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Internal Electrostatic Potentials in Bilayers: Measuring and Controlling
Dipole Potentials in Lipid Vesicles
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ABSTRACT The binding and translocation rates of hydrophobic cation and anion spin labels were measured in unilamellar
vesicle systems formed from phosphatidylcholine. As a resuit of the membrane dipole potential, the binding and translocation
rates for oppositely charged hydrophobic ions are dramatically different. These differences were analyzed using a simple
electrostatic model and are consistent with the presence of a dipole potential of approximately 280 mV in phosphatidylcholine.
Phloretin, a molecule that reduces the magnitude of the dipole potential, increases the translocation rate of hydrophobic cations,
while decreasing the rate for anions. In addition, phloretin decreases the free energy of binding of the cation, while increasing
the free energy of binding for the anion. The incorporation of 6-ketocholestanol also produces differential changes in the binding
and translocation rates of hydrophobic ions, but in an opposite direction to those produced by phloretin. This is consistent with
the view that 6-ketocholestanol increases the magnitude of the membrane dipole potential. A quantitative analysis of the binding
and translocation rate changes produced by ketocholestanol and phloretin is well accounted for by a point dipole model that
includes a dipole layer due to phloretin or 6-ketocholestanol in the membrane-solution interface. This approach allows dipole
potentials to be estimated in membrane vesicle systems and permits predictable, quantitative changes in the magnitude of the
internal electrostatic field in membranes. Using phloretin and 6-ketocholestanol, the dipole potential can be altered by over 200

mV in phosphatidylcholine vesicles.

INTRODUCTION

Several distinct electrostatic potentials can be defined in lipid
bilayers that arise from a number of sources. For example,
transmembrane potentials result from charge separation
across the membrane, and membrane surface potentials re-
sult from charge that is bound to the membrane-solution in-
terface (1). Transmembrane potentials are known to regulate
the activity of certain ion channels, presumably as a result of
conformational changes in these proteins that are electrically
active. Although they have not yet been characterized, these
electrically active structural transitions must involve the
movement of protein charges or dipole moments within the
membrane interior so that conformational free energies are
dependent upon the transmembrane electric field. Surface
potentials represent a potential difference between the mem-
brane interface and the bulk aqueous phase. These potentials
are usually much smaller than transmembrane potentials, and
are typically on the order of a few tens of mV in biological
membranes; nonetheless, they appear to have an important
role in controlling the binding of charged proteins to mem-
branes. Indeed, surface potentials may control the activity of
enzymatic components of second-messenger systems, such
as protein kinase C, by regulating the binding of these pro-
teins to the membrane interface (2). In addition to trans-
membrane and surface potentials, lipid bilayers also possess
an internal potential termed a dipole potential. This potential
is much larger than either the surface or the transmembrane
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potentials, and appears to be on the order of 300 mV hy-
drocarbon positive in phosphatidylcholine vesicles. The ex-
istence of the dipole potential has been known for some time,
both from electrical measurements in monolayers (3) and
work in model bilayers. In bilayers, it is believed to account
for the permeability differences of certain organic cations
and anions (4-10). Unlike the surface potential, the dipole
potential is independent of ionic strength; hence, it is thought
to result from oriented dipoles in the membrane interface.
The molecular source of the dipole potential has not been
clearly identified; however, carbonyl oxygens and/or water
at the membrane interface appear to be the most likely
sources of this potential. (11-13) A major role for water is
suggested by recent electrostatic calculations (14), as well as
by an apparent connection between the hydration pressure
and the dipole potential (12).

The magnitude of the dipole potential suggests that it
should be important in a number of processes. For example,
conformational changes in membrane proteins that result in
the movement of charge or dipole moments through the
membrane interface will be affected by the dipole potential.
The insertion of a-helical segments of proteins into mem-
branes should also be modulated by the dipole potential, and
this interaction may be an important energetic term affecting
the insertion of peptides or signal sequences into membranes
(15). The dipole potential is also expected to slow the trans-
location of positively charged segments of membrane pro-
teins during biosynthesis. As a result, the dipole potential
might account for the presence of positively charged residues
in stop-transfer sequences (16). Finally, virtually all efficient
protonophores are hydrophobic weak acids that shuttle
across bilayers in a negatively charged form (17). The lack
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of any efficient weak base protonophores is likely the result
of the large the dipole potential, since these compounds
would need to shuttle charge in a positively charged form.

In spite of its likely importance, the role of the dipole
potential in controlling protein interactions with membranes
or its affect on membrane protein conformation has not been
demonstrated. This is a result of the fact that experimental
systems to examine these protein-membrane electrostatic in-
teractions have not been explored. The majority of studies on
dipole potentials in membranes have been carried out in pla-
nar bilayer systems, and, while these systems provide a facile
means to monitor ion conduction, they do not readily permit
the measurement of events such as protein binding or the
characterization of protein structural changes. However,
membrane dipole potentials can also be estimated in lipid
vesicles where structural studies on proteins are also possible
(10).

An estimate of the dipole potential in vesicles can be made
by examining the membrane permeability and binding of
certain organic ions termed hydrophobic ions. Shown in Fig.
1 are the calculated free energy profiles for transferring the
hydrophobic cation tetraphenylphosphonium, ¢,P*, and the
anion, tetraphenylborate ¢4B~, from solution across a lipid
bilayer in the absence of a surface potential. This energy is
estimated by adding together AGg,, the electrostatic Born-
Image energy, AGyyq,, the (attractive) hydrophobic energy,
and AGp;po the energy of interaction of the ion with the
membrane dipole field (10).

AG’ = AGy + AG‘,’,ipo,e + AGi’{ydm 4y
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FIGURE 1 Free energy profiles across lipid bilayers for the hydrophobic
ions tetraphenylborate (¢4B~) and tetraphenylphosphonium (¢4P*). These
energy profiles are calculated by adding together terms due to the electro-
static charging or Born-Image energy, the hydrophobic binding energy, and
the energy due to the dipole potential. The dipole potential makes these two
profiles dramatically different, a feature that accounts for the increased
binding and increased translocation rates of ¢,B~ when compared to ¢,P+.
These profiles were determined as described previously (10), where the
intrinsic membrane dipoles have a strength of 0.85 D with the density of the
lipid. The magnitude of the neutral binding energy was taken as —6.8 kcal/
mol, with an ion radius of 4.2 and 4.0 A for ¢,B- and ¢,P*, respectively.

Volume 65 July 1993

The large size of these ions lowers AGg,, Which makes
them quite membrane permeable. As a result of their hy-
drophobicity, the free energy profiles also show a minimum
within the membrane solution interface, and they are exper-
imentally observed to bind to a low dielectric domain of the
membrane (11). The differences between energy curves for
the hydrophobic cation and anion depicted in Fig. 1 are a
direct consequence of the dipole potential. As is readily ap-
preciated from Fig. 1, the dipole potential creates dramatic
differences in the translocation and binding of hydrophobic
ions, by altering the free energy barrier in the middle of the
bilayer and the depth of the free energy minima at the in-
terfaces. In fact, otherwise similar cations and anions are
observed experimentally to have as much as a 10° times
difference in their transport rate constant (18). By modeling
the experimental binding and translocation rates of hydro-
phobic ions, an estimate of the dipole potential is possible.

A number of compounds are known to modify the dipole
potential of bilayers. For example, phloretin is 2 compound
that appears to reduce the magnitude of the dipole potential,
and it has been studied in planar bilayer systems (19-21).
Previous work carried out in this laboratory demonstrated
that phloretin produces changes in the translocation rates of
hydrophobic ions in lipid vesicles that are consistent with the
magnitude of its molecular dipole moment (22). In these
vesicle systems the membrane concentration of phloretin can
be easily determined, which makes a quantitative evaluation
of its action possible. In addition to changes in the translo-
cation rates of hydrophobic ions, changes in the dipole po-
tential should also produce changes in the binding of hy-
drophobic ions (10), however, these binding changes have
not been measured.

Recently, several newly developed spin-labeled hydro-
phobic anion probes were described that allow the direct
measurement of hydrophobic anion transport and binding in
vesicle systems (23). These probes provide an excellent com-
plement to previously developed positively charged phos-
phonium probes (24). In the present study, both the trans-
location rates and binding free energies of oppositely charged
spin-labeled hydrophobic ion probes (I-III below) are ex-
amined in vesicles. In the context of a simple model, we
demonstrate that these probes provide an estimate of the
membrane dipole potential. In addition, the effects of phlo-
retin and 6-ketocholestanol on both the binding and transport
rates of these probes are examined. Ketocholestanol is an
agent that increases monolayer surface potentials, and it is
expected to increase the membrane dipole potential (25). The
changes produced by these agents on the binding and trans-
port of hydrophobic ions are shown to be consistent with the
effects of adding the molecular dipole moment of these mol-
ecules to the membrane-solution interface. The use of these
compounds allows the dipole potential to be lowered or
raised over a wide magnitude and provides an excellent ex-
perimental methodology to examine the effects of dipole po-
tentials on membrane protein structure and binding.
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EXPERIMENTAL PROCEDURES
Materials

Phosphatidylcholine (PC) was isolated from fresh hens eggs using the pro-
cedure of Singleton et al. (26) and was stored in a chloroform solution at
—20°C until needed. The spin-labeled phosphoniums I(n) were synthesized
following a procedure described previously except that the appropriate di-
bromoalkanes were coupled to five membered proxyl nitroxides rather than
the six membered TEMPO nitroxide (18). The trinitrophenols II and ITI
were synthesized using a procedure recently described (22). Phloretin was
obtained from Sigma Chemical Co. (St. Louis, MO), and 6-ketocholestanol
was obtained from Steraloids (Walton, NH).

Methods
Formation of lipid vesicles

Aliquots of the egg PC solution were dried by rotary evaporation, and varied
amounts of 6-ketocholestanol or phloretin were incorporated by codissolv-
ing these compounds with the egg PC using benzene/methanol (95:5). The
mixtures were then freeze-dried for a minimum of 15 h at less than 0.5 torr.
Lipid vesicles were formed by dissolving the dried lipid film with 1 ml of
an aqueous solution containing 100 mM NaCl and 25 mM morpholino-
propane sulfonic acid (MOPS), pH 7.0. The suspension was vortexed,
freeze-thawed five times, and extruded 10 times through 0.05-pm Nucle-
opore filters using a commercial unit (Lipex Biomembranes Inc., Vancouver,
BC). The vesicles were centrifuged at 12,000 g to remove nonvesicular lipid.
An analysis of both the supernatant and pellet by thin-layer chromatography
showed that the lipid and phloretin (or ketocholestanol) were uniformly
mixed in each fraction. The phospholipid concentration of the final vesicle
suspension was determined using a modified Fiske-Subbarrow phosphate
assay (27).

EPR determination of hydrophobic ion binding

EPR measurements were performed on a Bruker ESP 300 EPR spectrometer,
and the binding of spin-labeled probes was determined as described pre-
viously (24). Briefly, in the presence of lipid vesicles the spin-labeled probes
I-IIT partition between the membrane and aqueous phases. The resulting
EPR spectrum under these conditions is simply a sum of the spectra pro-
duced by membrane associated and aqueous spins. Because the signal in-
tensities are proportional to the number of spins in each phase, a quantitative
measure of the resonance intensities can be used to measure the phase par-
titioning of I-III. The ratio of the number of membrane-bound spins to the
number of spins in solution, A, is given by:

__;-4
A7 STRYY: @

where A is the baseline to peak amplitude of the high-field nitroxide res-
onance (m = —1) in the lipid suspension, A is the amplitude of this resonance
in the absence of vesicles, and b/a is a constant that reflects the contributions
that membrane and aqueous spins make to the amplitude of the m; = ~1
resonance (the values of b/a used were 0.04 for probe I and O for probes
IT and III).

As described previously (18) the phase partitioning, A, of hydrophobic
ions such as I-1II is related to the partition coefficient 8, the concentration
of lipid Cp, the areallipid, A, and the volume/mole of lipid, Vi, by the
following.

1 1
— = BA—+ V,
c BALA L 3
A plot of A~! versus C is expected to yield a straight line with a slope of
B. The values of A and V; used here were 66 A and 1255 A3, respectively.
The binding constant, K, is determined by dividing the partition coefficient
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by the thickness of the binding domain for the hydrophobic ion at the vesicle
surface. For the hydrophobic ion probes used here this distance is taken as

4 A (18).

EPR determination of hydrophobic ion currents and rate
constants

The transmembrane currents for I or III were determined by mixing so-
lutions of I or III (final concentrations were approximately 20 M) with the
egg PC vesicle suspensions. This was accomplished using a precision mix-
ing ram (model 715; Update Instrument, Inc., Madison, WI) adapted to a
quartz flat cell in a standard X-band cavity. Upon mixing, a time-dependent
change in the amplitude of the high-field resonance of probe I or III occurs
which is a direct consequence of the transmembrane migration of the probe
(28). This decrease in amplitude (increase in membrane binding) is due to
the increase in accessible membrane surface area that accompanies probe
equilibration with the internal vesicle surface. The signal intensity A can be
related to the transmembrane ion current by:

) sz[KOVm/Vo][dA]
i= - — 4)
So L1 — €/€ |} dt

where S, is the external vesicle surface area, K, and K; are the external and
internal probe binding constants, V,,, and V,,,; are the external and internal
volumes occupied by the probe, respectively, e,= (1 + K,V,o/V,), and
& = (1 + K;V,i/V)). Equation 3 yields a current for the spin-probes I or III
as a function of the time derivative of the high-field resonance amplitude,
dA/dr. If the initial ion current, i,, is determined from the initial rate of
change in the signal intensity, (dA/dt), _ , then the rate constant for inward
movement of the label can be calculated according to the following.

i = kfFKovmc[lu]

o s, (5}

Here, [1,) is the external aqueous concentration of probe I or III. A detailed
discussion and derivation of these expressions was given previously (28).

Modeling dipole potential changes

The effects of phloretin and 6-ketocholestanol on the binding and transport
properties of hydrophobic ion probes were analyzed by employing a total
potential model for hydrophobic ions similar to one described previously
(10). In this model, point dipoles that generate the intrinsic dipole field of
the membrane are placed on a square lattice at a defined distance from the
bilayer center. The energy of an ion at any point is taken by calculating the
sum of the electrostatic interactions between a charge and the dipole lattice,
AGDpipote> and adding energy terms for the Born-Image energy, AGgpoem, s
well as the neutral (or hydrophobic) energy, AGpyaro- An energy profile is
obtained by calculating the energy along a path normal to the bilayer surface.
This model was modified in two ways for the present study. First, binding
and translocation rate data in the absence of phloretin or 6-ketocholestanol
were obtained for the hydrophobic ion probes I-II1. This data was combined
with previous data on hydrophobic ions, and the parameters in the model
were optimized as detailed previously to produce the best fit to the exper-
imentally determined values of k; and K (10). As discussed below, this
yielded slightly different but physically reasonable parameters. Second, as
depicted in Fig. 2, the addition of phloretin or 6-ketocholestanol was treated
as being equivalent to the addition of dipoles to the membrane interface that
were either aligned with or against the intrinsic membrane dipole. This was
modeled by placing an additional layer of point dipoles on a second square
lattice at a frequency corresponding to the membrane-bound concentration
of these compounds (22). Both the magnitude and the position of this ad-
ditional layer of dipoles was allowed to vary. In the case of phloretin, the
dielectric constant of the membrane interior was altered as a function of the
phloretin concentration. Phloretin is known to change the capacitance of
lipid bilayers, a change that could be due either to a change in membrane
dielectric or bilayer thickness (21). Recent 2H NMR work provides no ev-
idence for a change in bilayer thickness in the presence of phloretin (29);
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FIGURE 2 Adepiction of how phloretin is believed to modify the internal
dipole potential of membranes. When phloretin is added to membranes, it
inserts into the membrane solution interface and is positioned so that a
component of its molecular dipole (approximately 5 D) is aligned against
the intrinsic membrane dipoles. The effect of phloretin on hydrophobic ion
transport and binding is modeled by calculating the electrostatic energy due
to point dipoles on a square lattice at a density corresponding to the mem-
brane concentration of phloretin. The effects of 6-ketocholestanol are mod-
eled in the same manner, except that a component of its molecular dipole
adds to the to the intrinsic membrane dipoles.

as a result, the most likely source of this capacitance change is a change in
membrane dielectric. In the modeling carried out here, the dielectric constant
was varied linearly with the addition of phloretin as given by € = 2.0 + x,
where x is the mole fraction of phloretin in the membrane.

This electrostatic model produces a free energy profile for hydrophobic
ions in membranes. To compare the measured translocation rates with the
predictions of this model, the binding constants and rate constants were
calculated from the energy profile in a manner similar to that described
previously (10). Briefly, the rate constants, ks, were calculated from the
potential energy profiles of hydrophobic ions by taking the energy difference
between the minima at the membrane interface and center of the membrane
(AG®*). The rate constant, k;, was determined from the expression: k; =
Jfexp(AG°*/RT), where f is a universal frequency factor of 6 X 10'2 57! at
room temperature (30). The predicted binding constants, K, were determined
from the free energy profiles by taking the energy difference between the
bulk solution and the minima at the interface (AG%). This energy difference
is related to the binding constant by the familiar expression K = exp(-AG%/
RT).

RESULTS

Phloretin increases the binding of cation probes
and decreases the binding of anion probes

The membrane-aqueous phase partitioning of probes I-III to
500-A egg PC vesicles can be determined directly from their
EPR spectra as described under Experimental Procedures.
Shown in Fig. 3 is a plot of the ratio of the number of aqueous
to bound spins (1/A) for the hydrophobic anion probe III
plotted versus the reciprocal of the lipid concentration (1/
CL). The slope of this curve is linear over the probe con-
centration shown in Fig. 3 up to a probe:lipid ratio of about
1:100; however, the slope increases at higher probe:lipid ra-
tios. This is consistent with previous data obtained for ¢,P™*
indicating that these hydrophobic ions experience an elec-
trostatic saturation in the lipid bilayer at probe:phospholipid
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FIGURE 3 A plot of the reciprocal of the partitioning (1/A) of III versus
the reciprocal of the lipid concentration (1/Cy, in cm® mol™'). The lipid
vesicles were formed by extrusion through 0.05-uM Nucleopore filters in
a buffer containing 100 mM NaCl and 25 mM MOPS, pH 7.0, and the
partitioning of III was measured by EPR spectroscopy using procedures
described previously (22). The solid line represents a fit of Eq. 2 to the data
using a value for the area/lipid, Ay, of 66 A2 and a value for V,_of 1255 A3.
This fit yields at value for 8 of 22.4 X 10~° cm.

ratios above 1:100 (18). From the linear portion of this curve,
the partition coefficients, B, were determined for probes
I-II1, and these values of 8 are shown in Table 1. Inspection
of this data shows that the binding of the negatively charged
trinitrophenol probes II and III is clearly stronger than for
the positive phosphonium I(8), even though the phospho-
nium probe has significantly more hydrophobic character. As
explained above, this difference in binding is a direct con-
sequence of the dipole potential. There are strong indications
that the TNP probe III is hydrogen-bonded in the membrane
interface. First, the hydroxyl group on III raises the energy
of binding by about 1 kcal/mol compared to probe II. This
energy difference is much less than the energy loss that would
have been expected if this probe were not hydrogen-bonded
within the interface. Second, previous work that compared
the motion of the two anion probes (II and III) indicates that
the rotational rate of II in the bilayer is much slower than
that of II, consistent with III forming a hydrogen bond within
the interface (23).

When phloretin is incorporated into the membranes of the
500-A vesicles the binding of both negative and positively
charged hydrophobic ions is altered. Table 1 shows the effect
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on the partition coefficients of these probes following the
incorporation of 5 and 10 mol% phloretin into the membrane.
The addition of phloretin produces small but measurable in-
creases in the binding for the positive probe I, and two- to
threefold decreases in the binding of the hydrophobic anion
probes II and IIL

Phloretin increases the crossing rate for cations
but reduces the rate for anions

Shown in Fig. 4 is a recording of the high-field resonance of
the nitrophenol probe III when the probe is mixed with phos-
pholipid vesicles. A similar decay in the high-field resonance
amplitude upon mixing with vesicles is seen for phospho-
nium spin labels such as I. These probes rapidly equilibrate
with the external vesicle surface, and this decay was previ-
ously shown to be the result of the transmembrane migration
of the hydrophobic ion (28). From a measure of the time
dependence of the EPR signal amplitude, dA/dt, the hydro-
phobic ion current and translocation rate constant were es-
timated using Egs. 3 and 4. Shown in Table 1 are the forward
translocation rate constants, kg, for probes I and III in ves-
icles formed from egg PC. The value of k; for HI is con-
siderably slower than values obtained previously for the car-
bonylcyanide m-chlorophenylhydrazone (CCCP) anion (22),
and is much slower than the crossing rate for probe II. In fact,
a value of k; for probe II could not be measured, because its
transmembrane equilibration is faster than can be resolved
with the present instrumentation (<10 ms). This dramatic
difference in crossing rates between III and other hydro-
phobic anions such as II and CCCP is accounted for by the
additional energy that would be required to break a hydrogen
bond, consistent with the idea that III hydrogen bonds within
the membrane interface.

The incorporation of phloretin into the vesicle membrane
alters the transport rates of hydrophobic ions. The transport
rates for probes I and III, as well as previous data obtained
for the CCCP anion in vesicles, are shown in Table 1 for
membranes at two phloretin concentrations. The rate of
crossing for the phosphonium I is increased approximately
70-fold upon the addition of 10 mol% phloretin, while the
crossing rates of the anions are decreased by more modest
levels.

Any number of physical changes might be expected to
increase the binding of probe I; for example, an increase in
the dielectric constant or disordering of the membrane in-
terface. However, the differential effects of phloretin on the

TABLE 1 Effect of phloretin on hydrophobic ion binding and translocation rate constants

B X 10° (cm) ke X 10° (s71)
Phloretin* 18) I 1(4) CCCPt I
0 6.4x1.0 161 1.39 6000 4112
5 8.7 110 . 5.0 2400 3.1
10 10.0 65.0 8.15 103 360 1.6

* Approximate phloretin concentration in mol%.
1 Data from Ref. 22.
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FIGURE 4 A recording of the high-field resonance amplitude (m; = -1)
of III following mixing with extruded egg PC vesicles. Probe III and lipid
are mixed to final concentrations of 20 uM and 2 mM in a quartz EPR cell
using a precision mixing ram. The decrease in the amplitude of III with time
is a result of an increase in the membrane partitioning of the probe that
accompanies its transmembrane migration. This time-dependent partition-
ing change is used to estimate the rate constant for the transmembrane
migration of III (see Experimental Procedures).

binding of oppositely charged probes provides a strong ar-
gument that the binding changes are electrical in origin. The
fact that phloretin produces opposite effects on the mem-
brane crossing rates of hydrophobic anions and cations, also
supports this contention. Both these observations are con-
sistent with a reduction in the magnitude of the dipole po-
tential by phloretin. These phloretin-induced changes in ion
translocation rates and binding are analyzed below using a
simple electrostatic model.

6-Ketocholestanol produces opposite effects
from those of phloretin on hydrophobic ion
binding and translocation rate constants

The transmembrane migration rates and binding of probes I
and III were measured in 500-A extruded vesicles in a man-
ner identical to that for vesicles containing phloretin, except
that the vesicle membranes contained 6-ketocholestanol. As
shown in Table 2, the incorporation of 6-ketocholestanol de-

TABLE 2 Effect of 6-ketocholestanol on hydrophobic ion
binding and translocation rate constants

B X 10° (cm) ke X 103 (s
6K Chol.* I(8) I I(8) III
0 70+1.2 218x2 15.7 2.11+05
5 54 24.1 13.0 6.27
10 4.9 25.0 93 7.03

* Approximate concentration of 6-ketocholestanol (6Kchol) in mol%.
The values for 8 and k¢ in the absence of 6Kchol are close but not identical
to the values shown in Table 1 in the absence of phloretin. These data were
obtained using different preparations of egg PC. Values measured using any
one preparation of lipid exhibit a variability of approximately 5%; however,
when measurements between lipid preparations are compared significant
variability is often seen. This is likely a result of the variation in acy! chain
heterogeneity between these preparations.
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creases both the binding and translocation rate constants of
probe I, but produces an increase in the binding and crossing
rates for the anion probe III. This differential behavior in
both the binding and transport of oppositely charged probes
provides strong evidence that the changes produced are elec-
trostatic in origin. However, the changes produced by
6-ketocholestanol are in an opposite direction and smaller in
magnitude than those produced by phloretin. The effects of
6-ketocholestanol on the binding and translocation rates of
hydrophobic ions are those expected from an increase in the
membrane dipole potential.

A simple electrostatic model can account for the
effects of phloretin and 6-ketocholestanol on
hydrophobic ion binding and translocation

The data presented in Tables 1 and 2 are qualitatively con-
sistent with a lowering and raising of the membrane dipole
potential by phloretin and 6-ketocholestanol, respectively. To
determine whether these changes are quantitatively consis-
tent with a change in dipole potential, the experimental rates
were compared with the predictions of a simple electrostatic
model. This model can be used to generate a free-energy
profile for hydrophobic ions, and it was previously shown to
account for the binding and translocation rates of the hy-
drophobic ions ¢,P* and ¢4B~ (10). This model also pro-
vides a mechanism for estimating the magnitude of dipole
potential changes produced by phloretin and 6-ketochol-
estanol.

As described under Experimental Procedures, physically
realistic parameters were determined for this model by fitting
the binding and translocation data for the hydrophobic ions
L I1, and III as well as data previously obtained for ¢4,B~ and
¢4P™ (in the absence of phloretin or 6-ketocholestanol). The
predictions of this model for the binding and activation en-
ergies of hydrophobic ions in egg PC vesicles are given in
Table 3. Table 3 also provides a comparison of the measured
and calculated data for the hydrophobic ions. The parameters
that were used in this model are given in the legend to Table
3. As is readily apparent, the agreement between the meas-
ured and modeled values of K and k; is excellent. Compared

TABLE 3 Hydrophobic ion binding and translocation free
energies in kcal/mol

IOI'l AGB(measured) AGB(model) AGi(measured) AGi(model)
&P -2.8 -29 19.7 20.2
¢4B~ ~15 -7.45 13.5 11.76
1(8) -4.4 —4.5 19.5 20.7
m =5.1 -5.08 18.9 17.9
I -6.1 -6.4 12.7

The measured values for AG ° and AG°t were calculated as described under
Experimental Procedures using a point dipole model described previously
(10). The neutral binding energies used in this calculation for ¢,P*, ¢,B-,
I(8), II, and ITX were —6.8, —6.8, —8.8, —4.6, and —4.6 kcal/mol, respectively.
The ionic radii for 4P, 4B, I(8), I, and III used were 4.2, 4.0, 4.0, 3.75,
and 3.75 A, respectively, and the dipole layer was placed at a position 19
A from the bilayer center. Because probe HI appears to hydrogen bond in
the membrane interface, an additional 5 kcal/mol was added for the transfer
of this group from the interface into the membrane interior.
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with the previous calculation of hydrophobic ion energies
(10), the present modeling places the intrinsic dipole layer
deeper in the interface (approximately 19 A from the mem-
brane center), and it produces a better fit with the experi-
mental values of K and k; for ¢,P* and ¢,B~. Using this
point dipole model, it is possible to estimate the magnitude
of the membrane dipole potential. With the parameters that
produce the values shown in Table 3, the membrane dipole
potential is estimated to be 280 mV in egg PC vesicles.

To account for the effect of adding phloretin or
6-ketocholestanol an additional dipole lattice was included
into the dipole energy calculation (as described under Ex-
perimental Procedures). Thus, the effect of these agents is
treated strictly as the result of an additional electrostatic field
due to their intrinsic dipole moments. Using the model and
parameters that produced the values shown in Table 3, the
magnitude and position of dipoles in this second lattice were
varied until the best fit with the experimental data was found.
In each case a best fit occurred when the position of the added
dipole layer coincided with the position of the intrinsic dipole
layer. Shown in Fig. 5 A is a plot of the ratio k¢k{ for op-
positely charged spin probes as a function of the phloretin
concentration, where k¢ and k{ are the forward rate constants
in the presence and absence of phloretin, respectively. The
plot in Fig. 5 B shows the ratio of the binding constants K/K®
for oppositely charged probes as a function of the phloretin
concentration, where K and K are the binding constants in
the presence and absence of phloretin. In both figures the
solid lines represent the predictions of the point dipole mod-
el. The agreement between the experimental and predicted K
and k¢ values is quite good, and indicates that this simple
model can account for the effects of phloretin on the binding
and translocation rates of these ions. These solid lines cor-
respond to the case where phloretin is adding an effective
molecular dipole of approximately 2.2 Debye (D) antipar-
allel to the intrinsic dipole moment of the bilayer. Both the
model and the experimental data reveal an asymmetry in the
effect of phloretin on hydrophobic cations and anions, a fea-
ture that will be discussed below.

The effect of 6-ketocholestanol on the binding and rate
constants for the hydrophobic ion probes I and HI was an-
alyzed in an identical manner to that shown for phloretin, and
the results are shown in Fig. 6, A and B. The solid lines again
represent the best fits of the simple dipole model to the ex-
perimental values of k¢/k{ and K/K° as a function of the
6-ketocholestanol concentration. Within experimental error
the behavior of the positively charged phosphonium (as a
function of 6-ketocholestanol concentration) is accurately
predicted by the model. The behavior of the negatively
charged TNP probe III is not as accurately predicted, al-
though the largest energy differences between the calculated
and measured values of K and k; are small (<0.4 kcal/mol).
The effective molecular dipole used to calculate the solid
lines in Fig. 6 is 1 D aligned in a direction parallel to the
intrinsic molecular dipole. Thus, 6-ketocholestanol acts to
increase the magnitude of the membrane dipole potential,
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FIGURE 5 Experimental and predicted effect of phloretin on the rate
constants and binding constants of hydrophobic ions in PC membranes. (A)
A log plot of the ratio of transmembrane kinetic rate constants, k#/k{, where
k¢ and k¢ are the rate constants in the presence and absence of phloretin,
respectively. Experimental data are shown for (O) probe I(4), (@) probe I(4)
taken from Ref. 20, and (A) probe III. (B) A log plot of the ratio of binding
constants, K/K®°, where K and K® are the binding constants in the presence
and absence of phloretin, respectively. Experimental data are shown for (O)
probe I(8), (A) probe I, and (A) probe III. For both A and B, the solid lines
represent the predictions of a point dipole model where phloretin inserts a
dipole of 2.2 D at a distance of 19 A from the bilayer center (see Exper-
imental Procedures).

and it is less than half as effective at producing absolute
changes in this potential compared to phloretin.

The intrinsic dipole moments of phloretin and
6-ketocholestanol

To determine whether the intrinsic dipole moments of phlo-
retin and 6-ketocholestanol are consistent with the changes
they produce in the membrane dipole potential, their energy-
minimized structures and dipole moments were calculated
using version 6 of MOPAC. These dipole moments and
structures are shown in Fig. 7. The dipole moment of
6-ketocholestanol is approximately 3.1 D, and the positive
end of the dipole is oriented so that makes an angle of about
40° with respect to the axis of the sterol ring system (defined
by a line between carbons 1 and 12 in the ring system). Since
this axis is expected to lie roughly along the bilayer normal,
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FIGURE 6 Experimental and predicted effect of 6-ketocholestanol on the
rate constants and binding constants of hydrophobic ions in PC membranes.
(A) A log plot of the ratio of transmembrane kinetic rate constants, k¢/ky,
where k¢ and kf are the rate constants in the presence and absence of
6-ketocholestanol, respectively. (B) A log plot of the ratio of binding con-
stants, K/K°, where K and K* are the binding constants in the presence and
absence of 6-ketocholestanol, respectively. For both A and B, experimental
data are shown for (@) probe I(8) and (A) probe III. The solid lines represent
the predictions of a point dipole model where 6-ketocholestanol inserts a
dipole of 1 D at a distance of 19 A from the bilayer center (see Experimental
Procedures).

the dipole moment should be in a direction that adds to the
intrinsic dipole potential of the bilayer. This is consistent
with the experimental increase in the dipole potential pro-
duced by 6-ketocholestanol. If the bilayer normal is rigor-
ously taken to be along the axis shown in Fig. 7 A, this
compound should add an effective dipole moment of about
2.4 D. The effective dipole added by ketocholestanol is about
half this value, which could be a result of any number of
effects. These effects could include small changes in the
structure of the interface produced by its addition or a dif-
ferent membrane orientation than that depicted in Fig. 7.
The dipole moment of phloretin determined by MOPAC
is 4.2 D, slightly less than the experimentally reported dipole
moment of 5 D (21). The direction of this dipole moment
with respect to the axis of the trihydroxyphenyl ring is about
109° (see Fig. 7 B). Because the trihydroxyphenyl ring of
phloretin is expected to be oriented toward the surface of the
bilayer, the dipole moment for this molecule should produce
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a component antiparallel to the intrinsic dipole of the mem-
brane. This picture is qualitatively consistent with the data
presented above, although a quantitative evaluation of the
effect of phloretin is complicated by the fact that its mem-
brane orientation and structure are not known.

This analysis clearly ignores more complicated interac-
tions that may occur with phloretin or 6-ketocholestanol in
the membrane (for example, effects on the water or carbonyl
oxygens at the interface). Nonetheless, it does indicate that
the direction of the molecular dipole moments of these mol-
ecules, taken together with their likely orientations in the
membrane, are qualitatively consistent with the experimen-
tally observed changes in hydrophobic ion binding and trans-
port observed here.

DISCUSSION

When hydrophobic anions and cations are compared, they
are found to exhibit dramatically different binding energies
and rates of membrane transport. These differences are con-
sistent with the presence of a huge internal dipole potential
in bilayers (8). Other evidence for the existence of a large
internal electrostatic potential has been obtained from mea-
surements of monolayer surface potentials (3), and the com-
plex morphologies of PC monolayer phases (31). The dipole
potential arises from dipolar groups in the membrane inter-
face, and its effect on hydrophobic ion binding and transport
can be accounted for by a simple electrostatic model (10).
The work presented here examined the effects of agents that
modify this internal dipole potential on the transport and
binding of hydrophobic ions in lipid vesicles. When incor-
porated into vesicle membranes, phloretin and 6-ketochol-
estanol change the behavior of hydrophobic ions in a manner
that is consistent with a lowering and raising of the dipole
potential, respectively.

There are several important reasons to characterize dipole
potential changes in vesicle systems. First, the membrane
composition and the binding of hydrophobic cations can be
well-characterized in vesicle systems. This allows for a quan-
titative evaluation of the effects of compounds such as phlo-
retin and 6-ketocholestanol, and permits an evaluation of the
mechanisms by which they act. Second, procedures to mod-
ulate dipole potentials in vesicles provide the basis for an
experimental system that can be used to examine the effects
of membrane electrostatics on membrane proteins. Vesicle
systems are accessible to numerous spectroscopic and bio-
chemical methods; as a result, measurements in vesicles per-
mit a characterization of the conformation, activity, and
membrane binding of proteins or peptides as a function of the
dipole potential.

The measurements made here provide strong evidence that
the changes in ion binding and transport produced by phlo-
retin and 6-ketocholestanol are electrostatic in origin. Con-
ceivably, the addition of phloretin could produce nonelec-
trostatic changes in the lipid bilayer that might affect the
behavior of hydrophobic ions. For example, phloretin might
produce changes in the lipid acyl chain packing, or interact
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FIGURE 7 Energy minimized structures and dipole
moments for (A) 6-ketocholestanol and (B) phloretin ob-
tained from MOPAC, version 6. The axis in A is drawn
parallel to the line defined by carbons 1 and 12 of the
sterol ring system. The dipole moment of 6-ketochol-
estanol is oriented at an angle of approximately 40° with
respect to this axis as shown. This axis should be roughly
parallel to the bilayer normal, and would place the pos-
itive end of the ketocholestanol dipole toward the mem-
brane interior. The axis in B is defined by a line through
the trihydoxylated aromatic ring of phloretin, and the
dipole moment of phloretin makes an angle of 109° with
respect to this axis.

specifically with the probes I-1I1. Several observations argue
against a significant role for these nonelectrostatic effects.
First, both phloretin and 6-ketocholestanol produce opposite
effects when cations and anions are compared. If these effects
are not due to electrostatics, a complicated process would be
needed to explain them. Second, the experimental data is
reasonably well accounted for by a simple model that treats
the effects of phloretin or 6-ketocholestanol strictly as the
result of electrostatics. Finally, these agents do not produce
dramatic changes in bilayer structure or dynamics. Previous
work using 2ZH NMR found no evidence that phloretin sig-
nificantly alters the acyl chain order or lipid packing of the
membrane (29). Unlike cholesterol, 6-ketocholestanol does
not appreciably modify the bilayer thickness and produces a
much smaller increase in the compressibility modulus of bi-
layers than does cholesterol (25). Using 2H NMR, 6-keto-
cholestanol also produces much smaller changes in acyl
chain order than does cholesterol (Franklin and Cafiso, un-
published observation).

The method that was used here to model the transport and
binding of hydrophobic ions accurately predicts the binding
energies and transport rates of a wide range of hydrophobic
ions. This approach made use of a simple dielectric model for
the membrane similar to one used previously (10). A number
of the parameters used in this model differed slightly from
those used in the original model (see Table 3). For example,
the intrinsic dipole layer was placed deeper into the mem-
brane interface at a position 19 A from the bilayer center. This
position provided the best fit with the experimental binding
constants and rates for a range of hydrophobic ions. This is
a physically reasonable position for the dipole layer. Based
on previous NMR and EPR studies, the region that gives rise
to the dipole potential appears to be near the carbonyl ox-
ygens (and close to the hydrocarbon water interface) (11, 32).
In palmitoyloleoyl PC membranes, the carbonyl oxygens re-
side at approximately 19 A from the membrane center (25).
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The value used for the neutral binding energy of ¢4B~ or
¢4P™ was also different from that used in the original model.
This value was —6.8 kcal/mol and is within the range of
energies expected for these ions.

Once the parameters in this electrostatic model were cho-
sen, the effects of phloretin or 6-ketocholestanol were mod-
eled simply by adding in an additional dipole layer to the
membrane interface. The effects of phloretin or 6-ketochol-
estanol were fit best when the added dipole layer coincided
with the location of the intrinsic dipole layer, suggesting that
these agents act by placing their molecular dipole at the
level of the carbonyl oxygens. In spite of the simplifi-
cations inherent in this model, the effects of phloretin and
6-ketocholestanol could be reasonably well reproduced. This
model clearly ignores any effects of these agents on hydro-
phobic ions that are due to nonelectrostatic interactions. As
shown in Fig. 6, the binding of the TNP probe III is under-
estimated by the model in the presence of 6-ketocholestanol,
while the effect of 6-ketocholestanol on the transport rate is
overestimated. This indicates that the energy of the TNP
probe is slightly higher in the interface in the presence of
6-ketocholestanol than predicted based on the electrostatic
model. This energy difference is small and is only 300 cal/
mol at 15 mol% 6-ketocholestanol. Conceivably, the small
bilayer structural changes that are observed to occur with
ketocholestanol addition might account for this discrepancy
(25).

As seen in Figs. 5, A and B, the effects on ion binding and
translocation with phloretin are asymmetric. Phloretin has a
greater effect on the binding of anions than cations, and a
larger effect on the translocation rate of cations compared to
anions. This is a result of two features in the model. As
pointed out previously (22), hydrophobic cations and anions
have slightly different binding positions in the interface and
will therefore sense a different fraction of the field due to an
added dipole layer. Second, as described above, the addition
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of phloretin produces a change in the dielectric constant of
the membrane, a feature that tends to accelerate the crossing
rates for both anions and cations.

One purpose of the present study was to establish a meth-
odology that could be used to produce changes in the dipole
potential of membranes. The data given above indicates that
the changes in the dipole potential that are produced by phlo-
retin and ketocholestanol are significant. To illustrate this
point, free energy profiles for the phosphonium I(8) that are
expected in the presence of 15 mol% phloretin or
6-ketocholestanol are shown in Fig. 8. These energy curves
were calculated using parameters that produced the best fit
to the experimental data given in Figs. 5 and 6. From this
energy profile, it is easy to see that phloretin lowers both the
barrier to transport, as well as the binding minima at the
membrane solution interface. The addition of 6-ketochol-
estanol produces an opposite effect that is not as large in
magnitude. The energy barrier is shifted in the presence of
15 mol% phloretin versus 6-ketocholestanol by about 5 kcal/
mol or approximately 220 mV in egg PC vesicles. This rep-
resents a substantial change in the internal potential of the
membranes, one that might affect the binding of certain of
peptides or the operation of membrane proteins.

In general, monolayer measurements yield higher esti-
mates of the dipole potential compared to measurements in
bilayers by 100-150 mV (12), and the measurements made
here are no exception. The value found for egg PC is about
280 mV, considerably less than the 400-mV potential usually
reported for phosphatidylcholine monolayers. At the present
time, the reason for this difference is not understood. Vesicle
and bilayer measurements make use of molecular probes, and
it has been suggested that these probes might be the source
of this discrepancy (12). While problems can be imagined
because of the use of probes, a wide range of measurements
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FIGURE 8 Calculated free energy profiles for probe I(8) in the presence

of 15 mole% phloretin or 6-ketocholestanol. The dashed line represents the

free energy profile for I(8) in unmodified egg PC membranes. These profiles

were calculated using the point dipole model described under Experimental

Procedures and parameters consistent with the data in Figs. S and 6. From

these profiles, changes in the internal dipole potential in excess of 200 mV
are possible by the addition of these compounds.
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demonstrate that the probes used here quantitatively respond
to transmembrane and surface electric fields (23, 24, 28). In
addition, the behavior of several different types of hydro-
phobic ion probes is found to be consistent with the dipole
potentials measured here. When monolayer surface poten-
tials are plotted versus the monolayer area, the measured
potentials do not intersect the ordinate at zero potential. It has
been noted that the extrapolated surface potential at the or-
dinate, AV,, is approximately the difference between the
monolayer and bilayer measurements (3). Thus, these mea-
surements might contain an additional potential component
due to the reorganization of the interface upon formation of
the monolayer. It should also be noted that monolayer po-
tentials have been measured for membranes containing
equimolar concentrations of PC and 6-ketocholestanol (25).
The potential of these membranes is found to be larger by
about 300 mV compared to pure PC membranes. The
changes in ion binding and translocation rate seen here in PC
membranes containing 15 mol% 6-ketocholestanol corre-
spond to a dipole potential increase of about 50 mV. Thus,
the two measurements are qualitatively consistent. However,
the estimate of the dipole potential change in vesicles is about
half that seen in monolayer systems, assuming a linear re-
lationship between the concentration of 6-ketocholestanol
and the change in the dipole potential.

In conclusion, phloretin and 6-ketocholestanol were
shown to modify both the binding and translocation rates of
hydrophobic ions in lipid vesicle systems in a manner that is
consistent with a lowering and raising of the internal dipole
potential. A simple point dipole model used previously to
examine the binding and translocation rates of ¢,P* and
¢4B~ was extended to include a wide range of hydrophobic
ions. By incorporating an additional dipole layer into this
model, it was possible to account for the binding and trans-
location rate changes produced by phloretin and 6-ketochol-
estanol. Thus, phloretin and 6-ketocholestanol appear to act
by aligning in the interface such that their molecular dipole
is aligned against or with the intrinsic dipole moment of the
bilayer interface, respectively. The characterization of dipole
potentials and agents that modify this potential in lipid ves-
icle systems provides a model system that can be used to
study the electrostatic interactions between proteins and pep-
tides with membranes.
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