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ABSTRACT Tetraphenylborate-induced current transients were studied in lipid bilayers
formed from bacterial phosphatidylethanolamine in decane. This ion movement was
essentially confined to the membrane interior during the current transients. Charge
movement through the interior of the membrane during the current transients was
studied as a function of the applied potential. The transferred charge approached an
upper limit with increasing potential, which is interpreted to be the amount of charge
due to tetraphenylborate ions absorbed into the boundary regions of the bilayer. A
further analysis of the charge transfer as a function of potential indicates that the
movement of tetraphenylborate ions is only influenced by a certain fraction of the ap-
plied potential. For bacterial phosphatidylethanolamine bilayers the effective potential
is 77 4 4% of the applied potential. The initial conductance and the time constant of
the current transients were studied as a function of the applied potential using a
Nernst-Planck electrodiffusion regime. It was found that an image-force potential
energy barrier gave a good prediction of the observed behavior, provided that the
effective potential was used in the calculations. We could not get a satisfactory predic-
tion of the observed behavior with an Eyring rate theory model or a trapezoidal po-
tential energy barrier.

INTRODUCTION

The basic mechanisms of ion transport through phospholipid (bilayer) membranes are
understood along fairly general lines (18). It is established that the major contribution
to the barrier properties of these membranes is the large electrostatic charging energy,
or work, (primarily the Born energy due to the difference in dielectric constants) neces-
sary to move an ion out of an aqueous phase into the hydrocarbon phase in the mem-
brane interior (12). The magnitude of this work decreases with increasing size of the
ion (6,12). Membrane permeable ions are therefore large organic ions, e.g. tetra-
phenylborate or tetraphenylarsonium, or complexes of small inorganic ions with ion
carriers, e.g., K+-nonactin, K+-valinomycin. This electrostatic work, or energy re-
quirement, is not constant through the membrane, but is modified by attractive forces
between the ion within the membrane and the aqueous phases (18, 21, 29, 38).
The charging energy is only one component of the total potential energy of an ion, or

BIoPHYSICAL JOURNAL VOLUME 15 1975 795



ion-ion carrier complex, within the bilayer. Other components are hydrophobic inter-
actions between the ion and the aqueous phases (49), electrostatic potential differences
(both surface and dipole potentials) between the membrane interior and the bulk
aqueous phases (19, 31-33, 35, 48), and short range (packing) interactions between
the ion and molecules in the bilayer. The sum of these four terms constitutes the po-
tential energy barrier to ion transport through the membrane. The potential energy of
an ion within the membrane may also be affected by an applied potential difference.
This is, however, not a part of the potential energy barrier. Ion transport through the
membrane, and its dependence on the applied potential, is determined by the shape of
the potential energy barrier through the bilayer (4,7,17,18,20,21,23,27-29,38,46,
47). All four terms in the potential energy barrier are of importance in determining the
magnitude of the membrane permeability (conductance). The potential dependence
of ion transport through the middle of the membrane will be determined by the electro-
static charging energy term (21,29,38), because it is the only term which changes
significantly through the entire membrane. Any of the four terms, as well as other
terms (ion-ion carrier association and dissociation kinetics), may be of importance if
the current-carrying species cross the membrane-solution interfaces.

If one knows the shape ofthe potential energy barrier for a current-carrying species,
one may calculate the current-voltage characteristics of the membrane in the presence
ofthis species (7, 17,18,20,21,23,29, 38). Deviations between experiment and simple
predictions are used to obtain information about the kinetics of ion-ion carrier asso-
ciation and dissociation reactions (4,7,20,21,27,28,46,47). In principle it is also
possible to perform the inverse operation and obtain information about the shape of
the potential energy barrier in the middle of the membrane from an analysis of experi-
mental current-voltage characteristics (17, 21). However, if the current-carrying species
used in such a study is actually crossing the membrane-solution interfaces the argu-
ments become circular, since one cannot separate phenomena due to the interfacial
"barrier" from phenomena due to the barrier in the middle of the membrane. The
interpretation of experimental current-voltage characteristics will therefore be de-
pendent upon simplifying assumptions about what happens at the membrane-solution
interfaces. A further experimental limitation is the fact that one can only study
current-voltage characteristics over a limited range of applied potentials. An infinite
number of possible potential energy barrier shapes will therefore be able to explain any
observed current-voltage characteristics. Consequently, there are divergent reports
about the "correct" shape of the potential energy barrier to ion transport in the center
of lipid bilayers (4, 17, 21, 23).
An additional, but often overlooked, problem is that ion transport through mem-

branes should be related to the effective potential influencing ion movement within the
membrane, not to the applied potential. An analysis of experimental current-voltage
characteristics of lipid bilayers to obtain information about the shape of the potential
energy barrier therefore depends on an independent determination of the effective
potential.
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One possible method to circumvent some of these problems is to use current car-
riers that do not cross the membrane-solution interfaces to any significant extent, once
the membrane is loaded. Certain organic anions, e.g. tetraphenylborate, absorb
strongly into the membrane-solution boundary regions (23,30,32). These ions will
therefore provide information about the shape of the potential energy barrier in the
middle of the membrane, independent of assumptions about what happens at the mem-
brane-solution interfaces. There should be little, if any, difference between the move-
ment of an organic ion and an ion-ion carrier complex through the interior of a lipid
bilayer. This system, therefore, serves as a simple model for the transport of ion-ion
carrier complexes through these membranes. In addition, it may serve as a model for
some properties of the "gating currents" observed in excitable membranes (2,24).

In preliminary experiments it was found that the kinetics of tetraphenylborate trans-
port through lipid bilayer could not be quantitatively described by the assumption of a
single Eyring-type barrier, a model developed by Ketterer et al. (23). The aim of the
present investigation, therefore, was to study experimentally the shape of the potential
energy barrier in the middle of the membrane. Tetraphenylborate is very suitable to
this purpose since it absorbs so strongly into the bilayer that one can measure the num-
ber ofions absorbed into the boundary regions ofthe bilayer independent of any particu-
lar kinetic model for the transport mechanism. Using this property, we can show that
only a certain fraction (< 1) of the applied potential is effective in moving these ions
through the membrane. Using this information we can show that the potential energy
barrier to ion transport through the center of the bilayer is closely related to the image-
force barrier ofNeumcke and Lauger (29, 38).

THEORY

To a first approximation a lipid bilayer can be treated as a thin slab of hydrocarbon
having a thickness, d, of 25-50 A and a dielectric constant, e., approximately 2, be-
tween two aqueous phases with a dielectric constant, EH2O, approximately 80. We shall
assume that only one charged species (current carrier) is present within the membrane,
in our case tetraphenylborate (TPhB-). NaTPhB is present in equal concentrations in
the aqueous phases on both sides of the membrane. An excess of an inert electrolyte,
NaCI, is also present in the aqueous phases, to maintain the ionic strength constant,
independent of the concentration ofNaTPhB, and to ensure a high conductance of the
aqueous phases compared with the membrane. The TPhB- ions will absorb very
strongly into the membrane-solution boundary regions, while the Na+ (and Cl-) ions
will stay behind in the aqueous phases, and thus will not be able to carry current
through the membrane.
The potential energy barrier, W(x), to ion transport through the membrane is shown

in Fig. 1 A. The potential energy of an ion in the bulk aqueous phases is assumed con-
stant equal to zero. W(x) will begin to change when the center of the ion is located a
distance ofone ion radius, r, from the membrane-solution interfaces. The sum of the
four terms making up W(x) has a deep, narrow, minimum near the two interfaces,
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FIGURE I (A) Schematic representation of the potential energy barrier to ion transport across a
bimolecular lipid membrane. Curve drawn according to the data obtained in the present article.
(B)Schernaticrepresentationof concentration profile for TPhB- within the bilayer. The full
line is drawn for a potential difference of 0 mV, the stippled line is drawn for a potential dif-
ference of about 75 mV.

which are separated by a broad baffier in the center of the membrane due to the elec-
trostatic charging energy, W,(x).' The occuffence of these potential energy minima
within the membrane, near the two interfaces') is characteristic for large hydrophobic
ions (23) and ion-ion carrier complexes.
Thus TPhB- ions absorbed into the membrane will be concentrated in two very nar-

row strips located near, but not necessarily at, the two membrane-solutions interfaces,
see Fig. I B. When an electrical potential difference is applied across the membrane
this will lower the potential energy of the ions in one of the minima compared to the
other (the positive). Consequently the TPhB- ions within the membrane will tend to
accumulate into the "positive" minimum (see Fig. I B) and thus give rise to a cuffent
through the membrane.

Since the ions absorbed into the membrane are located in two quite narrow strips
one can assume that the nwnber of ions N, and N,, per unit area present in the energy
minima is proportional to the concentrations of ions at the minima, C, and C,, ( 18).

N, = y * Cj, (I1 A)

NI, = y Cjj, (I B)

where the subscripts I and II denote the left and right boundary region, respectively,

'Theelectrostatic potential difference between membrane interior and bulk aqueous phases is usually posi-
tive (19), which will tend to favor the distribution of anions into the membrane over cations. On the other
hand, the hydration energy for cations is (numerically) less than for anions (6), which will tend to favor the
distribution ofcations into the mernbrane over anions. The potential energy barrier is therefore qualitatively
the same for both anions and cations.

BIOPHYSICAL JOURNAL VOLUME 15 1975

A B

798



and y represents the volume per unit membrane area into which the absorbed ions are
concentrated. The existence of these potential energy minima, and consequent concen-
tration peaks, is an essential assumption of the model which is outlined below.

Charge Movement through the Membrane
At a time t = 0 a potential difference, V, is suddenly applied across the membrane.
TPhB- ions will move through the membrane, and the ion concentration within the
membrane will shift from the equilibrium profile to some new profile which will be a
function of V (and time). The time course of the concentration changes will be given
by the continuity equation

aj/@x= -dC/dt, (2)

where] (x,t) denote the flux of TPhB- which may be a function of distance, x(x = 0
at one and x = d at the other membrane-solution interface), and time, t; C(x,t) de-
note the concentration of the ions in the membrane and adjoining aqueous phases.
We assume that for t < 0, C(-r) and C(d + r) are equal to the bulk concentration,
CAq, of TPhB- in the aqueous phases. It should be recalled that r is the contact
distance of the ion center to the membrane-solution interfaces.
We may integrate Eq. 2 from x = -r to x' = d/2 and obtain

i(2- t) - j(-r,t) = - f ac2 dx. (3)

Stated differently, the net flux of TPhB- ions through the membrane, j [(d/2), t], is
equal to the net flux into the membrane,j (-r, t), plus the rate of decrease in the num-
ber of absorbed ions - fd/2 (ac/dt) dx. One can further integrate Eq. 3 with re-
spect to time and obtain

i 9, dt - fj(-r,)dP = - f' (C(x,t) - C(x,0)dx, (4)

where t is an integration variable.
Eq. 4 states that the integrated charge movement through the membrane is equal to

the net entry of ions into the membrane plus the net change in the number of absorbed
ions. It is possible (see ref. 1 1, section 3.3)2 to obtain an upper estimate for

a ji r,d < 2ACAq(Dt/ir)', (5)

2Theestimate in Eq. 5 is valid both for diffusional entry ofTPhB- ions into the membrane, as wdl as for dif-
fusional exit ofTPhB - into the aqueous phases. The calculation assumes that the membranoesolution inter-
face does not form a barrier to ion movement, and that the concentration of TPhB - within the membrane
is maintained at zero, or two times the equilibrium boundary region concentration, respectivdAy. The rate-
limiting step for ion movement across the interfaces is diffusion in the aqueous phases.
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where D denotes the diffusion coefficient of TPhB- in the aqueous phases, 5.3 x 10-6
cm2/s (44), and A, 1.3 mm2, is the membrane area. If CAq = 10-7 M one obtains after
10 ms

rt
jj(-rt)d . 3 x 10-6mol.

Experimentally we know that 4 x 10-lO mol of TPhB- can move through bacterial
phosphatidylethanolamine bilayers in less than 10 ms (see Results) so that at most 8%
of the net ion flux through the center of the membrane is due to ion movement across
the membrane-solution interfaces. It should be noted that this argument is inde-
pendent of any assumption about the relative resistances of the membrane-solution
interface and the membrane interior, respectively (see also ref. 18). The actual ex-
change of ions across the membrane-solution interfaces will be less than these esti-
mated upper limits. We conclude that so many TPhB- ions absorb into the membrane-
solution boundary regions (in a potential energy minimum) that it is possible to
disregard any ion transport across the interfaces compared with ion transport through
the membrane so that the number of ions absorbed into the membrane is constant,
N, + NI, = constant. This has three consequences: Firstly, the current through the
interior of the bilayer will be carried by TPhB- (at least in all cases of interest to us)
while current passing across the interfaces will be a displacement current. Secondly,
the current through the membrane cannot be maintained at the initially "high" level,
but will relax towards a very low level (see Fig. 2) which is determined by the transport
ofTPhB- across the interfaces and through the aqueous phases adjacent to the mem-
brane.3 Thirdly, one boundary region will become depleted of TPhB- while the other
will accumulate TPhB- ions (see Fig. 1 B).
When no current is flowing across the membrane, one can calculate the relative con-

centrations of TPhB- in the two boundary regions using the Boltzmann distribution

C, - exp (-zq1,/kT) = Cl, * exp (-zq4P,/kT) (6)

where C, is the concentration of TPhB- in the potential energy minimum near x = 0,
k, is the electrostatic potential at the minimum due to the applied potential V, CI,
and 4,, are the corresponding quantities near x = d, z is valency, q is the protonic
charge, k is Boltzmann's constant, T is temperature in degrees Kelvin, x is distance
through the bilayer from left to right. The number of ions transported through the
center of the membrane AN(V) can be expressed as

AN(V) = [(NAb, + AN(V)) - (NAbs -AN(V))]/2 = (NI, - NI)/2, (7)

where NAb, is the total number of ions absorbed into one boundary region of the mem-
brane. Combining Eqs. 1 A, B, 6, and 7 with N, + N,, = 2NA,,, we obtain that

3Ifthe membrane-solution intertaces were ideal boundaries the current would decline to zero.
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AN(V) = NAb, * tanh (-qz(Ojj - q5j)/2KT). (8)

We have assumed that the energy minima are deep and narrow, so their positions are
independent of the applied potential, and we may put

XII -XI, = 16 - V, (9)

where ,B is the fraction of the applied potential that is actually effective in moving ions
through the membrane. Combining Eqs. 8 and 9 and setting z = -1 we obtain

AN(V) = NAb. tanh(#qV/2kT). (10)

From Eq. 10 it can be seen that the number of ions moved through the membrane
during a current transient reaches an upper limit, NAN, with increasing potential.4
Experimentally one can therefore determine both NA,b and 0 by studying AN(V) as a
function of V. This determination of NA,b, and,B is independent of any particular shape
of the potential energy barrier to ion transport within the bilayer. This demonstrates
the fairly unique properties of TPhB- as a tool to study ion transport within mem-
branes, because a model-independent knowledge of, constitutes a critical step in the
analysis of the shape ofthe potential energy barrier.

Kinetics ofthe Current Relaxations
Ion transport through a lipid bilayer may be described by the Nernst-Planck electro-
diffusion equations (39) provided one includes a term to describe variations in the
potential energy barrier through the membrane (25, 29, 38).

Since we are measuring current-transients,

(d ClOdt) = A (0/Ox)fu(x)[kT(O C/Ox) +

zq* C(x, t)(cl 4/Ox) + C(x, t)(c W/Ox)]f, ( 1)

where u(x) is the mobility of the current-carrying species (TPhB-) within the mem-
brane, +(x) is the electrostatic potential due to an externally applied potential, which
must be clearly distinguished from W(x) which is the inherent potential energy barrier
within the membrane. Even though concentration profiles and ion flux change with
time, one can regard the transport process to be pseudo-stationary if the charging time
constant rc, (the time constant for changes of concentration profiles in the center of
the bilayer at t = 0), is much smaller than the time constant T, of the observed current
transient (39). In Appendix I we show that Tc is approximately 2 gs while we experi-
mentally restrict ourselves to r >200 us. We can, therefore, following Planck (39),
integrate Eq. 11 via the continuity equation to obtain, setting z = - 1,

j = -A . u(x) - [kT(dC/dx) - C(x, t) - q(d4o/dx) + C(x, t)(dW/dx)], (12)

4For small applied potentials, V < kT/q, Eq. 10 becomes similar to the usual condenser equation Q - CV,
where Q is charge and Cis capacitance.
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where] is the flux of ions. Eq. 12 is similar to the usual form of the Nernst-Planck
equations. It should be emphasized that Eq. 12 is only valid some time (- 10 jus) after
applying a potential difference across the membrane. For practical purposes one may,
however, assume that Eq. 12 is valid for all times after applying the potential.

Eq. 12 may be integrated to give

j(V,t) = -AkT[CII- exp(-,qV/2kT) - C,* exp(#qV/2kT)] (13)
J (V,t)= ----- d-w (3

exp (qV/2kT) f [l/u(x)]J exp([W,(x) - q4(x)]/kT)dX

where v denotes the distance of the energy minima from the interfaces, and W, (x) =
W(x) - W(,q). The exponential function in the integral varies by several orders of
magnitude, thus variations in u(x) are of small consequence for the behavior of the
integral in Eq. 13. We may therefore assume the ion mobility to be independent of
position u(x) = u.
The current through the membrane, I(V, t), is defined as I(V, t) = qj(V, t) (note

the sign convention). The membrane conductance, g,,,(V, t), is usually defined as

g,,,(V, t) = I(V, t)/[V - E(t)], (14 A)

where E(t) denotes electromotive force which will be a function of time

E(t) = (kT/q) - ln [CII(t)/C1(t)] -

The electromotive force as defined above is a measure of polarization within the mem-
brane, and can in general not be measured with external electrodes in the aqueous
phases, whereas the electrical potential difference, V, is measured across the entire
membrane. The existence of such a membrane polarization or diffusion potential is a

consequence of our assumption concerning the potential energy minima near the two
membrane-solution interfaces. E(t) may therefore be regarded as a diffusion potential
between the two potential energy minima within the membrane, thus emphasizing the
difference between ion transport within the membrane compared with current flow
across the membrane when, < 1. It is consequently advantageous to define a barrier
conductance, gb(V, t), as

gb(V, t) = I(V, t)/[- V - E(t)], (14 B)

where ,i V is the actual electrical potential difference influencing ion movement within
the membrane.
By substituting Eq. 13 into Eq. 14 B we obtain the general expression for the barrier

conductance
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gb(V, t) =

-AkTqu[Cl, X exp(-,3qV/2kT) - Cl exp(j6qV/2kT)]

[AV - (kT/q) - ln(C,/C,)] * exp(qV/2kT f- exp([ w,(x) -t(x)J/kT)
(15 A)

One can compare Eq. 15 A with the classical Nernst-Planck expression for membrane
conductance, g( V, t),

g(V,t) = d A , (15B)
fd~# dx/[uq2C(x, t)]

see, for example, ref. 13. We can thus emphasize the difference between g, and g^,
becauseg(V, t) = gb(V, t) (see Appendix II), whileg(V, t) # g,,,(V, t) when j8 < 1.
At t = 0, Cl = CII = C, and E(0) = 0, so the initial current is

I(V, 0) = AukTqC2. sinh(q V/2kT) (16)

exp(qV/2kT) f exp([W,(x) - q0(x)]/kT)dx

while the initial membrane conductance, g,,( V, 0), is obtained as

gm(V,O) = I(V'0)
A ukTqC2. sinh (iq V/2k T) (17)

Cd-;
V . exp (q V/2k T) J exp([W,(x) - qO(x)]/kT)dx

However, we are really interested in the initial barrier conductance, g( V, 0), because
it is this latter quantity that describes ion movement within the membrane. But the
normalized initial conductance is

gm(V, 0)/g,(O,0 ) = [I(V, 0)/ V]/lim fI(V, 0)/ VI
= VI(V, 0)/# VJ/lim fI(V, 0)/6 VI = gb(V,0 )/gb(0,0), (18)

v-o

where g,(0, 0) and gb(O,0) denote the initial small signal (ohmic) membrane and
barrier conductance, respectively. It is thus necessary to use the normalized initial
conductance when analyzing the current-voltage characteristics to obtain information
about ion movements in the membrane interior.
The time course of the current transients may be calculated using the assumption
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that all ions absorbed into the bilayer are located into the two boundary regions. Ion
movement through the membrane interior can therefore be described as

N1(t) = NAbs Ai j(V, )dD,

N11(t) = NAb. + - f j(V,l)dt.A

(19 A)

(19 B)

We may substitute Eqs. 1 A, 1 B, 19 A, 19 B into Eq. 13 to obtain

j(V, t) =

or

dj/dt = - j(

- AukT x
f d-

-y - exp (q V/2kT) J exp([W,(x) - qo(x)]/kT)dx

{($.t.+ A - i(VO)d).-exP(-q#V/2kT)

- (NAb.--AX i(Vd)-exp(q#Vl2kT)} (

V, t). uk T2; cosh (#q V/2k T)
ra_t~~~~~~~~~~~~~~~~~~~~

'y* exp (q V/2k T) exp ([W1 (x) - qb(x)]/kT) dx

I(V, t) = I(V, O) * efr/T(V)

ed-(t
,y - exp (q V/2k T) exp ([W, (x) - qo(x)]/k T) dx

T(V) = (22)
uk T2. cosh (q# V/2k T)

It is apparent that both current vs. voltage and time constant vs. voltage behavior
will be dependent on the behavior off( V), where

f(d-
f(V) = exp(qV/2kT) exp([WI(x) - qo(x)]/kT)dx.

An integration of the integral in Eq. 23 demands information about the behavior
of both W1(x) and 4(x) through the membrane. The experiments are done under con-
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ditions where the free space charge (concentration of TPhB-) in the interior of the
membrane is very low (< 10-i M) so one may assume that 0(x) varies linearly through
the membrane (29).s The major variation in WI(x) is the electrostatic interactions
between an ion within the membrane and the aqueous phases. A useful approxima-
tion for W,(x), apart from an additive constant, will therefore be the electrostatic
charging energy, W,(x). In Appendix III we have calculated W,(x) assuming the
aqueous phases to be perfect conductors and the TPhB- ions to be ideally nonpolar-
izable, so that they may be treated as point charges. The integral in expression 23 was
evaluated numerically. The final result is that

f(V) = exp(qV/2kT) f exp([W,(x) - q4(x)J/kT) dx

rd-y
= exp[w-(qV/kT)2] j exp(W,(x)/kT)dx, (24)

where w is a parameter dependent on membrane thickness (see also ref. 18) which is
tabulated in Table I, p. 813. The analytical form for We(x), or W,(x), does not en-
ter explicitly into Eq. 24, but it can rather easily be seen (see the Discussion section
and Appendix III) that the analytical expression for the potential dependent behavior,
the function F( V),

F(V) = f(V)/f(O) = exp[w(qV/kT)2], (25)

is dependent on the analytical expression for the potential energy barrier. The poten-
tial dependence of f(V) is therefore given by F(V) which in principle also con-
tains all information about the shape of the potential energy barrier.
From Eqs. 16 and 21 it can be seen that "immediately" after the application of a

potential difference across the membrane an initial current I(V, 0) will flow, which is
due to a redistribution of ions between the two boundary phases. The current decays
exponentially toward a stationary value, ideally zero. The reason for the decay is
polarization with the membrane, causing a back diffusion of ions thus diminishing the
net current. At the end of the stimulus, one will observe a new current transient in
opposite direction, since one will have V = 0 but C11 # Cl in Eq. 13. By repeating
the previous analysis with t = 0 when the potential returns from Vto zero, one obtains

rt-V
Iv,(0,O) = - AukTq(C11 - C1)/ f exp( WI (x)/kT) dx, (26)

Vi-

gv,,(0,0) = AukTq(CI1 - C1)/Ev,,(O,O) f exp(WI(x)/kT)dx), (27)

5The estimate obtained by LAuger and Neumcke (29) is obtained for membranes with a horizontal potential
energy profile(no barrier) but should be valid as an order ofmagnitude estimate.
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T(0) = ( f exp(W(x)IkT)dx)/2ukT, (28)

where IV,(O, 0) is the initial current when the potential retums from V to zero and
the potential was on for t ms; gv ,(0, 0) signifies the corresponding initial conduc-
tance (barrier conductance), r(O) is the time constant for the "off" current relaxation
and E,,(0, 0) is the corresponding electromotive force due to the membrane polariza-
tion. For t >> T, EV.,(O,0) = f.- V. The existence of this back-diffusion of ions shows
that the main cause of the current decline with time is the buildup of an electromotive
force within the membrane. Conductance changes do, however, play a role in the
decrease of current with time. Conductance changes occur instantaneously upon
potential changes, disregarding the first few microseconds. The range of variation of
conductances is therefore most easily estimated from the initial conductances for the
back-diffusion current transients.

METHODS AND MATERIALS

Bimolecular lipid membranes were formed at room temperature (24-26°C) by the brush tech-
nique of Mueller et al. (34) across a hole, 1.5 mm2 area, in a Teflon partition separating two
Teflon chambers containing symmetrical unbuffered 0.1 M NaCI solutions. In most experiments
reported here the membrane forming solution was bacterial phosphatidylethanolamine dis-
solved in n-decane, 2.5% wt/vol. Some experiments were done with dioleoylphosphatidylethan-
olamine in n-decane. After the membrane was formed, small aliquots ofNaTPhB were added to
both aqueous phases under continuous stirring. The membrane conductance reached a steady
level within a few (<5) minutes. After completion of one set of measurements, a further
addition ofNaTPhB was made and the measurements repeated, etc. NaTPhB was dissolved in
both ethanol and 0.1 M NaCI with no change in results. In view of the instability of NaTPhB
in aqueous solutions, the aqueous solutions were made up fresh every day while the ethanolic
solutions were stock solutions. Control experiments showed that 2.5% ethanol (vol/vol) changes
membrane conductance and relaxation time constant by less than 20%. In no case did we use
ethanol concentrations higher than 1.0%.
The electrical measurements were performed with a two-electrode "voltage clamp." A poten-

tial difference, V, could be applied across the membrane by a function generator with a rise
time of about 2 ps, and an internal resistance of < 10 Q. Except in a few preliminary experi-
ments where calomel electrodes were used, the electrodes were Ag/AgCl electrodes with a
surface area of 2.5 cm2. The total series resistance to the membrane was 800- 1,000 a. The
membrane capacitance is about 8 x 10-9 F (membrane area -1.3 mm2), so the charging
time of the membrane is - 8 its. Membrane current was measured with a fast-settling, high
slew rate, differential amplifier. To eliminate overloading, and increase response time of the
amplifier at high gains, a voltage-limiting filter was built into the feedback loop. The time
constant of the current measuring amplifier varied from < I js to 5 As. The effective time
resolution of the total system is, therefore, around 100 ps. A few experiments were done with
a three electrode system to check that the system did actually "clamp" the membrane properly.
To check the electrical measuring system, and to exclude that electrode polarization played

any role in the observed current relaxations, we tested the response with "dummy" equivalent
circuits similar to the procedure of Ketterer et al. (23).
The time course of the current relaxations was recorded on a storage oscilloscope and

photographed for later analysis. The analysis was initially performed by hand, but was later
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FIGURE 2 An oscillogram of TPhB- current transient in a BPE-decane membrane. The top
trace shows current, the lower trace potential as a function of time. Stimulus 60 mV, duration
8 ms. The aqueous phases contained 0.1 M NaCl and 7 X Io-8 M tetraphenylborate, membrane
area 1.2 mm - T= 25°C.

done on a programmable calculator. Bacterial phosphatidylethanolamine was obtained from
Supelco, Inc., Bellefonte, Pa. Dioleoylphosphatidylethanolamine was a gift from Dr. P. LAuger,
Konstanz. n-Decane (gas chromatographic standard) and NaTPhB were obtained from EM
Laboratories, Inc., Elmsford, N.Y. NaCI was analytical grade. High purity deionized water,
Continental or Millipore Milli "Q," was used throughout the experiments.

RESULTS

Charge Movement across Lipid Bilayers
in the Presence of Tetraphenylborate

A typical example of current relaxations in the presence ofTPhB- is seen in Fig. 2. The
current, I(t), is shown as a function of time after a stimulus with an amplitude V =
60 mV and a duration of 8 ms. The aqueous solution contained 7 x 10-8 M NaTPhB
and 0.1 M NaCl. After an initial very fast current transient (not seen fully in the photo-
graph) which charges the membrane capacitance, the current through the membrane
declines with a time constant, T, of about 1.4 ms ("on" response). At the end of the
stimulus the membrane capacitance discharges and one observes a current relaxation,
of opposite polarity to the first, with a time constant of about 2.0 ms ("off" response).
The initial current, I(0), is obtained by plotting log I(t) vs. time and extrapolating
the "slow" transient back to t = 0. The initial conductance of the "on" response is
calculated using Eq. 14A with E(0) = 0. As can be seen in Fig. 3, the "slow" current
relaxations are, indeed, exponential for more than three time constants, indicating that
only a few percent of the ions have moved across the two membrane-solution inter-
faces during the current transients. The records were usually analyzed for more than
one time constant. A log-linear regression was performed, and the correlation coeffi-
cients were better than 0.99, in many cases, 0.999. It was checked that the calculated
I(0) was similar to I(0) read off the photograph.
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FIGuRE3 Top(A): Plotoflog current vs. time for an "'on" response. Bottom (B): Plot of log
current vs. time for an "off" response. Both plots were obtained by analyzing several pictures ob-
tained on the same membrane. The aqueous phases contained 0.1I M NaCI and 7 x 10-8 M tetra-
phenylborate. T . 25'C.

If the ion movements were confined to the membrane, the cuffent would continue
its exponential course towards I = O. A small but finite ion transport occurs across
the membrane-solution interfaces (see Fig. 3A and B). The magnitude of this cuffent
is mainly determined by diffusion polarization in the aqueous phases, consistent with
the fact that the cuffent traces in Fig. 3 A and B are superimposable for t > 9 ms.
The deviations. from linearity in Fig. 3A were analyzed further. It was found that

they had a time course consistent with diffusional transport of TPhB- ions in the
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FIGURE 4 Test for aqueous diffusion polarization. Left: Plot of log [(I(0) - I(t))/I(O)] vs. log t,
should give a straight line with a slope of 0.5 if aqueous diffusion polarization is a significant
factor in determining the time course of the current transient for "short" time intervals.
Nght: Plot oflog I(t) vs. log t, should give a straight line with a slope of -0.5 if aqueous diffusion
polarization is a significant factor in determining the time source of the current transient for
"long" intervals. Experiment from Fig. 3 A.

aqueous phases up the membrane, and that about 5% of the ions moved through the
center ofthe membrane had actually crossed the membrane-solution interfaces.

If the observed current relaxations were mainly due to diffusion polarization in the
aqueous phases the current would be described by the following expression (37): I(t) =
I(O)- exp(Dt/al ) * erfc(dt/aN) where aN is a composite parameter (see ref. 37), and
erfc is the error-function complement (1, 11). For small values of t this expression is
approximated by (I(O) - I(t))/I(O) - vt, whereas for large values of t the approxi-
mation is I(t) - I/V(37).
The experimentally observed shape of the current relaxation may, therefore, be used

to distinguish between a transport mechanism dominated by internal membrane polar-
ization or by diffusion polarization in the aqueous phases. In Fig. 4 we have plotted
the experimental data from Fig. 3A to test whether diffusion polarization in the
aqueous phases plays any significant role in determining the time course of the current
transient for either small or large t. A comparison with Fig. 3 A shows that the time
course of the current is inconsistent with such a mechanism playing any major role.

It should be noted that at small applied potentials the current relaxations may ap-
pear exponential even when diffusion polarization plays a major role in determining
the time course of the current transients. The "time constant" for these transients is,
however, anomalously high, and an analysis of the current relaxations at higher ap-
plied potentials will show definite diffusion polarization behavior.
The number ofcoulombs moved through the bilayer during a single current transient

given by fo' l(t) dt which, in our case, may be approximated by
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I(O) * e-5/tdt = I(0).*r.
0

(29)

In Fig. 5 we have plotted I(0)- T vs. the applied potential. It is apparent that the
charge moved through the membrane reaches an upper limit with increasing potential.

This upper limit, which we interpret to be q* NAb., corresponds to the complete
depletion ofTPhB- ions in one boundary region in Fig. 1 B. Fig. 5 also demonstrates
that the charge moved through the bilayer during the on-response is exactly matched
by charge moving back during the off-response.
The decline in current with time should, according to the model, be due to a charge

accumulation in one boundary phase (the positive) and a corresponding depletion in
the other. The time constant for the charge accumulation should be identical to that
for the current transient itself. The charge accumulated at time t, C(t) is described by
C(o )- (1 - e '/7), where T is the time constant of the on-response and C(cc) =
I(0)- r. In Fig. 6 we have plotted log (C(oo ) - C(t)) vs. t, and obtained a straight
line with r = 1.30 ms. T for the on-response is 1.35 ms. We therefore conclude that the
observed current relaxations are mainly due to charge redistributions within the bilayer
and only secondarily to membrane conductance changes. Consequently one may use

.~~~~~l. .~~~e. .,F .e ; iS- ; to.,j ,.,.,,-,..r /.. ......................................./ :...... .j
FIGURE 5

.. ..

FIGURE 6

FIGURE 5 Plot of I(O) * x, the charge moved' through the membrane, as a function of the applied
potential. The solid line is the predicted behavior if the effective potential is 75% of the ap-

plied potential. The stippled line is the predicted behavior if the effective potential is equal
to the applied potential. indicates charge moved during on-response, o indicates charge
moved during off-response. The aqueous phases contained 0.1 M NaCl plus 7 x 10-8 M tetra-
phenylborate, 25'C.
FIGURE 6 Membrane polarization as a function of time. Log (C( ) - C(t)) is plotted vs. time.

C( ) denotes the amount of charge absorbed into one boundary phase of the membrane. C(t)
denotes the amount of charge transferred through the membrane at time t after applying the

potential. The aqueous phase contained 0.1 M NaCI plus 7 Yx 10-8 M tetraphenylborate 25C.
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the Boltzmann distribution to calculate relative ion concentrations in the two bound-
ary phases of the membrane at the end of a single current relaxation. If this is a valid
approximation then the charge moved through the membrane as a function of poten-
tial should be described by Eq. 10. From Fig. 5 it can be seen that the agreement is
excellent for,B = 0.75, but poor forf, = 1.0. 6 is obtained by calculating

AN(V)/tanh(#qV/2kT) = "NAbs"

for all V, both on- and off-responses, and then calculating the mean value and standard
deviation of the above quantity. , is varied systematically and the chosen value for
,, and NAb,,, is that for which the standard deviation is least.

For the data given in Fig. 5 we find that the standard deviation was 3% of the mean
value for ,B = 0.75, but 11% of the mean value for i# = 1.0. Since ,6 is less than 1 we
conclude that the effective potential influencing the movement of tetraphenylborate
ions is not equal to the applied potential but only to a certain fraction, ft, thereof.
For bacterial phosphatidylethanolamine membranes j# = 0.77 0.04 (mean aSEM),
while S = 0.92 a 0.04 for dioleoylphosphatidylethanolamine membranes.

Membrane Conductance and Absorption ofIons
as a Function ofConcentration

In Fig. 7 the initial small signal (ohmic) conductance, g(0, 0), is plotted as a function
of aqueous TPhB- concentration. The conductance is a linear function of TPhB-
concentration below 3 x 10-7 M and goes through a maximum at 10-6 M. The pres-
ence of this maximum indicates some kind of interaction between ions absorbed into
the boundary phases of the bilayer, possibly a limited number of absorption "sites"

E

10
E

0 /

0~~~~~~~

O *
~~~/00

IO-5
10 8- o7 io-6 io-5

Concentration (M )

FIGURE 7 Membrane conductance g(0,0), as a function of tetraphenyinorate concentration.
0.1 M NaCi plus various concentrations of tetraphenylborate 25° 1 .0°C.
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FIGURE 8 Absorption of tetraphenylborate ions into the membrane boundary phase. The
amount of absorbed charge is obtained from the "best fit" charge transfer vs. applied potential
curves as the value of NAb, (and ,B) which gives the best fit of the observed data to Eq. 10, see
text. 0.1 M NaCl plus various concentrations of tetraphenylborate, 25° 1 .0°C.

(23). The nature of this interaction will not concern us here, since our experiments are
done at TPhB- concentrations below 10' M, where these ion-ion interactions pre-
sumably can be neglected.

In Fig. 8, the total number of ions, actually coulombs, absorbed into one boundary
region of a bilayer is plotted as a function of the concentration of TPhB-. The number
of ions absorbed is a linear function of TPhB- concentration up to 3 x 10-7 M
TPhB-. At higher concentrations ofTPhB- ion movement across the membrane solu-
tion interface becomes significant compared with the ion movement through the center
of the membrane. The time course of the current transient is no longer a single expo-
nential, and diffusion polarization plays a significant role in determining the time
course of the current. One can, therefore, not use Eq. 29 to calculate the number of
ions absorbed into the membrane. From the data given in Fig. 8 one can calculate the
distribution coefficient for TPhB- into the whole membrane to be approximately 104,
assuming a uniform distribution within the entire membrane. The distribution coeffi-
cient of TPhB- ions into the membrane boundary regions is approximately 105. The
depth of the potential energy minima is therefore about 12 k T, compared with the bulk
aqueous phases.

Relaxation Time Constant as a Function ofApplied Potential
In Fig. 9 the relaxation time constant, r, is plotted as a function of the applied po-
tential. For a membrane with a thickness of about 30 A (footnote 6) and ,B = 0.75 one

6The specific membrane capacitance is 0.54 F/cm2 4 0.02, which increases during stirring to 0.62 i 0.3
F/cm2. The dielectric constant of the membrane interior is estimated to be 2.0 due to the low proportion of
unsaturated fatty acid chains in the phospholipid (suppliers information).
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FIGURE 9 Relaxation time constant as a function of the applied potential. Time constants for
the off-responses are plotted at V = 0. 0.1 M NaCl plus 7 x 10-8 M tetraphenylborate 25°C.
Theoretical curve according to Eq. 30.

will from Eqs. 22, 24, 25, 28, and Table I predict that

r(V) = T(0). exp[O.005(qV/kT)2J/cosh(0.75qV/2kT), (30)

which is also plotted in Fig. 9.
A better test of Eq. 30 is to plot T` vs.

cosh(0.75q V/2kT) * exp -0.005(q V/kT )2],

in which case a straight line through the origin (0, 0) should result. This is, indeed, the
case, as Fig. 10 shows. The correlation coefficient of the regression line is 0.999. The
extrapolated time constant of the on-response to 0 mV, 2.1 ms, should be equal to the

TABLE I

COMPARISON OF w(d) CALCULATED BY DIFFERENT METHODS,
e. = 2.0 IN ALL CASES

Membrane Neumcke Haydon
thickness, d and and article[Auger (38) Hladky (18) aril

A
25 0.0045 0.0027 0.0043
30 0.0052 0.0032 0.0050
35 0.0059 0.0038 0.0056
40 0.0065 0.0043 0.0062
45 0.0071 0.0049 0.0069
50 0.0077 0.0054 0.0074
55 0.0082 0.0059 0.0079
60 0.0087 0.0065 0.0084
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FIGURE 10 Voltage dependence of the relaxation time constant. The experimental values of
r-i are plotted as a function of exp[-0.005(qV/kT)2J/cosh(0.75qV/2kT). A straight line
through (0,0) should result. 7 x 10-8 tetraphenylborate in 0.1 M NaCl, 25°C.

time constant for the off-response, 2.13 i 0.04 ms (mean afi SEM). T for the off-re-
sponse is independent of the applied potential during the on-response, as it should be
according to Eq. 28. T is independent of the concentration of TPhB- up to a con-
centration of 3 x 10' M. At higher concentrations we find that the apparent time
constant increases with increasing TPhB- concentration due to diffusion polarization.

Membrane Conductance as a Function ofApplied Potential
From Eqs. 17, 18, 24, 25, and Table I one can derive a theoretical expression for the
voltage dependence of the initial conductanceg(V,0)/g(0,0) to be

g(V,0)/g(0,0) = (2kT/0.75qV )- (sinh [0.75q V/2kT ]/exp[0.005 (qV/kT )2]), (31)

where we again assume d = 30 A and fi = 0.75. We have dropped subscripts since the
conductance has been normalized.

In Fig. 11 we have plotted the experimental values for g(V,0)/g(0,0) as well as
the prediction of Eq. 31. For comparison we have also plotted the functions

g(V,0)/g(0,0) = (2kT/qV)-sinh(qV/2kT), (32)
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F\GURE I I Initial conductance, g(V,O), as a function of the applied potential. 7 x 10-8 M tet-
raphenylborateplus0.I MNaCI,25°C. _ , theoretical curve according to Eq. 31;
-- ---------,theoretical curve according to Eq. 32; .....................,theoretical curve according to Eq. 33.

and

g(V,O)g(0,0) = (2kT/0.75qV)- sinh(0.75qV/2kT), (33)

which give the predicted voltage dependence ofg(V,0)/g(0,0), as obtained by Ketterer
et al. (23), assuming that the total or only 75% of the applied potential is effective, re-

spectively. It is apparent that Eq. 33 does not predict the experimental data at all
while Eqs. 31 and 32 both provide a reasonably good agreement between theory and
experiment. The agreement, however, is significantly better with Eq. 31. The experi-
mentally observed relationship of g(V,0)/g(0,0) vs. V is thus consistent with a model
for ion transport within lipid bilayers where the potential energy barrier for ion trans-
port is assumed to be the image-force barrier.

Membrane Conductance as a Function ofTime
From Eq. 15 A it is predicted that the membrane conductance will change with time
during the current-transients. We can obtain this information, indirectly, by studying
the initial membrane conductance during the off-response, gv ,(0,0). If the on-response
lasts for more than 10OT then E(t) = ,#V. From Eqs. 10 and 27 we obtain, assuming
,B=0.75, that

gv,,(0,0)/g(0,0) = (2kT/q)[tanh(0.75q V/2kT )/0.75 V], ( 34)

where g(0,0) denotes the small-signal conductance for the off-response conductance
which is equal to the small-signal conductance for the on-response. In Fig. 12, we
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FIGURE 12 Initial conductance for the "off" response as a function of the "on" potential. The
solid line is calculated according to Eq. 31. 0.1 M NaCl plus 7 x 10-9 M tetraphenylborate
25°C.

plotted Eq. 34 as well as experimentally obtained values for gv,(0,0)/g(0,0). The
small deviations may be due to an overestimate of g(0,0). Fig. 12 does not provide
information about W(x), but it confirms our determination ofA.

DISCUSSION

The transport of lipid soluble ions through lipid bilayers can serve as a model for
carrier-mediated ion transport through the interior of these membranes. The an.alysis
of these transport mechanisms has generally been based on the potential dependence
of membrane conductance (4,7, 17,20,21,23,27-29,38,46,47), or relaxation time
constant (4, 23, 27, 29, 47). In this article we show that lipid soluble ions possess the
advantage that one can measure the number of ions absorbed into one boundary phase
of a lipid bilayer, independent of any specific kinetic model for the transport mecha-
nism. This is a fairly unique property ofTPhB-, dipicrylamine (23), and possibly a few
other species, and it makes TPhB- a very useful tool with which to study the properties
of lipid bilayers. Thus we can show that only a certain fraction, ,B, of the applied po-
tential is effective in moving TPhB- ions, and possibly many other ions, through lipid
bilayers. This determination of f8 acts as a model-independent constraint any satis-
factory kinetic model for ion transport through lipid bilayers must satisfy.

Several objections may be raised at this point. Firstly, the membrane properties may
change with the applied potential, which will affect both the charge measurements and
the initial conductance measurements. It is well known that membrane area increases
and membrane thickness decreases with applied potential (3, 52). Measurements of
membrane capacitance in the absence ofTPhB- indicate that below 200 mV these area
and thickness changes contribute less than 3% to the "'slow" current transient (the first
10 ms) in the presence of TPhB-, unless major changes not seen in the capacitance
measurements occur in membrane structure. Secondly, there may be lateral diffusion
of TPhB- into the bilayer from the surrounding torus. This will tend to overestimate
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the amount of TPhB- that is absorbed into the bilayer proper. The error involved is,
however, small due to the low diffusion coefficient which may be estimated to be
4 x 10-8 cm2/s (see later).

Thirdly, we use the Boltzmann distribution to calculate the relative ion concentra-
tions in the two boundary phases at the end of the current relaxation. The Boltzmann
distribution is an equilibrium distribution, and can, therefore, only be approximately
valid since there is net ion transport occurring both across the membrane-solution
interfaces and through the membrane interior. This measured current is the sum of a
diffusion current, ID, and a drift current, Iv, where

ID= -qukT(dC/dx),

and

Iv = qC[q(dl/dx) - (dW/dx)],

and ID and Iv are in opposite directions. The net current is very small compared with
each of the two component currents (compare I(0) for the off response with I(4r) for
the on-response in Figs. 2 and 3). This situation is similar to the p-n junction in semi-
conductors (ref. 50, pp. 304-306). In this case it is concluded that the Boltzmann dis-
tribution is a valid approximation in the presence of small, but finite, net currents. The
Boltzmann distribution should therefore also be a reasonable approximation in our
case. Consequently we may regard S as determined here to be a valid estimate of the
actual fraction of the applied potential that is effective in influencing ion movement
within the bilayer.

,B does not give any unambiguous determination of the location of the potential
energy minima within the membrane. Firstly, because such a determination would
require information about the electrical potential profile within the membrane, which
in practice would be the constant field approximation, and this approximation is cer-
tainly wrong near the boundary regions due to the quite high space charge. Secondly,
such a determination would be dependent on a macroscopic model (uniform slab of
hydrocarbon with plane boundaries, no potential drop over the polar head groups) of
the microscopic reality. It is, however, of interest to note that one can calculate an
effective potential of 72% assuming that the center of the TPhB- ions are located
4.2 A (radius ofTPhB- [ 14]) into a membrane with a thickness of 30 A. Furthermore,
,B increases with increasing membrane thickness: in bacterial phosphatidylethanol-
amine membranes, d = 30 A, ,B = 0.77 + 0.04, while ,B = 0.92 0.04 in dioleoyl-
phosphatidylethanolamine membranes, d = 46 A.7
Another objection is that we use instantaneous conductances to obtain informa-

tion about the potential energy barrier(s) to ion transport within the bilayer. This
problem is, however, more apparent than real, because we can get the same informa-
tion from the potential dependence of the relaxation time constant as from the poten-

7Calculated from capacitance data (21), assuming the dielectric constant ofthe membrane interior to be 2.1.
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tial dependence of conductance (compare Eqs. 17 and 22). Furthermore, one may
calculate the characteristic time constant for the instantaneous relaxation of ionic
profiles within the bilayers to be 1-3 ,us (see Appendix I), while the time constant of
the current transient varies from 0.2 to 2 ms. We may, therefore, consider the system
to be in a pseudostationary state where the Nernst-Planck electrodiffusion equations
are applicable (39).
A similar conclusion can be reached from the observation that the time constant of

the off-response is independent of the applied potential during the on-response, but
dependent on the off-potential which was usually 0 mV. In a few experiments we ap-
plied a steady potential difference across the membrane, 60 and 120 mV. We found, as
expected, that the off-response time constant indeed was only dependent on the off-
potential.
The general behavior of the present system is therefore phenomenologically similar

to the "gating currents" in the squid giant axon (2,24), with respect to the time course
of the currents and their potential dependence. We therefore believe that gating cur-
rents can be analyzed by a model very similar to the present.
The kinetics ofTPhB- current relaxations within lipid bilayers have previously been

studied by Ketterer et al. (23) who observed a behavior similar to the one described
here. The main difference between their approach and the present is that Ketterer et al.
used an Eyring rate theory model to describe all their data. So they assune ,8 = 1 and
derive the value of NAt. from a model-dependent analysis of the current transients.
These authors found that the behavior of TPhB- in dioleoyllecithin membranes was
adequately described by the rate theory model up to V = 125 mV, presumably due to

g(v)/g(o)'
3-

I..

2-~~~~~~~~~-

0 40 80 120 160 200
Potential (mV)

FIGURE 13 Theoretically predicted conductance-voltage characteristics. , image-
force potential energy barrier ,B= 0.75, calculated according to Eq. 31; --, Eyring rate
theory model, 6 = 0.65, calculated according to Eq. 37; .......... trapezoidal energy barrier
with flat top from x = 0.2d to x = 0.8d, = 0.95, calculated according to Eq. 38. Experimental
points from Fig. 1 1.
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the greater thickness of these membranes compared with ours. It should, however, be
noted that they could not describe the behavior of the dipicrylamine anion using their
model.
The general expression for initial membrane conductance (actually barrier con-

ductance) is

g(V,0) =

Auq2Cz2. sinh(z#qV/2kT) (35)
(z$lq V/2kT) * exp(- zq V/2kT) exp([ W,(x) + zqq(x)]/kT) dx

The numerator of Eq. 35 is a well-known function of V, apart from a determination of
,B, and does therefore not contain much information about the transport mechanism.
The success of any model for ion transport through lipid bilayers will, therefore, be
dependent on the properties of the integral

rd-_

fdy~ exp([W,(x) + zqo(x)]/kT)dx. (36)8

One can either evaluate the above integral in terms of a specific model for W,(x)
(21, 23,29,38), or one can use the value of the integral, as deduced from current-
voltage characteristics, to obtain information about W,(x) (17). In both cases it is of
crucial importance to determine the correct value for ft. For any arbitrary value of
,B < 1, it is possible to find a function B(x) to represent the shape of the potential
energy barrier, such that the experimentally observed current-voltage curves are cor-
rectly predicted. This is illustrated in Fig. 13, where the experimental data from Fig. 11
are plotted together with Eq. 31 and the functions

g(V,0)/g(0,0) = (2kT/0.65qV) * sinh(0.65qV/2kT), (37)

and

g(V,0)/g(0,0) = [0.6 *sinh(0.95qV/2kT)]/[0.95- sinh(0.6qV/2kT)]. (38)

Eq. 31 is the prediction when the shape of W, (x) in the center of the membrane is

8An implicit assumption in writing Eq. 35, and of our analysis, is that the movement of TPhB- ions within
the bilayer is smooth. This may not be a good assumption for the movement of an ion with a radius of 4 A
through a membrane 30 A thick. Ion movements may occur through small "jumps" between local potential
energy minima (21, 29) in which case the integral Eq. 36 should be replaced by the appropriate finite sum.
One can, however, calculate that the potential dependence of this finite sum is identical to that of the in-
tegral forjump lengths up to 4 A in a 30 A thick membrane (for potentials up to 200 mV). We therefore con-
clude that the Nernst-Plank equations do provide a reasonable basis to both stationary and pseudostation-
ary transport in lipid bilayers.
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given by the shape of the image-force barrier as calculated in Appendix III and , =
0.75.

Eq. 37 is the predicted value for g(V,0)/g(0,0) when W(x) is equal to 6[x - (d/2)]
the Dirac delta function and , = 0.65. This expression is identical to the predictions
from the Eyring rate theory. Eq. 38 is the prediction when W(x) is trapezoidal with a
high horizontal plateau in the membrane from x = 0.2 d to x = 0.8 d, and j8 = 0.95.
The agreement between theory and experiment is excellent in all three cases, even

though the interpretation is quite different. It is, however, clear that once we have
determined, we have also ruled out both Eq. 37 and Eq. 38, but we still obtain agree-
ment with Eq. 31. We, therefore, conclude that the potential energy barrier to ion
transport within lipid bilayers is closely related to the image-force potential energy
barrier. It should be stressed that this does not and cannot prove that the potential
energy barrier is the image-force barrier. One can, for example, with , = 0.75, also
describe the experimental data reasonably well with a trapezoidal barrier that is hori-
zontal from x = 0.35 d to x = 0.65 d (see also ref. 21, p. 79). This latter shape of the
energy barrier does not, however, have any obvious physical interpretations.

If our model is correct then we should be able to predict the membrane conductance
from the mobility, ur, of TPhB- within the membrane, the distribution coefficient of
the "neutral" TPhB into the membrane, Ks, the dipole potential at the membrane solu-
tion interface VD and Jd- exp(W,(x)/kT) dx. The conductance is then approxi-
mated by

rd-9
g(0,0) z [uq2ACAqKC,sexp(-zqVD/kT)]/ f exp(W,(x)/kT) dx (39)

The mobility ofTPhB- in the membrane may be estimated from its mobility in water,
UH2o0 1.25 x 10" m s- * N-` (44) and the relative viscosity of water, qH20' 0.9 cP
(51), to that of the hydrocarbon interior,m, -1 P (9, 42), using the Walden product
(6) Um -1m = UH20 * H20 We obtain ur 1 x 109Im s-s N-'. The distribution co-

efficient of the uncharged TPhB between membrane and water is not known, but may
be estimated from the solubility of tetraphenylmethane in water 1.6 x 10-8 M (10) and
the solubility of tetraphenylmethane in benzene, 1.5 x 10-2 M (36). A reasonable dis-
tribution coefficient between water and membrane is therefore 106. The dipole poten-
tial at the membrane-solution interface can be estimated from the relative con-
ductances of TPhB- and its positive counterpart tetraphenylarsonium (TPhAs+) in
lipid bilayers. In bacterial phosphatidylethanolamine we obtain a conductance of
1 x 10-1 S/cm2 for 10-5 M TPhAs+ in the aqueous phases9 (O. S. Andersen and M.
Fuchs, manuscript in preparation), compared to an estimated conductance at 3.5 x
10-2 S/cm2 with TPhB- in the same concentration. The relative conductance is, there-
fore, 3 x 106 (compare also Le Blanc [31]) and the estimated dipole potential is 190 mV

9Membrane conductance does not increase linearly with TpHAs+ concentration over a wide concentration
range. However, at low concentrations of TPhAs+ (and very low membrane conductances) there appears to
be a region with a linear relation between TPhAs+ concentration and membrane conductance.
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positive inside the membrane. This calculation assumes that the free energies of hydra-
tion for TPhB- and TPhAs+ are identical. Single ion solvation energies cannot be
measured but may be calculated using some extrathermodynamic assumptions (6, 10,
14,26), one ofwhich is that the solvation energies of TPhB- and TPhAs+ are identical
(10, 14, 26). Recently, however, it has become clear that this is not the case (8, 22, 26).
It has been suggested (8) that one should use the Buckingham theory of ion-quadropole
interactions (see, for example, ref. 6) to estimate the difference between the solvation
energies ofTPhAs+ and TPhB -. The difference becomes about 25 KJ/mol, using a ra-
dius for both ions of 4.2 A, which means that TPhAs+ should have a conductance
about 10,000 times higher than TPhB- in the absence of any dipole potential. The
estimated dipole potential is therefore +310 mV.'0 This value is considerably less than
the surface potential of phosphatidylethanolamine at the air-water interface, 480-520
mV (21). The physical meaning of these two potentials is, however, quite different so
that a quantitative comparison is not appropriate.
The integral was evaluated using the image-force calculation in the Appendix, using

r = 4.2 A, d = 30 A, fm = 2. The estimated conductance comes out to be 2 x 10-4
S/cm2 at 10-7 M TPhB- in reasonable agreement with the measured value of 3.5 x
10'. The agreement does not show whether the chosen potential energy is correct or
not, but it does indicate that the basically macroscopic theory we have developed is
adequate to describe the movement of charged particles with a radius of 4 A through
membranes 30-40 A thick.
Another test of the general model is whether r(O) has any meaningful relation to the

diffusional transit time, TT, for a single particle through the membrane.

TT - (d2/2D) - I gss,

while T(0) is 2.0 ms. The ratio T(O) * rT' should be approximately equal to the ratio

dt-t rd-V
fdX; exp[ WI(x)/kT] dx f exp[ W(x)/kT ] dx

d d. exp[ W¢(n)/kT]

Using d = 30 A, r = 4.2 A, em = 2, we obtain that exp[ We(?i)/kT] = 3 x 107 or
We(?l) - 17 kT(relative to a We(d/2) = 26 kT). W,(x) has the value of 17 kT at x =
4.5 A. It is gratifying that this calculation is consistent with our finding that,B < 1.
This estimate indicates that TPhB- ions are absorbed into the bilayer interior inside the
dipole region, a result that would be expected a priori.
The potential energy barrier within bacterial phosphatidylethanolamine bilayers has

also been studied by Hall et al. (17) and by Hladky (21). Both used the potassium com-
plex of nonactin (K+-nonactin) as the current carrier and they obtained experimental

l°This potential difference is the so-called Galvani or inner potential difference. It is inprinple not measur-
able (6, 15, 16, 40), but it may be estimated using the same extrathermodynamic assumptions as are used to
estimate "single ion" free energies of solvation (see also Guggenheim[16]).
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results that were qualitatively similar to ours. In both cases the current increased less
steeply with potential than the sinh (q V/2kT) relation predicted. Similar results have
also been reported by Laprade et al. (27) for glycerol dioleate/decane membranes and
by Hladky (21) on glycerolmonooleate-hexadecane membranes. Both Hall et al. (17)
and Hladky (21) concluded that the potential energy barrier in bacterial phosphatidyl-
ethanolamine membranes is trapezoidal with a flat top in the middle of the membrane,
in apparent conffict with our conclusions. It is possible that the potential energy bar-
rier in the middle of the membrane observed for K+-nonactin is quite different in shape
from that observed for TPhB-, due to the difference in size and charge of the two
species. This is a rather unlikely possibility since the radius of the K+-nonactin com-
plex is only 6.3 A (43)" compared with 4.2 A for TPhB-. Once the ion-ion carrier
complex is formed there is, therefore, little reason to expect that it will behave radically
different from the TPhB- ion. The main factor that determines the shape of the po-
tential energy barrier in the middle of the membrane is the electrostatic interaction be-
tween ion and the aqueous phases which should not be overly dependent on sign, and
size of an ion in the interior of the membrane. We, therefore, conclude that the shape
of the potential energy barrier should be similar for the two current carrying species.
If the potential energy barrier in the middle of the membrane is the same for both
K+-nonactin and TPhB-, then the behavior of K+-nonactin near the interfaces must
differ from what is assumed by both Hall et al. and Hladky. One suggestion is that
there exists a significant potential energy barrier for ion movement across the mem-
brane-solution interfaces and a potential energy minimum for the ion-ion carrier com-
plex within the membrane. The rate constants for association and dissociation of the
K+-nonactin complex will therefore be voltage dependent, and the existence of the
barrier at the membrane-solution interfaces can contribute significantly to the observed
current-voltage characteristics. Both the current-voltage data of Hall et al. and
Hladky, as well as the rectification studies of Hall et al. would be consistent with such a
mechanism. In fact, Hladky found that to explain his very accurate data obtained on
glycerolmonooleate-hexadecane membrane, it was necessary to assume that the re-
action rate constants changed with the applied potential. This does not "prove" that
the potential energy barrier observed by K+-nonactin in the middle of the membrane
is the image-force barrier, but it is remarkable that Hladky (21) found that an image-
force barrier, with w = 0.005 was consistent with his data. For a glycerolmonooleate-
hexadecane membrane with a thickness of 32 A, the predicted w from our image-force
calculations is 0.0052.
We conclude that tetraphenylborate is very suitable to study details of ion transport

within lipid bilayers. The transport may be described by the generalized Nernst-Planck
equations provided one uses the image-force barrier to represent the potential energy
barrier to ion transport in the middle of the membrane. An essential step in such an
analysis is the determination of ,B or the effective potential.
We suggest that such a formalism also can describe the movement of K+-nonactin

X The Stokes radius of the K+-nonactin complex in acetonitrile is even lower, 4A (41).
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through the membrane interior, and that comparison of current-voltage characteristics
for TPhB- and ion-ion carrier complexes may provide information about behavior of
the carrier near the interfaces.

APPENDIX I

Calculation ofthe Charging Time Constant within a Lipid Bilayer
A nonlinear current-voltage characteristic of a membrane implies that the concentration pro-
file(s) within the bilayer is (are) a function of the applied potential (13). An applied potential
will therefore cause a redistribution of ions within the membrane. This redistribution of ions
is not instantaneous, but occurs with a characteristic time constant Tc (39). These concen-
tration changes will give rise to changes in the electric field within the membrane since, for
Z = -1,

a 2/I8X2 = + qC(t)/l(Q c), (40)

where e0 is the capacitivity of vacuum, and e is the relative dielectric constant of the medium.
This change in the electrical field will furthermore give rise to a "displacement" current, ICI

I = +e-so-.(C2k/dxCt). (41)

Note the sign convention. We can, therefore, conclude that the field within the membrane can-
not be strictly constant during the charge redistribution period, and that the measured current
I, is the sum of an ionic current I, and Ic,

I = I, + IC (42)

The first of these problems is minor, since the field will be essentially constant, even during the
charging period, provided that the ion concentration within the membrane is sufficient to ensure
that C(t) << 5 x 10-s M (29) for all t5. To obtain a solution to the second problem we have

I(t) = l,x,t) + Ic(x,t)
= uq[kT(c C/lx) - Cq(c 0/Ox) + C(l W/O x)] + [(e - eo-0 c2l0)/OxOt], (43)

which may be integrated with respect to t, substituting E(x,t) = -(0 4/jx), and we obtain

E(x, t) - E(x,0) * exp[- q 2Cut/( _o)] = [1/(f *fo)] Ij I + [qukT(d C/O x)] +

[Cqu(c WIOx)]) exp[q2Cu(t- 0)/( - o)] d. (44)

To study the time course of the charging current further one may write

( - eo)/q2CU = L2 /Dm = TC, (45)

where LD is the Debye-length (6), and D,, is the diffusion coefficient for TPhB- within the
membrane and L2 /D is approximately the time necessary to establish diffusion equilibrium
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in a region of thickness LD. We assume that LD >> d (the assumption that the steady-state
field is constant) so Eq. 44 is not appropriate for a membrane with a thickness much less than
LD. A reasonable approximation for Tc will be

TC=d-2IDm. (46)

Ifd - 30 A and D - 4 x 10-8 cm2/s (see the Discussion section) we have TC - 2.0 As. If the
time constant of the observed current is much longer than TC. a useful approximation to
the integral in Eq. 44 is

(+ 1/q2Cu) _ {I(t) + [qukT(dC/dx)] + [Cqu(dW/dx)Jj, (47)

and we obtain for t >> Tc that

l(t) = -qufkT(dC/dx) - [qC(dO/dx)] + [C(dW/dx)lJ. (48)

APPENDIX II

Identity ofEqs. 15 A and 15 Bfor a Pseudostationary Nernst-Planck
Electrodiffusion Regime

We have

j(t) = -AufkT(dC/dx) + C(x,t)[(dW,/dx) - q(d4i/dx)]}, (49)

where we assume u to be independent of x. We have furthermore substituted W1 (x) for W(x),
so that Wl ('i) - W (d - v) - 0. We integrate Eq.49 to determine the concentration profile
through the membrane and obtain, setting C(Q,t) = Cl(t) and C(d - i,t) = Cl(1), that

C(x,t) = exp[-(W,(x) - qo(x))/kT]. f(C,(t). exp(-q4(i/)/kT) +

[CI(t) * exp(-qo(d - rI)/kT) - C1(t) * exp(-q4(ii)/kT)] * (x)j. (50)
Where we have substituted

fXexp[Wl(y) - qk(y)/kT]dY/f exp[W,(y) - qb(y)/kT]dy = 41(x),(51)

where y is an integration variable into Eq. 50. Eq. 50 is substituted into Eq. 15 B to obtain

g(v,t) = fr;- exp([W,(x) - qg$(x)]/kT)dx
, uq22 _fCQ(t) * exp(-q4(n)/kT) + [C11(t) * exp(-q[4(d - i,)]/kT) -

C, (t ) - exp(-q (rq)1kT)] * 4? (x)J -
(52)

We change the variable of integration to be z = ¢(x)

z(q) = 0; z(d - ?1) = 1,
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and we obtain

Auq2
fd-d

J exp([ W,(x) - qo(x)J/kT)d

1

x

I'

j dz/f[C,(t) . exp(-q4'(r)/kT)] + [C1I(t) - exp(-q4(d - ?1)/kT)] -

(53)

or

Auq2
r-VJ! exp([W,(x) - qb(x)]/kT)dx

x

C11(t) * exp[-qo(d - in)/kT] - C1(t) * exp[-qo(iq)/kTJ] 54

In[C11(t)/C1(t)j - [(qo(d - ?1) - q4(iq))/kT] (5)

so that we finally obtain that

g(V,t) =

-AukTq[C,,(t) - exp(-,9qV/2kT) - Cl(t). exp(#qV/2kT)] It~~~~~~~~~~~~~~~~~
d-V

[,SV - (kT/q) * ln (C1,/Cj)] - exp(qV/2kT)f exp([W,(x) - qo(x)]/kT)dx

(55)

which is identical to Eq. 15 A.

APPENDIX III

Calculation ofthe Image-Force Potential Energy Barrier
An ion of radius r within a lipid membrane of low dielectric constant, E. will be attracted
towards the surrounding aqueous phases which have a high dielectric constant, eH20 (18,21,
29,38). This attraction is due to the polarization charges which are induced at the membrane-
solution interfaces by the ion. Under certain circumstances one can calculate this attractive
force, starting with a calculation of the attractive force between the ion and a single plane
interface. Firstly, if the aqueous phase is a perfect dielectric and the ion ideally nonpolariz-
able we obtain (5)

F,(x) (EH20 fm)/(f H20 + e.,)]J [q2/4weOe,,(2x)2].
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Secondly, if the aqueous phase is a perfect conductor and the ion ideally nonpolarizable we
obtain (5)

F2(x) = [q'4w - eo * e.(2x)'].
Thirdly, if the aqueous phase is a perfect conductor and the ion a conducting sphere of radius
r, we have (45)

q2 csch(na)[coth(a) - n - coth(na)]
F3(x) =+ n-1.

8r2rE0e1. sinh(a) * E csch no42

where a - arccosh (x/r), and x is the distance from the interface, x > r. F1 may be regarded
as a lower limit on the force, because the TPhB- ions are polarizable and the presence of
electrolytes in the aqueous phases are neglected. Similarly, F3 is an upper bound on the
force, because the TPhB- ions are not perfectly conducting spheres and the aqueous phases
are relatively poor conductors. We, therefore, choose F2 to represent the attractive force
between the ion and the aqueous phases. Following a procedure otherwise similar to that of
Neumcke and Lauger (38) we obtain that the total force, F(x), on the ion within the mem-
brane is

F(x) q~~Em*~ ++ /J - i) (56)
( ) 16-rc-O,, {x2 d2 1([n + (xld)]' [n - (xld)

where d is membrane thickness. In the interior of the membrane (r < x < d - r), the potential
energy W,(x) is

rx
W,(x) = W,(r)- f F(x) dx

q2= W,(r) + ql x
16wrE0E,,d

{r x d x I[n + (x/d)] [n + (r/d) [n - (x-d)] [n - (r/d)])I

(57)
q2= W,(r) + - q *[(x/d) - 0(r/d) + O(1 - x/d) - O(l - r/d)],16wEeO,E.d

(58)
where 0 is the digamma function (1).
To calculate We(x), it is necessary to evaluate Wj(r), a procedure that is largely arbitrary be-

cause the electrical potential difference between two dissimilar phases is experimentally inac-
cessible (15, 40), and of uncertain physical significance in the present context (see also foot-
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note 9). A useful expression is

q2 q1 2

W,(r) = 8 (t _ - 6 m ' (59)
87reor eH0 167r eor

modified from Neumcke and Lauger (38). An expression similar to Eq. 58 was obtained by
Haydon and Hladky (18). These authors did, however, evaluate W,(r) to be

q2 .1 1 1 _, 1 x
8 1for \Em fH2O] 2c.d

[ + d + 2&(l) -1(l +d)- (2-d)]}. (60)

kT Radius 4.2A
A m 2

30 - Membrane thickness 30A

25

20

We (x)
5

10

5 ,

0 15 30

Distance (A)

3.0

2.0-
We(x)

exP kT

(x 1"

1.0

0 15 30

Distance (A)

FIGURE 14 Top (A): Image-force potential energy barrier, for an ion of radius 4.2 A, in a mem-
brane of thickness 30A and dielectric constant 2.0. Energy is expressed in units of kT and calcu-
lated after Eqs. 57 and 59. Bottom(B): Plot of exp( W,(x)/kTJ vs. x. Parameters are as for Fig.
14A.
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W,(x) was calculated numerically for r < x < d - r using Eq. 57, see Fig. 14 A. A third degree
polynomial was used to calculate W (x) in -r < x < r and d - r < x < d + r. The important
function is, however, not W,(x) but exp(W,(x)/kT) which is plotted in Fig. 14 B. It is ap-
parent that even though W,(x) is fairly flat in the middle of the membrane, exp(W,(x)/kT)
has a distinct peak in the middle. The only significant contribution to

(d+r
J exp([W,(x) + zqo(x)]/kT)dx

r

will, therefore, be from the region just around x = d/2, or

exp (kq ) fd exp([W,(x) + zq4(x)]/kT)dx (61)

is approximately constant, independent of V. Eq. 61 was evaluated using numerical integral in-
tegration, assuming a linear variation in +(x). The result is that

exp T
J exp([W,(x) + zq4(x)]/kT)dx =

+r
exp[w(d) *(qV/kT)2] - exp(W. (x)/kT)dx, (62)

r

for V <350 mv. w(d) is a parameter dependent on membrane thickness. w(d) is tabulated in
Table I (p. 813). For comparison, we have also tabulated w(d) as a function of d, using the
model of Neumcke and Lauger (38) and the approximation of Haydon and Hladky (18). Ac-
cording to the Eyring rate theory w - 0.
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