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ABSTRACT Application of electric fields tangent to the
plane of a confined patch of fluid bilayer membrane can create
lateral concentration gradients of the lipids. A thermody-
namic model of this steady-state behavior is developed for
binary systems and tested with experiments in supported lipid
bilayers. The model uses Flory’s approximation for the en-
tropy of mixing and allows for effects arising when the
components have different molecular areas. In the special case
of equal area molecules the concentration gradient reduces to
a Fermi-Dirac distribution. The theory is extended to include
effects from charged molecules in the membrane. Calculations
show that surface charge on the supporting substrate sub-
stantially screens electrostatic interactions within the mem-
brane. It also is shown that concentration profiles can be
affected by other intermolecular interactions such as cluster-
ing. Qualitative agreement with this prediction is provided by
comparing phosphatidylserine- and cardiolipin-containing
membranes.

Electric fields can be used to reorganize molecules in fluid
lipid bilayer membranes. In 1977 Poo and Robinson (1)
observed that application of an electric field caused the
membrane-bound protein, Con A, to congregate on one side
of a living cell. The distribution of protein at steady-state
results from a balance between field-induced drift and diffu-
sion within the confined membrane area (2, 3). The shape of
a field-induced concentration profile thus contains informa-
tion about the forces affecting molecules in the membrane.
However, the small size and complexity of native cell mem-
branes hinders analysis of these profiles. Recently, electric
fields have been used to reorganize and concentrate lipids and
proteins in supported bilayers where quantitative analysis is
greatly simplified (4, 5).

Supported bilayers can be created by spontaneous fusion of
unilamellar phospholipid vesicles with an appropriate sub-
strate such as silica (6, 7). The resulting membrane is typically
separated from the solid substrate by a thin (10 A) layer of
water (8-10) and retains many of the properties of free
membranes, including lateral fluidity. The fluidity is macro-
scopically long-range with mobile components of both leaflets
of the bilayer freely diffusing over the entire surface of the
support. The diffusive mixing and flow of molecules within the
membrane can be confined by imposing barriers on this lateral
motion. Manually scratching the membrane-coated surface
can effectively create such barriers. Alternatively, more pre-
cisely partitioned membranes have been formed by using
pre-patterned substrates to impose structure onto the mem-
brane (11). Application of electric fields tangent to the plane
of supported membranes partitioned by either method causes
molecules to reorganize within the confined membrane cor-
rals. The size and geometry of these corrals can be tailored to
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allow precise analysis of the field-induced concentration pro-
files.

In this work, a general description of the steady-state electric
field-induced reorganization of molecules in a two-component
planar bilayer membrane is developed. The model is based on
thermodynamic equilibrium and revolves around the use of
area fractions in place of mole fractions following Flory’s
approximation for the entropy of mixing in a binary system
composed of differently sized molecules. This formulation
describes the behavior of integral membrane components and
is important for the study of systems where large size differ-
ences between components may be present (protein in a lipid
membrane, for example). It differs from the steric exclusion
model, introduced by Ryan et al. (3), which applies specifically
to peripheral membrane proteins.

The present model accurately describes experimental results
and provides some useful predictions. In particular, molecular
clustering is expected to produce observable effects on the
shape of the steady-state concentration profile. Qualitative
comparison of phosphatidylserine- and cardiolipin-containing
membranes is in agreement with calculations. A corollary of
these results is that the membrane systems studied exist in a
homogeneous phase, coexisting phases were not observed.

MATERIALS AND METHODS

Planar supported bilayers were formed by fusion of small
unilamellar vesicles (SUV) with clean glass coverslips (Corn-
ing). The SUVs were made roughly according to the Barenholz
procedure (12). A lipid solution in chloroform was evaporated
onto the walls of a round bottom flask, which then was
evacuated overnight. Lipids were resuspended in distilled
water by vortexing moderately for several minutes. The lipid
concentration at this point was around 6 mg/ml. The lipid
dispersion then was probe-sonicated to clarity on ice. The
SUVs were separated from other lipid structures by ultracen-
trifugation for 3 hr at 192,000 g. The supernatant contained the
SUVs with yields of 50-75%. SUVs were stored at 4°C and
typically were stable for a few weeks to several months. Before
use, the SUV suspensions were exchanged into the desired
buffered salt solution, generally 5 mM Tris, pH 8.0, 50 mM
NaCl. L-a phosphatidylcholine from egg (egg-PC), 1,2-
dioleoyl-sn-glycero-3-[phospho-L-serine], sodium salt (DOPS)
and cardiolipin, sodium salt were obtained from Avanti Polar
Lipids. The fluorescent probes, N-(7-nitrobenz-2-oxa-1, 3-
diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethano-
lamine, triethylammonium salt (NBD-PE) and N-(Texas Red
sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethano-
lamine, triethylammonium salt (Texas Red DHPE) were ob-
tained from Molecular Probes.

Abbreviations: SUV, small unilamellar vesicle; egg-PC, L-a phosphati-
dylcholine from egg; DOPS, 1,2-dioleoyl-sn-glycero-3-[phospho-L-
serine], sodium salt; NBD-PE, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt.

*To whom reprint requests should be addressed. e-mail: harden@
leland.stanford.edu.
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Glass surfaces were prepared for membrane deposition by
boiling in a 1:4 dilution of ICN 7X for 20 min and rinsing
extensively with deionized water followed by a 3-min etch in
argon plasma. The bilayer was allowed to self-assemble by
placing the coverslip over an 80-ul drop of vesicle suspension
in a Petri dish for several minutes. The dish then was carefully
filled with distilled water, and the excess vesicles were rinsed
away by shaking gently. Confined regions were created by
scratching the membrane-coated surface with a pair of twee-
zers. The supported bilayer next was assembled into a sandwich
with another coverslip, taking care not to expose the mem-
brane-coated surface to air.

The coverslip sandwich was mounted in a membrane elec-
trophoresis cell and field strengths of 10-30 V/cm were
applied. The electrophoresis cell was similar to previously
described versions (5) with slight modification to accommo-
date use of an inverted microscope. Currents were monitored
with a Keithly picoammeter (Cleveland, OH) and were typi-
cally between 1 and 4 pA for a 25-mm square coverslip
sandwich. This corresponds to a total power dissipation of
order 10~* W, which should produce a negligible amount of
Joule heating. Membranes were viewed at room temperature
with a Zeiss Axiovert 100 epifluorescence microscope
equipped with a Princeton Instruments (Trenton, NJ) TK512D
back-illuminated charged-coupled device camera. Images
were acquired and analyzed by using Imagel/Metamorph
from Universal Imaging Corporation (West Chester, PA).

Thermodynamic Model. We construct expressions for the
chemical potential of each component in the binary mixture by
using an entropy term that takes account of molecular size
differences. The equilibrium concentration profiles are ob-
tained by imposing the condition that the gradient of this
potential is zero.

Flory has shown that the entropic free energy of mixing in
ideal liquids composed of differently sized molecules can be
written in terms of the area fractions, ¢;, and the number of
molecules, N;, of each component,

AG i = kpT (N1 In(ey) + N> In(g,)), [1]

where kg is the Boltzmann constant and 7 is the temperature
(13). Here

_ AmiNi 2
i ANy + A,oNY [2]
where A,,; is the molecular area of component i. The entropic
contribution to the chemical potential, us;, can be obtained by
differentiating Eq. 1 with respect to N;:

Aml - Am2
ws1 = kgT | In(ey) — T (2] [3]

Aml - AmZ
ps2 = kgT | In(@y) + a4, )9 [4]

In addition to the logarithmic term, there is a second term
depending on the size difference of the two components.
Application of an electric field tangent to the membrane
plane imparts a force on each molecule. It has been shown that
this electrophoretic force is the result of an electrical force
acting directly on the charged molecules and an electroosmotic
drag, produced by frictional coupling to the bulk electroos-
motic flow (14, 15). Assuming the total force per unit area
acting on component i, f;, is independent of lateral position in
the membrane, the contribution to the chemical potential from
the electric field is A,,,fir where r denotes the position along the
direction of the field. Additionally, lateral pressure in the
membrane, II, contributes 4,,II to the chemical potential.
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Summing up the entropic, electrophoretic, and pressure terms
we obtain the following expressions for the chemical potential:

0 Aml - Am2
w1 =y + kT | In(ey) — A P2
m2
+ Ayl — A, fir [5]
0 Aml - Am2
o= py + kT | In(e,) + A, Q1

+Am2H _Amzfzr, [6]

where p) and ud are the chemical potentials of pure mem-
branes of component 1 and 2, respectively.
At equilibrium, the chemical potential gradients are zero:

1 Ay — A2\ 9y
VMl_kBT<<,C’1+ < Ao )) ar

all
+Am1¥_Am1f1=0 [71
1 At — Az (er
Vha = ksl <<P2 B < Ay )) ar
oll
+Am2§7Am2f2:O. [8]

Combining Eqgs. 7 and 8 to eliminate the pressure term we
obtain

kBT kBT ) 8(p1
+ L =fi—f 9
<Am1<P1 Apa(1 = ¢y) U 91

ar
Solutions to this equation can be written in the form

ro)) = kgT In(e,) _ kT In(1 — ¢y)
T A=) Al —f)

where r(¢;) is the relative position in the concentration profile
at which the area fraction of component 1 is ¢;. It is natural
to define the concentration profile as ¢;(r); thus Eq. 10 is the
inverse concentration profile function. The boundary condi-
tion on Eq. 10 for a confined region, %, requires that the total
amount of each molecular component remain constant:

JJ P dR = ¢ Ag, [11]

R

[10]

where @; is the average area fraction of component 1 and Ay
is the area of the confined region.

In the special case when both molecular components are of
equal size, Eq. 10 can be inverted:

1
O = b= Al — ) — 1) JhaT) + 1

This is the familiar Fermi-Dirac distribution where the energy
function, —A4,,1(fi — f>)r, is the electrophoretic potential of
component 1 relative to component 2. The boundary require-
ment is met by adjusting the parameter, r. The quantity,
—Ami(fi — f>)ry, has units of energy and is analogous to the
Fermi level in quantum mechanical systems. The similarity
between field-induced concentration profiles in a membrane
and the Fermi-Dirac distribution provides a convenient way of
conceptualizing these systems (Fig. 1). In the limit as the
entropic contribution to the chemical potential goes to zero (T
— 0), the concentration profile takes on the form of a step

[12]
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Fi6. 1.  (A) Schematic diagram of a supported bilayer laterally
confined by barriers. Before application of a field both components are
fully mixed and the membrane is of uniform composition. (B) Hypo-
thetical depiction of the molecular reorganization induced by a field
in the limit as thermal energy goes to zero. Complete separation of the
two components is shown with the negative lipids (shaded dark)
gathering toward the anode. The boundary separating the two com-
ponents has analogies to the Fermi level in quantum mechanical
systems. (C) Under normal conditions thermal energy causes a
substantial amount of mixing around the boundary, giving rise to a
smooth distribution.

function (Fig. 1B). Without any thermal energy to counter the
electrophoretic forces, the two components will separate com-
pletely with the location of the boundary, ry, determined only
by the total area occupied by each component. At increased
temperatures some of the molecules will be excited into higher
energy positions in the electrophoretic potential gradient, thus
producing a smooth distribution (Fig. 1C). The value of 7y is
temperature dependent and can be obtained by integrating Eq.
12 and imposing the boundary requirement (Eq. 12). Eq. 10
thus describes a general class of functions resembling the
Fermi-Dirac distribution in which the effect of differently
sized molecules is included.

Another convenient parallel can be drawn between Eq. 12
and earlier descriptions of steady-state concentration profiles
as a competition between electric field-induced drift and
diffusion (4). In the dilute limit, the drift velocity of component
1 relative to component 2, vy, is given by
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Va = nAml(fl _fZ): [13]

where 7 is the mobility. Combining Eq. 13 with the Einstein
relation for the diffusion coefficient, D = nkgT, we find that

va/D = Apn(fi — f2)/kgT. [14]

Hence, Eq. 12 can be rewritten in terms of the drift velocity and
the diffusion coefficient:

1
exp( —vy(r—r)/D) + 1’

@i(r) = [15]

The exponential form of the concentration profile (4), is a
dilute limit approximation to Eq. 15.

Electrostatic Effects. The effect of electrostatic interactions
between charged molecules within the membrane can be
calculated by including their contribution to the chemical
potential. Letting the molecular charge of component 1 be
zmie, Eq. 5 becomes:

0 Aml - AmZ
w1 = i + kT | In(ey) — A P2
m2

+AmIH _Amlflr—"_zmle’*l’: [16]

where i is the surface potential of the membrane. Imposing
the equilibrium requirement that the gradients of the chemical
potentials are zero and eliminating the pressure terms as done
previously, we find

( kgT kgT
+ + e
Apier Al — @) Ay 90y

e 0P\ o
z 1€i)%:fl_fz' [17]

Here we have taken component 2 to be neutral because this is
a common experimental situation. Eq. 17 can be solved giving

roy) = kgT In(py) B kT In(1 — @) 4 Zmedp(ey)
#1 Aml(fl _f2> AmZ(fl _fZ) Aml(fl _fZ)

Calculating the effect of electrostatic interactions within the
membrane is thus reduced to determining (¢1).

At low ionic strengths, Guoy—Chapman theory provides a
suitable model of the electrostatic environment near the
membrane (16, 17). The surface potential is related to the
surface charge density, o, by the Guoy equation:

T> . h_l( o-zeLD) 1
S 2k, T, [19]

[18]

2k
W(o) = ( i

ze

where z is the valence of the symmetrical electrolyte solution,
e is the elementary charge, g, is the dielectric constant of
water, and Lp is the Debye length defined as Lp = (kgTe,/
21z%?)'2 with I denoting the ionic strength of the bulk solution.
The implicit assumption is that o can be treated as a uniform
charge distribution. This assumption is sensible as long as the
Debye length is large compared with the average spacing
between charged molecules. For the low ionic strengths typi-
cally used in these experiments, Debye lengths are in the range
of 10-100 nm, suggesting that the Guoy equation should apply
for densities of charged lipids above a few percent. At lower
concentrations of charged molecules in the bilayer, it is
expected that the apparent screening would be greater than
that predicted by Guoy-Chapman theory.

For supported membranes, the surface charge density has
contributions from both the membrane and the substrate:

szlecpl
o= Tml + oy, [20]
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where the factor of 2 corresponds to the two leaflets of the
bilayer membrane, z,,; is the valence of the charged component
in the membrane, and oy represents the charge contribution
from the substrate. We will make the simplifying assumption
that all charges on the substrate and in the membrane can be
treated as though they were in a single plane, thus neglecting
any screening that occurs over the 1-nm layer of water
separating the membrane from the substrate. Again, this is
expected to be a reasonable approximation under low ionic
strength (bulk solution < 1 mM) working conditions.

Fig. 2 depicts calculated concentration profiles under vari-
ous circumstances illustrating the predicted effect of lateral
electrostatic repulsion between molecules in the membrane.
The top curve represents the case where electrostatic inter-
actions are ignored. The bottom curve was obtained by setting
oo = 0. This is the predicted concentration profile for a free
membrane with no screening from the substrate. The middle
two curves illustrate different treatments of the screening
effect provided by the substrate. In the second from the top,
the substrate is treated as contributing a constant surface
charge density, op = —0.25 C/m?, based on the charge density
expected on a silicon oxide surface at typical membrane
formation conditions (pH = 8.0, ionic strength = 50 mM) (18).
Experimentally, there is evidence suggesting that the substrate
is not at equilibrium with the bulk solution (9), implying that
oy can be approximated by a constant determined by the
conditions when the membrane was formed. Here we are
neglecting charge contributions from ions trapped in the 10 A
layer of water between the membrane and the support. This
omission has little consequence because the screening effect
from the substrate is not sensitive to the precise value of oy.
Because oy is relatively large, thus pushing the interface into
a regime where changes in charge density have a diminished
effect on the surface potential, that is the primary source of
screening. The third curve was generated by explicitly calcu-
lating oy as a function of ¢; and solving Eq. 18 numerically. For
this calculation it was assumed that the silicon oxide surface is
at equilibrium with the bulk solution and that the membrane’s
effect is simply to contribute charge density to the interface. In
this case, oy is given by

KaUT
= Ka + [H+]e*ed1/kBT7

o [21]

1
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F1G. 2. Calculated concentration profiles illustrating the effect of
lateral electrostatic interactions within the membrane. Three distri-
butions of substrate charge, o, are shown together with the case where
electrostatic interactions between molecules are neglected. These
curves were generated for a binary mixture of equally sized molecules
where one carries a net charge of —1. There is a barrier at the zero
position, and this is the anode side of the region. The net force per
molecule is 8.9 X 10717 N, which is comparable to forces realized
experimentally. All profiles were normalized to contain the same
amount of lipid.
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where o7 is the density of chargeable groups on the substrate,
K, is their solution equilibrium constant, and [H "] is the proton
concentration. For the membranes studied here, it is expected
that the op = —0.25 C/m? calculation is the most applicable
because of the apparent tendency of the supported bilayer to
isolate the substrate from the bulk solution, thus fixing the
surface charge density to that at the time of membrane
formation.

RESULTS AND DISCUSSION

A typical electric field-induced molecular reorganization of a
supported bilayer is depicted in Fig. 3. Three corrals of
different sizes are seen in these images separated by scratch
boundaries. Micropatterned substrates could be used to par-
tition the membrane into more precisely defined arrays of
corrals but the scratch remains a simple and effective method.
Fig. 34 is an image of the membrane before application of the
field. The corrals are all of uniform composition consisting of

A

E=0

Area Fraction
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100 200 300 400 500 600 700 800
Position (Lm)

Fic. 3. (A) Epifluorescence image of several corrals of fluid
membrane separated by scratch boundaries. The membrane is of
uniform composition in the absence of an electric field. Fluorescence
is from 1 mol% of N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium salt doped into
this egg-PC (90%) and DOPS (9%) membrane. (B) Epifluorescence
image of a steady-state molecular reorganization induced by an
applied field of 25 V/cm. The negatively charged components have
built up concentration gradients toward the anode. A trace of the
fluorescence intensity across the image is depicted below with the
scratch boundaries marked with gray bars. The concentration profiles
can be observed to a greater extent in the larger corrals.
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egg-PC, DOPS, and the fluorescent probe N-(Texas Red
sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethano-
lamine, triethylammonium salt in a 90:9:1 ratio. The Texas Red
and the DOPS both carry a net negative charge whereas the
egg-PC is neutral. When the field is turned on the charged
components drift within the membrane and eventually reach
an equilibrium distribution such as that shown in Fig. 3B.
Equilibrium profiles generally are reached within 1 hr for field
strengths of 10-30 V/cm and corrals up to 350 um in length.
The membrane in this configuration is still completely fluid
and remains sensitive to changes in the field. The profile
becomes steeper when the field is increased and shallower
when it is decreased. The field can be reversed, causing the
profile to reverse, or it can be turned off, allowing the
membrane to relax back to uniformity by diffusive mixing.

Image analysis can be used to trace the fluorescence inten-
sity of the probe, plotted in the lower panel of Fig. 3B, allowing
quantitation of the concentration profile. In the far right corral
an exponential profile is observed, consistent with the dilute-
limit approximation described earlier. In the larger corrals,
more of the profile is visible and saturation effects become
noticeable. Note the shape of the profile against the left
boundary of the larger corrals. It is an important feature of
these experiments that the length of a corral, along with the
average concentration, determines the maximum concentra-
tion and thus the extent of the profile observed. The functional
form of the profile, however, is independent of corral size. It
is determined entirely by the microscopic balance between
forces acting on the molecules and thermal energy.

The accuracy of the thermodynamic model to describe the
concentration profile was tested on a membranes containing
egg-PC, DOPS, and NBD-PE in an 85:14:1 ratio. NBD-PE was
chosen as the fluorescent probe based on its similarity in size
and charge to DOPS so that the resulting mixture would
behave as a quasi two-component system. Fluorescence from
the NBD-PE can be used to quantitate the concentration
profile. Because it is only a small fraction of the negatively
charged lipid, fluorescence self-quenching is not a significant
problem. Measurements on membrane standards containing
known concentrations of NBD-PE confirm a linear relation-
ship between fluorescence intensity and NBD-PE concentra-
tion up to 6.5 mol%. Probe concentrations remain in this range
for quasi two-component systems where the probe is 1/15 or
less of the negative lipid.

Quantitative analysis of a concentration profile along with a
theoretical fit to the data is illustrated in Fig. 4. The theoretical
curve was generated from Eq. 18 and includes electrostatic
interactions within the membrane. The substrate was assumed
to have a constant surface charge density of —0.25 C/m?, and
the two components were assigned the same molecular area
(60 A2). All other parameters in Eq. 18 are known except the
differential force (f; — f»), which was obtained from the fit
procedure. The net force acting on the charged component was
found to be 8.9 + 0.4 X 1077 N per molecule, which is
consistent with the applied field strength of 10-15 V/cm and
a typical amount of electroosmotic drag (15). The total area
fraction of negatively charged lipid in this profile is 13%, which
is in relatively good agreement with the 15 mol% initial
condition. The difference may be because of some leakage into
the scratch region, discrepancy in the molecular area occupied
by the various components in the membrane, or variation in the
lipid composition during the vesicle preparation. Fig. 4B is a
close-up view of the transition region of the profile, illustrating
its shape and extension of the calculated curve beyond the
boundary.

An interesting and potentially useful prediction of this
model is that clustering of molecules in the membrane will
have an observable effect on the shape of the concentration
profile. Calculations presented in Fig. 54 demonstrate this
effect for a membrane consisting of the same area fraction of
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Fi1G. 4. (A) Epifluorescence image of a concentration profile in a
membrane containing egg-PC, DOPS, and NBD-PE in an 85:14:1 mol
ratio. This system is expected to behave like a two-component system
because of the similarity in size and charge of NBD-PE and DOPS. A
fluorescence intensity trace across the region is shown below with the
location of the scratch boundaries marked with gray bars. A theoretical
fit to the data (Eq. 18) is drawn with a solid line. A net force of 8.9 =
0.4 X 10717 N per molecule is predicted, which is consistent with the
applied field strength of 10-15 V/cm. (B) Close-up view of the
transition region of the profile illustrating its shape and extension of
the calculated curve beyond the boundary.

charged molecules organized as monomers, dimers, or large
clusters. It can be seen that progressively steeper profiles are
predicted for the dimerized and clustered arrangement of the
molecules. The primary reason for this effect is that the applied
force on each particle scales linearly with size whereas the
balancing force originates from thermal energy and is less
strongly dependent on size, especially at lower concentrations.
More subtle differences resulting from pressure as well as
entropic effects become noticeable for large clusters. These
forces create a distinctive asymmetry in the concentration
profile of a binary system with unequal sized components,
which could be used to extract their size ratio.

Qualitative agreement with the predicted effect of clustering
can be found by comparing the egg-PC/DOPS/NBD-PE
membrane described above to an egg-PC/cardiolipin/
NBD-PE (85:7:1) membrane. Cardiolipin carries a net charge
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FiGg. 5. (A) Calculations illustrating the effect of molecular

clustering on the concentration profile for membranes consisting of
the same area fraction of charged molecules organized as monomers,
dimers, or clusters of 10. The monomer was taken to have the same
molecular area as the other component and a charge of —1. The net
force per monomer was set to 8.9 X 10717 N. In addition to becoming
steeper with more clustering, the profiles show a greater asymmetry
resulting from pressure and entropic effects. (B) Observed concen-
tration profiles in egg-PC/DOPS/NBD-PE (85:14:1) and egg-PC/
cardiolipin/NBD-PE (85:7:1) membranes under similar experimental
conditions. The three solid lines are the same calculated curves shown
in A. The steeper profile seen with the cardiolipin (approximating a
dimer of DOPS molecules) is in agreement with the calculated profile
for a dimer of DOPS molecules.

of —2 and has four hydrophobic tail groups; it is a reasonable
approximation to a dimer of DOPS molecules. The two
membranes mentioned have the same area fraction (15%) of
charged lipid, but in the case of cardiolipin, the charged
component is organized in dimers (each cardiolipin molecule
resembling a dimer of DOPS molecules). Fig. 5B illustrates the
measured difference in the shape of the concentration profiles
for these two systems. Observed cardiolipin profiles were
always steeper than DOPS profiles under similar conditions.
This comparison is only qualitative because we are not directly
observing the cardiolipin concentration profile. The observed
fluorescence is from the NBD-PE probe, which is different
from cardiolipin, and thus will not exactly trace the cardiolipin
profile. An estimate of the cardiolipin concentration was
obtained from the probe profile by normalizing the apparent
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plateau to 1. A full quantitative analysis requires the system be
treated as a genuine three-component system.

The theoretical model described here assumes the mem-
brane is in a homogeneous phase. That it accurately describes
the observed concentration profiles confirms that the mem-
branes examined are comprised of only a single thermody-
namic phase. Preliminary calculations indicate that application
of a field to a phase-separated membrane would produce a
concentration profile with a discontinuity at the boundary of
the two phases. Although no phase separation was observed,
we have noted evidence of critical mixing effects on the
concentration profile in egg-PC/cardiolipin/NBD-PE mem-
branes.

Recent advances have substantially increased the ease and
precision with which supported bilayers can be partitioned into
pm-size corrals of isolated fluid membrane. These micropar-
titioned membranes are well suited to steady-state electric
field-induced molecular reorganization experiments. The ther-
modynamic model presented here provides a framework for
interpretation of the resulting concentration profiles, yielding
insights into molecular organization within bilayer mem-
branes.
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