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SUMMARY

A study was made of transmembrane potentials at the initial state produced
by a concentration gradient of identical ions and also different ionic species at the
same concentration for various phospholipid bilayers. It was found that the potential
of the salt added side was lower than that on the other side of the membrane. For the
phosphatidylserine and phosphatidylethanolamine membranes, there was a significant
difference between the potentials produced by the addition of the same concentrations
of KCl and NaCl, respectively, on one side of the membrane, whereas, for the phos-
phatidylcholine membrane, there was no appreciable difference in produced membrane
potentials. The produced membrane potential reached saturation with high concentra-
tion of salt on one side. For the cases of the addition of divalent ions, it was found
that even a low concentration of CaCl, on one side of the phosphatidylserine mem-
brane resulted in a large membrane potential, which suggests a strong interaction of
Ca?* with phosphatidylserine molecules. The presence of a pH difference between the
two sides of the phosphatidylserine membrane also produced membrane potentials,
but, for the phosphatidylcholine membrane, there was no appreciable change in the
produced membrane potential. It is concluded that these membrane potentials
observed at the initial state of the system are produced mainly by the difference
between two diffused double-layer potentials formed at the interface of the membrane
and the electrolyte solution on both sides and not by the ion diffusion across the
membrane.

INTRODUCTION

Phospholipid membranes have recently become the subject of intensive research
as a model for studying the structure and function of biological membranes!-3,
Although phospholipid bilayers composed of purified phospholipids serve in general
as a simplified model for the biological membrane, some of the properties of such
artificial membranes have been shown to have striking similarities to those of the
biological membrane!-3,

Among properties of the membrane, transmembrane potential produced when
there is the ion concentration gradient across the membrane is one of the important
subjects in understanding the function of the biological membrane.
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There have been several investigators who have observed membrane potentials
produced by ion concentration gradient across the phospholipid membranel,3-7.10,
However, the major interest of membrane potential for lipid bilayers was to observe
the transmembrane potential due to specific ion permeation in the presence of various
surfactants®, certain inorganic ions?, proteins (excitability-inducing material}®.®.
There have been a few investigators?>1%11 who have observed the transmembrane
potential of pure phospholipid bilayers under various salt concentration gradients.

Hopfer et al.’® have studied the membrane potential produced by alkaline salt
solution gradients across the membrane, and have shown that the permeability of
various negative and neutral charged phospholipids to cations was varied while a
positively charged phospholipid showed a marked sensitivity only to negative ion
permeability.

On the other hand, Massey and McCulloch!! have reported a possible idea that
the cation induced transmembrane potential would be explained by the concept of
ion adsorption.

Recently, Ohki* has proposed a theory of membrane potential; that is, the
membrane potential may arise from the difference between two diffused surface
potentials on two sides of the membrane which are produced by the fixed charges or
polar groups at the membrane surface and the surrounding electrolyte solution. The
following membrane system may exhibit this type of membrane potential, that is,
a membrane can be considered to be impermeable to ions compared to the diffusion of
ions in the aqueous phase. The membrane has a hydrophobic interior and hydrophilic
surface facing electrolyte solution phases. If one surface of the membrane is different
from the other membrane surface with respect to their surface charges and dipoles,
two different diffused double layer potentials would be produced on two different
sides of the membrane. Assuming that there is no potential gradient in the membrane,
a potential on one side of the membrane away from the membrane surface would be
different from that on the other side of the membrane. At the initial state, therefore,
the difference between two surface potentials may be observed since the ionic con-
ductance of the membrane is very low, although this potential difference will vanish
as the stationary state of the system is attained. A phospholipid bilayer system which
has asymmetrical distribution with the surface charges or polarization due to polar
groups, may correspond to the one which demonstrates such a membrane potential,
at the initial state.

In this report, a study was systematically made of the initial state membrane
potential produced by the ion concentration gradient together with different salt
contents (¢.g. NaCl on one side and KCl on the other side) across various phospholipid
bilayers.

MATERIALS AND METHODS

Bimolecular phospholipid membranes were formed in aqueous solution through
an adaptation of a method used for the formation of black soap films. Phospholipids
used were chromatographically pure phosphatidylcholine (egg), phosphatidylserine
{(bovine) and phosphatidylethanolamine (bovine) purchased from Applied Science
Laboratories (State College, Pa.) and some from Supelco (Bellefonte, Pa.). By using
the same type of phospholipid identical experimental results were observed within
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the experimental error for both Applied Science Lab. and Supelco’s samples. These
phospholipids were stored in chloroform (phosphatidylserine and phosphatidyl-
ethanolamine) and benzene (phosphatidylcholine).

The membrane-forming solution was 2.5 9% (w/w) phospholipid in #-decane.
The details of the cell arrangement used to form bimolecular membranes are described
in the earlier papers!2.13. All chemicals used were reagent grade (Fisher Scientific Co.).
Water was triple distilled including the process of distillation by using KMnO,. The
electronic circuit used for measurement of the membrane potential, is described
schematically in Fig. 1, where A is the differential amplifier (each input impedance
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Fig. 1. Schematic diagram of instrumentation for measurements of membrane potential. A, differ-
ential amplifier; B, electrometer; C, chart recorder.

> 10'% Q, gain = 10 X ), B is the Keithley Instrument Model 610C electrometer and
C is the strip chart recorder (Bausch-Lomb, VOM 7). Calomel half cell electrodes
(standard pH electrodes) (London Co., Ohio) were used as reversible electrodes to
detect the potential. Micro-syringes (Hamilton Co.) were used for injection of small
amounts of solution. The temperature was maintained at 23 + 1 °C. All aqueous
solutions contained 0.2 mM Tris-HCl (Ultra Pure grade, Mann Research Co.) as a
buffer. The solutions also contained 0.05 mM disodium EDTA to remove small
amounts of contaminant such as bi- and multivalent metals, which are present as
contaminants in the monovalent salts and are also extracted along with phospholipids
from natural sources. Metal analysis of the phospholipids is described elsewhere!4.

EXPERIMENTAL RESULTS

The experiments can be divided into three parts. In the first part, the membrane
potentials produced by the addition of monovalent salt (NaCl or KCl) on one side or
both sides of the membrane were measured for various phospholipid membranes
prepared in an aqueous solution. In the second part of the experiments, the mem-
brane potentials produced by the addition of divalent ions (CaCl, and MgCl,) were
measured using different phospholipid membranes made in monovalent salt solutions.
For all cases involving the addition of salt on one side of the membrane, the electrical
potential of the solution for the salt added side was lower than that of the other side
of the membrane. In order to compensate for the hydrostatic pressure difference due
to the addition of salt solution on one side, a small amount of the same aqueous
solution in which the membrane was prepared, was added on the other side of the
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membrane. In the third part of the experiments, the membrane potential created by
a pH difference between the two sides of the membrane was examined. The membrane
potentials were gradually developed after gentle stirring of the salt solution on one
side of the membrane, and were observed as if the system reached a steady state.
However, this potential was not the steady state potential. The developed potential
tended to decay which should have vanished to zero after a long time. However,
the potential at the initial state (0—15 min) did not show much change (a few percent
charge in potential which varied depending upon the type of ions). All phospholipid
membranes were prepared in pH 7.2 solution unless otherwise specified.

Asymmetrical distribution of Nat and K+

Figs 2A, 2B and 2C show the electrical membrane potentials produced by the
addition of NaCl (3 moles/l} on one side of phosphatidylcholine, phosphatidyletha-
nolamine and phosphatidylserine membranes, respectively, which were prepared in
distilled water (a) and 10 mM NaCl (b}, respectively. The membrane potential pro-
duced by the addition of any given concentration of NaCl on one side of the membrane
showed the greatest potential for the phosphatidylserine membrane and the smallest
membrane potential for the phosphatidylcholine membrane. The membrane potential
produced by the addition of a given concentration of salt on one side of the membrane
prepared in distilled water, was greater than that for the membrane prepared in the
solution of 10 mM NaCl. It was noticed that the membrane potential increased gradu-
ally, as the concentration of the salt was increased on one side, and finally reached a
saturation point for the addition of more salt.

In Figs 3A, 3B, and 3C, similar observations as in the above experiments were
shown for the addition of KCl] (3 moles/l} on one side of the membrane. The general
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Fig. 2. Transmembrane potentials (A for phosphatidylcholine; B for phosphatidylethanolamine
and C for phosphatidylserine membranes) produced by NaCl addition on one side. The salt added

side showed lower potential. (a) membrane prepared in o mM NaCl, pH 7.2; (b) membrane pre-
pared in 10 mM NaCl, pH 7.2.
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Fig. 3. Transmembrane potentials (A for phosphatidylcholine, B for phosphatidylethanolamine
and C for phosphatidylserine membranes) produced by KCl addition on one side. The salt added
side showed lower potential. (a) Membrane prepared in o mM KCl, pH 7.2; (b) membrane prepared
in 10 mM KCl, pH 7.2.

behavior of the produced potentials was similar to the previous case (Figs 2A, 2B and
2C). One of the differences between NaCl and KCI injections was that the addition of
KCl on one side of the phosphatidylserine and phosphatidylethanolamine membranes,
respectively, produced greater potentials than those produced by the addition of the
same concentration of NaCl. The potential difference at the saturation point was
about 1.4-fold of that for the case of NaCl addition. Whereas, for the phosphatidyl-
choline membrane, almost equal membrane potentials were produced by the addition
of the same amount of KCl and NaCl, respectively.

As a combination of the above experiments, the membrane potential was
measured for various phospholipid membranes when NaCl was added on one side of
the membrane and, at the same time, the same concentration of KCl was added on the
other side. Fig. 4 shows these membrane potentials for the phosphatidylethanolamine
and phosphatidylserine membranes, respectively, which were first prepared in distilled
water. As expected from the results shown in Figs. z and 3, for the phosphatidylserine
and phosphatidylethanolamine membranes, the KCl added side was more negative in
potential, and the produced membrane potential in Fig. 4 was approximately equal to
the difference between the membrane potentials produced (Figs 2B and 2C, and 3B
and 3C) when KCI and NaCl were added, respectively, on one side of the phospha-
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tidvlserine or phosphatidylethanolamine membrane. The membrane potential in-
creased for the first stage and gradually decreased until a saturation value was reached
as the concentration of salt was increased. The saturation value was approximately
equal to the difference between saturation values by KCl and NaCladded indepen-
dently on one side of the phosphatidylserine or phosphatidylethanolamine membrane.
However, for the phosphatidylcholine membrane, there was no appreciable membrane
potential produced in this case. The membrane potential was fairly well reproducible
for each phospholipid. Each experimental point in Figs 2, 3 and 4 was obtained by
taking arithmetic means of measurements for more than five membranes. The error of
the mean value varied with the salt concentration. The more concentrated the salt
was, the less was the error. The error of the mean value of the potential in the case of
the lowest salt concentration used was less than + 10 9.
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Fig. 4. Membrane potentials [for phosphatidylserine (©) and phosphatidylethanolamine (@)
membranes] produced when the same concentrations of NaCl on one side and KCI on the other
side were added. KCl added side was lower iu potential. pH 7.2.

Asymmetrical distribution of Ca®t and Mg+

In the second part of the experiments, the membrane potentials produced by
the addition of divalent ions {Ca?t and Mg?*+) were observed for various types of
membrane in the solution with various concentrations of NaCl by the same procedure
as in the above experiments.

Fig. 5 shows the membrane potentials produced by adding various amounts of
CaCl, (3 moles/I; on one side of the phosphatidylserine, phosphatidylethanolamine
and phosphatidylcholine membranes, respectively, which were prepared in 100 mM
NaCl solution. In all cases, the membrane potential increased with the increase of
CaCl, concentration. Especially, the membrane potentials produced for the phospha-
tidylserine membrane were greater than those for phosphatidylethanolamine and
phosphatidylcholine membranes for the addition of the same amount of CaCl,. In
addition, in the case of the phosphatidylserine membrane, an instability of the mem-
brane was observed by the addition of CaCl, on one side of the membrane. A study
of this instability has been worked out in detail in earlier papers!4:1%. For example, the
phosphatidylserine membrane prepared in 0.1 M NaCl at pH 7.2 became unstable by
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the addition of up to 5 mM CaCl, on one side of the membrane. Beyond the above

concentration (5 mM CaCl,), the membrane broke. For the phosphatidylcholine and
phosphatidylethanolamine membranes prepared in the same salt solution, the pro-

100~

80

60

Ve (mV)

40~

20~

0 { 1 i | 1 1 1
0.1 05 1O 20 SO0 10 20 i00

Ca 2* concn. (mM) added on one side

Fig. 5. Membrane potentials [for phosphatidylcholine (O), phosphatidylethanolamine (x) and
for phosphatidylserine (A ) membranes] produced by the addition of CaCl, on one side of the
membrane prepared in 100 mM NaCl solution. pH 7.2.
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Fig. 6. Membrane pctentials [for phosphatidylserine membranes prepared in (a) 1 mM NaCl,
(b) 10 mM NaCl and (c) 100 mM NaCl, respectively] produced by the addition of CaCl, on one side.
CaCl, added side resulted in a negative potential. pH 7.2 for all cases.

Biochim. Biophys. Acta, 282 (1972) 55-71



64 S. OHKI

duced membrane potentials reached 10 mV with the addition of 1t mM CaCl, on one
side of the membrane and there was no appreciable increase of the membrane poten-
tial for concentrations of more than 1 mM CaCl,. The membrane potentials produced
by the addition of CaCl, (3 moles/l} on one side of the phosphatidylserine membrane
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Fig. 7. The membrane potentials (A for phosphatidylcholine and B for phosphatidylserine mem-
branes) produced by the addition of MgCl, on one side. MgCl, added side was negative in potential.
(a) Membrane prepared in 10 mM NaCl, pH 7.2; (b) membrane prepared in 100 mM NaCl, pH 7.2.
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prepared in various NaCl solutions are shown in Fig. 6. As the concentration of NaCl
solution was decreased, the produced membrane potential with the same concentra-
tion of CaCl, was greater. Especially, in low NaCl concentrations, (1o mM and 1 mM
NaCl}, appreciably large membrane potentials were observed for the addition of very
low concentrations of CaCl, (0.1 mM) on one side.

It was also noticed that for the membrane potentials produced by asymmet-
rical distribution of Ca?*, there was no good reproducibility for some phosphatidyl-
serine samples. Each point for the phosphatidylserine membrane in Figs 5 and 6 is
the average value of more than five measurements for different membranes, and it
may contain about 109, error in the magnitude of the potential. However, it is
significant that there are large differences in produced membrane potentials between
phosphatidylserine and phosphatidylcholine (or phosphatidylethanolamine) mem-
branes.

The membrane potentials produced by adding various amounts of MgCl,
(3 moles/1) on one side of the membrane are shown in Figs 7A and 7B, for the phosphati-
dylcholine and phosphatidylserine membranes which were prepared in 10 and 100 mM
Na(l], respectively. For all cases, the addition of MgCl, on one side of the membrane
did not produce a membrane potential as great as for the addition of the same con-
centration of CaCl,,.

The effects of CaCl, addition on one side of the phosphatidylserine membrane
were strikingly different from the others (phosphatidylethanolamine and phospha-
tidylcholine). The former case (phosphatidylserine-CaCl,) resulted in a greater mem-
brane potential with low concentration of CaCl, (1-5 mM), and instability due to
Ca®* was observed. It is interesting to note that as far as the membrane potentials
are concerned, the addition of monovalent ions (Na+ and K+) produced almost equal
membrane potentials for both phosphatidylserine and phosphatidylethanolamine
membranes, and Ca?+ produced a particularly large membrane potential for only the
phosphatidylserine membrane.

Asymmetrical distribuiion of H+

The third part of the experiments was to measure the membrane potentials
produced when there was a difference in pH between the two sides of the membrane.
The membrane was first formed in 0.1 M NaCl solution at pH 7.2 and the pH of the
solution on one side of the membrane was changed subsequently by titration with
HCl. The results are shown in Fig. 8. For the phosphatidylserine membrane, as
the difference of pH between the two sides of the membrane was increased, greater
transmembrane potential was observed and for pH lower than 2.5, the potential
difference did not change and seemed to reach a saturation value (67 mV). Whereas,
for the phosphatidylcholine membrane, an appreciable membrane potential change
was not observed for the subsequent change of pH of one side of the membrane (pH
7.2-2.5), as seen in Fig. 8. In the case of the phosphatidylethanclamine membrane,
similar results to those for the phosphatidylcholine membrane were observed. In
order to test that the above membrane potentials observed were produced at the
membrane-solution phase and not at the electrode-solution interface {liquid junction
potential), the change in calomel electrode (a standard pH electrode) junction poten-
tial was measured by using a glass electrode as a reference electrode in various con-
centrations of KCl or NaCl at a constant pH.
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There was no significant change in terms of potential difference between calomel
and glass electrodes over a wide range of KCl or NaCl concentrations (0-300 mM) at
pH 7.2.
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Fig. 8. The membrane potentials (A for phosphatidylcholine and B for phosphatidylserine mem-
branes) produced by a difference of pH between two sides of the membrane. The abscissa shows
the pH of one side, while pH of the other side was kept at 7.2. The side having lower pH was
negative in potential.

Also, the potential difference between two compartments having no membrane
across the cell was measured by adding salt (KCl or NaCl) on one side. It was found
that after the addition of salt and stirring the solution, the salt added side attained a
positive potential relative to the other side {¢.g. z0 mV for 100 mM NaCl addition)
for a while. The potential difference gradually decreased with time. After concentra-
tions in both compartments apparently reached equilibrium (20-30 min), the poten-
tial difference of both sides was diminished. Since the mobility of Cl~ is usually
greater than that of K+ or Na* in bulk solution, this may indicate that the observed
time dependent potential is produced by the ion diffusion potential across the dia-
phragm between two compartments.

DISCUSSION

From the results shown in Figs 2, 3 and 4, the following is evident; that is, for
the phosphatidylserine and phosphatidylethanolamine membranes, there was a
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difference in membrane potentials between those produced by the addition of the same
concentration of NaCl and KCI, respectively, on one side of the membrane. Since
Cl~ concentration was the same for both cases, and also the change of the junction
potential of calomel electrodes in KCl or NaCl solution of various concentration
(0300 mM) was not relevant, this difference was due to the different interaction
between K+ and Nat with these phospholipid membranes, probably with their polar
groups. On the other hand, there was no appreciable difference in the produced
membrane potentials with the same concentration of KCl and NaCl addition, respec-
tively, on one side of the phosphatidylcholine membrane. It is apparent that there is
no appreciable difference in interaction between K+ and Na+ with the phosphatidyl-
choline membrane. It was also observed that the side with the more concentrated salt
solution (either KCl or NaCl) was lower in potential than the other side of the mem-
brane. The observed potential gradually increased from zero with the increase of salt
concentration on one side32. This suggests that this potential is not due to the ion
diffusion potential across the membrane which is expressed by the Nernst-Planck
diffusion potential.

Moreover, the relations between membrane potential and the logarithm of
the concentration ratio of one side to the other side ([saltloyut/[salt]in), are shown in
Fig. g for phosphatidylcholine and phosphatidylserine membranes (from data in Figs
2 and 3) which were prepared in 10 mM NaCl (or KCl) solution. For example, the
potential value versus logarithm of the concentration ratio of salt (KCloyt/KClin)
was almost a linear relation up to the ratio (z for the phosphatidylserine membrane
and 57 for the phosphatidylcholine membrane) and above this ratio, the relationship
was no longer linear.

It has been reported3®10 that the majority of Cl- does not cross the lipid mem-
brane whereas the alkaline ions go through the lipid bilayers with the charge. There-
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Fig. 9. The relationships between the membrane potential and the logarithm of the concentration
ratio of one side to the other side (cout/cin) for phosphatidylcholine (@, A) and phosphatidylserine
(X, O) membranes, respectively, which were first prepared in 10 mM NaCl (or KCl) solution
at pH 7.2. The salt concentration of the inside was kept at 10 mM NaCl.
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fore, according to the Nernst-Planck equation the membrane potential yp, is approxi-
mately expressed by
RTU" -U"
[//m = — ._+_U In E‘_J
Fuyu+u- ¢

I12

R_T]n
F

ﬁlﬁ
°

i

where U+ and U~ are the mobilities of positive and negative ions, respectively, and
¢y and ¢; are the concentration of salts on outside and inside of the membrane,
respectively. The dotted line in Fig. 9 shows membrane potential according to the
potential equation.

This is more evident in the experiment of Fig. 6, that is, in this case the con-
centration difference should be produced by Ca?+ and Cl-. Since the Ca?* is supposed
to be much less permeable than the sodium or potassium ions through a lipid bilayer
membrane, it may be considered that Ca?* is practically impermeable through the
lipid bilayer membrane compared with Cl- transport. Therefore, the membrane poten-
tial is expressed by the same relation as for the previous case in terms of Cl- concen-
trations.

_ —RT

(Cll,
V=1

e,

where [Cl], and [Cl]; are the concentrations of Cl- for the outside and inside solution.
Since CaCl, solution was added on one side (outside) of the phosphatidylserine mem-
brane (in 0.1 M NaCl) up to a concentration of 5 mM, [Cl], will be 110 mM and [Cl];
will be 100 mM. Therefore, the produced diffusion potential is supposed to be less
than 2.5 mV and the sign of potential is opposite to that of the observed membrane
potential. This membrane potential is much less than those observed (approx. 50 mV)
in our experiments. Even if accepting that the Cl- fluxes do not contribute to the
membrane potential, there was a great difference in the produced membrane poten-
tials between those for monovalent alkaline ions and Ca?+ additions on one side of
the phosphatidylserine membrane, respectively. As the concentration of salt on one
side was increased, a saturation of the membrane potential was observed for all cases.
From the above evidence, it is difficult to explain the observed membrane potential
fully in terms of only ion diffusion potential theory.

The phospholipid membrane has a hydrocarbon interior and hydrophilic sur-
faces facing the electrolyte solution phases. It is a fact that this type of membrane
is very impermeable to ions, but it is still electrically conductive. Therefore, it is
probable? that there is no appreciable electrical potential gradient inside the mem-
brane and the membrane potential may arise mainly from the difference between
two surface potentials of two sides of the membrane which are produced by the
fixed charges at the membrane surfaces and the surrounding electrolyte solution
(see Fig. 10). If one surface of the membrane is different from the other membrane
surface with respect to their surface charges or ion binding with specific polar groups,
two different surface potentials would be produced on the two sides of the mem-
brane. It should be noted that changing the ionic strength will change the surface
potential via a screening mechanism. A phospholipid bilayer system which has
such an asymmetrical distribution with the surface charges or dipoles or ion ad-
sorption with surface polar groups may demonstrate such a transmembrane potential
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at it’s initial state. The observed transmembrane potential can be explained in
the following way: (For example) since the phosphatidylserine molecule has a neg-
atively charged surface, the potential profile of the phosphatidylserine membrane
in aqueous solution would be as shown in Fig. 10a. If positive ions (K+, Nat or
Ca?t) are adsorbed more strongly than the negative ion (Cl-) on one surface by
the addition of salt on one side, the negative fixed charge of this side will be reduced.
The membrane potential is measured as the difference in diffused double layer
potentials between the two sides of the membranes (see Fig. 10b). A phosphati-
dylcholine bilayer is considered to have an electrically neutral surface as a whole in
aqueous solution at neutral pH. Therefore, the potential profile would be as shown in
Fig. 1oc. If salt is added on one side and positive ions are adsorbed strongly on the
surface, the positively charged surface will be created on that side, and consequently,
the membrane potential can be formed as seen in Fig. 1rod.

Interaction of divalent ions with phospholipids could be also interpreted with
the same concept described above. Especially the interaction of Ca?+ with the phos-
phatidylserine molecule is an interesting subject to investigate. It is suggested that a
large difference in potential produced between Ca?+ and Mg?+ additions, respectively,
on one side of the phosphatidylserine membrane, shows that Ca?+ interacts much
more strongly with phosphatidylserine than Mg?+. This fact is true not only for the
phosphatidylserine membrane but also for most phospholipid membranes. That is,
Ca?+ seems to interact more strongly than Mg?*+ with the phospholipid membranes (see
Figs 5-7). This tendency corresponds to earlier measurements of conductance of phos-
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Fig. 10. A schematical sketch of the transmembrane potential due to the difference in potentials
at a distance between the two sides of the membrane. ¢: surface charge density. (a) Symmetrical
distribution of net negative charge on the membrane surface. (b) Asymmetrical distribution of
net negative charge on the membrane surface. (c) Symmetrical distribution c¢f net zero charge
on the membrane surface. (d) Asymmetrical distribution of net positive charge on the membrane
surface.
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pholipid membranes in the presence of divalent ions'?. Another observation is that the
interaction of divalent ions (Ca2" or Mg?+) with phospholipid membranes is suppressed
by increasing monovalent salt concentrations in which the membrane is prepared.
Namely, the effect of divalent ions on membrane potential is more suppressed when
the membrane is prepared in monovalent salt solution of higher concentration. This
suggests that monovalent salts compete with divalent ions when interacting with
phospholipids. This also corresponds to earlier work done by other investigators!6-15.
Especially strong interaction of Ca?* with acidic phospholipids may relate to some
function (such as nerve excitation) as suggested previously!*!".!%. The membrane
potential is also observed when there is a pH difference between the two sides of the
membrane. If we assume that the membrane potential observed for the phosphatidyl-
serine membrane with a pH difference is produced by the diffusion potential from the
different concentrations of H+ on both sides of the membrane, the same potential for
the phosphatidylcholine membrane with the same pH difference would be expected
to be produced, provided that H+ is much more permeable?® than Cl-, and H* perme-
ability is approximately equal for both phosphatidylserine and phosphatidylcholine
membranes. However, the result is quite different. When phosphatidylserine mem-
brane is made in 0.1 M NaCl of pH 7.2, both sides of the membrane may carry a net
negative charge per molecule?. By changing the pH of the solution on one side toward
the lower pH, this side of the membrane would lose the net negative charge, and
around pH 3.0 phosphatidylserine should be near the isoelectric point. Therefore,
there will be a difference in charges of ion dissociation between the two sides of the
membrane surface. The membrane potential shown in Fig. 8 may be produced by
this charge difference between the two sides of the membrane surfaces®-22. This
explanation may correspond to that of the membrane instability due to the pH
distribution41%.

Since a phospholipid molecule has dissociable polar groups which have different
ionization with various salt concentration and pH of the environmental solution, the
phospholipid bilayer membrane will alter its surface properties like ion adsorp-
tion!?.2%,24 in response to variation of these environmental parameters. Consequently,
physico-chemical properties of the membrane based on surface phenomenon such as
selective ion permeability? 10.25-27  electrical conductance’12.28 and capacitance!?
should be affected by a change in the above environmental parameters. Surface
potential measurements on phospholipid monolayers?!.2%.3 and studies of the electro-
phoretic mobility of phospholipid dispersed systems® have demonstrated that the
presence of a charged polar group produces a substantial potential at the lipid-
solution interface. Such a potential also should influence the entry of ions at the
interface®.

The above discussion described in this paper is based on a qualitative analysis.
However, for the membrane which has low permeability for ions or molecules, it
seems reasonable that the observed membrane potential at the initial state could be
due to the difference between two surface potentials produced at the interface of the
membrane and the electrolyte solution on both sides. This potential difference how-
ever, will vanish gradually as the system reaches the stationary state. On the other
hand, the surface potential measured for the monolayer interface is the stationary
state potential and does not vanish.
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