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Indirect Evidence for Lipid-Domain Formation in the Transition Region of
Phospholipid Bilayers by Two-Probe Fluorescence Energy Transfer

Solvejg Pedersen, Kent Jorgensen, Thomas R. Baekmark, and Ole G. Mouritsen
Department of Physical Chemistry, The Technical University of Denmark, DK-2800 Lyngby, Denmark

ABSTRACT The fluorescence energy transfer between two lipid probes, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine (donor) and N-(Lissamine rhodamine B sulfonyl)-1,2-dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine (acceptor), incorporated into 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine unilamellar and
multilamellar lipid bilayers, is studied in the temperature region of the main phase transition. The two probes display different
relative solubilities in the gel and fluid lipid-bilayer phases. A distinct maximum in the fluorescence intensity of the donor is
observed in the transition region, indicating that the two probes are demixing and hence increasing their average separation.
The observation is interpreted in terms of dynamic segregation of the two probes into coexisting gel and fluid lipid domains
that are formed dynamically in the transition region due to strong density fluctuations. The interpretation of the experimental
observations is supported by a detailed theoretical calculation using computer simulation of a microscopic model that takes
full account of diffusion of the two probes and the fluctuations of gel and fluid lipid domains characteristic of the main phase

transition.

INTRODUCTION

There is accumulating evidence for the existence and for-
mation of lipid domains in biological membranes (Bergel-
son et al., 1995), and that these domains are active partners
in regulating a great variety of biological functions associ-
ated with membranes. The domains arise over a wide range
of time and length scales, ranging from fractions of an entire
cell surface (Glaser, 1992) to the nanoscopic scale (Mourit-
sen and Jgrgensen, 1995). Large-scale domains may be
stabilized by static thermodynamic phase separation or by
coupling via membrane proteins to the cytoskeleton. Some
of the smaller types of domains are induced dynamically by
out-of-plane fluctuations, such as surface undulations
(Sackmann, 1994) and equilibrium lateral density and com-
positional fluctuations (Mouritsen and Jgrgensen, 1994), as
well as nonequilibrium dynamic ordering processes (Jgr-
gensen et al., 1996; Jgrgensen and Mouritsen, 1995). The
out-of-plane undulations and the formation of lateral lipid
domains are strongly coupled (Sackmann, 1994). The lipid
domains imply both static and dynamic membrane hetero-
geneity that leads to lateral membrane differentiation and
compartmentalization, which in turn couples to a variety of
functions and chemical reactions taking place at the mem-
brane. Specific examples include phospholipase A, activa-
tion (Biltonen, 1990), binding of cytochrome ¢ (Mustonen
et al., 1987), phosphatidy! inositol activation of kinase C
(Nishizuka, 1992), and various bimolecular enzymatic re-
actions (Melo et al., 1992).
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Whereas domains on the micrometer scale can be de-
tected directly and visualized by, e.g., fluorescence micros-
copy (Grainger et al., 1989; Glaser, 1992), the much smaller
dynamic domains that may arise on the nanoscale (e.g.,
1-100 nm) are much more difficult to observe by conven-
tional experimental techniques. At the moment there is no
definite experimental evidence available that proves their
existence. However, based on some very general theoretical
arguments, one would expect such domains to be present
because of the many-body nature of the molecular mem-
brane assembly. As it is composed by a macroscopically
large number of molecules, the lipid membrane naturally
supports correlated dynamical modes (i.e., display cooper-
ativity), which become particularly pronounced near phase
transitions and phase boundaries (Mouritsen and Jgrgensen,
1994). The cooperativity manifests itself in terms of a
correlation length that can be rather large, even deep inside
the fluid membrane phase (Knoll et al., 1981; Jgrgensen et
al., 1993). The correlation length is a measure of the char-
acteristic linear length scale of the fluctuations, which ap-
pear as domains or clusters of lipid regions with a local
density or a composition that is different from the average
density or composition. The presence of such domains in
terms of dynamic membrane heterogeneity (Mouritsen and
Jgrgensen, 1992) has been clearly established theoretically
in a number of models of lipid bilayers (Mouritsen, 1991;
Mouritsen and Jgrgensen, 1994, 1995). Experimentally, the
evidence of nanoscale fluctuations and domain formation
mostly derives from interpretations of wings in response
functions, e.g., heat capacity (Freire and Biltonen, 1978)
and lateral compressibility, as well as fluorescence lifetime
heterogeneity (Ruggiero and Hudson, 1989). Some prelim-
inary direct observations of nanoscale domain formation in
binary lipid monolayers transferred to a solid substrate have
recently been made by the use of atomic-force microscopy
(T. Bjgrnholm, unpublished observations).
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In the present paper we propose a simple type of two-
probe donor-acceptor fluorescence spectroscopy designed
to detect lipid-domain formation on nanoscopic length
scales. The two probes are chosen such that they display
relative differential affinities for the lipid domains that are
expected to be present. The key idea is that if dynamic
domains are formed, resulting in phase coexistence, the two
probes will demix and segregate into the coexisting gel or
fluid domains where they have higher relative solubility.
Segregation of the two probes into the coexisting gel and
fluid domains increases the average separation between the
donor and the acceptor, which as a consequence decreases
the fluorescence resonance energy transfer from the donor
to the acceptor and leads to an increase in the fluorescence
intensity of the donor. Because the characteristic time of the
fluorescence experiment due to the small Forster distance is
much smaller than the time it takes the probes to diffuse
over molecular length scales, any demixing that takes place
over length scales above the molecular length scale and on
time scales longer than about 107! s should be detectable
by this technique. As an example, if a lipid domain of some
type is formed in a macroscopic one-phase region in which
the two probes are randomly distributed, and if one of the
probes has a higher or lower solubility in that domain
relative to the other probe, an increase in the fluorescence
intensity of the donor should be observed. The interpreta-
tion of such an experimental observation in terms of lipid-
domain formation may be facilitated by parallel theoretical
calculations on models of lipid bilayer systems that make it
possible to obtain information on the lateral organization on
the length scales in question.

The potential of the two-probe donor-acceptor spectroscopy
is demonstrated in this paper for a one-component lipid 1,2-
dihexadecanoyl-sn-glycero-3-phosphocholine (DC,,PC) bi-
layer, which is expected to display dynamic lipid-domain for-
mation (dynamic heterogeneity, Mouritsen and Jgrgensen,
1992) for a range of temperatures near the main phase transi-
tion temperature, 7,,, ~ 41°C. The method can be readily
extended to more complex situations, such as multicomponent
lipid bilayers, by choosing suitably designed fluorescent
probes with differential solubility in the different types of
domains that are expected to arise.

MATERIALS AND METHODS

Materials, sample preparation, differential
scanning calorimetry, and fluorescence methods

The DC,PC lipid was purchased from Avanti Polar Lipids (Birmingham,
AL) and used without further purification. The fluorescent lipid probes
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (NBD-PE) and N-(Lissamine rhodamine B sulfonyl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (N-Rh-PE) were ob-
tained from Molecular Probes (Eugene, OR). Appropriate amounts of the
DC,(PC lipid and the fluorescent lipid probes NBD-PE and N-Rh-PE were
dissolved in chloroform, which was subsequently removed using a stream of
N, and dried overnight at low vacuum.‘The multilamellar vesicles were made
by dispersion of the dried lipids in a 50 mM KCl and 1 mM NaNj solution.
The lipid suspension was kept for at least 1 h at a temperature 10°C above the
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main transition temperature of DC,¢PC. During this period the lipid suspen-
sion was vortexed several times. Large unilamellar vesicles were made from
the multilamellar vesicles by extrusion of the multilamellar samples ten times
through two stacked 100-nm pore-size polycarbonate filters (Mayer et al.,
1986).

Differential scanning calorimetry of the multilamellar vesicles was
performed with a MicroCal MC-2 (Northhampton, MA) ultrasensitive
power compensating calorimeter in the upscan mode at a scan rate of
20°C/h. An appropriate baseline was subtracted from the heat capacity
curves, and no correction of the curves was made for the fast time response
(t ~ 10 s) of the calorimeter.

Fluorescence measurements were made with a SLM DMX-1100 flu-
orometer (SLM Instruments, Urbana, IL) in the T-format configuration.
The fluorescence intensity of 150 uM unilamellar and multilamellar
DC,PC samples incorporated with 0.5 mol% fluorescent lipid probes was
obtained, using a bandpath of 4 nm for both the emission and excitation
monochromators. The excitation and emission wavelengths for the
NBD-PE donor were 470 nm and 530 nm, and those for the N-Rh-PE
acceptor were 530 nm and 585 nm or 590 nm, respectively. The lipid
samples were place in an improved thermostatted cuvette holder controlled
by an external water bath, and the temperature-dependent fluorescence
measurements were obtained at a scan rate of 10°C/h for the unilamellar
samples and 20°C/h for the multilamellar samples. The temperature of the
lipid samples was measured with a thermistor inserted directly into the
cuvette.

RESULTS

Fig. 1 shows differential scanning calorimetry curves ob-
tained at a scan rate of 20°C/h for pure one-component
DC,¢PC multilamellar vesicles and DC,cPC vesicles incor-
porated with the fluorescent lipid probes N-Rh-PE and
NBD-PE in two different concentrations. The main transi-
tion for pure DC,(PC multilamellar bilayers takes place at
41.7°C, as determined from the peak position of the differ-
ential scanning calorimetry (DSC) curve. The DSC curves
for the multilamellar DC, (PC vesicles incorporated with 2.5
mol% and 5 mol% NBD-PE fluorescent probes display a
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FIGURE 1 Heat capacity curves (arbitrary units) as obtained at a scan

rate of 20°C/h for 2 mM multilamellar vesicles composed of pure DC,PC
(——) and multilamellar DC,4PC vesicles incorporated with 2.5 mol% and
5 mol% of the fluorescent lipid probes N-Rh-PE (- — -) and NBD-PE ().
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larger freezing point depression than the heat capacity
curves obtained for vesicles containing similar concentra-
tions of the N-Rh-PE probes. The difference in the freezing
point depression reflects a different affinity of the two
probes for the gel and fluid phases and hence a differential
partition coefficient of the NBD-PE and N-Rh-PE probes
between coexisting lipid bilayer gel and fluid phases.

The curves in Fig. 2 show the relative fluorescence in-
tensity as a function of temperature for the N-Rh-PE and
NBD-PE probes when the two probes are incorporated
separately or together into 100-nm unilamellar DC,,PC
vesicles. The two uppermost curves in Fig. 2, which display
the fluorescence intensity for the N-Rh-PE and NBD-PE
probes incorporated separately into the DC,,PC vesicles in
a concentration of 0.5 mol% each, show a clear change in
the fluorescence intensity for both probes when the lipid
bilayer undergoes the chain melting transition. The temper-
ature-dependent fluorescence intensity of the two probes in
the lipid bilayer reflects a higher fluorescence quantum
yield when the probes are surrounded by ordered acyl
chains characteristic of the gel phase than when the probes
are surrounded by highly disordered acyl chains character-
istic of the fluid phase. The lower curve in Fig. 2 displays
the temperature-dependent fluorescence intensity of the
NBD-PE probe when both the N-Rh-PE and the NBD-PE
probes are incorporated into the unilamellar DC,(PC vesi-
cles in a concentration of 0.5 mol% each. The presence of
both the NBD-PE donor and N-Rh-PE acceptor probes in
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FIGURE 2 Temperature-dependent fluorescence intensity measure-
ments obtained at a scan rate of 10°C/h for unilamellar DC,PC vesicles
incorporated with the fluorescent N-Rh-PE and NBD-PE probes, each in a
concentration of 0.5 mol%. The two upper curves show the fluorescence
intensity when the N-Rh-PE and NBD-PE probes are incorporated sepa-
rately into the DC,(PC vesicles, and the lower curve displays the fluores-
cence intensity for the NBD-PE probe when both the donor NBD-PE and
the acceptor N-Rh-PE probes are incorporated in a concentration of 0.5
mol% into the unilamellar vesicles. The excitation and emission wave-
lengths for the NBD-PE were 470 nm and 530 nm, and those for the
N-Rh-PE were 530 nm and 585 nm, respectively. The scan rate was
20°Chh.
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the bilayer gives rise to fluorescence energy transfer of the
radiation from the donor NBD-PE to the acceptor N-Rh-PE,
manifested as a fluorescence intensity of the donor NBD-
PE, which exhibits a distinct peak in the temperature region
of the main transition. This anomaly in the temperature-
dependent fluorescence intensity of the NBD-PE probe in-
dicates a less efficient fluorescence energy transfer from the
NBD-PE donor to the N-Rh-PE acceptor, which is possibly
caused by a decrease in the lateral mobility or segregation of
the probes into dynamic coexisting gel and fluid domains
formed in the temperature region of the main phase transi-
tion. We shall return to a more detailed discussion of this
striking phenomenon below.

THEORETICAL SIMULATIONS
Model and simulation techniques

The computer simulation study of the DC, (PC lipid bilayer
incorporated with two probes is carried out on the basis of
a multistate microscopic model of the gel-fluid chain melt-
ing transition of saturated phosphatidylcholine lipid bilayers
proposed by Pink et al. (1980). The multistate molecular
interaction model, which mainly builds on the acyl-chain
conformational statistics of the chain melting transition,
includes several terms that in a detailed manner describe,
e.g., the van der Waals interactions between the various
conformational acyl-chain states and the internal energy of
the acyl chain states. An intrinsic pressure term is incorpo-
rated to ensure bilayer stability. The molecular model has
been extensively used to study the transitional properties of
pure lipid bilayers (Mouritsen, 1991) and binary lipid bi-
layers (Jgrgensen et al., 1993; Jgrgensen and Mouritsen,
1995), as well as lipid bilayers incorporated with various
compounds like proteins, cholesterol, or drugs (Mouritsen
and Biltonen, 1993; Mouritsen and Jgrgensen, 1994). For a
complete description of the molecular interaction model of
one-component lipid bilayers and the Monte Carlo com-
puter simulation techniques used, see Pink et al. (1980) and
Mouritsen (1990). The donor and acceptor probes are in-
corporated into the molecular model as two different lipid
acyl chain analogs; the acceptor is represented as a low-
excitation gel state conformation, and the donor is repre-
sented as a highly disordered fluid state conformation.
Within this discription the donor is modeled as a probe
characterized by a lower affinity to the gel phase than the
acceptor probe. The choice of acyl-chain analogs mimick-
ing a differential solubility of the donor and acceptor probes
in the gel and fluid phases is justified by the DSC measure-
ments presented in Fig. 1, which reveal a higher freezing
point depression of the main transition temperature for
DC,¢PC lipid bilayers incorporated with 2.5 mol% and 5
mol% NBD-PE probes than for DC,,PC lipid bilayers in-
corporated with the same concentrations of N-Rh-PE
probes. This effect reflects a difference in the partition
coefficient for the donor and the acceptor probes between
the fluid and gel phases caused by a difference in the
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molecular structure of the fluorescence headgroups of the
two probes. Within the model description we have made no
particular attempt to determine the absolute values of the
affinities or partition coefficients of the probes between the
different lipid bilayer phases. This is to emphasize that our
results are very robust and of a very general nature for
probes incorporated into lipid bilayers displaying different
relative solubilities in coexisting lipid bilayer phases. A
relative fluorescence intensity that depends on the local
molecular environments is assigned to each of the donor and
acceptor probes in the bilayer. If the probes are surrounded
by ordered gel chains, the fluorescence intensity achieves a
maximum value, whereas the intensity decreases as the
number of disordered fluid acyl chains surrounding the
probes increases. This assignment of fluorescence intensity
to the donor and acceptor probes implies a temperature-
dependent fluorescence intensity for fluorophores incorpo-
rated into lipid bilayers undergoing phase transitions. The
Monte Carlo computer simulation calculations are carried
out using a bilayer system corresponding to 5000 lipid
molecules, incorporated with the donor and acceptor probes
each in a concentration of 0.5 mol%. Equilibrium properties
of the system are obtained using single-chain conforma-
tional changes and nearest-neighbor exchange dynamics for
the lateral diffusion of lipid acyl chains. The Monte Carlo
simulation techniques, which reveal the lateral distribution
of the bilayer components, also allow calculation of the
collision frequency between the donor and the acceptor
probes in the bilayer as a function of temperature.

Computer simulation results

The upper two curves in Fig. 3 show the temperature-
dependent fluorescence intensity as obtained from the com-
puter simulation study, using the molecular interaction
model when the acceptor and donor probes are incorporated
separately into the bilayer in a concentration of 0.5 mol%.
The two curves display a clear change in the fluorescence
intensity in the temperature range where the DC,PC lipid
bilayer undergoes the chain melting transition (T, ~ 41°C).
The theoretical curves for the temperature variation of the
fluorescence intensity display the same general behavior as
shown in Fig. 2 for the experimentally measured fluores-
cence intensity for the NBD-PE donor and the N-Rh-PE
acceptor probes. When both probes are incorporated into the
bilayer, each at a concentration of 0.5 mol%, the collision
frequency between the donor and the acceptor shown in Fig.
3 displays a distinct minimum around the transition temper-
ature of the main transition. This anomaly reflects a colli-
sion frequency that is strongly influenced by the heteroge-
neous lateral bilayer structure composed of dynamic
coexisting gel and fluid lipid domains prevailing in the main
transition temperature region. Moreover, the minimum in
the collision frequency curve indicates that the donor and
the acceptor probes segregate into either gel or fluid do-
mains, resulting in an average separation between the two
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FIGURE 3 Computer simulation data as obtained from the molecular
model of a system corresponding to 5000 lipid molecules incorporated with
the two probes. The two uppermost curves show the theoretical fluorese-
cence intensity when the acceptor and donor probes are incorporated
separately into the bilayer in a concentration of 0.5 mol%. The bold curve
shows the calculated donor fluorescence intensity for the donor when both
the donor and the acceptor probes are incorporated into the bilayer in a
concentration of 0.5 mol%. The lower curve displays the calculated colli-
sion frequency between the donor and acceptor when both probes are
incorporated into the bilayer in a concentration of 0.5 mol%.

probes that obtains a maximum value close to the transition
temperature. The bold curve in Fig. 3 shows the theoretical
fluorescence intensity of the donor probe when both the
donor and the acceptor probes are incorporated into the
bilayer at a concentration of 0.5 mol%. The presence of the
acceptor probe in the bilayer leads to a quenching or reso-
nance energy transfer of the radiation from the donor to the
acceptor that varies as 1/r°, where r is the distance between
the two probes. To a first approximation, the fluorescence
transfer efficiency can be described by the collision fre-
quency curve, which is a measure of the average separation
between the two probes. Assuming that nearest-neighbor
donor-acceptor contacts lead to energy transfer, the fluores-
cence intensity curve for the donor in the presence of the
acceptor now develops a peak in the intensity similar to the
experimentally observed peak shown in Fig. 2 for the flu-
orescence intensity of the NBD-PE donor.

Fig. 4 shows snapshots of the lateral bilayer configura-
tions and the distribution of the donor and acceptor probes
within the bilayer as obtained from the computer simulation
calculations at temperatures above (58°C), close to (41°C),
and below (30°C) the chain melting transition. The snapshot
of the bilayer configuration at 41°C close to the transition
temperature clearly reveals a heterogeneous lateral bilayer
structure composed of fluctuating gel and fluid domains.
The average domain size obtains a maximum value close to
the transition temperature (7,, ~ 41°C) of the bilayer
(Mouritsen, 1991). The dynamic coexistence of gel and
fluid phases leads to an inhomogeneous distribution of the
donor and the acceptor probe in the bilayer due to different
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FIGURE 4 Snapshots of membrane configurations for DC, PC bilayers at temperatures above the main transition in the fluid phase (58°C), close to the
main transition (41°C), and below the main transition in the gel phase (30°C), as obtained from computer simulation calculations of a system of 5000 lipid
molecules incorporated with 0.5 mol% donor and 0.5 mol% acceptor probes. Gel and fluid regions of the membrane are denoted by light blue and yellow
areas. Dark blue and red bullets denote the donor and the acceptor probes in the membrane.

affinities of the two probes to the coexisting gel and fluid
phases. The snapshot at 41°C in Fig. 4 of the bilayer
configuration clearly visualizes the nonrandom distribution
of the two probes in the bilayer. The inhomogeneous dis-
tribution of the donor and acceptor concomitantly mini-
mizes the number of contacts between the acceptor and
donor probes quantitatively described by the collision fre-
quency curve in Fig. 3. As a consequence, the fluorescence
resonance energy transfer from the donor to the acceptor
decreases and the calculated fluorescence intensity curve for
the donor exhibits a peak close to the transition temperature,
as shown in Fig. 3. The bilayer configurations in Fig. 4 at
temperatures above the main transition in the fluid phase
(58°C) and below the main transition in the gel phase
(30°C) display a less heterogeneous lateral bilayer structure,
resulting in a more homogeneous lateral distribution of the
donor and the acceptor probes in the bilayer. Subsequently,
the number of contacts between the donor and acceptor
probes becomes higher than in the transition temperature
region, leading to an increase in the fluoresence resonance
energy transfer from the donor to the acceptor.

DISCUSSION

We have proposed in this work the design of a new and
simple type of fluorescence experiment involving two
probes with differential relative solubilities in different lipid
structures. We have presented results which demonstrate
that with this type of fluorescence spectroscopy, the two
probes can not only be used to discern different macro-
scopic lipid phases and large-scale domains, as is common
in fluorescence-microscopy assays, but can furthermore be
used to provide indirect evidence of lipid structures and
domains that persist on a much smaller length scale. It is

obvious that it is possible to refine and extend this type of
simple design, e.g., by using lipid probes that are specifi-
cally designed to have high preferential affinity for certain
types of lipid environments, by either tailoring the head-
group or the nature of the acyl chains in much the same way
as has been done to investigate lipid-protein interactions
(Piknova et al., 1993).

As a particular interesting example using the proposed
two-probe donor-acceptor method to detect short-scale
structure, we will briefly discuss a straightforward applica-
tion of the two-probe fluorescence set-up to gain insight into
the transitional behavior and the associated heterogeneous
bilayer structure of multilamellar lipid bilayers. The gel-
fluid transition of DC,cPC multilamellar bilayers is charac-
terized as a sharp first-order phase transition, giving rise to
a heterogeneous lipid bilayer structure composed of fluctu-
ating gel and fluid lipid domains, which is expected to
prevail over a narrow temperature range. The sharp transi-
tional behavior of multilamellar bilayers is in contrast to the
broader gel-fluid phase transition observed in unilamellar
bilayers (van Osdol et al., 1991). In Fig. 5 the two upper
curves show the relative fluorescence intensities for the
NBD-PE donor and N-Rh-PE acceptor probes incorporated
separately into multilamellar DC,4PC lipid vesicles at a
concentration of 0.5 mol% each. Both curves display the
well-known temperature-dependent decrease in the fluores-
cence intensity characterized by a drastic drop in the quan-
tum yields when the multilamellar DC,4PC bilayer under-
goes the gel-fluid transition. The lowermost curve in Fig. 5
shows the fluorescence intensity for the NBD-PE donor
probe when both probes are incorporated into the multila-
mellar DC, ¢PC lipid vesicles at a concentration of 0.5 mol%
each. When both probes are present in the bilayer, the
fluorescence intensity of the NBD-PE donor probe displays
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FIGURE 5 Temperature-dependent fluorescence intensity measure-
ments obtained at a scan rate of 20°C/h for multilamellar DC,PC vesicles
incorporated with the fluorescent N-Rh-PE and NBD-PE probes, each in a
concentration of 0.5 mol%. The two upper curves show the fluorescence
intensity when the N-Rh-PE and NBD-PE probes are incorporated sepa-
rately into the DC,(PC vesicles, and the lowermost curve displays the
fluorescence intensity for the donor NBD-PE probe when both the donor
NBD-PE and the acceptor N-Rh-PE probes are incorporated in a concen-
tration of 0.5 mol% into the multilamellar vesicles. The excitation and
emission wavelengths for the NBD-PE were 470 nm and 530 nm, and those
for the N-Rh-PE were 530 nm and 590 nm, respectively.

a sharp peak close to the main transition temperature, 7,,, of
the DC,,PC multilamellar lipid bilayer. The sharpness of
the peak for the NBD-PE donor intensity in the multilamel-
lar DC,(PC bilayer is in contrast to the broad peak shown in
Fig. 2 for the unilamellar system, reflecting the underlying
difference between the transitional behavior of unilamellar
and multilamellar bilayer systems.

To facilitate the interpretation of a two-probe fluores-
cence experiment (cf. Figs. 2 and 5) in terms of dynamic
lateral organization of lipid bilayers on a nanoscopic scale,
it is essential to be able to draw on additional information on
the microstructure of the system, e.g., from atomic-force
microscopy or theoretical model calculations. In the present
paper we have relied heavily on results obtained from
computer-simulation calculations on large bilayer arrays
that reveal both the static and the dynamic organization of
the bilayer on the length scales of interest (cf. Fig. 4).
Parallel investigations of lipid bilayer systems involving
both fluorescence spectroscopy and computer simulation
may thus turn out to be a very powerful combined approach
to revealing lipid-bilayer and membrane organization, par-
ticularly on scales that are not easily accessible by conven-
tional techniques, such as microscopy, magnetic resonance
techniques, or scattering methods.

After the completion of this work, we learned of a related
type of two-probe fluorescence spectroscopy applied to
investigating effects of hydrophobic matching of the probes
to phospholipid bilayers of different thicknesses (Lehtonen
et al., manuscript in preparation). These authors found for
fluid lipid bilayers of different hydrophobic thicknesses that
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the fluorescence intensity exhibits a maximum at a certain
thickness of the bilayer. The results were interpreted in
terms of the hydrophobic matching principle (Ipsen and
Mouritsen, 1988), which implies that at this maximum the
two probes are well matched to the lipid-bilayer thickness
and therefore diffuse freely and are randomly dispersed,
whereas when there is an increasing degree of hydrophobic
mismatch, in bilayers that are too thin or too thick, the
probes tend to cluster and thereby lower the quantum yields
of the donor.

In this paper we have provided indirect experimental
evidence for lipid domain formation in the simplest possible
case: a one-component lipid bilayer in the transition region
where the lipid domains are induced by lateral density
fluctuations. The size and time scales of domain formation
in lipid bilayers are expected to be strongly influenced by
the composition of the system. In principle, the domains can
be from a few nanometers to a macroscopic size character-
ized by a relaxation time, which, in the case of dynamic
domain formation due to density fluctuations in one-com-
ponent bilayers in the temperature range of the main tran-
sition possible can vary from milliseconds to seconds (van
Osdol et al., 1991). The approach reported in the present
paper can easily be extended to the study of dynamic lipid
domains in binary lipid mixtures where compositional fluc-
tuations may prevail (Jgrgensen et al., 1993), as well as the
dynamic ordering process of coexisting domains character-
ized by a relaxation time on the order of hours (Jgrgensen et
al., 1996; Jgrgensen and Mouritsen, 1995). As the ordering
process of the coexisting phases progresses, the interfacial
regions between the coexisting phases decrease, and hence
the number of possible collisions between the two probes
will be reduced. Preliminary results from mixtures of
DC,¢PC and cholesterol (S. Pedersen, K. Jgrgensen, and O.
G. Mouritsen, unpublished), using the same two probes as in
the present paper, NBD-PE and N-Rh-PE, indicate that the
characteristic variation of the donor and acceptor fluores-
cence intensity closely reflects the DC,,PC-cholesterol
phase diagram (Ipsen et al., 1989) and leads to information
on the lipid-domain formation in the different phases and
phase coexistence regions of the mixture.

Jukka Y. A. Lehtonen and Paavo K. J. Kinnunen are thanked for providing
us with a preprint of their work before publication. The authors wish to
thank Rodney L. Biltonen for stimulating discussions.

This work was supported by the Danish Natural Science Research Council
and the Danish Technical Research Council. The Bdr. Hartmann Founda-
tion is gratefully acknowledged for an equipment grant. OGM is an
Associate Fellow of the Canadian Institute for Advanced Research.

REFERENCES

Bergelson, L. O., K. Gawrisch, J. A. Ferretti, and Blumenthal, R., editors.
1995. Special issue on domain organization in biological membranes.
Mol. Membr. Biol. 12:1-162.

Biltonen, R. L. 1990. A statistical-thermodynamic view of cooperative
structural changes in phospholipid bilayer membranes: their potential
role in biological function. J. Chem. Thermodyn. 22:1-19.



560 Biophysical Journal

Freire, E., and R. L. Biltonen. 1978. Estimation of molecular averages and
equilibrium fluctuations in lipid bilayer systems from excess heat ca-
pacity function. Biochim. Biophys. Acta. 514:54—68.

Glaser, M. 1992. Characterization and formation of lipid domains in
vesicles and erythrocyte membranes. Comments Mol. Cell. Biophys.
8:37-51.

Grainger, D. W., A. Reichert, H. Ringsdorf, and C. Salesse. 1989. An
enzyme caught in action: direct imaging of hydrolytic function and
domain formation of phospholipase A, in phosphatidylcholine mono-
layers. FEBS Lett. 252:73-82.

Ipsen, J. H., and O. G. Mouritsen. 1988. Modelling the phase equilibria in
two-component lipid membranes of phospholipids with different acyl-
chain lengths. Biochim. Biophys. Acta. 944:121-134.

Ipsen, J. H., O. G. Mouritsen, and M. J. Zuckermann. 1989. Theory of
thermal anomalies in the specific heat of lipid bilayers containing
cholesterol. Biophys. J. 56:661-667.

Jorgensen, K., A. Klinger, M. Braiman, and R. L. Biltonen. 1996. Slow
non-equilibrium dynamical rearrangement of the lateral structure of a
lipid membrane. J. Phys. Chem. 100:2766-2769.

Jgrgensen, K., and O. G. Mouritsen. 1995. Phase separation dynamics and
lateral organization of two-component lipid membranes. Biophys. J.
69:942-954.

Jgrgensen, K., M. M. Sperotto, O. G. Mouritsen, J. H. Ipsen, and M. J.
Zuckermann. 1993. Phase equilibria and local structure in binary lipid
bilayers. Biochim. Biophys. Acta. 1152:135-145.

Knoll, W, K. Ibel, and E. Sackmann. 1981. Small-angle neutron scattering
study of lipid phase diagrams by contrast variation method. Biochemis-
try. 20:6379-6383.

Lehtonen, Y. A. J., J. M. Holograinen, and P. K. J. Kinnunen. 1996.
Evidence for the formation of microdomains in liquid crystalline large
unilamellar vesicles caused by hydrophobic mismatch of the constituent
phospholipids. Biophys. J. 70:1753-1760.

Mayer, L. D., M. J. Hope, and P. R. Cullis. 1986. Vesicles of variable sizes
produced by a rapid extrusion procedure. Biochim. Biophys. Acta. 858:
161-168.

Melo, E. C. C, L. M. Lourtie, M. B. Sankaram, T. E. Thompson, and W.
L. C. Vaz. 1992. Effect of domain connection and disconnection on the
yields of in-plane bimolecular reactions in membranes. Biophys. J.
63:1506-1512.

Volume 71 August 1996

Mouritsen, O. G. 1990. Computer simulations of cooperative phenomena
in lipid membranes. /n Molecular Description of Biological Membrane
Components by Computer Aided Conformational Analysis, Vol. 1. R.
Brasseur, editor. CRC Press, Boca Raton, FL. 3—83.

Mouritsen, O. G. 1991. Theoretical models of phospholipid phase transi-
tions. Chem. Phys. Lipids. 57:179-194.

Mouritsen, O. G., and R. L. Biltonen. 1993. Protein-lipid interactions and
membrane heterogeneity. /n Protein-Lipid Interactions. A. Watts, editor.
Elsevier Science, New York. 1-39.

Mouritsen, O. G., and K. Jgrgensen, K. 1992. Dynamic lipid-bilayer
heterogeneity: a mesoscopic vehicle for membrane function? Bio Essays.
14:129-136.

Mouritsen, O. G., and K. Jgrgensen. 1994. Dynamical order and disorder
in lipid bilayers. Chem. Phys. Lipids. 73:3-26.

Mouritsen, O. G., and K. Jgrgensen. 1995. Micro-, nano-, and meso-scale
heterogeneity of lipid bilayers and its influence on macroscopic mem-
brane properties. Mol. Membr. Biol. 12:15-20.

Mustonen, P., J. A. Virtanen, P. Somerharju, and P. K. J. Kinnunen. 1987.
Binding of cytochrome ¢ to liposomes as revealed by the quenching of
fluorescence from pyrene-labeled phospholipids. Biochemistry. 26:
2991-2997.

Nishizuka, Y. 1992. Intracellular signaling by hydrolysis of phospholipids
and activations of protein kinase C. Science. 258:607-614.

Piknova, B., E. Perochon, and J.-F. Tocanne. 1993. Hydrophobic mismatch
and long-range protein-lipid interactions in bacteriorhodopsin/
phosphatidylcholine vesicles. Eur. J. Biochem. 281:385-396.

Pink, D. A, T. J. Green, and D. Chapman. 1980. Raman scattering in lipid
bilayers of saturated phosphatidylcholines. Experiment and theory. Bio-
chemistry. 19:349-356.

Ruggiero, A., and B. Hudson. 1989. Critical density fluctuations in lipid
bilayers detected by fluorescence lifetime heterogeneity. Biophys. J.
55:1111-1124.

Sackmann, E. 1994. Membrane bending energy concept of vesicle and cell
shapes and shape transformations. FEBS Lett. 346:3-16.

van Osdol, W. W,, M. L. Johnson, Q. Ye, and R. L. Biltonen. 1991.
Relaxation dynamics of the gel to liquid crystalline transition of phos-
phatidylcholine bilayers. Effects of chain length and vesicle size. Bio-
phys. J. 59:775-785.



