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SYMPOSIUM REVIEW

Architecture and gating of Hv1 proton channels
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Voltage-gated proton channels have been described in different cells and organisms since the
early ’80s, but the first member of the family, Hv1, was cloned only recently. The Hv1 channel
was found to contain a voltage-sensing domain (VSD), similar to those of voltage-gated sodium,
potassium and calcium channels. All these other channels also contain a pore domain, which
forms a central pore at the interface of the four subunits. The pore domain is missing in Hv1.
This raised several questions on the location of the proton pore and on the mechanism of gating.
Here, we briefly review our effort to understand the structural organization of Hvl channels
and discuss the relationship between the gating of Hv1 and the gating of ion-conducting pores
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recently discovered in the VSDs of mutant voltage-gated potassium and sodium channels.
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Voltage-gated potassium, sodium and calcium channels
are made of four voltage-sensing domains (VSDs) that
control one permeation pathway located at the centre of
a distinct pore domain (Yu & Catterall, 2004; Long et al.
2005; Tombola et al. 2006). Recently, a new addition to the
family of VSD-containing channels has been made with
the cloning of the first voltage-gated proton channel, Hvl,
also known as VSOP (Ramsey et al. 2006; Sasaki et al.
2006). Voltage-gated proton channels were first identified
in snail neurons more than a quarter of a century ago
(Thomas & Meech, 1982). Since then, their biophysical
properties and biological role have been elucidated in
detail (Decoursey, 2003; DeCoursey et al. 2003), but the
lack of candidate genes for these channels has prevented
molecular studies on channel architecture and gating. This
kind of study is now possible, and several groups have
begun tackling different aspects of channel structure and
function (Alabi et al. 2007; Koch et al. 2008; Lee et al. 2008,
2009; Musset et al. 2008; Li et al. 2009; Okochi et al. 2009;
Ramsey et al. 2009; Tombola et al. 2008).

When Hvl was cloned, its sequence revealed that the
predicted membrane-spanning region consists solely of
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the VSD, lacking a homologue to the pore domain of
other voltage-gated channels (Ramsey et al. 2006; Sasaki
et al. 2006). This raised several questions about how
voltage-gated proton channels work, as follows. (1) If
Hvl lacks a pore domain then where is the permeation
pathway located? (2)Is Hvl made of four VSDs, like
other voltage-gated channels? (3) How is the voltage sensor
movement linked to channel opening in Hv1? Here, we
briefly describe our attempts to answer these questions.
Most ion channels are protein complexes made of
multiple subunits. A single ion-conducting pore is
normally located in the centre of the complex, at the
interface between subunits (Hille, 2001). Voltage-gated
chloride channels (CICs) and aquaporins are important
exceptions. They are also made of multiple subunits, but
each subunit contains its own pore and thus there are
as many pores as there are subunits (Ludewig et al. 1996;
Middleton et al. 1996; Fu et al. 2000; Sui et al. 2001; Dutzler
et al. 2002; King et al. 2004). We first set out to determine
the number of subunits in Hvl and then to determine
whether the permeation pathway is located within a single
subunit or at the interface between multiple subunits.

The Hv1 channel is a dimer, with dimerization driven
by the cytoplasmic domain

We used a single molecule technique (Ulbrich & Isacoff,
2007) to visualize Green Fluorescent Protein (GFP)-tagged
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Hvl channels on the cell surface with Total Internal
Reflection Fluorescent Microscopy (TIRFM). The
advantages of this method are that it focuses exclusively
on the plasma membrane, where channels reach only
after they have undergone the quality control processes
of membrane targeting and the site of channel function,
and that subunit stoichiometry is assessed for individual
proteins, rather than via bulk methods, which may not
detect heterogeneity from average behaviours.

We determined the number of subunits per channel
by counting the number of photo-bleaching events from
channels that were expressed at a sufficiently low density
to ensure that practically all of the fluorescent spots on the
cell surface corresponded to individual proteins (Fig. 1).
We tested both wild-type (WT) Hvl channels, tagged
with GFP, and ones whose mobility was reduced by an
additional protein interaction domain from scaffolding
proteins PSD95, DlIgl and Zoe-1 (PDZ)-interaction
domain and co-expression of the PDZ protein PSD95. In
both cases, the fraction of fluorescent spots that bleached
in two steps was very similar to what was seen in a known
reference (NMDA receptors tagged with GFP on only two
of the four subunits) and clearly differed from two other
references, one that carries a single GFP per channel and
one that carries four GFPs per channel (Ulbrich & Isacoff,
2007).

Chimeras between Hvl and the voltage-dependent
phosphatase Ci-VSP, which was recently shown to be
monomeric (Kohout et al. 2008), or the C-terminal of the
Shaker Kvl channel, showed that dimerization depends
on the cytoplasmic domain, and not the membrane
domain, of Hv1. The evidence for this was that substitution
of the N-terminal of Hvl was found to compromise
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dimerization, and substitution of the C-terminus was
found to disrupt it completely, while transplantation
of the two terminals from Hvl onto the membrane
domain of Ci-VSP was sufficient to dimerize the normally
monomeric Ci-VSP.

Each Hv1 subunit contains a pore

Having found that the Hvl channel is made of two
subunits, we asked whether there are one or two pores
per channel. We identified a site in Hvl, N214, that when
mutated to cysteine makes the channel susceptible to
block by the thiol-reactive methanethiosulfonate (MTS)
reagents, enabling us to modify the conduction pathway.
We then constructed tandem dimers of Hvl that would
allow us to introduce the N214C mutation independently
into the two subunits. Channels formed by the linked
homodimers, WT-WT or 214C-214C, were the same as
those formed by the free co-assembly of unlinked WT or
214C subunits, respectively, enabling the analysis. We also
found that the WT channel is blocked by free guanidinium,
providing a second blocking probe of the pore. We then
tested the expectation that only if the channel has two
pores, a separate one in each of its two subunits, would
manipulation in one subunit leave unaffected the flow
through the unmutated pore (Fig. 2A).

The following three lines of evidence pointed to a
two-pore construction of the Hv1 dimer, with one pore in
each subunit. (1) The fractional block of the heterodimeric
WT-214C and 214C-WT constructs was similar to
that of the 214C-214C homodimer using different
MTS reagents with distinct steric and electrostatic
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Figure 1. Determination of the number of subunits in individual protein complexes by counting photo-

bleaching steps

Each labelled complex appears as a fluorescent spot on the movie acquired under total internal reflection micro-
scopy. When the bleaching light is turned on (blue arrow) the fluorescence intensity of the spot decays in a
stepwise manner until, one by one, all the fluorophores are bleached. A monomer, such as Ci-VSP, produces spots
with only one bleaching step (A). A dimer, such as Hv1, gives spots with two bleaching steps (B). A tetramer, such
as a cyclic nucleotide-gated channel, gives spots with four bleaching steps (C).
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properties.  (2) When  2-(trimethylammonium)ethyl
methanethiosulfonate (MTSET) completely blocks 214C,
then further block by guanidinium of WT-214C and
214C-WT follows exactly what would be expected for
block of a separate WT pore (Fig.2A). (3) When 2-
(Aminocarbonyl)ethyl] methanethiosulfonate (MTSACE)
partly blocks 214C then guanidinium block of WT-214C
and 214C-WT follows the predicted combination
of normal block of the WT pore and reduced block
of a separate 214C-MTSACE pore. A fourth line of
evidence also showed that each subunit has its own pore,
when we found that the monomerized Hvl chimera,
Nysp—Hv—Cysp, functions as a voltage-gated proton
channel (Fig. 2B). These findings argue strongly that the
Hvl1 dimer contains two separate pores.

Model of the permeation pathway and the
mechanism of voltage-dependent gating

Our evidence that Hv1 is a dimer containing two separate
pores raised questions about where the permeation
pathway lies within each subunit and how the voltage
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sensor controls the gate of each pore. We recently described
a metal-cation-selective pore, the omega pore, that opens
in the VSD of the Shaker voltage-gated K* channel when
the first S4 arginine (R1) is mutated to a smaller uncharged
amino acid and the channel is in the resting conformation
at negative voltage (Tombola et al. 2005, 2007). A similar
omega pore has been described in mutant voltage-gated
Na*t channels (Sokolov et al. 2005, 2007; Struyk et al.
2008). Proton pores have also been described in the
Shaker VSD with histidine substitutions RIH or R4H
(Starace & Bezanilla, 2004; Starace et al. 1997). What is
the relationship between these omega/proton pores in K*
and Na™ channels (Fig. 2B) and the proton pore of the Hv1
channel? Our study of Hvl1 reveals intriguing similarities
between these VSD pores.

Asparagine 214 (N214) of the WT Hvl channel
aligns with the fourth S4 arginine (R4) of the Shaker
channel. While replacement of N214 with cysteine yields
conducting channels, we found that replacement of N214
with arginine abolishes the proton current. In Shaker, the
nature of the side-chains at the R1 position determines the
size of the omega current (Tombola et al. 2005), and when
R1 is substituted by a histidine the omega pore becomes
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Figure 2. Each of two Hv1 subunits contains its 2 4o
own pore and gate 1 2 3 E 2{]
A, block of the proton current of Hv1 linked dimers by WT-214C @ ]
MTSET and guanidinium (Gu*). Only the pore of the e 0 1 2 3
214C subunit is sensitive to MTSET. The block by
guanidinium of the WT pore after MTSET treatment is & 100
the same as the block without MTSET treatment. = 804
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impermeable to protons or solution ions. The VSDs of -, a
Shaker and the VSD of domain Il of Nav1.4 become ion E] 40+
conducting when one of the S4 arginines is mutated to 1 E 2 204
a smaller uncharged residue. In wild-type Hv1, an 214C-214C £ od e
asparagine replaces the forth S4 arginine (at 1 2
position 214). The Hv1 pore is still able to conduct
protons when N214 is mutated to cysteine. The mutant B
N214R, in contrast, is non-conducting, like the VSDs of
wild-type Shaker and Nav1.4, or the VSD of Ci-VSP. The e o . . @
chimera in which the N- and C-termini of Hv1 are .
replaced by the corresponding parts of Ci-VSP Hv1 Nysp-Hv1-Cygp

(Nysp—Hv1-Cysp) is monomeric and still works as a
voltage-gated proton channel. The reverse chimera, in
which the N- and C-termini of Ci-VSP are replaced by
the corresponding parts of Hv1 (Nyy1—-VSP-Cpy1), forms
non-conducting dimers.
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proton selective (Starace & Bezanilla, 2004). In Hvl,
N214C can react with thiol-modifying agents in the intra-
cellular solution, consistent with the internal exposure of
R4 and positions around it in the Shaker Kt and in the Na™
channel (Larsson et al. 1996; Yang et al. 1996). The omega
pathway opens when the membrane potential is negative
and the VSD reaches its resting conformation (S4 ‘down’s
Durell et al. 2004; Campos ef al. 2007; Tombola et al. 2007;
Yarov-Yarovoy et al. 2006). This places the R1 position
in the middle of the membrane electric field (Larsson
et al. 1996; Yang et al. 1996; Gandhi & Isacoff, 2002),
corresponding to the narrowest portion of the omega
pore (Tombola et al. 2007). Alternatively, depolarization
of Shaker moves the R4 position to the middle of the
membrane electric field (S4 ‘up’) to replace R1 (Larsson
etal. 1996; Gandhi & Isacoff, 2002), and in these conditions
the R4H mutant of Shaker opens and conducts protons
(Starace et al. 1997). In Hvl, the proton pore opens at
positive voltages (S4 ‘up’), consistent with the residue at
position R4, i.e. asparagine 214, entering a location in the
narrowest part of the VSD pathway and enabling protons
to pass. In support of this model, both substitution of
N214 with arginine and modification of N214C with MTS
reagents block the Hv1 pore.

Based on these similarities between voltage-gated
currents of the Hvl VSD and the voltage-gated
omega/proton pores in the VSDs of the Shaker K channel
and Na™ channels, we propose that the mechanism of
gating of the Hvl channel is similar to that of the
omega/proton pores in other voltage-gated channels,
where gating in Hvl occurs via S4 movement into a
conformation that lets protons pass through the VSD only
in the ‘up’ state by placing a small polar residue into
the pathway otherwise occupied, and blocked, by large
positively charged arginine residues.

To explain the high energy barrier that protons
have to overcome to permeate voltage-gated proton
channels, DeCoursey & Cherny (1998) proposed that the
rate-limiting step for proton permeation is not diffusion to
the mouth of the channel but proton transfer in a narrow
region of the permeation pathway. The existence of a
constriction in the VSD permeation pathway can provide
a simple explanation for the finding that guanidinium
ions added intracellularly block the proton channel. The
constriction that prevents guanidinium permeation in
Hvl may be the selectivity filter for protons. Further
studies will be needed to pinpoint the selectivity filter and
to determine the contribution of the side-chain at the ‘R4’
position to the proton permeation pathway.

Conclusion

Using a single molecule optical method that we recently
developed, we found that, in contrast to the classical
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tetrameric voltage-gated channels and to the mono-
meric Ci-VSP, the Hvl proton channel is a dimer.
Each of the subunits of Hvl has its own permeation
pathway, which is likely to be situated in the heart of
the VSD. Similar results were obtained by two other
groups using a Fluorescence Resonance Energy Transfer
(FRET) approach and cross-linking techniques on the
purified Hvl protein (Koch et al. 2008; Lee et al. 2008). In
particular, Koch and colleagues showed that the deletion
of the C-terminal coiled-coil domain of Hvl produces
monomeric channels, which are still functional. Lee
and colleagues found evidence that, while the two Hvl
subunits are held together in the cytosol by the coiled-coil
domains, in the membrane the interface between subunits
is primarily made of S1 transmembrane segments.

In conclusion, it appears that each of the Hvl
permeation pathways has its own gate controlled by one
voltage sensor, similar to the omega pathway of the Shaker
voltage-gated K channel VSD. The dimerization in Hvl
depends on the cytosolic domain of the channel, with the
coiled-coil C-terminal domain playing a key role. These
findings are consistent with a single ion channel domain
combining two functions that are separate in most other
channels, those of input and output, by serving as both
a sensor and a gate. This represents a unique solution to
the coupling problem. We have now shown that the pair
of Hvl channels interact to sculpt their gating properties
(Tombola et al. 2009).
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