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Lateral Reorganization of Fluid Lipid Membranes in Response to the Electric Field
Produced by a Buried Charge
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A thermodynamic model describing multicomponent fluid membranes under the influence of lateral forces
due to a buried charge is developed to estimate the magnitude and dynamics of field-induced lateral
reorganization in membranes of living cells. The calculations were performed for an electric field geometry
such as might be produced by a charge in an ion channel but can apply to any situation where charge is
buried in the low dielectric environment of a membrane, for example, during electron transfer. The model
includes molecular size and charge differences as well as critical demixing effects. These calculations indicate
that the local concentration of charged and uncharged membrane components can be substantially altered
over the course of a few microseconds. Critical demixing effects enhance the propensity of a membrane
toward lateral reorganization and provide an intriguing mechanism by which an electric field can induce
separation between neutral molecules such as cholesterol and phosphatidylcholine.

Introduction is electrostatic reorganization. The density of charged membrane
lipids can be enriched by more than a factor of 3 or nearly
completely depleted depending on the direction of the field for
the force profiles examined here. The corresponding changes
in local membrane surface potential can be more than 40 mV.

Cell membranes are generally fluid structures with their
molecular components exhibiting rapid diffusion in the plane
of the membrane. This fluid-mosaic system is able to undergo
lateral reorganization in response to factors such as befding, : . -

I S . This suggests a mechanism by which the membrane can
sheei8 adhesior;2 or electric fields’ The magnitude and extent . ) ; .

o influence the local electrostatic environment of an ion channel
of such reorganization depends on a balance between the
) . in response to the passage of charges.

relevant forces and the effects of entrdpy? Lateral organiza- The role of critical demixing effects in the membrane
tion of membranes plays an important role in numerous cellular reorganization is also examined gCritical demixing is a collective
processe&18 Additionally, the manner in which proteins and 9 ' 9

other membrane components perturb the local lipid distribution rSnGOIZS:tIii:]'rgffa'%n ﬁﬂeﬂvf}z;tﬁfeéo ;np dorggrcwe%i?tingsSTt
can affect larger scale organizational tendencies such as clusteri-mfoduces an aggitignal thermgd namic force Whigh has tHe
ing and compartimentalizatich§-23 y

- . . . effect of amplifying the lateral reorganization of fluid mem-

In this paper, a continuum thermodynamic model is employed branes in response to external forces. This has been observed
to estimate the dynamic lateral reorganization of fluid mem- ex erimentallp in supported livid me.rnbra?\‘band in lioid
branes in response to naturally occurring electric fields. There P y PP d 1P 5 pid

. . . monolayers at the aitwater interfac&® Furthermore, there is
already exists an extensive body of work concerning the effects . . . -
o S experimental evidence suggesting that lipid extracts from red
of transmembrane electric fields. Here, we focus primarily on

. . - - blood cell membranes are near a miscibility critical point
lateral fields and their ability to move molecules in the plane L
of a lipid bilayer. The response of a fluid membrane to the field between cholesterol and the phospholipid comporitsthe

produced by a single charge in the membrane plane is calculateolc""lcul"’Itions described b?IOW’ itis f_ound ey criticgl demixing
under physiological conditions. This configuration is chosen as effects enable an electric field to induce separation between

a plausible model for the type of field geometry that is produced neutral .molecules. Th'? quast electric field-induced phase
.~ separation may have implications for the role played by
when a charge passes through a cell membrane. It applies

; o . . . cholesterol in cell membrane organization. It also suggests an
generally to a variety of situations involving charges forced into electrostatic mechanism by which proteins could preferentiall
interior regions of a lipid bilayer, for example, by electron y P P y

X : associate with cholesterol-rich membrane domains.
transfer or a conformational change of a protein.

In these calculations, the membrane is treated as a quasi three.—l_hermod namic Model
component system consisting of cholesterol, neutral lipids, and y
negatively charged lipids. This composition resembles that of = The time-dependent reorganization of a membrane in response
the red blood cell membrane. The calculations reveal lateral to lateral forces is computed from the set of chemical potentials
membrane reorganization, several nanometers in extent, occur{u} as follows:
ring on the microsecond time scale. Two distinctively different
attributes of the reorganization are investigated. The most direct oy
response of a fluid membrane mixture to lateral electric fields T V(@ Vi) 1)
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double chain phospholipid molecules in bilayer membranes are A
around 1.1x 10 um?/(J s)27-2° this value was used for the

phospholipid components in the calculations below. Cholesterol

was assumed to have an average molecular area in the membrane

of 35 A2, while that of the phospholipids was taken to be 60 e=2
A229-31 within a given membrane, the mobility of molecules
scales inversely with their effective molecular area; thus the
mobility coefficient of cholesterol is 1.7 times the value
mentioned above. (For a more thorough discussion of the
relation between two-dimensional mobility and molecular area
in multicomponent membranes see ref 32.) The gradients of

water

o
<

the chemical potentials used here are given by = B < Center of Membrane: 4 = 0
=60 ]
190 [Ani — Andog; 2 J—.
Vi =k T[——+ 5 [————|]—| + a0 f ]
@, or T Ami ar ;:) A =2.5nm
Amk i 8@1 oIl 81/} ?g; 20 A =28nm
_ZVij(ék — @) A~ Anfc T Zne - (2) ki
A5 or or or iy 7.
0 2 46 8 10
wherekg is the Boltzmann constarif, is the temperature, is Radial Position (nm)

the radial positionA, is the unit area of the lattice (equal to  Figure 1. (A) Diagram illustrating the electric field geometry and

the smallest of the molecular areas) aﬁigirepresents the coordinate system used in the cell membrane calculations described
. . P L here. The membrane is treated as a slab of dielectric material embedded
Kronecker delta function defined ag = {1 fori = k; O for

. . . in a conducting medium. The membrane thickness; isrefers to the

i = k}. In this representation, membrane components are gistance from the center of the membrane of the charge on the lipid,

characterized by their effective molecular are&gc, molecular andr is the radial distance from the source charge positioned in the

charges £w«e), and the set of critical demixing coefficients middle of the membrane. (B) Plots of the parallel component of the

(differential interaction energies) between each of the different electric fie_ld,E”, as a function of radial positiom, at different vertical

species preserity;}. Each elementy;, is directly related to depths,4, in the membrane. Thé_= 2.5 nm value was assumed_to

the critical temperature in the corresponding binary mixture, :;o_rrespond most closely to the situation of a net charge located in the
- . A ... lipid headgroup.

thus offering a link between measurable parameters in simplified

systems and the behavior of complex mixtures. The long-range Cell Membranes

lateral forces acting on each component are representéd by

in terms of force per unit area. Short-range electrostatic

interactions such as those among the charged lipids in the

membrane are computed using a continuum electrostatic mode

(Gouy—Chapman theory) to determine the local surface poten- e e
tial, 4, from the membrane composition. The two leaflets of conditions. Long-range electric fields can propagate laterally

the bilayer membrane are treated independently since, a,[along the low-dielectric core_of_ lipid membranes despite the
physiological ionic strength, they are electrostatically isolated fact that the Debye length within agueous compartments of a

from each othe# In this case, the surface charge densityis cell is Igss than 1 nm. In particular, Fhe field_due to a singlt_a
charge in the membrane, such as an ion passing through an ion

Electric Fields. To better understand the physical nature of
membranes in living cells, we use the thermodynamic model
putlined above to calculate the magnitude and rate of lateral
membrane reorganization that could occur under physiological

given by channel, is examined. We stress at the outset that the model
z.e developed here is meant to provide an estimate for the type,
o= —IQD- ©) mangitude and time scale of effects which might be observed,
= A, : not a detailed molecular-scale calculation for any particular
system.

An estimate of the electric field produced by a charge in a

and is related to the surface potential by the Gouy equation: -
P y y€d membrane can be made by treating the membrane as a slab of

2k T ozel, dielectric material embedded in a conducting medium (Figure
(o) = (_) sinh_l( ) (4) 1). Lipid membranes are generally ascribed an effective
ze 2KgTe,, dielectric constant of = 2, which is similar to that of a protein

interior (¢ = 2—4)3435In these calculations the protein and

wherez is the valence of the symmetrical electrolyte solution, membrane regions are treated as a single dielectric medium with
eis the elementary chargey is the dielectric constant of water, an average dielectric constant ef= 2. Of course, actual
andLp is the Debye length defined s = (ksTew/212%€?)12 phospholipid bilayers present a more complicated dielectric
with | denoting the ionic strength of the bulk solution. medium which is not homogeneous. However, for the present

This thermodynamic model specifically describes fluid mix- purposes, a rough estimate of conceivable field geometries and
tures which, in the absence of applied lateral forces, consist of magnitudes is sufficient. The immediate environment of the
a single thermodynamic phase. However, it is applicable to embedded ion is expected to be highly polarizable in order to
intrinsically multiphase systems as long as the individual phase reduce the formidable amount of energy required to move a
domains are treated separately. This model has been used teharge into the low-dielectric membrane core. For example, the
describe experimental electric field-induced concentration pro- X-ray crystal structure of the potassium channel reveals a 10 A
files in supported membranes and is discussed in detail diameter water-filled cavity in the center of the channel which
elsewherg?24.32 contains a potassium iGfiThe water screens the ion, effectively
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distributing the charge over a larger volume. Although this
substantially reduces the electrostatic energy, it follows from
Gauss’ law that the total electrical flux through an enclosing
surface outside the solvation region is unchanged. Thus, long-
range electric fields in the membrane are not necessarily
influenced significantly by local screening effects.

The electric field components for the geometry illustrated in
Figure 1A are easily computed by the method of image charges:
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1 in polar geometry; they depict radial distributions of the
membrane components around a central charge. The solid curves
represent concentration profiles expected when critical temper-
atures for binary mixtures of CH/P$.% and CH/PCT:® are

both taken to b 2 K below the ambient temperature of 295 K
(T2 = T2 = 293 K). The PC and PS are assumed to mix
ideally implying a binary critical temperaturéﬁs, of 0 K (we

use the numbering scheme: CH 1, PS= 2, PC = 3).
Although the precise values of these critical temperatures are

1 2 zg—1)r not known, there is experimental evidence indicating that lipid
E,= dore. 5 o a ®) extracts from red blood cell membranes with compositions
€mi==e (r" 4+ (4 +id)?) resembling the one used in these calculations are near a
: miscibility critical point between cholesterol and the phospho-
1 =2 zg-1)(A+id) lipid components at room temperatéfelhere is also evidence
Ep= 4 _ 5 a2 (6) from supported membrane experiments suggesting that egg-PC
Tém i== (1° + (4 +id)") and PS mixtures exhibit nearly ideal mixit&The binary critical

demixing coefficients corresponding to this situation are:
y12 = 2.65kgTe2, y13 = 1.55kgT=>, andy,3 = 3.68keT2> = 0.

The relation between critical demixing coefficients and critical
temperatures in multicomponent membranes depends on the
effective molecular areas and charges as well as the electrostatic
environment of the membraié32 For comparison, calculated
profiles assuming ideal mixing between all three components

whereen, is the dielectric constant of the membranegpresents
the radial distance from the source charges the distance
from the midplane of the membrane, ashi the total thickness
of the membrane. Several plots Bf for different values ofl
are illustrated in Figure 1B. The membrane thicknessyas
taken to be 6 nm in these calculations. This value was chosen
to be slightly larger than a typical membrane thickness of 5 nm . -
to account for the GouyChapman double layer. The Debye are plo.tted with dashed cerves n Fllgure 2. )
length at physiological ionic strength (150 mM) is about 8 A,  Details of the electrostatic interaction between an ion located
thus counterions in the water are, on average, several angstrom4? the membrane interior and charged membrane lipids are
away from the membrane. When treating the water as a COmplex. For example, hydration shell waters around the polar
conductor, its edge is defined by the location of these counter- IPid headgroups will raise the average dielectric constant within
ions. this region. This will decrease the electric field experienced
The parallel component of the electric fiel,, acts on the o_lir.ectly at the positien of the charged moiety on a membrane
membrane in much the same way as the externally app”edhpld. However, the influence of this type ef solvation on the
tangential fields, which have been studied experimentally. For Net force transmitted to a charged lipid is less clear. In the
calculations of the long-range electrostatic force profile, charges Process of screening electric fields, hydration shell waters and
on lipids in the membrane are assumed to be located in a planePther polarizable groups will necessarily experience forces
2.5 nm away from the midplane of the bilayér £ 2.5 nm). themselves; these _forces_ will be mech_anlcally transmitted to
This corresponds to a charge located in the lipid headgroup. Other molecules with which they are interacting. The force
The notatiorf(r) will be used to represent the magnitude of the profl.les used to caleulate the membrane reorganization depicted
force profile obtained from these parameters; a supers¢ript 1N Figure 2 are strictly Coulombic forces resulting from the
or — specifies the sign of the central charge. For purposes of electric field geometry |I]ustrated in F|ggre 1 To explore the
comparison, a range of different force profiles is also considered. consequences of screening and other mitigating factors, calcula-
The long-range electrostatic force is analogous to the electro-tions for a range of different force profiles are also examined
phoretic force in the case of the supported membrane experi-t0 characterize the force dependence of the membrane response.
ments!224 Short-range electrostatic interactions such as those Concentration profiles of cholesterol induced by four linear
between charged lipids in the membrane are treated separatelypcalings (k, 0.5x, 0.2x, and 0.k) of the force profile
using Gouy-Chapman theory. In this way, the nonlinear €xamined in Figure 2 ~(r), with T, = 293 K are plotted in
|nteract|on between Over|app|ng ClOUdS of Counterions |n the F|gure 3A A Slgn|f|cant Observaﬂon from these Ca|CU|atI0nS IS
diffuse layer is included in the model. that the membrane response shows a highly nonlinear depen-
Membrane Reorganization. The field-induced reorganiza- dence on force. Although the time scale of reorganization varies,
tion in three-component membranes resembling the inner leafletthere is a nearly binary outcome whereby a quasi phase
of a red blood cell membrane was calculated according to eq 1_Separati0n is induced if threshold conditions are met. For the
The model membranes were composed of cholesterol (CH), membrane composition examined here, an average lateral force
negatively charged phosphatidylserine (PS), and neutral lipids ©f 0.5 x 1072 N/molecule on the charged lipid extending for
such as phosphatidylcholine (PC) with average area fractions2 NM is about the threshold for induction of the quasi phase
of 033’ 012, 055, respective|y. A|th0ugh the membrane Separation. This is one-fifth of the Coulombic force prOfile used
components mentioned above are intended to model cholesterolfor the calculations in Figure 2. We note that biological
PS, and PC, no explicit distinction is made regarding detailed Situations involving larger forces may exist, for example where
chemical composition in the thermodynamic model. Each multiple charges are involved, but we focus on reduced force
fraction represents a generic collection of membrane componentsProfiles because the calculated membrane reorganization is
categorized by charge, average molecular area, and the demixingllready substantial.
characteristics described below. The most influential factor affecting field-induced reorganiza-
Concentration gradients present at 1, 10, and 49G&fter tion in lipid membranes is critical demixing. This substantially
the appearance of the field from a positive or negative central enhances the magnitude of the reorganization as can be seen
charge are plotted in the six panels of Figure 2. These clearly in the profiles plotted in Figures 2 and 3B. Particularly
calculations are two-dimensional solutions generated from eq large effects are found in calculations of reorganization induced
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Figure 2. Calculations of the membrane reorganization caused by interaction of the parallel electric field from the geometry illustrated in Figure
1A with charged lipids in the membrane. These curves represent two-dimensional solutions generated from eq 1 in polar geometry; they depict
radial distributions of the membrane components around a central ion. Charges on the membrane lipids are assumed to be in a plane 2.5 nm away
from the midplane of the bilayei (= 2.5 nm) which corresponds to a charge in the lipid headgroup. The vertical gray bar indicates the boundary
of the hypothetical ion channel. A three-component membrane consisting of cholesterol (CH), PS, and PC at average area fractions of 0.33, 0.12,
and 0.55 respectively is modeled in these calculations. The cholesterol was taken to have an average molecular area in the membtane of 35 A
while the PS and PC were each assumed to occupy2gfeAmolecule. Concentration gradients present at 1, 10, ang< @fter the appearance
of the field are shown for both positive and negative central charges at an ambient temperature of 295 K. The dashed curves were calculated
allowing ideal mixing among all three components. The solid curves depict calculated profiles when the systemyi@riuajiove the miscibility
critical temperature between cholesterol and the phospholipid compofights T-2 = 293 K). The critical demixing coefficients representing this
situation arey;, = 2.65<3Ti2, Y13 = 1.55<BTi3, andy,; = 0 (for discussions of the relationship between critical demixing coefficients and critical
temperatures in membranes see refs 24 and 32).

by a negative central charge. The asymmetric response withchanges the effective composition of the membrane as well as
respect to the direction of the field is related to the fact that the shifting the critical compositions. Moderate clustering of
sensitivity of the membrane to lateral perturbations depends cholesterol with phospholipid components in a mixture with the
strongly on membrane composition. Under the influence of a composition studied here could shift the system closer to a
negative central charge, the local composition of the membranecritical composition.
shifts toward compositions which are more sensitive to the  Demixing effects also substantially affect the time scale of
electric field. This process is diagrammed in Figure 4. As the reorganization. This phenomenon is known as critical slowing
membrane composition changes from the initial composition down, referring to the markedly decreased rate at which a system
(@) to the final local composition around a negative central near a critical point approaches its equilibrium configuration.
charge (;), it approaches and crosses a line of critical Though present in both cases, critical slowing down is most
compositions. At temperatures above the highest critical tem- apparent in calculations of profiles induced by the negative
perature, the greatest sensitivity toward lateral perturbations central charge. When all three components are taken to mix
occurs at the critical compositiod3In the case of the positive  ideally, the system essentially reaches its equilibrium distribution
central charge, the composition shifts to a less sensitive regionin less than 1@«s. In contrast, when the lipid mixture is near a
of the phase space (poid,” in Figure 4). The polarity of this  critical or spinodal point, the reorganization process proceeds
effect depends on the initial composition; membranes with roughly 2 orders of magnitude more slowly.
different compositions could exhibit increased sensitivity toward  In addition to increasing the magnitude and time scale of the
reorganization induced by a positive central charge. membrane reorganization, critical demixing effects provide a
The composition dependence of membrane sensitivity is of mechanism by which neutral components such as cholesterol
particular interest in light of emerging evidence for direct cluster and PC can be separated by an electric field. Note the significant
formation between cholesterol and certain phospholipids. enrichment of cholesterol and concomitant depletion of PC
One consequence of such clustering is to alter the effective sizearound the negative source charge when the membrane is near
of the cholesterol-containing objects in the membrane. This a critical point. The reverse effect is observed, to a lesser extent,
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Figure 3. (A) Comparison of cholesterol concentration profiles after
50us induced by several linear scalings of ther) force profile used

in Figure 2.T, = 293 K for these calculations; all other parameters in
both A and B are identical to those used in Figure 2. (B) Plots of
cholesterol concentration profiles induced by ther) force profile
after 50us assuming different degrees of critical demixing. The four
concentration profiles were calculated for systems differing only in the
value of the binary critical temperatures assigned to CH/PS and CH/
PC mixtures (as labeled).

Figure 4. Schematic of the ternary composition phase space for a CH/

PS/PC membrane in terms of area fraction. The ternary composition,

@, is defined as ¢cr, @ps @pd). Critical compositions for binary
mixtures of CH/PS®¢i: = (0.44, 0.56, 0), and CH/P@: = (0.57,
0, 0.43), are labeled with points while a solid curve traces the locus of
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Figure 5. Comparison of the force profild(r), resulting from the
direct Coulombic interaction of a net charge wigh (a) and the force
profiles on molecular dipoles due to the field gradient—{al) illustrate

this dipolar force profile for a perpendicular dipole moment of 0.75 D

at different depths in the membrane. Forces at radial positions within
one nanometer of the central source charge are drawn with dashed lines
to indicate that, in most situations, fluid membrane is not expected to
reach within this region.

membrane. A related phenomenon has been observed experi-
mentally in cardiolipin/egg-PC/NBD-PE membrariég€ardio-

lipin and NBD-PE have roughly the same charge per area thus
they, like neutral molecules, cannot be separated solely by the
action of a tangential electric field. The nonmonotonic concen-
tration profile of the NBD-PE probe lipid seen in supported
membrane experiments corresponds to a field-induced separation
of NBD-PE from cardiolipin and is a direct manifestation of
this type of critical demixing effect.

Dipole Effects. The electric field geometry illustrated in
Figure 1 will also impart a net lateral force on neutral molecules
if they have a dipole moment oriented perpendicular to the
membrane plane. This arises from the fact thais a function
of vertical position £) within the membrane. A neutral molecule
with partial charges at different vertical positions will experience
a net force sinc& is different for each of the partial charges.
The magnitude of this force is given Iy dE /94 whereMy is
the corresponding molecular dipole moment perpendicular to
the membrane plane. This can be expressed more conveniently
in terms of E (eq 6) by making use of Maxwell’'s equation,
V x E = 0, which implies thabEg/or = 0E/01. Consequently,
molecules in the membrane experience a lateral fokge,
proportional to the product of their perpendicular dipole moment
and the lateral gradient &:

3E,

P M

()

This inhomogeneous field effect has been observed experimen-

critical compositions in the ternary mixture. Each critical composition ta]ly in lipid monolayers at the airwater interface using an

is associated with a critical temperature giving rise to a continuous set

of critical points in the temperaturecomposition phase space. Point
®; marks the initial composition of the membranes considered here,
(0.33, 0.12, 0.55). Point®, and(IDfJr mark the compositions at the 1
nm position (see Figure 2) after 106 of reorganization due to negative
and positive central charges, respectively.

insulated wire to produce the field gradiéatDramatic field-
induced reorganization was seen when the lipid mixture was
maintained near a critical point.

In the field geometry examined here, lateral dipolar forces
related to the field gradient are weaker and shorter range than
those due to interactions between net charges and the parallel

with the positive source charge (Figure 2). This separation resultsfield. Curve (a) in Figure 5 is the force profile for the interaction

from a pressure gradient that is induced by direct action of the
parallel electric field on the charged PS lipids. The field-induced

of a single net charge in the lipid headgrodp< 2.5 nm) with
the parallel field component. This is the force profilg), used

pressure gradient, in turn, imparts a force on all components inin the calculations depicted in Figure 2. Curves-(fg) of Figure

the membrane. Critical demixing effects break the symmetry 5 illustrate the force profiles experienced by a neutral molecule
between cholesterol and PC thus providing a means to separatevith a dipole moment of 0.75 D centered at different vertical
these uncharged components. As an interesting corollary, thispositions in the membrane. The largest effect is found near,
suggests an electrostatic mechanism by which proteins couldbut not at, the midplane of the membrane. The dipolar force
preferentially associate with cholesterol-rich domains in the goes through a node precisely at the center of the membrane.
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TABLE 1: Values of Aymax (MV)2 in the membrane has been demonstrated to have a pronounced
force T (K) 1us 10us 100us effect on ion channel conductivity. . '

Py 293 314 —204 “12.0 It can be seen from the calculations in Table 1 that the
£4(r) 0 —26.8 —336 —338 predoml_nant electrostan_c reorganization generally occurs Wlthln
f-(r) 293 4283 +30.9 4315 a few microseconds. This is fast compared to the channel gating
f=(r) 0 +21.3 +24.0 +24.1 which typically takes place on the millisecond time s¢al€hus,
0.2%(r) 293 —6.7 —9.0 —9.4 channels which are occupied a majority of the time during ionic
0.2 %(r) 0 —5.1 —6.4 —6.4 conduction are expected to induce a steady-state reorganization
g:g ,gg zgg ig:g fg_g +fg:8 of the .membrane similar to that of a constant charge. Mgltiply
0.2 +(r) 293 —33 —46 —48 occupied channels such as the potassium channel are likely to
0.1f *(r) 0 -2.5 -3.0 -3.0 be in this category.
0.2f ~(r) 293 +3.3 +5.0 +5.9
0.1 ~(r) 0 +2.5 +3.1 +3.1 Conclusion

de;gﬁ(’:‘spgéfges""z?]dﬁe g“t% ;qali(?m’;n(gﬁ n;‘i)ni:;’["g”si‘;or;';"cg'ligee The calculations described above provide an estimate of the
densities from thl?e conc%ntration profilés(r) andf ~(r) represent the ? type of dynamic .and steady-state fleld-lpduced reorganlza'tlon
force profiles for positive and negative central charges used for the that could occur in cell membranes. A simple model of an ion
calculations in Figure 2. Values @yma induced by X, 0.2x, and embedded in a membrane suggests that this electric field can
0.1x fractional force profiles are tabulated above. substantially alter the composition of the surrounding fluid
membrane. The time scale of reorganization is found to be in
In a real membrane, dipolar forces would be superimposed onthe microsecond range and is fast enough to influence some
the direct field effects serving to slightly modify the reorganiza- ion transport systems. Nonlinearities in the force dependence
tion. of the membrane reorganization indicate that large responses
Electrostatic ConsequencesThe field-induced reorganiza- ~ could persist even at significantly lower field strengths. It is
tion of charged membrane lipids around an ion channel could @lso seen that critical demixing effects provide a mechanism
feasibly influence ion transport across membranes. There are gor electric fields to induce separation between neutral mol-
number of examples where membrane charge density is knownecules. Most notably, a significant enhancement or depletion
to affect ion transport through channélsAs seen in Figure 2,  Of cholesterol around a charged object in the membrane is
the local charge density in the membrane immediately sur- Predicted for membranes near a miscibility critical point. This
rounding an ion channel could be increased by more than aéffect suggests an electrostatic mechanism which could partici-
factor of 3 or almost completely depleted due to the electric Pate in the sorting of proteins into cholesterol-rich domains in
field from a charge in the channel. For a simple comparison, the membrane.
defineAymaxas the relative change in surface potential between  Although the system examined here offers only a generic
the bulk membrane and the region immediately surrounding the €xample, the thermodynamic model and the methods of calcula-
protein resulting from the field induced reorganization. Values tion are sufficiently general to accommodate nearly any field
of AYPmax Corresponding to the concentration prof”es p|0tted in distribution and membrane Composition. Continuum thermo-
Figure 2 along with concentration profiles generated from scaled dynamic calculations such as the ones described here provide
force profiles were computed using Geu@hapman theory and ~ relatively efficient means of estimating dynamical processes in
are listed in Table 1. fluid membranes. It is our hope that simple calculations of this
Several different types of behavior are evident in the SOt Will help to make quantitative correlations between
calculations of electrostatic reorganization. For the unscaled €XPerimental measurements in systems such as supported bilayer
force profiles,f*(r) andf ~(r), corresponding to the concentra- Membranes and lipid monolayers with actual processes occurring

tion profiles illustrated in Figure 2\ymaxvalues are large and 1" the membranes of living cells.
only mildly influenced by critical demixing effects. Changes
in surface potential of this magnitude can alter the potential
energy of nearby ions by-24 kJ/mol. Critical demixing effects
tend to increase the magnitude ®§max by 20—-30% over the
ideal case for the unscaled force profiles. This is a relatively
small enhancement compared to the effect of demixing on
concentration profiles of cholesterol and PC. At these forces
and charge densities, electrostatic repulsion among charge
lipids in the membrane is the limiting factor. The apparent field
produced by the inhomogeneous distribution of charged mem-
brane components3{/dr) can be on the order of 10 MV/m
and opposes reorganization. (1) Knowles, D. W.; Tilley, L.; Mohandas, N.; Chasis, J.Proc. Natl.

, Acad. Sci. U.S.A1997, 94, 12969-12974.
The for_ce profiles scalt_ad by 0.2 are clpse tp the thresho!d (2) Dobereiner, H.-G.: Ka, J.: Noppl, D.: Sprenger, I.; Sackmann, E.
for induction of the quasi phase separation discussed earliergiophys. J1996 71, 648-656.
(Figure 3). Effects of critical demixing on electrostatic reorga- (3) Seifert, U.Phys. Re. Lett. 1993 70, 1335-1338.
nization are substantially more prominent at these lower forces. _ %)73163%2(:'_'\/"; Higgs, P. G.; MacKintosh, F. Bnys. Re. Lett.1997,
Note especially the 4-fold increaseAmaxover the ideal case " (5) Sackmann, EFEBS Lett.1994 346, 3—16.
for the 0.2 ~(r) force profile. The 0.1x scaled force profiles (6) McLaughlin, S.; Poo, M.-MBiophys. J.1981, 34, 85-93.
are below the threshold for induction of any type of quasi phase lggg)ﬁKlggffcglg,mA.; Behrisch, A.; Faix, J.; Sackmann,Bgophys. J.
separation beha"'of for_ th|_s_ memb_rane composition. However, (8) Nardi, J.; Bruinsma, R.; Sackmann, Bhys. Re. E 1998 58,
demixing effects still significantly increase the magnitude of g340-6354.

electrostatic reorganization. Experimentally, critical demixing (9) Poo, M.-M.; Robinson, K. RNature 1977, 265 602-605.
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