Origin 2017, Northampton, MA, USA). Currents

were fitted to a rising exponential to obtain the activation
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time constant (τact) and the maximal proton current (Imax).

The maximal proton conductance (gH, max) was calculated

from the steady-state current Imax (the fitted current extrap-

olated to infinite time) using reversal potentials (Vrev) mea-

sured in each solution in each cell. In these fits, the initial

delay was ignored and the remaining current usually fitted

a single exponential well.

The conductance density of each cell was calculated by

dividing the maximum conductance (gH,max) by the respec-

tive cell capacitance (C). The resulting value was then

reported as the arithmetic mean � standard deviation

(S.D), with a sample size of 23 cells.

Selectivity of CgHV4 for protons was determined by

comparison of measured reversal potentials to the Nernst

potential for protons (EH) at the experimental ΔpH (pHo −
pHi). The number of measurements for every pH condition

were: n = 6 at ΔpH −1; n = 23 at ΔpH 0; n = 4 at ΔpH
0.5; and n = 3 at ΔpH 1.

The threshold of activation at symmetrical pH condi-

tions is reported as the arithmetic mean � standard error

of the mean (SEM), N = 23.

The pH dependence of gating was evaluated in a pH

range from 5.0 to 8.0 by linear regression of concatenate

data from the Vthres against Vrev plot (n = 36, 23 cells), in a

potential range from −70 to +70 mV to obtain an equation

of the form.

Vthres ¼ slope Vrev þ offset (1)
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