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Pressure Effects on the Physical Properties of Lipid Bilayers Detected by
trans-Parinaric Acid Fluorescence Decay
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ABSTRACT The effects of hydrostatic pressure on the physical properties of large unilamellar vesicles of single lipids di-
palmitoyl phosphatidylcholine (DPPC) and dimyristoyl phosphatidylcholine (DMPC) and lipid mixtures of DMPC/DPPC have
been studied from time-resolved fluorescence of trans-parinaric acid. Additional experiments were carried out using diphe-
nylhexatriene to compare the results extracted from both probes. Fluorescence decays were analyzed by the maximum entropy
method. Pressure does not influence the fluorescence lifetime distribution of trans-parinaric acid in isotropic solvents. However,
in pressurized lipid bilayers an abrupt change was observed in the lifetime distribution which was associated with the isothermal
pressure-induced phase transition. The pressure to temperature equivalence values, dT/dP, determined from the midpoint of
the phase transitions, were 24 and 1 4.50C kbar1 for DMPC and POPC, respectively. Relatively moderate pressures of about
500 bar shifted the DMPC/DPPC phase diagram 11.50C to higher temperatures.
The effects of pressure on the structural properties of these lipid vesicles were investigated from the anisotropy decays of

both probes. Order parameters for all systems increased with pressure. In the gel phase of POPC the order parameter was
smaller than that obtained in the same phase of saturated phospholipids, suggesting that an efficient packing of the POPC
hydrocarbon chains is hindered.

INTRODUCTION

The study of the physical properties of lipid bilayers is of
fundamental importance in membrane research because
these bilayers constitute the fundamental matrix of biological
membranes and represent the environment where many pro-
teins display their activity. Concretely, there are three prop-
erties of the lipid bilayer which are of particular relevance for
the diversity of membrane functions: orientational order, flu-
idity, and lateral heterogeneity. Fluidity and orientational or-
der are, respectively, related to the rate and extent of phos-
pholipid acyl chain motions away from an average
orientation. Lateral heterogeneity results from the lack of
miscibility of some bilayer components which form
"domains" with specific physical properties.
At constant pressure, the more frequently perturbing vari-

ables used to study the structural properties of a biological
system are chemical composition and temperature. The
changes induced in the physical properties of the membrane
upon chemical composition modifications are linked to every
specific type of lipid. Temperature changes result in simul-
taneous alterations of the thermal energy and volume, mak-
ing it very difficult to distinguish between the effects due to
the thermally activated process (rotational diffusion, ther-
modynamics friction, etc.) and those related to the change of
the density and packing of the system. Pressure changes at
constant temperature introduce large changes in those pa-
rameters which depend exclusively upon the volume.
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The effects of hydrostatic pressure on lipid bilayers and
cellular membranes have been studied by fluorescence
probe techniques (Chong et al., 1983a; Chong and Weber,
1983b; Chong, 1988; Behan et al., 1992; Sassaroli et al.,
1993) as well as other physical techniques including NMR
spectroscopy (Jonas et al., 1988; Peng and Jonas, 1992),
ESR (Trudell et al., 1974), neutron diffraction (Braganza
and Worcester, 1986a; Braganza and Worcester, 1986b),
light scattering (Ceuterick et al., 1978), and volumetry
(Liu and Kay, 1977; Tosh and Collings, 1986). From an
experimental point of view, time-resolved fluorescence
probe spectroscopy allows the study of the pressure-
induced membrane structural changes, at a molecular level,
in a simple way. The success of the method depends on
the interpretation of the changes observed in the photo-
physical parameters of the probes.

Pressure can alterate the location of the probe in the lipid
bilayer and, consequently, complicate the interpretation of
data. The use of fluorescent fatty acids and lipid derivatives
may overcome this problem to a considerable extent. In our
previous study (Mateo et al., 1993a), it was shown that the
fluorescent fatty acid trans-parinaric acid (t-PnA) can be
used to detect and quantify gel-fluid heterogeneity in lipid
bilayers. In the present work, the photophysical parameters
(lifetimes, fluorescence anisotropy, and excitation/emission
spectra) of this probe have been used to investigate the effects
of hydrostatic pressure (1 bar to 3 kbar) on the physical prop-
erties of lipid bilayers. The influence of composition of pure
as well as mixtures of phospholipids have been studied. In
addition, some of the experiments have been carried out us-
ing 1,6-diphenyl-1,3,5-hexatriene (DPH) as a fluorescent
probe in order to compare the information extracted from
both probes. The results show that the isotherm pressure-
induced phase transition can be detected with high precision
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from the changes observed in the lifetime distribution of t-
PnA. The lifetime distributions of DPH are slightly sensi-
tive to these phase transitions. The effects of pressure on
the physical properties of the bilayers have been quantified
from the time-resolved fluorescence anisotropy decays of
both probes. Order parameters and "microviscosities" in-
creased with pressure in all the systems. The effects of
pressure on the phase diagram of lipid mixtures are also
discussed.

MATERIALS AND SAMPLE PREPARATION
DPH, obtained from Sigma Chemical Co. (St. Louis, MO) was recrystallized
from hexane. t-PnA was obtained from Molecular Probes, Inc. (Eugene, OR)
and used without additional purification. Purity was checked by both ab-
sorption and emission spectroscopy and high-performance liquid chroma-
tography. Dipalmitoyl phosphatidylcholine (DPPC) and dimyristoyl phos-
phatidylcholine (DMPC) were obtained from Serdary (London, Ontario,
Canada) and palmitoyloleoyl phosphatidylcholine (POPC) from Sigma.
These chemicals were used as supplied. Stock solutions of DPH and t-PnA
were prepared in dimethylformamide and ethanol, respectively, and stored
in the dark at -20°C before use. The stock solution was vigorously bubbled
with nitrogen before the tube was capped.

Large unilamellar vesicles (LUV), with a mean diameter of 90 nm, were
prepared from the multilamellar vesicles by extrusion techniques (Hope et
al., 1985) through Nucleopore filters with 100-nm pore size. The probe was
added as aliquots from the stock solution directly into the lipidic dispersion,
as described in the preceding paper (Mateo et al., 1993a). The probe/lipid
molar ratio was 1/200 for t-PnA and 1/500 for DPH. Samples were used
immediately after preparation.

FLUORESCENCE MEASUREMENTS

Time-resolved fluorescence and fluorescence anisotropy de-
cays under pressure were recorded with a high-pressure op-
tical cell mounted in a time-correlated single photon counting
fluorimeter. For a strict comparison, the fluorescence decays
at atmospheric pressure were also carried out using this pres-
sure optical cell. The high pressure system, including the
optical cell, inner cuvette, and pressure-generating system,
were similar to those described by Paladini and Weber
(1981). The sample was loaded into a cylindrical quartz cu-
vette capped with a small polyethylene tube sealed at one
end, forming a closed system. The sample system was sur-
rounded with pure ethanol which served as the pressure-
transmitting fluid. The sample was thermostatized by pump-
ing water from a thermostate through channels drilled in the
steel walls of the pressure cell. The anisotropy decay r(t) was
extracted from the parallel Ivv(t) and perpendicular Ivh(t)
polarized fluorescence decay components elicited by verti-
cally polarized excitation. The polarized components were
collected alternately by rotating the analyzer polarizer every
40 s over 30 periods. Corrections for strain birefringence of
the quartz windows of the pressure optical cell at every pres-
sure and temperature were made. The corresponding experi-
mental G-factor = Ivv/Ivh was determined from t-PnA in
ethanol and from DPH in cyclohexane at the same condi-
tions. Total fluorescence intensity, I(t), was recorded by ori-
entating the emission polarizer at the "magic" angle of 54.75°
or by summing the parallel and twice the corrected perpen-
dicular components. For t-PnA fluorescence, the excitation

light pulse source was a picosecond laser system (Spectra-
Physics) including a pumping Argon-Ion laser (SP 2030), a
cavity dumped and synchronously dye laser (SP 375) pro-
viding a light pulse of 10-15 ps at 600 nm and at 300 nm
through a frequency doubler (SP 390). The repetition rate
of the excitation was set at 800 kHz. The excitation wave-
length was at 300 nm and the fluorescence selected through
a monochromator (Jobin-Yvon H 10; S. A. Instruments,
Longjumeau, France) set at 405 nm (AX = 6 nm) was
achieved by means of a microchannel plate photomultiplier
(Hamamatsu R1564U-06; Hamamatsu Photonics K.K.,
Hamamatsu City, Japan). The instrumental response function
(80-100 ps) was recorded using the same sample by detect-
ing around 300 nm the light scattered from the liposomes.
The time scaling was 18,35, and 75 ps per channel and 2048
channels were used. Further details of the picosecond life-
time apparatus have been published (Moya et al., 1986). In
the case of DPH the samples were excited using the syn-
chrotron radiation emitted by the positron storage ring of
Orsay working at a frequency of 8.33 MHz in the two-
bunch mode. The storage ring provides a light pulse with a
full width at half maximum (FWHM) of 500 ps. Verti-
cally polarized excitation was set to 360 (AX = 1 nm). The
emission was selected at 430 (AX = 4 nm) and was de-
tected by a Hamamatsu microchannel plate R1564U-06.
The apparatus response function was measured, in alterna-
tion with the parallel and perpendicular components of the
polarized fluorescence decay, with a scattering ludox solu-
tion near the emission wavelength. Time resolution was 31
ps per channel, and 2048 channels were used for decay
storage.

ANALYSIS AND INTERPRETATION OF DATA

Analysis of the total fluorescence intensity I(t) and of the
fluorescence anisotropy r(t) were performed by the Maxi-
mum Entropy Method, MEM (Brochon and Livesey, 1988;
Brochon et al., 1992). In the analysis of r(t), all the emitting
species were assumed to display the same intrinsic anisot-
ropy and rotational dynamics. The parallel Ivv(t) and per-
pendicular Ivh(t) components of the fluorescence intensity at
time t after the start of the excitation are:

Ivv(t) (1)

= EX(t) [ a(T)e dT + 2 p(O)e tIO doll
3

uJ

Ivh(t) (3a)

I E(t) a(T)e tT dTr' - p(O)e tIO do

and

rO= p(O) do, (3b)

where EA(t) is the temporal shape of the excitation flash,
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* denotes a convolution product, and a(T) and p(O) are,
respectively, the distribution functions of the fluorescence
lifetimes and the rotational correlation times. The a(T) pro-
file is given from the initial analysis of the total fluorescence
intensity I(t) by MEM and is held constant in a subsequent
analysis of Ivv(t) and Ivh(t) which provides the distribution
p(O) of correlation times (Brochon et al., 1992). 100 lifetime
values, ranging from 0.1 to 100 ns and equally spaced on the
logarithmic scale, were used for the analysis of a(T). The
analysis of p(O) was performed starting with 100 correlation
times ranging from 0.1 to 50 ns.
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FIGURE 1 Effect of pressure on the fluorescence
lifetime distribution of DPH in DMPC large unila-
mellar vesicles at 350C.
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The anisotropy decay of t-PnA in lipid systems where
different environments coexist was fit by the "associated"
model detailed in the preceding article. In this model
r(t)is approximated by assuming two probe populations,
S and F, which are characterized by specific fluorescence
decay, Is(t) and IF(t), respectively, and anisotropy decay,
rs(t) and rF(t), respectively. The fluorescence decay for
each probe population is described by a sum of exponen-
tials. The respective anisotropy decay is defined by a
single rotational correlation time 0 plus a residual anisot-
ropy rc. The total anisotropy decay is the linear combina-

Lifetime (ns)
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tion of the anisotropy decays of the two populations of the
probe:

r(t) = fs (t)rs (t) + fF(t)rF(t), (4)

taken from measurements in paraffin oils with an average
value of 1.6.10-22 cm3 (Heyn et al., 1989; Mateo et al.,
1993b).

where fs(t) = asIs(t)/(asIs(t) + aFIF(t)) and fF(t) =
aFIF(t)/(aSIS(t) + aFIF(t)) are the time-resolved fraction of
the total fluorescence I(t) contributed by the probe popula-
tion localized in the gel (S) and fluid (F) environment, re-
spectively.
The fraction of gel phase in the bilayer can be quantified

from the expression:

PXslX
Kp

- XS/X (XS + XF = 1) (5)
Xp X

where Ks/F is the partition coefficient of the probe between
the gel and fluid phases and Xs and Xp are the fraction of
probe localized in each phase, respectively. These fractions
can be estimated from the amplitudes of the total fluores-
cence decay (see preceding paper (Mateo et al., 1993a)) if the
radiative rate constants and extinction coefficients of the
probe are similar in both phases.
The second rank order parameter (P2) of a fluorescent

probe with cylindrical symmetry (emission and transition
moments assumed parallel) is related to the residual anisot-
ropy r. by (Jahnig et al., 1979):

(6)r ...
1/2~ro)

Values of r. = 0.385 (Ameloot et al., 1984; Best et al., 1987)
and ro = 0.390 (Hudson and Cavalier, 1988) were used in
this work for DPH and t-PnA, respectively.

Rotational diffusion coefficients of the probes in the lipid
bilayer, Dw, were determined from the experimental corre-
lation times 0 using the approximation of Kinosita et al.
(1977) based on the Brownian diffusion of the probe in a
cone:

(0

(0)'

RESULTS

Pressure effect on DMPC as detected by DPH
fluorescence

The pressure dependence of the fluorescence kinetics ofDPH
was first studied in cyclohexane at 350C. At atmospheric
pressure MEM analysis of data showed a main lifetime com-
ponent centered at 7.7 ns and a short lifetime of about 2 ns
having a contribution lower than 2%. The only effect of in-
creasing pressure, up to 600 bar, was a small change in the
long lifetime from 7.7 to 7.2 ns (data not shown) which could
be related to the increases of the polarizability of cyclohex-
ane (Jones and Cunadall, 1986). Measurements above 600
bar cannot be performed due to the cyclohexane freezing.
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where the numerical values of uf are function of rJrO and are
described in Kinosita et al. (1984). (0) is the average cor-
relation determined from the area of the anisotropy decay
curve (Kinosita et al., 1984; Heyn et al., 1989). The coef-
ficient D, can also be estimated from the initial slope of the
normalized r(t), in a model-independent analysis (Ameloot
et al., 1984), however, in the case of membrane suspensions,
scattering artifacts may turn this approach less reliable.

For DPH, Dw may be converted to the "viscosity in the
cone"l or "microviscosity," q (Kinosita et al., 1984), which
represents the dynamic friction against the wobbling motion
by assuming Einstein's relation:
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FIGURE 2 Effect of pressure on the lifetime distribution of t-PnA in
DMPC large unilamellar vesicles at 30°C.where Vef determines an "effective" volume of the probe
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The effect of pressure on LUVs of DMPC was observed
from the fluorescence kinetics of DPH. At 35°C and atmo-
spheric pressure the fluorescence decay of DPH is described
by a bimodal lifetime distribution, which is similar to that
determined in cyclohexane. This distribution pattern is pre-
served up to 1000 bar (Fig. 1). The only difference is a shift
of the long lifetime from 8.7 to 10.0 ns as the pressure was

increased from 1 to 600 bar. No other changes were observed
from 600 to 1000 bar.

Pressure effects on DMPC, POPC, and
DMPC/DPPC mixtures as detected
by t-PnA fluorescence

The effect of hydrostatic pressure on the fluorescence ki-
netics of t-PnA was investigated in ethanol at 100C. Analysis
of data showed a bimodal fluorescence distribution at all
pressures studied, up to 2000 bar, which is identical to that
observed at atmospheric pressure (Mateo et al., 1993a).
The fluorescence decay of t-PnA in LUV of DMPC was

measured isothermally as a function of pressure, up to 3000
bar, at 300 and 35°C. The results are shown in Fig. 2 and
Table 1. At atmospheric pressure, the fluorescence kinetics
is described by a bimodal lifetime distribution at both tem-
peratures. At 30°C, a pressure increase of 200 bar results in
the appearance of a third lifetime component centered at 15
ns. At 35°C the third component appears at pressures around
400 bar. The relative contribution of this long lifetime was
found to increase as the pressure increased. This change in

TABLE 1 Fluorescence intensity decay parameters recovered by
DMPC/DPPC (1/1) as a function of pressure

TABLE 2 Phase transition pressure, PT, in DMPC and POPC
as determined by the fluorescence kinetics of t-PnA and the
steady-state fluorescence of perylene, DPH and
dipyrenylphosphatidylcholine (dipy10PC)

PT

System T t-PnA DPH* Perylene* dipy1OPC*
°C bar

DMPC 30 330 ± 20 310 380 300
35 530 ± 20 510 590 480

POPC 10 1050 ± 10 800
20 1700 ± 10 1300

* Data from Chong et al. (1985).
* Data from Sassaroli et al. (1993).

the lifetime distribution pattern describes clearly the
pressure-induced phase transition in DMPC. The emission
spectrum of the probe does not change with pressure. The
excitation spectrum shifts 3 nm to higher wavelength on in-
creasing the pressure from 1 to 2000 bar (data not shown).

t-PnA accumulates in the gel phase with a partition co-

efficient Ks/F = 5 ± 2 (Hudson et al., 1986). Assuming that
this value is preserved at high pressures, the gel phase frac-
tion (Xs) of DMPC was calculated at each pressure from the
amplitude of the longest lifetime component (Table 1), as is
described in the preceding paper (Mateo et al., 1993a). The
correction for the measured shift in excitation spectrum
upon pressure increase was taken into account. For each
isothermal curve, an abrupt change was observed in Xs

MEM of t-PnA in large unilamellar vesicles of DMPC and

System T P C1 TCc2 2 C3 3 v

°C bar ns ns ns
DMPC 30.0 1 0.38 1.3 0.62 5.5 0.00

220 0.13 1.2 0.55 4.6 0.32 15 0.14
300 0.12 0.7 0.46 4.4 0.42 16 0.24
400 0.10 0.7 0.28 4.2 0.62 17 0.71
600 0.05 0.7 0.26 4.2 0.69 18 1.00

3000 0.09 0.6 0.15 3.5 0.66 21 1.00
35.0 1 0.18 1.0 0.82 4.2 0.00

300 0.29 2.0 0.68 4.7 0.03 17 0.01
500 0.21 1.4 0.24 6.3 0.55 17 0.38
600 0.14 1.4 0.14 5.1 0.72 17 1.00
1000 0.16 1.3 0.09 4.8 0.75 18 1.00

DMPC/DPPC 38.0 1 0.27 0.9 0.71 4.7 0.02 23 0.01
100 0.27 1.2 0.63 4.9 0.10 23 0.03
150 0.27 0.6 0.50 4.7 0.23 25 0.09
200 0.24 1.3 0.39 5.0 0.37 25 0.20
400 0.20 1.1 0.22 5.9 0.58 25 0.62
500 0.16 1.0 0.16 4.7 0.68 25 1.00
900 0.13 1.0 0.21 4.5 0.66 29 1.00

29.0 500 0.12 1.6 0.13 5.9 0.75 34 1.00
38.5 500 0.15 1.0 0.16 4.7 0.69 25 1.00
40.0 500 0.15 1.3 0.14 6.0 0.71 24 1.00
43.0 500 0.13 0.9 0.21 4.9 0.66 22 0.76
45.0 500 0.12 1.2 0.31 4.1 0.57 21 0.46
46.0 500 0.32 1.8 0.35 5.2 0.33 21 0.15
47.7 500 0.21 1.1 0.68 3.9 0.11 21 0.04
51.5 500 0.29 1.1 0.71 3.1 0.00

Ci and Ti are the integrated relative amplitude and center value, respectively, of each lifetime component. XS is the fraction of gel phase determined from
C3 (see text). Ci, ±0.04; T1, ±0.3; T2, ±0.8, T3, ±2 ns.
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during the pressure-induced phase transition. The phase
transition pressure, PT, can be defined as the pressure at
which Xs = 0.5. This transition pressure was determined at
each temperature and is compared in Table 2 with the val-
ues obtained in multilamellar vesicles of DMPC from
perylene and DPH (Chong et al., 1985) and from dipy-
renylphosphatidylcholine, dipy1OPC (Sassaroli et al.,
1993). The extrapolation at P = 1 bar of the slope of
variation of PT versus T was 22 2°C, which is close to
the transition temperature of DMPC, Tm = 23°C. This
slope gives a temperature-to-pressure equivalence dT/dP =
24.0 ± 2.0°C kbar-1, which is in agreement to the value
determined by other methods (Chong, 1988; Sassaroli
et al., 1993, Chong et al., 1985; Macdonald et al., 1983).
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FIGURE 3 Effect of pressure on the lifetime dis-
tribution of t-PnA in POPC large unilamellar
vesicles at 10°C.
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The effects ofpressure inLUV ofPOPC were studied from
the fluorescence decay of t-PnA at 100 and 20°C. The results
are shown in Fig. 3 and Table 3. At atmospheric pressure the
lifetime distribution shows three components. The origin of
the intermediate lifetime component is discussed in the pre-

ceding paper as a consequence of the temperature and order
dependence of the t-PnA lifetimes. For each temperature, an

abrupt change was observed in this lifetime distribution
which was associated with the pressure-induced phase tran-
sition. At 10°C, the fluorescence distribution pattern changed
sharply between 700 and 1000 bar. At 20°C, the changes
were observed between 1300 and 1600 bar. The pressure

dependence of these lifetime distributions was completely
reversible.
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TABLE 3 Fluorescence intensity decay parameters recovered by MEM of t-PnA in large unilamellar vesicles of POPC as a
function of pressure

System T P Ci Ti C2 T2 C3 T3 C4 T4

°C bars ns ns ns ns
10 1 0.10 1.0 0.20 3.0 0.70 9.0

500 0.07 0.9 0.26 2.8 0.67 9.1
700 0.07 0.8 0.25 2.9 0.51 10.3 0.17 24
800 0.14 1.1 0.23 3.8 0.38 12.2 0.25 32
900 0.11 1.0 0.19 3.5 0.35 12.6 0.35 34

- 1100 0.04 0.5 *0.24 2.5 0.14 11.0 0.58 36
1400 0.18 1.4 0.19 5.6 0.63 37
2000 0.12 1.0 0.21 4.6 0.67 40

POPC 20 1 0.24 0.8 0.21 1.9 0.55 6.1
500 0.14 0.9 0.19 2.8 0.67 8.0
1100 0.15 0.6 0.21 2.3 0.61 8.3 0.03 26
1300 0.11 0.9 0.27 2.6 0.49 9.1 0.13 26
1500 0.15 0.9 0.22 3.0 0.31 9.8 0.32 26
1600 0.09 0.6 0.24 2.6 0.25 11.0 0.42 28
1800 0.13 0.9 0.21 4.7 0.66 25
2100 0.12 0.8 0.13 3.3 0.75 26

Ci and Ti are, respectively, the integrated relative amplitude and barycenter value of each lifetime class. Ci, ±0.04; Ti, ±0.2; T2, ±0.8; T3, ± 1.5;
T4, ±2 ns.
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indicates a relatively large temperature range for coexistence
--O- 200C+ 1 ooc l of both gel and fluid phases (Mateo et al., 1993a; Mabrey and

Sturtevant, 1976). In addition, this temperatures range is
of physiological interest. Experiments were carried out at
38.5°C in the pressure range from 1 to 900 bar and at
500 bar in the temperature range from 290 to 52°C. At at-

3 0
l mospheric pressure and T = 38.50C, the lifetime distribution

is bimodal (Fig. 5). At 100 bar this distribution is clearly
/20 , / i modified with the appearance of a long lifetime component
fPr / 1I centered to 23 ns. The third component amplitude increases

/ YJ4> 0 L/ PT with pressure and it remains constant above 500 bar (Fig. 5
10 . 1.5 21 and Table 1). Fig. 6 shows the changes in the lifetime dis-

tribution induced by temperature at 500 bar. From 290 to
0 0.5 1 1.5 2 2.5 3 420C the lifetime distribution is similar to that associated to

P / k bar the gel phase of a single lipid bilayer. From 430 to 47°C the
contribution of the long lifetime component becomes smaller

Pressure dependence of the gel fraction XS of POPC at an a bioa ditibto is obaie abv Ch rc
md 20°C (Cl). Inset: phase transition pressure PT as a function an abioa.itiuini baie bv8C h rc

tu(e. tion of the gel phase was quantified at every temperature
from the amplitude of this component and it is compared with
the values obtained at atmospheric pressure (Fig. 7). The

artition coefficient of the probe, Ks/" = 5 + 2, de- thermal phase diagram of this mixture at atmospheric pres-
in saturated systems, was assumed to be the same sure, previously determined from fluorescence techniques
at any pressure. Using Eq. 4, the fraction of gel (Mateo et al., 1993a), is compared with the data obtained at
was obtained as a function of pressure at 100 and 500 bar (Fig. 8). The only effect of pressure is a shift of the

ig. 4). As in DMPC, PT was determined at each biphasic region of the diagram to higher temperatures. For
ure from Fig. 4 and the value is compared in Table this system a dT/dP = 23°C kbar-t is determined which is
lot e froF 4 and t

rvalecis m ar 1
Table

similar to the value obtained in DMPC.4 WILII LIIt1L t;btLIMLOU ILuMn UIpy10.k- kaSNarUll cl al., JLYYo.3
The extrapolation at P = 1 bar of the slope of variation of
PT versus T(see inset of Fig. 4) was -5.0 ± 0.5°C. This value
is in excellent agreement with the transition temperature of
POPC, Tm = -5°C. The slope gives a temperature-to-
pressure equivalence, dT/dP = 14.5 + 0.5°C kbar-1 which
is clearly smaller than the value estimated for DMPC.
The fluorescence intensity decay oft-PnA was also studied

in pressurized LUVs made up with an equimolar mixture of
DMPC/DPPC. The selection of this specific molar propor-
tion is supported by the experimental phase diagram which

Pressure effects on the lipid bilayers as detected
by DPH and t-PnA fluorescence anisotropy

Fluorescence anisotropy decay of DPH in DMPC was re-
corded at 35°C at several pressures. MEM analysis yielded
two rotational correlation times and a residual anisotropy r.
(Table 4). The main effect of pressure was an increase of r.
which changed from 0.03 to 0.28 as pressure was increased
from 1 bar to 600 bar (Fig. 9). Order parameters, diffusion
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FIGURE 5 Effect of pressure on the lifetime distri-
bution of t-PnA in large unilamellar vesicles of an
equimolar mixture of DMPC/DPPC at 38.5°C. (For
clarity, the upper curves have been vertically shifted).
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coefficients and "microviscosities" were calculated from
Eqs. 5-7 and are given in Table 4.
The effect of pressure on the fluorescence anisotropy de-

cay of t-PnA in POPC was recorded at 100 and 20°C. The
curves decay monotonically with the time to a residual an-
isotropy, r., which depends of the pressure applied (Table 5).
In most of cases the curves were satisfactorily fitted assum-
ing a single population of t-PnA. For the curves recorded at
the transition pressures, the application of the "associated"
model described in the preceding article resulted in a better
fit, with a corresponding decrease in the x2 values from 1.14
to 1.04. This model assumes two populations of the probe
which are characterized by specific lifetimes, correlation
times, and order parameters. The longest lifetime component
(see Fig. 3) was associated to the fraction of t-PnA located
in the gel phase, while the short lifetime components were
associated to the fraction of the probe located in the fluid
phase. The results of the analysis are shown in Table 5 to-
gether with the order parameters derived from r.. The ro-
tational correlation times 0 display rather large uncertainty
and, particularly, in the gel phase where values are close to
the limit of our present experimental resolution. In most of
cases, the experimental value of r(0) is lower than the theo-
retical value ro = 0.40 expected for a molecule with parallel
transition moments. This discrepancy can be attributed to the
existence of molecular motions of the probe that are too fast
to be detected under the present experimental conditions.
The anisotropy decay of t-PnA in an equimolar mixture of

DPPC/DMPC was recorded at 38°C at several pressures (Fig.
10 and Table 5). At 500 bar the curve was described by one
rotational correlation time and a high residual anisotropy.
This r. value is close to that obtained at atmospheric pressure
and at temperatures below 34°C (see TableS in the preceding
paper). At pressures lower than 500 bar anisotropy decays
showed, after an initial fast decay, a subsequent gradual in-
crease (Fig. 10). Analysis assuming a single population of
probe became undoubtedly inadequate. The anisotropy

curves were satisfactorily analyzed using the "associated"
exponential model. The longest lifetime component (see Fig.
5) was obviously associated to the fraction of t-PnA located
in the more ordered lipid region, while the short lifetime
components were associated to the fraction of the probe lo-
cated in the fluid phase. The fit parameters are shown in
Table 5 togetherwith the orderparameters. The residual aniso-
tropies associated with the population of longer lifetime,
rs, do not change with pressure and are close to those ob-
tained at 500 bar. The residual anisotropies, rF, associated
with the population of short lifetimes increases with pressure
and are in the same range than those observed in a fluid phase
at atmospheric pressure (see Table 5 in preceding paper).

DISCUSSION

Fluorescence kinetics of t-PnA in lipid membranes is much
more sensitive to the pressure effect than the fluorescence
kinetics of DPH. The temperature-to-pressure equivalence
dT/dP = 24.0 ± 2.0°C kbar-1, obtained from the lifetime
distributions of t-PnA in DMPC, is similar to that determined
by other physical methods. This agreement confirms the ca-
pacity of the probe to detect with high precision the isotherm
pressure-induced phase transition.

For DPH, the small change observed in the fluorescence
lifetimes can be due to the increase of the lipid packing den-
sity associated to the phase transition. Given the very hy-
drophobic nature of the probe, this change can be also the
result of a pressure induced migration of the probe into a
more hydrophobic environment of the bilayer. Contrary to
this, t-PnA remains anchored to the phospholipid polar head-
groups with a rather limited migration within the bilayer.
Therefore, the strong change in its fluorescence distribution
can be exclusively attributed to the increase of the lipid pack-
ing density.
The changes observed in the fluorescence lifetime distri-

bution of t-PnA upon the isotherm pressure-induced phase
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FIGURE 7 Temperature dependence of the gel phase fraction Xs of large
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FIGURE 6 Effect of temperature on the lifetime distribution of t-PnA in
large unilamellar vesicles of an equimolar mixture of DMPC/DPPC at 500
bar.

transition are smaller than those induced by temperature
(Mateo et al., 1993a). For instance, at constant temperature,
the t-PnA lifetimes in DMPC undergo a change from 4.2 to
17 ns, which is associated to the change in the lipid packing
density. However, at constant pressure, the lifetime increases
from 4.2 to 24 ns during the phase transition. In the latter
case, the lifetime variation reflects not only the increase in
the lipid packing density associated to the gel phase but also
the temperature dependence of the t-PnA radiationless decay
rate (Sklar et al., 1977).
The effect of pressure in lipid membranes have been de-

scribed and studied in detail in saturated systems such as

DMPC or DPPC but not as yet in unsaturated lipid bilayers.

FIGURE 8 Effect of pressure on the thermotropic phase diagram of the
DMPC/DPPC lipid mixture. (0) Phase diagram constructed at atmospheric
pressure from the lifetime distributions of t-PnA (see preceding paper). (El)
Data obtained at 500 bar (see text). At XDPPC = 1 and P = 500 bar the
temperature value is taken from Chong and Weber, 1983b.

Chong and Weber (1983b) examined by steady-state polar-
ization fluorimetry of DPH the effect of pressure in lipid
bilayers of dioleoylphosphatidylcholine (DOPC, one double
cis bond in each chain) which presents a transition tempera-
ture at TT = -20°C. No isothermal pressure-induced tran-
sition was directly observed in this study since the upper limit
of the pressure range was 2000 bar. However, they were able
to estimate a dT/dP of 21°C kbar'. On the other hand,
Siminovitch et al. (1987), studied by high pressure infrared
spectroscopy the effect of pressure, up to 32 kbar, in DOPC
bilayers and they determined a value for dTIdP ' 8.3°C
kbar-1. POPC (only one cis double bond on the sn-2 chain)
is a not very studied unsaturated phospholipid which is an

important component of animal cell membranes. In a recent
paper (Sassaroli et al., 1993) the intramolecular excimer for-
mation rate for dipy1OPC was used to determine the effect of
pressure in multilamellar vesicles of POPC. For this system
the authors estimated a temperature to pressure equivalence
dTIdP of 19°C kbar-1. As this intramolecular excimer for-
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TABLE 4 Parameter values resulting from analysis of the anisotropy decay of DPH in DMPC

P 1i 01 12 02 r. r(0) D n (P2)

bars ns ns ns-1 poise
1 0.167 0.7 0.127 1.9 0.026 0.320 0.134 0.31 0.26

100 0.162 1.2 0.099 3.1 0.056 0.317 0.103 0.46 0.38
300 0.104 0.3 0.146 2.3 0.136 0.386 0.079 0.53 0.59
600 0.040 0.3 0.022 2.2 0.275 0.337 0.062 0.67 0.84

13i and Oi are, respectively, the integrated amplitude and center value of each rotational correlation time component. (P2), Dw, and T are determined from
Eqs. 5-7 (see text). Pi, ±0.008; Oi, ±0.3 ns; rOO, ±0.008.
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FIGURE 9 Effect of pressure on the fluorescence anisot:
DPH in large unilamellar vesicles of DMPC at 35°C.

mation rate was not very sensitive to the POPC
phase transition, the accuracy of dT/dP determin,
ited. With t-PnA, the POPC isothermal phase t
marked by an abrupt drop in the gel phase fraction
drop allows to estimate with high precision a ten
pressure equivalence of 14.5°C kbar-1. This val

mediate between that observed for saturated syst
value determined for DOPC by Siminovitch et
These authors concluded that either dT/dP i
dependent, or the value of dT/dP is anomalous
find that the latter conclusion is more likely to b
and we think that dT/dP is dependent of the numi
of unsaturations of the phospholipids.
The molar volume increase AV associated wit

transition at atmospheric pressure can be evaluat
Clausius-Clapeyron equation (dT/dP) = Tm AV/z
thalpy of the phase transitions, AH, for DMPC an

5.4 (Mabrey and Sturtevant, 1976) and 8.0 kcal/r
tively (Nagle and Wilkinson, 1978). Using ou

dT/dP, we have obtained a volume increase AV =

for both DMPC and POPC. For DMPC, the c

agreement with the value determined from densil
ments (Nagle and Wilkinson, 1978).
The lipid components in many biological men

pear to be organized in domains even at physiol
peratures. Alteration of pressure will lead to cha
structure and size of domains and, probably, in th
state on the membrane. Our results show that rela

erates pressures of about 500 bar shift 11.5°C the region of
coexistence of the gel and fluid phases in DMPC/DPPC mix-
tures. This result indicates the extreme sensitivity to pressure
of the organization of the different lipid environments.

Time-resolved fluorescence anisotropy experiments of
DPH indicate that hydrostatic pressure increases both lipid
orientational order and membrane viscosity. The equiva-
lences between temperature and pressure dT/dP determined
here are based on the comparison of the effects of tempera-
ture and pressure on the lipid phase transition. In principle,
such experiments are not able to inform if the same equiva-
lence can be applied to the molecular order and local vis-
cosity. Assuming that this equivalence is the same, the pres-

9oo0 I000 sure effect on the order parameter and rotational diffusion
coefficient of DPH in DMPC (Table 4) was transformed in

tropy decay of temperature effect using dT/dP = 24°C kbar-1 (Fig. 11). The
data agree well with those determined at different tempera-
tures by Ameloot et al. (1984), indicating that the assumed

isothermal equivalence is more or less correct. This is valid, at least, in
the range of the pressure and temperature studied. From these

ation is lim- results we can conclude that, although the pressure depen-
transition is dence of DPH location in the bilayer is not known, the
t.This sharp probe can detect with precision the lipid phase transition
aperature to induced by pressure and gives relative information about
lue is inter- the changes produced in the order and fluidity of the pres-
ems and the surized membranes.

al* (1987.' The fluorescent fatty acid t-PnA appears to be a goodLS pressure-sly low. We probe in the detection of membrane lateral heterogeneity and
e corrected in the determination of the lipid orientational order. How-

ber and type ever, it is not very useful in detecting alterations in the mem-
brane fluidity. Unlike DPH, t-PnA is not a rigid molecule and

th the phase can present different molecular motions which are beyond
ted from the our present experimental accuracy (Mateo et al., 1993a).
MH. The en- However, the high sensitivity of its fluorescence kinetics to

Id POPC are the physical state of the bilayer allows us to resolve the struc-

nol, respec- tural properties of different lipid environments and then to
ir values of determine the effect of pressure on these environments. This
= 18 ml/mol is illustrated in Fig. 12. At constant temperature, an increase
hange is in of pressure in the region of coexistence of the fluid and gel
ty measure- phases, decreases the fraction of fluid phase but makes it

much more ordered. Simultaneously, the fraction of gel
nbranes ap- phase increases, but the molecular order of the corresponding
Logical tem- lipid domains remains constant. The progressive ordering
inges in the effect in the fluid phase as increasing pressure is presumably
e functional due to the reduction of volume of the bilayer itself and to the
itively mod- progressive packing by the lipid bulk, i.e., gel phase domains.
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TABLE 5 Fluorescence anisotropy decay parameters of t-PnA in LUVs of POPC and DMPC/DPPC equimolar mixtures calculated
according to the associative model

F S pFSystem T P Of Or (p2)F (p2)S r(0)
°C bar ns ns
10 1 1.9 0.138 0.595 0.279

500 2.3 0.122 0.560 0.267
700 3.8 0.120 0.5 0.189 0.555 0.696 0.265
900 4.9 0.156 0.2 0.243 0.632 0.789 0.237
1100 0.2 0.171 0.2 0.198 0.662 0.713 0.400
1400 <0.1 0.227 0.763 0.238
2000 <0.1 0.218 0.748 0.239

POPC 20 1 1.5 0.071 0.426 0.279
500 2.4 0.086 0.469 0.230
900 1.6 0.134 0.586 0.230
1100 2.7 0.140 0.4 0.163 0.599 0.646 0.250
1400 0.2 0.167 0.7 0.222 0.654 0.754 0.283
1800 0.2 0.162 1.4 0.229 0.644 0.766 0.265
2400 <0.1 0.200 0.716 0.249

DMPC/DPPC 38 1 0.8 0.104 <0.1 0.294 0.516 0.868 0.279
150 0.6 0.141 0.2 0.293 0.601 0.867 0.301
300 0.2 0.220 0.1 0.294 0.751 0.868 0.400
500 <0.1 0.282 0.850 0.400

(p2)F and (P2)s are, respectively, the order parameters of the probe in the fluid and gel phases. Oi, ±03 ns; r., ±0.005.
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FIGURE 10 Effect of pressure on the fluorescence anisotropy decay of
t-PnA in large unilamellar vesicles of an equimolar mixture ofDPPC/DMPC
at 380C.

The effect of pressure on the molecular order of the fluid
phase is similar to that induced by a temperature decrease
(Mateo et al., 1993a). However, in the gel phase this effect
is different: the change induced by temperature in the (p2)s
value, from 0.82 to 0.95 (Mateo et al., 1993a), cannot be
produced with pressure. At 38°C the order parameter was

only 0.86 ± 0.01, at all the pressures studied. This indicates
that, at this temperature, the thermal energy of the system
hinders a higher lipid packing.

Unlike DMPC/DPPC, the anisotropy decay of t-PnA in
POPC at the transition pressure can be relatively well fitted
using a single population model. However, a double popu-

lation model gave a better fit. Since the fluorescence lifetime
distribution profiles indicates the coexistence of gel/fluid
phase, we can conclude that a double population model re-

flects more the reality. The absence of the upward curvature

FIGURE 11 Effect of pressure, transformed in equivalent temperature by
dTIdP = 24°C kbar-1, on the order parameter (0) and rotational diffusion
coefficient (0) ofDPH in DMPC. Data are compared with the values of (P2)
(A) and D, (A) obtained in a similar system at atmospheric pressure and
as a function of temperature from Ameloot et al. (1984).

in the anisotropy decay is simply explained from the com-

bination of the numerical values of lifetimes and anisotropy
parameters (Brochon et al., 1992; Ludescher et al., 1987).
The upward curvature arises when the fluorescence associ-
ated to the fluid system decays very fast, such that, at longer
times the only contribution to the anisotropy signal corre-

sponds to the probe in the more ordered system. However,
if the fluorescence in the fluid system decays rather slowly
and more or less simultaneously to that corresponding to the
ordered system (in other words, if the respective lifetimes are

not largely different) then the resulting total anisotropy de-
cays smoothly. This is clearly illustrated in our data. In the
case of DPPC/DMPC mixtures at 38°C andP = 150 bar, the
long fluorescence lifetimes in the fluid and gel phase are 4.7
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FIGURE 12 Effect of pressure on the fraction of fluid (U) and gel phase
(O) ofDMPC/DPPC and the associated order parameters (P2)f (@) and (P2)s
(0) at 38°C.

and 25 ns, respectively (see Table 1), which means a relative
lifetime change of 5.3. However, in POPC vesicles at 10°C
and at the phase transition pressure, the lifetimes associated
to each phase are 12 and 34 ns, respectively, which is a factor
of increase of only 2.8. On the other hand, the residual an-
isotropy in the gel and fluid phases of the lipid mixture are
0.29 and 0.14, respectively, whereas in POPC these are only
0.24 and 0.16. The simulation of an anisotropy decay using
the above mentioned values gives for the lipid mixture and
POPC vesicles the anisotropy curves showed in Fig. 13. In
the curve corresponding to the lipid mixture the large dif-
ference between the lifetimes of the solid and fluid species
causes the more ordered environment with its longer lifetime
and higher anisotropy to dominate the decay at long times.
This results in the observed upward curvature. In contrast,
because of the smaller change in the lifetimes, the curve
corresponding to POPC does not present upward curvature,
and it could also be simulated assuming a single population
of fluorophores with r. = 0.225.
The difference observed between the order parameters of

the gel phase in a bilayer of saturated phospholipids, DMPC
and DMPC/DDPC, and in POPC indicates that the POPC
lipids remain more disordered. This result is logical in con-
sidering the structure of this unsaturated phospholipid, where
an acyl chain coexists with a cis double bond together with
the other saturated chain. An efficient packing of the hy-
drocarbon chains could be hindered by steric interactions.

In conclusion, our results show that hydrostatic pressure
affects, at least, three properties of the lipid bilayers: orien-
tational order, membrane viscosity, and lateral heterogene-
ity. The equivalence between the effect of temperature and
hydrostatic pressure on these structural properties, dT/dP, is
dependent on the nature of phospholipid in the bilayer.
Changes in orientational order and membrane viscosity are
detected from the fluorescence anisotropy of DPH. The
change in the gel-fluid heterogeneity is well detected from
the fluorescence lifetime distribution of t-PnA. Similar pres-
sure effects could be observed in the lateral heterogeneity of
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FIGURE 13 Simulated anisotropy decays calculated according to Eq. 3:
(Curve a) with aF = 0.67, TF = 4.7 ns, OF = 0.6 ns, r' = 0.141, as = 0.33,
Ts = 25 ns, Os = 0.2 ns, and rs = 0.292. (Curve b) with aF =0.48, TF=
12 ns, OF = S ns, r' = 0.156, as = 0.52, Ts = 34 ns, Os =0.2 ns, and

crs = 0.243. r(O) was 0.4 in both curves.

more complex membrane systems. Relatively low pressures
can alterate the local fraction and composition of the lateral
domains which have important biochemical implications.
Further measurements of time-resolved fluorescence of
t-PnA in pressurized phospholipid/cholesterol and lipid/
protein bilayers could bring more insight on these systems.
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