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ABSTRACT The effect of cholesterol removal by methyl-b-cyclodextrin on the dipole potential, cd, of membrane vesicles
composed of natural membrane lipids extracted from the kidney and brain of eight vertebrate species was investigated using
the voltage-sensitive fluorescent probe di-8-ANEPPS. Cyclodextrin treatment reduced cholesterol levels by on average 80%
and this was associated with an average reduction in cd of 50 mV. Measurements of the effect of a range of cholesterol
derivatives on the cd of DMPC lipid vesicles showed that the magnitude of the effect correlated with the component of the
sterol’s dipole moment perpendicular to the membrane surface. The changes in cd observed could not be accounted for solely
by the electric field originating from the sterols’ dipole moments. Additional factors must arise from sterol-induced changes in
lipid packing, which changes the density of dipoles in the membrane, and changes in water penetration into the membrane,
which changes the effective dielectric constant of the interfacial region. In DMPC membranes, the cholesterol-induced change
in cd was biphasic, i.e., a maximum in cd was observed at ;35–45 mol %, after which cd started to decrease. We suggest that
this could be associated with a maximum in the strength of DMPC-cholesterol intermolecular forces at this composition.

INTRODUCTION

Cholesterol is a major component of cell membranes and

constitutes up to 50% of lipid in membrane rafts (1). An im-

portant physical effect of cholesterol is to increase the mem-

brane’s internal electrical dipole potential, cd, which is one

of the major mechanisms by which it modulates ion perme-

ability (2–5). The dipole potential is an electrical potential

within lipid membranes, which arises because of the align-

ment of dipolar residues of the lipids and/or water dipoles in

the region between the aqueous phases and the hydrocarbon-

like interior of the membrane (6–8). Depending on the

structure of the lipid, its magnitude can vary from ;100 to

.400 mV, positive in the membrane interior (9). Recent

investigations have suggested that it affects numerous differ-

ent biological membrane processes, including the conduc-

tance of the gramicidin channel (10,11), membrane insertion

and folding of amphiphilic peptides (12), membrane fusion

(13), phospholipase A2 activity (14), the kinetics of redox

reactions at membrane surfaces (15), skin permeability (16),

the activity of the Na1,K1-ATPase (17), membrane parti-

tioning of general anesthetics (18), and the modulation of

molecule-membrane interactions in lipid rafts with possible

effects on cell signaling (19–21).

If cholesterol is included into a synthetic lipid membrane,

there is a significant increase in the dipole potential. Szabo

(2) showed that adding cholesterol to a monoolein bilayer

could increase the dipole potential by up to 100 mV. Using

egg phosphatidylcholine (egg PC) monolayers, McIntosh

et al. (5) observed an increase in dipole potential from 415

mV in the absence of cholesterol to 493 mV at an equimolar

concentration. Szabo (2) concluded that the change in dipole

potential must have its origin in changes in the orientation,

strength, and packing density of molecular dipoles at the

membrane surface. However, he did not speculate on which

molecular dipoles were involved. McIntosh et al. (5), on the

other hand, argued that if cholesterol increases the area per

lipid molecule in a monolayer, the increase in dipole po-

tential cannot originate from the phospholipid molecules and

they attributed it to a cholesterol-induced reorganization of

the interfacial water. They appear to have ignored the possi-

bility that the cholesterol molecule itself could be increasing

the dipole potential via its own dipole moment.

In principle there are two ways in which a cholesterol-

induced change in the dipole potential could modulate the

passive ion permeability through the lipid phase of a mem-

brane. One is via a change in the activation energy for ion

transport. The other is via a change in the preexponential

factor of the Arrhenius equation, which is related to the

frequency of collision of the ion with one side of the mem-

brane before its diffusion across it. Since the major energy

barrier for ion diffusion is likely to be in the hydrophobic

interior of the membrane whereas the dipole potential drops

across the headgroup region of the membrane, Krull and co-

workers (3,4) have suggested that the major effect of the
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dipole potential is likely to be via the preexponential factor,

perhaps through an effect on the partition coefficient of ions

between the aqueous phase and ion-binding sites located

within the membrane but close to the aqueous interface. This

effect would be described by a Boltzmann distribution,

yielding an exponential dependence of the ion’s membrane/

water partition coefficient on the dipole potential.

Since the early 1990s few experimental studies of the

effects of cholesterol and its derivatives on the dipole po-

tential have been carried out. The likely reason for this is that

there is no electrical method of directly experimentally

determining its value. All methods involve indirect methods,

e.g., measurements of the ratio of conductance of hydro-

phobic anions and cations (6,22,23) and electrical monolayer

measurements (24,25). Because of the difficulty of experi-

mental determination and encouraged by improvements in

computer capability, this has, therefore, become a fertile

playground for computer simulations, in particular molecular

dynamics (MD) simulations. Up to now, however, to our

knowledge, no general agreement has been reached on the

mechanism by which cholesterol modifies the dipole poten-

tial. Surprisingly, one MD study even predicted that the

addition of 50 mol % cholesterol to a dimyristoylphospha-

tidylcholine (DMPC) bilayer should decrease the dipole

potential to below half that of a pure DMPC bilayer (26), i.e.,

the opposite of experimental observation. According to a

recent MD study by Hofsäss et al. (27), the contribution of

cholesterol itself to the dipole potential is negligible because

of its small dipole moment in comparison to that of

DPPC. But they point out that the contribution from the

lipid headgroup depends strongly on its tilt. Smondyrev and

Berkowitz (28), on the other hand, found in their MD

calculations a significant effect of the cholesterol molecule’s

dipole moment on the dipole potential and an even stronger

effect for 6-ketocholestanol. Chiu et al. (29) also proposed

from theoretical MD simulations that the hydroxyl group of

cholesterol adds a contribution to the dipole potential and in

addition proposed an effect arising from increased water

penetration into the bilayer.

Considering the disagreement in the theoretical studies,

further experimental data would be desirable to test some

of the theoretical hypotheses. Fortunately, a spectroscopic

method has recently been developed that allows a relatively

simple quantification of the magnitude of the dipole potential

of lipid vesicles (30,31). The method involves the use of the

voltage-sensitive fluorescent styrylpyridinium dye, di-8-

ANEPPS. Since the dye binds strongly at the membrane-

water interface and its fluorescence excitation spectrum is

very sensitive to its local electrical field, it can be used as an

effective probe of membrane dipole potential. Using this

technique we have monitored the effect of increasing

concentrations of cholesterol and four of its derivatives

(6-ketocholestanol, 4-cholesten-3-one, coprostanol, and 5-

cholesten-3b-ol-7-one; see Fig. 1 for the structures) on the

dipole potential of DMPC lipid vesicles. A further advantage

of this technique is that it allows measurements on lipid

vesicles in solution in contrast to most other methods of di-

pole potential determination, which are carried out on planar

lipid monolayers or bilayers. The technique is, therefore, well

suited to the study of natural membrane systems as well as

synthetic membranes. A further aim of this work was, there-

fore, to establish that cholesterol does in fact cause an in-

crease in the dipole potential in vesicles reconstituted from

natural membrane lipids. For this purpose we used lipids ex-

tracted from the kidney and brain of eight different vertebrate

species.

MATERIALS AND METHODS

Natural lipid vesicle preparation and
fluorescence measurements

4-(2-(6-(Dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-pyridinium

inner salt (di-8-ANEPPS) was obtained from Molecular Probes (Eugene,

OR) and was used without further purification.

Animals examined in this study were adults of either sex. They were

obtained, maintained, and killed by procedures described in detail elsewhere

(17). All animal procedures were performed in accordance with the National

Health and Medical Research Council Guidelines for Animal Research in

Australia and were approved by the Animal Experimentation Ethics

committee of the University of Wollongong. Kidneys and brains were

removed after the death of each animal. Samples of each tissue were kept at

�80�C. Microsomal membrane fragments were prepared according to the

procedure of Jørgensen (32). Tissue homogenates (10% in 250 mM sucrose,

30 mM histidine; pH 7.4) were centrifuged at 6,0003 g for 15 min with the

pellet resuspended and centrifuged for a further 15 min at 6,000 3 g. The

supernatants from both spins were combined and centrifuged at 48,000 3 g

for 35 min. The resultant pellets, designated microsomal membranes, were

resuspended in 250 mM sucrose, 30 mM histidine (pH 7.2).

Lipids were extracted from microsomal membrane fractions by a

standard method (33) using chloroform/methanol (2:1 vol/vol) containing

butylated hydroxytoluene (0.01% wt/vol) as an antioxidant. In this study we

have termed these extracts ‘‘total membrane lipids’’ because they include

both phospholipids and other membrane lipids (primarily cholesterol).

FIGURE 1 Chemical structures of cholesterol and its derivatives. (a)

4-Cholesten-3-one, (b) 6-ketocholestanol, (c) cholesterol, (d) coprostanol,

and (e) 5-cholesten-3b-ol-7-one.
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Phospholipids were separated by solid-phase extraction on Phenomenex

SPE silica cartridges (Pennant Hills, New South Wales, Australia). The

phospholipid concentration of the total membrane lipids and the phospho-

lipids was determined using a phosphorus assay as described byMills et al. (34).

All solvents used in the lipid extractions were of ultrapure grade and were from

Merck (Kilsyth, Victoria, Australia). Analytical grade butylated hydroxytoluene

was from Sigma-Aldrich (Castle Hill, New South Wales, Australia).

To prepare vesicles from the natural lipids, total membrane lipid and

phospholipid extracts (;2 mM) from microsomal preparations were dried

under nitrogen and resuspended in a buffer containing 30 mM Tris, 1 mM

EDTA, and 150 mM NaCl in deionized water (pH 7.2). The resuspension

process involved 20–30 min of sonication under nitrogen to prevent any

oxidation. Total lipid and phospholipid suspensions were then given 11 passes

through an Avanti (Alabaster, AL) Mini-Extruder, equipped with a 100-nm

pore size polycarbonate membrane to produce unilamellar lipid vesicles.

To 1 ml of each lipid suspension 5 ml of a 1.0 mM ethanolic solution of

di-8-ANEPPS were added and the suspensions were left overnight at 30�C to

allow for dye disaggregation and incorporation into the membrane. Steady-

state fluorescence excitation spectra were then recorded at 30�C at an emis-

sion wavelength of 670 nm (1RG645 glass cutoff filter) using a Shimadzu

(Rydalmere, Australia) RF-5301PC spectrofluorophotometer. After excita-

tion correction (using a rhodamine B quantum counter), the fluorescence

ratio, R (defined as the fluorescence intensity at an excitation wavelength of

420 nm divided by that at 520 nm), was calculated. The wavelengths were

chosen based on a previous study (35) to avoid any effects of membrane

fluidity on the measured fluorescence ratios. The R values were then con-

verted into dipole potential, cd, values in millivolts according to the linear

relationship cd ¼ (R � d)/m, where m ¼ 4.3 (6 1.2) 3 10�3 mV�1 and

d¼�0.3 (6 0.4). This equation is based on a calibration of the fluorescence

ratios against electrical measurements of the dipole potential for a series of

pure lipids and has been described in detail elsewhere (17). In the case of

experiments on methyl-b-cyclodextrin-treated vesicles, before the addition

of di-8-ANEPPS, microsomes were first equilibrated for 30 min with 30 mM

methyl-b-cyclodextrin (Sigma-Aldrich), after which the lipids were extracted

and vesicles were prepared as described above. Methyl-b-cyclodextrin forms

an inclusion compound with cholesterol and effectively withdraws cholesterol

out of the membrane into the aqueous phase (19,36–38). The cholesterol

content of the total lipid vesicles was assayed before and after methyl-b-

cyclodextrin treatment using the Sigma Procedure No. 352 enzymatic assay kit.

Synthetic lipid vesicle preparation and
fluorescence measurements

DMPC and dioleoylphosphatidylcholine (DOPC) were obtained from

Avanti Polar Lipids. Egg PC was obtained from Sigma-Aldrich. Unilamellar

vesicles were prepared by extrusion above the main phase transition

temperature (i.e., at 30�C for DMPC and at room temperature for DOPC and

egg PC) through a 100-nm pore size Nucleopore polycarbonate membrane

using an Avanti Mini-Extruder. Before extrusion, the PC and any cholesterol

(or derivative) required were dissolved in chloroform, dried to form a lipid

film, and resuspended in a buffer containing 30 mM Tris, 1 mM EDTA, and

150 mM NaCl. The pH of the buffer was adjusted to 7.2 with HCl. The

resuspension process involved 20–30 min of sonication. Cholesterol and all

of its derivatives studied were from Sigma-Aldrich. The PC concentration

for all vesicle preparations was ;3.6 mM.

The addition of di-8-ANEPPS to the synthetic lipid vesicles and the

fluorescence measurements to determine the dipole potential were carried

out following the same procedure as for the natural vesicles (see above).

Computational methods

The structures of cholesterol and each derivative were optimized using the

B3LYP hybrid density functional using the 6-31G basis set. The dipole

moments were then calculated in a vacuum using the same functional with

added polarization and diffuse functions with the 6-311G* basis set. The

angle between the dipole moments and the axis normal to the membrane

surface (defined to be along the C�O bond linking the sterol ring system to

the hydroxyl group or carbonyl oxygen in the case of 4-cholesten-3-one) was

calculated from the dot product of the dipole moment vector and a vector

along the C�O bond according to u ¼ arccos [(mx vx 1 my vy 1 mz vz)/(jm j
jvj)], where mx, my, and mz are the coordinates of the dipole moment vector,

vx, vy, and vy are those of the vector along the C�O bond, jm j is the total
length of the dipole moment vector, and jvj is the total length of the C�O

bond. The component of each dipole moment along the bilayer normal,

m?, was then simply calculated from m? ¼ jm j cosu.

RESULTS

Cholesterol extraction from natural lipid vesicles

Here we have explored the effect of cholesterol depletion on

the dipole potential of natural membrane lipids isolated from

brain and kidney from eight mammalian and avian species.

Treatment of vesicles from total membrane lipids with

methyl-b-cyclodextrin (30 mM) removed on average 80%

(range 68–90%) of the membrane cholesterol (see Table 1).

Using the dipole potential probe di-8-ANEPPS (30,31), we

TABLE 1 Reduction in microsomal membrane cholesterol levels resulting in methyl-b-cyclodextrin treatment

Cholesterol (mg.mg protein�1) Phospholipid (mg.mg protein�1) Cholesterol/phospholipid (mole/mole)*

Total membrane

lipids

Cyclodextrin-treated

membranes

Total membrane

lipids

Cyclodextrin-treated

membranes

Total membrane

lipids

Cyclodextrin-treated

membranes

Kidney

Mouse 49 9 325 408 0.30 0.04

Rat 56 12 396 485 0.29 0.05

Cow 60 14 282 651 0.43 0.04

Brain

Mouse 101 29 421 619 0.48 0.10

Rat 124 22 668 1027 0.37 0.04

Sheep 124 30 532 875 0.47 0.07

Currawong 105 30 570 698 0.37 0.09

Duck 94 34 525 615 0.36 0.11

Goose 86 32 528 695 0.33 0.09

Emu 78 38 455 743 0.35 0.10

*The moles of phospholipids were estimated assuming an average molecular mass of 780 g mol�1.
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found that this reduction in cholesterol content was associ-

ated with an average drop in the dipole potential of 50 mV

(see Fig. 2). As can be seen from Fig. 2, the dipole potential

of the total membrane lipids (i.e., phospholipids plus

cholesterol) was on average 297 mV, the dipole potential

of the phospholipids only (i.e., no cholesterol) averaged as

232 mV, whereas the dipole potential of the cyclodextrin-

treated total membrane lipids was on average 247 mV. The

cholesterol contribution to the dipole potential of the total

membrane lipids thus amounts to 65 mV (297 � 232). By

examining the change in dipole potential of the cyclodextrin-

treated membranes relative to the dipole potential of both the

total membrane lipids and the phospholipids, one finds that

an 80% reduction in the cholesterol content of the membrane

results in a 77% reduction in the cholesterol contribution to

the total dipole potential, i.e., 50 mV drop/65 mV cholesterol

contribution. There is, therefore, a very good agreement be-

tween the amount of cholesterol removed by cyclodextrin

treatment and the amount by which its contribution to the

dipole potential is reduced. Hence, one can confidently state

that in vesicles composed of natural membrane lipids, cho-

lesterol is responsible for a significant increase in the dipole

potential, as has previously been observed in synthetic model

membrane vesicles (19,30) and intact cells (19).

Interaction of cholesterol and its derivatives with
phosphatidylcholine vesicles

Using the di-8-ANEPPS fluorescence ratiometric method,

the dipole potential of DMPC lipid vesicles containing

increasing concentrations of either cholesterol or one of its

derivatives (6-ketocholestanol, 4-cholesten-3-one, coprosta-

nol, and 5-cholesten-3b-ol-7-one) was measured. The results

obtained are shown in Fig. 3. It can easily be seen that there

is a wide variation in the effects of the cholesterol derivatives

on cd, despite their quite subtle structural differences. Relative

to the dipole potential of pure DMPC vesicles, cholesterol,

6-ketocholestanol, 4-cholesten-3-one, and coprostanol all cause

an increase in cd to varying degrees, whereas cholesten-3b-
ol-7-one causes a decrease.

Each point plotted on Fig. 3 refers to a separate vesicle

preparation at the given composition and represents an

average of five individual fluorescence measurements. Minor

deviations in the course of each curve are most likely due to

experimental variability in the exact composition of given

preparation.

To investigate the effect of PC chain saturation on the

cholesterol-induced dipole potential changes, experiments

were also performed using DOPC (18:1) and egg PC. DOPC

has fatty acid chain lengths of 18 carbons, with a single

double bond in each chain, whereas the chains of DMPC

(14:0) are 14 carbons in length with no double bonds. Egg

PC is a natural lipid extract whose major components are

dipalmitoylphosphatidylcholine (16:0) 32%, distearoyl-

phosphatidylcholine (18:0) 16%, DOPC (18:1) 30%,

dilinoleoylphosphatidylcholine (18:2) 17%, and diarachido-

nylphosphatidylcholine (20:4) 3% (39). The results obtained

are shown in Fig. 4. The data for DMPC has been included

FIGURE 2 Reduction in membrane dipole potential, cd, resulting from

methyl-b-cyclodextrin treatment. Membrane dipole potential values (in

millivolts) were determined in lipid vesicles isolated from microsomal

membrane preparations by measuring the di-8-ANEPPS fluorescence ratio,

R (see definition under Materials and Methods), which is related to cd by the

equation cd ¼ (R 1 0.3)/(4.3 3 10�3) (17). Shown above are the dipole

potential values for total membrane lipids (i.e., phospholipids plus

cholesterol), phospholipids only, and membranes treated for 30 min with

30 mM methyl-b-cyclodextrin, where ;80% of cholesterol was removed.

FIGURE 3 Effect of cholesterol derivative concentration on the fluores-

cence ratio, R, and the dipole potential, cd. [di-8-ANEPPS] ¼ 5 mM,

[DMPC] ¼ 3.6 mM, 30�C. (d) 6-Ketocholestanol, (s) 4-cholesten-3-one,

(n) cholesterol, (h) coprostanol, and (D) cholesten-3b-ol-7-one. Each indi-

vidual point corresponds to a separate vesicle preparation at the given DMPC

and cholesterol compositions.
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in the figure for comparison. It can be clearly seen that cho-

lesterol causes an increase in the dipole potential of both DOPC

and egg PC. However, the magnitude of the change is signif-

icantly smaller than that observed in DMPC.

Dipole moment calculations

To explain the varying effects of each cholesterol derivative

on cd we calculated quantum mechanically at the B3LYP/6-

31G* level of theory the dipole moment, m, of each de-

rivative in a vacuum. Based on the known orientation of

cholesterol in PC bilayers from x-ray diffraction studies

(40,41), we then calculated the component of the total m of

each derivative along an axis normal to the membrane

surface, m? (see Table 2). Considering their very similar

structures, we assumed that the orientation in the membrane

of each derivative is identical, and the membrane normal axis

was taken to lie along the C�O bond linking the sterol ring

system to the hydroxyl group (or the carbonyl oxygen, in the

case of 4-cholesten-3-one). The assumption of identical

orientations of each derivative would seem to be justified,

since the primary driving force for insertion of cholesterol

and its derivatives into the membrane would be expected to

be the hydrophobic interaction of its hydrocarbon chain with

the hydrocarbon interior of the membrane. The hydrophilic

3-hydroxy group of cholesterol, on the other hand, is known

to be situated close to the carbonyl groups of the ester

linkage between the PC headgroup and the hydrocarbon

chains (42). There is evidence based on the kinetics of

cholesterol dissociation from diester- and diether-phospha-

tidylcholine vesicles that the 3-hydroxy group of cholesterol

hydrogen bonds with the carbonyl groups of diester-phos-

phatidylcholine (43). If such hydrogen bonding occurs, it is

likely that it would occur in all cholesterol derivatives

containing the 3-hydroxy residue and that this would be a

further factor contributing to very similar membrane orien-

tations of the cholesterol derivatives studied here. Specific

hydrogen bonding between cholesterol and the oxygens on

the phosphate group of PC, on the other hand, does not ap-

pear to be supported by 31P-NMR studies (44).

To ensure confidence in the theoretically calculated dipole

moments, we also compared our values with experimental

literature data. Experimentally the dipole moment of

cholesterol has been determined to be 2.01 D (45), which

is in good agreement with our total dipole moment value of

1.9 D. The dipole moment of coprostanol has been reported

to be 1.83 D (45). Here we calculated a value of 2.0 D.

Therefore, the theoretically calculated dipole moments can

be confidently considered to be good estimates of the actual

values.

Comparison of the experimentally determined effect of

each cholesterol derivative on the fluorescence ratio, R, or on
the change in dipole potential, Dcd, with the component of

the dipole moment perpendicular to the membrane surface,

m? (see Table 2), shows that the effect of each cholesterol

derivative on the magnitude and sign of cd correlates well

with the magnitude and direction of the molecule’s m?.
6-ketocholestanol, 4-cholesten-3-one, cholesterol, and copros-

tanol, which all have the positive end of their dipole pointing

toward the membrane interior, cause an increase in cd.

5-Cholesten-3b-ol-7-one, in contrast, has the positive end of

FIGURE 4 Effect of cholesterol concentration on the fluorescence ratio,

R, and the dipole potential, cd, of DMPC (n), egg PC (d), and DOPC (:)

vesicles. [di-8-ANEPPS] ¼ 5 mM, [PC] ¼ 3.6 mM. For DMPC, the mea-

surements were performed at 30�C. For DOPC and egg PC, the measure-

ments were performed at room temperature.

TABLE 2 Dipole moments of the cholesterol derivatives

Cholesterol derivative m/D* u/degy m?/D
z R at 40 mol %§ Dcd/mV{

4-Cholestene-3-one 5.6 6.0 5.5 5.41 (6 0.08) 913 (6 409)

6-Ketocholestanol 4.0 30.4 3.5 6.20 (6 0.02) 1095 (6 455)

cholesterol 1.9 35.5 1.5 3.32 (6 0.04) 426 (6 292)

coprostanol 2.0 41.3 1.5 2.16 (6 0.01) 157 (6 236)

5-Cholesten-3b-ol-7-one 2.6 117.3 �1.2 0.296 (6 0.005) �275 (6 178)

*m is the total dipole moment (in Debye) in a vacuum.
yu is the angle between the dipole moment vector and an axis perpendicular to the surface of the bilayer.
zm? is the component of the dipole moment perpendicular to the surface of the bilayer.
§R is the fluorescence ratio at 40 mol % of each derivative. The values of the errors quoted represent the standard deviations of five measurements on a single

vesicle preparation.
{Dcd is the change in dipole potential on going from pure DMPC to 40 mol % of each cholesterol derivative.
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its dipole pointing toward the aqueous phase and causes

a decrease in cd. The correlation between m? and Dcd at

40 mol % of each cholesterol derivative is shown graphically

in Fig. 5. Fitting a straight line to the data yields a slope of

191 (6 40) mV D�1 and a y-intercept of 35 (6 124) mV. It

should be noted that the large errors in the absolute values of

cd are in fact due to the variation in literature electrical data

used to calibrate the fluorescent probe (cf. Starke-Peterkovic

(17)), not to the fluorescence ratio method itself, which is

very precise as evidenced by the small errors in R shown in

Table 2, i.e., at most 61.4%.

DISCUSSION

The correlation observed between the experimentally mea-

sured effect of each cholesterol derivative on the membrane

dipole potential and the theoretical value of their dipole

moment perpendicular to the membrane surface (see Fig. 5)

indicates that the cholesterol derivatives modify cd either

directly via the electric field of their intrinsic dipole moments

or indirectly via an effect on some other membrane property,

e.g., lipid packing density or polarization of interfacial water.

If the effect is indirect, the observed correlation implies that

whatever the effect is, it is also determined by the strength of

the derivative’s dipole moment.

To determine whether the intrinsic dipole moments of the

cholesterol derivatives could alone account for the experi-

mentally observed cd changes, we used our theoretically de-

termined m? values and calculated the theoretical change in

cd expected based on the Helmholtz equation for a parallel-

plate capacitor,

Dcd ¼ m?=ðAeoeÞ (1)

where A is the average total surface area of membrane

(including surrounding DMPC molecules) containing one

cholesterol derivative molecule, eo is the permittivity of free

space, and e is the headgroup region’s effective dielectric

constant. This equation predicts a linear relationship between

the change in dipole potential, Dcd, and the dipole packing

density, m?/A, which should pass through the origin. The

prediction of the equation is, thus, in agreement with the

experimentally observed behavior (see Fig. 5). For our cal-

culation we assumed a value of 10 for e (46) and we carried

out the calculation at 40 mol % using a value for A of 1.07 nm2.

The latter value was estimated from the molecular areas of

0.539 nm2 for DMPC and 0.266 nm2 for cholesterol at 40

mol % and 30�C (47). As a rough approximation, the same

values were assumed to apply to all of the cholesterol deriv-

atives studied. The results of the calculations yielded Dcd

values of 124 mV, 195 mV, 53 mV, 53 mV, and�43 mV for

the molecules 6-ketocholestanol, 4-cholesten-3-one, choles-

terol, coprostanol, and 5-cholesten-3b-ol-7-one. Experimen-

tally (see Fig. 3) the values of Dcd are, however, much

larger, i.e., 1095 mV, 913 mV, 426 mV, 157 mV, and �275

mV for the same molecules. Thus, it appears that the intrinsic

dipole moments of the cholesterol derivatives only account

directly via the electric field they produce for ;10–30% of

the total change in dipole potential.

The same conclusion is reached if one considers the slope

of the data shown in Fig. 5. According to the Helmholtz

equation (Eq. 1), the slope of the curve should equal 1/Aeoe.
The calculated slope was 201 (6 54) mV D�1, which on

conversion to SI units corresponds to 6.0 (6 1.6) 3 1028

VC�1m�1. Again assuming an effective dielectric constant

of 10, the area per cholesterol derivative which would be

necessary to totally account for the dipole potential changes

can be estimated from this value to be 0.188 (6 0.050) nm2.

In fact, this is only 18% of the estimated value of the area per

cholesterol molecule in a DMPC membrane at 40 mol % of

cholesterol, i.e., 1.07 nm2 (see above). Therefore, this cal-

culation also shows that the dipole moments of the cho-

lesterol derivatives themselves are directly responsible for

only ;20% of the total effect on the membrane dipole

potential. Presumably the rest of the dipole potential change

must arise from a further indirect effect of the cholesterol

derivatives’ dipole moments.

Based on MD simulations Tu et al. (48) suggested an

interesting mechanism of cholesterol modification of the

dipole potential, whereby the lipid headgroups rotate toward

the bilayer to fill spaces left by the cholesterol molecules,

which sit more deeply in the membrane. They suggest that

this mechanism would lead to a reduced compensation of the

contribution of oriented water to the dipole potential by the

dipoles of the headgroups. Hence a net increase in dipole

potential would be expected. This study shows experimen-

tally that, if such a mechanism does occur, it can only occur

as a consequence of electrostatic attraction from the choles-

terol molecule. All of the cholesterol derivatives studied here

FIGURE 5 Correlation between the change in dipole potential, Dcd (in

millivolts), of 40 mol % of each cholesterol derivative relative to the dipole

potential of pure DMPC lipid vesicles and the dipole moment of each

cholesterol derivative perpendicular to the surface of the membrane, m? (in

Debye). The solid line represents a least squares fit of the data to a straight

line. It is described by the equation Dcd ¼ 201 (6 54)3 m? 1 28 (6 170).
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have similar sizes, but they have varying effects on the

dipole potential. Thus, any reorientation of the headgroup

which might serve merely to optimize lipid-cholesterol packing

and maximize dispersion interactions can be excluded as a

general mechanism for the dipole potential changes.

A more likely mechanism which could contribute to the

greater than expected effect of cholesterol and its derivatives

on the dipole potential is via lipid packing density. The

change in dipole potential calculated above from Eq. 1 was

the change in cd arising from the dipole moments of the

cholesterol derivatives themselves. In a pure DMPC mem-

brane, however, the dipole potential arises from dipoles

associated with the lipid headgroups, the carbonyl bonds of

the ester linkages, and oriented water molecules in the

headgroup region (6–8). Therefore, any cholesterol-induced

change in the density of packing of the lipid molecules and

their associated water molecules would be expected to

produce a further change in cd. It has in fact long been

known from lipid monolayer studies that cholesterol has a

condensing effect on PC membranes (44,49). From x-ray

scattering data (50) it was found that the partial molecular

area of PC in egg PC/cholesterol mixtures containing 25%

water decreased with increasing cholesterol mole fraction

from ;61 Å2 in the absence of cholesterol to ;49 Å2 in the

presence of 40 mol % cholesterol. Similar values are

obtained from NMR studies (51) and monolayer studies

(49,50) carried out at the surface pressure expected for a

biological membrane of 30 mN m�1 (52). For DMPC at

30�C, Almeida et al. (47) have reported a drop in area per

DMPC molecule from 58.5 Å2 in the absence of cholesterol

to 53.8 Å2 in the presence of 40 mol % cholesterol, i.e., an

8.7% increase in packing density (1/A) of the DMPC

molecules on increasing the cholesterol content from 0 to 40

mol %. Hence, according to Eq. 1, one would expect an 8.7%

increase in cd. The dipole potential of pure DMPC can be

calculated from the R value via the equation cd ¼ (R1 0.3)/

(4.3 3 10�3) (17) to be 411 (6 148) mV. An 8.7% increase

in cd, thus, corresponds to an absolute increase of 36 mV.

This is in addition to the 53 mV increase in cd expected due

to the dipole moment of cholesterol itself. Combining the

two effects yields a total expected increase in cd at 40 mol %

cholesterol of 89 mV. This is, however, still much smaller

than the experimentally determined change of 426 mV.

If lipid condensation is contributing to the change in cd

observed on addition of cholesterol, it would imply that

5-cholesten-3b-ol-7-one should produce an expansion of the
lipid packing. Whereas all the other cholesterol derivatives

studied produced an increase in cd, 5-cholesten-3b-ol-7-one
produced a decrease in cd (see Fig. 3). This will certainly

require further experimental investigation. The correlation

seen between Dcd and m? (see Fig. 5) would, furthermore,

seem to imply that a major driving force for the cholesterol

condensation effect is dipole-dipole interaction between the

cholesterol derivatives and the PC molecules, whereas in the

past it has generally been accepted to be due to van der Waals

interactions between the cholesterol ring structure and the

phospholipids hydrocarbon chains (51).

The calculations which we have performed so far indicate

that the combined contributions to cd from the cholesterol

derivatives’ intrinsic dipole moments and from changes in

the packing of the PC headgroups do not totally explain

the large changes in cd observed. There must be a further

additional mechanism. Another likely effect is a cholesterol-

induced change in dielectric constant, e, of the lipid head-

group region. From Eq. 1, it can be seen that if e decreases,
Dcd could be significantly increased. From combined x-ray

diffraction and electrical membrane capacitance measure-

ments, Simon and McIntosh (53) showed that the incorpo-

ration of cholesterol into a bilayer membrane composed of

bacterial phosphatidylethanolamine significantly decreases

water penetration into the bilayer and correspondingly in-

creases the thickness of the region of low dielectric constant

(i.e., 2.2). In the absence of cholesterol they found that water

penetrates to near the deeper carbonyl group of the ester

linkage to the hydrocarbon chains. In a 1:1 cholesterol/

phosphatidylethanolamine mixture, however, they found

that water penetrated only to a position near the glycerol

backbone. Therefore, one would expect cholesterol to cause

a significant drop in the dielectric constant in the region of

the ester carbonyl groups of the phospholipids. If the same

effect occurs in PC bilayers, which would seem to be very

likely, one could easily envisage a maximal drop in e from
;10 down to a value as low as 2.2 in the membrane region

where the dipole potential is located. According to Eq. 1, this

could produce a 355% increase in both the PC dipole

contribution as well as the cholesterol dipole contribution to

cd. The exact magnitude of this effect is difficult to quantify,

since the exact magnitudes of the dielectric constants are dif-

ficult to estimate and the exact location of the electrical po-

tential drop due to the dipole potential is not precisely known.

Nevertheless, the simple calculation shown here demonstrates

that the effect is more than enough to account for the rest of

the experimentally observed dipole potential change.

Interestingly, in the case of DMPC the results show (see

Fig. 3) that for those derivatives which cause an increase in

cd (including cholesterol), a maximum in cd is reached in

the region 35–45 mol %. This change in direction of cd is

observable as a change in the direction of the shift of the

fluorescence excitation spectrum of di-8-ANEPPS (see Fig.

6). On going from 30 to 45 mol % cholesterol, one sees a

blue shift of the spectrum, but on going from 45 to 60 mol %

the spectrum shifts back toward the red. A possible

explanation for this change in direction is that a phase

change of the membrane could occur at this point. Vist and

Davis (54) presented evidence for the formation of a liquid-

ordered state (characteristic of ‘‘lipid rafts’’) when the

cholesterol content of a DPPC/cholesterol mixture exceeds

25%. Simulations of Smondreyev and Berkowitz (55)

indicate that such a phase change is likely to be associated

with changes in the tilts of the cholesterol and lipid
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molecules, which would affect cd. Lateral separation into

cholesterol-rich and PC-rich regions is another possibility,

which could occur at high cholesterol content and could af-

fect cd. However, we would like to propose a simpler expla-

nation which does not involve any phase transition. Maxima

or minima in the physical properties of two-component

solvent mixtures are often observed and are generally attrib-

uted to changes in the strength of intermolecular forces as

the solvent composition varies. In the case of boiling points,

the maxima or minima are termed azeotropes. A simple ex-

ample is the boiling point of the acetone/hexane system. An

azeotropic mixture of 65% acetone and 35% hexane has a

boiling point significantly below that of both pure acetone

and pure hexane, i.e., a minimum in the boiling point is

observed at this point. This can easily be explained by the

fact that the intermolecular forces between an acetone mol-

ecule and a hexane molecule are weaker than those between

two acetone molecules or between two hexane molecules.

Considering a PC/cholesterol membrane as a two-component

two-dimensional solvent mixture, the maximum in the dipole

potential observed in Fig. 3 can be explained in a similar

fashion. If the dipole potentials of a pure DMPC membrane

and a hypothetical pure cholesterol membrane were rela-

tively similar, a maximum in the dipole potential would be

expected if the intermolecular forces between two choles-

terol molecules and between two PC molecules were both

weaker than those between a cholesterol molecule and a PC

molecule. At low mol % values of cholesterol, stronger inter-

molecular forces between cholesterol and PC would cause a

condensation of the membrane (as experimentally observed

in both monolayer and NMR studies (44,49–51)) and an

increase in cd would be observed due to the higher packing

density. At a particular cholesterol composition a maximum

would then be reached, because at high mole percentages of

cholesterol the weaker intermolecular forces between two

cholesterol molecules would take over and cause an expan-

sion of the bilayer. Parker et al. (56) have suggested that the

intermolecular forces between two cholesterol molecules in a

membrane are in fact weak, because their small hydroxyl

group cannot adequately shield the hydrophobic portion of

the molecule from water. In contrast, this is done much more

effectively by a PC molecule. This could then easily lead to

cholesterol spacing itself out in the membrane and to the

formation of regular hexagonal superlattice structures, as pro-

posed by a number of authors (56–58). In addition, as men-

tioned earlier, some authors have suggested a more specific

interaction between PC and cholesterol via hydrogen bond-

ing (43,59).

In the case of the measurements performed on DOPC and

egg PC vesicles, in contrast, only an increase in cd was

observed (see Fig. 4), i.e., no change in direction of the

cholesterol effect on cd was found. The magnitudes of the

observed changes were also smaller than in the case of

DMPC. This is likely to be due to the presence of unsaturated

hydrocarbon chains in DOPC and egg PC. An important

effect of chain unsaturation is to decrease the order of the

chains within the membrane, because the introduction of cis
double bonds causes a kink in the chain and hence decreases

the effectiveness of chain packing. This is the reason both

pure DOPC and egg PC have a lower cd than DMPC (31).

Because of the decreased packing of DOPC, one would

expect the intermolecular forces between any cholesterol

which inserts itself into the membrane and adjacent DOPC

molecules to be weaker than in the case of DMPC. This

could explain the smaller effect of cholesterol on cd in the

case of DOPC and egg PC. This interpretation is consistent

with the electron spin resonance study of Shin et al. (60),

which indicated a preference for cholesterol to interact with

saturated PCs over unsaturated ones, and the NMR study of

Huster et al. (61), showing that the saturated chains of mixed

chain lipids orient preferentially toward cholesterol. It is also

supported by the kinetic results of Lund-Katz et al. (62),

showing that the rate constant for cholesterol desorption is

much greater for unsaturated PCs than saturated ones. They

proposed on the basis of their results that a stronger van der

Waals attraction between cholesterol and saturated PCs was

responsible for the kinetic difference.

In the mol % region of 25–50% relevant for lipid rafts it

can be seen that increases in cd of 500–750 mV over pure PC

membranes can be expected. This is likely to have major

effects on the function of raft-localized proteins. It is worth

noting that biphasic effects of cholesterol on the kinetics of

a membrane-bound enzyme, the Na1,K1-ATPase, have

been observed (63,64). At low concentrations cholesterol

stimulates the kinetics of the enzyme, whereas at high con-

centrations it is inhibitory. Extraction of cholesterol via

methyl-b-cyclodextrin has also recently been shown to de-

crease Na1,K1-ATPase activity in vivo in renal epithelial

FIGURE 6 Normalized corrected fluorescence excitation spectra of DMPC/

cholesterol vesicles labeled with di-8-ANEPPS at 30, 45, and 60 mol %

cholesterol. [di-8-ANEPPS] ¼ 5 mM, [DMPC] ¼ 3.6 mM, 30�C. The

fluorescence emission was measured at 670 nm (1RG645 glass cutoff filter).
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cells (65). Both Yeagle et al. (63) and Sotomayor et al. (64)

found a maximum in activity at the cholesterol concentration

corresponding to the physiological level in the tissue they

were using. Cornelius (66) has suggested that cholesterol

may change the activity of the Na1,K1-ATPase by its

membrane condensing effect, which also leads to an increase

in bilayer thickness due to ordering of the hydrocarbon

chains. If the membrane thickness changes, this can then lead

to a change in the ‘‘hydrophobic matching’’ between the

hydrophobic transmembrane portions of the enzyme (which

have a constant thickness) and the hydrophobic interior of

the membrane. Based on fluorescent measurements using a

probe which is sensitive to hydration at the membrane-water

interface, Sotomayor et al. (64) have suggested another

mechanism, whereby cholesterol induces a change in hy-

dration at the protein-lipid interface. They have suggested

that hydration/dehydration reactions are likely to contribute

more to the energetics of conformational changes of mem-

brane proteins than generally thought. The maximum in the

dipole potential observed here also occurs at a cholesterol

concentration which corresponds closely to the physiological

concentration in kidney membranes (63). The suggestion of

Sotomayor et al. (64) that cholesterol induces changes in hy-

dration is entirely consistent with our results showing changes

in dipole potential since, as described above, changes in

water penetration into the membrane would be expected to

induce significant changes in dipole potential. Since both of

these effects are interwoven, it is very difficult to say whether

the Na1,K1-ATPase activity is being influenced by the

change in interface hydration or by the change in dipole

potential or by both. Changes in the rate constants and equi-

librium constants of the Na1,K1-ATPase by lyotropic anions,

which decrease the membrane dipole potential, have,

however, been observed by Ganea et al. (67). A dependence

of the steady-state activity of the Na1,K1-ATPase from a

variety of animals on the dipole potential of their natural

lipid extracts was also indicated by the results of Starke-

Peterkovic et al. (17). The dependence observed there

seemed to be best explained by an exponential curve. Such

behavior could easily be explained from a theoretical basis,

because a change in dipole potential could change the acti-

vation energy of a rate-determining charge-translocating step

of the enzyme cycle. Because the activation energy appears

in the exponential term of the Arrhenius equation, such an

effect could indeed lead to an exponential dependence of

the steady-state activity on the dipole potential. Steady-state

enzyme activity, however, also depends on the degree of

saturation of the ion-binding sites, in particular the cyto-

plasmic Na1 and K1 sites (68). If these ion-binding steps

involve charge movement within the membrane, then an

exponential dependence of steady-state activity on the dipole

potential would also be theoretically expected via an expo-

nential Boltzmann relation for the ion-binding constants.

Finally it should be noted that 5-cholesten-3b-ol-7-one
(often referred to as 7-ketocholesterol) was the only choles-

terol derivative studied here which caused a decrease in cd in

comparison to pure DMPC. This cholesterol derivative is of

particular medical interest, because it was recently shown to

accumulate in atherosclerotic plaques and to lead vascular

cells to apoptosis (69). It is feasible that the unusual decrease

in cd induced by 5-cholesten-3b-ol-7-one could influence

the function of proteins involved in the signaling pathways

leading to cell death.
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