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Evidence for Ion Chain Mechanism of the Nonlinear Charge Transport of
Hydrophobic Ions Across Lipid Bilayers

Kai Sun and David Mauzerall
The Rockefeller University, New York, New York 10021 USA

ABSTRACT The conductivity across a lipid bilayer by tetraphenylborate anion is increased 10-fold on the photoformation
of lipophilic porphyrin cations. The cations alone have negligible conductivity. This nonlinear photogenerated increase of ion
conductivity is termed the photogating effect. Substitution of H by Cl in the para position of tetraphenylborate leads to a
1 00-fold enhancement of conductivity, whereas the dark conductivities for this and other substituted borates are the same.
Moreover, the halo-substituted borates show a large enhancement of conductivity in the low concentration range (1 o8 M),
whereas that of tetraphenylborate is small and space charge is negligible. The enhanced ion conductivity has great structural
sensitivity to the structure of the anion, the cation, and the lipid, whereas the partition coefficient of all the borates and the
concentration of photoformed cations are only slightly affected. The photogated ion transport has a twofold larger activation
energy than transport in the dark. Time-resolved photocurrents and voltages demonstrate that the translocation rate of the
porphyrin cation is also enhanced 1 00-fold by the Cl-borate anion but only 1 0-fold by the H-borate anion. For these reasons
the nonlinear gating effect cannot be explained by electrostatics alone, but requires an ion chain or ion aggregate mechanism.
Kinetic modeling of the photoinduced current with a mixed cation-anion ion chain can fit the data well. The photogating effect
allows the direct study of ion interactions within the bilayer.

INTRODUCTION

The lipid bilayer is the very definition of a cell. The for-
mation of membrane potentials and transmembrane ion
transport are principal properties of biological membranes.
The study of these basic properties in lipid bilayers has
attracted much research (McLaughlin, 1977; Lauger et al.,
1981; Honig et al., 1986). In most of the published studies
attention has been paid to the electrostatic properties and the
ion behavior at membrane-water interfaces (McLaughlin,
1977, 1989; Huber and Ramberg, 1981; Cevc, 1990) and to
the translocation and distribution of a single kind of ion in
the bilayer (Andersen and Fuchs, 1975; Benz et al., 1976;
Lauger et al., 1981). In contrast, there are few studies
(Liberman and Topaly, 1969; Drain et al., 1989; Drain and
Mauzerall, 1992; Mauzerall and Drain, 1992) on the ion
interactions, cooperative translocation, and related electro-
statics of different kinds of ions inside the lipid membrane
because of a lack of efficient probing methods. Hydropho-
bic ions in lipid bilayers have been used to study funda-
mentals of transmembrane charge transport to avoid the ion
complexing steps of ion carriers (Lauger et al., 1981). The
translocation of a single kind of ion has been examined by
monitoring the current relaxations after an applied voltage
jump (Ketterer et al., 1971; Andersen and Fuchs, 1975) or
by monitoring the voltage relaxations after an applied
charge pulse across lipid membranes (Benz et al., 1976;
Lauger et al., 1981). Spin-label techniques with lipophilic
ions (Cafiso and Hubbell, 1981; Perkins and Cafiso, 1987)
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also offer a way to probe the internal properties of the
bilayer. Because this method largely measures the static
partitioning of hydrophobic ions between the membrane and
aqueous phases, however, it is difficult to monitor dynamic
processes and transmembrane charge transport.

Liberman and Topaly (1969) observed that the conduc-
tivity of a lipid bilayer to lipophilic cations could be con-
siderably increased by the presence of small amounts of
hydrophobic anions. They explained such a phenomenon
simply as the increased binding constant of the cation in the
anion-loaded bilayer. More recent studies (Drain et al.,
1989; Drain and Mauzerall, 1992; Mauzerall and Drain,
1992) have shown that the conductivity of lipophilic ions
across lipid bilayers can be dramatically controlled or gated
by formation of oppositely charged ions inside the bilayer.
The photoformation of the cation of magnesium octaethyl-
porphyrin (MgOEP) in the bilayer can increase the trans-
membrane ionic current carried by tetraphenylborate
(TPhB -) anions - lOfold. We have now found that the
photoinduced increase of the membrane conductance can
reach - 100-fold by chloro substitution on the phenyls of
TPhB-. The translocation rate of P+ across the bilayer is
similarly increased -100-fold by the presence of borate
anions. This ion-gating effect offers a new tool for probing
ion interactions within the bilayer and the mechanisms of
charge transport across the lipid bilayer. It also offers the
possibility of making efficient transmembrane charge trans-
fer systems.

MATERIALS AND METHODS

1,2-Diphytanoyl-3-sn-phosphatidylcholine (DPPC) and L-a-lecithin were
from Avanti Polar Lipids (Alabaster, AL). Magnesium octaethylporphyrin
(MgOEP), chlorophyll a (Chl a), and sodium tetrakis(p-fluorophenyl)bo-
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rate (p-TFPhB -) were from Aldrich Chemical Co. (Milwaukee, WI).
Potassium tetrakis(p-chlorophenyl)borate (p-TCPhB-) was from Fluka
Chemika (Buchs, Switzerland). Cholesterol, phloretin, and sodium tetra-

phenylborate (TPhB-) were from Sigma Chemical Co. (St. Louis, MO).
Sodium tetrakis(m-chlorophenyl)borate (m-TCPhB-) and sodium tet-
rakis(m-fluorophenyl)borate (m-TFPhB-) were synthesized by a reported
method (Jarzembowski et al., 1974). Magnesium etioporphyrin I (MgETP)
and ethyl chlorophyllide were prepared from etioporphyrin I dihydrobro-

mide and Ailanthus altissima, respectively, according to the reported
procedures (Chow et al., 1975; Fuhrhop, 1981).

The lipid membrane was formed in a 1.5-mm-diameter hole in a

0.38-mm-thick Teflon sheet symmetrically dividing a 4-ml polyethylene
cell with glass windows, bathed in symmetrical 0.1 M NaCl solutions
containing 10 mM HEPES buffer (pH 7.8). The lipid solution consisted of
18 mM DPPC or 50 mM lecithin and 3.6 mM magnesium porphyrin or

chlorophyll in n-decane. The capacitance of the membrane was determined
from the square-wave current response to the applied triangle-wave voltage
across the membrane in the 0.5-50-kHz range below ±20 mV. The
capacitance and resistance of the membrane were, respectively, -5 nF and
-10'0 fl, if no lipophilic ions were present in the systems. They were,

respectively, about -50 nF and 108 fl on the >0.1-s time scale if 4,uM
borate anions were in the bathing solutions. The borate was always added
symmetrically to the bathing solutions on both sides after the lipid mem-

brane was formed. To keep the systems stable for a long time and yet give
the largest signal, 4 puM borate concentration was used in most experi-
ments. The dark conductance of the membrane shows that the partition of
borate anions in the lipid bilayer is saturated by space charge at this
concentration (Mauzerall and Drain, 1992). Stock solutions of the borates
were made using ethanol as the solvent. The ethanol content in the bathing
solutions was kept below 0.5%.

The standard symmetric system for measuring the photogating effect
was 0.3 mM sodium anthraquinone-2-sulfonate (AQS) symmetrically
added to the bathing solutions as electron acceptor, the saturating concen-
tration for the photovoltage (Ilani and Mauzerall, 1981), and 40 mV
voltage applied across the membrane through two calomel electrodes to

drive the ionic current. Activation energies of the gating borate transport
were determined by repeating the measurement at temperatures between 6
to 30°C in a water-jacketed cell. The standard asymmetric system for
observing the photodriven transmembrane charge transport was, after lipid
membrane formation, 0.3 to 0.5 mM AQS added to one side of the
membrane as electron acceptor and 4 mM ferrocyanide added to the side
opposite to the acceptor as electron donor. For some measurements, the
electron donor was absent in the systems or present on the same side with
the acceptor, which has been noted in the text. There was no outside
applied voltage for the asymmetric systems, except for a measurement of
the current in Fig. 4.

The current and voltage across the membrane were measured through
two calomel electrodes with saturated KCI bridges (Fisher Scientific, NJ)
immersed in the bathing solutions on each side of the membrane. The
potential difference and the resistance between the two electrodes them-
selves were below 0.6 mV and 2 kfl, respectively. The current was
monitored by a fast operational amplifier (model 1021; Teledyne,
Philbrick, MA) with a homemade feedback circuit of adjustable gain and
time constant. Typically, the operational amplifier was set at 106 to 108
V/A with a time constant of 10,us to1 ms to measure currents. For the
photogating current measurement, a voltage was applied between the two
electrodes, using a variable series voltage source. The sign of the applied
voltage was that on the side opposite the acceptor for the asymmetric
system. The photovoltage was monitored with a Stanford Research Instru-
mentsSR560 low-noise preamplifier (108 fl input impedance, 1 MHz
frequency response). The confirming measurements for photovoltage were
carried out using a Keithley 617 programmable electrometer with10'14 f
input impedance, because the input impedance of anSR560 preamplifier is
not high enough compared to the resistance of the membranes under some
conditions. The triangle-wave voltage for measurements of membrane
capacitance was from an Exact model 190T function generator. The light
pulse at 590 nm with1,us full width at half-maximum was from a Candela

The pulsed light with signal-saturated intensity (-1 mJ) was always used
to illuminate the membrane unless otherwise noted. A 300-W tungsten/
halogen projector was used to illuminate the membrane for the continuous
light experiments. It resulted in -130 mW cm-2 light in the -400-600
nm range at the membrane after filtering by 2 cm, 0.2 M CuS04 aqueous

solution. Other details about the entire apparatus can be found elsewhere
(Mauzerall and Drain, 1992).

RESULTS

The membrane systems and the probing methods are sche-
matically shown in Fig. 1. The symmetric membrane system
for observing the photogating effect (Fig. 1 A) can be
concisely depicted as acceptor/sensitizer/acceptor plus ap-

plied voltage, and the asymmetric system for the photo-
driven transmembrane charge transfer (Fig. 1 B) as accep-

tor/sensitizer/donor. Here the / stands for the membrane-
solution interface. In all of the aqueous solutions, sufficient
passive ions (0.1 M NaCl) were present, so the other ions
carry an insignificant portion of the current.

Photogating currents driven by applied voltage

Sensitivity to component structure

Fig. 2 A shows the photogenerated increase of the voltage-
driven current carried by borate anions after a 1-,us pulsed
illumination to the symmetrical acceptor/sensitizer/acceptor
system, and the striking increases with small structural
changes in the borates. The increase in the current is the
photogating effect named earlier (Drain et al., 1989; Mau-
zerall and Drain, 1992). It arises from the photoformation of
P+ by electron transfer from the excited porphyrin in the
bilayer to the ionic acceptor across the membrane-solution
interface. Current traces symmetric about the zero level in
Fig. 2 are obtained when the sign of the applied voltage is
reversed. In the dark, the voltage-driven current across the
DPPC bilayer of all borate anions at saturating concentra-
tions is 0.1-0.2 nA at 40 mV. Thecurrents on the >0.5-ms
time scale after illumination increase linearly with the ap-
plied voltage in the ±80 mV range (data not shown), i.e.,
they obey Ohm's law. Because the time constants do not
change appreciably, the integral of I dt over the
0.5-3000-ms time range is not constant with increased
voltage (data not shown). Thus these are enhanced voltage-
driven ionic currents across the bilayer, not charge displace-
ment currents. They differ from the fast currents in uni-
charged membranes, where the time constant decreased as

the current increased with voltage, thus conserving charge
(Andersen et al., 1978). The maximum enhanced current of
p-TCPhB- (Fig. 2 A, curve a) is -100 times its dark
current. The photogating effect of this system is over 10
times greater than that of TPhB- (Fig. 2 A, curve e) and is
caused only by substituting chlorine for hydrogen at the
para position of the phenyls. The enhanced current de-
creases when chloro substitution is replaced by fluoro or

occurs at the meta position of the phenyl groups (Fig. 2 A,
SLL-250 flash-lamp pumped dye laser, using rhodamine 6G in methanol. trcavessbc,ndd.Neththeurntrnins

296 Biophysical Journal

trace a versus b, c, and d). Note that the cuffent transients



Transmembrane Charge Transport

It

high impedance
voltmeter

output output

(D) P P+ A
.4 hv

B-B- B- B-
aqueous phase aqueous phase

i!embrane

A. photogating current measurement B. photodriven charge transfer measurements

FIGURE 1 Schematic diagrams of membrane systems and probing methods. B- represents hydrophobic borate anions. P and P+, respectively, represent
neutral and positively charged porphyrins. A- represents the reduced electron acceptor. Other details have been interpreted in Materials and Methods. The
symmetric membrane system (A, acceptor on both sides) with applied voltage is used for measuring the photogating current. The asymmetric membrane
system (B, acceptor on right side only) without applied voltage is used for monitoring the photodriven charge transfer by measuring both currents and
voltages. D represents the electron donor, which is added to the side opposite that of the acceptor when the transmembrane movement of P+ is monitored.
Dotted lines represent the circuit for voltage measurements.

appearing on the <1-ms time scale are opposite in sign from
that expected for the applied voltage (Fig. 2). These tran-
sients arise from ion displacements or depolarizations inter-
nal to the membrane.
The sensitivity of the photogating current of p-TCPhB-

to the structure of P+ is shown in Fig. 2 B. The minor
replacement of four ethyls by methyls on the porphin ring
from MgOEP to MgETP (Fig. 2 B, curve a versus J) de-
creases the photogating effect by about one-half. The more
polar chl a produces only a small (threefold; Fig. 2 B, curve
g) photogating effect. These decreases are not caused by
less absorption of light, because the light pulse is saturating
and the separately measured photovoltages are similar for
all these pigments.
The photogating effect is also strongly affected by the

specific bilayer-forming lipids (Fig. 2 C). The bilayer

formed from lecithin (Fig. 2 C, curve h) shows an impres-
sive fivefold greater photogating current than that from
DPPC (Fig. 2 C, curve a), but also has an eightfold greater
dark current. Lecithin is more mobile and flexible than
DPPC in a bilayer (Redwood et al., 1971). The addition of
10% phloretin to the lecithin bilayer decreases the dark
current by 80% and the photogating current by 40% (Fig. 2
C, curve j versus h), but the addition of 5% cholesterol
increases the dark current by fivefold, yet has a small effect
on the photogating current (- 10% decrease; Fig. 2 C, curve
i versus h). The presence of phloretin and cholesterol may,
respectively, decrease and increase the positive internal
potential of the bilayer (Andersen et al., 1976; Franklin and
Cafiso, 1993), so their influence on the dark current con-
ductivity is as expected from the electrostatic effects. But
their smaller effects on the photogating current cannot be
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similarly explained. The presence of phloretin and choles-
terol in the absence of borates decreases the capacitance of
the membrane by -50% and -20%, respectively. The
dielectric weighted thickness of the bilayers is increased by
these polar molecules, so their function in the bilayer is
complicated.
The above results demonstrate that the photogating effect

is very sensitive to the structures of both hydrophobic
anions and photoformed cations as well as lipids. The con-
centrations of the photoformed P+ cation are the same in the
presence of different borates, as proven by the same maxi-
mum photovoltage (Fig. 2; Sun and Mauzerall, 1996). The
10-fold further enhancement of the translocation rate of
p-TCPhB- anions over that of TPhB- anions cannot be
explained by the positive potential caused by porphyrin
cations, because the electrostatic energy is the same, to first
order, for the different-sized anions. Thus, the photogating
effect is not totally caused by electrostatic effects. These
results suggest that cation-anion aggregates are involved in
the enhancement of conductivity.

Fig. 3, A and B, shows the dark and photoconductivities
of the MgOEP-DPPC bilayer at different p-TCPhB- and
p-TFPhB- concentrations, respectively. The dark conduc-
tivity increases linearly with the concentration of borate
anions in the <0.2 ,uM range and becomes saturated at
higher concentrations because of space charge. The data can
be fit very well (Fig. 2, filled circles and solid curve) using
the published space charge model (Mauzerall and Drain,
1992) and the parameters similar to those of TPhB -. The
binding constants for the substituted borates are within a
factor of 2 of those of the unsubsituted borate (Benz, 1988).
Our fit to the dark conductance (Fig. 3) supports this value
of binding constant. For the substituted borates, however,
10-30-fold photogenerated enhancement of the conductiv-
ity is observed at low concentration (10-8 M), where little
space charge is present in the bilayer and the enhancement
by TPhB- is negligible (figure 2 in Mauzerall and Drain,
1992). The photoinduced conductivity of the substituted
borate anions also saturates with increasing concentration.
This indicates that the borate concentration in the bilayer is
limiting. The large photogating effect at low concentrations
indicates that the effect does not arise only from space

FIGURE 2 The photogating currents caused by a 40-mV applied voltage
and a 1-,us pulsed illumination are plotted versus time. Magnesium por-
phyrin (3.6 mM) was in the bilayer-forming solution. AQS (0.3 mM) is
present on both sides of the bilayer as an electron acceptor. Borate (4 ,uM)
is symmetrically added to the bathing solutions after the bilayer is formed.
The energy of the light pulse at 590 nm is -1 mJ at the membrane. The
time constant of the circuit is 0.01 ms, except for the systems containing
TPhB - or Chl a (0.1Ims). (A) Currents for different borate anions: curve a,
p-TCPhB-; curve b, p-TFPhB-; curve c, m-TCPhB-; curve d, m-TF-
PhB-; curve e, TPhB-. (B) Changes of the p-TCPhB- current with the
structure of photosensitizer in the DPPC bilayer: curve a, MgOEP; curve f,
MgETP; curve g, Chl a. (C) Changes of the p-TCPhB- current across the
MgOEP bilayer with composition of the lipid solution: curve a, DPPC;
curve h, L-a-lecithin; curve i, lecithin with 5% cholesterol (mol/mol); curve
j, lecithin with 10% phloretin (mol/mol).
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FIGURE 3 The dark and photoconductivities of the MgOEP-DPPC bilayer with borate anions are plotted versus their concentrations. The dark
conductivity is the measured steady current on the time scale of seconds divided by the 40-mV applied voltage. The photoconductivity is the maximum
in the enhanced voltage-dnven current at -5 ms minus the dark current divided by 40 mV. Open circles represent the maximum photoconductivities. Filled
circles represent the dark conductivities. Solid curves represent the fit of the space charge model (Mauzerall and Drain, 1992) to the dark conductance of
borate anions with parameters dm = 8 nm, Am = 8 X 10" nm2, 3 = 2 x 105 nm, ,u 15 nm2 s- V-'. (A and B) p-TCPhB- and p-TFPhB- systems,
respectively. The experimental conditions are the same as those in Fig. 2.

charge. Other interactions of the ions must contribute to the
nonlinear enhanced conductivity.
The large enhanced photogating effect can also be ob-

served under steady-state conditions. Continuous illumina-
tion of the MgOEP-DPPC bilayer causes a 50-60-fold
increase of the voltage-driven current in the presence of 4
,uM p-TCPhB . This enhanced current is basically stable on
the minute time scale.

Temperature dependence

The temperature dependence of voltage-driven dark and
photogating currents was determined. The dark currents and
photogating currents and their half-rise times with 40 mV of
applied voltage at different temperatures for p-TCPhB-,
p-TFPhB-, and TPhB- are listed in Table 1. The dark
conductivities are basically the same at a given temperature
for all of the borates, but the photoconductivities vary by
over an order of magnitude. The translocation rates of
borate anions in both dark and light have positive activation
energies (shown in Table 1), and the Ea values of the
photogating current are two to three times those in the dark
for all of the borates. Their average values are, respectively,
13 and 5 kcal mol-1. The activation energy for the current
rise time is intermediate, 10 kcal mol-1. The differences in
Ea between different borates are very small (<2 kcal
mol- 1i). Both the Ea values in the dark and their insensitivity
to the structural changes of borates are similar to results
reported by Benz on the activation energy of translocation
rates using the charge pulse method (Benz, 1988). These

results indicate that any changes in the Born energy caused
by different effective ion radii of borates has little effect on
the activation energy. If the photoformation of porphyrin
cations only canceled the space charge and added positive
potential to the bilayer, one would not expect the Ea of
borate movements to increase compared to that in the dark,
because the central energy barrier for the ion transport under
the photo condition would be smaller. The -2-fold larger Ea
of the enhanced ion translocation affords further support for
the hypothesis that the enhancement arises in an ion aggre-

gate (see Discussion).

Enhanced decay of photogating currents and of
P by a trans donor

The photogating effect can be caused even if P+ cations are

photoformed at a single membrane interface of the asym-

metric system, which has an electron acceptor only in one

bathing solution. By adding an electron donor to the side
opposite the acceptor, the transmembrane movements of P+
can be studied by the photogating effect. The presence of a

trans donor increases the decay rates of photogating cur-

rents and of P+.
When 40 mV is applied across the MgOEP-DPPC bilayer

in the presence of 4 ,uM p-TCPhB- in the dark, a 0.2-nA
offset steady current is observed. If the acceptor AQS is
present only on the ground side of Fig. 1 A, pulsed illumi-
nation causes a 20-30-fold increase in the offset current on

the >15-ms time scale (Fig. 4, curves a and d). The in-
creased offset current caused by the photoformation of the
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TABLE I Temperature dependence of dark current (id),
photogating current (/p), and its half-rise time (t112) as well as
the activation energy (E,) of each process (40 mV applied
voltage, 4 1,M borates)

T (OC) Id (nA) I,, (nA) t12 (ms)

p-TCPhB-
6 0.13 2.4 1.7
10 0.17 4.7 1.2
15 0.21 8.2 0.92
20 0.24 12 0.70
25 0.28 15 0.57
30 0.31 19 0.48

Ea (kcal mol') 5.5 13 9.3

p-TFPhB-
6 0.14 1.3 8.2
10 0.19 2.5 6.0
15 0.23 4.3 4.0
20 0.26 5.8 2.8
25 0.28 7.0 2.3
30 0.31 9.5 2.0

Ea (kcal mol-') 5.5 13 10

TPhB-
6 0.11 0.21 30
10 0.14 0.37 22
15 0.17 0.60 14
20 0.19 1.1 10
25 0.21 1.3 8.0
30 0.24 1.5 6.1

Ea (kcal mol-') 4.8 14 11

P+ cations is the photogating current studied in the sym-
metric system with electron acceptors on both sides (Drain
et al., 1989; Drain and Mauzerall, 1992; Mauzerall and
Drain, 1992). When a saturating concentration of electron
donor is added, the changes of the photogating current are
shown by curves a versus b and d versus c in Fig. 4,
respectively, for the opposite signs of applied voltage. The
enhanced offset current on the 100-ms time scale is lost,
even if the donor is present on the side opposite the
acceptor.
The decay rate of the slow photogating current represents

the lifetime of the P+ cation, because the photogating effect
is proportional to the amount of P+ in the membrane (Drain
and Mauzerall, 1992). The decay time of the photogating
current is -5 s for the system with any one of the borates in
the absence of an electron donor. Thus the lifetime of P+ in
the membrane is quite long in the presence of borate anions.
This is direct proof that borate anions do not reduce P+
cations and the enhanced conductivity of borate anions
arises from the presence of the photoformed P+ cations. Fig.
5 shows the decay rate constants of the photogating current
at different low concentrations of ferrocyanide when present
on the acceptor side or on the opposite side. An apparent
second-order rate constant of the electron transfer from
ferrocyanide to P+ can be obtained from the slopes on the
linear scales. It is 2.2 X 107 M-ls-1 when ferrocyanide is
on the same side of the bilayer as the acceptor, which is
slightly smaller than that (3.5 X 107 M-1 s- 1) of the egg
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FIGURE 4 The currents caused by applied voltage across the asymmet-
ric MgOEP-DPPC bilayer and 1-,us pulsed illumination of the membrane
are plotted versus time. The voltage sign refers to that on the electrode on
the side opposite the acceptor. The other electrode is grounded. p-TCPhB-
(4 ,M) is symmetrically present. +40 mV (curve a) and -40 mV (curve
d) are applied without a donor. +40 mV (curve b) and -40 mV (curve c)
are applied, and 50 ,uM ferrocyanide is present on the side opposite the
acceptor.

lecithin membrane system in the absence of borates (Hong
and Mauzerall, 1976). The apparent rate constant is 100-
fold less, 2.4 X 105 M-1 s-1, when ferrocyanide is on the
side opposite the acceptor. The difference of the apparent
second-order rate constants indicates that the transmem-
brane charge transfer is limited by the translocation of P+,
even if borate anions are present in the membrane. The
translocation rate constant of the photoformed P+ across the
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FIGURE 5 The decay rate constants of the slow photogating current
with donor on the same side (-) and on the side opposite (0) the acceptor
are plotted versus concentration of the donor, ferrocyanide, on log-log
scales. The slope of the lines is unity.
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membrane could be obtained from the saturation of the
transmembrane P+ decay rate at high concentrations of
ferrocyanide. Unfortunately, the decay times of the photo-
gating currents shorter than 50 ms cannot be determined
when the concentration of ferrocyanide on the side opposite
the acceptor is higher than 20 AM, because the photodriven
currents (to be discussed in the following section) across
both the membrane and interfaces are much larger on the
<50-ms time scale than the photogating current driven by
applied voltage (Fig. 4). The rapid decay of the photogating
current caused by the trans donor (Fig. 4) proves that the
presence of borate anions largely increases the transmem-
brane translocation of P+, because the bilayer crossing time
of free P+ is longer than 0.1 s (Woodle and Mauzerall,
1986) and the presence of a trans donor does not cause extra
currents on the <0.1-s time scale in the absence of borates.
This is consistent with the P+ translocation time of - 10 ms
inferred from the internal charge movement discussed in the
next section (Figs. 7 A and 8).

Photodriven charge movements under
asymmetric conditions
Steady-state photodriven current

For the 0.5 mM AQS/3.6 mM MgOEP/4 mM ferrocyanide
system, Fig. 6 shows a - 100-fold increase of the transmem-
brane photodriven current (590 versus 5 pA) caused by the
symmetric addition of 4 AM p-TCPhB - anions to the bath-
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FIGURE 6 The steady-state photodriven currents caused by 130 mW
cm- 2 of white continuous illumination of the asymmetric lipid membrane
are plotted versus time. MgOEP (3.6 mM) is present in the DPPC bilayer,
and saturating concentrations of acceptor (0.5 mM AQS) and donor (4 mM
ferrocyanide) are present on opposite sides. curve a, 4 ,uM p-TCPhB- is
added to both sides. curve b, No borates are present in the system. The
presence of p-TCPhB- increases the low-frequency (40-60-Hz) noise by
-10 times under both dark and photo conditions (curve a) because of a

10-fold increase in the membrane capacitance.

ing solutions and continuous illumination. The increase in
photodriven current by the presence of borate anions indi-
cates that the photodriven P+-mediated redox flux from
AQS to ferrocyanide and thus the translocation rate of P+
across the bilayer have also been enhanced -100-fold. A
negative current (-160 pA) is observed in the absence of an
electron donor. This arises from the electrostatic ion pump-
ing effect (Sun and Mauzerall, 1996). The presence of 4 ,uM
p-TFPhB- in the system instead of p-TCPhB- also causes
a -100-fold increase in the photodriven current, whereas 4
,uM TPhB- produces only a 30-40-fold increase in the
steady-state current. Similar photodriven currents (580 and
5 pA, respectively, in the presence and absence of
p-TCPhB-) are observed for the system with 3.6 mM
MgETP in the bilayer instead of MgOEP. A very small
transmembrane current (<1 pA) is observed with the Chl
a-containing bilayer in the absence of borate anions. Thus
the chlorophyll cation has an even lower mobility than the
cation of MgOEP in the lipid bilayer. The current is in-
creased only to 25 pA by the addition of 4 ,uM p-TCPhB-
to the bathing solutions. A lipid bilayer containing 3.6 mM
ethyl chlorophyllide shows behavior similar to that contain-
ing Chl a in the absence (<1 pA) and presence (30 pA) of
borates on continuous illumination. This indicates that the
slow translocation rate of chlorophyll cations is mainly
caused by the polar chlorin headgroup and not by the long
phytyl chain.

Pulsed photodriven current

The results with pulsed light illumination of the asymmetric
membrane (i.e., separating acceptor and donor) afford ki-
netic evidence that the transport of photoformed P+ cations
across the lipid bilayer is also drastically increased by the
presence of the borates. The sensitivity of the P+ transit
time to the structure of borates is direct evidence that
porphyrin cation-borate anion aggregates are involved in
the conductance changes. When the AQS/MgOEP/no donor
system with p-TCPhB- or p-TFPhB- is illuminated by a 1
,us pulse of light, a shoulder or peak in the current is
observed on the 0.5-15-ms time scale after the positive
current transient on the <0.5-ms time scale (Fig. 7, A or B,
curve b). The latter is caused by photodriven electron flow
from the excited MgOEP to the aqueous acceptor and is
broadened by the displacements of borate anions. The ad-
dition of 50 ,iM ferrocyanide on the side opposite the AQS
causes a large increase in the current in the 0.5-20-ms range
for the 4 ,uM p-TCPhB - and the p-TFPhB- systems (Fig. 7,
A and B, curve a versus b). The extra current arising from
charge transfer to ferrocyanide is shown by curve c in Fig.
7, A and B. The half-rise time and half-decay time of the
extra current are, respectively, 1-2 ms and 10-20 ms for
both the p-TCPhB- and p-TFPhB- systems. The total extra
charge moved in 0.5-40 ms is -200 pC, which is about
twice the total charge moved by the donor free systems
(-130 and -100 pC for the p-TCPhB- and p-TFPhB-
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FIGURE 7 The photodriven currents caused by a 1-,us saturating pulsed illumination of the asymmetric membrane are plotted versus time. The time
constant of the current amplifier is 0.01 ms. AQS (0.3 mM) is added to one side of the DPPC bilayer containing 3.6 mM MgOEP. Borate (4 JIM) is
symmetrically present in the systems. curve a, 50 ,uM ferrocyanide is added on the side opposite the AQS. curve b, No electron donor is added in the system.
curve c, The extra photocurrent caused by the addition of the electron donor, i.e., the difference of curves a and b. (A, B, and C) Systems with a

MgOEP-DPPC bilayer and containing, respectively, p-TCPhB-, p-TFPhB-, and TPhB-. (D) p-TCPhB- system with a Chl a-DPPC bilayer.

systems, respectively). The extra photocurrent is caused by
electron transfer from the donor to the transported P+ cation
near the donor interface. Thus the photoformed P+ cations
cross the hydrocarbon region of the membrane on the
1-10-ms time scale, but only in the presence of the borate
anions.
The system without borate anions and with or without

donor only shows the C dV/dt displacement current similar

to curve b in Fig. 7 C after pulsed illumination of the
membrane. In the presence of 4 ,uM TPhB-, the addition of
donor causes only a weak positive current (Fig. 7 C, curve

a versus b). Both the half-rise time (- 10 ms) and half-decay
time (-200 ms) of the extra current (Fig. 7 C, curve c) are

-10-fold longer than those of the p-TCPhB- and p-TF-
PhB- systems. The total extra charge moved by the TPhB-
system is only -40 pC, and it takes -200 ms to cross the
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membrane. The concentrations of the borate anions in the
bilayer are roughly equal, because their partition constants
are almost equal (Benz, 1988). The above results show that
the enhanced transmembrane P+ transport depends sensi-
tively on the structure of the borate anion, not only on its
negative charge, for the photodriven system, as for the
voltage driven system (see Photogating Effect, above). This
enhanced effect is similarly affected by the structure of the
P+ cation. For the Chl a system with p-TCPhB-, the
addition of ferrocyanide on the side opposite the acceptor
causes only one-tenth the photocurrent (Fig. 7 D, curve a
versus b) as that for the MgOEP system (Fig. 7 A, curve a
versus b) on pulsed illumination. The extra charges moved
on the >0.5-ms time scale are -10-20 pC (Fig. 7 D, curve
c), which is only 5-10% of that in the MgOEP bilayer.
Membranes containing ethyl chlorophyllide give almost the
same photocurrent traces as those with Chl a (Fig. 7 D) on
pulsed illumination, showing again that the polar head-
groups and not the phytyl chain are responsible for the
lesser activity.

Pulsed photovoltage

The time-resolved measurements of photovoltages can af-
ford direct proof of charge separation across the interface or
the bilayer and of their respective time scales.
The presence or absence of a donor on the side of the

bilayer opposite the acceptor has no effect on the maximum
of the positive photovoltage or on its slow decay on the
<0.1-s time scale in the absence of borates (Fig. 8, curves
c and d). However, the presence of donor on the side
opposite the acceptor and the symmetric addition of substi-
tuted borate anions in the system cause a dramatic resur-
gence of a positive voltage after pulsed illumination (Fig. 8,
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FIGURE 8 The photovoltages caused by l-,us pulsed illumination of the
asymmetric MgOEP-DPPC bilayer are plotted versus log time. The elec-
trode on the side opposite the acceptor is connected to the positive input of
the voltmeter. curve a, 4 ,uM p-TCPhB- is added symmetrically in the
presence of 50 ,uM ferrocyanide (donor) on the side opposite the acceptor.
curve b, 4 ,uM TPhB- replaces p-TCPhB-. curve c, Only donor is present
without borates. curve d, Neither electron donor nor borates are present.

curve a). Unsubstituted TPhB has a slower and much
smaller effect (Fig. 8, curve b). The symmetric addition of
4 ,uM p-TCPhB - to the system shifts the starting time of the
resurgence of photovoltage from -100 ms (Fig. 8, curve c)
to --1 ms (Fig. 8, curve a). The delayed photovoltage
decays with the RC time (-5 s) of the measuring circuit.
The capacitance of the membrane increases - 10-fold (from
5 to 50 nF) in the 0.5-ms time domain in the presence of
p-TCPhB-. The increase of capacitance on the millisecond
time scale explains why the observed half-rise time (-20
ms) of the resurgent voltage (Fig. 8, curve a) is longer than
that (<10 ms) expected from the pulsed photocurrent in the
1-10 ms range (Fig. 7 A, curve c). The P+ cation crosses the
membrane with a bulk transit time of 10 ms in the presence
of p-TCPhB- and is neutralized by the electron donor at the
interface opposite the acceptor, thus transferring positive
charge completely across the membrane. The complete sep-
aration of the photoformed negative and positive charges by
the membrane causes an increase in the voltage. The -4
mV delayed photovoltage indicates that -200 pC charge
has been completely separated by the membrane (calculated
on 50 nF, the measured capacitance in this time range). This
is consistent with the moved charge calculated from the
extra current caused by the presence of donor (Fig. 7 A,
curve c). In the absence of donor and in the presence of
borates, a delayed negative voltage is observed, which is
attributed to electrostatic ion pumping (Sun and Mauzerall,
1996).

DISCUSSION

The enhanced conductivity of lipid bilayers in the presence
of hydrophobic ions of opposite charge cannot be explained
simply as increased binding (Liberman and Topaly, 1969),
because we have directly observed the - 10-fold decrease of
transmembrane transit time of ions (Fig. 7 A, curve c, versus
that in Fig. 7 C and Fig. 8, curves a versus b). The enhance-
ment is most likely explained by the formation of ion
aggregates. The interfacial exchange of the mobile hydro-
phobic ion and the shuffling of ion pairs in the aggregate
explains the increased mobility of both ions. A specific
mechanism for the enhanced transmembrane transport of P+
cations is the dynamic ion chain mechanism (Drain and
Mauzerall, 1992). In this model, chains of alternatively
charged ions across the bilayer are formed by transient
binding between photoformed P+ cations and borate anions.
The interaction between P+ and borate anions in the ion
chain is dynamic. This ion chain mechanism is similar to the
mechanism for the conductance of anions or cations through
ion channels in that these ions are thought to hop along the
polar sites of the channel. The Born and image energies of
the ion chain are significantly less than those of the indi-
vidual ion. The Born electrostatic energy of a contact ion
pair of equal-sized ions is one-half that of the individual
ions, and the image energies will further reduce the total
energy. Both the P+ cation and the borate anion can hop

-L.L"
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along the ion chain, via rotations of neutral ion pairs, to
cross the membrane. The arguments in favor of this hypoth-
esis can be summarized as follows:

1. Insufficient concentrations of porphyrin cations are
formed to completely cancel the borate space charge re-
quired to explain the photogating effect on purely electro-
static grounds (Drain and Mauzerall, 1992). The enhance-
ment of the conductivity of the substituted borate anions at
low concentrations, where space charge is negligible, also
indicates a different mechanism of the enhanced ion trans-
location.

2. The enhanced conductivity is extremely sensitive to
structural changes in the hydrophobic ions of either sign
(Fig. 2), whereas the dark conductivities are almost the
same for all of the borates (Table 1). A decrease in Born
energy by an increase in the effective radii in the substituted
borates should increase the dark conductivity, but the Born
energy should not be changed by the presence of the pho-
toformed P+ if the borate anion moves alone. Although the
electrostatic potential energy of borate anions in the bilayer
is certainly lowered by the positive potential of porphyrin
cations, the effect on all of the borate anions should be
comparable, because the densities of positive and negative
charges are roughly the same. Thus, the minor decrease in
Born energy and the positive potential of porphyrin cations
cannot explain the - 10-fold larger ratio of the photo to dark
conductivities for p-TCPhB- anion. This can be easily
explained as specific interactions in the close molecular
aggregates. Structure-specific interactions of tetraphenyl
borates and large cations have been observed (Yang et al.,
1992; Armitage et al., 1993).

3. The -2-fold larger activation energy of the enhanced
ion transport (Table 1) is not expected from electrostatic
effects. However, the alignment and rotation of porphyrin
cation-borate anion ion pairs require extra activation energy
for conduction in an aggregate. The Born electrostatic en-
ergy difference calculated from the standard equation be-
tween linear ion alignments P+B-P+ and P+P+B- is 10
kcal mol- l in the hydrocarbon region if E = 2. This energy
barrier is a maximum since co-movement of other ions will
reduce it, and the effective dielectric coefficient in a lipid
bilayer is greater because of nearby polar regions. Thus the
observed extra Ea (-8 kcal mol-1) can be rationalized by
the hypothesis of an ion aggregate.

4. The mobility of the cation, much lower than that of the
corresponding anion in phosphocholine bilayers, is also
enhanced by a factor similar to that which influences the
conductivity (Fig. 7). Although this effect could be ex-
plained as the canceling of the hypothesized inner positive
potential of the bilayer by the negative space charge of
borate anions, this explanation fails at low concentrations of
borates (Fig. 3). Moreover, the 10-fold shorter transit time
of porphyrin cations in the presence of p-TCPhB- than that
in the presence of TPhB - cannot be expected from this
electrostatic effect. The sensitivity of the enhanced mobility
of the porphyrin cation to the borate structures is a direct
prediction of the ion aggregate model.

5. The following kinetic analysis of the photoinduced
current transients strongly supports the dynamic ion chain
mechanism. The calculated current traces from this model
fit the photoinduced currents very well. The different rate
constants of formation, dissociation, and translocation can
explain the structural sensitivities.

Kinetic analysis

The photodriven currents in the asymmetric systems are
easier for kinetic modeling, because there is no prepolariza-
tion caused by outside added voltage, so we mainly consider
the kinetics of the asymmetric systems without applied
voltage.
A single-site location model of charges in the bilayer has

been very useful for electrostatic calculations (McLaughlin,
1989; Mauzerall and Drain, 1992) and for transmembrane
kinetics of a single kind of hydrophobic ion (Andersen and
Fuchs, 1975; Lauger et al., 1981). In our system, however,
the photoformation of P+ produces strong local fields in the
interfacial region and causes rapid short-distance displace-
ments of borate anions. Any unbalanced movements of
charge in the bilayer can be recorded as transient electric
signals by AC coupling through the "capacitors" of the
membrane and its interfaces. These charge displacements
must be considered in the analysis of the recorded electric
signals. The single-site location model only considers the
charge movements across the hydrocarbon core and across
the bilayer-water interfaces. Our calculations made with this
single-site model cannot fit the two phases of recorded
currents (Fig. 7), because the polarization of the photo-
formed P+ by B- anions in the nearby region cannot be
considered. A NMR study (Gill et al., 1993) has suggested
that there are two binding sites for the borate anions inside
the lipid bilayer. Thus, we use the two-site location of free
B- anions in the bilayer shown in Fig. 9. In this model,
alternate ion chains across the bilayer are formed by tran-
sient binding between photoformed P+ cations and B
anions. Both the P+ cation and the B- anion have faster
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FIGURE 9 Schematic of the two-site location of borate anions inside the
bilayer and the dynamic ion-chain model. Positions 1 and 6 represent two

aqueous solutions divided by the membrane. Positions 2 and 5 are the outer
site of borate anions inside the lipid bilayer. Positions 3 and 4 are the inner
site of borate anions. A single site location of P+ and the ion aggregate is
considered to simplify calculations.
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translocation rates through the ion chain than by them-
selves. The total currents are considered as the summation
of transmembrane currents of P+ and B- and the charge
displacement currents (see Appendix). The calculated re-
sults from such an ion chain model can fit well the photo-
driven current traces for the p-TCPhB or p-TFPhB sys-
tem, in both the absence (Fig. 10, lower dotted curve versus
solid curve) and in the presence (Fig. 10, upper dotted curve
versus solid curves) of a donor. These calculations used
identical parameters, except that kd = 0 or 2 X 04 s- . The
initial conditions and parameters used for the current cal-
culation (Fig. 10, dotted curves) are listed in Table 2. The
differences of photoinduced currents between the different
borate-porphyrin systems may arise from changes in the
association and dissociation rates of the ion chain and the
mobilities of the B anion and the P+ cation. For other
borate-porphyrin systems, the ion movement currents in-
duced by pulsed light can be similarly fitted by using the ion
chain model shown in Fig. 9. This model can also explain
the results of Benz (Benz) without having to postulate a
membrane crossing time of substituted borates in the

10-,uts time range. The fast relaxation time (,us) can arise
from the short-distance movement of ions with little barrier
(between sites 2, 3 and 4, 5). The times reported by Benz are
in agreement with our observations.

Fig. 11 shows the calculated current components of the
p-TCPhB- system in the absence of donor. The ion dis-
placements coupled through the membrane capacitors cause
mainly a current transient on the <1-ms time scale (Fig. 11,
dotted curve). The positive ionic current on the 1-10-ms
time scale mainly arises from the transmembrane diffusion
of P+ cations through the ion chain (Fig. 11, dotted-dashed
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curve). The transmembrane diffusion of B- anions initially
from the opposite side (sites 4, 5 in Fig. 9) toward the P+ at
the acceptor side (site 2) contributes a positive current (Fig.
11, dashed curve). In this calculation, we only use the
gradient of ion concentration caused by the photogeneration
of P+ and the rapid formation of the neutral ion pair as the
driving force of ion movements. The rise time (-0.5 ms) of
the transmembrane current components (Fig. 11, dotted-
dashed and dashed curves) is decided by the formation rate
constant of the ion chain. The formation of the ion chain is
expected to be slower than that of the ion pair, because the
alignment of ions takes some time, which possibly decides
the rise times of the photogating currents shown in Fig. 2.
The dramatic photogating effect of the membrane conduc-
tance to borate anions can be explained by translocation of
B- anions hopping along the ion chain with a rate constant
DB*. The photogating current traces in Fig. 2 may be fitted
using this dynamic ion chain model, but it is more compli-
cated to consider quantitatively the effects of outside added
fields on the ion distribution, the ion chain formation, and
the ion movements. To make this paper concise, we do not
discuss the further complexity of these systems here.
The formation of a variety of organic cation-borate anion

complexes in solutions has been reported (Yang et al., 1992;
Armitage et al., 1993). One may imagine that a simpler
stable aggregate mechanism could explain our results. Sup-
pose that a relatively stable complex between the P+ cation
and the borate anion is formed in the lower dielectric
medium of the lipid bilayer. When moving together with the
borate anions, P+ in a complex may show a much higher
mobility than the free P+ cation because of a lower energy
barrier. The transmembrane movement of negatively

45

40

35

30

25

0 20

-'-i 15

b lo

V 5

0

-5
0 5 10 15 20 25 30 35 40 45 50

Time (ms)

FIGURE 10 The calculated currents from the ion-chain model for the p-TCPhB- (left) and p-TFPhB- (right) systems are plotted together with the
measured currents versus time. The lower traces are for the systems without donor. The upper traces are for the systems with donor in the current-saturating
concentration. The dotted curves are the calculated currents. The solid curves are the measured current traces for 4 ,uM borate systems. Parameters are listed
in Table 2.
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TABLE 2 Parameters used to fit the photodnven currents in
Fig. 9 using the dynamic ion chain model

p-TCPhB- p-TFPhB-

Initial conditions
[Pa]a (pmol cm-2) 0.16 0.16
[B-]2 (pmol cm2) 8.0 8.0
[B _] 6 (pmol cm3) 4.0 X 103 4.0 1i03
a (cm) 2.0 X 10-3 2.0 X 10-3
Kbio 0.5 0.5
DB (cm s-') 2.0 X 10-3 2.0 X 10-3
DB (S') 1.5 X 102 1.2 X 102
DP (s-1) 2.0 X 10 2.0 X 10O
kd (s ') 2 X 104 2 X 104

Variables
D* (pmol- cm2s- 1) 6.0)X 104 4.8 X 104
D*(pmol-' cm2s_ ) 1.8 X 104 1.5 X 104
DB'0 (S-') 2.0 X i031.6 X 103
DPB (s ') 3.3 X 102 3.0 X 102
K1 (pmol- cm2) 2.6 X 10-1 2.4 X 10-1
k2 (pmol-3 cm6 s-') 7.8 X 101 2.6 X 101
k-2 (s ') 8.6 X 102 2.9 X 102

[P+]° represents the initial concentration of photoformed P+. [B- I 6 and
[B-]2,5, respectively, represent the initial concentrations of B- in aqueous
phases and in the membrane interfaces. (3 represents the partition coeffi-
cient of borate anions between the membrane and solution. K, represents
the formation equilibrium constant of the neutral ion pair P+:B-. k2 and
k- 2 represent formation and dissociation rate constants of the ion chain,
respectively. DB, DP, and DPB represent the transmembrane diffusion rate
constants of free B -, P+, and the P+:B -. D* and DB represent the diffusion
rate constants of P+ and B- across the bilayer along the ion chain. D'B
represents the diffusion rate constant of B- anions from the inner to outer
sites (shown in Fig. 8). KIB represents the equilibrium constant between the
inner and outer sites. DB represents the diffusion rate constant of B- from
aqueous phase to the membrane. kd is the apparent electron transfer rate
constant from saturating donor to the transported P+.

charged complexes from the acceptor to opposite sides will
cause a negative current. This is contradicted by the ob-
served positive currents (Fig. 7, A and B). Thus, the positive
current may only be caused by the transmembrane diffusion
of free borate anions toward the acceptor side. This means
that the translocation rate constant of the free borate anion
is comparable or even larger than that of the negative
complex, which is inconsistent with the large enhanced
conductivity. Our kinetic calculations confirm that such a
stable complex mechanism cannot explain the results. Thus,
our experimental and theoretic results strongly support a
dynamic ion chain mechanism.

CONCLUSION

Our results support the view that the hydrophobic anion
transport enhanced by the photoformed P+ cation involves
movement of aggregates of these ions. The formation of
aggregates also causes - 100-fold enhancement of the trans-
location rate of P+ cations and the photodriven P+-medi-
ated redox flux across the bilayer. The kinetic calculations
support a dynamic ion chain mechanism in which both P+
cations and borate anions can rapidly hop along the ion
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FIGURE 11 The calculated current components of the donor-free mem-
brane system with 4 ,uM p-TCPhB- are plotted versus time. The dashed-
dotted curve is caused by the transmembrane diffusion of P+ along the ion
chain. The dashed curve is caused by the diffusion of B- anions along the
ion chain. The dotted curve is the current caused by the displacements of
B- anions and coupled through the membrane capacitors. The solid curve
is the total calculated current of the system.

chain to cross the membrane. This ion effect allows a direct
study of ion interactions and electrostatic effects within the
bilayer. The photodriven transmembrane charge transfer
can be drastically enhanced and controlled by using such an
ion-gating effect. This may be helpful in the design of
efficient biomimetric and nanoscale molecular devices.

APPENDIX

The scheme for the kinetic modeling using a dynamic ion chain mechanism
is shown in Fig. 9. The inner site (position 3 or 4 in Fig. 9) is assumed to
have a lower B- density than the outer site (position 2 or 5 in Fig. 9). We
use K"' to represent the equilibrium constant of the inner to outer sites. The
diffusion rate constant of B- anions between the inner and outer sites (DB)
is much larger than that across the center of the membrane DB (Table 1)
because of a shorter distance (-10% that of DB) and a large electrostatic
energy at the center.
We suppose that the neutral ion pair P+-B- is rapidly formed from B-

anions and P+ cations after the P+ is generated (Drain and Mauzerall,
1992) at position 2 in Fig. 9:

[P+:B-] = K,[P+][B-].
K, represents the formation equilibrium constant of the neutral ion pair.
This depletion of B - at site 2 causes a fast short-distance movement of B -

from site 3 toward P+, producing the fast positive current transient. A
single-site location (position 2 or 5 in Fig. 9) of free P+ and the ion pair is
considered to simplify the calculations. The specific assumption is that the
ion pair can form an ion chain by binding more B- anions and P+ cations.
The number of P+ in the bigger aggregate should not be more than that of
B -, to explain the photogating effect of B- transport (Mauzerall and Drain,
1992). The previous study has suggested that about three B- anions are

involved in the crossing process. About five ions are needed to form the ion
chain across the bilayer, considering the thickness of the bilayer and the

306 Biophysical Joumal



Sun and Mauzerall Transmembrane Charge Transport 307

size of the ions. Thus we can reasonably express the ion chain as P' :B-.
The formation of the ion chain is expressed using the following equations:

d[P2:B3] = (k2[P+:B-][P+][B -]2 - k-2[P+:B-])dt.
k2 and k-2, respectively, represent the association and dissociation rate
constants of the ion chain. The transmembrane translocation rate constants
of P+ cations and B+ anions along the ion chain are respectively repre-
sented by Dp and DB. Thus the P+ and B- ion fluxes across the middle
section of the bilayer from the acceptor to donor sides are expressed as

d[P+]M/dt = DP([P]2- [P]5)
+ Dp[P+:Bf]([P+]2 - [P]5)

d[B-iM/dt = D([B-]2-[B-]5)
+ DB[P+:B3]([Bj2 - [B 15).

Dp and DB represent the transmembrane translocation rate constants of the
P+ cation and the B- anion not in the ion chain, respectively. The total
transmembrane current (the movement of negative charge in the D -> A
direction has a plus sign) is calculated by adding the components across the
center of the bilayer:

IM = F(d[P+]M/dt - d[B-]M/dt).
F in the equation is the Faraday constant. However, IM is not the total
current probed from the two electrodes across the bilayer. The transient
currents (Ic) caused by the short distance charge displacements can con-
tribute to the total recorded current by AC coupling (polarization) through
the membrane capacitors (Hong and Mauzerall, 1976):

Ic = F(kd([P+B-i5 + [P+]5)

+DB ([B-]3-KB B-]2)-DB°([B]4 -KB° [B-]5)

+ DYB([B-2/0.53- [B-]1) - DBa([B-]5/0.513 - [Bi]6)).
kd represents the rate constant for interfacial electron transfer from the
saturating donor to P+ alone and in the ion pair. DB and DaB, respectively,
represent the translocation rate constants of B - from the inner to outer sites
and from aqueous phases to the outer sites. ,3 is the partition coefficient of
B- in the bilayer to that in aqueous phases. It is multiplied by 0.5 to obtain
the concentration of B- at one membrane interface. In this calculation, the
coupling coefficients are considered as 1 for all of the transient current
components to simplify the calculation. This does not affect the rationality
of the calculation, because the fit of current shape is more significant than
that of current amplitudes in such a kinetic analysis. In fact, some terms in
the equation only contribute small current components.

The total current probed from aqueous phases through electrodes should
be the summation of the transmembrane current and the displacement
current coupled through the membrane capacitors:

IT = IM + IC
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