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Exploration of Physical Principles Underlying Lipid Regular Distribution:
Effects of Pressure, Temperature, and Radius of Curvature on E/M Dips
in Pyrene-labeled PC/DMPC Binary Mixtures
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ABSTRACT In a previous study, we observed a series of dips in the plot of E/M (the ratio of excimer to monomer fluorescence
intensity) versus the mole fraction of 1 -palmitoyl-2-(10-pyrenyl)decanoyl-sn-glycerol-3-phosphatidylcholine (Pyr-PC) in Pyr-
PC/DMPC binary mixtures at 300C. In the present study, we have characterized the physical nature of E/M dips in Pyr-PC/DMPC
binary mixtures by varying pressure, temperature, and vesicle diameter. The E/M dips at 66.7 and at 71.4 mol% PyrPC in DMPC
multilamellar vesicles remain discernible at 30-430C. At higher temperatures (e.g., 530C), the depth of the dip abruptly becomes
smaller. This result agrees with the idea that E/M dips appear as a result of regular distribution of pyrene-labeled acyl chains
into hexagonal super-lattices at critical mole fractions. Regular distribution is a self-ordering phenomenon. Usually, in self-
ordered systems, the number of structural defects increases with increasing temperature, and thermal fluctuations eventually
result in an order-to-disorder transition. The effect of vesicle diameter on the E/M dip at 66.7 mol% Pyr-PC in DMPC has been
studied at 37.50C by using unilamellar vesicles of varying sizes. The E/M dip is observable in large unilamellar vesicles; however,
the depth of the E/M dip decreases when the vesicle diameter is reduced. When the vesicle diameter is reduced to about 64
nm, the dip becomes shallow and split. This result suggests that the curvature-induced increase in the separation of lipids in
the outer monolayer decreases the tendency of regular distribution for pyrene-labeled acyl chains. Regular distribution is
believed to arise from the long-range repulsive interaction between Pyr-PC molecules due to the elastic deformation of the lipid
matrix around the bulky pyrene moiety. When the radius of curvature becomes small, outer monolayer lipids are more separated.
Therefore, pyrene-containing acyl chains fit better into the membrane matrix, which alleviates the deformation of the lattice and
diminishes the long-range repulsive interactions between pyrene-containing acyl chains. Furthermore, we have shown a striking
difference in the pressure dependence of E/M at critical Pyr-PC mole fractions and at noncritical mole fractions. In the pressure
range between 0.001 and 0.7 kbar at 30°C, E/M decreases steadily with increasing pressure at noncritical mole fractions; in
contrast, E/M changes little with pressure at critical mole fractions (e.g., 33.3 and 50.0 mol% Pyr-PC). The pressure data suggest
that membrane free volume in the liquid crystalline state of the bilayer is less abundant at critical Pyr-PC mole fractions than
at noncritical mole fractions.

INTRODUCTION

In theory, lipids in two-component membranes can be lat-
erally organized in three ways: domain separation, random
distribution, and regular distribution (Von Dreele, 1978). A
regular distribution is a lateral organization where the guest
molecules are maximally separated in the lipid matrix. Al-
though examples of lipid random distribution and domain
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formation are voluminous in the literature, few studies have
reported lipid regular distribution.
The first experimental evidence for lipid regular distribu-

tion was reported by Somerharju et al. (1985). Using the
fluorescence of 1-palmitoyl-2-(10-pyrenyl)decanoyl)-sn-
glycerol-3-phosphatidylcholine (Pyr-PC) in egg yolk phos-
phatidylcholine and in L-a-dipalmitoylphosphatidylcholine
(DPPC), they showed that the plot of the ratio of the excimer
to monomer fluorescence intensity (E/M) versus the mole
fraction of Pyr-PC, XPyrpC, has several linear regions sepa-
rated by kinks. The appearance of the E/M kinks has been
interpreted in terms of the regular distribution of Pyr-PC into
hexagonal super-lattices (Somerharju et al., 1985; Mustonen
et al., 1987; Virtanen et al., 1988). The hexagonal super-
lattice model proposes that (1) the acyl chains of the phos-
pholipids form a hexagonal host lattice, (2) pyrene-
containing acyl chains are guest elements, which are bulky,
causing steric perturbation in the host lattice, and (3) the
guest elements tend to be maximally separated to minimize
the total energy. According to Ruocco and Shipley (1982),
the acyl chains of phospholipids can be arranged into a quasi
two-dimensional hexagonal lattice, as illustrated in Fig. 1, in
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FIGURE 1 (Top) Schematic diagram for the regular distribution pattern
of 66.7 mol% Pyr-PC in DMPC. The dark circles are pyrene-containing acyl
chains, whereas the open circles are unlabeled acyl chains. (Bottom) The
regular pattern for 71.4 mol% Pyr-PC in DMPC. The open circles are the
DMPC acyl chains participating in the hexagonal super-lattices, and the
dashed circles are either the pyrene-containing acyl chains or the unlabeled
chains not participating in the super-lattices (Tang and Chong, 1992).

which the dark circles are the acyl chains containing the
pyrene moiety and the open circles represent the unlabeled
acyl chains. For a given acyl chain, its position can be de-
scribed by two coordinates once the origin and the principal
axes have been defined. Thus, the lateral position of a dark
circle in Fig. 1 (top) can be described by a coordinate (nag nb)
where na and nb are the number of translational steps in the
lattice along the two principal axes a and b, respectively. In
the regular distribution, Pyr-PC molecules may establish a

hexagonal super-lattice within the host lattice. The critical
Pyr-PC mole fraction, YP.rpj(na, nb), for the pyrene-

containing acyl chains to form the regularly distributed
hexagonal super-lattices can be calculated by the equation
(Kinnunen et al., 1987; Virtanen et al., 1988)

Ypyrpc(na, nb) = 2/(n 2 + nanb + nb) (1)

Although the E/M kinks observed by Somerharju et al.
(1985) seem to agree with Eq. 1, only a few E/M kinks
were observed.

Recently, we reinvestigated this problem by monitoring
the E/M value of Pyr-PC in L-a-dimyristoylphosphatidyl-
choline (DMPC) multilamellar vesicles (MLV) at much
smaller mole fraction intervals over a wide range of con-

centrations (up to almost 100 mol% Pyr-PC). We observed
a series of dips, in addition to kinks, in the plot ofE/M versus

XPyrPC in Pyr-PC/DMPC binary mixtures at 30°C (Tang and
Chong, 1992).
The E/M dips were interpreted in terms of the extended

cording to this model, the E/M dips/kinks below 66.7 mol%
Pyr-PC (excluding the dip/kink at 33.3 mol%) were formed
as a result of the pyrene-containing acyl chains being regu-
larly distributed in the DMPC lipid matrix. The dip positions
in this concentration region agree with Eq. 1. On the other
hand, the dips above 66.7 mol% plus the dip/kink at 33.3
mol% can be described by Eq. 2 (Tang and Chong, 1992) as

Y pyrpc(ma, mb) = 1-(2/(m2 + mamb + m2)) (2)
where YprPC is the critical mole fraction of Pyr-PC at which
the acyl chains of DMPC form regularly distributed hex-
agonal super-lattices and ma and mb are the projections along
the axis a and b, respectively, for an acyl chain of DMPC in
the super-lattice (Fig. 1, bottom). This interpretation is based
on the idea that if Pyr-PC is regularly distributed into super-
lattices in the DMPC matrix at YPyrPC when Pyr-PC is the
minor component, then DMPC should be regularly distrib-
uted into super-lattices in the Pyr-PC matrix at (1 - YPrPC)
when DMPC is the minor component. The good agreement
between the observed dips and the Y or Y' values predicted
from Eqs. 1 and 2 provides strong evidence that lipids in the
Pyr-PC/DMPC binary mixtures are regularly distributed at
30'C (Tang and Chong, 1992).

Since the observation of E/M dips, some physical prop-
erties pertaining to lipid regular distribution in Pyr-PC/
DMPC mixtures have been proposed. First, as implicated by
the third law of thermodynamics, a perfect super-lattice ar-
rangement through the entire membrane can occur only at
absolute zero temperature. Therefore, imperfect super-
lattices due to thermal fluctuations, impurities, and/or varia-
tions in membrane curvature are expected to occur under
ambient conditions. The coexistence of regular regions with
irregular regions has been used to explain why E/M does not
go to zero at critical Pyr-PC mole fractions (Tang and Chong,
1992). This idea has been corroborated by computer simu-
lations (Sugar et al., 1993 and 1994) that further indicate that
the ratio of regular areas (where regular patterns can be rec-
ognized from the snapshot of simulated lateral distributions)
to irregular areas (where regular patterns cannot be recog-
nized) reaches a local maximum at a critical mole fraction
and a minimum between two neighboring critical mole frac-
tions. Membrane defect or void space is more likely to occur
in the irregular region because a regular region requires a
more stringent structural arrangement. This consideration,
taken together with the results of computer simulations,
strongly implies that membrane free volume in Pyr-PC/
DMPC mixtures is less at critical mole fractions and more
between two neighboring critical mole fractions.

Second, molecular dynamics simulations indicate that the
deformation in the hexagonal lattice caused by the bulky
pyrene ring generates a long-range repulsive interaction be-
tween pyrene-containing acyl chains (J. A. Virtanen, unpub-
lished results). This long-range repulsion is believed to be the
main physical origin for the maximal separation of Pyr-PC
molecules in the membrane, which leads to the drop of the
E/M value at critical mole fractions. When the separation of
matrix lipids increases, the pyrene-containing acyl chains are
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Lipid Regular Distribution

able to fit better into the membrane lattice, which alleviates
the deformation of the lattice and diminishes the long-range
repulsive interactions. This suggests that the E/M dip should
vary with the intermolecular distance between matrix lipids.
Third, it has been proposed that the appearance of an E/M
dip requires a fine balance between the energy minimization
due to maximal separation of the bulky pyrene rings in the
membrane and the entropy-driven randomization (Tang and
Chong, 1992). Maximal separation of pyrene-containing acyl
chains into hexagonal super-lattices is a behavior of self-
ordering. Usually, the number of structural defects in self-
ordered systems increases with increasing temperature, and
thermal fluctuations eventually lead to an order-to-disorder
transition (Haken, 1983). This immediately suggests that
E/M dips will diminish at high temperatures where entropy-
driven randomization prevails.

In the present study, the above proposed physical prop-
erties have been tested via the studies of E/M dips as a func-
tion of pressure, temperature, and vesicle diameter. The ob-
tained results are consistent with theoretical predictions and
reveal certain fundamental physical principles underlying
lipid regular distribution in membranes.

MATERIALS AND METHODS

Materials

Pyr-PC obtained from Molecular Probes (Eugene, OR) was purified by
high-performance liquid chromatography with a C-18 reverse-phase column
(3.9x150 mm, jr-Bondapak, Millipore, Marlboro, MA) using methanol/
acetonitrile (67:33, v/v) as the mobile phase. DMPC was purchased from
Avanti Polar Lipids (Alabaster, AL) and used as such. The concentration of
Pyr-PC was determined using an extinction coefficient at 342 nm equal to
42,000M -cm '(in methanol) (Somerharju et al., 1985). The phospholipid
concentration was determined by the method of Bartlett (1959).

Preparation of liposomes

Appropriate amounts of DMPC dissolved in chloroform were dried under
nitrogen in Eppendorf vials. Then Pyr-PC dissolved in methanol was added
into each vial at the desired mixing ratio. The mixtures were dried first under
nitrogen and then under vacuum overnight. The dried mixtures were sus-
pended in 50 mM KCl, 10-4 M EDTA, and 10 mM Tris at pH 7.5. The
dispersion was vortexed for 2 min at T > Tm to make multilamellar vesicles.
The vesicles were cooled to 40C for 30 min and then placed at 380C for 30
min. This cooling/heating cycle was repeated 2 more times. Finally, the
samples were incubated at 40C under nitrogen for 12-24 h before fluores-
cence measurements. It is important to mention that cooling/heating cycles
are an important step for the observation of E/M dips. Liposomes made from
lipids finally dried from chloroform, instead ofmethanol, also exhibited E/M
dips.

Large unilamellar vesicles (LUV) were prepared from multilamellar
vesicles by using a lipid extruder (Lipex Biomembranes, Vancouver, BC,
Canada) according to the method of Hope et al. (1985). The extrusion was
operated at temperatures above the phase transition temperature, Tm, of the
lipid vesicles. Polycarbonate membranes (Nuclepore, Pleasanton, CA) with
varying pore sizes were used for the extrusion. The actual size of the ex-
truded liposomes was determined by a light scattering methodology using
a Coulter particle size analyzer (model N4 MD, Coulter Electronic, Hialeath,
FL). The calculation was made based on the assumption that all the vesicles
were spherical. The light source of the analyzer was a He-Ne laser. Detection
was at an angle of 900 with respect to the excitation.

Fluorescence measurements

Fluorescence intensity measurements were made with an SLM DMX-1000
fluorometer (SLM Instruments, Urbana, IL). Samples were excited at 342
nm with 2-nm bandpath. The emission was observed through a monochro-
mator with 4-nm bandpath. The ratio of excimer fluorescence (E) to mono-
mer fluorescence (M) was determined using the intensities at 478 and 378
nm, respectively. The concentration of lipids used for fluorescence mea-
surements was about 2 X 10'6 M. Fluorescence measurements under pres-
sure were made isothermally on an SLM high pressure optical cell. The
temperature of the sample was controlled by a circulating bath.

RESULTS

Effect of temperature on E/M dips

The effects of temperature on the E/M dips at two critical
mole fractions, namely, 66.7 and 71.4 mol% Pyr-PC in
DMPC multilamellar vesicles, have been examined. The
typical results are shown in Figs. 2 and 3. Fig. 2 shows that
an E/M dip at 66.7 mol% is readily observable at 31, 38, and
43°C and that the dip position remains virtually unchanged
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FIGURE 2 Effect of temperature on the E/M dip near the critical mole
fraction 66.7 mol% Pyr-PC in DMPC multilamellar vesicles. To compare
the E/M dips at different temperatures, all the samples were kept virtually
at the same thermal history before fluorescence measurements. In this ex-
periment, 12 samples with Pyr-PC mole fractions varying from 64 to 69
mol% were used for each of the five temperatures employed. Thus, vesicles
at a given mixing ratio of Pyr-PC to DMPC were divided into five fractions
after the vesicles had been incubated at 4°C overnight. Each fraction was
then used for fluorescence measurements at one temperature only. In this
way, no samples were subject to more than one temperature perturbation
after they were incubated at 4°C. Typical error bars are given. The depth
of the dip, d, was determined by the equation: d = (E/M)m - (E/M)min,
where (E/M)max stands for the local maximal E/M value at Xpyrpc < Cr and
(E/M)mmr is usually the E/M value at the critical mole fraction Cr. The d
values are in E/M units.
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FIGURE 3 Effect of temperature on E/M dip near the critical mole frac-
tion 71.4 mol% Pyr-PC in DMPC multilamellar vesicles. The experimental
conditions are virtually the same as those described in Fig. 2.

with temperature. At 23 and 53°C, the dip is shallow, almost
like a kink. The d values listed in Fig. 2 are the depths of the
E/M dip at 66.7 mol% at the different temperatures. The d
value was determined as follows: d = (E/M)max- (E/M)min,
where (E/M)min is usually the E/M value at a critical Pyr-PC
mole fraction Cr, and (E/M)max is the local maximal E/M
value detected at a mole fraction slightly less than the Cr. For
example, the d value at 43°C is calculated to be 1.62 because
(E/M)ma at 66.0 mol% = 11.85 and (E/M)min = (E/M)66.7 molM
= 10.23 (Fig. 2). The d values between 31 and 43°C are

significantly higher than those at 23 and 53°C. It should be
mentioned that the above results are reproducible in a quali-
tative sense. For instance, from three separate experiments,
it is found that the d value at the 66.7-mol% dip always drops
at high temperatures, in the range between 53 and 60°C.
The reproducibility should not be judged by the shape of

the dip because it may vary with sample thermal history, a
pattern typical for nonequilibrium situations. However, the
position of the dip appears to be invariant from experiment
to experiment.

Fig. 3 shows the typical effect of temperature on the E/M
dip at the critical mole fraction 71.4 mol%. A dip at 71.4
mol% is clearly discernible at 33, 37, 44, and 580C. At 23
and 650C, the dip is much smaller. The depths (d) of the 71.4
mol% dip at various temperatures are listed in Fig. 3. The
maximal depth is at 370C; thereafter, the d value begins to
drop. The depth decreases to near the basal value at 630C.

Fig. 4 A-D show the temperature dependence of E/M at
various Pyr-PC/DMPC mixing ratios in the temperature
range 5-50'C. Between 5 and 35 mol% Pyr-PC, E/M initially
increases with increasing temperature, followed by a steady
decrease up to 25-30'C, and then E/M increases again with
temperature (Fig. 4, A and B). This trend forms an N-shaped
curve. At 47-52 mol% Pyr-PC, the N shape is less noticeable
(Fig. 4 C). At 65 mol% or higher, the curve becomes biphasic
(Fig. 4 D). Evidently, the variation of E/M with temperature
is dependent upon the mole fraction of Pyr-PC.

Effect of vesicle diameter on E/M dips

The effect of vesicle size on the E/M dip at 66.7 mol%
Pyr-PC at 380C is illustrated in Fig. 5. Columns A and B are
two independent experiments; yet, both show similar results.
The E/M dip at 66.7 mol% remains discernible when the
membrane is converted from multilamellar to large unila-
mellar structures. However, the depth of the E/M dip (d)
decreases with decreasing the vesicle size. When the aver-
age diameter of the vesicle (r) is reduced to about 64 nm,
the dip becomes shallow and split. It is also noticed that,
despite a larger diameter for multilamellar vesicles, the
depth of multilamellar vesicles is less than that of large
unilamellar vesicles (e.g., r = 396-576 nm). This is prob-
ably because multilamellar vesicles have a more hetero-
geneous size distribution.

Effect of pressure on E/M dips

Fig. 6 shows the effects of pressure on E/M dips in Pyr-
PC/DMPC multilamellar vesicles at 300C. E/M dips are
clearly discernible at 28.6, 33.3, 50, and 66.7 mol% Pyr-PC
(Fig. 6A-D) at the pressure range 0.001-0.7 kbar. At much
higher pressures, the dips are not detected. The dip positions
agree with the critical mole fractions Y or Y' predicted from
Eqs. 1 and 2. At 300C and at pressures below 0.7 kbar, pure
DMPC should be in the liquid-crystalline state according to
the phase diagram constructed by Winter and Pilgrim (1989).
Although the temperature-pressure phase diagram of Pyr-
PC/DMPC mixtures is not available at the present time, it can
be postulated that Pyr-PC is likely to lower the Tm of the
DMPC molecules because pure Pyr-PC has a phase transition
temperature (14.50C; Somerharju et al., 1985) that is lower
than that of pure DMPC (240C). This suggests that at 30°C
and at pressures below 0.7 kbar, Pyr-PC/DMPC is most
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likely to be in the liquid-crystalline state. Hence, it can be
suggested from Fig. 6 that the E/M dips persist as long as the
membrane is in the liquid-crystalline state.

Fig. 7 A shows the effects of pressure on the E/M values
of Pyr-PC in DMPC multilamellar vesicles at 30'C. E/M
undergoes an abrupt decrease at elevated pressures with a
50% change in E/M at about 1.1 kbar. The abrupt decrease
in E/M shown in Fig. 7A is believed to be due to the pressure-
induced phase transition from the liquid-crystalline state to
the gel state. It is clear from Fig. 7A that, at pressures below
0.7 kbar, the slope ofE/M versus pressure at noncritical mole
fractions (e.g., 48, 49, 52, 53 mol%) is significantly greater
than that at the critical mole fraction (i.e., 50 mol%).
A similar pattern is seen in the case of Pyr-PC/DMPC

mixtures in the neighborhood of 33.3 mol% (Fig. 7 B). An
abrupt decrease in E/M occurs between 0.6 and 1.2 kbar.
Below 0.5 kbar, E/M decreases steadily with increasing pres-
sure at noncritical mole fractions (e.g., 31, 32, 35, 36 mol%);
within the same pressure range, E/M increases slightly with
pressure.
The reproducibility of the E/M value requires some com-

ment. First, the system is in nonequilibrium situations.
Second, the E/M value depends on the lateral organization
of Pyr-PC, especially the arrangement of the nearest neigh-
bors around a Pyr-PC molecule in the irregular region. The
lateral arrangement of Pyr-PC varies with the thermal history
of the sample. It is difficult to reproduce exactly the same
thermal history from separate sample preparations. This ex-
plains why the E/M values from two independent prepara-
tions are quite different (Figs. 5-7). However, when vesicles
were kept virtually at the same thermal history, they showed
very similar E/M values (Figs. 2 and 3). Thus, it is immaterial
to address the reproducibility of the E/M value from two
independent preparations (e.g.,A andB in Fig. 5 and the data
in Fig. 6 versus the data in Fig. 7). What is important is that
the dips occur at the expected critical mole fractions and that
the effects of temperature, pressure, and radius of curvature
are qualitatively reproducible.

0

DISCUSSION

40 so

FIGURE 4 Effect of temperature on the E/M at various Pyr-PC mole
fractions in DMPC multilamellar vesicles. E/M was measured as a function
of temperature in the ascending mode at a scanning rate of 24-360/h. Pyr-PC
mole fractions are: (A) 5 mol% (0) and 10 mol% (0); (B) 32.2 mol% (0),
32.6 mol% (-), 33.3 mol% (x), 34.0 mol% (L) and 34.8 mol% (U); (C)
47.0 mol% (0), 48.0 mol% (0), 50.0 mol% (x), 51.0 mol% (L), and 52.0
(U); (D) 65.4 mol% (0), 65.8 mol% (0), 66.7 mol% (x), 67.2 mol% (I),
and 67.6 mol% (U).

The physical meaning of the depth of the dip can be under-
stood based on a concept developed from computer simu-
lations (Sugar et al., 1993, 1994). Computer simulations sug-
gest that lipid regular distribution and irregular distribution
coexist and that the ratio of regular areas to irregular areas
(Z) reaches a local maximum at critical concentrations and
a local minimum between two adjacent critical concentra-
tions. In the case of 66.7 mol% Pyr-PC in DMPC, Pyr-PC
molecules in the regular regions are maximally separated into
hexagonal super-lattices (Fig. 1, top). Thus, in the regular
region, only unlabeled acyl chains can be found in the nearest
neighbors of a pyrene-containing acyl chain. The pyrene
moieties in the regular regions (Fig. 1, top) are not expected
to make any appreciable contributions to excimer fluores-
cence. Excimer fluorescence should come exclusively from
the irregular regions where two pyrene-containing acyl
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A

FIGURE 5 Effect of vesicle diameter on the depth of
E/M dips near the critical mole fraction 66.7 mol%
Pyr-PC in DMPC. r is the average diameter of the
vesicles determined from light scattering as described in
Materials and Methods. d is the depth of the E/M dip
determined using the method described in Fig. 2. The
temperature for fluorescence measurements was 380C.
Columns A and B represent two independent experi-
ments. MLV at a given mixing ratio of Pyr-PC to DMPC
were divided into three fractions after the vesicles had
been incubated at 40C overnight. Each fraction was then
passed through the lipid extruder at 350C using the de-
sired filter pore size. The obtained unilamellar vesicles
were incubated at 40C overnight before fluorescence
measurements.
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chains may be nearest neighbors. Also, regular regions, such
as the one depicted in Fig. 1 (top), require a stringent struc-
tural arrangement where membrane defect or void space is
not preferred. In contrast, in the irregular regions, membrane
defect is more likely to occur; membrane defect creates free
volume, which facilitates lipid lateral diffusion (Galla et al.,
1979; Vaz and Hallmann, 1983; Peters and Beck, 1983; Mul-
ler and Galla, 1983; Vaz et al., 1985; King and Marsh, 1986;
Muller and Galla, 1987). Lateral diffusion brings about col-
lisions between pyrene moieties and, thus, an increased E/M
(Birks et al., 1963). By considering nearest neighbors (local
concentration) and lipid lateral diffusion, it becomes clear
that irregular regions should generate most, if not all, of the
excimers. Because the ratio of regular areas to irregular areas
(Z) reaches a local maximum at critical concentrations and
a local minimum between two adjacent critical concentra-
tions (Sugar et al., 1993, 1994), E/M should drop to a local
minimum at critical mole fractions (either Yppc or Yprpc) and
reaches a local maximum between two neighboring critical
mole fractions. This explains why the E/M dips are observed
at critical Pyr-PC mole fractions. It also follows that the
depth of the E/M dip should be a useful index reflecting how
sharply the ratio of regular areas to irregular areas (Z) varies
from a concentration lower than the critical mole fraction Cr
to a concentration higher than Cr. If there is a dramatic
change in lipid lateral organization between a critical mole
fraction and its neighboring noncritical mole fractions, a
sharp change in Z would occur and a pronounced dip in the
plot ofE/M versus Pyr-PC mole fraction should be observed.
Conversely, if there is no significant change in the lateral
organization in the vicinity of a critical mole fraction Cr. no
discernible E/M dips would be observed. In fact, according
to Monte Carlo simulations (Sugar et al., 1994), an E/M kink
is obtained at a critical concentration when the pyrene-

labeled acyl chains are regularly arranged within several dis-
connected areas of the membrane, whereas in the case ofE/M
dips, a connected area of regularly arranged pyrene-labeled
acyl chains percolates through the whole membrane.
As shown in Figs. 2 and 3, an E/M dip is discernible at

moderate temperatures and becomes a kink at higher tem-
peratures. This observation implies that, at moderate tem-
peratures, there is a distinct difference in lateral organization
between critical mole fractions and noncritical mole frac-
tions. This difference diminishes at high temperatures. This
effect is not unexpected because the existence of an E/M dip
relies on the balance between the energy minimization due
to the maximal separation (a self-ordered phenomenon) of
the bulky pyrene rings and the entropy-driven randomization
(Tang and Chong, 1992). This balance should break down at
high temperatures where the entropy-driven randomization
prevails. The number of structural defects in self-ordered
systems usually increases with increasing thermal fluctua-
tions; for example, the magnetism becomes zero when the
temperature is raised to the Curie point of ferromagnets
(Haken, 1983). At high temperatures, thermal fluctuations
will eventually lead to a transition in lipid lateral organization
from regular (ordered) to random (disordered) distributions.
It should be mentioned that temperature elevation increases
the cross sectional area of the host as well as the guest mem-
brane lipids. If thermal expansivities for both DMPC and
Pyr-PC are similar, then pyrene-labeled acyl chains may re-
main bulky relative to the unlabeled acyl chains at T > Tm.
As a result, lattice deformation by pyrene moiety and the
repulsive interaction between pyrene-containing acyl chains
persist even at elevated temperatures.
The N-shaped curve in the plot ofE/M versus temperature

(Fig. 4, A and B) was previously reported in pyrene/DPPC
(Galla and Sackmann, 1974; Muller and Galla, 1983),
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.5

Pyr-PC/DPPC (Somerharju et al., 1985; Hresko et al., 1986;
Viani et al., 1988) and N-pyrene-dodecanoyl sulfatides/
DPPC mixtures (Viani et al., 1988). However, Hresko et al.
(1986) observed the N-shaped curve only in the mixtures of
Pyr-PC/DPPC, not in Pyr-PC/DMPC. Their explanation was
that Pyr-PC preferred the fluid phase in the two-phase mixing
region in Pyr-PC/DMPC mixtures, whereas Pyr-PC parti-
tioned equally into the two phases in the two-phase region
in Pyr-PC/DMPC mixtures. In contrast to their results, we
observe the N-shaped curve in Pyr-PC/DMPC mixtures over
a wide range of concentrations (Fig. 4, A and B). The reason
for the discrepancy between our results and the results of
Hresko et al. (1986) is not clear, but certainly is not due to
the cooling/heating cycles or to the low temperature incu-
bation period employed in the sample preparation (data not
shown).
The entire N-shaped curve can be divided into three re-

gions: I, II, and III, as depicted in Fig. 8. Region II is the
middle section of the N-shaped curve, which is believed to
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U iIIIl
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FIGURE 8 Schematic description of the molecular mechanism respon-
sible for the N-shaped curve observed in Pyr-PC/PC mixtures. The areas
labeled R are designated as regular distribution areas. The black areas rep-
resent Pyr-PC clusters. The blank areas in each square are irregular areas
where no regular patterns can be recognized. Each square represents the
membrane at a different physical state.

reflect the gel-to-liquid-crystalline phase transition (Galla
and Sackmann, 1974). Accordingly, Region I and Region III
can be assigned to the gel and the liquid-crystalline state,
respectively. Collision frequency of pyrene moieties should
increase with increasing temperature (Birks et al., 1963;
Galla and Sackmann, 1974); thus E/M should increase with
increasing temperature. In this regard, the behavior of E/M
in Region II (Figs. 4 and 8) is abnormal. Galla and Sackmann
(1974) explained the anomalous decrease in E/M during the
phase transition as a result of forming pyrene clusters in the
gel phase of the lipid matrix. Viani et al. (1988) attributed the
anomaly to the lateral re-distribution of Pyr-PC molecules.
They suggested that above the Tm of DPPC, Pyr-PC is evenly
distributed. As the temperature is decreased, Pyr-PC mol-
ecules are excluded into fluid domains. The increase in the
surface density of Pyr-PC in the fluid domains leads to in-
creased jumping frequency of Pyr-PC, and consequently in-
creased E/M with decreasing temperature.

Based on our previous studies (Tang and Chong, 1992;
Sugar et al., 1993, 1994) and the results shown in this study,
we herein propose a simple explanation for the N-shaped
curve in the plot of E/M versus temperature. It can be sug-
gested that regular distribution (labeled R in Fig. 8) and ir-
regular distribution (the blank area in Fig. 8) coexist in Re-
gion III. In Region I, regular distribution is unlikely to occur
because E/M dips are not readily observable in the gel phase
(for example, membranes at high pressures, Fig. 6). This
leaves only two possibilities (Von Dreele, 1978) for lipids in
the gel phase (Region I), that is, domain segregation or ran-
dom distribution. If Pyr-PC molecules are randomly distrib-
uted in the gel phase, the increasing rate of E/M with tem-
perature in Region I should be less than that in Region III (the
liquid crystalline state), because the lateral diffusion rate of
lipids in the gel phase is known to be very much limited, as
compared to that in the liquid crystalline state. However, the
results in Fig. 4,A andB show that the increasing rate ofE/M
with temperature in Region I is even higher than that in Re-

gion III. This argues against random distribution in Region
I. To this end, it may be proposed that Pyr-PC clusters are
formed in the gel phase of Pyr-PC/DMPC mixtures (Region
I in Fig. 8). In the Pyr-PC clusters, slight changes in lateral
motion or pyrene ring orientation (Sugar et al., 1991) can
greatly enhance excimer formation due to the close proximity
of Pyr-PC molecules.
The decrease of the E/M value in the middle region (Re-

gion II in Fig. 8) of the N-shaped curve can now be under-
stood in terms of the conversion from the Pyr-PC clusters to
the regular distributions. As the temperature is increased
from the beginning point to the end point of Region II, more
and more Pyr-PC clusters are melted and Pyr-PC molecules
become maximally separated as a result of regular distribu-
tion. This change in lateral organization explains why E/M
decreases with increasing temperature in Region II. As the
phase transition is completed, the E/M value decreases to a
minimal value. At that point, the lateral organization is com-
posed of both regular and irregular areas. Thereafter, a rise
in temperature increases the lateral diffusion of Pyr-PC in the
irregular areas, which gives rise to an increase in the colli-
sional frequency between pyrene monomers, thus, an in-
crease in E/M. It is important to mention that although regu-
lar regions and irregular regions coexist, they are not static.
Lipids in regular and irregular regions undergo constant ex-
changes. Hence, the schematic description of lipid lateral
organization at each stage shown in Fig. 8 should be viewed
as an instant lateral arrangement that has a dynamic nature.
Furthermore, it has been argued before that the presence of
regular distribution contradicts the random nature of lipid
lateral diffusion. According to the above discussion, this ar-
gument is unnecessary because random lipid lateral diffusion
is allowed only in the irregular regions, not in the regular
regions.
The pressure data in the liquid-crystalline state (<0.7 kbar

at 30'C) exhibit a sharp contrast between membranes at criti-
cal mole fractions (33.3 and 50 mol%) and noncritical mole
fractions. At noncritical Pyr-PC mole fractions, E/M initially
decreases steadily with increasing pressure, then decreases
abruptly. In contrast, at critical mole fractions, E/M changes
little with pressure before the abrupt decrease in E/M occurs.
The steady decrease in E/M with pressure observed at non-
critical mole fractions below 0.7 kbar is not surprising be-
cause similar results have been previously reported in various
membrane systems (Flamm et al., 1982; Muller and Galla,
1983, 1987; Turley and Offen, 1985, 1986; Macdonald et al.,
1988; Kao et al., 1992). In those studies, the decrease in E/M
with pressure was interpreted in terms of a pressure-induced
decrease in membrane fluidity or membrane free volume,
which in turn gives rise to a decreased lateral diffusion. Note
that the lateral diffusion of lipids in membranes has been
shown (Galla et al., 1979; Vaz and Hallman, 1983; Peters and
Beck, 1983; Vaz et al., 1985; King and Marsh, 1986) to
follow the free volume model (Cohen and Turnbull, 1959)
in a manner similar to a solute molecule in liquids.
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The striking observation from Fig. 7, A and B is that the
pressure dependence of E/M at critical mole fractions is dis-
tinctly different from that at noncritical mole fractions. This
difference can be understood in terms of changes in lipid
lateral organization from a noncritical to a critical mole frac-
tion. Under isothermal conditions, pressure produces only
v( iume changes. Previous studies have shown that increased
pressure reduces membrane volume in the liquid-crystalline
state of lipid bilayers (Liu and Kay, 1977; Tosh and Collings,
1986). This decrease in volume should cause two effects on
Pyr-PC/DMPC systems: (i) pressure reduces the lateral dif-
fusion of lipids, thus decreasing the E/M value, and (ii) pres-
sure shortens the intermolecular distance, thus increasing the
E/M value. At critical mole fractions, membranes possess
less free volume as a result of a higher ratio of regular area
to irregular area. In this case, the negative contribution from
factor (i) may be offset by the positive contribution from
factor (ii) such that E/M changes very little with pressure
(50 mol% Pyr-PC in Fig. 7 A and 33.3 mol% Pyr-PC in
Fig. 7 B at pressures below 0.7 kbar). At noncritical mole
fractions, membranes possess more free volume because of
a higher ratio of irregular to regular area. In this case, factor
(i) would be dominating and, consequently, E/M decreases
steadily with increasing pressure.

In the pressure range 0.001-0.7 kbar, the E/M dips remain
discernible, the depth of the dip decreases only slightly with
increasing pressure, and the dip position remains virtually
unchanged (Fig. 6). These results suggest that lipid regular
distribution persists in this pressure range.

Within the liquid-crystalline state of lipid bilayers, the
variation of lipid intermolecular distance by temperature and
pressure is rather limited. The importance of intermolecular
distance between Pyr-PC molecules on the E/M dip, thus, on
the regular distribution, can be better demonstrated by vary-
ing the radius of curvature of the vesicle. When the radius
of curvature is small, lipid headgroups in the outer monolayer
are more separated and pyrene-labeled acyl chains are able
to fit better into the membrane lattice. In this situation, the
elastic deformation of the membrane lattice around each
pyrene-labeled acyl chain decreases and the long-range re-
pulsive interaction between the labeled chains becomes
weaker. This explains why the depth of the E/M dip at 66.7
mol% Pyr-PC becomes shallow when the radius of curvature
is small (e.g., r = 64 nm in Fig. 5). In addition, when the
vesicle diameter is small (e.g., 64 nm), the lipids in the outer
and inner monolayers experience different constraints. This
may cause a heterogeneous distribution of Pyr-PC between
the two monolayers. As a result, the actual Pyr-PC mole
fraction in each monolayer may deviate from the apparent
mole fraction, leading to a split dip (r = 64 nm in Fig. 5).

In conclusion, the effects of vesicle diameter, pressure,
and temperature on the E/M dips all agree qualitatively with
theoretical predictions and with the concept of lipid regular
distribution. Several physical principles underlying lipid
regular distribution are revealed, which are summarized as
follows.

(i) In the liquid crystalline state of Pyr-PC/DMPC mixtures,
regular and irregular regions coexist. Lipid lateral diffusion
takes place virtually exclusively in the irregular areas where
membrane defects are available. Note that lateral diffusion
of pyrene-labeled acyl chains and regular areas are mutually
exclusive. This implies that the ordered lipid regular distri-
bution and random lipid lateral diffusion may occur at the
same time but at different places of the membrane.
(ii) The E/M dip is significantly reduced when the radius of
curvature of the membrane becomes small. This result agrees
with the idea that E/M dips and the regular distribution of the
pyrene-labeled acyl chains are caused by the long-range re-
pulsive interaction between the labeled chains. The repulsive
interaction results from the elastic lattice deformation around
the bulky pyrene moiety. When the radius of curvature be-
comes small, pyrene-containing acyl chains are able to fit
better into the membrane lattice and the elastic deformation
decreases.
(iii) The presence of E/M dips requires a fine balance be-
tween the free energy minimization due to the maximal sepa-
ration of the bulky pyrene rings and the entropy-driven ran-
domization. When the temperature is raised, the number of
structural defects increases and the regular areas are reduced.
E/M dips will diminish at high temperatures where thermal
fluctuation dominates or entropy-driven randomization pre-
vails.
(iv) E/M dips seem to respond to the perturbations ofpressure
and temperature according to lipid phase behavior. E/M dips
appear favorably in the liquid-crystalline state of the matrix
lipid. In the gel phase, dips are rarely seen. This suggests that
E/M dips are a lipid-involving phenomenon, rather than an
artifact of fluorescence measurements.
(v) Pressure data suggest that membrane free volume is less
abundant at critical Pyr-PC mole fractions than at noncritical
mole fractions. This indicates that membrane free volume
varies with Pyr-PC mole fraction in a periodic manner be-
cause there are many critical mole fractions over a wide range
of Pyr-PC concentrations. This result is in parallel with the
results obtained from computer simulations that indicate that
the ratio of regular region to irregular region reaches a local
maximum at critical Pyr-PC mole fractions and a local mini-
mum between two neighboring critical mole fractions.

Although our system of study is a simple and artificial one,
the physical principles that describe our model system can be
generally applied to real biological membranes because Pyr-
PC-like bulky molecules (e.g., cholesterol) relative to bilayer
phospholipids do exist in biological membranes. The occur-
rence of regular distribution in the liquid-crystalline state is
of biological significance because most biomembrane lipids
are in the fluid state at physiological conditions. Among all
the physical principles revealed above, the periodic variation
of membrane volume with Pyr-PC mole fraction is by far the
most important because many membrane events such as lipid
lateral diffusion (Galla et al., 1979; Vaz and Hallman, 1983;
Peters and Beck, 1983; Vaz et al., 1985; King and Marsh,
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1986), membrane fusion (Hui et al., 1981), and lipid spon-
taneous transfer between membranes (Wimley and Thomp-
son, 1991) have been previously suggested to be closely re-
lated to membrane free volume or membrane defect.
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