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Gating currents indicate complex gating of
voltage-gated proton channels

Thomas E. DeCoursey®’

The voltage-gated proton channel (Hy1) is a unique
molecule that resides at the interface between ion
channels and bioenergetic molecules that use proton
gradients to store or transduce energy. Hy1 plays key
roles in the health and disease of diverse tissues and
species (1). Important information regarding the
physical components of ion-channel gating (opening
and closing, which in turn activate or terminate flow
of ionic current through the pore) can be obtained by
measuring the size, kinetics, and voltage depen-
dence of gating currents. Fig. 1 illustrates different
mechanisms by which gating currents might be gen-
erated. In their landmark voltage-clamp studies of
sodium and potassium channels in squid axons in
the mid-20th century, Hodgkin and Huxley (2) de-
duced that (i) ionic current flowed through discreet
sites (channels) in the membrane; (ii) these perme-
ation pathways were gated, opening and closing in
response to changes in membrane potential; and (iii)
this process most likely involved the movement of
charged groups across part or all of the transmem-
brane electric field. They recognized that the move-
ment of charges within the electric field should
generate a small capacitive current, but it was smaller
than they could detect. The predicted gating cur-
rents were measured in sodium channels two de-
cades later (3-6). Sodium-channel gating currents
were ~300 times smaller than the ionic current and
were mostly over in 1 ms (3). Several properties of
proton channels frustrated attempts to measure
their gating currents until recently. Carmona et al.
(7) report gating currents in Hy1 from the sea squirt
Ciona intestinalis. A contemporaneous study by De
La Rosa and Ramsey (8) reports gating currents in
human Hy1. The clever experimental approaches
devised by these groups to overcome the intransi-
gence of Hy1 and their conclusions are discussed
below. Both studies advance our understanding of
the gating of this unique channel. The most surprising
result of the Carmona et al. study was that a Cole—
Moore effect was observed in both ionic and gating
currents from monomeric constructs.

Strategies for Measuring Gating Currents

from Hy1

Measurement of gating currents in Hy1 did not occur
until a decade after the gene was identified (9, 10).
Gating currents are measured in other voltage-gated
ion channels by first eliminating ionic currents either
by blocking the current or by eliminating the per-
meant ion. Gating currents reflect the repositioning of
a small number of charges within the protein each
time the channel opens or closes, and thus would be
dwarfed by the much larger ionic currents that flow at
a high rate as long as the channel is open. No effective
inhibitors of Hy1 act by simple pore occlusion (block).
The most potent inhibitor, Zn?*, profoundly alters the
voltage dependence and kinetics of gating (11), the
very subjects about which gating currents are meant
to enlighten us. It is impossible to eliminate the per-
meant ion, H*. Reducing its concentration strongly
shifts the voltage at which channel gating occurs (12),
and extremely high pH exerts deleterious effects on
channel and membrane integrity (personal observa-
tion). Both groups (7, 8) eliminated most outward
jonic current by introducing an Asn—Arg mutation
into the S4 transmembrane helix (N264R or N214R).
Because inward ionic currents are still observable, this
mutation permits indirect determination of the voltage
dependence of gating via ionic “tail currents” seen af-
ter repolarization. This information is vitally important,
because most mutations to Hy 1 alter the gating kinetics
and/or voltage dependence of its ionic currents (13),
and gating currents are meaningful only if we know the
details of gating in the mutant studied.

A second problem in detecting gating currents in
Hy1 is that these channels open very slowly in most
species, especially mammals (14). Not only are gating
currents intrinsically small, but for Hy1 these currents
are distributed over a timescale of seconds. For ex-
ample, human eosinophils have the highest level of
Hy1 expression in any native cell of 100-200 pA/pF
(15, 16). A whole-cell proton conductance of 1.5 nS
at pH; 6.5, given a single-channel conductance at
pH; 6.5 of 38 fS (17), reflects 40,000 channels per
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Fig. 1. Three physical representations of how gating currents might arise. The cartoons depict channels in a membrane viewed from the side. In
each pair, the resting state is on the Left, and an activated state leading to current flow is on the Right. (A) Positively charged groups (blue
hexagons) within the protein physically move outward. If most of the membrane potential drops across a short central “hydrophobic gasket,”
then the charges need only move from the internal to the external aqueous vestibule to effectively transfer the charge across the entire
membrane electric field. (B) Charges within the protein need not themselves move at all if the protein and its electric field are rearranged, for
example, if the accessibility of charged groups switches between internal and external. (C) A proton (green star) might move from the bulk
internal solution through a crevice where it could protonate an acidic group (red pentagon). If the crevice is narrow, the proton would cross part
of the membrane electric field to reach the protonation site. A contribution of proton movement to gating currents has been proposed for K*

channels (32) as well as for Hy1 (12, 18).

eosinophil. If each channel dimer moves six electronic charges (eo)
across the membrane during opening (18), 3.8 x 10~"* C will move,
and distributed over 1 s, the gating current will average just 38 fA,
far too small to detect reliably. Carmona et al. solved this problem
by studying Hy1 as a monomer, rather than the dimer as occurs in
most species (19-21). Monomeric constructs open substantially
faster than dimers (19, 21, 22), and consequently gating currents
could be detected in the monomer but not in the dimer. De La Rosa
and Ramsey (8) used dimeric channels but introduced a second
mutation (W207A) that accelerates channel opening by 100-fold
(23). One property of Hy1 facilitates gating current measure-
ments, namely the small unitary conductance of ionic currents,
two to three orders of magnitude smaller than most voltage-gated
ion channels (17), which reduces the amplitude of ionic currents
relative to gating currents.

What Are the Features of Hy1 Gating Currents?

Gating currents should exhibit kinetics appropriate to those of
current turn-on. They should saturate with large depolarizations
(5). The currents reported by Carmona et al. meet these criteria.
Equality of the integrals of ON and OFF gating currents measured
during depolarization and repolarization is a strong criterion that
shows the gating currents are genuine, because the same charges
that rearrange to open the channel should return to their resting
position upon repolarization (4). Because the mutation intro-
duced eliminated outward but not inward ionic currents, com-
paring ON and OFF gating charge was not feasible. Carmona
et al. did manage to detect OFF gating currents using short pul-
ses, but these unexpectedly were only 1.4% of the magnitude of
the ON currents (7). Almost all of the OFF gating current was
trapped, most likely due to slowly reversible occlusion of the pore
by the side chain of Arg that replaced Asn. The full gating charge
was eventually recovered after prolonged hyperpolarization (7).
Changes in pH shifted the voltage dependence of both ionic and
gating currents (8). Replacing the first of three Arg in the S4 helix
with Ala reduced the measured gating currents (8), as expected
(24). Finally, the gating charge was decreased in the monomer
compared with the dimer (8), although by much less than the 50%
reported in studies in which gating charge was estimated by the
limiting slope of the gy—V relationship (24, 25). Taken together,
the evidence supports that genuine gating currents for Hy1 have
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been demonstrated. This represents a major achievement that ad-
vances the field.

Unfortunately, the difficulty in determining the number of
channels due to their minuscule unitary conductance (17) pre-
cludes accurate estimates of the quantity of gating charge
transferred by each channel during opening. Another limitation
of both studies results from the Asn—Arg mutation used to
eliminate outward current. Replacing a neutral amino acid with
a charged one inevitably alters the electric field within the
protein, and thus the information gained applies strictly to
the mutant channel. Heisenberg’s uncertainty principle aside,
most global functions and properties of the mutant channels
appear normal, and the new class of information obtained is
extremely welcome.

Cole-Moore Effect

Hodgkin and Huxley (2) described the sigmoid onset of sodium
and potassium currents upon depolarization using a mathe-
matical model that can be envisioned to mean that channel
opening occurs only after multiple identical subunits undergo
a conformational change. Potassium channel opening was
described by n*, where the parameter n increased from 0 to
1 exponentially with time. Decades later, the potassium
channel was determined to be a homotetramer (26). Cole
and Moore (27) showed that the delay in the onset of potas-
sium current increased with increasingly negative prepulses,
describable by an n?® model. No one imagines there are
25 subunits, but a general conclusion from the “Cole—-Moore
effect” is that each channel must undergo multiple voltage-
dependent transitions between closed states before it opens
(28). Hy1 display distinctly sigmoidal activation kinetics in most
species. The only quantitative model of voltage- and pH-
dependent gating of Hy1 postulated two protomers (12). Fur-
thermore, Hy1 exists as a dimer with cooperative gating, sug-
gesting that both monomers must undergo a conformational
change before either conducts (29, 30). In fact, the sigmoidal
onset of current fits n? kinetics rather nicely (29). Finally, when
Hy1 is forced into a monomeric lifestyle by truncating the C
terminus, the current turns on faster and exponentially (22, 29).
The interpretation has been that the sigmoidal turn-on of
proton current reflects cooperative gating of the dimer. It is
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thus surprising that Carmona et al. (7) find that both ionic identified that appears to exist as a dimer yet activates expo-
and gating currents of their monomeric construct exhibited a  nentially (31). The gating of Hy1 is evidently more complicated
Cole-Moore effect. This result indicates that multiple closed  than we imagined.

states are traversed within each monomer and raises doubts

whether the sigmoid turn-on of H* current is due exclusively to Acknowledgments
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