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Abstract

The existence of a proton-selective pathway through a protein is a common feature of voltage-gated proton channels and a
number of molecules that play pivotal roles in bioenergetics. Although the functions and structures of these molecules are
quite diverse, the proton conducting pathways share a number of fundamental properties. Conceptual parallels include the
translocation by hydrogen-bonded chain mechanisms, problems of supply and demand, equivalence of chemical and
electrical proton gradients, proton wells, alternating access sites, pKa changes induced by protein conformational change, and
heavy metal participation in proton transfer processes. An archetypal mechanism involves input and output proton pathways
(hydrogen-bonded chains) joined by a regulatory site that switches the accessibility of the bound proton from one `channel'
to the other, by means of a pKa change, molecular movement, or both. Although little is known about the structure of
voltage-gated proton channels, they appear to share many of these features. Evidently, nature has devised a limited number
of mechanisms to accomplish various design strategies, and these fundamental mechanisms are repeated with minor variation
in many superficially disparate molecules. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

It may not be obvious that there is much in com-
mon between molecules important in bioenergetics
and voltage-gated proton-selective ion channels in
cell membranes. Channels by de¢nition are passive
entities that tend to dissipate electrochemical gra-
dients, whereas bioenergetics is concerned with sys-
tems that generate and transfer biological energy.
The goal of this review is to discuss what we know

about the properties of voltage-gated proton-selec-
tive channels in the context of exploring the areas
in which proton channels and bioenergetics overlap.
A fundamental common feature is that many impor-
tant bioenergetic molecules have pathways or `chan-
nels' that translocate protons from one place to an-
other, in some cases across cell membranes. The
intent of the proton transfer may be quite di¡erent
in bacteriorhodopsin than in a proton channel in a
human neutrophil membrane, but in both cases, pro-
tons are moved selectively through a protein. The
hope is that the voltage-gated proton channel will
provide a relatively simple model of proton translo-
cation, which is amenable to certain kinds of mea-
surements that would be more di¤cult to achieve in
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a pathway that, for example, does not span the mem-
brane, or whose function requires the presence of an
entourage of subunits that obfuscate the workings of
the proton conduction pathway. Our ability to inter-
pret some of the properties of voltage-gated proton
channels has certainly bene¢ted from the existence of
a large body of knowledge about many other mole-
cules that share the property of conducting protons.
What at this time appears to be a fundamental di¡er-
ence is that voltage-gated H� channels are more like
ion channels than pumps or carriers [1]. When a
voltage-gated H� channel is open it presumably con-
ducts H� current without any further conformational
change, in contrast with carriers or pumps that re-
quire a conformational change during each transport
cycle.

2. What are voltage-gated proton channels?

Ion channels are relatively simple mechanisms for
the transport of ions across cell membranes. Unlike
pumps, they do not require an energy source like
ATP, but instead they allow passive £ow of an ion
down its electrochemical gradient. With no applied
voltage, ionic current £ows through open ion chan-
nels from high to low concentration. Carriers di¡er
from ion channels in two respects. Many carriers,
symporters or antiporters, transport two di¡erent
molecular species across cell membranes, either in
the same direction or in opposite directions, with
¢xed stoichiometry. For example, the Na�/H�-anti-
port is electroneutral, exchanging one Na� for one
H� with each cycle. The Na�/Ca2� exchanger is elec-
trogenic, exchanging three Na� for one Ca2�. Ion
channels simply allow ions to permeate with rela-
tively little formal interaction between the ions. An-
other major di¡erence is that carriers undergo a con-
formational change with each transport cycle, which
switches the accessibility of the site from one side of
the membrane to the other. An open ion channel is
considered to be available to any ion entering from
either side of the membrane. No explicit conforma-
tional change of the ion channel protein is required
for permeation to occur.

Voltage-gated proton channels were discovered in
1982 in snail neurons, by Thomas and Meech [2].
They simultaneously recorded membrane current

and intracellular pH, pHi, in snail neurons under
voltage-clamp conditions. Upon injection of HCl
there were pHi changes consistent with conductive
H� e¥ux, which were independent of Na� or
HCO3

3 and occurred only at depolarized voltages.
They concluded that an ion channel permeable to
H� was opened by depolarization.

2.1. Voltage-gating

The voltage-clamp technique has proven invalu-
able in elucidating the properties of ion channels
[3], because many important ion channels are volt-
age-gated. `Gating' in ion channels refers to the
switching between two distinct conformational states
of the channel molecule, open and closed. An open
channel conducts ionic current at a constant rate,
typically 106^107 ions/s, until the channel closes, in
which state it does not conduct measurable current.
`Voltage-gating' simply means that the likelihood
that a channel opens or closes depends on the trans-
membrane potential. Strongly voltage-dependent ion
channels have an open probability, Popen, which
varies from near 0 to near 1.0 within a 10^20 mV
range. By controlling the membrane potential using
voltage-clamp technique, the response of the channel
to this critically important parameter is readily de-
termined. Well-established voltage-clamp protocols
exist that allow measurement of the rate of activation
(channel opening) and deactivation (channel closing)
at a given voltage [4]. Some ion channels inactivate
during long voltage pulses, meaning that they open,
but then inactivate or close into a state in which they
are refractory to opening again with the same stim-
ulus. Voltage-gated proton channels do not inacti-
vate, but stay open as long as an appropriate voltage
is sustained. When H� currents decay with time, this
indicates that the unidirectional H� e¥ux was su¤-
cient to increase pHi and thus decrease the driving
force [5].

2.2. Ion selectivity

Many ion channels are selective, which means that
they allow only certain ions to pass through. The
relevant concentration gradient is that of the perme-
ant species of ion. With applied voltage, current will
£ow in either direction through ion channels, gener-
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ally in a simple, nearly Ohmic manner, reversing di-
rection at the reversal potential, Vrev. The selectivity
of an ion channel is determined by measuring Vrev,
which will be near the Nernst potential, EX, of the
permeable ionic species X [6]:

EX � RT
zF

log
�X �o
�X �i �1�

where R is the gas constant, T is the absolute temper-
ature, F is Faraday's constant, z is the charge of the
ion, and [X]o and [X]i indicate the ionic concentra-
tions outside and inside the cell, respectively. If more
than one permeable ion species is present, then Vrev

will fall between the Nernst potentials of the two
species, according to their relative permeability. A
convenient method for estimating relative permeabil-
ity is to measure Vrev ¢rst with one ionic species in
the bath and then after complete replacement with
another ion. The relative permeability can then be
estimated from the change in Vrev :

vV rev � RT
zF

ln
PX�X �o
PY�Y �i �2�

where [X] and [Y] are the concentrations of X and
Y respectively, and PX/PY is the relative permeability
of X compared with Y. From measurements of Vrev

in a variety of ionic solutions, it has been determined
that the voltage-gated H� channel is highly selective
for H� over other ions. In particular, there is no
measurable change in Vrev when the bathing cation
is changed among Na�, K�, TMA�, TEA�, NMG�,
Li�, and Cs� or when the anion is changed among
Cl3, aspartate3, MeSO3

3 , glutamate3, or ise-
thionate3 [7^12]. The only exception occurs when
substrates for the Na�/H�-antiporter are present
and antiport alters local pH; this e¡ect can be in-
hibited by blockers of the antiporter [7,11]. Because
changing the concentration or species of any other
cation or anion present has no measurable e¡ect
on Vrev, no other ion has detectable permeability
thorough these channels. As de¢ned by Eq. 2, the
relative permeability of H� compared with all other
ions has been estimated to be s 106^108 [5,9^
11,13,14].

2.3. Four types of H+ channels

Every year voltage-gated H� channels are reported

for the ¢rst time in several new cell types. Based on
descriptions in the existing literature it is possible to
distinguish at least four varieties of H� channels [15].
Named for the cells in which they are expressed,
these are `n' in neurons, `o' in oocytes, `e' in epithelial
cells, and `p' in phagocytes. The H� channel seems to
be ubiquitous in phagocytes and other white blood
cells, being present in neutrophils, eosinophils, mac-
rophages, basophils, osteoclasts, microglia, and mast
cells [10^12,16^21] as well as numerous cell lines re-
lated to or derived from these cells. The main proper-
ties that distinguish these channels are gating ki-
netics. Type n channels open and close rapidly,
within milliseconds, whereas type p channels are
quite slow, and may require several minutes after a
voltage change to fully reach a new steady-state Popen

[16]. Presumably the di¡erences in behavior re£ect
the existence of several isoforms of the H� channel.
The molecular identity of the voltage-gated H� chan-
nel remains unknown, however. One reason that H�

channels have not been isolated is that there are no
high a¤nity markers for the channel. The most po-
tent inhibitors are divalent cations, especially ZnCl2,
which bind to many proteins and thus are not useful
for this purpose.

Although there are distinct functional di¡erences,
the main properties of voltage-gated proton channels
are similar in all tissues where they have been
studied: they open with depolarization, their volt-
age-dependence is strongly sensitive to pHo and
pHi such that they only carry outward current under
physiological conditions, they are inhibited by poly-
valent cations, such as Zn2�, Cd2�, and La3�, and
they are extremely selective for H� over other ions.
No direct measurements of single channel currents
have been reported. The unitary H� current ampli-
tude can be estimated from the stochastic £uctua-
tions in H� currents. In snail neurons [22] and hu-
man skeletal myotubes [8] no excess noise was
detected, but in human neutrophils, current £uctua-
tions were detected, and a rough estimate of 10 fS
was reported [16]. This conductance indicates cur-
rents on the order of 1 fA (10315 A) for a 100 mV
driving voltage, which corresponds with 6250 H� s31

channel31. The single H� channel conductance is
three to four orders of magnitude smaller than that
of most ion channels, and is not clearly larger than
the transport rate of some carriers.
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3. Functions of voltage-gated proton channels

The key to understanding the function of voltage-
gated proton channels is to recognize their exquisite
regulation by pHo and pHi. Although H� channels
are voltage-gated and open upon depolarization of
the membrane potential, the voltage range at which
the channels open varies dramatically. Lower pHo or
higher pHi shifts the voltage^activation relationship
to more positive voltages, by 40 mV/unit change in
the pH gradient, vpH (pHo3pHi) [14]. The result of
this regulation is that H� channels open only at vol-
tages positive to EH and therefore conduct only out-
ward current. These properties seem ideally suited
for the H� channel to function as an acid extrusion
mechanism. The maximal rate of H� extrusion by
H� channels in small cells is two orders of magnitude
greater than for other acid extruding membrane
transporters, such as Na�/H�-antiport, Na�-HCO3

3
symport or the H�-ATPase [5]. H� e¥ux through
channels is passive and driven by outward electro-
chemical gradient, and thus no metabolic energy
must be expended. In contrast the H�-ATPase con-
sumes ATP directly and the Na�/H�-antiporter, for
example, extrudes H� at the expense of dissipating
the Na� gradient, which subsequently must be re-
stored by the Na�,K�-ATPase. The voltage-gated
proton channel is thus a cleverly designed and e¤-
cient mechanism for extruding acid from cells.

Proton channels perform a number of speci¢c
functions in di¡erent cells. There is strong evidence
that H� channels are activated during the respiratory
burst in phagocytes [23]. These white blood cells
(neutrophils, macrophages, and eosinophils) engulf
and kill bacteria by secreting reactive oxygen species
such as the superoxide anion, O3

2 . The enzyme re-
sponsible, NADPH oxidase, is electrogenic and re-
leases a proton into the cell for each O3

2 produced
[24,25]. The H� conductance is activated during the
respiratory burst and serves to eliminate excess pos-
itive charge from the cell. Inhibiting H� currents
during the respiratory burst results in depolarization
of the membrane potential, a decrease in pHi [24,26],
and reduced release of O3

2 [27]. The H� conductance
is also activated during spreading of human neutro-
phils [28] and recovery from an acute acid load in
osteoclasts [20].

In snail neurons where H� channels were discov-

ered, H� currents may be activated during nerve im-
pulses, or action potentials. Part of the action poten-
tial re£ects in£ux of Ca2� through Ca2� channels.
This Ca2� is rapidly extruded by the Ca2�/H� anti-
porter, resulting in locally high levels of protons just
inside the cell membrane. This drop in local pHi

combined with the depolarization inherent in the ac-
tion potential combine to activate H� currents, thus
eliminating metabolic acid [29^31].

Activation of the H� conductance appears to fa-
cilitate inositol triphosphate dependent Ca2� oscilla-
tions in frog oocytes [32], and may contribute to
alkalinization following fertilization in newt oocytes
[7].

H� channels are expressed at a high density in
alveolar epithelial cells [33]. It was recently hypothe-
sized that these H� channels might contribute to the
elimination of CO2 by the lung. The di¡usion of CO2

across the blood^gas barrier is facilitated by carbonic
anhydrase, which allows di¡usion of CO2 also in the
form of HCO3

3 and H� (bu¡ered). H� extruded
through H� channels across the apical membrane
of alveolar epithelial cells may combine with
HCO3

3 transported by the Cl3/HCO3
3 exchanger to

form CO2 in the alveolar subphase [34].

4. How do protons get from one place to another
inside proteins? Water wires and hydrogen-bonded
chains (HBC)

It is well known that protons di¡use in aqueous
solutions by a mechanism very di¡erent from that of
other ions. The mobility (or conductivity, or di¡u-
sion coe¤cient) of H� is about ¢ve times larger than
that of other monovalent cations of a size similar to
the hydronium ion, H3O� [35], which is the predom-
inant form in which protons exist in solution, rather
than as unhydrated free protons, H� [36]. Since de
Grotthuss [37], it has been recognized that protons
can travel through water by hopping from one water
molecule to another, in contrast with other cations
that must di¡use around and between the water mol-
ecules. A re¢nement of this mechanism came about
when it was realized that sustained proton conduc-
tion requires an additional process, the reorientation
of water molecules, in order to facilitate subsequent
proton hopping events [38,39]. Variations on this
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theme have been described as `structural di¡usion'
[40]. Further re¢nement came with the recognition
of the importance of hydrogen bonding in the special
conduction mechanism of H� [36,39^43].

The importance of the two separate processes re-
quired for proton conduction becomes more obvious
and easier to understand when one considers a pro-
ton channel. In general terms, a proton channel can
be de¢ned as a linear hydrogen-bonded chain (HBC)
that a proton can hop across. If the entire HBC is
composed of water molecules, as in the pore of the
pentadecapeptide antibiotic gramicidin channel, it is
called a `water-wire' [44]. In a homogeneous HBC,
such as a water wire, cooperative proton transfers
are favored energetically [45]. In most bioenergetic
proton channels, protonatable side groups of amino
acids are believed to form part of the HBC, with
water molecules bridging any gaps in the chain. Ion
channels are generally thought of as water-¢lled
pores that form a hydrophilic pathway for ions to
cross the membrane. Selective ion channels, those
that allow only certain ionic species to permeate,
are believed to have at least one narrow region in
which ions or water molecules are constrained to
move in single ¢le [46]. The narrow region serves
as a `selectivity ¢lter' where steric, chemical, and
electrostatic constraints are employed to discriminate
among ions [47]. This is our general conceptual view,
and although broader regions also likely exist, the
minimum requirement of a proton channel must be
a continuous hydrogen-bonded chain that provides a
pathway across a low dielectric barrier (the cell mem-
brane, or through the interior of a protein). John
Nagle and colleagues [44,48,49] proposed and devel-
oped the idea that HBC conduction mechanisms pro-
vide a realistic model for proton conduction, and
stressed the importance of the two-step nature of
this mechanism. After a proton hops across the
HBC, the chain is oriented such that another proton
cannot enter from the same side. The groups com-
prising the HBC must ¢rst reorient. Key properties
and predictions of the `hop-turn' mechanism listed
below.

(1) The hopping step is faster than the turning
(reorientation) step by roughly an order of magni-
tude [44,49,50]. This prediction has been supported
by molecular dynamics calculations [51]; proton
transfer between waters occurs in V1 fs [52]. Its

generality, however, may depend on the precise na-
ture of the HBC. Recent evidence suggests that D
defects have much higher mobility in ice than hydro-
nium ions [53]. One implication of hopping being
faster than reorientation is that although quantum
e¡ects, such as tunneling, may occur, they are un-
likely to be rate determining. Thus, the deuterium
isotope e¡ect on H� conduction through gramicidin
(1.2^1.35) [54], chloroplast F0 proton channels (1.7)
[55], or voltage-gated H� channels (V1.9) [13] is
similar to or greater than the isotope e¡ect for
bulk conductance in aqueous solution (1.41) [56],
but likely would be much greater (e.g. 6 or 7) if
tunneling were rate-limiting [36,57].

(2) Both hopping and turning carry a partial
charge across the membrane. For proton conduction
through ice, Scheiner and Nagle [58] calculated that
the proton-hopping step carries 64% and the reorien-
tation step 36% of the total charge. Depending on
the nature of the HBC, the fractions can vary sub-
stantially [49]. The importance of this property is
that both H� £ux and its requisite companion, the
rearrangement of hydrogen bonds to permit a subse-
quent proton transport event, can be driven by trans-
membrane voltage. It is evident from molecular dy-
namics simulations that applied voltage must drive
defects across the gramicidin water-wire. In simula-
tions without applied voltage, the simulated proton
hops around within a small cluster of favorably ori-
ented water molecules with little net movement over
400 ps [59]. In real data, the average interval between
complete H� conduction events (including all requi-
site hopping and turning) is only 500 ps at 7 M HCl
and 300 mV (data of Cukierman et al. [60]). Further-
more, because it carries a partial charge, the bonding
defect that obligatorily must `permeate' the channel
after each proton hopping event may be induced by
membrane potential. This voltage-activated reorien-
tation is analogous to the induced rotation of water
molecules in the vicinity of a hydronium ion that is
required to account for the observed anomalously
high conductivity of H� in water [36].

(3) Because the turning step is slower than hop-
ping, its initiation is crucial in limiting H� conduc-
tance. In general, the turning step should be inde-
pendent of pH if it is initiated by breaking
hydrogen bonds between neutral waters [61]. This
feature has been useful in attempts to explain the
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apparent pH independence of the unitary conduc-
tance of F0 and voltage-gated H� channels [5,55].
There has been recent interest in the precise nature
of the rate determining step in H� conductance in
gramicidin, which in one proposal is defect entry into
the distal end of the pore [62]. The di¤culty is in
explaining why the conductance of gramicidin is pro-
portional to the proton concentration, [H�], over a
range spanning ¢ve orders of magnitude [1]. Initia-
tion of the defect at the proximal end of the channel
could occur by proton-induced orientation of a water
molecule in the pore, possibly enhanced by applied
voltage as just discussed. The electric ¢eld inside the
25 Aî gramicidin channel at 125 mV is the same as
the ¢eld 6 Aî away from a univalent ion in bulk
water, 5U105 V/cm [35].

The way we have presented the concept of proton
conduction across an HBC may be an oversimpli¢-
cation for some real channels. A key question is
whether a single continuous HBC exists that simulta-
neously spans the entire channel. In the case of gram-
icidin, the HBC is a simple water wire [46,54,63,64].
Early molecular dynamics simulations concluded
that the waters in the pore were aligned, and that a
cation in the pore aligned the waters on either side
across the entire length of the pore [65,66]. The con-
cept of a permion, a chain of oriented waters that
accompany an ion during permeation through a
channel, emphasizes the coupling between ion and
water movement through gramicidin [67]. More re-
cent simulations including polarizability indicate that
an ion may orient only two waters on either side, and
that longer-range interactions disappear [68,69]. Ori-
entational faults between water molecules inside
gramicidin are predicted to occur due to interaction
between water and the channel wall, so that a proton
in the channel rapidly jumps among a small cluster
of waters, but cannot cross the entire channel until
the misaligned waters reorient [59]. In a sense, the
rate of proton permeation through gramicidin is
more accurately described as the rate of defect per-
meation. It must be borne in mind that: (a) both
protons and defects can migrate through the channel
without displacing the water molecules inside the
pore; (b) this property results in the H� conductance
in gramicidin being 14^25 times greater than that of
any other cation [70^72]; and (c) consequently, both
processes must occur at least an order of magnitude

faster than ionic di¡usion (by cations other than H�)
through the channel.

Proton transport across a channel that is not
water-¢lled could also occur by hopping across an
HBC that need not span the entire membrane simul-
taneously. It has been suggested that a proton per-
meating such a channel, by virtue of its altering local
charge distribution, might induce a `travelling wave'
of transient conformational change that would facil-
itate H� jumping [73].

5. Voltage-gated H+ channels are not water-¢lled
pores

The voltage-gated proton channel appears to con-
duct protons across an HBC that is formed at least
in part by side groups of amino acids, rather than a
simple water-¢lled channel. The evidence for this
conclusion has been discussed at greater length else-
where [1,5] and will simply be summarized here.
Many of the arguments are based on comparison
with proton permeation through gramicidin and oth-
er channels.

(1) The voltage-gated channel is extremely selective
for protons (and deuterons) over any other ion. A
relative permeability s 106 higher for H� than any
other ion [5,9^11,13,14] re£ects a degree of selectivity
unheard of for `normal' water-¢lled ion channels, but
could be explained by an HBC conduction mecha-
nism. The H� selectivity of the in£uenza A viral
proton channel has been proposed to result from a
constriction in the pore formed by histidine residues
that interrupts the water wire at one point [74].

(2) The H� conductance is not proportional to H�

concentration, [H�]. The H� conductance of water-
¢lled channels like gramicidin is nearly directly pro-
portional to [H�] over a wide range spanning pH 5
to 0 (Fig. 1). In contrast, H� conductance of the
voltage-gated H� channel and the F0 proton channel
of the chloroplast proton pump is nearly pH inde-
pendent over a range pH 8 to 4 [5,14,55,75,76]. If one
views permeation as a simple binding site in the
channel that saturates with permeant ion concentra-
tion, then voltage-gated or F0 channels apparently
saturate at V8 orders of magnitude lower [H�]
than gramicidin. Considering that H� conduction
through an HBC occurs in two steps, hopping and
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turning, and that we do not know which is rate de-
termining in voltage-gated H� channels, the binding
site analogy should not be carried too far. The point
is that voltage-gated H� channels behave very di¡er-
ently from water-¢lled pores.

(3) The single channel conductance is very small.
Unitary H� channel currents are too small to have
been observed directly, but estimates from H� cur-
rent £uctuations suggest a conductance of 10^100 fS
[8,16,22], which is V103 smaller than most other ion

channels. This comparison should be tempered by
consideration of the quite small permeant ion con-
centration at neutral pH. The highest [H�] at which
voltage-gated H� currents have been successfully
measured is pH 4.0 [77], and the weak increase in
conductance as pH is lowered from 7.5 to 4.0 pro-
vides no indication that the conductance would in-
crease more rapidly at lower pH (7, Fig. 1). We thus
tentatively conclude that the channel is close to sat-
uration, although additional measurements would be

Fig. 1. Compilation of data in the literature for single-channel H� currents through various types of proton conducting channels.
Data from each source are connected by lines. All values have been scaled linearly with voltage to 100 mV. The dashed line shows
the maximum H� conductance if di¡usion of H� to the channel were rate-limiting (details in [1]), assuming a capture radius of 0.87
Aî as found for gramicidin [94]. Note that the H� conductance is proportional to [H�] over a wide range, for several channels that
are believed to be water-¢lled pores. The product of the conductivity of concentrated HCl at 25³C [112] and its concentration is plot-
ted for comparison (+), after arbitrary scaling. The parallel behavior of this value and the conductance of ion channels studied at
high [HCl] suggests that the apparent saturation of single-channel H� current may simply re£ect bulk properties of HCl. If so, then
the apparent saturation of H� conductance of the gramicidin water wire re£ects di¡usion limitation external to the channel, and the
maximum H� £ux that a water wire can sustain has not been reached. Possible explanations of the `shoulder' in the gramicidin data
between pH 2 and 1 are discussed in [1]. Sources of data for the channels are: (b) `gA' gramicidin A [54,60,70,71,94] ; (a) `gA dimer'
covalently linked gramicidin dimer in GMO membranes [60,113] ; (h) gramicidin A [114]; (R) M2 proton channel of the in£uenza A
virus [115]; (S) `5-HT' serotonin receptor H� selective `leakage' current [116]; (8) `MotA' £agellar motor torque generator [117];
(dotted line, E) F0 the proton channel component of H�-ATPase [55,118,119]; and (F) LSLLLSL a synthetic channel believed to com-
prise a trimer of the given sequence [120]. The voltage-gated H� channel estimates (7) are based on noise measurements at pH 6 [16]
and the pHi dependence of the conductance measured in inside-out patches [75,77]. The value given for MotA is based on H� £ux/
torque generator (1200 H�/revolution, eight torque generators/motor) during £agellar rotation at 100 Hz [117], with the protonmotive
force scaled linearly with voltage [121] to 100 mV; the passive H� £ux through Mot A incorporated into bilayers is substantially less
[122,123]. The 5-HT receptor current appears to be an acid-induced `leak' mode of the serotonin receptor, induced by 5-HT addition,
but not part of the normal transport cycle [116]. Reproduced from [1], with permission of the Israel Journal of Chemistry.
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preferable to deduction by extrapolation. The small
conductance can be explained if the HBC mechanism
includes one or more `ine¤cient' proton transfer
steps between amino acid side groups. In contrast,
in the classical water-¢lled ion channel gramicidin
the mechanism of proton conduction is the water-
wire variant of HBC [63,64] and its conductance in-
creases with [H�], reaching 300 pA (2U109 H�/s) at
very low pH [60].

(4) There are no pure blockers of H� channels. All
known inhibitors appear to shift the voltage depen-
dence of gating as though their e¡ects were indirect.
Divalent metals cations may bind to the channel and
alter the transmembrane voltage sensed by the chan-
nel molecule. Organic inhibitors may reduce H�

current indirectly, by altering local pH [5]. Many
`normal' ion channels have large, funnel-shaped
vestibules, which also serve as e¡ective sites for
high-a¤nity binding by antibodies or peptide inhib-
itors derived from venoms and toxins. If the voltage-
gated H� channel has no pore per se, but only an
HBC, then there may be little opportunity for occlu-
sion.

(5) There is a large deuterium isotope e¡ect. The
ratio of H� to D� current is V1.9 in voltage-gated
H� channels [13]. This isotope e¡ect is comparable
with that in chloroplast F0 proton channels [55], but
larger than that for conduction in bulk solution [56]
or in gramicidin channels [54]. The large isotope ef-
fect can be explained if proton transfer reactions (or
hydrogen bond rearrangement) inside the channel are
rate determining.

(6) The temperature dependence of the H� con-
ductance is extraordinarily large, with activation en-
ergy, Ea 18^27 kcal/mol [78]. This Ea is larger than
that for any of several proton-related processes that
occur in bulk solution (e.g. hydrolysis, bu¡er depro-
tonation, dielectric relaxation, etc.) and thus suggests
that events within the channel HBC are rate deter-
mining. By comparison with the small Ea of 4.8 kcal/
mol in the water-¢lled gramicidin channel [54], the
voltage-gated proton channel employs a far less e¤-
cient proton translocation mechanism.

Although we do not know the primary structure of
the voltage-gated proton channel, we have deduced
the general nature of the conduction pathway. Sev-
eral distinctive properties point to the conclusion
that the conduction pathway is not a simple water-

¢lled pore, but includes side groups of amino acids.
Thus there is a general resemblance with other pro-
ton channels in bioenergetic proteins, most of which
are believed to include amino acid side groups and
some intercalated water molecules.

6. Is there a special mechanism of rapid proton
conduction at the surface of the membrane?

This question typically arises when it appears that
the supply of protons provided by di¡usion to or
from a sink or source (e.g. a H� channel) is inad-
equate to account for the magnitude of H� £ux
measured. The supply of protons to a H�-selective
channel (i.e. one with molecular dimensions) pro-
vided by simple di¡usion of H� is V0.1 fA (10316

A or V600 H�/s) at pH 7 [1]. If measured single-
channel currents exceed this limit, then additional
mechanisms must be proposed. One such mechanism
is the idea that protons may be conducted in the
plane of the surface of the membrane, perhaps by
HBC's composed of protonatable phospholipid
headgroups or proteins [79], at a rate that exceeds
di¡usion in bulk solution. A related idea is that there
may be a barrier to proton movement into and out
of the membrane plane, although such a barrier
would exacerbate the problem if the demand for pro-
tons exceeds the supply. There has been extensive
discussion of the question whether protons generated
by the electron transport powered proton pumps of
mitochondria, chloroplasts, and bacteria, simply dif-
fuse through the aqueous solution in `delocalized
coupling' [80,81] or travel preferentially across the
surface of the membrane to nearby ATPases in `lo-
calized coupling' [82,83].

Several other situations have presented the prob-
lem of accounting for the supply of protons. Kasia-
nowicz et al. [84] recorded astoundingly large H�

£ux across membrane doped with protonophores.
They concluded that hydrolysis was a signi¢cant
source of protons. The high turnover of carbonic
anhydrase presented a problem because the catalytic
group releases 106 H� s31 ; which is 103 faster than
the predicted limit for a di¡usion controlled reaction
given a pKa near 7 [85,86]. The solution is that bu¡er
rather than water is the main proton acceptor [87].
Proton uptake by the bacterial reaction center occurs
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at high pH with an apparent rate constant nearly 103

faster than the limit for a di¡usion-controlled pro-
tonation reaction, apparently due to surface charge
e¡ects as well as conformational changes in site ac-
cessibility [88]. The unitary conductance of the F0

proton channel in bilayers is independent of pH be-
tween pH 5.6 and 8.0 and has been estimated to be
s 10 fS and as high as 1 pS, at least transiently [55].
This result seems problematic because the F0 is a
highly H� selective channel, and could not be selec-
tive if it had a large diameter. If one calculates
[89,90] the di¡usion-limited supply of protons to a
channel of reasonable dimensions, one obtains
V1 fA at pH 6 and 0.01 fA at pH 8 [1], values
102^104 times smaller than the 1 pS value ( = 100
fA at 100 mV). To explain the problematic supply
of protons, Altho¡ et al. [55] suggested favorable
channel geometry, negative charges near the channel
mouth [91], and rapid surface di¡usion [92]. The sin-
gle-channel current through voltage-gated H� chan-
nels is too small to have been detected directly
[8,16,22]. However, using current £uctuation analy-
sis, the unitary conductance has been estimated to be
V10 fS at pH 6.0 [16], a value on the verge of ex-
ceeding the apparent di¡usion limit (Fig. 1). At pH
7.5, the estimated conductance is 4.5 fS [1], well
above the simple di¡usion limit.

Without speculating whether H� conduction
across HBC's in the plane of the membrane might
occur more rapidly than H� di¡usion in bulk solu-
tion, or whether there may be a barrier to proton
movement into or out of the plane of the membrane,
it might be more constructive simply to attempt to
determine the extent to which the bulk proton con-
centration can be scaled by this type of mechanism.
The upper limit can be set by postulating that the
existence of surface conduction pathways potentially
enables the entire membrane to serve as a proton
collector. The surface of proteins has been proposed
to play an analogous role as a proton collecting an-
tenna [93]. The question can then be reduced to de-
termining the surface area available to supply each
H� channel. In cells with a high density of H� chan-
nels, such as several leukocytes [5,11,17^19], each
channel has V450 nm2 membrane area that could
act as a proton collector [1]. If one assumes an e¡ec-
tive `capture distance' of 0.87 Aî , which is the capture
radius determined for H� conduction through gram-

icidin channels [94] ^ that is the distance from which
a proton can jump to the membrane from H3O� or
bu¡er ^ then the theoretical limiting current is
roughly equal to the best estimate of actual measured
H� current at pH 7.5 [1]. Thus we ¢nd that each H�

channel apparently uses most of the available mem-
brane are in feeding its insatiable proton habit.

7. Equivalence of chemical and electrical proton
gradients

The basic mechanism of energy transduction in
many biological systems is the generation of a trans-
membrane proton gradient, which is used to drive
the production of ATP. The total driving force on
protons in such a system, the protonmotive force,

Fig. 2. The potential at which clearly time-dependent outward
current was detected, Vthreshold, is plotted as a function of Vrev

measured in the same cell and the same solution. Vthreshold was
examined using voltage increments of 5 mV or less in rat alveo-
lar epithelial cells in primary culture. Open symbols indicate
measurements in H2O, ¢lled symbols in D2O. The data encom-
pass pHo 6.5^10.0 and pDo 7^10, and pHi 5.5^7.5 and pDi 7.0^
9.0. The lines show the results of linear regression on the H2O
data: Vthreshold = 0.76 Vrev+18 mV (solid line), and the D2O
data: Vthreshold = 0.75 Vrev+22 mV (dashed line). The dotted line
shows equality between Vthreshold and Vrev. Because all the data
fall above this line, H� channels open only positive to EH and
thus only when they will conduct outward current. Reproduced
from [13], by copyright permission of The Rockefeller Univer-
sity Press.
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vW�H is the sum of electrical and concentration di¡er-
ences across the membrane:

vW�H � V3EH �3�
where V is the transmembrane potential in mV and
EH (also in mV) is the Nernst potential for H�, the
voltage at which the electrical and chemical terms are
equal and opposite:

EH � RT
F

log
�H��o
�H��i � 58:2vpH �4�

where vpH is the pH gradient de¢ned as pHo3pHi

and the temperature is 20³C (because that is the tem-
perature at which we usually do experiments). Pas-
sive H� currents in a non-voltage-clamped cell are
driven by V3EH and bring the membrane potential
toward EH. Although vpH and the electrical driving
force V3EH are thermodynamically equivalent, it is

important to note that the kinetics of transport driv-
en by these forces may di¡er markedly [48,95].

The voltage dependence of H� current gating is
strongly a¡ected by both pHo and pHi [29] and to
a rough approximation appeared to be ¢xed in a
de¢nite relation with vW�H [96]. More quantitative
studies revealed that although there is a linear rela-
tionship between EH and Vthreshold, which is de¢ned
as the minimum depolarizing voltage required to ac-
tivate detectable H� current, there is not a direct
correspondence [13,97]. Fig. 2 shows that the rate
of change of Vthreshold is only 75% of the change in
Vrev. This is equivalent to a shift of 40 mV for a
1 unit change in vpH [14]:

V threshold � 20 mV340 vpH: �5�
For comparison, the dashed line in Fig. 2 shows

strict equivalence of vW�H and Vthreshold. The biologi-
cal signi¢cance of the observed relationship is that
over a wide range of pHo and pHi, voltage-gated H�

channels open only when there is an outward electro-
chemical driving force, and hence carry only outward
current. This property is essential for a channel that
is expressed at high levels in the plasma membranes
of many cells, because cellular metabolism produces
acid that must be extruded continually. Proton entry
is something that cells under normal circumstances
try to avoid.

Fig. 3. A model showing how the opening of voltage-gated H�

channels could be regulated by voltage and vpH. The state dia-
gram and rate constants that de¢ne the model are at the bot-
tom, above which are three possible physical representations.
The mechanism can be envisioned as: (A) a `butter£y' in which
the protonation site on each channel protomer or `wing' moves
across the membrane; (B) distinct external and internal sites
which when protonated allosterically prevent protonation at the
opposite site; (C) a protonation site in a proton well whose ac-
cessibility depends on a small conformational change, or other
variants not illustrated. The diagram in C would be a proton
carrier [89] if the conformational change occurred in the pro-
tonated state, i.e. if there were direct transitions between states
1 and 4 and if no conducting pore was formed. In each case,
the formation of a conducting H� channel requires a conforma-
tional change in each channel protomer which can occur only
when the regulatory site is deprotonated. Thus the closed chan-
nel conformation is stabilized by external protons, and the
open con¢guration is stabilized by internal protonation of the
same site, which is possible only after the conformational
change exposes the protonation site to the internal solution.
The probability of channel opening is therefore increased by
high pHo or low pHi. The voltage dependence of H� channel
gating could arise either from voltage-dependent binding/un-
binding of protons to the regulatory protonation site, or from a
voltage-dependent conformational change, or some combination
of the two. In the version of the model used for the calcula-
tions, we assigned all of the voltage-dependence to proton bind-
ing, so that the regulatory sites behave like `proton wells' as
postulated for the proton channel of H�-ATPases [80,95]. Re-
produced from [14], with copyright permission of The Rockefel-
ler University Press.

C
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8. Proton wells

Mitchell proposed the idea of a `proton well' for
H�-ATPases [80,81,98]. A proton well is a pathway
through which protons travel part way across the
membrane potential ¢eld. The `concentration' of pro-
tons in such a well will be increased or decreased
from the bulk concentration according to the frac-
tion of the membrane potential that they sense. It
may be more accurate to speak of the likelihood of
protonation of a site in a proton well, rather than
`proton concentration' per se, because at physiolog-
ical pH, the concentration of water is 109 higher than
that of free protons, and thus a channel or vestibule
that encloses a volume of 100 water molecules will
have a nominal probability of containing a proton of
1037 (in the absence of local charges or membrane
potential). The proton exit pathway of cytochrome c
oxidase is a proton well, because reversing the mem-
brane potential can drive proton in£ux [99].

In modeling the regulation of voltage gating of H�

channels by pH [14], it is necessary to incorporate
mechanisms for both voltage dependent and pH de-
pendent regulation of gating. The model is illustrated
and described in Fig. 3. There are proton-binding
steps at both sides of the membrane, and at least
one required conformational change (in addition to
channel opening). The model behaved similarly in
most respects when the voltage dependence was as-
signed to the proton binding steps as when it was
assigned to the conformational change. However,
some aspects of the data were modeled better by
assuming that proton binding was the main source
of voltage dependence. Hence we proposed the exis-
tence of `proton wells' that sense the pH on either
side of the membrane and use this information to set
the voltage dependence of gating [14].

9. Alternating access

Another conceptual parallel is the idea of alternat-
ing access to a site within the protein. The idea of
alternating access is key to the function of ion pumps
[100] and carriers [95] in cell membranes. The main
reason pumps and carriers are so much slower than
ion channels in terms of their rate of ion transport is
that each ion translocation event (which moves one
or several ions depending on stoichiometry) requires

a conformational change in the protein, whose e¡ect
is to switch the accessibility of the bound ion from
the solution on one side of the membrane to the so-
lution on the other side. Bacteriorhodopsin can
pump protons across membranes because the key
proton-binding site, the retinal Schi¡ base, ¢rst is
accessible to the cytoplasmic solution and then
switches to the extracellular solution [101]. Respira-
tory oxidases, such as cytochrome c, employ a
switch in the accessibility of proton binding groups
to regulate proton translocation [102]. The key as-
sumption of the model in Fig. 3 that imparts vpH
dependence to H� channel gating is that of alternat-
ing access. The protonation sites can be accessible to
only one side of the membrane or the other, but not
both simultaneously. In a sense, proton conduction
across an HBC could be considered a form of alter-
nating access, in that HBC orientation determines
whether a proton can enter from one side or the
other.

10. Conformational changes can induce pKa shifts

The fundamental (in a sense miraculous) mecha-
nism responsible for the ability of bacteriorhodopsin
to transmute light into chemical energy is a dramatic
lowering of the pKa of the retinal Schi¡ base during
the conformational change (i.e. the accessibility
change discussed above) induced by photon absorp-
tion [103]. The high pKa before the light reaction
makes the base a proton acceptor when it is acces-
sible to the cytoplasmic solution, and the lower pKa

(a change on the order of 5 Units [104]) leads to
release of the proton to the extracellular solution.
Coupling of proton £ux to ATP synthesis is accom-
plished in ATP synthase by electrostatic reduction of
the pKa of the site facing the basic side of the mem-
brane resulting in deprotonation when it approaches
a positively charged Arg [105,106]. Proton release
during translocation by respiratory cytochromes re-
sults from a large reduction of the pKa of a histidine
imidazole group [102]. Nicotinamide nucleotide
transhydrogenase pumps protons across the mem-
brane during reduction of NADP� to NADPH, by
a mechanism that may also involve a pKa shift [107].
The key element of the proton shuttle of carbonic
anhydrase is a histidine that exists in two conforma-
tions. That the preferred conformation depends
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strongly on pH [108] suggests that the e¡ective pKa

of this group is altered.
Our model for proton channel gating does not in-

clude explicit pKa shifts, but such a mechanism could
be invoked to provide the requisite alternating ac-
cess. The conformational change that we postulate
switches the accessibility of the regulatory proton-
ation sites from one side of the membrane to the
other [14] could be e¡ected by simultaneously low-
ering the pKa of one site and raising the pKa of the
other. Other possibilities include steric alterations or
gross molecular movement. Furthermore, given the
small unitary conductance, large isotope e¡ect, and
strong temperature dependence, we cannot rule out
the possibility that H� conduction through voltage-
gated H� channels may involve participation of the
channel, conceivably in the form of a pKa shift, dur-
ing each transfer event. If the `channel' behaved thus
like a carrier with respect to permeation, there would
still have to be an additional gating mechanism to
account for the strongly voltage-dependent gating.

11. Metal binding can control proton reactions

Heavy metals play a central role in proton transfer
reactions in several molecules. Complex interactions
between copper and iron atoms in cytochrome c ox-
idase are central to the electron transfers that result
in proton pumping [102,109]. A zinc atom coordi-
nated between three histidine residues plays an key
role in carbonic anhydrase by lowering the pKa of a
bound water molecule to form the OH3 that com-
bines with CO2 to form HCO3

3 [110]. The proton
shuttle in carbonic anhydrase is inhibited by Cu2�

and Hg2� which are believed to bind to a histidine
residue involved in proton shuttling [111].

Voltage-gated proton channels are unusual in hav-
ing few known inhibitors. The best known are met-
als, particularly Cd2� and Zn2� [2,5,15,22,30]. Zn2�

binds proton channels with higher a¤nity than many
other ion channels [77]. There is no direct evidence
that metals are a normal component of the channel,
although this possibility is intriguing. More intrigu-
ing, the e¡ects of externally applied Zn2� resemble
qualitatively the e¡ects of external protons (i.e., low-
ering pHo), raising the possibility that Zn2� may
bind to the regulatory external protonation sites
(Fig. 3). There is striking competition between

Zn2� and H�, with stoichiometry suggesting that at
least two protonation sites act in concert to coordi-
nate the Zn2� at its binding site [77].

12. Conclusions

The conceptual framework describing our knowl-
edge of a number of radically di¡erent molecules
shares a surprising number of parallels: proton
translocation by special HBC mechanisms, problems
of proton supply and demand, equivalence of chem-
ical and electrical proton gradients, proton wells,
alternating access sites, pKa changes induced by
protein conformational change, and heavy metal
participation in proton transfer processes. An arche-
typal mechanism involves input and output proton
pathways (HBC's) that are joined by a regulatory site
that switches the accessibility of the bound proton
from one `channel' to the other, by means of a pKa

change, molecular movement, or both. The only re-
quirement for inclusion in this review is that the
molecule translocates protons through a hydropho-
bic environment, such as a protein interior or a cell
membrane. Some of the parallels drawn may seem
strained or contrived, but we simply have attempted
to assemble information that we hope will stimulate
cross-fertilization between ¢elds. It seems evident
that nature has devised a limited number of funda-
mental mechanisms to accomplish various design
problems, and that these clever and subtle mecha-
nisms are repeated with minor variation in many
super¢cially disparate molecules. Our understanding
of our particular favorite molecule, the voltage-gated
proton channel, has bene¢ted substantially from
work done on other molecules. We hope that we
will eventually learn enough to be able to return
some small insights from the types of measurements
that we can make on this channel. If not, then we
will continue unabashedly to enjoy the intellectual
bene¢ts of progress in other areas.

13. Note added in proof

Although the molecular identity of the voltage-
gated proton channel remains elusive, there is evi-
dence that the gp91phox component of NADPH oxi-
dase plays some role in proton extrusion during the
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respiratory burst in phagocytes [L.M. Henderson, S.
Thomas, G. Banting, J.B. Chappell, The arachido-
nate-activatable, NADPH oxidase-associated H�

channel is contained within the multi-membrane-
spanning N-terminal region of gp91-phox, Biochem.
J. 325 (1997) 701^705; L.M. Henderson, R.W.
Meech, Evidence that the product of the human
X-linked CGD gene, pg91-phox, is a voltage-gated
H� pathway, J. Gen. Physiol. 114 (1999) 771^785].
It was reported recently that expression of NOH-1, a
molecule with some structural similarity to gp91phox,
enhances the proton conductance of HEK cells [B.
Bän¢, A. Maturana, S. Jaconi, S. Arnaudeau, T.
Laforge, B. Sinha, E. Ligeti, N. Demaurex, K.-H.
Krause, A mammalian H� channel generated
through alternative splicing of the NADPH oxidase
homolog NOH-1, Science 287 (2000) 138^142].

Although it remains true that voltage-gated proton
currents in unstimulated cells open only when there
is an outward electrochemical H� gradient, when
NADPH oxidase is active in phagocytes, inward
H� currents can occur [B. Bän¢, J. Schrenzel, O.
Nu«sse, D.P. Lew, E. Ligeti, K.-H. Krause, N. De-
maurex, A novel H� conductance in eosinophils :
unique characteristics and absence in chronic granu-
lomatous disease, J. Exp. Med. 190 (1999) 183^194].
This `abnormal' behavior is the result of dramatic
alterations in the properties of proton channels in
phagocytes during the respiratory burst [T.E. De-
Coursey, V.V. Cherny, W. Zhou, L.L. Thomas,
PMA enhances proton currents during the respira-
tory burst in human neutrophils, Biophys. J. 78
(2000) 131A].
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