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Since the introduction of artificial lipid bilayers (Mueller et al., 1962), several mole-
cules have been used as probes of membrane structure. In particular, the nonactin-K+
complex has been used to probe membrane surface charge (McLaughlin et al., 1970)
and the shape of the electrochemical barrier to transport inside the membrane (Hall
et al., 1973). More recently phospholipid bilayer membranes have been made with
negative lipids forming one monolayer and neutral lipids forming the other (Montal,
1973). Such membranes are of considerable interest because similar asymmetry may
exist in biological membranes (McLaughlin and Harary, 1974). The barrier shape for a
membrane with a neutral lipid on one side and a negative lipid on the other should be
skewed by the surface potential of the negative lipid. We ask first if this is reflected in
the current-voltage curve. We find that the nonactin-K+ current-voltage curve shows a
pronounced asymmetry in the expected manner and consequently provides a direct
measure of the difference in the surface potential of a neutral and a negatively charged
lipid. We ask next how the observed membrane asymmetry changes with time.
We formed asymmetric membranes in a Teflon chamber with an 18 jm thick Teflon

partition using the technique described by Montal (1973). The surface area of each
compartment was 4 cm2 and the volume 3 ml. Monolayers were spread on the surface
of the electrolyte solution using 10 sl of lipid in pentane at a concentration of 12.5
mg/ml. One monolayer was formed from bacterial phosphatidyl ethanolamine (PE,
Supelco, Inc., Bellefonte, Pa.) and the other from bovine phosphatidyl serine (PS,
Supelco). The aqueous solutions were symmetric and consisted of 0.05 M KCI at
pH 5.5 (unbuffered). Electrical measurements were made using Ag/AgCl electrodes
in a four electrode system (Eisenberg et al., 1973). Current-voltage curves were re-
corded directly on an X- Y recorder at a voltage-sweep rate low enough to introduce
negligible hysteresis (less than 20 mV/s). Measurements were made at 22°C unless
stated. Nonactin (E. R. Squibb & Sons, New York) was added to both compartments
in ethanolic solutions of various dilutions (control experiments showed that an equiva-
lent amount ofethanol had no effect on membrane conductance).

Fig. 1 is a current-voltage curve of an asymmetric membrane in 0.05 M KCI. The
voltage is positive when current flows from the PE side across the membrane to the PS
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FIGURE I Current-voltage relationship for an asymmetric membrane (PS-PE) doped with non-
actin. Salt concentration 0.05 M KCI. Nonactin concentration 10-6 M. Membrane area 4 x

4 210- cm . Temperature 22°C. Positive potential is defined by current flowing from the neutral
side (PE) to the negatively charged side (PS). Small hysteresis in the third quadrant is due to
the limited band width of the X-Y recorder.
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FIGURE 2 Trapezoidal approximation to the actual barrier under various conditions of applied
voltage. J is current, 4PE the barrier seen by a nonactin-I'+ complex at the phosphatidyl ethan-
olamine (PE) surface, at zero voltage, 4ps the barrier seen by a nonactin-K+ complex at the
phosphatidyl serine surface, 4) the surface potential arising from the negative charge of the PS,
n the fractional distance from the edge of the membrane to the corner of the barrier (n - 0.3 for
the membranes used in these experiments), and Vis the applied voltage.
FIGURE 2A Shows the barrier profile obtained at zero applied voltage. The dashed line shows
the electric potential across the membrane. The barrier profile results from the addition of this
potential which arises from the surface potential and the barrier for translocation of nonactin-K+
complex. The concentration of complex is greater on the PS side than on the PE side, but the
barrier for translocation (Ops) is greater than from the PE side (lpE), so no net current flows.
FIGURE 2B Shows the barrier for a positive applied voltage. The barrier for translocation from
the PE side is reduced by nV and the current flows from left to right. For large voltage (V >
50 mV) J - exp(enV/kT).
FIGURE 2 C Shows the barrier for a negative applied voltage equal to the surface potential, 4O.
The barrier for the translocation from the PS side has been reduced by (I - n) V and for <l
V < 0 IJI - exp(e(l - n) V/kT). If the voltage is further reduced, the right-hand corner of the
barrier will become rate limiting and J will be proportional to exp(en V/kT).
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side. The current-voltage curve is clearly asymmetric and shows marked rectification.
The sense of the rectification is consistent with a negative surface potential on the PS
side and can be quantitatively calculated from the expected barrier shape.
The steady-state current-voltage curves in bacterial PE-decane membranes' can be

explained over a wide range of salt concentrations by a simple barrier profile not very
different from that expected from an image force calculation. This barrier can be
approximated reasonably well by a trapezoidal barrier of a height greater than 500 mV
and a width about 0.6 the thickness of the membrane (Hall et al., 1973). Rectification
is a consequence of the actual barrier, but it is easier to get a feel for how the rectifica-
tion arises from the trapezoidal approximation. Fig. 2A shows the approximate bar-
rier profile expected for an asymmetric membrane with a negative lipid on one side.
For current in the positive direction (PE to PS) the rate limiting energy is the difference
between the height of the left-hand corner of the barrier and the solution to the left
(QPE in Fig. 2 A). This distance is reduced by a positive voltage an amount n V (Fig.
2 B), where n is the fractional distance to the corner, and the current will thus be pro-
portional to exp(neV/kT). For current in the negative direction the rate-limiting
energy is the difference between the height of the same left-hand corner and the right-
hand solution (4PE in Fig. 2 A). This difference is reduced by a factor of (1 - n) V
(Fig. 2 C), and the current in the negative direction is proportional to exp[(l -
n)eV/kT]. These approximations are valid only at large voltages, and the current
depends linearly on voltage for small applied voltages. Nevertheless, we expect a
difference in the functional dependence of the current on voltage for different signs
of the applied voltage. Plotting the data of Fig. 1 as logarithm of current vs. voltage
for both signs of voltage shows such a difference. This result is shown in Fig. 3. Two
slopes are clearly apparent, and the steeper slope occurs when current flows from PS
to PE, as expected. For large negative voltages, the right-hand corner of the barrier
would become rate limiting and the current would be proportional to exp(neV/kT)
again.
The surface potential calculated from the observed rectification is 86 mV. This com-

pares very favorably with the value estimated from the Gouy equation:
sinh (eXo/2kT) = 136a/VU,

where a is in electronic charges per square angstrom, C is the ionic strength, .k is the
surface potential, and k and T have their usual meanings. a is assumed to be about
0.02 charges/A2. (McLaughlin et al., 1970).

This method of measuring membrane asymmetry has several advantages. First, it
measures an effect directly related to the asymmetry of the membrane at any time and
can therefore be used to monitor changes in asymmetry of a given membrane as a
function of time. Second, it measures a difference in shape, not in magnitude, and it
therefore is insensitive to changes in nonactin concentration as a function of time.
This method is thus ideal for investigating the time dependence of the asymmetry.

I Bilayers made only of PE with the monolayer technique and doped with nonactin gave essentially the same
barrier profile.
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FIGURE 3 Plot of the log of the current vs. voltage, taken from the data of Fig. 1. The lower
curve is for positive voltages with current flowing from the PE to the PS side, and the upper curve
is for negative voltages with current flowing from the PS to the PE side. The slope of the lower
curve is less steep than the slope of the upper curve, as expected. The decrease in slope of the
upper curve with increasing voltage results from a shift of the rate limiting point from left to
right. The upper curve corresponds to the barrier of Fig. 2 C and the lower to that of Fig. 2 B.
(The lower voltage points are omitted because of limited experimental accuracy).

We have attempted to measure phospholipid ffip-flop with this technique, and we
have found no detectable change in asymmetry in a membrane lasting 10 h. In addi-
tion we have found no evidence of flip-flop in a membrane exposed to a positive po-
tential of 100 mV on the serine side for 2 h. Increasing temperature to 33°C gave
essentially the same results in a membrane lasting 3 h. We therefore conclude that
phospholipid ffip-flop in our membranes must be a very slow process, with a half time
considerably greater than ten hours. We could have detected a change in surface
potential difference less than 5 mV corresponding to a change in surface charge of
0.0004 charges/k on either side. Such a change was not observed.
The fact that this method reveals no flip-flop is not surprising. Recently, Rothman

and Dawidowicz (1975) have reported that in their vesicular preparation the half time
for the flip-flop process must take at least several days or longer. We are aware that
lateral diffusion in planar membranes can dominate flip-flop, as pointed out by Sher-
wood and Montal (1975). They reported flip-flop occurring much more rapidly than
we observed, using a different detection method. The difference between their results
and ours may arise in part from use of different lipids.
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