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Photogating of ionic currents across lipid bilayers
Hydrophobic ion conductance by an ion chain mechanism

Charles M. Drain and David C. Mauzerall
The Rockefeller University, New York, New York 10021 USA

ABSTRACT The photogating of hydrophobic ion currents across the lipid bilayer membrane allows the direct study of their kinetics by
symmetrically forming charge within the membrane and across each interface, rather than across the membrane. We find that the
photoinduced conductance continues to increase beyond the region where the tetraphenylboride charge density in the membrane
exceeds the estimated porphyrin cation density. This photoconductance is proportional to the tetraphenylboride charge density raised to
the second to third power. The risetime of the photogating effect increases with increasing concentration of tetraphenyl boride. The
porphyrin cation mobility is increased when the tetraphenylboride anion is present, and low concentrations of tetraphenylphosphonium
cation increase the dark conductivity while inhibiting the photoconductivity. The activation energy for both the porphyrin and phospho-
nium cation induced conductance is more positive than that of the tetraphenyiboride conductance. From these results we conclude that
in addition to some cancellation of space charge within the membrane, the mechanism of increased conductance involves the transport
of these hydrophobic anions via an alternating anion-cation chain, analogous to the Grotthuss mechanism for excess proton conduction
in water. This ion chain conductance can be viewed as an evolutionary prototype of an ion channel across the membrane. It also

underscores the importance of the counter ion in the transport of large ions such as peptides across the lipid bilayer.

GLOSSARY

A membrane area (8 X 10'' nm?)

B hydrophobic ion partion coefficient (nm )

d., membrane thickness (8 nm)

Gy conductance in the dark, (S)

G conductance in the light, (S)

AG Photoconductance, G, — Gy (S)

Iy current in the dark, (A)

Iy current in the light, (A)

wrens-,pv  mobility of TPhB~ in membrane (12 nm? s~
v

HrPhB-/water Mobility of TPhB™ in water (2 X 10'® nm? s
v

q electronic charge (1.6 X 107! coulomb)

Pp+ charge density of the porphyrin cation (nm™2)

PTPHB- charge density of the boride anion (nm~2)

VvV potential (V)

INTRODUCTION

The mechanism by which ions cross cell membranes is a
fundamental question in many areas of biology since
these currents are essential for all living cells (Hille,
1984; Honig et al., 1986). These ionic currents have
been examined by monitoring the voltage relaxations
after an applied charge step or by monitoring the current
relaxations after an applied voltage step across bilayer
lipid membranes containing ion channels, ion carriers,
or hydrophobic ions (Andersen et al., 1978; Lauger et
al., 1981; Bender, 1988). These techniques have been
very useful but are limited by the capacitative transient
of the membrane and by ambiguity of interpretation of
the data (Pickar and Hobbs, 1982). We have shown that
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the conductance of hydrophobic ions can be gated by the
photogeneration of charge inside the membrane (Drain
et al., 1989; Mauzerall and Drain, 1992). The photogat-
ing technique avoids the problems associated with the
charge and voltage pulse techniques by minimizing the
membrane capacitative transients. Since photocharging
the membrane can occur on the nanosecond time scale
(Woodle et al., 1987), the fast kinetics of ion transport
can in principle be directly observed. We now apply the
photogating technique to a study of the kinetics of hy-
drophobic ion currents and propose a mechanism for the
conductances. Based on several different kinds of data, it
is concluded that the direct electrostatic effects account
for the rapid, small changes of conductivity but the slow,
large changes require an ion-chain or Grotthuss mecha-
nism. This latter may be a prototype of an ion channel.
The mechanism suggests a role for large counter ions in
the transport of charged proteins across the lipid bilayer.

METHODS

A complete description of the materials and methods has been reported
(Maugzerall and Drain, 1992). Typically a +40-mV square wave of
variable duration is applied across a membrane composed of diphytan-
oylphosphatidylcholine/decane (3% wt/vol; Avanti Polar Lipids, Inc.,
Birmingham, AL) containing 3.6 mM magnesiumoctaethylporphyrin
(MgOEP). The I-us flash lamp pumped dye laser containing rhoda-
mine-6G is triggered ~1 s after the membrane capacitative transient
after a voltage change of a given sign. The time constant of the opera-
tional amplifier is typically set at 100 us, and the data are collected (up
to 16 traces) by a transient recorder (model 194; Keithley Instruments,
Cleveland, OH) and averaged on a computer (model 318; Hewlett-
Packard, Palo Alto, CA). The hydrophobic ion and aqueous accepter
are added symmetrically across the membrane from stock ethanol-
water (50% vol/vol) solutions such that the final concentration of eth-
anol in the bathing solutions never exceeded 1% by volume. Anthra-
quinone-2-sulfonate(—1) (AQS™) is used with tetraphenylboride
anion(TPhB ™) and methylviologen(+2) is used with tetraphenylphos-
phonium cation (TPhP*) to avoid complex formation between the
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hydrophobic ion and the electron acceptor. The buffer solutions con-
sist of 100 mM NaCl and 10 mM N-2-hydroxyethylpiperazine- N'-2-
ethane sulfonic acid (Hepes), adjusted to pH 7.2. The continuous
white light experiments used a 300-W tungsten/halogen projector
lamp resulting in 25 mW cm 2 s™! at the membrane. Although both
positive and negative voltages yield similar results, as shown in Fig. 1,
for clarity only the absolute values of the conductance, current, and
voltage data are shown in the figures. Activation energies are deter-
mined by repeating the room temperature laser pulse experiments at
temperatures between 5 and 40°C in a water jacketed cell.

RESULTS AND DISCUSSION

The relevant conclusions of the electrostatic model
(Mauzerall and Drain, 1992) are (a) the electrostatic
calculations indicate that the large photogating effect at
high TPhB~ concentrations cannot be entirely due to
cancellation of the TPhB ™ space charge by the porphyrin
cations; (b) the dark conductance G4 may be near the
diffusion limit at TPhB ™~ concentrations below 0.7 uM,
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FIGURE 1 (A) The ionic current of 6 uM TPhB~ increases 10-fold
after a 1-us saturating pulse of 596-nm light on the diphytanoylphos-
phatidylcholine /decane membrane containing MgOEP with 0.1 M
NaCl, 10 mM Hepes at pH 7.1, and 0.1 mM AQS ™ on each side of the
membrane. The top and bottom traces are recorded with + and —40
mYV, respectively. The instrumental time constant is 100 gs, the light
pulses are indicated by the arrow, and the baseline current by I, . (B)
The dark and photo current of 2.67 uM TPhB ~ upon continuous illu-
mination with white light. The capacitative transient on turning on the
applied voltage is labeled Cp.

——2uM TPhB - —0.2uM TPhB x10
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FIGURE 2 The photovoltage and the photo conductance signals are
plotted versus log time. The photovoltage, obtained when the electron
accepter is on only one side of the membrane and there is no applied
voltage, is represented by the solid line. The photovoltage is multiplied
by 10 to scale it to the photogating signal. The photo conductance
signal, obtained when the acceptor is symmetric and there is an applied
voltage of +40 mV, is represented by the dashed lines. The long dashes
represent the current of 2 uM TPhB ~ and the short dashes represent the
current from 0.2 kM TPhB™~ X 10. The instrumental time constants are
100 us for the 2 uM data and | ms for the 0.2 uM data.

and the maximal conductance after a light pulse, G, is
near the linear nonspace charge limited conductance at
all concentrations; and (¢) the ionic strength of the bath-
ing solutions predominantly effects the binding constant
(B) of these ions and not their conductance.

At high concentrations of TPhB~, where G, is satu-
rated due to space charge inside the bilayer (Mauzerall
and Drain, 1992), G, increases up to 15-fold on photo-
formation of MgOEP cation. Fig. 1 4 shows a 10-fold
increase in TPhB~ current on photocharging the mem-
brane with a 1-us laser pulse at positive and negative
applied voltages. The number of charges gated is up to 25
times the estimated amount of porphyrin cation formed.
When the photogating system is irradiated with continu-
ous white light, the signal, AG/G,, is 300% (Fig. 1 B),
which is 75% of the maximal pulsed photosignal under
the same conditions. It decreases by only 10-15% over
the next 4 min when the bathing solutions are stirred,
and this process is repeatable for the lifetime of the mem-
brane. These results and the chemical oxidation experi-
ments (Drain et al., 1989) show that an actual increase
of conductance occurs and not just a transient mem-
brane depolarization.

Fig. 2 shows the photo conductance and photovoltage
signals (the later from an asymmetric acceptor experi-
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FIGURE 3 (A) The halfrise time, ¢, ,,, of G, versus electric field at the
lattice (a) of TPhB~. The field is calculated with the exponential-core
model described in the companion article (Mauzerall and Drain,
1992). The applied voltage is +40 mV. (B) The half rise time, ¢,,,,
versus applied voltage at two TPhB~ concentrations. The closed circles
represent the 0.67 uM and the open circles represent the 2.67 uM
TPhB™ data. The line fitting the data at the higher concentration is
arbitrary. Each voltage experiment is performed on only one mem-
brane for the entire range of voltages, and the 2.67 uM data is the
average of three membranes.

ment with no applied voltage) on a log-time scale so the
entire time course of these signals can be compared. The
slopes of the photovoltage and the G, decays are similar.
There is always a fast component of the photoconduc-
tance signal (risetime <100 us) that is not resolvable in
the present experiments. The approximate linearity of
the signals as a function of log time characterize distrib-
uted kinetics (Liu and Mauzerall, 1985). Removing
dioxygen from the system with a glucose/glucose oxi-
dase/catalase protocol (Ilani et al., 1985) has only a
small <5% effect on the amplitude or decay of these pho-
toinduced currents. The decay time is found to be only
slightly dependent on the applied voltage, <25% from 40
to 100 mV, and on lipophilic ion concentration, decreas-
ing from 3 to 2 s at 0.067 to 3.33 uM TPhB™, all at
+40 mV.

The binding of TPhB~ to the membrane decreases
with increasing space charge (Mauzerall and Drain,
1992). The risetime of the photo conductance increases
with concentration of TPhB ~ and thus with space charge
(Fig. 3 A). The data are plotted versus the estimated field
at the position of the TPhB ~ lattice calculated using the
exponential-core electrostatic model (Mauzerall and
Drain, 1992). The field for one-half change in risetime,
~10 mV/nm, will be related to the ion chain mecha-
nism (see below). The risetime of the photo conduc-
tance decreases with the applied voltage (Fig. 3 B). The
voltage for a half change of the kinetics is ~40 mV and
decreases slightly at lower TPhB ™~ concentrations.

Both G, and G, are approximately independent of
applied voltage at a high concentration (3.33 uM), of
TPhB~ (Fig. 4). The more sensitive plot of AG /G4 indi-
cates a lag in the conductance with applied voltage.
Small asymmetries in the input voltage arising from both
the calomel electrodes and the voltage source, which
have been approximately corrected, may contribute to
the total error.

Mechanism

If we define G4, = Qurphp- Preop-Am/ d% , Where A, is the
area of the membrane, d,, is the thickness of the mem-
brane, g is charge, prpyg- is the charge density of TPhB~,
then the simple assumption that the bulk mobility
(wrpup-) is constant implies that the conductance is de-
termined by the charge density alone. This assumption,
along with the electrostatic calculations of the normal-
ized potential, allows one to fit the G, saturation data
with reasonable values of pypyp-:

prens- = 0.602CB exp(—qV,rpns-)» (1)

(Mauzerall and Drain, 1992). In fact, the calculated
value of prppg- = 0.07 nm~2 at C = 1 uM TPhB~ is the
same as that found by Andersen et al. (1975, 1978)
based on capacitative transient measurements. How-
ever, the photo conductance increases transiently up to,
or somewhat greater than, that of the linear, nonspace
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FIGURE 4 Voltage dependence of the photogating effect at 3.33 uM
TPhB™, 0.1 M NaCl, and positive voltages only. G, filled circles; G,
opencircles; and AG/ Gy, open triangles. The line through the AG/ Gy
data is arbitrary. The conductance plotted is the observed current di-
vided by the applied voltage corrected for electrode asymmetry.

charge limited value, suggesting that the space charge
due to the TPhB™ lattice has been cancelled by that of
the porphyrin cation lattice (Fig. 2 in Mauzerall and
Drain, 1992). The largest prpng- estimated is ~0.2
nm~2, whereas our estimate of pp. is ~0.008 (Drain et
al., 1989; Mauzerall and Drain, 1992). The electrostatic
calculations show that the photoformation of the
MgOEP* lattice at reasonable positions in the bilayer is
unable to cancel the space charge entirely, and thus a
purely electrostatic mechanism cannot account for the
large increase in the photogating conductance.

This state of affairs can be bypassed in two ways. One
is a specific ion-chain mechanism discussed below. The
second possibility is to allow the mobility to decrease
with space charge, which would increase the dependence
of the G, on V'and thus on prpyp-. The result is a fit with
a smaller prp,s-, one more compatible with the esti-
mated pp+. However, even if the mobility is made as
equally dependent as 8 (Eq. 1) on the internal potential,
the fit to the dark conductivity requires pyp,p- to be
smaller by only a factor of two. To reduce prp,p- by a
large factor would require the mobility to be determined
by the larger potential at the center of the membrane.
Anderson et al. (1975, 1978) claim that the mobility of
TPhB~ is rapid in the membrane, with the slow step at
the interface. However, their analysis was for the linear
region of boride conductance, <1 uM TPhB~. Our ob-
servation of a slowing rise time of the photo conductance
with increasing TPhB~ concentration and internal field
(Fig. 3 4), supports the view that the ion movement is
slowed by the space charge and that the space charge is

not entirely cancelled by MgOEP*. This view is further
supported by the limiting photogating effect of ~30% at
low TPhB~ concentrations, i.e., in the linear region ( Fig.
2 of Mauzerall and Drain, 1992). Here, pp+ may exceed
Prene-» reversing the sign of the space charge. Maximiz-
ing pp+ by assuming the conductance increase is only
caused by a change in prppp- via Eq. 1 impliesa AV of +8
mV corresponding to a pp+ of only ~0.005 nm~2 in
agreement with our estimate from the photovoltage,
0.008 nm~2 (Mauzerall and Drain, 1992). Moreover,
this limited increase in photo conductance occurs on a
fast time scale (<1 ms) as expected for the space charge
cancellation by the photo formed porphyrin cations.
This is in striking contrast to the slower, space charge
dependent rise time of the large (>100% ) increase in the
photo conductance in the space charge limited region
(Fig. 3 A). The fraction of very fast photo conductance
also decreases with increasing. TPhB~ (Fig. 2). Thus, we
conclude that the large increase in Gy, is caused by a
different mechanism of ion transport than that active at
low concentration of TPhB~. When AG/ G4 = 1, pp+ is
estimated to cancel only 10% of the TPhB ~ space charge.
Thus, at constant light energies, MgOEP* formation
would be expected to cancel a smaller and smaller frac-
tion of the TPhB ~ space charge as prp,g- increases, such
that at AG/G4 = 10, only ~3% of the space charge
would be cancelled by ion pair formation. Yet the photo
conductance increases, further supporting the view that
space charge cancellation is not entirely responsible for
the large photoeffect.

The ion chain mechanism is composed of two to three
cation-anion pairs that align, and, by transfer of a
TPhB™ at each interface, an ion hops across the mem-
brane (Fig. 5). It is not unreasonable to expect that
MgOEP*:TPhB~ ion pairs will form. Both anion and
cation are positioned in the ester region of the bilayer.
The rate of the formation of TPhB~:MgOEP™ ion pairs
depends on the p, of these ions. For example, if prp,g- is
0.05 nm~2, the MgOEP" is at the center of the lipophilic
ion lattice, and if the translational diffusion constant for
these ions is similar to the planar diffusion of the lipids, 4
X 10 nm? s~! (Javin and Vay, 1989), then the average
time for the formation of the ion pair is ~2 us. More-
over, the electrostatic attraction will shorten this time.
Similar rates are expected for the formation of the
TPhB~:MgOEP*:TPhB~ aggregate. The time for the
alignment of TPhB~:MgOEP™* pairs on one side of the
bilayer with those on the other side would be <50 us
except at very low pp+. Thus, the formation of the ion
chain is not rate limiting.

Since the TPhB~ and MgOEP* are present on each
side of the membrane, the ion pairs will form on each
side (Fig. 5, step A). Once the MgOEP*:TPhB ™~ pair is
formed, it is a dipole and, in the absence of internal
fields, will orient according to the applied voltage such
that the ion pair on one side of the membrane will have
the same orientation as the other (Fig. 5, step B). The
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FIGURE 5 Schematic of the ion-chain mechanism for the photogating
of ionic currents across the lipid bilayer. The width of the membrane
and the size of the MgOEP* (rectangles), and the TPhB ~ (circles), are
to scale. The lipid head groups are represented by the shaded areas.
Individual ions are represented as rectangles or circles, whereas ion
pairs and aggregates are shown as connecting circles and rectangles.
The individual steps (4~ F), are discussed in the text.

rate of this orientation will depend on the applied volt-
age. Now the ionic dipole has the correct orientation
to accept a boride ion from the bulk or one already
bound to the membrane. This ion aggregate can donate
the inner TPhB~ to the ion dipole on the other
side of the membrane (Fig. 5, step C). Once the
TPhB~:MgOEP™*:TPhB~ ion is formed on the other side
of the membrane it “dissociates” a TPhB ™~ ion into the
aqueous phase (Fig. 5, step D). The resulting ion dipoles
then reorient in the applied field (Fig. 5, step E). Once
the ion pair is reoriented it is ready to repeat the se-
quence (Fig. 5, step F). We refer to the mechanism
where the TPhB ™ is transferred from one ion pair to the
other as the ion chain mechanism and it is similar to the
Grotthuss mechanism for the excess conductivity of H*
and OH™ in water (see Moore, 1962). Essentially, the
electrostatic barrier to movement is smaller for the di-
pole than for an individual ion. For the case of equal-
sized spheres, the Born charging energy of the ion pair is
one-half that of the individual ions. For the case of excess
TPhB~ and weak ion binding, the conductance is ex-
pected to be proportional to pp+(prpys-)"t", where n is
the number of ion pairs participating in the ion chain.
The light saturation curve for AG/G has a similar slope
as that of the photovoltage and indicates the photogating
is proportional to the amount of porphyrin cation
formed in the membrane (Fig. 6). Plots of log AG versus

log preng- at three ionic strengths have slopes of 2.7 £ 0.1
in the rapidly increasing range (Fig. 7), suggesting that
three TPhB ™~ ions are involved in the crossing step.

The ion chain mechanism predicts that the mobility of
the porphyrin cation will be increased along with that of
the boride anion. The photovoltage is ~30% less in mag-
nitude and decays ~40% faster (Table 1) when a donor
such as ascorbate is placed on the opposite side of the
membrane from the electron acceptor in the presence of
TPhB ~. More recent experiments with substituted tetra-
phenylborides show much larger effects (Sun, K., and
D. C. Mauzerall, unpublished data). Previous experi-
ments have always shown no effect of donors on the side
of the membrane opposite that of the acceptor (Hong
and Mauzerall, 1976; Woodle and Mauzerall, 1986).
Both effects are smaller with ferrocyanide (Table 1).
When MgOEP* is formed on only one side of the mem-
brane and that side is charged negatively, the photocon-
ductance is ~40% of that when MgOEP™ is formed on
both sides. If the porphyrin cation did not move, the
remaining space charge on the nonporphyrin side would
effectively block the photogating effect. If the porphyrin
cation does move, the halving of the effect is expected
because of the 50% decrease in the cation. This experi-

Light Energy (mJ)

FIGURE6 The open circles are a plot of the saturation of the photovol-
tage and the filled circles are a plot of the saturation of AI/ Iy, (=AG/
G4 ) with light energy; 0.67 uM TPhB™~ at £40 mV. The linear least-
squares fit of the AJ/I, data does not include the two points at the
highest light energy, and the photovoltage data has been scaled by 10.
For the photo current saturation plot, the natural log of the difference
between the Al/ I, in saturating light and A/ I, at lower light energies
is plotted versus light energy. For the photovoltage saturation plot, the
natural log of the difference between the photovoltage in saturating
light and that at lower light energies is plotted versus light energy.
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FIGURE 7 The linear region of a log-log plot of AG versus prpyp- at
ionic strengths of 1 mM, 0.1 M, and | M. The slopes are 2.7 + 0.1,
indicating that about three TPhB™~ are involved in the photogating
mechanism. The data are taken from Fig. 2 in companion article
(Mauzerall and Drain, 1992).

ment also displays an asymmetry in the magnitude of the
photosignal with sign of the applied voltage. When a posi-
tive voltage is applied to the side of the membrane con-
taining the MgOEP*, the photosignal is only 17% of the
symmetrical case compared with 40% when a negative
voltage is applied (Table 1). This may be caused by
some polarization by the applied voltage. The increased

TABLE 1 Effects of asymmetric acceptor and donors

Photovoltage
Experiment AG/Gy Photovoltage decay ¢,,,
% my ms
Photogating: 1.67 uM TPhB~ 300
AQS™! one side, —40 mV 121
AQS™! one side, +40 mV 50
Photovoltage: 0.1 mM AQS™*
on one side 2.0 128
3 uM TPhB~ 1.9 120
3 uM TPhB", ascorbate
opposite side 1.4 74
3 uM TPhB-, ferrocyanide
opposite side 1.6 93

Summary of the asymmetric photogating and donor/acceptor experiments. The
photogating experiments have equivalent amounts of TPhB™ on each side of the
membrane and 0.1 mM AQS™! on only one side of the membrane. The resulting
photovoltage, ~2 mV, is only ~5% of the 40-mV applied voltage, thus no correc-
tion for its effect is made. For the donor/acceptor experiment, where there is no
applied voltage, ferrocyanide (1 mM) or ascorbate (1 mM) donors are placed on
the opposite side of the membrane as the AQS™.

TPhB~ on the positive side may slow the redistribution
time and thus lose P* to its decay (Fig. 2).

The ion chain mechanism predicts that any large cat-
ion will increase the mobility of the hydrophobic anion.
In fact, G4 of TPhB~ increases on adding low concentra-
tions of TPhP*, whereas G, simultaneously decreases
(Fig. 8). If the photogating mechanism only concerned
the effect of space charge, then the conductance would
be expected to continue to increase with increasing con-
centrations of TPhP* instead of saturating and there
would be no reason for inhibition of the photo-effect.
The conduction with TPhP* saturates at approximately
two-thirds of that with the porphyrin cation. This in it-
self may support the ion chain mechanism because of the
different size and symmetry of the MgOEP* and TPhP*
cations. The disk shaped MgOEP* “fits” into the lipid
bilayer much more readily than the tetrahedrally shaped
tetraphenylboride ions. The low concentration of
TPhP* required, ~ 100 less than that needed for equal
conductance in the absence of TPhB ~, is a manifestation
of Eq. 1, with a positive sign in the exponential. The
higher concentration of TPhB~ required to saturate G,
(5 uM) compared with that required to increase G4, (2
uM) (Fig. 8), may be a reflection of the increase of G4 .
Similar effects are seen at a nonsaturating concentration
of TPhB~ (Fig. 8). The enhanced conductance of mix-
tures of TPhB~ and TPhP* has been observed in submi-
tochondrial particles (Grinius et al., 1970).

conductance (nS)

[TPhP JuM

FIGURE 8 The increase in Gy (closed circles), and decrease in AG
(open circles), of 3 uM TPhB™ versus the concentration of TPhP* in
the bathing solutions. The closed and open triangles represent G4, and
AG of 0.4 uM TPhB ~ versus TPhP* concentration. A +40 mV voltage
is applied across the membrane.
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The ion-chain mechanism makes definite predictions
concerning the activation energy of the conductance.
The applied electric field favors the correct alignment of
the ion pairs for TPhB~ hopping down the field. How-
ever, the presence of other fields, in particular those of
the TPhB™ lattice itself, will add an activation energy
since the TPhB~ field must be contrary to the alignment
of the ion pair in one or the other half of the membrane.
This is because the sum of the internal fields is equal to
zero. Thus, at least one of the ion pairs in the chain (Fig.
5), will be energetically unfavored by the internal field.
Since the plane of the porphyrin remains perpendicular
to the plane of the membrane because of its alignment
with the lipids (Ishikawa and Kunitake, 1991), the di-
pole moment of the MgOEP*:TPhB~ pair is one full
charge separated by 1 nm. Our estimate of the internal
field from the TPhB™ lattice at half saturating concentra-
tions is ~ 10 mV /nm (Fig. 3 A). The orientation energy
will be twice the dipole moment times the field or ~1
kT. This may explain the increasing rise time with in-
creasing TPhB ~ concentration: it should track this field,
as observed in Fig. 3 A4. If the applied voltage is
“dropped” across only one-half of the bilayer thickness,
then the possible lag in the photoconductivity with volt-
age (Fig. 4), could also be explained. At applied voltages
<10 mV, the applied field would be less than the internal
field. Possibly the many body effects of the space charge
translate these small equilibrium electrostatic energies
into the observed slow rates. The definite saturation of
conductance with voltage is not expected. Possibly at
high p, , the TPhB ~ may directly exchange sites near P*,
bypassing the need for dipole rotation. The dynamics of
ion movement in the space charged region are rather
complex even in the absence of counter charged ions (De
Levie, 1978), and we must leave their description to the
future.

The activation energy of the conductances was mea-
sured at 3.3 uM TPhB~ over the temperature range of 6
to 30°C. The gel transition for diphytanoyl phosphocho-
line is well below 0°C (Avanti Polar Lipids, Inc., private
communication). The activation energy for G, is 14 + 2
kcal mol ™! and for G is 5 + 2 kcal mol~!. The striking
difference between the energies of the dark conductance
and the photoconductance is a certain sign of differing
mechanisms. Note that the reverse effect, a smaller acti-
vation energy of the photoconduction, would be ex-
pected if the porphyrin cation cancelled the boride space
charge that causes the conductance to saturate by adding
an electrostatic barrier. Since the dark current may be
partially limited by depletion in the water layer, the
smaller activation energy of the viscosity of water, ~4
kcal mol ™!, may contribute to its small measured activa-
tion energy. The activation energy for conductance is
composed of a binding enthalpy for 8 and an activation
energy for urpyp-,pLv > €Ssentially that of viscosity. A di-
rect calorimetric determination of AH for 8 gives —9
kcal mol~! (Schere and Seelig, 1989; Seelig and Ganz,

1991) and the temperature dependence of charge pulse
transient gives —7 kcal mol ~! (Benz, 1988), but determi-
nations via indirect measures of 8 versus temperature
(quoted by Flewelling and Hubble, 1986) give —2 + 2
kcal mol~'. The activation energy of transient conduc-
tance determined by Benz (1988) is 10 kcal mol~! and
that quoted by Flewelling and Hubble (1986) is 14 kcal
mol !, in agreement with that of our photoconductance
and not with that of our dark conductance. If AH of 8 is
—8 kcal mol !, the activation energy of prpyp-, Ly in the
dark is +13 kcal mol~'. By comparison, the activation
energy for diffusion of pyrene in egg lecithin is 7 kcal
mol~! (Vanderkooi and Callis, 1974) and for rotational
diffusion of 12-(9-anthroyl) stearate in L-a-dipalmitoyl
phosphocholine is 10 kcal mol™! above the transition
temperature (Vanderkooi et al., 1974). The somewhat
larger value of TPhB~ may be caused by electrostatic
effects, e.g., Born energies, and the fact that ionic mobil-
ity measures strictly the perpendicular component of the
anisotropic viscosity, whereas other measurements
weight the lateral component. The ion chain mechanism
will have viscosity dependent terms for the rotation of
the ion pairs. Since at least two such independent reac-
tions must be concerted in one ion chain, a larger activa-
tion energy, 15-20 kcal mol ! is expected, as is observed.
In agreement, the risetime kinetics also show a large acti-
vation energy of 13 + 3 kcal mol~! (data not shown).
Finally, the activation energy of the TPhB~/TPhP * con-
ductivity measured at 3 uM TPhB~ and 10 uM TPhP ™ is
10 + 4 kcal mol !, a value consistent with the ion chain
mechanism.

Charge sensitive ion conductor

The photogating system is an example of a working mo-
lecular electronic device that can be described as a pho-
todriven field effect transistor (Carter, 1982; Hong,
1988), and we refer to it as a charge sensitive ion con-
ductor (CSIC) (Drain and Mauzerall, 1990). The charge
carriers are the hydrophobic ions, the source and drain
are the ionic solutions at the two interfaces, the gate is
composed of the self-formed space charge layer in the
membrane, and it is controlled by the photochemically
or chemically formed porphyrin cations. The switch of
the CSIC can be turned on or off depending on the com-
plementarity of the sign of the charge on the hydropho-
bic ions versus that on the photo or chemically formed
ions. The present switch can be reversed by the anaero-
bic formation of the porphyrin anion.

Biological implications

The ion-chain mechanism of the photogating system can
be thought of as a prototypical ion channel across the
lipid bilayer. The photogating 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 from one charge or dipole to another
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along the cavity of the channel. The lipophilic ions do
not require the polar cavity because the Born charging
energy of the ion pair is significantly less than that of the
individual ion, and the alignment of two to three ion
pairs may be sufficient to shuttle a lipophilic ion across
the membrane. Both of these effects are related to the
~ 1-nm size of the ions. These considerations suggest the
importance of the size of the counter ion in the transport
of charged proteins or peptide segments across the lipid
bilayer. Membrane transport proteins may contain
amino acids of complementary charge and number to
that of the protein being transported. Thus, relatively
simple, self-assembling molecular structures form con-
trollable transport systems that may have contributed to
their biogenesis on the primitive earth.
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