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ABSTRACT Transmembrane signaling implies that peripheral protein binding to one leaflet be detected by the opposite leaflet.
Therefore, protein recruitment into preexisting cholesterol and sphingolipid rich platforms may be required. However, no clear
molecular picture has evolved about how these rafts in both leaflets are connected. By using planar lipid bilayers, we show
that the peripheral binding of a charged molecule (poly-lysine, PLL) is detected at the other side of the bilayer without involvement
of raft lipids. The diffusion coefficient, DP, of PLL differed by a factor of O2 when PLL absorbed to one or to both leaflets of planar
membranes. Fluorescence correlation spectroscopy showed that the changes of the lipid diffusion coefficient, DM, were even
more pronounced. Although DM remained larger than DP on PLL binding to the first membrane leaflet, DM dropped to DP on
PLL binding to both leaflets, which indicated that the lipids sandwiched between two PLL molecules had formed a nanodomain.
Due to its small area of ~20 nm2 membrane electrostriction or leaflet interaction at bilayer midplane can only make a small contri-
bution to interleaflet coupling. The tendency of the system to maximize the area where the membrane is free to undulate seems to
be more important. As a spot with increased bending stiffness, the PLL bound patch in one leaflet attracts a stiffening additive on
the other leaflet. That is to say, instead of suppressing undulations in two spots, two opposing PLL molecules migrate along
a membrane at matching positions and suppress these undulations in a single spot. The gain in undulation energy is larger
than the energy required for the alignment of two small PLL domains in opposite leafs and their coordinated diffusion. We
propose that this type of mechanical interaction between two membrane separated ligands generally contributes to transmem-
brane signaling.
INTRODUCTION

In morphologically polarized cells, lipids and lipid-anchored

proteins are differentially presented on the apical and basolat-

eral membranes. The cytoplasmic cell-sorting machinery can

obviously recognize these molecules, even though they are on

the inner surface of trafficking vesicles (1). Long- and short-

range ordering of lipids and proteins in the lateral dimension

play a crucial role in this process (2). Small, heterogeneous,

highly dynamic, sterol- and sphingolipid-enriched domains

are formed, called membrane rafts (3). Any coupling between

rafts in opposing biological membranes involves domains

that differ in size and stability in the inner and outer mono-

layers (4). Lipid recruitment into so-called lipid shells

surrounding integral proteins (5) may contribute to interleaf-

let coupling. Several protein-independent coupling mecha-

nisms were also proposed like interdigitation of acyl chains

(6), and high frequency interchange of cholesterol between

leafs (7). However, interdigitation is so weak that it seems

unable to affect translational diffusion of lipids in liquid crys-

talline bilayers (8). Moreover, interdigitation of lipids whose

two chains have significantly different lengths appears to be

obliterated by the presence of cholesterol (9). Cholesterol

flow from the leaflet of higher concentration to the second

leaflet may provide an explanation, as the accompanying

change in packing density will lead to a larger lateral pressure
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in the second leaflet and a lower pressure in the first leaflet. As

a result, phase shifts may occur in both leafs. But if the chem-

ical potentials of cholesterol in the two leaflets are identical,

the molecular coupling mechanism is not so clear (10). More-

over, interleaflet coupling seems to be possible even in the

absence of rafts. For example, cholesterol-free domains in

model membranes also appear to be coupled (11,12).

It was proposed recently that acyl chains of the ordered and

disordered membrane layers interact at the midplane of the

bilayer via overhang, i.e., the contact of two different liquids

at the midplane of a bilayer incurs a free energy penalty over

the state without overhang. The associated interfacial energy

that scales with the contact area was assumed to be large

enough to not only bring preexisting domains of the two leafs

into alignment, but also to perturb the compositions of those

domains and to change the equilibrium phase behavior of the

system (10). The theory is supported by the observation that

lipid mixtures can be tuned to induce or suppress macro-

scopic domains across leaflets of unsupported asymmetric

bilayers (13). However, experimental evidence is missing

to confirm that midplane interaction energy is physiologically

relevant for the much smaller domains often found in biolog-

ical membranes. Furthermore, the midplane coupling does

not provide a clear molecular picture of how the attachment

of peripheral proteins to one leaflet is sensed at the opposite

leaflet, i.e., how transmembrane signaling may occur in this

case. Although protein or peptide binding is likely to expel

interfacial water and ions and may, thus, increase lipid
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ordering (14), little is known about the resulting midplane

tension. For midplane tension to occur, we have to hypothe-

size that the order parameter of the acyl chains in the middle

of the bilayer increases as is the case in the presence of choles-

terol and sphingomyelin.

More compelling is the hypothesis that transmembrane

signal transduction is a direct result of electrostatic interac-

tions. As a starting point, the electrostatic attraction between

highly charged proteinaceous residues and lipids recruits

acidic lipids into nanodomains in the leaflet adjacent to the

peripheral protein (15). However, a mechanistic explanation

of how the matching nanodomain is formed in the opposing

monolayer is not available. Direct electrostatic interactions

across charged bilayers were ruled out between peripheral

proteins under physiological salt concentrations (16). The

large drop in the dielectric constant across a lipid bilayer

diminishes the electrostatic coupling between charged leaflets

or charged macro ions adsorbed to them.

We test three additional concepts; one attributes an increase

in membrane tension to the electric field imposed by a periph-

eral protein, the second is based on an increase in tension

generated by membrane curvature, and the third considers

the suppression of membrane undulations by ligand binding.

MATERIALS AND METHODS

Lipid bilayers

Both dry and solvent-containing horizontal model membranes were formed

from diphytanoyl phosphatidylcholine and diphytanoyl phosphatidylserine

(DPhPS) (Avanti Polar Lipids, Alabaster, AL). Solvent-containing

membranes (17) were spread from a lipid solution in n-decane across a circular

aperture (40–150 mm) in a polytetrafluoroethylene (PTFE) septum, which

separated two aqueous phases of a PTFE chamber. Membrane thinning was

observed optically and electrically, via the determination of membrane capac-

itance. Therefore, chlorinated silver electrodes were immersed into the buffer

solutions. A sine input wave was generated by a function generator (model

33120A; Agilent, Santa Clara, CA). The output signal was amplified by

a current to voltage converter (model VA-10; NPI, Tamm, Germany) and re-

corded by an oscilloscope (model TDS 210; Tektronix, Beaverton, OR). The

specific capacitance of the solvent-free and the dry membranes was equal to

(0.85 � 0.06) mF/cm2 and (0.5 � 0.05) mF/cm2, respectively.

The so-called dry membranes were folded from lipid monolayers that

were spread on top of the aqueous solutions (18). Therefore, the aperture

(diameter of 40–150 mm) of the PTFE septum dividing both solutions was

immersed below the air-water interface so that both monolayers combined

spontaneously (19). All PTFE septa were pretreated with a hexadecane/

hexane mixture at the volume ratio of 1:199.

Fluorescence correlation spectroscopy

To visualize lipid diffusion, the membranes contained 0.01 weight % of

rhodamine labeled phosphatidylethanolamine (RhPE, Avanti Polar Lipids).

Polymer diffusion was monitored by adding a rhodamine label to PLL

(PLL-Rh, synthesized by Dr. N. S. Melik-Nubarov, Moscow State Univer-

sity, by conjugation of TRITS with PLL, molecular weight, 3000, ~5% of

lysine residues were labeled with rhodamine). Unlabeled PLL was added in

60-fold excess. For calibration experiments the dye Rhodamine 6G (Invitro-

gen, San Diego, CA) was used.

We used fluorescence correlation spectroscopy (FCS) to determine the

two dimensional diffusion coefficients, DP and DM, of PLL and domains
Biophysical Journal 96(7) 2689–2695
of membrane lipids, respectively (11). In brief, the average residence time

tD of single fluorescent molecules in the focus area (radius u z 0.16 mm)

was derived from the autocorrelation function G(t) of the fluorescence

temporal signal. An additional micromanipulator (model PatchMan NP2,

Eppendorf, Hamburg, Germany) was attached to the LSM 510 META

ConfoCor 3 (Carl Zeiss Jena, Jena, Germany). A water drop formed the

connection between the objective of the microscope and the coverslip, which

provided the bottom of the measurement chamber. The lower Teflon-chamber

was placed on the stage of the microscope whereas the upper chamber was

fixed on the PatchMan to position the membrane exactly in the focus.

DM and DP were determined as u2/4tD with an absolute accuracy of ~20%

(20). For the scope of the current work, only relative changes of DM and DP

are important, and these were determined with much higher precision.

RESULTS

DM, of labeled lipids (RhPE, 0.01 weight %) was equal to

8.1 � 0.4 mm2/s (Fig. 1 A). It was the same whether the free

standing planar bilayers were folded (18) from diphytanoyl

phosphatidyl serine (DPhPS) monolayers on top of the

aqueous solutions or painted (17) using DPhPS dissolved in

decane (Table 1). The increased compressibility probably

compensates for the increase in thickness of the painted

membranes. DM in giant vesicles is similar (20).

Adsorbing to the lipid bilayer, PLL induces domain

formation when the lipid is below its phase transition temper-

ature (21,22) and increases acyl chain order above the phase

transition temperature (14). In both cases, a decrease in DM is
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FIGURE 1 Two-dimensional (A) lipid and (B) polymer diffusion. Free

standing planar bilayers were folded from DPhPS monolayers or painted

using DPhPS dissolved in decane (B). Unilateral addition of 1.4 mM PLL

(N ¼ 126) increased tD of dioleoyl-rhodamine-phosphatidyl-ethanolamine

(Rh-PE, 0.01%) from 762 � 38 (1) to 1469 � 73 ms (4). Bilateral addition

increased tD to 3188� 159 ms (3). PLL with N¼ 20 (2) had a smaller effect

(1996 � 100 ms). tD of poly-lysine (N ¼ 126, 5% of PLL were labeled with

rhodamine) was, respectively, equal to 2688� 134 (5) and 4071� 204 ms (6)

on unilateral and bilateral additions. Going from 0.025 to 1 M KCl (7)

decreased tD to 828� 41 ms. Substitution of DPhPS for neutral phosphatidyl

choline showed tD ¼584 � 29 ms in case of bilateral presence of PLL in

25 mM KCl (8). The buffer was 10 mM HEPES and 0.1 mM EDTA (pH 7.0).
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expected. Accordingly, addition of PLL to both sides of the

membrane resulted in a decrease of DM (Fig. 1). The electro-

static nature of PLL binding was shown i), by the recovery of

the fast diffusion coefficients of lipid monomers, DM,1 after

shielding of surface potential, or ii), by short tD of PLL when

charged lipids were substituted for neutral lipids (Fig. 1 B).

A charge stoichiometry of two lysine residues per charged

lipid was reported for small lysine peptides (23). This stoichi-

ometry results from geometric requirements as the distance

between individual phospholipid headgroups is ~8 Å

whereas, even for a fully extended peptide chain, the distance

between adjacent residues is only 3.8 Å. Consequently, the

radius RD of the area in which DM decreases should match

the radius of the interacting PLL. That is, DM is anticipated

to depend on PLL size according to (24):

DM ¼ ðkBTlÞ=ð4pmmhRDÞ; (1)

where mm, h, and l respectively denote membrane viscosity,

bilayer thickness, and correlation length. By simplifying Eq.

1, we determined RD from measurements of tD:

RD=RL ¼ DM;1=DM ¼ tD=tM;1; (2)

where RL¼ 5 Å and tM,1 are the radius of a lipid molecule and

its residence time in the focus, respectively. This approach

implies that l is invariant and that those molecules spanning

only one or both leaflets have equal mobility. The latter

assumption contrasts with multi-bilayer experiments suggest-

ing a one-third smaller diffusion coefficient DL for membrane

spanning molecules (25), but is justified by more recent

experiments (24). For monomeric lysine, DM was expected

to be the same as in control experiments carried out in its

absence. In line with these anticipations, our FCS measure-

ments showed that DM was equal to DM,1. In contrast, penta-

lysine may bind two or three lipids at once. The resulting RD

of ~7–8 Å should lead to DM¼ 0.6 DM,1, which was observed

experimentally (Table 1). For the PLL N ¼ 20, the measured

residence time corresponds to an RD of 13 Å. This value coin-

cides with the predicted radius (Eq. 1) if it is assumed that

every second lysine residue interacts with a lipid molecule.

For the larger PLL with N¼ 126 the extended surface config-

TABLE 1 Effect of PLL length on the residence time tD of

Rh-PE

Number N tD (ms) DM (mm2/s)

1 Control 0 777 � 39 8.1 � 0.4

2 L-lysine 1 735 � 37 8.5 � 0.4

3 Pentalysine 5 1176 � 59 5.4 � 0.3

4 PLL 20 1870 � 94 3.4 � 0.2

5 PLL (unilateral) 126 1763 � 88 3.6 � 0.2

6 þPLL (bilateral) 126 3576 � 179 1.8 � 0.1

7 þ1 M KCl 126 1278 � 64 4.9 � 0.2

Except number 5, PLL was present in both compartments. Numbers 5–7

denote subsequent additions. The conditions were as noted in Fig. 1.

PLL, poly-lysine; tD, residence time in the focus; Rh-PE, rhodamine labeled

phosphatidylethanolamine; N, number of lysine units; DM, lipid diffusion

coefficient.
uration is very unlikely, and thus, a binding stoichiometry of

4.6 lysine residues per lipid has to be assumed (23). Accord-

ing to Eq. 1 this would correspond to a RD of 25 Å that is only

slightly larger than the measured value of 21–23 Å. The small

discrepancy may originate from the fact that for RD> 20Å the

Saffman-Delbrück equation should be used (24).

The observed effect of PLL molecules on DM suggests that

PLL molecules are so tightly bound to the lipids that both

species (PLL and lipids) have the same diffusion coefficient.

But in a contrasting report, peptide and lipid diffusion coeffi-

cients were found to be independent of each other. Small

charged peptides, which were added to giant vesicles,

‘‘skated’’ over the lipids (26). There were two main differ-

ences between these vesicle experiments and our planar exper-

iment: i), the sidedness of peptide addition, and ii), the peptide

concentration. Although present on both sides in our experi-

ments, the peptides adsorbed to only one leaflet in the vesicle

experiments. Therefore, we hypothesized that DP depended

on the sidedness of PLL addition. Measurements of the resi-

dence time of labeled PLL molecules confirmed the prediction

(Fig. 1, Table 1). When bound to one leaf, DP was equal to

2.3 mm2/s. Thus, its value was O2 larger than DP (1.5 mm2/s)

observed after PLL (PLL with N¼ 126) binding to both leafs.

It should be noted that both values were measured at saturating

PLL concentrations, whereas peptide skating along vesicles

was measured at low concentrations (26). Because FCS is

a single molecule technique, the amount of unlabeled PLL

exceeded the amount of labeled polymer.

In our experiments both DP and DM (not shown) decreased

with increasing PLL concentrations. A similar concentration

dependence has been observed before in case of nucleic

acid adsorption to positively charged membranes. It was ex-

plained by the observation that the concentration increase

results in the transformation of the extended polymer confor-

mation into a condensed conformation (27). This transforma-

tion, in turn, was accompanied by an increase in surface

charge density and stronger binding to the lipid. The polymer

diffusion coefficient scaled with the square root of molecular

weight (27). Consequently, the O2 fold decline in DP observed

for bilateral addition indicates coordinated PLL migration

along opposing leafs. Under these conditions, i.e., when

bound in saturating concentrations to both leafs, we observed

DM z DP that indicates the formation of stable nanodomains

that extend over both leaflets.

DISCUSSION

We have shown that two PLL molecules may migrate along

opposing leafs like one molecule with doubled molecular

mass. Once two PLL attached domains are aligned with

each other, the exchange of lipids from inside this PLL sand-

wich with lipids outside the cluster is delayed so that the

velocities of lipid and PLL diffusion match each other. The

proof of these criteria indicates that interleaflet domain

coupling takes place.
Biophysical Journal 96(7) 2689–2695
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The loss in entropy that accompanies the coupled PLL

diffusion somehow has to be compensated. Most compelling

is the hypothesis that electrostatic interactions provide the

gain in energy. However, direct electrostatic interactions

across charged bilayers were ruled out between peripheral

proteins under physiological salt concentrations (16). The

large drop in the dielectric constant across a lipid bilayer

diminishes the electrostatic coupling between charged leaf-

lets or charged macro ions adsorbed to them. Nevertheless,

the electrostatic attraction between highly charged proteina-

ceous residues and lipids recruits acidic lipids into nanodo-

mains in the leaflet adjacent to the peripheral protein (15).

Assuming that only every second lysine residue binds to

a lipid molecule (21), we arrive at a density of one positive

charge per lipid molecule in the PLL facing lipid and one

negative charge per lipid in the opposing leaflet (DPhPS).

According to the Gouy Chapman theory, this charge density

gives rise to a surface potential, J, of about þ150 mV and

�150 mV for the two interfaces in 25 mM KCl, respectively.

The resulting difference in surface potentials, DJ¼ 300 mV,

gives rise to an electrostriction of the bilayer (Fig. 2 A). If the

membrane remains flat during thinning, such that there is no

increase in free energy from bending, then the isothermal
Biophysical Journal 96(7) 2689–2695
work is equal to the change in Helmholtz free energy of

compression (28):

DF ¼ 1=2330

�
DJ=he

�2
ADh; (3)

where 30 is the permittivity and 3 is the relative dielectric

constant for the membrane. A, he, and Dh are, respectively,

the thinned area of the membrane, the dielectric (hydro-

carbon) thickness and the decrease in total bilayer thickness.

For he ¼ 3 nm, 3 ¼ 2.3, Dh ¼ 0.2 nm, and A ¼ 20 nm2, we

calculate a DF of ~4 � 10�22 J. DF is, thus, an order of

magnitude smaller than the thermal energy. Consequently,

its release cannot account for interleaflet coupling. We

conclude that electrostriction does not provide enough inter-

action energy to dominate thermal noise. Depending on

membrane potential, it may gain physiological importance

for larger domains.

So far we have assumed that the membrane stays flat

during binding of peripheral molecules. This assumption is

in contrast with previous reports about membrane curvature

induced by PLL (21,29,30). On binding, PLL immobilizes

water molecules in the restricted volume between the bilayer

surface and the bound PLL (14). As a result the distance
A 

C 

B 

FIGURE 2 Mechanisms of domain formation. (A) Elec-

trostriction. (a) Adsorption of a positively charged PLL

molecule to only one leaflet generates a local asymmetry

of membrane surface potential. The resulting difference

in membrane surface potential Dc gives rise to electrostric-

tion. (b) The mechanical stress is released on registration of

the two PLL bound spots. Due to the small spot size the

Helmholtz free energy of compression is too small to domi-

nate thermal noise. (B) Stretching of bent lipids. (a) Elec-

trostatic binding of a charged peptide (PLL) to the lipid

bilayer induces membrane bending. In its condensed

configuration the peptide has a disk-like shape with radius

RD. On binding, PLL reduces the distance between the lipid

headgroups in an area Sl. The cross-sectional area S0 of the

respective lipids at the midplain remains unchanged. As

a result, the bilayer is bent with a negative curvature of

radius r. hu and hl denote the thicknesses of the upper

and lower leaflets. If the lipids in the two leafs do not

slip relative to each other, the membrane patch in the upper

leaf is expanded to Su. The cross sections of Su and S0 are

indicated as Lu and L, respectively. (b) Complete registra-

tion of two spots releases the energy required for dilatation

of the upper layer Ed. However, binding of a second PLL to

the positively curved zone right opposite from first one is

particularly unfavorable. (g) The second PLL will be at-

tracted to a position right beside the footprint of the first

PLL bound to the other leaflet. (d) In this case more than

two PLLs are involved, forming interlaced arrays on the

two leaflets. The large screening (Debye) length of

1.9 nm leads to electrostatic repulsion and restricts the

number of PLL molecules to one per domain and leaflet.

However, the large penalty for stretching the lipids in the upper leaf (resulting from the nonslip assumption) cannot be explained by bilayer midplane coupling.

(C) Undulations. (a) The membrane undulates so that a spot of increased bending stiffness on one side should suppress undulations and (b) thus attract a

stiffening additive on the other leaflet. (g) If it is assumed that PLL induces membrane bending complete registration does not occur. The second PLL

will be attracted to a position right beside the footprint of the first PLL bound to the other leaflet. Nevertheless, the gain in undulation energy is large enough

to dominate thermal noise.
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between the lipid headgroups decreases and, due to the

invariance of membrane volume, the thickness of the bilayer

increases (<10%). However, the ordering PLL effect (14) is

unlikely to extend to the midplane of the bilayer, so that the

cross-sectional area of the acyl chains at the midplain

remains unchanged. As a result, the cylindrical lipids trans-

form into cone-shaped molecules that, in turn, give rise to

negative bilayer curvature with radius r (Fig. 2 B).

Whereas the former leaf bends spontaneously, the disor-

dered leaf is forced to bend. Assuming that the area occupied

by the polymer is equal to the curved area of lower

membrane surface Sl, we denote the unconstrained surface

at the midplane with S0 and the upper surface with Su. r is

determined by Sl and S0 because all surface normal vectors

meet at the central angle q (Fig. 2). Assuming that the bilayer

is incompressible, the change in monolayer thickness (Dhl)

induced by PLL binding transforms into an area change

according to:

Dh1=h1 ¼ ðS0 � S1Þ=S0: (4)

For Dhl ¼ 0.15 nm and RD ¼ 2.5 nm, S0 is calculated to be

equal 22 nm2. The equation for a circle sector:

r

r � hl

¼ L

2RD

(5)

returns r¼ 29 nm, where L¼ 5.3 nm denotes the diameter of

S0. Similarly, the diameter of the upper leaf LU is calculated to

be 5.6 nm assuming that it is hu¼ 1.38 nm thick. The bending

energy Eb of the upper layer is estimated according to:

Eb ¼
kb

2r2

pL2

4
; (6)

where kb is the bending rigidity of the disordered leaf. The

much smaller Gaussian rigidity is neglected. For model bila-

yers from dimyristoyl phosphatidylcholine, dioleoylphos-

phatidylcholine, or stearyl-oleyl phosphatidylcholine kb is

equal to 18 (31), 21 (32), or 23 kT (33). Assuming that our

diphytanoylphosphtatidyl choline membrane adopts an inter-

mediate value of about kb ~20 kT, we arrive at Eb ~0.3 kT.

Consequently, the release of bending energy cannot account

for domain formation.

However, if we assume that the upper and lower layers

cannot slip relative to each other, a change is introduced

into the area per lipid molecule in both layers. The energy

required for dilatation of the upper layer is calculated accord-

ing to:

Ed ¼
KA

2
ðSu � S0Þ: (7)

Assuming that the compression modulus KA is 0.19 J/m2

(33), we arrive at Ed ~2 � 10�19 J, which is ~50 times kT.

With ~167 kT the binding free energy of PLL is adequate

to drive this deformation. The value was estimated from

the observation that in 100 mM KCl every second basic
residue of a short peptide binds to lipids contributing thereby

~2 kcal/mol (34). Accordingly, we arrive at ~6 kT per

binding lysine residue in 25 mM KCl. With respect to the

altered stoichiometry of 4.6 lysine residues per lipid (23),

the binding free energy of one PLL molecule is calculated

to exceed Ed threefold.

Bending does not occur if two peripherally bound PLL

molecules are aligned, i.e., if the lipid bilayer is sandwiched

between two PLL molecules. Such an alignment would result

in the loss of entropy of migration. Because the accompa-

nying gain in Ed would be much larger, alignment would be

energetically favorable. However, a complete alignment is

very unlikely to occur. Because PLL binding induces nega-

tive curvature, binding of a second PLL to the positively

curved zone right opposite from a previously bound one

should be particularly unfavorable and avoided. Given that

the positive curved zone of the trans leaflet is surrounded

by a ring of negative curvature, the second PLL will be at-

tracted to a position right beside the ‘‘footprint’’ of the PLL

bound to the other leaflet. If the screening (Debye) length of

our medium was <1.9 nm, more than two PLLs could be

involved, forming interlaced arrays on the two leaflets.

Although electrostatic repulsion restricts the number of PLL

molecules to one per domain and leaflet, the partial release

of Ed remains large enough to drive domain formation.

The above calculation implies a nonslip condition to both

leaflets in the bent region. The lack of slippage may be due

to the invariance of the cross-sectional areas of the lipids in

the midplane of the membrane. Recent theoretical work has

identified that the match of the areal densities at membrane

midplane is energetically favorable, and that spatial area

changes in one leaflet are predicted to result in variations of

the areal density in the other leaflet (35). In line with these

considerations, midplane tension was postulated to be the

main player in coupling ordered domains in two opposing

leaflets (10). For the quantitative assessment of its energetic

contribution, their interfacial line tension was used as an indi-

cator. On average, the interfacial line tension of an ordered

domain is ~1–3.5 pN (36). Along with chain-chain interac-

tions, headgroup interactions and elastic mechanical defor-

mations also contribute to the interfacial line tension. Elastic

deformations are required to prevent the partial exposure of

the acyl chains to water that otherwise would be an immediate

consequence of the ordered phase being ~10% thicker than

the surrounding disordered region. They are calculated to

account for 1–2 pN (37,38). Because contributions from

deformations are missing at the midplane, and assuming

that the interaction between the acyl chains along the fatty

acids is not much different from the interactions at the mid-

plane (10), the midplane tension is unlikely to exceed 1.5 pN.

Taking into account that the contact area between ordered and

disordered phases extends over the whole thickness of the

lipid monolayer, i.e., over 2.5 nm, we arrive at a two dimen-

sional tension of ~0.6 pN/nm that at the midplane corresponds

to a free energy per unit area of 0.15 kT/nm2. Considering the
Biophysical Journal 96(7) 2689–2695
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area of the PLL molecules involved leads to the conclusion

that the energy of midplane coupling is much smaller than

Ed. Consequently, midplane tension cannot account for the

lack of slippage between both leaflets.

In the absence of the large penalty for stretching the bent

lipids, we are left with the rather small contribution from

midplane coupling. If two PLL bound membrane spots

register in opposing leaflets, these contributions would add

to ~3 kT. Even if we assume that registration is incomplete

due to membrane bending, this state would be significantly

populated in a statistical ensemble. However, it should be

pointed out that this estimate is very rough and that relatively

small changes in the underlying assumptions could affect it

very strongly.

Yet another explanation alternative to midplane coupling

may be provided if membrane undulations are considered.

A spot of increased bending stiffness on one membrane

leaflet should suppress undulations and thus attract a stiff-

ening additive on the other leaflet. Alignment of the two spots

in opposing leafs results in an incremental area A ¼ 20 nm2

that is free to undulate. The gain in free undulation energy

Eu can be assessed if Eu is assumed to be equal to the energy

required to inhibit these shape fluctuations by increasing

membrane tension. For cholesterol free membranes, it was

shown that reduction of membrane undulations accounts

for ~3% of area increase, whereas the area increase at higher

tension is due to a direct expansion in area per molecule (33):

Euz0:03KAA ¼ 1:14 � 10�19 J: (8)

Being equal to ~28 kT, Eu is certainly large enough to drive

domain formation. This conclusion holds also if we assume

that registration is only 20% complete due to membrane

bending, i.e., if due to the positive curvature in the first leaflet,

the PLL at the second leaflet will not adopt a matching

position but will be attracted to a position right beside the

footprint of the first PLL (compare Fig. 2 C).

The gain in Eu may not only drive the formation of a PLL-

bilayer-PLL sandwich but may also give rise to interleaflet

coupling if the negatively charged lipids are substituted for

negatively charged peptides of equal length. In case of nega-

tively charged gramicidin derivatives, sandwich formation

should lead to a stabilization of the conductive dimer. This

is exactly what has been observed in the experiment (39).

In contrast, the coupling mechanism observed for poly-

mers on supported bilayers is expected to be different. As

these bilayers are not free to undulate, midplane coupling

or electrostriction should work. Consequently, the amount

of lipid molecules involved has to be >50. In line with these

arguments, a slow mode of diffusion was observed for poly-

mers covering ~80 lipids on a solid supported bilayer (40).

We now conclude that the attraction between two spots of

increased bending stiffness on both sides of the bilayer may

serve as the driving force for interleaflet coupling as it

maximizes the free undulation energy. It is the most impor-

tant factor in maintaining small nanodomains. When size
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increases, midplane surface tension and electrostriction

may become increasingly important.
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