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ABSTRACT

	

This paper discusses a calcium-dependent inactivation of alameth-
icin-induced conductance in asymmetric lipid bilayers . The bilayers used were
formed with one leaflet of phosphatidyl ethanolamine (PE) and one of phos-
phatidyl serine (PS) . Calcium, initially confined to the neutral lipid (PE) side,
can pass through the open alamethicin channel to the negative lipid (PS) side,
where it can bind to the negative lipid and reduce the surface potential . Under
appropriate circumstances, the voltage-dependent alamethicin conductance is
thereby inactivated . We have formulated a model for this process based on the
diffusion ofcalcium in the aqueous phases and we show that the model describes
the kinetic properties of the alamethicin conductance under various circum-
stances. EGTA on the PS side of the membrane reduces the effects of calcium
dramatically as predicted by the model .

INTRODUCTION

Calcium and other related divalent cations ions are implicated in several
important physiological processes . They alter surface potentials near voltage-
gated channels (Gilbert and Ehrenstein, 1969 ; Begenisich, 1975 ; Hille et al .,
1975) . Calcium is necessary for release of transmitter from nerve terminals
(Kelly et al ., 1979) and for secretion of hormone or cell product in certain
secretory cells (Ginsberg and House, 1980) . Calcium is an important part of
the cyclic AMP control system (Berridge, 1975) and is involved in the process
of vision (Hubbell and Bownds, 1979) . A calcium-stimulated potassium
current is found in many cells (Meech, 1978) . Not all of the physiological
effects ofcalcium are well understood, but it seems possible that some of these
effects arise because calcium can bind to negative, membrane-bound phos-
phatidyl serine and the phosphatidyl inositides .

This paper explores the mechanism of calcium-induced inactivation of
alamethicin conductance in asymmetric black lipid films . We are able to
describe our results quantitatively by a detailed model, and the results suggest
conditions under which similar calcium-controlled processes could be of
physiological relevance. In the companion paper (Cahalan and Hall, 1982),
we describe analogous results obtained in the node of Ranvier using alameth-
icin to induce conductance, apply the model presented in this paper to the
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results, and find that the model's predictions describe the node data qualita-
tively .

MATERIALS AND METHODS

Most measurements reported here were performed on asymmetric lipid bilayers with
one monolayer formed from bacterial phosphatidyl ethanolamine (PE) and one from
bovine phosphatidyl serine (PS) . Lipids from Supelco, Inc., Bellafonte, Pa . or Avanti
Biochemicals, Inc ., Birmingham, Ala. gave indistinguishable results . A few experi-
ments used symmetric membranes made of mixtures of PE and PS . The method of
membrane formation was similar to that originally described by Montal and Mueller
(1972), but differed in some important details .
We used a truncated cone-shaped teflon chamber bisected along the axis of the

cone into two halves machined as mirror images of each other (similar to a design of
Schindler andFeher [1976]). A thin piece of teflon with a0.012-in-Diam hole punched
by a ground and sharpened No. 30 hypodermic needle was mounted between the two
halves of the chamber, using a minimum of silicon vacuum grease to insure a good
seal . The two halves of the chamber were then forced into a tapered hole in a square
aluminum block. This served to clamp the two halves of the chamber together and to
provide an isothermal enclosure for the chamber, whose temperature was controlled
by a feedback circuit using a thermistor in contact with the aluminum block and two
Peltier thermo-electric elements attached on either side of the block.
Membranes were formed by filling each half of the chamber with 2.0-3 .0 ml of

aqueous solution and then withdrawing enough of the solution from each chamber to
lower the levels of the solution to 5-10 mm below the hole in the thin teflon partition.
This was accomplished using 1-ml tuberculin syringes inserted in vertical holes
starting at the top of each chamber half and opening near the bottom . A small drop
of squalene (2-5,ul) purified by passage through an alumina column was then placed
in the hole using a glass microliter pipette. Lipid solution (10 mg/ml lipid in pentane)
was then added to the front and back chambers using glass microliter pipettes . An
attempt was made to deliver the pentane-lipid mixture as close to the intersection of
the water surface and teflon chamber wall as possible . The monolayers of lipid were
then raised by injecting previously withdrawn water from the tuberculin syringes into
the chambers .
Membrane formation wasmonitored by observing the current response to a 10-mV

amplitude triangular voltage, the amplitude of the current square wave being
proportional to the capacitance . The membranes thus formed had a specific capaci-
tance of -0.81AF/cm2, and an area of -7 X 10-4 cm2.

Current-voltage curves were measured using a four-electrode system . Electrodes
were chlorided 12-gauge silver wire . Current was measured with an AD 42K opera-
tional amplifier (Analog Devices, Inc., Norwood, Mass .) in a virtual ground configu-
ration, and voltage was measured with an electrometer amplifier using AD523
(Analog Devices, Inc.) op-amps as voltage followers. Voltage pulses were generated
either by a computer controlled 12-bit DAC (digital-to-analog converter) (AD 5782,
Analog Devices, Inc.) buffered by an op-amp (AD 514, Analog Devices, Inc.) or by a
battery-driven potentiometer. Voltage ramps for current-voltage curves were always
generated by computer-controlled DAC. Current-voltage curves were recorded on an
X-Y recorder (HP 7034A, Hewlett-Packard Co., Palo Alto, Calif) and current-time
curves at constant voltage were recorded on the same recorder with an X-axis time-
base . Alamethicin used in these experiments was obtained from Dr. G. B. Whitfield
of the Upjohn Company, Kalamazoo, Mich . and used without further purification .
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Nonactin isolated from Streptococcus aureus was purchased from Sigma Chemical Co.,
St . Louis, Mo. Salts used in solution preparation were reagent grade purchased from
Mallinckrodt Inc., St . Louis, Mo.
The membrane preparation used in all the experiments reported here was one in

which PE formed one leaflet of the bilayer and PS formed the other. The solution
bathing both sides of the membrane was initially 0.1 M KCI buffered at pH 7 with
5 mM Hepes in all cases reported here . Alamethicin was added to either the PE side
of the membrane or to both sides in equal concentrations . By convention, the PS side
or the side opposite the addition of alamethicin is ground . Before addition of
alamethicin, the asymmetry potential of the membrane was estimated using the
asymmetry of the nonactin-K+ current-voltage curve (Hall and Latorre, 1976 ; Hall,
1981) . Even after the addition of alamethicin, reliable values of asymmetry potential
can be obtained by sweeping rapidly so that the alamethicin conductance does not
have time to turn on. Thevalues ofasymmetry potential estimated from the nonactin-
K' I- V curve are probably accurate to ^ " 10-15 mV with reservations to be noted
later.

After preparing the membrane and using nonactin to determine the surface
potentials, the kinetics and steady-state characteristics of the alamethicin conductance
were measured .

QUANTITATIVE MODEL

In this section, we develop a quantitative model for the interaction of
alamethicin-induced conductance, diffusion ofcalcium in the unstirred layers,
and the binding of calcium to a negatively charged membrane component.

Basic Properties ofAlamethicin

Alamethicin is a voltage-dependent pore-former whose characteristics have
been extensively studied by a number of workers (Eisenberg et al ., 1973;
Boheim, 1974; Gordon and Haydon, 1972) . It allows the passage of both
cations and anions and has an appreciable calcium conductance (Eisenberg et
al ., 1973) . The steady-state conductance, G, depends exponentially on applied
voltage, V:

G = Gaev/v- = No yevlvo

where Ga is the zero-voltage conductance, Vo is the voltage change that results
in an e-fold change in conductance, and No is the number of pores open at 0
V. y is the average conductance ofa single pore, obtained by measurement of
the conductances and lifetimes of the individual levels of a single pore
(Eisenberg et al ., 1973 ; Boheim, 1974) .
On the application of a voltage pulse, the alamethicin conductance increases

with time in a manner approximately described by a first-order linear differ-
ential equation :

do
dt -

u(V) -nX(V)

li ( V; = lb exp( V/ V,,)

	

(2)

A(V) = J1oexp(_V1Vx) .
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With the voltage zero at time zero, the solution to this equation is :

n (t) _

	

{exp (- A( V) t)}

	

(3)

Note that Eq. 2 and 3 show that the time constant, T = 1/A(V), for the
development of the alamethicin conductance is voltage dependent, as is the
initial rate of channel formation, ti ( V) .
An asymmetrical membrane with PE on one side and PS on the other has

a bias electric field across the membrane that tends to turn on the conductance
due to alamethicin on the PE side of the membrane. The current-voltage
curve for a given alamethicin concentration is thus shifted to lower applied
voltages by the electric field across the membrane . Eq. 1 thus becomes

G = Go exp{(V - O)/Vo)

	

(4)

where (p is the surface potential resulting from the negative charge of the PS .
The magnitude of 0 is a function of the surface charge density, the

concentration of monovalent ions, and the concentration of divalent ions .
Divalents have a more dramatic effect than monovalents on the surface
potential, a fact of possibly great physiological significance . If divalent ions
are added to only one side of the membrane, the permeability of the membrane
to divalents will be a major factor controlling their concentration on the other
side . We consider here the case of divalents added to the side of the membrane
opposite the negative charge (to the PE side) and allowed access to the PS
side only through open alamethicin channels .
The alamethicin conductance, calcium concentration at the PS head groups,

and surface potential thus all influence each other. Our task is to describe
quantitatively their interrelations .

Assumptions

We will assume that the surface potential can be accurately described by the
Gouy-Chapman theory with given surface charge (Bockris and Reddy, 1970) :

sinh(Fcpo/2RT) =
a

8RTEE.

sinh(F4)o/2RT) = 136a/f,

where 0o is the surface potential, a is the surface charge, R is the universal gas
constant, Tis the temperature, e is the dielectric constant, eo is the permittivity
of free space, and ~ is the ionic strength.' (The sign of 0 is the same as that of
a) .

Strictly speaking, to calculate the surface potential in the presence of a
mixture of mono- and divalent ions, we should use the Grahame equation

' A convenient numerical form of this equation is given by McLaughlin et al . (1970) :

where the temperature is 20°C, the dielectric constant ofwater is used, a is in electronic charges
per square angstrom, and C is in moles per liter.
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instead of the Gouy equation . But because the concentration of calcium ions
on the side of the membrane of interest is so low compared with the
monovalent concentration, the two equations give essentially identical results.
The small correction of using ionic strength, ~, instead of monovalent concen-
tration alone, extends the range of agreement to higher calcium concentra-
tions .
We also assume the effective surface charge can be determined from the

density of negatively charged lipid head groups by an adsorption isotherm for
divalent ions . We will argue later that this assumption, certainly not true at
high divalent ion concentrations, is probably valid under our experimental
conditions. Thus

where AM"
that at the membrane.

Steady-State Treatment

(1 - KMMo+)
v = Go

(1 + KMMo+)

where D is the divalent ion's diffusion coefficient.
In steady state, dM++/dt = 0, and the divalent flux density is given by

where v is the effective surface charge, tlo in the density of negatively charged
lipids, MO+ is the concentration of divalent ions near the membrane surface, and
KM is the binding constant for M++ to the negative lipid .

Divalent movement in the aqueous phases is described by
equation :

the diffusion

dM++

	

d2M++
dt

	

- D

	

dx 2

	

(7)

where * is the flux in moles per meter squared per second .
We will use the unstirred-layer approximation to Eq. 8. Here it is assumed

that stirring or convection completely and rapidly mix the solutions up to a
distance 8away from the membrane . Closer to the membrane than 8, transport
is diffusion controlled . Thus Eq. 8 has the solution

DAM`

	

(9)
8

is the difference between the concentration of M++ in bulk and

We first calculate the interaction between the alamethicin conductance, the
flux of calcium, and the surface potential in steady state . We will use the
assumptions stated above and treat the case where alamethicin and divalent
ions are added to the same side of the membrane . That side of the membrane
is considered neutral and the side opposite is considered to have a negative
charge . Fig. 1 shows schematically the essentials of the steady-state treatment .
Fig. 1 B shows how increasing the permeability of the membrane to calcium
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JM++ = FDM.+
s

V

V

FIGURE 1 .

	

Schematic drawing of how calcium on the PE side flattens the
alamethicin current-voltage curve . (A) surface potential at zero applied volts
and I-V curve with no calcium in either compartment ; (B) surface potential
profile and the calcium profile with (solid line) and without (dotted line) the
alamethicin conductance turned on . When the alamethicin conductance is off,
the membrane is impermeant to calcium and the surface concentration of
calcium is the same as that a long distance from the membrane . When the
alamethicin conductance is turned on, the membrane becomes highly permeable
to calcium and the concentration of calcium increases on the PS side and
decreases on the PE side .

alters the calcium concentration at the membrane surfaces and reduces the
surface potential .

In steady state, the flux of divalent ions through the unstirred layers and
the flux through the membranejm++ must be equal.

Thus,

(lo)
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where M." is the concentration of divalent ion far enough from the negatively
charged surface to be uninfluenced by the surface potential, i.e ., several Debye
lengths from the membrane surface. Eq. 10 is written for the PS side of the
membrane, the side on which the calcium concentration very far from the
membrane is zero, but in steady state it is valid everywhere . Since the Debye
length is only -1 nm and the unstirred layer is -100 Am, the error made in
Eq. 11 by this approximation is negligible .
To obtain an analytically tractable expression for the surface potential, we

expand the surface potential in a Taylor series about the initial value of the
surface charge with no divalent on the negatively charged side of the mem-
brane :

Fo.RTOv~(a) _ ¢(v°) + 2 tanh

	

)-- + 0(w)2.

	

(11)
2RT F Q°

Eq . 6 gives AO in terms of M. +, and Eq. 11 becomes

~~ - 4 RT tanh' Fo°' r

	

KMMo+

	

~

	

KMMo+

	

~

	

(12)F\RT/

	

1 + KMMo+	°

	

1 + KMMo+

where the definition of ~° is expressed by the first line of Eq. 12 .
++Solving for MO

	

gives

M++ - 1

	

A0
( 1 3)

We want a relation between the conductance in the absence of divalent
ions and that after divalents are added. This is

Cm++ = Go exp{(V- (-0° + 0-0))/V° } = G°exp{-AO/V°}.

	

(14)

Gm++ is the total conductance as a function of voltage in the presence of
divalent ion, 0O is the shift in surface potential due to the divalent, 0° is the
surface potential in the absence of the divalent, 0. is the surface potential in
the absence of the divalent, and G2° is the control conductance as a function
of voltage with 0° surface potential . The flux of divalents can thus be
calculated as

JM

	

(V- EM++) GM++
yM++ + y°

393

(15)

where jM,i++ is the mean alamethicin single-channel conductance to divalent
cation ion only, Y° is the mean single-channel conductance in the absence of
divalent, and EM++ is the reversal potential for the divalent cation ion. Eq . 15
expresses the assumption that divalent and monovalent ions do not interfere
with each other in the alamethicin channel. This assumption is probably a
good one, since the alamethicin channel is large and has a conductance
proportional to the conductance of the bulk solution bathing the membrane
for a wide variety of conditions (Eisenberg et al ., 1973) . To estimate YM++, a
value too small to be measured directly, we used the single-channel conduct-
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ance in 1 M CaC12, corrected for the chloride conductance using the reversal
potential in asymmetric solutions, and scaled the conductance with the
average calcium concentration on the two sides of the membrane. EM++ is
strictly infinite with zero calcium on one side of the membrane. This situation
clearly never exists, and as a practical matter, we assumed the calcium
concentration on the PS side of the membrane was never greater than 10-6
M, a value consistent with the expected calcium contamination in the reagent
grade salts we used. Equating the values of JM++ given by Eqs. 10 and 15
using the value of Mo++ given by Eq. 13 gives

d In GM++
Solving for

	

dV

	

gives

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 " 1982

( V - EM++)
Y

Y
++ Yo Gm,, =

KM Xo

d

	

(16)

Solving for A0 under the assumption 0$ << ~o, almost certainly true, gives

Q~ -

	

o
SKM

	

YM++

	

(V -
Em,-)Gm,- .

FD -Y-M++ + Yo

This expression says that the surface potential shifts by an amount propor-
tional to the conductance from the value it would have in the absence of
divalent ions . The larger the conductance, the larger the shift .

From Eq. 14, the logarithmic derivative of GM++ with voltage is

d In GM++ _

	

1

	

1

	

dAO

	

dIn GM++

dV

	

Vo + Vo dGM++

	

dV

	

GM++ .

~oSKMyM++ (V - EM++)GM++

FD (yM++ + yo)

(17)

(18)

( d In GM++

I

	

_

	

~oSKMyM++

jl

	

dV

	

1

	

FD(yM++ + Yo)
GM++

Expanding the denominator, assuming the second term is nearly zero, gives

1

	

-
Vo

+ ~~oSKMyM++ (V - Em-+)~
GM++

.
(20)

~d In GM++~

	

FD(yM++ + yo)

dV

This is a very useful result because it provides a relationship between 1/(d In
GM++IdV) and GM++, experimentally accessible quantities, and it can be used
to estimate the binding constant, KM, of divalent ion to negative lipid.
Physically, Eq. 20 says that the higher the conductance, the less rapidly the
conductance will change with increasing voltage, because the more calcium
will be available to screen the surface potential and thus counteract the effect
of applied voltage.
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Time-dependent Treatment
We want to calculate the time dependence of the alamethicin conductance,
the divalent ion conductance, and the surface potential upon the application
of a voltage pulse. This requires the simultaneous solution of Eqs. 2 and 7
using Eqs. 5 and 6 to relate the divalent concentration and the surface
potential . We have used an iterative computer program to generate a solution
for the alamethicin conductance, divalent ion concentration, and surface
potential as functions of time . The program breaks the unstirred layer into a
number of planes of equal thickness and the time axis into uniform finite
intervals . The initial value of the alamethicin conductance, usually zero, is
prescribed and the rate of change of the conductance is calculated from Eq.
2 . The value of the divalent flux across the membrane is calculated from Eq.
15 using the value of GM++ . This value is used to determine dM++/dx at the
surface of the membrane. New divalent concentrations at each plane of the
unstirred layer are then calculated . The value of divalent concentration at the
most distant plane from the membrane on the neutral lipid side is the bulk
value and at the corresponding plane on the other side it is zero .
The divalent concentration near the membrane (but far enough away not

to be influenced by the surface potential) is multiplied by exp(2F(Ao /RT)
where 0. is the surface potential at the previous iteration, and is used in Eq.
6 to calculate the new value of the surface potential. This is then used to
calculate thenew effective voltage across the membrane . The new conductance
is determined by using Eq. 2 as a finite difference approximation . The whole
process is then iterated repeatedly to generate a solution for the desired time
period .
The program, written in Fortran, requires as inputs the initial surface

charge, the bulk divalent ion concentration on the neutral side, the alamethicin
conductance parameters, the diffusion coefficients of the divalent ion on both
sides of the membrane, and the binding constant of divalent to negative lipid.
Comparison of computer-generated solutions and experimental results will be
made at appropriate points .
The essential result of computer simulation is that alamethicin conductance

will exhibit inactivation resulting from the binding of divalent ions to the
negative charge and consequent alteration of the electric field across the
membrane.

Recovery from Inactivation
Recovery from inactivation can also be simulated by the computer program.
But because the alamethicin conductance is zero during essentially all of the
recovery phase, its time-course is determined entirely by diffusion in the
unstirred layer. An analytical solution of the diffusion equation with appro-
priate boundary conditions (Mathews and Walker, 1965) in the unstirred
layer gives

2M ++ °°

	

cos{(n + ifa)irx/S}

	

~

	

Dt~

	

.
M++ (x, t) =

	

3~2

	

{

	

(n
+

1~)

	

exp

	

-(n + i~h)Z~r2
82

	

(21)
`
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This result shows that recovery from inactivation should take place exponen-
tially with a time constant proportional to the square of the unstirred layer
thickness .
Computer simulation shows that the peak amplitude of the inactivation

recovery in a double pulse experiment (cf. Fig. 9 A and B) with variable time
delay between pulses has the same time constant as the lower-order term in
Eq. 21 . Thus, the time-course of recovery from inactivation provides an
estimate of unstirred layer thickness .

RESULTS
Both Alamethicin and Nonactin See the Same Surface Potential Difference

Because of lipid mixing before membrane formation, the difference in surface
potential across asymmetric PS-PE membranes can vary by ^-50 mV ifspecial
care is not taken. Asymmetric membraneswith lowsurface potential difference
as detected by the nonactin -K+ I- Vcurve tend to show a very high zero-volt
nonactin conductance. This argues that the major cause of reduction of
asymmetry is transfer of PS to the PE side, increasing the negative surface
charge density on the PE side . In cases where asymmetry less than the
expected value of ^-100 mV is initially obtained, formation of a new mem-
brane, after adding an additional 10 j,1 of PE-pentane mixture to the surface
of the chamber initially containing PE, usually results in the expected 100
mV or greater asymmetry.
We took advantage of the occasional variability of membrane asymmetry

to determine the correlation between surface potential and the voltage at
which the alamethicin conductance reached a value of 70 ~uS/cm 2. In these
experiments, the alamethicin concentration in the PE compartment was
always 2 X 10-7 g/ml . The alamethicin concentration in the PS compartment
was either 0 or 2 X 10'' g/ml . The amount of alamethicin in the PS
compartment did not alter the position of the branch of the alamethicin
current-voltage curve obtained when the voltage in the PE compartment was
positive with respect to that in the PS compartment.
The alamethicin current-voltage curve is shifted by a voltage equal to the

surface potential deduced by nonactin . Fig. 2 shows the voltage at which the
alamethicin conductance reaches 70 ,uS/cm2 plotted against the nonactin-K+
deduced surface potential . The correlation shows that the alamethicin current-
voltage is shifted by the same amount as the surface potential change recorded
by the nonactin 1-V curve.

This verifies the expected dependence of alamethicin conductance on the
electric field across the membrane, as described in Eq . 4, and allows us to
replace the voltage, V, in all equations describing alamethicin conductance
with Vgpp + ¢o , where VBpp is the applied voltage as measured by the voltmeter
and ¢o is the measured surface potential .
We performed two kinds of control experiments in symmetric membranes.

First, in PE membranes we found that asymmetric addition of calcium did
not shift either the nonactin-K+ I- V curve or the alamethicin current-voltage
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curve. In the alamethicin experiments, calcium was added to the same side of
the membrane as alamethicin and up to a concentration of 20 mM no shift
was seen .
We also demonstrated that 20 mM calcium shifted both the alamethicin

I- V curve and the nonactin current-voltage curve by -40 mV in membranes
made from a mixture of PE and PS (1 : 1 by weight) . This result generalizes
our assertion that alamethicin and nonactin see the same surface potential
difference .

In the following sections, we will be concerned with the ways in which
calcium can alter 0o, and thus the electric field across the membrane, with no
change in applied voltage.

Delta V Nonactin (mV)
FIGURE 2.

	

Surface potential difference between the PS and PE side of an
asymmetric membrane (AV) as detected by the nonactin-K+ current-voltage
curve plotted against voltage at which the alamethicin conductance in the same
membrane reaches a value of 70 uS/cm2 . The alamethicin concentration is
always 2 X 10 -7 g/ml on the PE side and except for the point marked (40) is the
same on the PS side .

Calcium on the PE Side Flattens the Alamethicin Current-Voltage Curve
Fig. 3 A shows two current-voltage curves . Curve i was taken in the absence
of calcium. On the addition of calcium to the PE side of the membranes,
shown by curve it in Fig. 3 A, the alamethicin current-voltage curve becomes
much less steep, as predicted by Eq. 20 . This result was intriguing because we
had previously found that the alamethicin I- Vcurve in node of Ranvier is less
steep than that in symmetric planar bilayers made of PE (Cahalan and Hall,
1979 ; Cahalan and Hall, 1982) . Since the calcium concentration outside of
the node is much higher than that inside, it seemed possible that the flatness
of the alamethicin I-V curve in node might be explicable in terms of the

> O
E 801 0

0
c_

.U
t 60

E
O

Q 40~
O 0

U

O

205 I i F i F t' ;
50 60 70 80 90 100 110 120



398

c

L
U

Q
c

c
uDL
L

U

50

1.000

100-

10

A

0i F I 1
0 50 100 150

Voltage (mV)

B

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 - 1982

cell

tlt

50 100 150

Voltage (mV)

FIGURE 3 . Steady-state current-voltage curves in asymmetric PE-PS mem-
branes with alamethicin added to the PE side . By convention, the PS side is
ground . The steeper curve (i) was obtained in the absence ofcalcium, the flatter
curve (ii) in the presence of 20 mM calcium on the PE side of the membrane .
In B, these data are shown on a logarithmic plot . Note that the slope of the
flatter curve (with calcium) decreases progressively as the conductance is in-
creased .

asymmetric calcium concentration rather than by an intrinsic property of
nodal membrane .
Eq. 20 predicts that the logarithmic slope of the current-voltage curve

should flatten progressively at higher conductances . Fig . 3 B shows logarithmic
current-voltage curves without (curve i) and with (curve ii) calcium . Curve ii
shows progressive flattening as expected .
The rate of flattening can be used to estimate the binding constant. Table
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I shows a numerical differentiation of the conductance-voltage curve in Fig.
0 In G3 B. Plotting 1/--Q V

	

against G in Siemens per centimeter squared gives a
straight line with slope 16.8 V/(S/cm2), as shown in Fig. 4.
We can use Eq. 20 and this value of the slope to estimate the apparent

40

TABLE I

Conductance (nS )
FIGURE 4.

	

Plot of 1/(dlnG/dV) vs . G. Our model predicts this curve should be
a straight line with a slope related to the binding constant of calcium to
phosphatidyl serine . The slope of the straight line is 2.4 X 104 V/S. The area of
the membrane was 7 X 10- cm2 ; thus the slope appropriate to Eq . 20 -is 16.8
V/(S/cm) .

binding constant of calcium to phosphatidyl serine . We use the following
values : F = 96,500 coul/equivalent; D = 5 X 10-6 cm2/s ; 8 = 10-2 cm2 ; and
y,o = 0.1 V, which is estimated from the nonactin-K+ I- V curve asymmetry.
The remaining values are slightly more controversial. We assume that YM++
and YO are proportional to the appropriate ionic concentrations . The ionic
concentration appropriate to determine yM++ is the average of the calcium

V

mV

G

nS

In G Oln G
AV

Aln G

VX 10-2
30 100 4.60 - -
35 143 4.962 0.35 1 .43
40 200 5.298 0.33 1 .52
45 267 5.587 0.289 1 .73
50 360 5.886 0.298 1.68
55 455 6.120 0.234 2.14
60 550 6.310 0.189 2.65
65 677 6.517 0.207 2.42
70 814 6.702 0.184 2.71
75 960 6.867 0.165 3.03
80 1100 7.003 0.136 3.60
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concentrations on the two sides of the membrane just outside the diffuse
double layer. For 100 mM KCl and 20 mM CaC12 on the PE side of the
membrane, fM++/yo = 0.1 . This estimate of YM++ is probably accurate to 10%,
judging from the behavior of single channel conductances under a wide
variety of conditions (Eisenberg et al ., 1973) . Estimation of (V - Em++) is
more uncertain because both V and EM++ are varying continuously along the
curves in such a way as to reduce the curves' slope. Nevertheless, computer
simulations show that the change is not too drastic because as V increases,
EM++ becomes less negative so that their difference remains fairly constant .
We therefore feel justified in using a value of -100 mV for ( V - EM++),
Using these values and equating the value of the slope (16.8 V/(S/cm2) to

the bracketed expression in Eq. 20 gives the value

Kapp = 900 M-'
for the apparent binding constant . Correcting for the 75-mV surface potential
deduced from the nonactin I-V curve,

Kca++ = K.pp exp(-2FOo/RT)
= 2 .2 M-'

Since we have probably overestimated the value of (V - EM++), this value
is an underestimate of the value of Kca++ . It is nevertheless in reasonable
agreement with the value of 12 M-1 reported by McLaughlin et al . (1981),
particularly since we have had to estimate the calcium equilibrium, potential .
We conclude that flattening of the steady-state I- Vcurve in the presence of

asymmetric calcium can be accounted for quantitatively by passage ofcalcium
through the membrane and its subsequent binding to phosphatidyl serine.

Divalent Ions Produce Inactivation of the Alamethicin Conductance
The experiments described to this point all involve slow voltage changes so
that steady-state conditions were achieved . But both alamethicin conductance
and the calcium concentration of the PS side of the membrane can change
with time after the application of a voltage pulse, and the time-course of each
affects the time-course of the other.

In the absence of calcium on the PE side of the membrane, alamethicin
kinetics in asymmetric PE-PS membranes are similar to those in symmetric
PE-PE membranes. Application of a series of voltage pulses in the absence of
calcium thus gives current vs. time curves like those shown in Fig. 5 A. The

FIGURE 5 .

	

(opposite) Response of the alamethicin current to a series of voltage
pulses in the absence of calcium on either side of the membrane (A) . When
calcium is added to the PE side of the membrane (B), significant inactivation
occurs at voltage and current levels similar to those where none occurs in the
absence of calcium. This result shows that there is a calcium-dependent inactivation
distinct from the inactivation that arises from phospholipid flip-flop (Hall,
1981). (Current levels are higher than for the control at similar voltages because
negative surface charge on the PE side is reduced by addition of calcium .)
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addition of calcium at 12.5 mM to the PE side produces curves like those in
Fig. 5 B, which show pronounced inactivation . The current in the presence of
calcium is higher than in the control case because a contaminating negative
charge on the PE side is reduced by addition of calcium . This shifts the
alamethicin I- V curve to lower voltages (cf. Fig . 3 A and B) .

EGTA on the PS Side Reduces Inactivation

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 79 " 1982

Addition of EGTA to the PS side of the membrane dramatically reduces the
inactivation . Fig. 6 A shows inactivation in a membrane with a 135-mV
surface potential at 58 and 43 mV applied voltage pulses . The current level
here reached a maximum amplitude of 0.18 mA/cm2 . (Membrane current
was actually -..100 nA.)

Immediately after these pulses, EGTA previously adjusted with KOH to
pH 7.4 was added to the PS side to a concentration of 0.4 mM. Fig. 6 B shows
the series of voltage pulses taken after this addition .
The inactivation is strikingly reduced at 40 mV and the steady-state current

level is much higher than before the EGTA addition . Furthermore, the voltage
dependence of the steady-state current has increased considerably . Whereas
in Fig. 6 A, a 15-mV increase in voltage barely doubles the steady-state
current, a 5-mV increase in voltage doubles the current in the presence of
EGTA, as shown in Fig . 6 B.

These effects are exactly as expected from our model for the action of
calcium . The model shows that the change in calcium concentration far from
the membrane necessary to produce these effects is very small, <0.1 mM, and
even though the EGTA concentration is small, it still reduces the value of the
calcium concentration by a large factor and thus decreases its effects dramat-
ically .
The binding constant for calcium to PS is ^" 12 M-I (McLaughlin et al .,

1980), but the apparent binding constant at low calcium concentrations is
much higher because of the surface potential due to the PS .

The Surface Charge Model Describes the Observed Kinetics
Fig . 7 shows a comparison of the experimental current response to a 58-mV
voltage pulse with the current response of the model. The parameters of the
model were chosen by using the measured value of the surface potential to
estimate an effective surface charge and a 100-/Lm unstirred layer thickness .
The calcium diffusion coefficient was taken as 5 X 10-6 cm2/s, a mean of the
value in various concentration aqueous solutions . The values of Vx and V,

FIGURE 6 .

	

(opposite) Inactivation of alamethicin in the presence of 10 mM
calcium for three voltage pulses . The surface potential difference from nonactin
is Oo = 135 mV. The alamethicin concentration is 2 X 10-7 g/ml in 0.1 M KCl
buffered to pH 7.0 with 5 mM Hepes (A) . The results in B were obtained with
0.4 mM EGTA on the PS side of the membrane. EGTA shifts the alamethicin
I- V curve to lower voltages (by removing contaminating divalents) and protects
against inactivation at current levels and voltage levels similar to those where
inactivation readily occurs in its absence.
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were measured in calcium free solution and juo and Ao were adjusted to give
the the appropriate kinetics .
The time-course of alamethicin kinetics and the magnitude of the current are

well described by the model. It is particularly important to note that at
comparable current densities, the measured surface potential, binding con-
stant, and unstirred layer thickness give good agreement between model and
experiment . The channel density in these experiments is on the order of 20
channels/Wm2 or a mean separation between channels of ^-0.15 ta,m . Since the
mean channel separation is much less than the unstirred layer thickness, the
approximation that the calcium concentration depends only on the distance
from the membrane is probably a good one.
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Time (s)
FIGURE 7 .

	

Comparison of alamethicin current response to a 58-mV voltage
pulse in a membrane with a measured surface potential of 135 mV (") with
model calculations at 61 and 59 mV. Note that results agree very well with
realistic values for the alterable parameters . The values for the unstirred layer
thickness, the calcium concentration (13 mM), the surface charge (110

A2/electronic charge), and the calcium-PS binding constant ~12 M-1) are fixed.
Only po and Xo are varied to obtain the fit . Xo = 4.4 X 106 S- ; tto = 5 .5 X 10-1s
A/(cm2 S) . V,, = 6.9 mV. V,, = 10.0 mV. Unstirred layer thickness = 100 tim.

Nickel acts in much the same way as calcium, inducing a flattening of the
alamethicin current-voltage curve and inactivation of the current in response
to a voltage pulse. We are unable to present a quantitative analysis at this
time because the properties of alamethicin conductance in NiC12 have not
been well studied.

Recoveryfrom Inactivation : Effect of Unstirred Layer Thickness
For two voltage pulses of equal magnitude given in succession and separated
by a variable delay time, the model predicts that the degree of recovery from
inactivation depends only on the diffusion of calcium in the unstirred layer
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and not on the alamethicin kinetic parameters . The time-course of the recovery
depends on the thickness of the unstirred layer.
The peak currents of the recovery pulses shown in Fig. 8 A have a time

constant of 6.9 s, and since r/82 = 4/r2D = 8.11 X 104 cm2/s . This value of
T gives an unstirred layer thickness of 86 fm, in good agreement with values
estimated by other authors (Finkelstein, 1976) . The curve in Fig. 8 A was

tw

v
rz
rc iY

v

FIGURE 8 .

	

Recovery of the alamethicin conductance from calcium-induced
inactivation without stirring (A). Between pulse pairs, the solutions were stirred
vigorously with teflon coated magnetic stirring bars . In B, the membrane was
stirred constantly . This reduces the time for recovery considerably (and adds
increased noise because of membrane movement) .
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obtained with no stirring, but without allowing the solutions to rest for more
than 30 s after previous stirring so the fluid undoubtedly still had a very large
circulation, which would account for the finite value of the unstirred layer.
Fig. 8 B shows a recovery curve obtained with very vigorous stirring . The time
constant for recovery is -2 s, corresponding to an unstirred layer thickness of
50 j,m. Fig. 9 A and B shows computer simulations of recovery based on the
model. The voltage pulse was 60 mV and the surface potential was -55 mV
in the simulations . These values correspond closely to the values in the
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Computer simulations of recovery using parameters shown. In A,
the unstirred layer thickness was 100 jum; in B, it was 200 ,um. Note that the
recovery is much slowed by a thick unstirred layer. Ao = 4.4 X 10-13 S-1 . [to =
1 .5 X 10-1o A/(cm2 S) . V, = 6.9 mV. Vx = 10.0 mV.
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experiment shown in Fig . 8 A . In the simulation in Fig . 9 A, the unstirred
layer thickness was 100 gum. The only change in parameters in the simulation
in Fig . 9 B is the alteration of the unstirred layer thickness to 200 Jim . This
alters the kinetics of both the recovery and the falling phase of the initial
current response . Another effect of increasing the thickness of the unstirred
layer is to decrease the current at steady state relative to the peak current .
The physical reason for this, in terms of the model, is that the thicker the
unstirred layer, the larger the calcium concentration at the surface of the
membrane required to drive a diffusion flux across the unstirred layer equal
to the flux across the membrane.
The stirred and unstirred recoveries show the qualitative differences ex-

pected from the model . The stirred recovery is faster than the unstirred and
the stirred inactivation is less than unstirred inactivation, just as the model
suggests .
The inactivation seen in the presence of calcium is not seen in the absence

ofcalcium . It is thus not ascribable to asymmetric alamethicin concentrations,
or to lipid flip-flop (Hall, 1981) and indeed occurs in essentially the same way
with both symmetric and asymmetric alamethicin concentrations .

DISCUSSION

We have demonstrated that passage of the divalent cation, calcium, from the
PE side of an asymmetric membrane to the PS side results in a substantial
alteration of the surface potential and thus the voltage-dependent alamethicin
conductance. A reasonable model fits the observed data well . Similar effects
are observed in node of Ranvier from frog and as described in the companion
paper (Cahalan and Hall, 1982), are qualitatively in agreement with the
model . It is thus clear that the large alamethicin channel can pass enough
calcium to make a very large difference in the surface potential of both planar
bilayers and node of Ranvier . And, although naturally occurring calcium
channels have much smaller conductances than alamethicin (Akaike et al .,
1978), movement of calcium through these channels from the exterior of a cell
to the interior could have a large effect on the local surface potential if certain
conditions are met .

First, in our model, calcium that has passed to the PS side of the membrane
is treated as diffusing away through the unstirred layer some 50-100,um in
thickness to an infinite sink . Making the unstirred layer smaller speeds up the
attainment of steady state of calcium diffusion and thus speeds up surface
potential change, but it reduces the magnitude of calcium-induced change . If,
on the other hand, the perfectly absorbing plane at the edge of the unstirred
layer were replaced by a perfectly reflecting plane, the attainment of steady
state of the calcium response would become much faster and the effect of
calcium would be much enhanced . Thus, ifcalcium were confined to a region
near the inside of the cell membrane, either by mechanical barrier or an
effectively lower diffusion coefficient, it would exert its effect on surface
potential (assuming the inside of the cell membrane contained negative
charges) more rapidly and more strongly than in the bilayer . It is conceivable
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that cells have developed specialized mechanisms or structures for confining
calcium to appropriate local regions of the membrane so that binding to
surface sites to alter the effective membrane potential at those regions could
act as a regulatory mechanism.

It is also possible that the model system we have demonstrated here may be
of use in determining the extent to which such processes occur in biological
membranes, a possibility more fully explored in the following paper.
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