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Summary. A simple method for the determination of asymmetric surface potentials in 
lipid bilayers is described. The method is based on the dependence of bilayer capacitance 
on transmembrane voltage. The capacitance is measured by rectifying the 90 ~ component 
of an applied alternating current signal. A superimposed slow triangular wave results in a 
hysteresis-like time course of capacitance. The center of the hysteresis figure is shifted 
along the voltage axis by an amount equal to the difference of the dipole plus surface- 
charge potentials on the two sides of the bilayer (capacitance minimization potential). 

Alternatively, such bilayer asymmetry was studied by using the current-voltage 
characteristics in the presence of nonactin as a carrier. This analysis was based on the 
integrated Nernst-Planck equation, assuming a trapezoidal energy barrier and equilib- 
rium of the surface reactions. 

The two methods gave consistent results for the surface potentials of phosphatidyl 
serine membranes asymmetrically shielded with calcium. In addition, the current analysis 
yields the positions of the corners of the barrier, found to be set in 13 ~ for this lipid. 

It is becoming more and more evident that a great many membrane- 
dependent biological processes are influenced by electric fields. Artificial 
planar membranes are a widely used model system in membrane studies. 
The present paper deals with two methods for measuring the electrostatic 
potentials at the bilayer-solution interface. 

From a biological point of view two parameters of the electrostatic 
potential energy barrier associated with membranes are of main interest: 
(i) the potential gradient inside the membrane, which affects the activity 
of intrinsic membrane proteins, and (ii) the potential difference between 
the bulk electrolyte solution and the membrane surface, which influences 
membrane fusion and the interaction of the membrane with soluble 
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molecules. Both these quantities are greatly dependent on the lipid 
composition of biological membranes. 

For the evaluation of the electrostatic potential energy barrier we 
developed a new method, based on voltage-dependent membrane capa- 
citance, to measure the potential gradient within the bilayer (Schoch & 
Sargent, 1976). In this paper we give a detailed justification of the 
method through comparison with the surface potentials calculated from 
the analysis of current-voltage curves using nonactin-K § as the permeant 
species. The results are also compared with the predictions of the Gouy- 
Chapman theory. 

Theory 

Electrostatic Potential Energy Barrier 

The electrostatic potential at the membrane-solution interface is 
composed of several components (see, for example, Aveyard & Haydon, 
1973, Haydon, 1975, or McLaughlin, 1977). Figure l a summarizes the 
situation. In the case of charged lipid molecules there is a diffuse ionic 
double-layer potential originating from a fixed-charge layer in com- 
bination with the adjacent aqueous electrolyte solution. Its maximal 
value relative to the bulk solution, Va, lies just at the interface. In the 
polar head group region there is a further potential jump, V D, resulting 
either from the molecular dipoles of the lipids themselves or from 
oriented water molecules. 

These two components, V G and V D, or more exactly the fields as- 
sociated with them, are the ones influencing the voltage-dependent 
capacitance. The result of summing the two potentials is presented 
schematically in Fig. 1 b. The difference in the heights of the two corners 
at zero applied voltage, A (//, is equal to the difference of the surface 
potentials of the two sides of the bilayer. 

(1) 

A 7 j is therefore a measure of the asymmetry of the electrostatic poten- 
tials associated with the membrane and is the parameter that is de- 
termined by our method of voltage-dependent membrane capacitance. 

For the analysis of current-voltage curves there is a third component  
to take into account, namely, the Born self-energy of a charge in the low 
dielectric medium of the membrane. This self-energy, V•, is smoothed 
near the interface by interaction with induced dipoles; mathematically it 
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Fig. 1. Schematic representation of electrostatic potentials at the membrane-solution 
interfaces. (a): Individual components. In addition to the surface potentials V G and VD, 
ions crossing the membrane experiencethe so-called Born-potential, Vs, which depends on 
the size and the dielectric surroundings of the ion. (b): The sum of the surface potentials 
adjacent to a bilayer membrane, resulting in an intrinsic field A 7S/d even without an 
externally applied voltage V. A q r is measured as the externally applied potential for 
minimal membrane capacitance. (c): The trapezoidal energy barrier for ions crossing a 
lipid membrane. A(b gives the asymmetry of the barrier at zero applied voltage and 
determines, together with the positions of the two corners (nl and n2), the shape of the 

current-voltage curve 
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is treated as an interaction of the charge with its "electrostatic images" 
(Neumcke & L~iuger, 1969, Parsegian, 1975). 

The total energy barrier takes on the trapezoidal shape shown 
schematically in Fig. l c. Because V B is strongly reduced near the in- 
terface by attraction of the charge to its image, the corners of the barrier 
are displaced significantly toward the center of the membrane. Their 
positions 1, nl and n2, are given formally as fractions of the membrane 
thickness, d. The parameter that reflects the potential difference across 
the membrane and that appears in the current-voltage relation is called ~ 
A ~b. It is defined as the difference in the heights of the two corners at zero 
applied voltage: 

Aq~=AVB(nl, n2)+(n2-nl)(AVG+AVD). (2) 

Two special cases of particular interest of the general equations (1) and 
(2) may be distinguished, depending on the membrane-electrolyte system 
chosen. (i) Symmetrical, charged lipid membrane, different shielding 
electrolyte solutions: A V G + 0, A V D = 0, and A V 8 = 0. The latter two con- 
ditions stem from the dielectric symmetry of the membrane. Equations 
(1) and (2) now reduce to 

and 
A~=AV~ (3a) 

Aq~=(n2-n l) A Va. (3b) 

This is the case considered in the experiments reported here. (ii) Asym- 
metrical, but neutral, lipid membrane:  A V~ = 0 and A V D :t= 0. Such systems 
will be described in a future paper. 

Capacitance- Vohage Characteristic 

Several investigators have demonstrated that solvent-containing lipid 
bilayers show a voltage-dependent capacitance, Cm(V ). To our knowl- 
edge, Babakov, Ermishkin and Liberman (1966) were the first to note 
that C,, increases with the square of the applied voltage, and later White 
(1970) reported an extensive study of the effect. This voltage dependence 
is explained by geometric changes brought about by electrocompression, 
which results mainly in a decrease of membrane thickness by a squeezing 
out of hydrocarbon solvent into microlenses and the torus at approxi- 
mately constant area. As we pointed out earlier (Schoch & Sargent, 



Surface Potentials of Bilayers 75 

1976), the field acting on the bilayer is composed of two components 
- t h e  externally applied field, V, and an intrinsic field due to any 
difference in surface potential on the two sides of the bilayer, A 7 j. The 
effects of electrocompression may therefore be described by 

C ~ ( V )  - C O _ A C,, _ f l(A ~P + V) 2 (4) 
Co Co 

where C o is the min imal  capacitance, Cm(V)  is the voltage-dependent 
capacitance, fl is a proportionality factor, V is the applied voltage, and 
A 7 j is the difference of the surface potentials. The formula shows that for 
any asymmetry in surface potentials (A~+0)  there exists an applied 
voltage, V, such that A C,, = 0. The voltage that satisfies this condition is 
called here the "capacitance minimization potential": 

gc min = - A ~ l't . ( 5 )  

In the special case of symmetrical, charged lipid bilayers but different 
shielding electrolytes, as in the experiments reported here, Eqs. (5) and 
(3 a) reduce to: 

g c m i n  = - - A V  G. ( 6 )  

Curren t -Vo l tage  Charac ter i s t i c s  

Many theoretical derivations of equations describing transport of 
ions by neutral carriers have been published in the last few years 
(Haydon & Hladky, 1972; Hladky, 1972; Uiuger & Neumcke, 1973; 
Ciani et al., 1973). Whereas the general expressions are very complex, it's 
often possible to formulate simpler ones by making reasonable assump- 
tions. For example, with nonactin the interracial reactions are fast 
compared with the actual translocation step across the membrane, as 
indicated by the experimentally observed superlinear current-voltage 
characteristic (e.g., Fig. 3) (L~iuger & Stark, 1970; Stark & Benz, 1971). 
The rate constants determined by Hladky (1975) confirm that the rate- 
limiting step is indeed the translocation through the interior of the 
membrane ( k i s / k o i ~ l ) .  In the same paper Hladky showed that the 
steady-state current is attained in the gsec region, so that our current- 
voltage curves recorded at a sweep rate of 100mV/sec are effectively 
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steady-state values. Further,  by checking the effect of stirring we could 

show that there was no diffusion limitation in the aqueous phases: the 
phenomenon described by Hladky (1973), found when nonactin is added 

to the aqueous phases, was seen, but there was no change of the basic 

shape of the current-voltage curve. 

Given that the surface reactions are in approximate equilibrium, we 

may ignore the fine structure of the potential near the interface and 

consider the situation shown in Fig. 1 c. Such a barrier shape was derived 
by Hall, Mead & Szabo (1973) by examining experimental current- 

voltage curves. For  our calculations, we postulate a Boltzmann distribu- 

tion of the permeant ions between the bulk solution and the corners of 

the membrane energy barrier. By using the constant field approximation, 

the current across the membrane, Ira, may be calculated by application of 

the Nernst-Planck flux equation, as indicated in the Appendix. The result 

is: 

im=K(Aq)+(n2-nl)  V) e a V -  1 

n2 - n 1 $ a ( A e b + n 2  . V)  __ c a n  i " V 
(7) 

where K is a constant factor for each individual membrane, a has the 

value of 1/25.4 mV at room temperature, and nl, n2 and A(b describe the 

trapezoidal barrier (see Fig. l c). V is the applied voltage. A similar 
equation was derived by Hladky (1974); however, no allowance was 

made there for membrane asymmetry ( n l +  1 - n 2 ,  unequal surface po- 

tentials). 

Materials and Methods 

Membrane Formation and Electrolyte Solutions 

Lipid bilayer membranes were formed essentially by the technique of Montal and 
Mueller (1972): two separately formed monolayers are apposed over an aperture in a thin 
septum. The measurement of voltage-dependent capacitance is easier if the "monolayers" 
still contain some solvent, resulting in greater compressibility. 

The lipid used was the monosodium salt of bovine phosphatidyl serine (grade I, 
Lipid Products, South Nutfield, Surrey, England) dissolved at 0.7 % in hexane. 

The bilayer was formed on a thin Teflon septum 30 gm thick (Beckman Instruments, 
No. 77948-D) into which a small hole of about 0.06-0.08mm 2 area was melted by a 
glowing filament. The orifice was not pretreated before membrane formation. The Teflon 
septum was clamped between two half-cells, each containing 5 ml of an aqueous elec- 
trolyte solution. The electrolyte was usually 0.01 M KC1 buffered by 2mM imidazole 
(pH 7.0) and contained 5 x 10-vM nonactin (Sigma) as required. To get asymmetric 
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electrolyte solutions, 50gl amounts of concentrated CaC12 solutions were added to one 
chamber to get the appropriate Ca 2+ concentrations in the range of 10-6 to 10-3 M. All 
experiments were performed at 22_+ 1 ~ 

Experimental Set-up 

A block diagram of the experimental set-up is shown in Fig. 2. The whole assembly 
was developed and built in this laboratory. The Ag/AgC1 reference electrodes (Ingold, 
Switzerland) are connected to the measurement chambers by agar/salt bridges. The salt 
bridges have a resistance of about 1/cO each and are the limiting resistance of the circuit. 

Current was measured with a Teledyne-Philbrick 1027 operational amplifier con- 
nected as a current-voltage converter (107V/A) followed by an amplifier with variable 
gain (1 to 1000). For  a convenient, continuous monitoring of the bilayer capacitance, the 
90 ~ component of the 1000-Hz current signal was rectified and normalized with the 
amplitude of the applied ac voltage. 

The voltmeter is a high impedance, low offset device based on the Burr-Brown 3523L 
operational amplifier. 

The function generator allows the generation of dc-offsets, sine waves of 10 to 
104 Hz, pulses of variable heights and lengths, and ramps with selectable endpoints and 
slopes (0.2mV/sec to 10V/sec). The various signals are mixed and applied to the 
membrane via a variable series resistor. The membrane simulating device (5 kf~ poten- 
tiometer in series with a parallel variable R-C combination) with accurate, calibrated 
elements, served in the present experiments only for adjusting the capacitance-measuring 
circuit. 

AMMETER RECTIFIER OF THE 
90 ~ COMPONENT OF 
CURRENT 

FUNCTION ] [ 
GENERATOR 

rx.,,_fL--/x,V ] 
MEMBRANE 
SIMULATOR 

MEASUREMENT 
CHAMBER 

Fig. 2. Block diagram of the experimental set-up. For the description of each element see 
Materials and Methods 
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Results 

Capacitance- Voltage Curves 

Figure 3 shows a representative measurement of the current and 
capacitance characteristics of a phosphatidyl serine membrane. Figure 
3a was recorded with no added calcium, while in Figure 3b the negative 
lipid surface charges are shielded on one side by 1.1 x 10-sM Ca 2+. The 

capacitance versus voltage curves in the upper parts of the figures were 
recorded at a sweep rate of 100 mV/sec. The adaptation of the membrane 
capacitance to the applied voltage extends over the msec to sec range, 

a b 

without calcium 

!.1.10-5M calcium on 
one side 

/ 
_200 , 20,; 

/ II0pr 
Co: 220 pF 

4 0 p F ~  1 

I - - -  I ~ i i ~ I I ~ i __q0  
-250 -100 

C O : 188 pF 

Fig. 3. Representative measurements of the current and capacitance characteristics of a 
PS membrane. The bilayer has a rather high hexane content to emphasize the capacit- 
ance response. Electrolyte: 0.01 M KC1, 2mM imidazole, pH 7.0, plus 5 x 10 7 M nonactin. 
(a): without calcium. (b): 1.1 • 10-5M CaC12 added to the side connected to the ammeter 
(side 1). Membrane area was ~_6x 10 2mm2. The continuous capacitance vs. voltage 
curves are shown at the top of the figure. In b the asymmetrical addition of Ca z§ has 
caused the center of the hysteresis-like curve to be shifted to 26 inV. This shift is called 
the capacitance minimization potential, Vcmi,. The bottom curves show the expanded 
capacitance characteristics, starting at the minimization potential and recorded with a 
slower sweep rate. The mid-sections give the appropriate current-voltage curves, showing 
the change caused by the added calcium. Curves labelled 1 were recorded at 100mV/sec, 

those labelled 2 at 50 mV/sec 
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and may be different for increasing and decreasing voltages. This leads to 
a hysteresis-like capacitance sweep. The expanded capacitance curves in 
the lower parts of the figure show that the capacitance minima coincide 
with the centers of the hysteresis-like figures. Figure 3b shows that the 
minimum of the capacitance is shifted by 26mV. This means that the 
intrinsic compression of the membrane, caused by the asymmetric sur- 
face potentials (A V G in this case), is compensated at an externally applied 
voltage of 26 inV. 

-200 -100 O 100 200 

mV 

C 1.1.10-4 M calcium 

-200 -100 O 1GO 200 
mV 

~ b 1.1-10 -5 Ix4 cat 

2- 

-2 

-200 -I00 0 10(] 
mV 

10- 

hA 

8- 

6. 

4~ 

2. 

0 

-200 

c 

d 1.1-10 -3 M c " 

rn7 

Fig. 4. Experimental current-voltage curves (points) fitted to Eq. (7) (solid line). The 
experiment represents a single PS membrane with various amounts of CaC12 added 
asymmetrically, as specified in the figures. Other experimental data are as indicated in the 
Table. The fitted parameters are: (a) n l=0 .14 ,  n2=0.86,  A~b=l .6mV,  K = 1 . 0 5  
x l 0 - Z n A / m V ;  (b) A ~ = - 2 7 m V ,  K = 5 . 2 6 x 1 0  3nA/mV;  (c) A ~ = - 5 5 m V ,  K = 1 . 9 2  
x 10-3 nA/mV; and (d) A q~ = - 6 3  mV, K = 2.25 x 10-3 nA/mV. For b, c and d, n l and n2 

were held constant at the values found for curve a 

200 

200 
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Table. Summary of numerical results a 

Ca 2+ -,~VG=Vcrni n n l = ( 1 - n 2 )  -Aeb  - A V G = A ~ / ( n 2 - n l  ) K b 
(M) (mV) (mV) (mV) (nA/mV) 

none 0_+2 0.13 ___0.02 0_+2 0_+3 1,05 • 10 -2 
1.0• -6 6 _ + 2  0.13___0.02 8_+4 10_+5 8,06 x 10 -3 
1.1• -5 2 6 _ - t - 3  0.13_-t-0.02 25_+6 34+8 5,26 x 10 3 
1.1x 10 -r  5 2 _ + 3  0.13___0.02 55_+6 74_+8 1.92 x 10 -3 
1.1 x l 0  -3 75_+6 0.13___0.02 6 1 _ + 8  82_+11 2.25 x 10 -3 

Experimental data: phosphatidyl serine membranes, 0.01M KC1, 2mM imidazole, 
pH7.0, 5x10-7M nonactin, T=22~ Membrane area: ~ 8 x l 0 - 2 m m  2 (hole area), 
C o -~ 420 pF (0.53 gF/cm2). 

The uncertainties are the standard deviations of the means. 
b Values derived for one representative membrane only. 

Current-Voltage Curves 

The current-voltage curves for the two membranes are found in the 
mid-sections of Fig. 3. The parameters A~, nl and n2 were extracted 
from the experimental curves by computer-fitting to Eq. (7) (James & 
Roos, 1975), or by superposition on computer-generated families of 
curves with systematically varied values of A@, nl and n2. The results of 
such analyses are shown in Fig. 4. 

The A V G values derived from the analysis of the current-voltage 
curves and the gcmin values from the capacitance measurements are given 
in the Table. 

Discussion 

Voltage-Dependent Capacitance 

In this report we have presented the details of a recently developed 
method to determine asymmetric electrostatic potentials in artificial lipid 
membranes. The method makes use of the fact that electric fields induce 
geometrical changes in the bilayers, sometimes called electrocompression 
or electrostriction, resulting in a voltage-dependent membrane capacit- 
ance, Cm(V ). In the last few years various authors have studied this effect. 
The amplitude of the changes depends strongly on the lipid used and on 
the type and content of hydrocarbon solvent (Benz & Janko, 1976). 
Several processes seem to be responsible for the phenomenon and could 
include: 
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a) An elastic compression resulting in a capacitance change of about 
0.02 to 0.06 ~o at 100 inV. This adaptation exists in both solvent-free and 
solvent-containing membranes (Alvarez & Latorre, 1978; Wobschall, 
1972). 

b) An extrusion of solvent into microlenses and the border, resulting 
in a thinning of the membrane and a capacitance change of up to 10 ~o at 
100 inV. 

c) A creation of new membrane at the expense of the plateau border. 
The amplitude of this effect is thought to be small (<  1 ~o at 100 mV), at 
least for membranes with a small torus/bilayer ratio. 

d) A further slow increase, probably resulting from a reduction of the 
area occupied by the microlenses through fusion and coalescence with 
the border, and from the creation of new membrane in the case of big 
torus/bilayer ratios (Benz & Janko, 1976). These processes are only 
partially reversible. 

The time scales of the various processes span a large range: a takes 
place within a few gsec, b and c occur in the msec to sec range (Raquena, 
Haydon & Hladky, 1975; Benz et al., 1975, and our own observations), 
and process d takes even longer. 

Mechanisms a and b have been found to accurately obey Eq. (4). For 
solvent-free PE 1 membranes, Alvarez and Latorre (1978) determined a fl 
of 0.02 V- 2, while for solvent-containing bilayers fi lies in the range of 2 
to 10V -2 (White, 1970; White & Thompson, 1973; Benz et al., 1975; 
Benz & Janko, 1976). 

We were able to simulate the hysteresis-like Cm( K t) curves of Fig. 3 
by assuming three first-order relaxation processes: 

~ ?  " Ci  "JC C i = ~i  " V 2  (8) 

where C i is the instantaneous capacitance of the ith relaxation component, 
z + are the time constants of the ith component for increasing and 
decreasing capacitance, respectively, and fii is the relaxation amplitude of 
the ith component at 1 V. Ci represents the first time derivative of C~. 

For the membranes employed in this study the following values were 
derived: ~1"~2~'~2 to 5V -2, "c[ ='c]- -~5msec, -c~- -~0.4sec, z 2 ~-0.6sec, 
fi3 -~ 1 to 3V -2, r~-=z~-~_ 5 sec. At the 100mV/sec sweep speed used, the 
fast relaxation is responsible for the overall "U"  shape and the middle 

Abbreviations used: GDO, glycerol dioleate; PE, phosphatidyl ethanolamine; PS, 
phosphatidyl serine. 
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one for the "hysteresis". The slow component raises the whole figure on 
the C m axis. 

While sweeping more or less symmetrically around gcmin in the 
pseudo steady-state condition (retraceable C -  Vcurves), the center of the 
hysteresis-like figure indicates the voltage of minimal capacitance. Best 
resolution (i.e., highest slope at the crossing point) is found when the 
condition f - r i =  1 (f  is the frequency of the triangular wave sweep) is 
satisfied for one of the relaxation components. Other factors being equal, 
the resolution increases with/3i and with sweep amplitude. 

The idea that not only externally applied voltages but also intrinsic 
electrical fields resulting from asymmetric surface potentials might affect 
bilayer capacitance was suggested for the first time by Wobshall (1972). 
In 1976 we showed that this was indeed the case and applied the effect 
for the determination of surface potentials of asymmetric bilayers 
(Schoch & Sargent, 1976). More recently Alvarez and Latorre (1978) also 
used electrocompression in an analysis of surface potentials. They super- 
imposed a 10-mV pulse on an arbitrary holding potential and used the 
integrated charging current as a measure of the capacitance. By measur- 
ing only the difference in charging currents for the bilayer and a matched 
R - C network and using signal averaging techniques, they achieved high 
sensitivity, measuring a/~ of only 0.02 V-2 in solvent-free bilayers. With 
our simple measuring technique we can study capacitance changes 
having a characteristic time constant of at least 4 msec and a magnitude 
of about 0.5pF (~_0.1 ~o) (the baseline capacitance is compensated by a 
bucking voltage circuit). This sensitivity allows the direct determination 
of/~'s of about 0.1V 2. An analysis of the surface potentials of solvent- 
free bilayers would also be possible by applying signal-averaging tech- 
niques and/or by measuring at a much shorter time scale in order to 
minimize the effects of slow drifts of membrane capacitance. 

For the purpose of our w o r k - t h e  quantitative evaluation of surface 
potentials which arise in the polar head group r eg ion- the  amount of 
hydrocarbon solvent contained in the bilayer seems to be immaterial, as 
we have shown in two studies. In the first, using egg lecithin membranes 
to which UO 2+ was bound asymmetrically (Schoch & Sargent, 1976), no 
significant correlation was found between Vcmin and /~. From 20 mem- 
branes with/~'s ranging from 2 to 40 V-2 we fitted the normalized gcmin 

and/~ to the following relation: 

VC rain/gc min = L/-~- b./?. (9) 

The regression analysis yielded b=0.0008+_0.0025, showing that this 
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regression coefficient is not significantly different from zero. The same 
solvent-independent response was seen with hexane-containing phospha- 
tidyl serine membranes made from monolayers (fi= 1 to 20V-2) in the 
presence of asymmetric shielding with CaC12. These findings are not 
unexpected in light of the fact that the area per lipid molecule seems to 
be independent of the solvent content, which influences only the thick- 
ness of the membranes (Fettiplace, Andrews & Haydon, 1971; Benz & 
Gisin, 1978). 

Current-Voltage Characteristics 

Other authors have also used nonactin-K + complexes as ionic probes 
for the determination of energy profiles in phospholipid bilayers. For PE 
membranes, the analysis by Krasne and Eisenman (1976) yields nl = 0.14, 
whereas that by Hladky (1974) yields nl =0.2. The source of the discrep- 
ancy is not clear, but in this context it's important to note that elec- 
trostriction tends to increase the current, thereby leading to an over- 
estimation of nl. Hall, Mead and Szabo (1973), Hall and Latorre (1976), 
and Latorre and Hall (1976) gave values of nl between 0.28 and 0.32 for 
PE/PE, PS/PE and GDO/PE membranes. In our opinion these values are 
too high, presumably due to the fact that their analyses were based on a 
different voltage dependence, namely I ~ e x p ( V / R T ) ,  as opposed to 
I c~Vexp (V /RT) ,  as derived in this and other papers (e.g., Hladky, 1974). 

From computer-fitted values of K in Eq. (7) one may estimate the 
absolute height of the energy barrier relative to the bulk solution, ~ 1 (0). 
By substituting D = d 2 kis/2 into Eq. (A5), where kis is the rate constant of 
the translocation step, the constant K becomes explicitly 

K = z F A  a d ki~ c i c~ 7s Ka exp ( - a ~b 1 (0))/2. (10) 

In evaluating ~bl(0), we take the following numerical values: d = 35 it, 
kis =2  • 104. sect 1 (Hladky, 1975), ~ = 5000 (cited in Hladky, 1974), Ka 
-- 3.9 x 103 1/M. The latter value was measured in methanol by Wipf et al. 

1968): as the transition of K + from water to methanol involves very little 
change in free energy (Strehlow, 1966), this value should also hold 
approximately for water. 

Using K = 1.05 x 10-2 nA/mV (Table, line 1), one finds 
�9 l(0)-~300mV, which is quite satisfactory, considering the approxima- 
tion made in the calculation. 
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Comparison of the Methods 

Do the two methods, the C(V) and I(V) characteristics, give the same 
results? Although the corresponding values given in the Table differ 
significantly in only one case (1.1 x 10-4MCa2+), the results from the 
current-voltage curves tend to yield A V c values that are higher than 
those from the capacitance minimization method. We propose that the 
difference may arise from the nonideality of the membrane, as the 
diffusion coefficient, D, the membrane thickness, d, and the fractional 
distances nl and n2 all depend on thickness and therefore voltage, in 
contrast to the conditions assumed in the derivation of Eq. (7). We have 
been able to derive a semi-empirical "error function", with only the 
instantaneous C(V) as variable, that adjusts the experimental I -  V curves 
to the ones expected with rigid, voltage-independent parameters. This 
correction leads to better agreement between the two procedures for the 
evaluation of AV G. Additionally it reveals that the nonideal voltage 

dependence affects the I - V  curves only when IV-Vcminl> 150 inV. It is 
therefore possible to interpret the I - V  curves over a limited range of 
voltage and get reasonable values for A~b even with compressible mem- 
branes. Details of this semi-empirical correction will be published else- 
where. 

The Surface Charge Density ofPhosphatidyl Serine Membranes 

The electrostatic potential at the surface of a fixed charge sheet and 
in the diffuse double layer relative to the bulk solution has been shown 
to be adequately described at low electrolyte concentrations by the 
Gouy-Chapman theory (Aveyard & Haydon, 1973). Our results are 
consistent with the Gouy-Chapman theory assuming a surface charge 
density of 37 _+ 5/~2/e- (Fig. 5), in good agreement with 38/~2/e found by 
McLaughlin, Szabo and Eisenman (1971) using similar conditions. A 
weak binding of Ca a+ to the PS bilayer (e.g., McLaughlin et al., 1971; 
Ohki & Sauve, 1978) cannot be excluded. If this factor is considered, a 
larger and perhaps more reasonable value for the area per molecule 
would result (e.g., Papahadjopoulos, 1968). A further factor yielding 
larger areas per molecule would be a correction for dielectric saturation 
in the aqueous phase adjacent to the bilayer (Wang & Brunet, 1978). 
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Fig. 5. Determination of the surface charge density by the Gouy-Chapman theory. The 
curves represent the theoretical surface potential, VG, as a function of the area/charge, for 
various electrolyte solutions (see below). Calculations for the 2-1-1 electrolytes were 
done according to Abraham-Schrauner (1975). The experimental values of Vcmin = - -A  V G 
(vertical bars) were fitted between the curves corresponding to the CaC12 concentrations 
on the two sides of the membrane. CaC12 concentrations are: 0 (curve 1), 10-6M (curve 2), 
1.t x 10-sM (curve 3), 1.1 x 10-4~ (curve 4), and 1.1 x 10-3M (curve 5). In all cases 0.011M 
1-1 electrolyte was assumed in accordance with the experimental conditions: 0.01M 
KC1, 2 mu imidazole, pH 7.0. Disregarding the 3 values at the far right, the analysis yields 

a mean area per phosphatidyl serine molecule of 37 ___5 A. 2 

Conclusions 

The capaci tance min imiza t ion  m e t h o d  presented in this report  for the 

de te rmina t ion  of  differences in surface potent ials  of  asymmetr ic  lipid 

bilayers allows a rapid and  simple measurement  of dipole and  surface 

charge potentials.  Interference by external probes (e.g., carriers) or de- 

pendence  on a par t icular  analyt ical  model  is eliminated. 

The results obta ined  with this simple me t h o d  are in good  agreement  

with those found by the analysis of current-vol tage characterist ics and 

can probably  be considered as more reliable. Our  results are also 

consistent  with the G o u y - C h a p m a n  theory  of surface charge potentials,  

a l though the exact numerical  predict ions of this theory  may  be question- 
able very near  the surface of highly charged membranes .  



86 P. Schoch, D.F. Sargent, and R. Schwyzer 

In many  situations the apparatus  can be even simpler than that  
described here: if bilayer conductance is small compared  with the 
capacitive admittance,  then one needn' t  select the 90 ~ current componen t  
and can simply use an alternating current amplifier. 

In addi t ion to studies of basic bilayer properties, a major  applicat ion 
of the technique presented in this paper  will be the quanti tat ive measure- 
ment  of adsorpt ion to lipid membranes  of charged, surface active sub- 
stances, such as membrane  active peptides and proteins. 

Appendix 

The Nernst-Planck Equation Applied to an Asymmetric Trapezoidal Barrier 
for One Symmetrically Distributed Permeant Species 

Essentially we follow the derivations of Neumcke  & L~iuger (1969) 
and Hladky (1974). For  this reason, only significant modifications based 
on our explicit allowance of an asymmetr ic  barrier profile will be pointed 

out. 
The trapezoidal potential  barrier (Fig. 1 c) is described by the parame- 

ters 4~1(0) and ~b2(0) (heights of the two corners in mV), d (thickness of 
the membrane),  n (local, dimensionless variable ranging from 0 to 1 
across the membrane),  and nl  and n2 (positions of the two corners). 

We need an explicit expression only for the por t ion of the barrier 
between nl and n2. Using the constant  field approximation,  we can write 

451(v) = 4)1(o)+, ,1.  v 

and (A1) 
4)2(V) = 4,2(0) + n2- V. 

Thus 4)*, the potential  relative to 4)l(V), is given by 

(4)2(V) - 4) 1 (V)) 
@*(n, V)= n 2 - n l  . ( n -  nl) 

(A4) +(n2 - n l ) -  V) 
= - -  ( n - n l )  (A2) 

n2 - nl  

where A 4) = ~b2(0) - 4) 1 (0). 
Taking account  of the asymmetr ic  barrier shape, the equil ibrium 

concentrat ions of the permeant  complex at the two corners become 
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a n d  

c (n 1, V)  = c i c s y, K~ e -  ~(~ 1 (0) + n 1 �9 V) 

c(n2, V) = c i c~ 7~ Ka e a(q~2(0)+(n2- 1) V). 

I n t e g r a t i n g  the  N e r n s t - P l a n c k  e q u a t i o n  b e t w e e n  n l  

s u b s t i t u t i n g  the  a b o v e  c o n c e n t r a t i o n s  yie lds  

i m = K ( A C b + ( n 2 - n l ) V )  e ~ V - 1  
n2 - n l ca(Arb + n2 �9 V ) _  can  l �9 V 

wi th  

a z F A D  
K - - -  

d 
ci Cs 7s Ka exp ( - a ~b 1 (0)). 

a n d  n2 

(A3) 

a n d  

(A4) 

(As) 

Symbols 

The symbols used are: 

I m -current  through the membrane 
z -valence of the transported species (=  1) 
a - = zF/RT 
A - membrane area 
d -membrane  thickness 
D -intramembranous diffusion coefficient 
c i - b u l k  concentration of K § 
c s - b u l k  concentration of free carrier 
Ys -part i t ion coefficient of the free carrier 
K a -  aqueous association constant between K § and nonactin 

The other symbols have their usual meanings. 
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