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ABSTRACT: The reason for the enormous lipid variety present in eukaryotic membranes remains largely
an enigma. We suggest that its role is to provide an on-off switch for a signaling event at the membrane
level. This is achieved through lipid-lipid interactions that convert membrane protein binding and
association events into very cooperative processes while maintaining reversibility. We have previously
shown [Hinderliter, A., at al. (2001)Biochemistry 40, 4181-4191] that thermodynamic linkage between
an intrinsic tendency for lipid demixing and a preferential interaction of a protein with a specific lipid
within the mixture leads to dramatic changes in lipid and protein domain formation. Here, we tested the
hypothesis that small alterations in lipid chemical structure alter the magnitude of the net interaction free
energy (ωAB) between unlike lipids in a predictable manner, and that even very small changes inωAB

lead to dramatic changes in bilayer organization when coupled with protein binding. We systematically
varied the chemical structure of phosphatidylcholine (PC), in mixtures with a fixed phosphatidylserine
(PS), by changing the PC acyl chain length and the degree of unsaturation, and examined domain formation
upon addition of a peripheral protein, the synaptotagmin I C2A motif. Experimental excimer/monomer
ratios (E/M) of pyrene-substituted lipids mimicking the PS were interpreted using Monte Carlo computer
simulations. E/M is larger if the PC melting temperature is lower, suggesting that domain formation is a
thermodynamic consequence of weak interactions between PC and PS. Consistent with our hypothesis,
only very small changes inωAB were required for prediction of large changes in lipid and protein domain
formation.

The membranes of eukaryotic organisms contain thousands
of different lipid species (1). However, despite decades of
work in cell membrane physiology and membrane biophysics
(2), the reason for this lipid variety remains essentially an
enigma (3, 4). The problem is to explain the need for
phospholipid species that vary only slightly, such as the
difference resulting from the addition of a double bond or a
methylene group to the acyl chains.

Yet when the behavior of lipid mixtures is studied, it is
found that small changes in the difference between lipid-
lipid interactions can lead to dramatic changes in the lateral
organization of the lipid bilayer (5, 6). The interaction energy
between two lipids, A and B, in a bilayer may be substantial,
but the net interaction energy (ωAB),1 defined by the
difference between an A-B interaction and the average of
A-A and B-B interactions [ωAB ) εAB - (εAA + εBB)/2],

may be very small in comparison. If the net interaction
energy is near zero, random mixing occurs. However, the
magnitude ofωAB is typically on the order of a few hundred
calories per mole (5, 7-12). These are small energies
compared tokT, offering an enormous plasticity in the
possibilities for lipid lateral distributions on the membrane,
which can be significantly varied by small structural changes
in one or more lipid species. Further, if proteins exhibit
preferential lipid interactions, then lipid clustering and
protein-membrane interactions will be strongly coupled
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1 Abbreviations: POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine; di-14:1PC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine;
di-16:1PC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; di-18:1PC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; di-18:2PC , 1,2-dipetro-
selinoyl-sn-glycero-3-phosphocholine; di-18:3PC, dilinolenoyl-sn-
glycero-3-phosphocholine; di-20:1PC, 1,2-dieicosenoyl-sn-glycero-3-
phosphocholine; di-20:4PC, 1,2-diarachidonoyl-sn-glycero-3-phospho-
choline; di-22:1PC, 1,2-dierucoyl-sn-glycero-3-phosphocholine; di-22:
6PC, 1,2-didocosahexenoyl-sn-glycero-3-phosphocholine; di-24:1PC,
1,2-dinervonoyl-sn-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoserine; Pyr-PG, 1-hexadecanoyl-2-(1-
pyrenedecanoyl)-sn-glycero-3-phosphoglycerol; NBD-DOPE,N-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine;
Tm, melting temperature;D, diffusion coefficient; E/M, excimer/
monomer ratio; (E/M)o, E/M in the absence of protein;ωAB, net unlike
nearest-neighbor interaction free energy;εij, interaction free energy
between lipidsi and j; ωP, preferential protein-PS interaction free
energy;∆G°, protein-lipid (PC) interaction free energy.
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thermodynamically. Thus, the possibility of achieving sensi-
tive modulation of lipid domain composition and size, and
associated protein compartmentalization on the membrane
surface, exists.

We have previously reported that a POPC/POPS lipid
mixture even in the fluid state exhibited an intrinsic tendency
to demix (5, 13). Moreover, addition of the synaptotagmin
I C2A motif would further drive the system to formation of
larger lipid clusters. The C2A motif of synaptotagmin I (14)
is a peripheral membrane binding protein with 128 amino
acid residues. The C2 motif is found in numerous proteins
involved in trafficking and signaling. The interaction between
C2 domains from different proteins (14-18) with the
membrane varies somewhat, but a common motif is a
hydrophobic face around which a few positively charged
amino acids are located. Because of this patch of basic
residues, C2A preferentially interacts with anionic lipids. The
binding of the synaptotagmin I C2A motif to lipid mem-
branes has recently been studied by measurement of the
relative positions of spin-label probes attached to the protein
(18). The increase in the level of domain formation upon
addition of C2A to PS/PC mixtures is a consequence of the
thermodynamic linkage of an intrinsic tendency for lipid
lateral heterogeneity with the preferential interaction of a
protein with the acidic lipid (PS) within the mixture. The
data upon which this conclusion was based were obtained
by monitoring the excimer/monomer ratio (E/M) of a pyrene-
labeled lipid and their interpretation using the results Monte
Carlo simulations of a two-state lipid model. These results
demonstrated that lipid and protein cluster average sizes are
highly correlated and that changes in the cluster size
distributions could be altered greatly by small changes in
the net lipid-lipid interaction energy,ωAB (5).

In this article, we move one step further. We test the
hypothesis that changes in the chemical structure of one lipid
in a binary pair will changeωAB, leading to changes in the
tendency of the lipid to cluster. Furthermore, because only
small changes inωAB are required for large changes in lipid
domain formation, small changes in lipid structure can, when
coupled to protein binding, lead to dramatic changes in
protein organization on the membrane surface. Lipid-lipid
interactions could be used to convert membrane protein
binding and association events into very cooperative pro-
cesses while maintaining reversibility. This is exactly what
is required for an on-off switch in a signaling event at the
membrane level.

In this work, we use lipid chain length and degree of
unsaturation as a means of changing the net lipid-lipid
interaction energy and investigate its consequences for
domain formation in the absence and presence of an
externally added peripheral membrane protein. We use binary
mixtures containing as the minor component (16 mol %) the
acidic lipid 1-palmitoyl-2-oleoylphosphatidylserine (POPS
or 16:0,18:1PS) and as the major component a phospha-
tidylcholine (PC) for which the acyl chains are varied in the
following homologous series: di-14:1PC, di-16:1PC, di-18:
1PC, di-20:1PC, di-22:1PC, and di-24:1PC. Also tested was
our reference, 16:0,18:1PC (POPC), and a series in which
the degree of unsaturation is varied: di-18:2PC, di-18:3PC,
di-20:4PC, and di-22:6PC. All these lipids, with the possible
exception of di-24:1PC, are in the fluid state at room
temperature. In these mixtures, a small amount (4 mol %)

of a phosphatidylglycerol labeled with a pyrene fluorophore
on thesn-1 acyl chain (Pyr-PG) is included for monitoring
domain formation through an increase in the pyrene excimer/
monomer emission ratio. This acidic lipid probe has previ-
ously been shown to be a close mimic of the POPS behavior;
namely, it appears to cocluster with PS (5). This conclusion
was based on the observation that only a single set of values
for the thermodynamic parameters∆G°, ωP, andωAB used
in the simulations was necessary to reproduce the experi-
mental protein binding data and E/M curves as a function
of protein concentration obtained with bilayers containing
from 5 to 40 mol % PS. If the PG probe were not a good
mimic of the PS lipid, then a single set of parameter values
would not be sufficient to adequately reproduce the experi-
mental data.

It has been suggested that one of the mechanisms leading
to lateral domain formation is the mismatch between the
hydrophobic lengths of lipids and integral membrane proteins
(19-31). The same concept applies to the mismatch of two
lipids with acyl chains of different lengths (32). If the lipids
are aligned on the bilayer surface, a length mismatch results
at the bilayer midplane (or vice versa). According to the
hydrophobic mismatch concept,ωAB should vary monotoni-
cally with the difference in acyl chain between two phos-
pholipids in a binary lipid mixture. Thus,ωAB should be large
for the shorter lipids (di-14:1PC), reach a minimum at POPC,
and increase again beyond that as the PC acyl chains become
longer. We come to the conclusion that although hydrophobic
mismatch may provide an important contribution toωAB, it
is not the only factor. Rather, it appears that it is the strength
of the van der Waals interactions established by the PC that
determines the value ofωAB.

MATERIALS AND METHODS

Materials.All lipids and NBD-DOPE were from Avanti
Polar Lipids, Inc. (Birmingham, AL). The pyrene-acyl chain-
labeled phospholipid, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-
sn-glycero-3-phosphoglycerol, ammonium salt (Pyr-PG or
16:0,10-Pyr-PG), was from Molecular Probes, Inc. (Eugene,
OR). All were greater than 99% pure as determined by thin-
layer chromatography (TLC). All other reagents were as
described in ref5.

Preparation of Solutions.Water was doubly distilled
through glass. The primary standard phosphate solution in
water was prepared from an analytical concentrate (J. T.
Baker, Inc., Bricktown, NJ). The concentration of phospho-
lipid stock solutions in chloroform was periodically deter-
mined by phosphorus analysis (as described in ref5). All
lipid stock solutions were stored in the dark, under an argon
atmosphere, at-72 °C. All buffers used in fluorescence
spectroscopy studies were decalcified by passing the 2×
buffer, 4 mM MOPS, and 200 mM KCl (pH 7.5) over a
Chelex column before dilution with ddH2O. The terbium
chloride hexahydrate, a stable hydrate, was prepared gravi-
metrically using a Mettler balance and hydrated in decalcified
buffer (Molecular Probes, Inc.). The lyophilized protein was
also prepared gravimetrically, and a Bradford assay con-
firmed the concentration.

Expression and Purification of Recombinant Proteins.
Recombinant proteins were purified by glutathione-agarose
affinity essentially as documented in ref5. A pGEX-KG
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plasmid encoding glutathioneS-transferase in frame with the
C2 motif nearest the transmembrane sequence of rat synap-
totagmin I was transformed into the AB1899 strain of
Escherichia coli. The purified C2 motif was exhaustively
dialyzed against 0.5 mM ammonium bicarbonate (pH 7.5)
and lyophilized. The lyophilized protein was hydrated in
decalcified 2 mM MOPS and 100 mM KCl (pH 7.5).

Preparation of Large Unilamellar Vesicles (LUV).Mix-
tures of PC and PS were prepared by aliquotting stock
solutions of lipid in chloroform into borosilicate culture tubes
using gastight syringes (Hamilton Co., Reno, NV). Samples
were dried to a thin film under a gentle stream of argon and
dried briefly under a vacuum of less than 20 mTorr before
being lyophilized from a benzene/methanol mixture (19:1,
v/v) or left on the vacuum line overnight. Lipid was hydrated
in the dark above its gel-fluid phase transition temperature
with 2 mM MOPS and 100 mM KCl (pH 7.5) under argon.
LUV were prepared by extruding 200µL of a 4 mM
multilamellar vesicle (MLV) dispersion through a 0.1 um
pore size polycarbonate filter (Costar Scientific Corp.,
Cambridge, MA) 31 times using a hand-held extruder (Avanti
Polar Lipids, Inc.). The dispersion was maintained above its
gel-fluid phase transition temperature throughout the extru-
sion process. LUV containing the fluorescence probe were
used within 48 h of preparation. All other lipid samples were
used within a few days. All hydrated lipid samples were
stored in the dark under an argon atmosphere at room
temperature.

Fluorescence Spectroscopy Experiments.Fluorescence
measurements were taken on a SLM Aminco 8100 instru-
ment. For pyrene emission experiments, the excitation
wavelength was 344 nm and emission spectra were recorded.
Excitation and emission monochromator band-passes were
1 and 8 nm, respectively. Fluorescence measurements were
also performed on a Jobin Yvon-Spex Fluorolog-3. Pyrene
excitation was at 344 nm, and emission spectra were recorded
with correction for the lamp output. Excitation and emission
monochromator band-passes were 0.6 and 4.0 nm, respec-
tively. A plateau voltage of 950 V was used. All samples
were stirred continuously in a Teflon-capped 300µL mini-
fluorimeter cell (McCarthy Scientific, Fullerton, CA), and
all spectra were collected after a 15 min incubation between
additions. The C2 domain titrations were carried out with a
total lipid concentration of 24µM. Previously, a total lipid
concentration of 200µM had been used (Figure 6 of ref5).

Diffusion Measurements.To examine lipid diffusion,
multibilayer samples were prepared as described in ref33.
Briefly, the two lipid components were mixed with NBD-
DOPE in a 3:10000 molar ratio in chloroform. The mixture
was deposited in a hot, siliconized (Sigmacote, siliconizing
solution, Sigma) microscope slide in an area of approximately
1 cm2. The samples were hydrated with buffer by a hanging
drop of MOPS buffer placed on a coverslip and allowed to
equilibrate overnight in a water-saturated glass chamber, and
then sealed with high-vacuum grease. Diffusion measure-
ments were performed by fluorescence recovery after photo-
bleaching (FRAP) with periodic pattern photobleaching
(50 lines/in.), using a Zeiss Axiovert 35 microscope and the
488 nm line of an Innova 300-8 argon laser (34). The FRAP
data were fitted to a single-exponential decay equation to
extract the diffusion coefficient;F(t) ) F(∞) + [F0 - F(∞)]
exp(-Da2t), where t is time, a ) 2Π/p (p is the stripe

period),D is the translational diffusion coefficient,F0 and
F(∞) are the fluorescence intensities immediately after and
at very long times after the bleaching pulse, respectively.

Monte Carlo Simulations.Monte Carlo simulations were
performed as described in detail previously (5) to aid in the
quantitative interpretation of the E/M results. Estimates of
the intrinsic equilibrium constant for binding of C2 to pure
PC LUV and the Gibbs energy difference associated with
the preferential interaction of C2 with PS lipids relative to
that for PC lipids were obtained from experimental evaluation
of the equilibrium constant for association of the C2 motif
with lipid bilayers as a function of anionic lipid composition.
The values derived previously were used; namely, the
intrinsic interaction between the protein and a pure PC bilayer
was ∆G° (-5 kcal/mol of protein), and the preferential
interaction of the protein with a PS over a PC lipid,ωp, was
set equal to-1 kcal/mol of lipid. The lipid-lipid interactions
are described by an unlike nearest-neighbor interaction
parameter (free energy),ωAB, which was varied depending
on the lipid mixture. In our previous study (POPC/POPS),
we found that anωAB of 240 cal/mol was adequate for
describing the experimental observations. Here, the variation
in the structure of one of the lipids, the PC, in the PC/POPS
mixtures is reflected in a change inωAB, which should
increase with increasing chain length mismatch between lipid
pairs if physical mismatch and thermodynamic mismatch are
highly correlated. Briefly, the simulations are performed on
a 100× 100 triangular lattice, each site representing a lipid
molecule. The proteins, when bound, are represented by a
19-site hexagon, the 12 peripheral sites being able to interact
preferentially with PS. This model was proposed by us (5)
on the basis of the fact that the C2 motif interacts with the
membrane by a hydrophobic face around which a few
positively charged amino acids are located (14-17). This
model has recently been corroborated by distance estimates
using spin-labels attached to different positions on the protein
(18). Both lipid and protein diffusion on the membrane are
allowed moves. Additionally, the protein is allowed to bind
to and desorb from the membrane (lattice) reversibly. The
system (lattice) is thus closed with respect to the lipids but
open with respect to the protein. The Monte Carlo simula-
tions used the Metropolis algorithm to decide between
accepted and rejected trial moves. Typical simulations
consisted of 1-6 million cycles [Monte Carlo steps (mcs)]
following 100 equilibration mcs. The very long runs were
required to sample all accessible states especially for those
cases where the interaction parameterωAB > 300 cal/mol
because the system then begins to exhibit features of
complete demixing (5, 35). This was particularly noticeable
when the protein concentration was high.

RESULTS

Changes in the Pyrene E/M as a Function of Protein
Addition and Lipid Chemical Structure.We have previously
shown that an increase in the E/M of Pyr-PG (4 mol %)
incorporated in an 80:16 POPC/POPS mixture is an experi-
mental indication of clustering of PS and PG lipids in the
PC matrix (5). The influence of the chemical structure of
the PC component on apparent lipid domain formation was
now investigated by examining its effect on the E/M of Pyr-
PG included in several PC/POPS mixtures as a function of
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added C2 protein motif. As an example, the experimental
E/M results obtained with large unilamellar vesicles com-
posed of 16 mol % 16:0,18:1PS (POPS), 4 mol % Pyr-PG,
and 80 mol % 16:0,18:1PC (POPC), di-18:1PC, di-16:1PC,
or di-14:1PC are shown in Figure 1A. These results are
similar to those previously reported with one important added
feature. When compared to the values for our reference
system, POPC/POPS, both the E/M in the absence of protein,
(E/M)0, and the maximal E/M obtained in the presence of
protein change as the PC acyl chain is varied. In addition,
(E/M)0 and the maximal E/M appear to be highly correlated.
Interpretation of these results within the context of our
hypothesis that changing lipid chemical structure changes
ωAB suggests that acyl chain mismatch in binary lipid systems
increases the propensity for both intrinsic and protein-induced
lipid clustering. Indeed, intrinsic lipid demixing had already
been observed in a mixture of Pyr-PC and PC with varying
chain lengths, which was attributed to a hydrophobic
mismatch (32).

As the C2 protein motif is added to the 80:16:4 PC/POPS/
Pyr-PG mixtures, the E/M increases initially (Figure 1A).
The overall amplitude of the change in the E/M upon protein
addition increases with acyl chain mismatch: POPC< di-
18:1PC< di-16:1PC< di-14:1PC. For the smaller mismatch
cases (POPC and di-18:1PC), the E/M reaches a maximum
and then decreases, whereas for the larger mismatch cases
(di-16:1PC and di-14:1PC), the E/M seems to plateau and
then remain essentially constant. We interpret the initial
increase in the E/M as being indicative of the formation of
domains rich in PS (and Pyr-PG) as a consequence of the
protein preferentially binding to these types of lipids. As the
protein concentration is increased beyond saturation of the
anionic lipids, the PS lipid domains begin to dissipate if the
acyl chain mismatch is small, but this does not appear to
happen if the chain mismatch is large.

(E/M)0 was measured in a series of PC/POPS systems, in
which the degree of unsaturation of the PC or its chain length
(keeping one unsaturation per chain) was systematically
varied. The results are shown in Figure 2, where (E/M)0 is
plotted as a function of the melting temperature of the PC.
Table 1 lists the PC series, the thickness of their hydrophobic
core, and their melting temperatures. First, we observe that
there is a correlation between (E/M)0 and the melting
temperature of the PC. This is in agreement with published
data obtained for mixtures of a Pyr-PC and the same series
of PC (32). Second, as noted above, if the hydrophobic core
of the PC is smaller than that of POPC (or POPS), that is,
for di-14:1PC, di-16:1PC, and di-18:1PC, (E/M)0 increases
with acyl chain mismatch (Figure 3). This is consistent with
the idea that chain length mismatch is directly proportional
to ωAB, which is reflected in an increase in (E/M)0 (5).

FIGURE 1: (A) Experimental E/M values for binary mixtures of
PC and POPS as a function of C2 motif added. The measurements
were taken at ambient temperature: POPC/POPS ([), di-18:1PC/
POPS (b), di-16:1PC/POPS (1), and di-14:1PC/POPS (9). The
total lipid concentration was 24µM for achieving protein saturation.
In all cases, the total content of anionic lipid in LUV is 20% (16
mol % PS and 4 mol % Pyr-PG). (B) Computer-simulated values
of E/M as a function of the number of proteins added to the system
for various values ofωAB: 240 ([), 260 (b), 280 (1), and 340
cal/mol (9). These were calculated from the average number of
probe-probe contacts obtained from several simulations.

FIGURE 2: E/M measured for several 80:16:4 PC/POPS/Pyr-PG
systems in the absence of protein [(E/M)o] as a function of the
gel-fluid transition temperature of the PC: polyunsaturated acyl
chain PCs (]), monounsaturated acyl chain PCs (9), and POPC
(O). The total lipid concentration was 200µM. All (E/M) o
measurements were taken at ambient temperature. (See Table 1
for a listing of the PCs used and their respectiveTm andD values.)

Table 1

Tm
a (°C) HCb (Å)

D ( SD (× 108 cm2/s)
in 80:20 PC/POPS

di-14:1PC -50c 22.5 2.3( 0.3
di-16:1PC -35.5 26.0 3.0( 0.8
di-18:1PC -18 28.8 2.3( 0.3
di-20:1PC -4.5 32.5 2.3( 0.5
di-22:1PC 13 36.4 2.0( 0.4
di-24:1PC 26 40.5 2.0( 0.5
di-18:2PC -54 26.9 2.6( 0.4
di-18:3PC -63 26.3 2.1( 0.5
di-20:4PC -70 26.4 1.9( 0.1
di-22:6PC -67.5 26.4 2.0( 0.3
POPC -3.0 29.8 2.3( 0.3
a Tm values were rounded to the nearest half-degree (typical scatter

is between 1 and 2°C). Data taken from refs37 and38. b HC is the
hydrophobic region, obtained from the peak-to-peak distance in electron
density, which is roughly the position of the phosphates in the
headgroup, by subtraction of 8 Å for the headgroup, which is consistent
with the criteria of Wiener and White (39) (their estimate for the
hydrophobic core of DOPC is 28.6 Å). Thickness values are the result
of combination of data from refs39-46. c By extrapolation from the
16:1-24:1 series.
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However, for the lipid series in which the degree of
unsaturation is varied, the dependence of (E/M)0 on mismatch
is much steeper than for the series in which the PC chain
length is increased, indicating that some factor other than
hydrophobic mismatch strongly influences lipid demixing
for polyunsaturated lipids. Furthermore, for lipids with longer
acyl chains (bilayer hydrophobic core larger than for POPC),
the monotonic dependence of (E/M)0 on hydrophobic
mismatch breaks down: the changes in (E/M)0 are small,
which remains constant or even decreases, unlike the
prediction from hydrophobic mismatch.

The only parameter that appears to correlate simply with
the (E/M)0 data for all phosphatidylcholines that were tested
is the temperature of the main phase transitionTm of the PC
(Figure 2). Specifically, the weaker the van der Waals
interactions between the PC molecules (εAA becomes less
negative), the larger the (E/M)0 observed in mixtures of that
PC and POPS (ωAB becomes more positive).

To understand this result in terms of the lipid-lipid unlike
nearest-neighbor interaction energy (ωAB), we decompose
ωAB into a contribution from the chains and a contribution
from the lipid headgroups:

The headgroup contribution,ωAB
h, is estimated to be 240

cal/mol (5) from the POPC/POPS mixture, where the chains
are identical. We may now write the chain contribution as

The dependence ofωAB
c on the PC-PC acyl chain interac-

tions is given by dωAB
c/dεAA

c, which we find experimentally
to be positive (ωAB

c must increase with the strength of the
PC interactions because it decreases with theTm). Dif-
ferentiating eq 2, we have (note thatεBB

c is independent of
εAA

c)

Therefore

This means that as the strength of the van der Waals
interactions between PC increases (a consequence of increas-
ing chain length), the strength of the interactions between
PC and PS also increases, at an absolute rate that is more
than half as great.

We point out that theεij parameters are, in general, free
energies, not necessarily enthalpies. In particular, in the case
presented here, the thermodynamic mismatch expressed by
ωAB

c probably contains a large entropic component, which
results from the lipid chain structural fluctuations that are
quenched when contact occurs between a lower- and higher-
melting temperature phospholipid. Our data can thus be
interpreted in a unified manner: (E/M)0 simply reflects the
change in the net lipid-lipid interaction energy,ωAB. Acyl
chain length mismatch is related to this value, but it is not
the only factor in determining it. This is indicated by the
results obtained with the polyunsaturated series and the long
chain monounsaturated PCs, which are not explained by
simple hydrophobic mismatch.

Monte Carlo Simulations of Lipid Domain Formation.To
gain a more quantitative understanding of the E/M experi-
ments as a function of added protein, Monte Carlo simula-
tions were performed. The membrane was represented by a
two-dimensional triangular lattice, each site corresponding
to a lipid. The lipids were allowed to move on the lattice by
exchange with a nearest neighbor. The C2 motif protein was
allowed to bind reversibly to and diffuse on the lattice, and
was represented by a 19-site hexagon when bound. The
values used for the interaction free energy of the C2 motif
with a pure PC membrane (∆G°) and the excess free energy
for interaction with an anionic lipid (ωp) were those
previously determined for the POPC/POPS system:∆G° )
-5 kcal/mol of protein andωp ) -1 kcal/mol of lipid (5).
The value of the unlike lipid-lipid interaction parameterωAB

was varied between 240 and 340 cal/mol. As argued above,
this parameter is expected to increase in mixtures with POPS
as follows: POPC< di-18:1PC< di-16:1PC< di-14:1PC.
We define a “simulated E/M” as the number of probe-probe
contacts in the simulation. Using values forωAB of 240, 260,
280, and 340 kcal/mol seems to yield simulated E/M ratios
(Figure 1B) that mimic the experimental variation of E/M
as a function of added protein. The domain sizes of PS in
the simulations show the same qualitative behavior (Figure
4). The increase in domain size upon protein addition is
dramatic, especially ifωAB > 300 cal/mol. It is interesting
to note that the Monte Carlo simulations reproduce not only
the order and relative amplitude of the effects of adding
protein but also the existence of a maximum in E/M for small
ωAB values and its absence for largeωAB values. If there is
a strong preference for like-like lipid interactions (ωAB )
340 kcal/mol), the protein does not seem to be able to cause
PS lipid domain dissipation even at high protein concentra-
tions.

Influence of Lipid Chain Length on Diffusion: Fluores-
cence RecoVery after Photobleaching (FRAP).It could be
argued that the dependence of (E/M)0 on the chain length of
the PC, which is the major component at 80 mol % in the
mixtures that were studied, is merely a consequence of a
decrease in the lateral diffusion coefficient (D). In fact, at a
fixed temperatureT, D is expected to decrease as the chain

ωAB ) ωAB
c + ωAB

h (1)

ωAB
c ) εAB

c - (εAA
c + εBB

c)/2 (2)

dωAB
c/dεAA

c ) dεAB
c/dεAA

c - 1/2 > 0 (3)

dεAB
c/dεAA

c > 1/2 (4)

FIGURE 3: E/Mo of various 80:16:4 PC/POPS/Pyr-PG systems as
a function of the hydrophobic core mismatch between the PC and
PS acyl chains. (See Table 1 for a listing of the hydrophobic core
values.) Symbols are as in Figure 2: polyunsaturated acyl chain
PCs (]), monounsaturated acyl chain PCs (9), and POPC (O).
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length of the PC increases, simply because of the dependence
of theTm on chain length. The dependence ofD on Tm can
be described by the equationD ) D0 exp{-1/[â + R(T -
Tm)]}, whereD0, R, andâ are constants (36). Thus, at a fixed
T, D decreases withTm, resulting in a decrease in the
collisional frequency and possibly in a smaller E/M. To
examine whether the E/M results were due to changes in
diffusion, D of the fluorescent lipid NBD-DOPE was
measured using FRAP, at room temperature (ca. 25°C) in
PC/POPS mixtures containing the various PCs (80 mol %).
For all lipid mixtures that were studied,D has similar values,
typical for a fluid, LR phase of phosphatidylcholines, even
for an 80:20 di-24:1PC/POPS mixture, in which theTm of
the PC is 25.9( 2.5°C (38). The results are summarized in
Table 1. There appear to be no significant differences
between these diffusion coefficients taken as a whole, and
no monotonic correlation betweenD and (E/M)0 is observed
(Table 1). These results indicate that the changes in E/M as
a function of acyl chain length mismatch are not a simple
consequence of altered collisional frequency. For the poly-
unsaturated lipids, it appears that the values ofD are smaller
than for the monounsaturated series and they appear to follow
a different dependence on temperature, which might reflect
demixing of the PC/PS mixture, the NBD-PE probe, or both,
but the differences are probably too small for a strong
argument to be made. In conclusion, the experimental Pyr-
PG E/M emission ratio is reporting primarily on the lateral
organization of anionic lipids, that is, PS domain formation,
and its change as a function of the lipid chemical structure
and protein binding, not on diffusion effects.

DISCUSSION

We sought to test the hypothesis that changes in lipid
chemical structure cause small changes in the net, unlike
lipid-lipid interaction free energy (ωAB). We further hy-
pothesized that this can lead to dramatic changes in the
intrinsic tendency for lipid domain formation, in protein-
coupled domain formation, and in protein organization at
the membrane surface. Our results show that ifωAB is

sufficiently large, which means that the minor lipid compo-
nent (PS) interacts unfavorably with the rest of the lipid, a
dramatic increase in lipid domain size is obtained when a
peripheral protein is added (Figure 4). This occurs even if
the bilayer is in the fluid state. Formation of domains of
lipid minor components may indeed play a crucial role in
signal amplification by providing platforms for assembly of
protein complexes.

Domain formation in the fluid state of lipid bilayer binary
systems was studied using a combination of Pyr-PG fluo-
rescence emission E/M ratios and Monte Carlo simulations
of a two-state lattice model. The binary lipid mixtures were
composed of 20 mol % negatively charged lipid [16 mol %
POPS (16:0,18:1PS) and 4 mol % (16:0,10-pyrene)PG, a
probe chosen to mimic the PS component] and 80 mol %
PC. The chemical structure of the PS (and probe) was kept
fixed, whereas the acyl chain length and the degree of
unsaturation of the PC were varied, thus introducing a chain
mismatch relative to POPS. The results can be briefly
summarized as follows. For PC/POPS mixtures in which the
PC hydrophobic length is increased in the series di-14:1PC,
di-16:1PC, di-18:1PC, and POPC, (E/M)0 increases (in the
absence of protein) with chain mismatch. In the same series,
addition of the C2 protein motif magnifies E/M in proportion
to (E/M)0. Both observations are well-explained by an
increase in the unlike lipid-lipid nearest neighbor interaction
energy (ωAB) with acyl chain mismatch. However, if the
degree of unsaturation is increased in the series di-18:2PC,
di-18:3PC, di-20:4PC, and di-22:6PC, (E/M)0 increases
steeply while the size of the hydrophobic core (HC) of the
PC essentially remains constant. (For all polyunsaturated
lipids that were studied, HC) 26.6 ( 0.3 Å; see Table 1
and references cited therein.) In addition, for PC/POPS
mixtures in which the PC chain length is equal to or larger
than that of POPS, in the series di-20:1PC, di-22:1PC, and
di24:1PC, (E/M)0 does not increase with mismatch; if
anything, it decreases.

Diffusion effects, if any, are small. For the PC series with
monounsaturated acyl chains (di-xx:1PC), the lateral diffusion
coefficient (D) follows the expected behavior as a function
of Tm (Table 1). For the polyunsaturated lipids, it appears
that the values ofD are too small, which might reflect a
heterogeneous bilayer in the corresponding mixtures with
POPS. If so, this is in agreement with the conclusions drawn
from the E/M results.

The only parameter that appears to correlate simply with
the (E/M)0 data for all phosphatidylcholines that were tested
is the temperature of the main phase transitionTm of the PC
(Figure 2). This indicates that the weaker the van der Waals
interactions that the PC can establish, the larger the (E/M)0

observed in mixtures of PC and POPS. Then, in the absence
of protein, (E/M)0 simply reflects the change in the net lipid-
lipid interaction energy,ωAB, with the chemical structure of
the lipid. This is a consequence of the change in the
magnitude of the van der Waals interactions between lipid
chains. Acyl chain length mismatch may contribute to the
value ofωAB, but it is not the only factor, as indicated by
results with the long chain monounsaturated and poly-
unsaturated series of PCs.

We have shown that extremely small net lipid-lipid
interactions are all that is required to cause lipid demixing
in a binary bilayer system. It is worth emphasizing that the

FIGURE 4: Average lipid domain size as a function of the number
of proteins added to the system for various values ofωAB: 240
([), 260 (b), 280 (1), and 340 cal/mol (9). We have previously
shown that the average protein domain size and the acidic lipid
domain size are quantitatively correlated (5).
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differences inωAB between any two lipid systems are only
100 cal/mol at most, but these small interactions can be
coupled to the binding of a peripheral protein to lead to
dramatic increases in the size the domains formed (Figure
4). The required protein-lipid preferential interactions are
in fact also small,∼1 kcal/mol of free energy more favorable
for a protein-PS contact than for a protein-PC contact. The
implications of these observations cannot be overemphasized
in terms of their consequences for the organization of
biological membranes, in particular for the dynamical
assembly of signal transduction complexes on the plasma
membrane of eukaryotic cells.

The importance of lipid domains in membrane function
has been suggested through both experimental and theoretical
studies (47-54). The most intense recent work has revolved
around the so-called lipid “rafts” and their existence in cell
membranes (55-58). In its most restricted sense, rafts are
protein/lipid domains rich in sphingomyelin, cholesterol,
glycosphingolipids, glycosylphosphatidylinositol (GPI)-
linked proteins, some transmembrane proteins, non-receptor
tyrosine kinases, G-proteins, and transporters. Rafts have
been implicated in a number of cell functions, including the
facilitation of reactions between proteins and lipids that
partition preferentially into the rafts, and sorting of compo-
nents between different cell membranes (55). Some authors
have used the term raft in a more general sense, as a synonym
for domain. The same thermodynamic principles that deter-
mine domain formation in general apply to the formation of
rafts, independent of semantics. Namely, rafts must form
because of net unfavorable interactions between the raft
components (sphingomyelin, cholesterol, glycosphingolipids,
and proteins) and the nonraft components (unsaturated PC,
mainly).

Lipid domains are normally perceived as static structures,
although their dynamic nature has been stressed in the
particular case of rafts (59, 60). Indeed, if the magnitudes
of lipid-lipid interactions were sufficiently large, given the
very large number of lipids involved in any membrane
process, it is likely that formation of lipid domains would
be essentially irreversible, leading to static or long-lived
structures. However, in model bilayers, differences in
interaction Gibbs energies between different lipid species are
on the order of a few hundred calories per mole (5, 7-12).
Because of cooperativity, these interactions are magnified,
leading to domain formation, but since the energy barriers
are small, the process remains reversible. The use of lipids
to communicate membrane changes offers the possibility of
cooperativity in the assembly of protein complexes on the
membrane and of fine-tuning the combinations of proteins
that will subsequently be assembled. In contrast, current
views invoke separate and additive contributions from protein
and lipid in assemblies stabilized by multiple protein
interactions (61, 62).

We suggest that lipid diversity has a functional significance
in signal transduction and propose the following hypothesis.
Within signal transduction complexes, protein-protein,
lipid-protein, and lipid-lipid interactions are small in
magnitude. A favorable interaction of a protein with certain
lipids induces accumulation of those lipids in the neighbor-
hood of the protein. This change in local composition is
sensed by other proteins, which are recruited to the domain
and will induce further lipid reshuffling. The lipids interact

among themselves through contacts with six nearest neigh-
bors, thus amplifying the original signal. This cooperative
interaction leads to domain formation. Protein binding to a
particular lipid is specific because of multiple interaction sites
in the lipid headgroup (such as hydrogen bond donor and
acceptor groups, charges, and methyl groups) and the
multivalence of the protein surface, which interacts with
multiple lipids. Because each of these interactions is small,
the overall extent of binding becomes exquisitely sensitive
to small changes in lipid structure, and it may change from
weak to effectively irreversible with the addition of meth-
ylene groups or unsaturation to the acyl chains. This leads
to a manifold of possible signaling assemblies. Two well-
known mechanisms by which reaction rates on a membrane
may be enhanced are a high protein concentration in domains
and a reduction of dimensionality from a volume to a surface
reaction (63). Here we propose that the assembly of protein
complexes on the membrane may be regulated by small
changes in lipid structure and that, because of cooperativity,
those signaling complexes assemble and disassemble over a
small concentration range of the components, ensuring an
essentially on or off switch.
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