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ABSTRACr It has been shown that the blocking of negatively charged tetraphenylborate ion
transport in phosphatidylcholine (PC)-cholesterol membranes by the herbicide
2,4-dichlorophenoxyacetic acid (2,4-D) is dominated by the suppression of TPhB- diffusion
across the membrane interior, rather than by the decrease of adsorption of TPhB- ions at the
membrane surface. The blocking effect can be associated with the decrease of electric
potential inside the membrane with respect to that of the aqueous medium, this decrease being
proportional to the concentration of 2,4-D in the aqueous solution. It has been estimated that
25-30% of the total 2,4-D-induced change of the potential difference is between the plane of
adsorption of TPhB- and the aqueous solution, and the remaining fraction is between the
membrane interior and the adsorption plane. The results of this study support the dipolar
hypothesis of 2,4-D action in lipid membranes. These conclusions are further supported by
measurements of changes of electric potential difference across air/water and air/lipid
monolayer/water interfaces. It has been found that the electric potential of the nonpolar side
of the interface decreases in the presence of neutral molecules of 2,4-D and that this effect
becomes more prominent in the presence of electrolyte. We have confirmed that PC-
cholesterol monolayer cannot be considered as a model for half of the bilayer membrane
because of the disagreement between the changes of the interfacial potential difference of
PC-cholesterol monolayers and those determined from studies of transport of positive and
negative ions across bilayer membranes. In contrast, we have found close agreement between
the 2,4-D-induced changes of electric potential of the lipid hydrocarbon region in glycerolmon-
ooleate (GMO) membranes and GMO monolayers. We suggest that the action of 2,4-D in
lipid membranes is not associated with the changes of orientation of dipoles of lipids
constituting the membrane, but rather with a layer of 2,4-D molecules adsorbed at the
nonpolar/polar membrane boundary.

INTRODUCTION

We have previously reported that pesticide 2,4-dichlorophenoxyacetic acid (2,4-D) modifies
ionic selectivity of lipid bilayer membranes. It was found that it facilitates transport of lipid
soluble cations, such as tetraphenylarsonium (TPhAs+) and nonactin-K+ complex, but
inhibits transport of negatively charged tetraphenylborate (TPhB-) ions (1).
From the studies of the voltage dependence of nonactin-K+ conductance it was possible to
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conclude that 2,4-D increases the ratio of the translocation to the dissociation rate constant of
nonactin-K+ complex. It was observed that the action of 2,4-D on ion transport in membranes
is similar to that of phloretin (2, 3). It is very likely caused by a layer of 2,4-D molecules
adsorbed within the membrane interfacial region. The postulated charge distribution and
orientation of adsorbed 2,4-D molecules are such that the electric potential of the membrane
interior decreases (1).

In this paper we present the results of further studies on the interference of 2,4-D with
transport of negatively charged TPhB- ions. The usefulness of TPhB- as a membrane probe
originates from the high coefficient of distribution of TPhB- ions between the membrane
surface and water, and from the experimentally favorable redistribution time of TPhB- ions
in membranes (10-2-103 s). Current relaxation experiments with TPhB- permit one to
measure separately both the changes of the density of TPhB- adsorbed at the membrane
surface in the presence of 2,4-D, as well as the changes of the translocation rate constant
(4-9). From studies of membrane properties with the TPhB- probe one can make some
conclusions about the location of the adsorbed layer of 2,4-D within the membrane, and
specifically, about its position with respect to the adsorption plane of TPhB-. We also report
on the measurements of electric potential difference across the air/water and air/lipid
monolayer/water interfaces when 2,4-D is present in the aqueous subphase, and compare the
results with data on electric potential distribution changes extracted from the results of studies
of ion transport in bilayer membranes.

Transport of Tetraphenylborate Ions across Lipid Membranes
The exponentially decaying transient conduction current observed immediately after the
application of a constant potential difference across the membrane is due to the flow of
TPhB- ions across the membrane interior from ion potential energy well at one interface to
that at the other (4). The diffusion of TPhB- ions toward and away from the membrane is
insignificant due to the fact that the TPhB- permeability of membranes is much greater than
that of the aqueous solution. Thus on the time scale of current decay, the amount of TPhB-
ions at the membrane surface is conserved.

Andersen and Fuchs (5) have shown that a quasistationary solution of electrodiffusion of
TPhB- ions across the membrane represented by an image-potential barrier satisfactorily
describes the transient membrane current. The initial membrane conductance G(V) 10
(computed from the initial current that is obtained by extrapolating the conduction current to
the zero time), is equal to

GON(V) 2kT sinh(e(eV/l2kT) GON(o)1, (1)G (V)11=0 efVexp [w(eV/kT)2]G 1

where GON(0) 1,=0 is the zero voltage initial conductance given by

GON(O) 10 = e2flDmNeq/y (2)

kTf exp [W(x)/kT] dx

The superscript ON refers to the transient process observed after the steplike increase of
membrane bias from zero to V. The membrane is assumed to extend from x = 0 to x = d; t is
the distance between the TPhB- adsorption plane and the membrane surface on either side of
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membrane. W(x) is the difference of ion potential energy at a distance x with respect to that
at x = ?, Neq is the equilibrium surface density of adsorbed TPhB-, y is the effective width of
the adsorbed TPhB- layer, w is a coefficient taking into account the deformation of the ion
potential energy barrier due to the applied bias, Dm is the ion diffusion coefficient in the
membrane interior, and f3V is the effective potential difference driving the ion transport.

After the application of bias voltage, V, the net ion flow in the membrane decreases
exponentially with time because of the depletion of ions on the negatively biased side of
membrane and their accumulation on the positive side. The characteristic time of this
redistribution process is

TON (V) exp[o(eV/kT)/2k]) N(o)Q (3)
cosh (e#3V/2kT)

where

TON (0) = (,y/2Dm) . f exp [W(x)/kT] dx. (4)

In computations involving Eqs. 1 and 3 we set w = 0.005 corresponding to membrane
thickness of approximately 3.2 nm (references 1 and 5).
The total amount of charge transferred across the membrane during the current relaxation

process is equal to

QON(V) = Qads * tanh (ef3V/2kT) (5)
= fJjON(V) I exp [t/rON(V)I dt

= JON(V)I o TON(V),

where J( V) 1,=0 is the initial membrane conduction current density, and Qad = eNeq is the
equilibrium density of membrane surface charge due to adsorbed TPhB- ions.

Transient conduction currents can also be observed when the external bias voltage is
switched off. The OFF-currents are caused by the return flow of TPhB- ions that have been
displaced from its equilibrium distribution under the previously applied bias. The initial
membrane conductance associated with the membrane conduction when the bias voltage is
turned off can be defined in a similar way,

GOFF(V) Ito = (2kT/e3V) * tanh (ej3V/2kT) * GOFF(0) I=0. (6)

It can be shown that GOFF(O) II=o, the zero voltage initial membrane conductance of the
switch-OFF process is equal to the initial zero voltage conductance observed under the
switch-ON conditions.
The time constant of the switch-OFF relaxation current is equal to

TOFF = (y/2Dm) -
I exp [W(x)/kT] dx. (7)

In contrast to the time constant of the switch-ON process, the time constant TOFF is voltage
independent, and is equal to the zero voltage time constant of the switch-ON process, i.e.,
TOFF = rON(o).
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The total amount of electric charge transferred across the membrane during the OFF-pulse
charge redistribution is

QOFF(V) = f JOFF(V) J1_0 . exp (-t/roFF) dt = JOFF(V) 1t=0 TOFF. (8)

If there is no exchange of ions between the membrane and the aqueous solution, then QOFF
(V) = QON (V)

The adopted model (5), which has been outlined above, has been recently extended by the
development of the "three capacitor model" (9), and by the introduction of dielectric
saturation of water at the membrane surface (10). These extensions take into account the
existence of large boundary potentials at TPhB- concentrations exceeding 10-6 M. In the
present study of the effect of 2,4-D on TPhB- transport, we do not take explicitly into account
any of these refinements. We prefer the transport model (5) outlined above for its simplicity
because the TPhB- concentration employed in our experiments was only 1 X 10- M.

Electric Potential Difference across Air/Water and Air/Lipid Monolayer/Water
Interfaces

Results of earlier studies of electrical conductivity of lipid membranes in the presence of 2,4-D
have been found compatible with the hypothesis that 2,4-D decreases electric potential of the
interior of membrane (1). Thus it is of interest to measure directly the changes of electrical
potential difference between the hydrocarbon region of lipid monolayer spread at the water
surface and the aqueous subphase as a function of various conditions (2,4-D concentration,
pH, ionic strength) that have been found to affect ion flow in membranes.
Assuming that a layer of electrically neutral 2,4-D molecules at the interface can be

represented by two oppositely charged sheets embedded in a medium of dielectric constant E,
the electric potential difference across such a double layer is equal to

A V = Np I /ffo, (9)

where P± is the normal component of the dipole moment, and N the surface density of 2,4-D
molecules. For N corresponding to 1 molecule/50 A2 (which is approximately the area
occupied by one lipid molecule), P± = 1 Debye and e = 10, the expected potential difference
is approximately 75 mV. AV of this magnitude can be easily measured by conventional
methods (1 1, 12).

Surface potential measurements have not only a supportive role in confirming the
conclusions drawn from the membrane conductivity measurements, but are also helpful in
elucidating the problem as to whether a lipid monolayer can be regarded as a half of the
bilayer membrane. Some of the earlier studies (11, 12) gave affirmative answers to this
question, but Andersen et al. (2) have provided evidence that the similarity between lipid
monolayers and bilayer membranes may be superficial.

PROCEDURES AND MATERIALS

The black lipid membranes were formed by the brush technique on a 2-mm diameter hole in a TFE
(tetrafluoroethylene resin) cell. (Teflon, DuPont Co., Wilmington, Del.). The membrane-forming
solution was lecithin and cholesterol (PC-chol) in decane, the mole fraction of cholesterol was 0.76 and
the total lipid content (i.e., lecithin + cholesterol) was 11.5 mg/ml.
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The aqueous electrolyte solution contained NaCl, buffer (phosphate, citrate, borate; ratios
0.002/0.002/0.0005 M), and 2,4-D. Sodium tetraphenylborate (TPhB-) was dissolved in ethanol and
then the ethanolic stock solution was added to the aqueous solution, which was prepared fresh every day.
The volume of ethanol in the final solution was about 0.2%.
The procedure used in the preparation of the TFE cell for making the membranes was described in the

previous paper (1). The current-voltage data were taken about 30 min after the membrane became thin.
Each data point given in the figures represents an averaged value obtained on four membranes and the
error bars denote 1 SD.
The transient current measurements were performed by using a two-electrode "voltage clamp"

arrangement. The electrodes used were sintered Ag/AgCl of Annex Instruments, type 140 H (Santa
Ana, Calif.). A known voltage pulse was applied across the membrane by a pulse generator (Hewlett-
Packard, Loveland, Col.). The membrane current signal was converted first into a voltage signal. The
current-voltage converter, based on operational amplifier LH00602 (National Semiconductor Corp.,
Santa Clara, Calif.) was similar to that described by Sargent (13). The amplified transient current was
first stored in the Biomation transient recorder (model 802; Biomation Corp., Cupertino, Calif.), and
then transferred to a x-y plotter (model 2000; Houston Instruments, Bausch & Lomb, Inc., Austin,
Tex.). From the plot, quantities of interest, such as the initial membrane conductance G(V) ,O and the
membrane current relaxation time constant r(V) were obtained. The membrane current relaxation time
constant T(V) and II ,_. were obtained from the fit of I(t) = I I, *- exp[- t/r(V)] to the experimental
data. The initial membrane conductance was calculated from the initial current density JI -o =

I*I -O/A, where I|.O is the initial membrane conduction current and A the area of the hole, and the
applied potential difference V, G( V) ,_0 = J(V) |I,=0/V. The zero voltage conductance G(0) and zero
voltage time constant T(O) were obtained by extrapolating low voltage data (up to 80 mV in most cases)
by using a polynomial of the second degree. The amount of charge per unit membrane area, Q(V),
transferred across the membrane during the transient conduction process, was calculated according to
Eq. 5 or 8, and the area of the hole. The total charge density due to TPhB- ions adsorbed at the
membrane surface, Qads, was assumed to be the average of Q(V) measured at high membrane bias: 160,
180, 200, and 220 mV, because tanh at those voltages approaches unity.
The method of measurements of interfacial potential difference was similar to that described in

references I I and 12. It was measured by means of a polonium electrode (Nuclear Products Co., El
Monte, Calif.) and PAR electrometer, model 135 (Princeton Applied Research Corp., Princeton, N.J.).
The aqueous solution on which the monolayer was spread was contained in a 100-mm crystallizing dish,
and was electricially connected with a reference calomel electrode by means of a KCI bridge. The
polonium electrode was placed several millimeters above the aqueous surface. To stabilize the potential
of the measuring electrode, it was kept for about half a day above the clean water surface before the start
of the experiment. If the system were clean, the interfacial potential difference across the air/deionized
water (Millipore Q2 system, Millipore Corp., Bedford, Mass.) surface was -440 ± 10 mV. The
subphase aqueous solution contained KCI, 2,4-D, and buffer; LiCl was used for the adjustments of ionic
strength. The experimental conditions are described in detail in the figure legends. The monolayer-
forming solution was prepared by dissolving lipids in hexadecane; 1% of methanol was also added to the
lipid solution to improve lipid solubility. The cholesterol mole fraction was the same as in the
membrane-forming solution (i.e., 0.76). For PC-cholesterol monolayers, the forming solution contained
29 mg of lecithin and cholesterol in 1 ml of hexadecane, for glycerolmonooleate (GMO) monolayers, the
concentration of GMO in hexadecane was 30 mg/ml.
The air/aqueous solution interfacial potential difference was recorded 15-20 min after the radioactive

electrode was placed above the aqueous surface. Then about 3 ,ul of lipid solution in hexadecane were
injected slowly along the surface of the crystallizing dish, and the new value of the potential difference
recorded after it stabilized. In each case we have made about four measurements for each monolayer
because of the surface potential fluctuations. We have also noticed that the surface potential of GMO
monolayers fluctuated less than that of the PC-cholesterol. After the measurement, the dish was rinsed
thoroughly with methanol and deionized water, and the surface potential of clean water measured again
to check the cleanliness of the equipment. Each data point represents an average for four monolayers
and the error bar one SD.
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RESULTS AND DISCUSSION

Membrane Conductance, Relaxation Time Constant, and Net Transfer of Charge

Our objective was to determine the effect of 2,4-D on the membrane conductance due to
negatively charged tetraphenylborate ions, the relaxation time constant of membrane conduc-
tion current, and the amount of charge transported across the membrane during the
relaxation process. At the same time we were interested in the applicability of the simple
transport model formulated by Andersen and Fuchs (5) to the membrane perturbed by the
presence of 2,4-D.

Fig. 1 shows the changes of the initial membrane conductance as a function of 2,4-D
concentration for both the switch-ON and switch-OFF conditions. Two interesting properties
were observed: the decrease of the magnitude of the initial membrane conductance with the
increasing concentration of 2,4-D, while the changes of the voltage dependence of the
conductance with 2,4-D concentration were very small. When comparing our results with
those given in reference 5, we find that for untreated membranes the zero voltage conductance
of PC-chol and bacterial phosphatidylethanolamine (BPE) are very similar, whereas the
relaxation time constant of PC-chol membranes is greater than that of BPE membranes. For
example, for CTPhB = 1 X Io-7 M, the zero voltage conductances are about 3 X 10-4 S/cm2
for PC-chol membranes and 4 X 10-4 S/cm2 for BPE membranes. The relaxation time
constant of PC-chol membranes was found to be (5-6) X I0O- s, as compared with (1-2) X
so-3S for BPE membranes (5, 9).
The suppression of the conductance by 2,4-D is associated with the increase of the

relaxation time constant, which is the measure of the ion redistribution time in the membrane
interior (Fig. 2). For 2,4-D concentration change from 0 to 7.5 X 10-4 M, the membrane
conductance of PC-chol membranes decreased by a factor of about 100, and the relaxation
time constant increased by about 30-fold.
The applicability of the above model to our membranes modified by 2,4-D can be judged

from curves shown in Figs. 1 and 2. They represent a fit of Eqs. 1, 3, 6, and 7 to the
experimental results. The value of f, was obtained from the least-square fit of Eqs. 1, 3, 6, and
7 to the experimental data. Parameter f3 as a function of 2,4-D concentration is shown in
Fig. 3. The values of parameter f, for switch-ON and switch-OFF transients have been found
different, '30N, #jFF, and, furthermore, f3oN monotonically increased with 2,4-D, whereas 10FF
remained unchanged. At high 2,4-D concentration (5 X 10-4 M and above), the value of j3
cannot be accurately determined because of the poor signal-to-noise ratio of the transient
currents, especially at low bias voltages. The dependence of fON on 2,4-D concentration can be
understood in terms of the changes of adsorption of TPhB-.
The net charge per unit membrane area, translocated across the membrane as a function of

applied potential difference and 2,4-D concentration, is given in Fig. 4. For the purpose of
illustration of the model, the curves in this figure represent the voltage dependence of
transferred charge as given by Eq. 5. The limiting value of Q(V) at high voltages is equal to
the surface density due to adsorbed TPhB- ions, Qa&. The results indicate that 2,4-D inhibits
adsorption of TPhB- because Qads decreases with increasing 2,4-D concentration. In the
absence of 2,4-D, we find that the surface charge density of PC-chol membranes in the
presence of TPhB- of 1 X 10-7 M is about 1 X 10-7 C/cm2, which is comparable to that
found for BPE membranes (5, 9), and is about three times greater than that for GMO
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FIGURE I Voltage dependence of initial TPhB- conductance of PC-chol membrane as a function of
aqueous concentration of 2,4-D. cTphB- = I X 10-7 M, pH = 2 (buffered), cN.C, := 0.5 M. (a)
Conductance determined from the transient current observed after the application of membrane bias
(switch-ON conditions). (b) Conductance determined from the transient current observed after the
removal of membrane bias (switch-OFF conditions). The solid curves represent the fit of Eqs. I and 6 to
the data for 2,4-D concentrations 0, 1IX 10-4 M, and 5 X 10-4 M.
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FIGURE 3 Dependence of parameter fl on 2,4-D concentration for the switch-ON and switch-OFF
transient processes. The value of (3 has been obtained from the best fit of the model equations to the voltage
dependence of the initial membrane conductance and the relaxation time constant.

membranes (9). The values of parameter ,B for PC-chol and BPE membranes are also similar:
I3ON(PC<Chol) 0.6 as compared to f3(BPE) = 0.71 (9) for comparable TPhB- concentrations
[(1-3) X 10- M]. We interpret the increase of #3ON in the presence of 2,4-D as a consequence
of inhibition of TPhB- adsorption by 2,4-D. In terms of the "three capacitor model," as
demonstrated by Andersen et al. (9), the effective potential difference driving the ion
diffusion across the membrane decreases with the increasing surface charge density of the
membrane permeable ions. The observed increase of 130N and the associated decrease of the
surface charge density, Qads, with the increasing concentration of 2,4-D (Fig. 4) are consistent
with the conclusions derived from the three capacitor model (9). The observed monotonic
change of,ON with the decrease of TPhB- surface charge density indicates that the
assumption of negligible potential difference between the TPhB- adsorption plane and the
aqueous medium (as compared to kT/e), implied in the adopted model (5), is not strictly
satisfied. From this standpoint it would be desirable to do similar study at TPhB- concentra-
tion well below 10-7 M. This, however, would limit the 2,4-D concentration range because of
smaller signal-to-noise ratio of the transient currents. We consider J3OFF to be a better
parameter for TPhB- transport in PC-chol membranes. The value of f3OFF (PC-chol) = 0.91,
obtained in the present work is close to f3(BPE)= 0.86 determined at low TPhB- concentra-
tion, CTPhB- = 1 X 10-8 M (9) and to,B, (dioleylphosphatidylethanolamine) = 0.92 (5). The
origin of the difference between 3ON and fOFF iS not understood.

At higher 2,4-D concentration, the redistribution time of TPhB- ions in the membrane
increases (Fig. 2). There is a possibility that during the measurement of the relaxation
current, the condition of isolation of TPhB- ions trapped in the membrane from the aqueous

FIGURE 2 Voltage dependence of membrane current relaxation time constant as a function of aqueous
2,4-D concentration. Experimental conditions are identical to those given in Fig. 1. (a) The time constant
determined from the transient current observed after the application of bias voltage across the membrane
(switch-ON conditions). (b) The time constant determined from the transient current observed after the
removal of bias voltage (switch-OFF conditions). The solid curves in a represent fit of Eq. 3 to the data.
The straight lines in b represent the average time constant. For the purpose of illustration we have chosen
2,4-D concentrations 0, 1 X lo-4 M, and 5 X 10-4 M.
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FIGURE 4 The effect of 2,4-D on the transfer of electric charge associated with TPhB- ions across
PC-chol membranes. The solid curves have been drawn according to Eq. 5 for ( = 0.91.

solution, as implied in the adopted model, is violated, because of the outflow of ions from the
positively biased membrane side. We have checked this possibility by comparing the amount
of charge transported during the switch-ON and switch-OFF transient conduction. It was
found that the exchange of TPhB- between the membrane and the aqueous solution was at
most 20%, and thus the assumption of complete trapping of TPhB- ions in the membrane
remains approximately valid.
The 2,4-D-induced changes of membrane conductance characteristics, as illustrated in

Figs. 1, 2, and 4, provide more detailed information on membrane modification than the
steady-state studies with positive ions because of the possibility to determine separately the
effect of 2,4-D on the density of adsorbed TPhB- ions and on their translocation across the
membrane. The decrease of membrane permeability to TPhB-, as evidenced by the decrease
of membrane conductance, is in part due to the smaller adsorption coefficient of TPhB- ions
at the membrane surface, and in part due to the change of the kinetics of ion translocation.
The kinetic aspect of blocking the ion transport must be the dominating one, as can be clearly
seen in Fig. 5, where we compare the decrease of membrane conductance with the changes of
TPhB- adsorption. For example, an increase of 2,4-D concentration from 0 to 4.5 X 10-4 M
corresponds to a decrease of the density of surface charge due to adsorbed TPhB- by a factor
of about 3, whereas the conductance decreases about 38-fold.
The changes of the kinetics of TPhBW transport are directly reflected in the changes of the

relaxation time constant. A semilog plot of the dependence of the relaxation time constant on
2,4-D concentration (Fig. 6) indicates that the redistribution time of TPhB- ions in the
membrane increases exponentially in the presence of 2,4-D.

In our earlier study (1) we have shown that 2,4-D increases membrane conductance due to
the positively charged TPhAsB ion and carrier complex nonactin-Kr, and that both the rate
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FIGURE 5 A comparison of 2,4-D concentration dependence of switch-ON and switch-OFF TPhB-
membrane conductance with 2,4-D concentration dependence of the density of surface charge due to
TPhB- ions adsorbed at the membrane surface.
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FIGURE 6 A plot of the dependence of zero voltage relaxation time constant on 2,4-D concentration.
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constant of translocation of nonactin-K+ and the TPhAs+ conductance increase with ionic
strength. Because 2,4-D suppresses the TPhB- conductance, an opposite dependence on ionic
strength was expected in the case of TPhB-. This possibility has been tested at two
concentration levels of LiCl: 0.1 and 2 M, and 2,4-D concentration of 7.5 X 10-4 M (data not
shown). We have found that under these conditions the conductance change was insignificant.
Although the conductance effect was absent, an increase of the density of adsorbed TPhB-
(2.1-fold), and an increase of the relaxation time constant (2.2-fold) were observed at higher
ionic strength. Because the membrane initial conductance is proportional to the surface
density of adsorbed TPhB-, but inversely proportional to the relaxation time constant, the
changes in TPhBads and T compensate each other. In contrast, in the absence of 2,4-D, the
TPhB- membrane conductance increased with the ionic strength (1.7-fold). This change is
associated with increased adsorption of TPhB- (2.5-fold) and a small increase (1.2-fold) in
the relaxation time constant. The latter is a consequence of greater adsorption of TPhB- (9).
Thus the change of membrane conductance, and specifically the increase of the relaxation
time constant with the ionic strength, indicate the enhancement of 2,4-D adsorption at the
membrane, because the effect of ionic strength is qualitatively similar to the increase of
aqueous concentration of 2,4-D.
The plots of the dependence of membrane conductance, density of surface charge due to

adsorbed TPhB- ions, and the relaxation time constant versus 2,4-D concentration (Figs. 5
and 6) suggest that these quantities change exponentially with 2,4-D concentration. On the
basis of the observed charge asymmetry of the effect of 2,4-D on ion transport in membranes
(1), we further assume that the changes of membrane conductance characteristics associated
with TPhB- transport are of electric origin, and can be taken into account by a Boltzmann
factor. The change of membrane conductance can be associated with net change of the height
of membrane barrier, eA/\, defined as the change in the ion potential energy difference
between the central plane of the membrane and the aqueous solution,

G (0) = Gref (0) * exp (bGc24-D) = Gref(0) * exp (eAli/kT). (9)

The change in the redistribution time of ions across the membrane can be related to the
change of the ion potential energy difference between the central membrane plane and the
adsorption plane, eAk,

r(0) = Xef(0) * exp (bC2,4-D) = r (0)/exp (eA,0/kT). (10)
Finally, the change of the density of adsorbed TPhB- ions depends on the depth of the ion
potential energy well at the adsorption plane, eAO,

Qads =adr exp (bQc24 D) = * exp (ezAO/kT). (11)

The changes of electric potential differences with 2,4-D concentration, as determined from
the changes of the three independently measured quantities: conductance, relaxation time
constant, and surface charge density due to the adsorbed TPhB- ions, are shown in Fig. 7.
Thus in the presence of 2,4-D, both the potential difference between the TPhB- adsorption
plane and the aqueous medium, 0, and that between the membrane interior and the adsorption
plane, S, become more negative. It is of interest to compare A4t deduced from the membrane
conductance changes with the sum AO + AO\ obtained from the separate measurements of the
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FIGURE 7 Changes of various electric potential differences as a function of aqueous 2,4-D concentration
determined from the studies of relaxation of TPhB- conduction current in PC-chol membranes. AO is the
change of the potential difference between the TPhB- adsorption plane and the aqueous solution, AO is the
change of the potential difference between the central membrane plane and the adsorption plane. A4/ is the
change of the potential difference between the central membrane plane and the aqueous solution.

surface charge density, (AO), and the relaxation time constant, (/v+), because in terms of the
adopted barrier model, the barrier height eO,t = eG + e+. If the transport model takes properly
into account the changes induced by the presence of 2,4-D, it is to be expected that AAt = AO
+ AO. As follows from the comparisons given in Fig. 7, this expectation is fulfilled; Ai\ (open
symbols) agrees very closely with the sum AO + AO\ (filled symbols).

Fig. 7 also makes clear that the changes of the potential difference between the central
plane of the membrane and the TPhB- adsorption plane, AX, are considerably greater than
those between the adsorption plane and the aqueous solution, AO. In terms of the dipolar
hypothesis (1, 2), the relationship between AX and AO indicates that the layer of oriented
2,4-D molecules is predominantly located below the TPhB- adsorption plane. The present
result, namely, that 2,4-D molecules are inserted into the membrane rather than adsorbed on
the aqueous side of the membrane surface, agrees with the conclusion drawn from the studies
of the effect of 2,4-D on nonactin-mediated transport of K+ (1).

Finally, we can compare the results obtained on positively charged probes with those
derived from TPhB- data. The net changes of the potential difference between the membrane
interior and the aqueous solution, AOt', obtained from the TPhAs+ and TPhB- conductance
data are compared in Fig. 8 a. The 2,4-D-induced electric potential difference, as determined
by positive ions, is by about 30-40% greater than that derived from the negative ions. For
reasons that are not understood, the changes of conductance due to various membrane
modifiers as detected by positively charged probes are often greater than those observed with
negative probes' (9). In the case of phloretin, this discrepancy has been associated with the
presence of cholesterol in the membrane (2). In the present work we have noted that AO, A+,
and Ait, determined from independent measurements, are selfconsistent in that AO = AO +
AO. Changes of TPhB- conductance can be accounted for by the changes of TPhB-

'Pickar, A. D., and R. Benz. Work submitted for publication.
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FIGURE 8 (a) A comparison of the changes of the electric potential difference between the central plane
of the membrane and the aqueous solution as determined from the changes of membrane conductance due
to TPhAs+ an TPhB- ions. Conditions of the TPhAs+ experiment (1): cTphAM+ = 2 X lo-3 M, pH = 2
(buffered), CLiCI = 0.5 M. (b) A comparison of the changes of the electric potential difference between the
central plane of the membrane and the adsorption-reaction plane as determined from the changes of
kinetics of nonactin-K+ transport, AO (nonactin-K+), and the relaxation time constant of TPhB-
transport, AX (TPhB-). Conditions of nonactin-K+ experiment (1): c,.n,nactjn(aqueous solution) = 1.1 X
10-7 M, cn.cj,,n(membrane solution) = 3.2 X 10-i M, CK+ = 0.06 M, pH = 2 (buffered), ionic strength
(LiCl + KCI) = 1 M.
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adsorption and the kinetics of translocation. It is possible that in addition to electrostatic
effects, as discussed above, 2,4-D facilitates adsorption of positively charged ions at the
interface, which would account for the greater enhancement of cationic conductance as
compared with the anionic conductance. It is interesting to note that the changes of the
potential difference between the membrane interior and the adsorption/reaction plane, as
determined from the changes of kinetic parameter A of nonactin-K+ transport (1), and from
the changes of the relaxation time constant of TPhB- conductance, are similar (Fig. 8 b).
This experimental result suggests several conclusions. First, both the increase of the
nonactin-K+ translocation rate constant (1) and the increase of the TPhB- relaxation time
constant can be accounted for by the change of the height of ion potential energy barrier.
Second, the location of the layer of oriented 2,4-D molecules relative to the adsorption plane of
TPhB-, and the recombination plane of nonactin with K+, is about the same.

Electric Potential Difference across Air/Water and Air/Lipid Monolayer/Water
Interfaces

The measurements of surface potentials have been done under conditions similar to those for
which a modified electrical conductivity of membranes has been observed; that is, we have
used as the subphase the same electrolytic solution as in the membrane studies, and the same
lipid compostion of solutions for monolyers as for membranes. Because 2,4-D changes the
electric potential difference across air/water interface alone, even in the absence of a lipid
monolayer, we present separately the experimental results for interfaces of both types, rather
than subtract the surface potential difference of the aqueous solution from that of the
monolayer. The data represent the electric potential difference between the ionizing electrode
(air), and the reference electrode that is in contact with the subphase (aqueous solution).
The effect of 2,4-D on the boundary potential difference is shown in Fig. 9. The lower set of
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FIGURE 9 Changes of interfacial potential difference across the PC-chol monolayer (top) and the
air/aqueous solution interface (bottom) as a function of aqueous concentration of 2,4-D. pH = 2
(buffered), CKCI = 0.5 M.
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data represents the air/water (i.e., air/aqueous electrolyte) interface in the absence of lipid
monolayer, and the top set of data the potential difference across the air/lipid mono-
layer/water interfaces. In the absence of 2,4-D, the monolayer potential difference, defined as
'PC,ChoI = AV(air/PC-chol monolayer/water) - AV(air/water), is 406 ± 7 mV, which agrees
closely with 420 mV reported for PC-chol monolayers by Hladky and Haydon (14) and 400
mV by Anderson et al. (5), and 425 mV for BPE monolayers (5). The potential difference
across the air/water interface, i.e., the potential of the air side of the interface, becomes more
negative by about 200 mV at 2,4-D concentrations above 1 X 10-3 M, which suggests that at
sufficiently high aqueous concentration the 2,4-D molecules become stacked at the aqueous
surface. In contrast, the potential difference across the PC-chol monolayer decreases in the
presence of 2,4-D much less, only by about 35-40 mV. Because the decrease of the surface
potential can be also due to the presence of 2,4-D anions at the interface, we have studied the
dependence of interfacial potential difference on pH. If the adsorption of negative 2,4-D ions
were the major factor determining the surface potential difference, it would become more
negative at higher pH because the concentration of 2,4-D anions in the aqueous medium, and
subsequently their density at the interface, would increase. The experimental results (Fig. 10)
do not confirm this expectation; on the contrary, the interfacial potential difference becomes
more positive at higher pH. The half-change occurs at pH comparable to the pKa of 2,4-D,
which is about 2.6-2.8 (15, 16). This indicates that the observed changes of the interfacial
potential difference are related to 2,4-D dissociation equilibrium, and that the observation of
more negative interfacial potential difference is related to the presence of neutral 2,4-D
molecules.

2 3 4 pH 5
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FIGURE 10 Changes of interfacial potential difference across the PC-chol monolayer (top) and the
air/aqueous solution interface (bottom) as a function of pH (buffered). CKCI = 0.5 M, C2 4-D = 1 X 10-3
M.
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In addition to the 2,4-D concentration and pH dependence, we have studied the effect of
salt concentration on the interfacial potential difference, because the presence of electrolyte
enhances the effect of 2,4-D on membrane conductance (increase of conductance of positive
ions, and increase of relaxation time constant of TPhB- conductance). If the increase of ionic
strength of the aqueous medium can be associated with the decrease of the electric potential of
membrane interior, as suggested by the membrane conductivity studies, one may expect that
the interfacial potential difference would change in a similar way. This was indeed observed,
as can be seen from Fig. 11. Because the effect of ionic strength is rather small, we have
compared two sets of measurements of C2,4-D = 1 X i0-3 M: one at low ionic strength
(0.05-0.2 M) and one at high ionic strength (1.0-2.5 M). For PC-chol monolayers the
interfacial potential differences are as follows: -71 ± 3 mV at low, and -98 ± 14 mV at
high, ionic strength. For air/water interface the effect is qualitatively similar: -514 ± 52
mV at low ionic strength and -622 ± 13 mV at high ionic strength. Thus in either case the
less polar side of the interface becomes more negative at high ionic strength. This observation
is consistent with the conclusion drawn from the conductance studies (1), namely, that the
partition coefficient of 2,4-D between the nonpolar and aqueous medium increases with the
electrolyte concentration.
The results of surface potential measurements provide additional and rather direct support

for the dipolar hypothesis of 2,4-D action in lipid membranes: (a) 2,4-D decreases the electric
potential of the nonpolar medium; (b) this effect is largest at pH < pKa of 2,4-D, i.e., it can be
associated with the presence of electrically neutral 2,4-D molecules; and (c) the decrease of
electric potential of the nonpolar side of the interface is further lowered in the presence of
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FIGURE 11 A comparison of interfacial potential differences across the PC-chol monolayer (top) and the
air/aqueous solution interface (bottom) at high and low ionic strength. pH = 2 (buffered), CZ4-D = 1 X
lo-3 M. Ionic strength was adjusted by KCI + LiCl, ratio CKCIIc/iCi = 1.
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electrolyte. Thus at the interface the 2,4-D molecules are oriented so that their dipole moment
is directed toward the aqueous medium. However, the qualitative agreement between the
changes of electric potential difference between the membrane interior and the adsorp-
tion/reaction plane or the aqueous solution, as determined from ionic probes for PC-chol
membranes and those measured for PC-chol monolayers, is rather poor. First of all, the effect
of 2,4-D on the potential difference across the PC-chol monolayer is weak. The same kind of
inconsistency has been observed for the action of phloretin in BPE-chol and PC-chol
membranes and in monolayers, and has been associated with the presence of cholesterol in the
monolayer (2).
We have found earlier that 2,4-D is also active in GMO membranes and that the changes of

the potential difference between the nonactin-K+ recombination plane and the membrane
interior in GMO and PC-chol membranes are similar (1). Because Haydon and Myers (12)
found an excellent agreement between the monolayer and the bilayer potential changes for
several ionic and zwitterionic surfactants for cholesterol-free GMO membranes and mono-
layers, we have also studied the action of 2,4-D on GMO monolayers. Our results are given in
Fig. 12. In the absence of 2,4-D the potential difference across the GMO monolayer was
found to be 318 ± 9 mV, which agrees with 319-321 mV reported by Hladky and Haydon
(14). In contrast to PC-chol monolayers, the electric potential of the hydrocarbon side of the
GMO monolayer becomes significantly more negative in the presence of 2,4-D. The straight
line in Fig. 12 indicates the linear relationship between the change of the monolayer surface
potential difference, A%t,, and the concentration of 2,4-D. From the least-square fit of Ait =

bm . C24D to the data, we obtain bm(GMO) = 1.4 X 105 mV/M for GMO monolayers as
compared with bm(PC-chol) = 0.2 X I05 mV/M (poor correlation) for PC-chol monolayers.
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FIGURE 12 2,4-D concentration dependence of interfacial potential difference across the cholesterol-free
GMO monolayer (top) and the air/aqueous interface (bottom). pH = 2 (buffered), CKCI = 0.5 M.
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For the bilayers, the change of the potential difference between the membrane core and the
adsorption/reaction plane AO = bb * C2,-D. From the concentration dependence of Ak vs. C2,4-D
(Fig. 9 of reference 1) we find bb(GMO) = 0.99 X 105mV/M and bb(PC-chol) = 1.2 X
105mV/M. Because AAI1 > AOk 1, it is to be expected that bmI bb 1. Experimental results for
GMO confirm such relationship. In contrast, there is no such correspondence between the
PC-chol monolayers and bilayers. Its absence is not understood. It is not clear whether the
discrepancy is caused by lower partition coefficient of 2,4-D between PC-chol monolayer and
the aqueous medium as compared with that of the bilayer, or whether it is due to the
difference in the location and orientation of 2,4-D molecules with respect to the aqueous
surface.

CONCLUSIONS

We have investigated the mechanism of permeatoxicity of 2,4-D in lipid membranes using
negative tetraphenylborate ions. The primary goal was to understand the phenomenon of
blocking TPhB- transport by 2,4-D. This has been achieved by studying the changes of
membrane conductance, membrane current relaxation time constant, and membrane surface
charge due to adsorbed TPhB- ions as a function of membrane bias voltage, 2,4-D
concentration, and ionic strength. Furthermore, we have investigated the possibility that
2,4-D-induced changes of ion transport in membranes are directly related to the changes of
electric potential difference across the membrane boundary. We have shown that the changes
of kinectics of transport of TPhB- ions and of nonactin-K+ complex support this hypothesis.
Finally, we have measured the 2,4-D-induced changes of electric potential difference across
air/water and air/lipid monolayer/water interfaces and have shown that the electric potential
of the nonpolar side of the interface becomes more negative in the presence of 2,4-D, as
suggested by the results of studies of membrane conductivity. Several of the more important
conclusions are listed below:

(a) Suppression of transport of negative TPhB- ions in PC-cholesterol membranes by
2,4-D is dominated by the decrease of the probability of ion translocation across the
membrane, as indicated by the increase of the current relaxation time constant. The effect of
2,4-D on TPhB- adsorption at the membrane/water interface is rather small.

(b) The results of TPhB- current relaxation studies indicate that 2,4-D-induced change of
electric potential of the TPhB- adsorption plane constitutes about 25-30% of the total change
of electric potential difference between the central plane of the membrane and the aqueous
solution. The results support the dipolar hypothesis of action of 2,4-D; the layer of adsorbed
2,4-D molecules in PC-cholesterol membranes is located below the TPhB- adsorption plane,
i.e., on the hydrocarbon side of the aqueous/membrane interface.

(c) Within the framework of the barrier model of lipophilic ion transport, the 2,4-
D-induced changes of electric potential difference between the central plane of membrane and
the adsorption-reaction plane for TPhB- and nonactin-K+ ions have been found very similar.
The changes of kinetics of transport of positive and negative ions also suggest that, except for
the change of the electric potential, the ion transport properties in the membrane interior are
not affected by the presence of 2,4-D. The effect of 2,4-D on ion transport across the
membrane interior can be reduced to the jump of electric potential at the edge of membrane
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hydrocarbon region. The 2,4-D-related electric potential difference is proportional to 2,4-D
concentration in the aqueous solution.

(d) The results of measurements of interfacial potential difference across the air/water
and air/lipid monolayer/water boundaries as a function of 2,4-D concentration, pH, and ionic
strength indicate that the electric potential of the nonpolar side of the interface becomes more
negative in the presence of neutral 2,4-D molecules, and that the magnitude of this effect
increases with increasing ionic strength of the electrolyte. Because these features are
displayed by interfaces of both types, as well as by lipid bilayer membranes, the results of
interfacial potential measurements suggest that the action of 2,4-D in lipid membranes is not
associated with the change of orientation of lipid molecule adsorbed at the nonpolar/polar
boundary region of the membrane.

(e) We have confirmed that, in general, the lipid monolayer cannot be necessarily regarded
as a model for half of the bilayer lipid membrane. We have shown that for PC-cholesterol
monolayers and bilayer membranes there is a significant quantitative discrepancy between the
2,4-D-induced changes of electric potential.difference between the membrane interior and the
aqueous solution as determined from conductivity measurements with positive and negative
probes, and the electric potential difference measured across the lipid monolayer. The results
support the earlier findings that the discrepancy between the monolayer and bilayer results
can be associated with the presence of cholesterol in the lipid monolayer. For cholesterol-free
GMO monolayers and membranes, we have found close agreement between the changes of
the electric potential difference in the membrane boundary region as determined from the ion
transport and the changes of electrical potential difference across the monolayer.
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