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Abstract A topic emerging roughly 30 years ago and
engendering an incompletely resolved controversy is
reviewed in this article: the relatively high permeability
and pH independence associated with H*/OH™ passive
movements across lipid membranes. We summarize the
expected characteristics of simple HY/OH ™ diffusion and
those of a reaction between H™ and OH™ being attracted
from opposite surfaces and condensing in an interfacial
zone of the membrane. An interfacial HY/OH™ reaction
mechanism gives the experimentally observed behavior of
an HY/OH™ flux that is independent of the pH measure-
ment range. This mechanism assumes that HT and OH™
within the interfacial zone become electrostatically aligned
on opposite sides of the hydrophobic membrane core.
Electrostatic attraction and charge delocalization among a
small cluster of water molecules surrounding the ions
reduce the Born energy for HY/OH™ insertion into lipid.
This transmembrane condensation model predicts the
magnitude of the experimentally determined H"/OH ™ flux,
which is significantly greater than that of other monovalent
ions. The consequences of an elevated H*/OH™ perme-
ability compared to other ions and the relative pH inde-
pendence of this flux have consequences for understanding
the chemical evolution of life.
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Introduction

The formation of a utilizable energy gradient of hydrogen
ions across lipid membranes was a seminal development in
the evolution of life on earth. Bacteria and yeast generate
these gradients across their plasma membranes and utilize
the stored energy to import nutrients and to export waste.
The ability to maintain pH gradients is essential for the
function of a variety of other cellular and organellar
membranes including the gastric mucosa, lysosomes,
chromaffin granules and synaptic vesicles. In most
eukaryotes, mitochondria capture energy developed across
the inner mitochondrial membrane to generate ATP, as
Mitchell and Moyle (1967) described in their chemios-
motic hypothesis nearly half a century ago. To prevent
short-circuiting in fruitless cycles of H™ flux that would
dissipate the energy, a low H' conductance becomes an
absolute requirement. Indeed, Mitchell and Moyle mea-
sured the effective H' conductance in nonrespiring mito-
chondria to be 0.45 pmho/cm?® at pH 7.2 and 25°C. In the
report, they state the following: “This is the lowest natural
membrane ion conductance known to us, the usual range
being 10-1,000 pmhos/cm? (Maddy et al. 1966). Only in
the artificial ‘black lipid’ membranes have ion conduc-
tances in the region of 0.1 umho/cm?® been recorded pre-
viously (Huang et al. 1964; Maddy et al. 1966).” They
argued that the flux of H"/OH™ equivalents across the
phospholipid bilayer was only slightly greater than that of
K* and ClI~, the dominant ions used in the quoted exper-
iments. As low conductance is necessary to maintain a H*
electrochemical gradient, this measurement was critical in
establishing the validity of the chemiosmotic hypothesis.
Mitchell and Moyle (1967) did not emphasize in this
article that the HY/OH™ permeability of the inner mito-
chondrial membrane, which can be calculated from the
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measured conductance, was many orders of magnitude
greater than that for K™ and C1~ (~10"* cm s~ for H/
OH™ vs. ~ 107 cm s~ for other monovalent cations and
anions). This observation does not bear on their conclu-
sions concerning the chemiosmotic theory since physio-
logical H*/OH™ flux occurs at normal cytosolic
concentrations of K*, CI~ and H". As flux is proportional
to the product of permeability and concentration and as the
H™ concentration is much lower than that of K or C1~, the
H™ flux is typically small. However, this observation raises
the question of the mechanism by which a concentration of
107" M HY can produce the same flux, or current, as 107!
M K*. Nichols et al. addressed this issue directly (Nichols
and Deamer 1980; Nichols et al. 1980) using fluorometric
and pH titration techniques to record the decay of pH
gradients across phosphatidylcholine liposomes. The cal-
culated HY/OH™ permeability coefficient for the liposome
membrane was compared with that of Na* as measured by
radioactive tracer flux in identically prepared liposomes.
Similar to the HY/OH™ permeability coefficient derived
from Mitchell and Moyle’s (1967) conductance measure-
ments, the HT/OH™ permeability of phosphatidylcholine
liposomes was found to be approximately six orders of
magnitude greater than that of Nat (Pyon = ~ 1074
ecm s ! vs. Pya = ~107%cm s7"). The large discrepancy
between HT/OH ™ and Nat permeabilities implies funda-
mentally different mechanisms for their transport.

The observation that HY/OH™ permeability was much
larger than that of other monovalent cations and anions was
initially challenged by two sets of experimental data. Nozaki
and Tanford (1981) measured a slow rate of decay of pH
gradients across liposome membranes and concluded that
the HY/OH™ permeability was, at most, 10~° ¢m s~'. When
corrected for H" permeation via the neutral salts HCI and
HNO;, this was estimated to be in the range of 5 x 107'2, a
difference of eight orders of magnitude from the data of
Nichols and Deamer (Nichols et al. 1980; Nozaki and Tan-
ford 1981). It was later demonstrated, however, that in the
absence of a sufficient permeation pathway for counter-ions,
steady-state flux is limited by that of the counter-ion that is
most permeant. When these experiments were repeated in
the presence of K,SO, and valinomycin to increase K*
permeability, the calculated H/OH ™~ permeability coeffi-
cient was found to be in the range of 10™* cm s~ (see Fig. 1
from Deamer and Nichols 1983). These experiments rein-
forced the conclusion that the flux of HY/OH ™~ equivalents
must have been greater than that of K*, Na™ or C1~ as H/
OH™ dominated the diffusion potential even though their
concentrations were many orders of magnitude smaller than
those of other monovalent ions.

A second challenge came from measurements of
H"/OH™ permeability across “black lipid” membranes.
From the conductance of planar bilayers measured in
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Fig. 1 pH dependence of net HY/OH™ flux. Lines represent a few of
the infinite possibilities for the dependence of the net H/OH ™ flux on
pH as predicted from Eqgs. 1 (or 2) by assuming that H" and OH™
permeability remains constant. The absolute values for these coeffi-
cients were arbitrarily chosen such that the predicted minima would
be in the same range as the measured fluxes. The mean (£SD in
parentheses) net H'/OH™ flux (filled circle) was calculated from

Jiet =‘1’f" %, where B, is the buffer capacity of the external

solution, V,, is the external volume and A is the total surface area of
the vesicles. dpH/dt was taken as the initial slope of the pH recording
after an acid or base pulse of constant magnitude (approximately 0.06
pH unit) at each pH. The liposome solutions contained 2.0 mM 9:1
phosphatidylcholine/CTAB mixture. The internal and external solu-
tions for the experiments performed at pH 7 contained 50 mM N-(2-
acetamido)-2-aminoethanesulfonic acid (pK 6.9). For the experiments
performed at pH 6 and 8,2-(N-morpholine)ethanesulfonic acid (pK
6.15) and N-tristhydroxymethyl)methylglycine (pK 8.15), respec-
tively, were substituted, in the same concentrations, for the buffer.
(This graph was published in Nichols and Deamer 1980, Fig. 3, and is
used with permission of the authors)

100 mM HCI (pH ~ 1.0) or 4 mM NaOH (pH ~ 11.6),
Gutknecht and Walter (1981) calculated permeability to H"
as3 x 107° cm s~ and that to OH™ as 4 x 10~° cm s~ !,
approximately five to six orders of magnitude less than had
been measured in liposomes at pH 7 (Deamer and Nichols
1983) and only three or four times larger than the mea-
surements of Nozaki and Tanford (1981).

The resolution of this discrepancy had been anticipated
(Nichols and Deamer 1980). In an effort to determine the
relative permeabilities of H' and OH™, Nichols and De-
amer had measured the rate of pH collapse for a much
smaller gradient (~ 0.1 pH) at pH 6, 7 and 8. For most ions,
i.e., Na*, K™ and Cl™, the permeability coefficient is rel-
atively independent of, whereas conductance is generally
proportional to, the concentration of the conducting ions.
Therefore, if HY/OH™ flux obeyed Fick’s law and the
permeability coefficients were independent of pH, the H*/
OH™ flux should be linearly dependent on their concen-
tration gradients. If both HY and OH™~ were equally per-
meant, the flux (for a fixed gradient) should achieve a
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minimum at pH 7. The pH of this minimum would vary
with the ratio of the two permeabilities (Fig. 1). The
measured fluxes were, however, found to be essentially
independent of pH and not to follow the predictions of
Fick’s law.

The apparent discrepancy between the magnitudes of the
H"/OH™ permeability measurements made in liposomes vs.
black lipid membranes (BLMs) was resolved only a few
years later by Gutknecht (1984). It was found that the H*/
OH"™ conductance of BLMs composed of phosphatidyleth-
anolamine and decane varied only 10-fold (107°-10"% S/
cm2) over a pH range of ~2-10. Thus, the HT/OH™ per-
meability coefficient as calculated from Fick’s law must vary
by many orders of magnitude over this range of measure-
ment. At neutral pH, the apparent discrepancy between lip-
osomes and BLMs is, therefore, reduced to only
approximately a single order of magnitude as has been
measured in numerous phospholipid vesicles of different
compositions and sizes and using different techniques
(Biegel and Gould 1981; Decoursey 2003; Elamrani and
Blume 1983; Nichols and Deamer 1980; Nichols et al. 1980;
Perkins and Cafiso 1986; Rossignol et al. 1982). Most of the
discrepancy resulted from (1) extrapolating these measure-
ments at extremes of pH to neutral pH values and (2) from the
(relative) pH independence of HY/OH ™ conductance across
lipid membranes. Much of the data can be reconciled by a
lack of conformation of H/OH™ flux to assumptions
regarding simple diffusion, upon which Fick’s law is based.

In summary, the flux of H/OH™ across phospholipid
bilayers differs from that of other monovalent cations and
anions in two significant ways. First, the flux is much faster
than predicted for equivalent concentrations of other
monovalent cations or anions at neutral pH and, second, the
flux, or conductance, is not dependent upon the absolute
concentrations of the HY/OH™ ions within the solution.
These differences suggest that such flux occurs by a unique
mechanism. Here, we review and discuss the strengths and
weaknesses of models that have been proposed to address
these observations.

Theory/Calculation
Simple Linear Model

The simplest model to describe the flux of HY and OH™
across phospholipid bilayer membranes is one derived from
Fick’s law, which assumes that the net flux should be
directly proportional to the difference in ion concentrations
across the membrane. Thus,

Jnet = pH([H_‘—]L_[H_‘—]R) - pOH([OH_]L_[OH_]R) (1)

or expressed as a function of pH,

Joet = py - 107PHL(1 — 1072PH)
— pop - 10°M714(1 — 1074M)

(2)

[H*]., [OH Ig, etc., represent the hydronium and
hydroxide concentrations on the left and right sides of the
membrane, respectively; [H™] = 10" and ApH = pH; —
pHg. For a given pH gradient, the net flux, would be
determined by the H' and/or OH ™ permeability coefficients
(pg and pon), which are dependent upon the ion partition
into the bilayer and the rate of diffusion across it. According
to Eq. 2, if the permeabilities of hydronium and hydroxide
are equal (o = pon), Jnet achieves a minimum at (pHy +
ApH/2) = 7 and is steeply dependent on pH (Fig. 1).

Ion Partition into Lipid Membranes

All such models require a mechanism for the insertion of
H"/OH™ into the membrane. The partition of a “bare” H*
(or OH™) into a lipid has been estimated using the ratio of
probabilities of residing in lipid vs. water. As a first
approximation we use the self-energy of dehydration, or
Born energy in lipid vs. water, Eg, defined as

2 11
Ep=— 2 J 1 0
dn-2- €9 19 | €. Ew
= ~2.8 x 107"%joules ~ 1.75 eV (3)

This value 1.75 eV is determined fora ~2 A “effective
radius” of the ion, ry (hydronium or hydroxide ion). The
electronic charge, g., is 1.6 x 107" coul; the dielectric
constant of lipid, €, is 2; €, ~ 80; and the permittivity of
the vacuum, &,, is 8.9 x 10~"? coul’/nt-m>.

The ratio of probabilities in lipid vs. water (Pp/Pw,
partition function) for this energy difference is, using kg7,

the Boltzmann constant times room temperature =

0.025 eV,

k=P ot — 10 _ g g0 4)
P

w

Eyring rate theory may be used to estimate the rate
constant of ion partition into a bilayer. It will be assumed
that each reaction center within the bilayer corresponds to a
membrane surface area to be defined later.

T
rate constant = kBTK i (5)

where kgT/h represents the universal constant for the
transition state (frequency factor), ~ 6 x 107'%s7! at
room temperature (Eyring 1935; Hill 1976).

Substituting for Kt = 1% =4 x 1073 predicts a rate

constant for the transition state of ~2 x 1078 7!,

The rate constant for the transition state can be
expressed as a permeability coefficient (p) using the fol-
lowing expression
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kaBTT f  reaction volume ()
where symbols have their previous meanings and the
“reaction volume/surface area” refers to the hypothetical
transition zone for the patch of membrane under consid-
eration. As a starting point, we assume this ratio has an
approximate value ranging from 1 A to the membrane
thickness, 30 A. If we use 1-30 A for the “reaction vol-

surface area

ume/surface area” ratio, the calculated value for the
permeability coefficient, based on the “bare” hydro-
nium/hydroxide penetration into lipid, is ~0.03 to

1 x 107** cm s™'. This is many orders of magnitude
smaller than experimentally measured permeabilities that
range from 1.4 x 107 to 7 x 1077 cm s~ ', depending on
the composition of the phospholipid bilayer and the tech-
nique (Deamer 1987). The large discrepancy between the
theoretical and experimental measurements essentially
rules out H' permeation by the insertion of an isolated
hydronium or hydroxide into the lipid bilayer.

A greater frequency for transition to the lipid bilayer can
be achieved, however, if H" and/or OH™ are allowed to
partition into the lipid from the interfacial region by
forming a water structure or cluster. This should be a
consequence of the lattice structure of water surrounding a
hydronium or hydroxide ion, which would distribute the
ionic charge over a larger volume and thus reduce the Born
energy required for partition into the lipid (Haines 2001;
Liu and Ichiye 1999; Smith et al. 2006).

Making reasonable assumptions in calculations to fol-
low allows an estimate of the size of a water cluster nec-
essary to delocalize the charge on H" or OH™ sufficiently
to obtain a permeability coefficient in the range of
5% 107®cm s™'. The required cluster radius will be
~4.6 A. Thus, based on these calculations, the very high
bilayer permeability to H and/or OH™ can be explained if
one assumes that the partitioning of the charges into the
membrane is accompanied by surrounding water molecules
that distribute the charge over a larger volume.

The transient formation of clusters or single-file align-
ments of water molecules that traverse the lipid bilayer
have been suggested as alternative mechanisms for low-
ering the energy barrier for H" and/or OH™ permeation
(Elamrani and Blume 1983; Jansen and Blume 1995;
Nagle and Scott 1978; Nichols and Deamer 1980). For-
mation of a strand of hydrogen-bonded water molecules
that traverse the lipid portion of the bilayer may allow a
low-energy pathway to conduct H" and/or OH™ across the
bilayer by proton hopping (referred to as “Grotthuss
conduction” [de Grotthuss 1806]). Proton hopping allows
for the movement of charge by the rearrangement of
hydrogen bonds without requiring the transverse move-
ment of H" or OH™ ions.

@ Springer

Although all of the mechanisms discussed above pro-
vide a low-energy transmembrane pathway that could
account for the relatively high HY/OH ™~ permeability, they
do not account for the pH independence of the flux as
demonstrated experimentally (Figs. 1, 2). These theoretical
mechanisms would predict the observed pH independence
of the flux if, for example, the formation of the water
cluster/strand or the reorientation of the hydrogen bonds
necessary for Grotthuss conduction became the rate-limit-
ing step for the permeation event. However, if this were the
case, the probability of HY/OH™ transport from either side
of the membrane would be independent of their solution
concentrations and no net flux would be predicted even in
the presence of a large gradient. Thus, we are led to con-
sider a model in which HY/OH™ flux occurs by the con-
densation of H" and OH™ from opposite sides.

Transmembrane Condensation Model

Condensation of HT and OH™ originating from opposite
sides of the membrane as a mechanism to explain the pH
independence of flux was originally proposed by Deamer
and Nichols (1982) and subsequently addressed by others
(Haines 2001; Marrink et al. 1996; Nagle 1987). The
proposed transmembrane water condensation model pro-
vides a simple explanation both for how the flux of H* and
OH™ becomes independent of the absolute range of the pH
measurement and for the uniqueness of H'/OH™ flux
magnitude. The model assumes that net flux across a
membrane is accomplished by condensations of H" and
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Fig. 2 Relation between H"/OH™ conductance and pH for mem-
branes formed from bacterial phosphatidylethanolamine (filled circle)
or diphytanoyl phosphatidylcholine (unfilled circle). Gyon was
measured as described in the Materials and Methods section of
Gutknecht (1987). Horizontal bars indicate the range of pH for each
point, and vertical bars indicate standard deviations (n = 4-11
membranes at each point). Part of the statistical variation is due to
approximately twofold differences among batches of lipids. (Used
with permission of the publisher)
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OH™ originating from opposite sides of the membrane. The
following equation describes the consequence of this
model in its simplest form (from Nagle 1987).

Jhet = {[H+]L'[OH_]R_[H+]R'[OH_}L}f<5) (7)

The symbol f(J) represents a sum over all possible
pathways of permeation and would be dependent on the
membrane composition and thickness, ¢, but independent
of the HY and OH™ concentrations in solution.

Expressing this relationship for net flux, J,, as a
function of the pH gradient across the membrane (see
Appendix), gives

Jnet = =2 - 1014f(5){2.3ApH +é(2.3ApH)3+ : } or

1
Jnet ~ J0{23APH +6(23APH)3—|— . } (8)

Note that the net flux is predicted to depend only on the
magnitude of the pH gradient and not on the absolute value
of pH in the bulk solutions. For small pH gradients, net flux
would be a linear function of ApH. It would increase
supralinearly as the gradient increases, assuming that the

model applies for both small and large ApH. The feasibility
of this model based on physical-chemical principles will
be considered in the next section.

Quantitative Evaluation of the Transmembrane
Condensation Model

We approach the relaxation of membrane pH gradients in
five steps (Fig. 3): (1) appearance of an H (or OH ™) in the
interfacial zone (head group region); (2) coincident
appearance of an OH™ (or H") within electrostatic range
on the opposite side of the membrane; (3) electrostatic-
induced migration within the interfacial zone to opposing
positions across the low dielectric core; (4) rare penetration
from either side into the hydrophobic core, overcoming the
Born energy barrier; and (5) migration of the penetrating
charge across the membrane to condense with its attracting
counterpart in the interfacial zone of the opposite side. We
will consider each step in order.

1. Appearance of an H™ (or OH™) in the interfacial
zone. If we assume that 60% of the interfacial zone (head
group region) is composed of water and the depth of this
zone is 8 A (Peitzsch et al. 1995), then for each square
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Fig. 3 Schematic representation of the transmembrane condensation
model for HY/OH ™ flux across phospholipid membranes. 7-5 illustrate
the five steps of the model as described in the text. (1) Appearance of
an H* (or OH™) in the interfacial zone (head group region). H* or
OH™ diffuse into the water among the head groups. The charge is
delocalized by Grotthuss conduction among 10-12 water molecules
arranged parallel to the membrane surface. (2) Coincident appearance
of an OH™ (or H") within electrostatic range on the opposite side of
the membrane. (3) Electrostatic-induced migration within the interfa-
cial zone to opposing positions across the low dielectric core. If an H

Reaction coordinate

and an OH ™ are present within the head group region on opposite sides
of the membrane and are within electrostatic attraction distance, they
diffuse laterally to directly opposing positions. (4) Occasional
penetration from either side into the hydrophobic core, overcoming
the Born energy barrier. (5) Migration of the penetrating charge across
the membrane to condense with its attracting counterpart in the
interfacial zone of the opposite side. Penetration of either charge into
the hydrophobic zone results in migration across the membrane and
then in condensation to form water. Lower right Hypothetical reaction
coordinates and energy barriers for each step
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centimeter of membrane surface area, there would be a
volume of water equal to 4.8 x 10~® cm® in one interfacial
zone. At pH 7, there are 10~7 mol of H*/l of water or
6 x 10" HY ions/cm>. Therefore, in 1 cm? of membrane
surface area, there would be 3 x 10° free H and/or OH™ in
the interfacial zone residing among the phospholipid head
groups. We assume that the H" and OH ™~ are free to exchange
with the bulk solution and that the rate of their diffusion into
this zone from the bulk is not rate-limiting to the permeation
process; i.e., they are assumed to be in electrochemical
equilibrium with their counterparts in bulk solution.

2. Coincident appearance of an OH~ (or H') within
electrostatic range on the opposite side of the membrane.
The second step in the condensation reaction is the coin-
cident insertion of an H into the interfacial zone on one
side of the membrane and that of a OH ™ on the opposite side
within a distance that permits electrostatic attraction
between the two. In order to determine the probability of
this occurring, we first define the lateral dimension of a
“domain” in the interfacial zone within which electrostatic
attraction of oppositely charged ions would occur across the
low dielectric membrane. We calculate this domain size by
determining the distance at which the electrostatic attraction
between the two oppositely charged ions falls below the
randomizing effects of their kinetic energy (k7). We assume
that H" and OH™ constitute most of the mobile charge
residing in the interfacial zone. Dipolar potentials from the
distributed orientations of water molecules are expected to
decline at least as sharply as 1/r2; therefore, the electrostatic
influence of orientated water dipoles would fall well below
kT at distances greater than ~ 20 A. Equation 9 can be used
to estimate the diameter of a domain in which electrostatic
attraction between H™ and OH™ is greater than thermal
dispersion energy, assuming these were fully immersed
within a defined dielectric medium.

_d 9

dneeg L™ ’ ( )
Assuming that the dielectric coefficient of the lipid portion
of the membrane (€) is 2 at room temperature, L (the linear
dimension used to estimate a domain area from which a
second ion of opposite charge would be attracted) is ~ 280
A, ie ., ~10 times greater than the thickness of the
hydrophobic core. (Here, we have assumed that the elec-
trostatic effects of dipolar water molecules, symmetrically
oriented around an H™ or OH™, would tend to cancel or
diminish at larger distances.)

A circular domain area with a diameter of 280 A equals
6.2 x 107" cm?. The product of this area and the inter-
facial H" or OH™ concentration of 3 x 10° free H" ions/
cm? predicts a probability of 1.8 x 107> that an H or
OH™ would reside within the electrostatic attraction
domain area of 6.2 x 107'? cm® The probability of a

@ Springer

coincident H" occurring on the left and an OH™ on the
right within one domain is therefore (1.8 x 1075)2. Since
at pH 7 there is an equal probability of HY/OH™ and OH ™/
H™ orientations across the membrane, the overall proba-
bility of an H* and OH™ entering the electrostatic attrac-
tion domain is 2 x (1.8 x 107> = 6.5 x 1071°.

3. Electrostatic-induced migration within the interfacial
zone to opposing positions across the low dielectric core.
Since the size of the interaction domain is defined by the
distance for which the energy of electrostatic attraction is
greater than that of thermal dispersion, the coincident pre-
sentation into the interfacial region of an H" and OH™ from
opposite sides will induce the lateral migration of these
charged species to oppose each other on opposite sides of
the same domain. This migration may be accomplished by
lateral diffusion of individual H" or OH™ in the interfacial
zone or by the exchange of electrons via Grotthuss con-
duction between the interfacial zone water molecules (de
Grotthuss 1806). Neither mechanism of diffusion within the
interfacial water is expected to be rate-limiting to the
overall process of transmembrane condensation.

4. Rare penetration from either side into the hydro-
phobic core, overcoming the Born energy barrier. If we
assume an H'/OH™ ion pair is electrically attracted to
their positions directly across the lipid portion of the
membrane interior, the maximum Born energy (Eg) for ion
insertion under this arrangement may be given by an
approximation shown below and based on Schnitzer and
Lambrakis (1991, their Eq. 7; see also Parsegian 1969;
Arakelian et al. 1993).

By~ (1-7). (L_l)
4n €€y d 2rp d
The symbol r represents the water cluster radius around the
ion, and d represents the thickness of the hydrophobic lipid
interior. Here, the standard Born energy for lipid insertion of
aparticle of radius, ry, is reduced by the finite thickness, d, of
the low dielectric barrier and additionally by the electro-
static attraction of the opposing ions. A calculation for
ro = 4.6 A and d = 30 A gives E}, = 0.44eV, which is the
energy barrier that is predicted to produce a permeability
coefficient in the range measured (see below, Prediction of
Jo and p from the Condensation Model). Thus, distribution
of the unitary charge of an H* or OH™ among a sufficient
number of water molecules to produce a charge density
equivalent to a spherical charge of radius 4.6 A is sufficient
to produce the rate of charge penetration into the hydro-
phobic region of the membrane necessary to account for the
experimentally measured permeability. A sphere with a
radius of 4.6 A contains approximately 13 water molecules.
Although a charged sphere of this size is unlikely to exist and
penetrate the hydrophobic interior of the membrane as such,

(10)
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molecular modeling (Tepper and Voth 2005) provides evi-
dence for the delocalization of positive charges among 9-12
hydrogen-bonded water molecules that lie parallel to the
surface of the membrane. These hydrogen-bonded “trans-
verse” water wires are stabilized by an excess charge and are
likely to delocalize the excess charge of an H" or OH™ to the
equivalent of a 4.6-A sphere.

Assuming a “corrected” Born energy for insertion of
H* or OH™ into the hydrophobic region, a maximum rate
constant for this event can be calculated using the Eyring
rate theory:

kT (o)
rate constant = BTe sl (11)

The frequency factor, kgT/h =6 x 10?57, and Ej
represent the “corrected” Born energy required for
insertion into the low dielectric (0.44 eV). Thus, the rate
constant for the penetration of an H" or OH™ into the
hydrophobic region from one side of the membrane is
predicted to be 1.4 x 10° s™'.

5. Migration of the penetrating charge across the mem-
brane to condense with its attracting counterpart in the
interfacial zone of the opposite side. Penetration of either an
H" or OH™ within the interaction domain from either side
of the membrane would produce a condensation reaction
with its oppositely charged counterpart on the other side.
Once one of the charged species overcomes the Born energy
barrier and gains access to the lipid interior of the mem-
brane, the electrostatic attraction between it and the oppo-
site charge on the opposing side of the membrane drives its
diffusion (with accompanying water) across the membrane,
resulting in condensation in the opposing interfacial zone.
Once the opposing ions are aligned, only one high-energy
penetration event is necessary to produce a condensation
reaction. This may originate from either side and result in
the permeation of an H or OH ™ across the full membrane.

Prediction of Jy and p from the Condensation Model

The frequency at which condensation of an H" and OH™
from opposite sides of the membrane occurs can be calcu-
lated by multiplying the probability of coincident residence
of an H" and OH ™~ within the electrostatic attraction domain
on opposite sides of the membrane (6.5 x 10~'%) by the rate
constant for penetration of one of these into the hydrophobic
region of the membrane (1.4 x 10° sfl). Thus,
B

| k()
condensation frequency = 2 x 6.5 x 107'% x A !

=18 x 104! (12)

represents the condensation frequency for each domain,
i.e., for an area of 6.2 x 1072 cm®. An additional factor of

2 is included because an equivalent condensation reaction
can initiate from either side and proceed in either direction.
Expressing the condensation frequency in terms of a 1-cm?
unit area results in a value for J, of 2.8 x 10’ condensation
cm 2 s~!, corresponding to the situation of pH 7 on both
sides and ApH = 0. When ApH is not zero, net movement
must grow as Jne = Jo(2.3ApH), as given in Eqg. 8.
Assuming a symmetrical ApH near neutrality, the expres-
sion Jye = pAC, where AC is the hydrogen ion concen-
tration gradient in ions per cubic centimeter, predicts a
permeability coefficient, p = 5 x 10~ %m s~', which is in
the range of experimentally measured net H"/OH™ per-
meability for small ApH values. These measurements range
from 1.4 x 107* to 7 x 10 =7 cm s™' depending on the
structure of the phospholipid comprising the membrane
and the method used (Deamer 1987; Decoursey 2003).
Thus, the transmembrane condensation model predicts a
net HY/OH™ flux and permeability for small ApH values
that is in the range of published values and is consistent
with the observed pH independence of the net flux.

Confounding Possibilities

Other considerations might affect this theoretically calcu-
lated permeability. For example, buffer diffusion in an
unstirred layer could enhance presentation of H" and OH™
to the membrane surface (Gutknecht and Tosteson 1973).
Additionally, water clusters containing an H" or OH™
within the interfacial zone could result in disruption of the
normal phospholipid molecular arrangement, reducing the
energy required for insertion.

These calculations obviously require assumptions. To
consider how they would be affected by changing some of
these assumptions one could, for example, change the effec-
tive dielectric constant, within the membrane from 2 to 4. This
would result in a reduction of the target area for condensation
by a factor of 4. However, increasing the dielectric constant
from 2 to 4 would reduce by half the energy barrier for ion
penetration into the membrane. This alone would increase the
frequency of membrane penetration by a factor of e, or 4.7.
Thus, these two effects nearly, but not completely, cancel
each other. The effective dielectric constant would depend on
the behavior of the water molecules at the interior surface of
the interfacial zone, as previously mentioned.

One also could consider that the 4.6-A cluster may not
be the appropriate size or that the theoretically predicted
frequency factor of 6 x 10" s™', based on kg77h, may not
apply to the situation of a 4.6-A cluster at the membrane
surface. If the cluster or the frequency factor were smaller,
penetration is reduced and the theoretically calculated
permeability would be too low, increasing the discrepancy
between the theoretical value and that determined
experimentally.
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Molecular Modeling of Water Condensation
Mechanism

Marrink et al. (1996) have examined theoretically the class
of water condensation models proposed by Nagle (1987).
In one model a single water chain or “wire” forms within
the membrane in which H" and OH™ ions are allowed to
condense via mutual access. It was concluded that in order
for condensation to dominate over single-ion transport (a
condition for pH independence), such a model would
require that ksK,, > ko[H"], where K, = 107", k3 is the
rate that H; and OH_, condense in the proposed water
chain “pore” and k; is the rate that a single hydronium ion
would transit the entire membrane via the hypothesized
“water chain” sequence. According to these assumptions,
this inequality would never be satisfied because the prob-
ability of an H" and OH™ entering the water-chain pore
simultaneously will always be less than the probability that
one or the other will enter alone. However, for the model
we propose there is no single low-energy pathway for an
H" or OH™ to cross the membrane and once H" and OH™
penetrate the interfacial zone to the low dielectric portion
of the hydrophobic core, this creates a larger effective
domain for ion attraction. Such an arrangement of attrac-
tion to opposing positions effectively reduces the thermal
energy needed for insertion into the hydrophobic core and
greatly increases the condensation probability. The data
require that condensation events must occur much more
frequently than a single ion diffusing through the entire
membrane thickness, here represented by k,[H']. We
propose that k3K, > k,[H"], where the rate constant k'5
represents all condensation reactions (attraction between
H" and OH") over a wider membrane area and including
many possible pathways.

Evidence in Support of the Transient Pore Model

Theoretical descriptions of the solubility-diffusion model
predict only modest dependence on bilayer thickness, while
transient pore models predict an exponential relationship
(Paula et al. 1996). In an effort to distinguish between the
two mechanisms, Paula et al. measured the H/OH™ per-
meability of phospholipid membranes as a function of
phospholipid chain length (i.e., membrane thickness). A
plot of these data showed a nearly exponential decrease of
H/OH™ flux as the acyl chain length of the membrane
phospholipids increased from 14 to 20 carbons and a
smaller rate of decrease for membranes composed of
phospholipids with longer chains. The authors concluded
that HY/OH ™~ permeation occurred during the formation of
transient water pores for membranes composed of the

@ Springer

shorter-chain (14-20 carbons) phospholipids, whereas it
occurred by simple diffusion for the thicker membranes.
Although this interpretation is supported by the data, nei-
ther mechanism accounts for the pH independence of H*/
OH™ flux as discussed earlier. The transmembrane con-
densation model was not considered in their analysis, and
although our theoretical description of this mechanism
does not predict an exponential dependence on membrane
thickness, unknown mechanisms not included in the model
and governing the behavior of f(d) in Eq. 7 might provide
such a dependence. For example, hydrophobic stabilization
and attraction among the hydrophobic tails of the longer-
chain phospholipids could reduce the water cluster pene-
tration events. None of the three models in their basic
representations is consistent with both the dependence of
H"/OH™ flux on membrane thickness and its independence
of pH. This discrepancy could be resolved by measuring
the pH dependence of H/OH™ flux through membranes
composed of short-chain phospholipids, i.e., with 14 car-
bon acyl chains. H"/OH™ flux through water pores would
be predicted to increase exponentially as the pH range of
measurement is decreased (as shown in Decoursey 2003,
Fig. 13), whereas flux via transmembrane condensation
would remain constant over the pH measurement range.

Conclusions

The magnitude and pH independence of H'/OH™ flux
across lipid membranes may be explained semiquantita-
tively by transmembrane condensation reactions. Flux
magnitude arguments support a hypothesis that electro-
static attraction between an HY and OH™ in the head group
regions from opposite sides of the membrane aligns the
charges in direct opposition across the membrane and
reduces the energy required for penetration across the
hydrophobic core. The presence of an H" or OH™ tends to
stabilize coherent water structures in the plane of the
interfacial zone, delocalizing the charge and enhancing the
rate of HY/OH™ penetration into the lipid. This predicts a
magnitude of HY/OH™ flux within the range of measured
values, which are five or six orders of magnitude greater
than for Na* and CI™.

One consequence of the transmembrane condensation
model and the resultant high H*/OH™ permeability relative
to other cations and anions is that the H"/OH™ gradient
would dominate the production of a diffusion potential
across the membrane. A central problem in understanding
the chemical evolution of life is to explain how energy was
captured and maintained across primitive membranes. The
production of pH gradients by physical or chemical events
would generate a diffusion potential that would dissipate at
the rate of flux by slower counter-ions. This would allow
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the pH gradient to coexist with an electrical gradient for
some time. Both forms of energy (chemical and electrical)
could be used to accumulate substrates required for
metabolism and reproduction.

The finding, predicted by the transmembrane conden-
sation model, that the high H*/OH ™ flux is independent of
the pH range also would have been a beneficial occurrence
for the evolution of life. Thus, production of diffusion
potentials would be more uniform over a greater range of
environmental pH values. The metabolic costs of accu-
mulating substrates by this mechanism would also have
been stabilized over a greater pH range. This unique
behavior of protons and hydroxides, i.e., their ability to flux
by a mechanism of condensation of H/OH™ ions, origi-
nating from opposite sides of a lipid membrane, may partly
explain the universality of proton gradients in the capturing
of energy in biology.
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Appendix

The Water-Associated Proton/Hydroxide Transfer
Model

This is treated as a general case of the HY/OH™ “water-
wire” condensation reaction (suggested by Deamer and
Nichols (1982) and Nichols (Gutknecht 1984) and expan-
ded by Nagle and Marrink (Marrink et al. 1996; Nagle
1987)) and considers net flux as a result of HY and OH™ from
opposite membrane surfaces interacting within the mem-
brane and yielding an expression (Nagle 1987) of the form

Jnee = FO){ (H']L[OH Jg) — (HTJR[OHT] )}, (A1)

where f(J) is a function of membrane thickness and com-
position and the number of available pathways. The net
H*/OH™ flux of Eq. A.1 is pH-independent, as was stated
by Nagle (1987) and is reproduced below.

Using [OH g-[H" g = [OH ], [H™]. = 107'* and
pH = —logo[H], [OH"] = 10~ "4PP10* = > etc.,
Eq. A.1 takes the form

Jnet :f(é) . 10—14{6—2.3APH _ e+2.3ApH}, (Az)

where ApH = pHp — pHg. Rewriting the exponential
expression as a hyperbolic sine function gives

Joet =f(8) -2 - 107 *{sinh(—2.3 - ApH)} (A.3)

The hyperbolic sine term within the brackets of this
expression can be expanded as a series giving the
following:

Joer =J, - sinh[—2.3 - ApH]

1 3
= — 10{2.3 - ApH + 5(2'3 - ApH) (A4)

1 5
— (2.3 - ApH Y
g 23 gty -]

The salient point is that the expressions representing net
flux, Egs. A.3 and A.4, are independent of the absolute
value of pH and only depend on an energy gradient, ApH,
across the membrane.

Inclusion of Membrane Voltage

One method of including voltage dependence in this for-
mulation is by allowing the concentrations of charged
particles within the membrane, relative to their concen-
trations at the surface, to be determined by the Boltzmann
energy distribution. The net flux would then be represented
as

Jnet = {[H+]L : [OH_]R 'eAv - [H+]R : [OH_]L : e_AV}f(é)a
(A.5)

where Av = (Vi — VR)-e/kgT. Using similar procedures,
as previously given in Egs. A.2 and A.3, yields

oot = f(5) - 10—14{6(—243ApH+Av) _ e(+2.3ApH+Av)} (A.6)

Setting Av = 0, Eq. A.6 reverts to Eq. A.3. Setting the
ApH to zero simplifies this expression to

Jnet = () -2+ 10 "sinh(Av)  ([H'], = [H']y).
(A7)
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