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ABSTRACT The relaxation kinetics of the gel to liquid-crystalline transition of five phosphatidylcholine (DC,4PC to DC,1PC) bilayer
dispersions have been investigated using volume perturbation calorimetry, a steady-state technique which subjects a sample to
sinusoidal changes in volume. Temperature and pressure responses to the volume perturbation are measured to monitor the
relaxation to a new equilibrium position. The amplitude demodulation and phase shift of these observables are analyzed with
respect to the perturbation frequency to yield relaxation times and amplitudes. In the limit of low perturbation frequency, the
temperature and pressure responses are proportional to the equilibrium excess heat capacity and bulk modulus, respectively.

At all temperatures, the thermal response data are consistent with a single primary relaxation process of the lipid. The less
accurate bulk modulus data exhibit two relaxation times, but it is not clear whether they reflect lipid processes or are characteristic
of the instrument. The observed thermal relaxation behavior of all multilamellar vesicles are quantitatively similar. The relaxation
times vary from - 50 ms to 4 s, with a pronounced maximum at a temperature just greater than Tm, the temperature of the excess
heat capacity maximum. Large unilamellar vesicles also exhibit a single relaxation process, but without a pronounced maximum in
the relaxation time. Their relaxation time is 80 ms over most of the transition range.

INTRODUCTION

The phase behavior of model lipid bilayer systems has
been the focus of extensive experimental and theoretical
study. Particular attention has been paid to the transi-
tion between the gel and liquid-crystalline phases, which
has been found to occur in natural membranes (Mel-
chior and Steim, 1976). Many of the structural details of
these two phases are now well understood (Luzzati and
Tardieu, 1974; Cevc and Marsh, 1987), and a number of
statistical mechanical models of the transition have been
proposed (Nagle, 1980; Mouritsen, 1990 and references
therein). The transition is readily produced thermotropi-
cally and occurs over a narrow, but finite, temperature
range in which both the heat capacity at constant
pressure and the isothermal elastic compliance display a
sharp maximum (Albon and Sturtevant, 1978; Biltonen,
1990; Evans and Kwok, 1982). The heat capacity and
isothermal elastic compliance are related to the mean-
square amplitude of fluctuations in enthalpy and specific
area, respectively. Thus, the amplitudes of these fluctua-
tions are enhanced during the transition, and several
studies suggest that they may be biologically relevant.
For example, the passive permeability of bilayers to
certain electrolytes and nonelectrolytes (Bangham et al.,
1965; McElhaney et al., 1973), and the rate of activation
of phospholipase A2 using large unilamellar vesicles of
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saturated phosphotidylcholine as substrate (Lichtenberg
et al., 1986) are found to be maximal near the midpoint
of the transition. These equilibrium fluctuations are

dynamic phenomena and an important aspect of their
character is the time scales over which they occur and
how various membrane components affect these times.
A number of kinetic studies utilizing transient and

steady-state techniques have focused on the gel to
liquid-crystalline transition. A short, critical review of
some of this work can be found in van Osdol et al.
(1989), and an exhaustive bibliography of kinetic studies
of phase transitions in lipid systems is provided by
Caffrey (1989). Because of the organizational complex-
ity of lipid bilayers, the many physical changes involved
in the transition, and the variety of techniques used to
study the dynamics, a wide range of relaxation times
from tens of nanoseconds to seconds has been observed.
Although there is little quantitative agreement among
the results from techniques capable of examining similar
ranges of relaxation times (temperature jump: Tsong
and Kanehisa, 1977; Genz and Holzwarth, 1986; pres-

sure jump: Gruenewald et al., 1980; Elamrani and
Blume, 1983), these studies do agree qualitatively in
finding that relaxation times and amplitudes are maxi-
mal at the transition temperature, Tm, and decline as
(T - Tm) diverges from zero (see also Mitaku et al.,
1983). An exception to this observation is the result
obtained by Yager and Peticolas (1982), who used
Raman spectroscopy to monitor the degree of order in
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the lipid acyl chains after a pressure jump. Time-
resolved x-ray diffraction (Caffrey, 1985; Laggner et al.,
1987; Cunningham et al., 1988) has also been employed
to follow the progress of the transition produced by
heating at a constant rate or cooling passively. In this
technique, the observables are the diffraction patterns
which characterize the gel and liquid-crystalline phases.
At the highest heating rates, Caffrey (1985) found that
no more than 1 s was required to drive a dispersion of
dipalmitoyl phosphatidylcholine (DC16PC) from the gel
to the liquid-crystalline phase. Kreichbaum and co-

workers (1990), also using x-ray diffraction with very fast
infrared heating, observed that the transition was essen-
tially complete within the time resolution of the measure-
ment of - 1 ms.

In this article we describe the relaxation behavior of
several phosphatidylcholine bilayer systems using steady-
state volume perturbations to shift the transition equilib-
rium. Temperature and pressure were simultaneously
monitored to observe the system response to the pertur-
bation. The data have been analyzed in the frequency
domain, yielding characteristic times for the approach to
equilibrium. We present results for phosphatidylcholine
lipids of varying chain length in multilamellar and large
unilamellar vesicles.

MATERIALS AND METHODS

Volume perturbation calorimeter
A volume perturbation calorimeter, based on the design of Clegg and
Maxfield (1976) as modified by Halvorson (1979), has been developed.
A detailed description of the apparatus and the theory underlying its
design can be found in van Osdol et al., 1989. Briefly, the instrument
uses the voltage-dependent extension of a stack of piezoelectric
crystals to produce small, adiabatic perturbations in the volume of a
sample. This change in volume of the system causes pressure and
temperature changes which shift the equilibrium point of the gel-liquid-
crystalline transition. The T. for DC 6PC is linearly dependent on
hydrostatic pressure, with a slope of 0.024 ± 0.003°C/atm (Mountcas-
tle et al., 1978), as predicted by the Clausius-Clapeyron equation:

dTm/dP = AV/AS = TmAV/IAH, (1)

where AS, AV, and AH, are the molar changes in entropy, volume, and
enthalpy, respectively. A shift in Tm induces a change in the fractional
completion of the transition, which is monitored by temperature and
pressure changes in the sample by means of a high-speed thermistor
and pressure transducer.
Experiments are performed with all aspects of the volume perturba-

tion calorimeter under computer control: synthesis of the voltage
waveform which drives the crystal stack, data collection, and tempera-
ture control. Temperature and pressure data are collected with a
12-channel, simultaneous, direct-memory-access analogue-to-digital
converter (model DT3388; Data Translation, Inc., Marlboro, MA).
The signal-to-noise ratio of the instrument is improved by using signal
averaging techniques. Temperature control of the sample is main-
tained by a programmable water bath (model RTE-9DD; Neslab
Instruments, Inc., Portsmouth, NH). The set point of the water bath is

programmed by the data acquisition computer via a 16-bit digital-to-
analogue converter.
The instrument is capable of operating in both transient and

stationary modes. All results reported herein were obtained with the
instrument operating in the stationary mode, in which small oscilla-
tions in sample volume are produced by driving the crystal stack with a

sinusoidal voltage over a selected frequency bandwidth. The voltage
driving the crystal stack, and the sample temperature and pressure are
measured over time, and their Fourier series are computed. From
these series the two transfer functions characterizing the response of
the system are formed: the ratio of the temperature to pressure
changes and the ratio of the pressure to volume changes. These
transfer functions characterize the "frequency dependent" heat capac-
ity, Cp(w), and bulk modulus (inverse of the isothermal compressibil-
ity), BT(W), respectively. Linear response theory is used to describe
how the heat content and pressure of a system respond to a
time-dependent volume change, and the fluctuation-dissipation theo-
rem is then invoked to connect the transfer functions to the Fourier
transform of the autocorrelation function of the fluctuations in
enthalpy and volume, respectively (van Osdol et al., 1989). The
application of linear response theory requires the perturbation to be
small and that the time-dependent response is symmetrical. The
typical pressure change of +2 atm is equivalent to a temperature
perturbation of ±0.048°C and the symmetry of the response was
ascertained by the absence of even harmonics in the temperature
response function.
The relaxation times for the system under steady-state perturbation

are obtained from analysis of the amplitude demodulation and phase
shift of the transfer functions as functions of the perturbation
frequency. These relaxation times characterize some of the relaxation
modes of the enthalpy and volume fluctuations; exactly which modes
are being characterized depends on the relaxation mechanism and on
the range of the perturbation frequency.

Vesicle preparation
Phosphatidylcholines were obtained as the chloroform solution from
Avanti Polar Lipids, Inc. (Birmingham, AL) and were stored frozen
until used. The purity of each lipid was checked by thin layer
chromatography (TLC), using the solvent system CHCl3, CH30H,
NH4OH, H20, 65:35:3:3 (vol/vol) (Kates, 1972). Iodine vapor was used
to develop the plates. Each lipid was found to run as a single spot and
was used without further purification.
To prepare a lipid for dispersion in aqueous medium, the chloro-

form solution was placed in a test tube and the solvent evaporated
under a stream of nitrogen. Care was taken that the lipid thinly and
evely coated the walls of the test tube. The lipid was then lyophilized
for at least 12 h.

Multilamellar vesicles (MLV) were prepared as follows. A test tube
containing thoroughly dried lipid was immersed in a water bath
10°-15°C > Tm. The aqueous medium was also heated to this
temperature, and a sufficient amount added to the lipid to give the
desired lipid concentration (usually 75 mM). This mixture was then
vortexed in 5 s bursts every 5 min over a 30 min period. The dispersion
was then slowly cooled through the transition range over the course of
30-45 min. Large unilamellar vesicles (LUV) of - 120 nm diameter
were prepared from MLV by an extrusion method (Hope et al., 1985;
and Mayer et al., 1986).
The aqueous medium used in all experiments was 50 mM TES, 50

mM KCI, 1 mM NaN3, pH 7.4 (at the appropriate Tm). During the
preparation of MLV of a particular lipid, sufficient sucrose was
included in the medium to raise the solvent density to that of the
vesicles at their Tm. This ensured that the vesicles did not separate
from the bulk aqueous medium during the course of an experiment.
0.46 M sucrose was used for DC14PC, 0.30 M for DC15PC, 0.18 M for
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DC,6PC, 0.12 M for DC,7PC, and 0.06 for DC,8PC (Nagle and
Wilkinson, 1978). The effect of sucrose on the relaxation behavior of
MLV could not be determined directly because of vesicle separation if
the sucrose concentration was not near that required to equalize the
vesicle and solvent density at the Tm. However, it is unlikely that the
relaxation behavior of all MLV preparations would fortuitously be
essentially identical if sucrose had a dramatic effect on the kinetics of
the transition. Furthermore, the relaxation behavior of LUV was
found to be identical in the presence and absence of sucrose.

Before the kinetic experiment, the lipid dispersion was character-
ized by high-sensitivity heat-conduction differential scanning calorime-
try (DSC) (Suurkuusk et al., 1976). Typically, the lipid was compared
to a water reference at a scan rate of 10°C/h or slower. Analysis of the
DSC data provided the thermodynamic information necessary to plan
the course of the kinetic experiment: the temperature range and
enthalpy change of the transition, and the shape of the excess heat
capacity curve.

instrument response correction of the phase angle data was unneces-

sary (van Osdol et al., 1989).
Using a nonlinear least-squares algorithm (Johnson and Frasier,

1985), the normalized amplitude data for each transfer function were
then fit to

(2)t(y IXjOyTi/ [1 + (Wi)2])2 + (y ]/ [1 + (j)i )2])2112,

and the phase angle data were fit to

tan-' I(I ExWri/ [1 + (OTj)2])/(X aj/ [1 + (WTi)2])1,
where aq and Tr are the amplitude and relaxation time of the assumed
ith independent relaxation process, respectively, and w is the perturba-
tion frequency.

RESULTS

Kinetic experiment
The kinetic experiments were performed according to the following
protocol. A lipid dispersion was loaded into the volume perturbation
calorimeter and placed under a small static pressure (12-18 atm). The
sample was then brought to thermal equilibrium at a succession of
temperatures which covered the transition region. After thermal
equilibration, the voltage, and pressure and temperature response
data were collected in the frequency range of 0.01-150 Hz.
The voltage waveform used in all these experiments consisted of the

first three components of a square wave: a fundamental sine wave, plus
its third and fifth harmonics. The amplitude of the voltage waveform
was sufficient to produce a relative change of +10-4 in the sample
volume. This corresponds to pressure oscillations of ±2 atm about the
equilibrium pressure.

Data analysis
At each equilibrium temperature, the Fourier components of the
signal-averaged voltage, pressure, and temperature response data
were computed. Because the response of the system was assumed to be
linear, only the sine and cosine terms of the fundamental, third and
fifth harmonic frequencies were computed. The mean-square error in
the Fourier representation was then calculated and used to assign a
standard error to each Fourier component.
The components and their error estimates were transformed from

analogue-to-digital converter units to physical units, and the represen-
tation was then changed from the sine and cosine series to the sine
series involving amplitudes and phase angles. Each series (voltage,
pressure, and temperature) consisted of a constant and three sine
terms (one at the fundamental frequency and at the third and fifth
harmonic), each of the latter having an amplitude and phase angle.
The frequency-dependent heat capacity transfer function, Cp(w), was
then calculated by forming the ratios of the amplitudes, and the
differences of the phase angles of the corresponding harmonics of the
series for temperature and pressure. The same procedure using the
series for pressure and voltage yielded the transfer function BT(W).

Before analysis, the transfer functions were normalized to account
for the dynamic response characteristics of the volume perturbation
calorimeter and contributions made by the aqueous medium. This was
done by using data from volume perturbation experiments (at appro-
priate equilibrium temperatures, pressures, and frequencies) with
water as the sample. The amplitudes of the transfer functions were
computed for these data. At each frequency, the amplitudes of the
transfer functions for the lipid dispersion were divided by the ampli-
tudes of the transfer functions for the solvent. It was found that an

Multilamellar vesicles
Experiments were conducted with five members of the
homologous series of phosphatidylcholines having iden-
tical, fully saturated acyl chains from 14 carbons to 18
carbons in length. The results for DC16PC MLV are
discussed in detail, because they are representative of
the results obtained with the other homologues.

Fig. 1 is the heat capacity curve obtained by differen-
tial scanning calorimetry for a 75 mM dispersion of
multilamellar vesicles of DC16PC. The scan rate was
0.1°C/h, slow enough so that the heat transfer character-
istics of instrument contributed negligibly to the ob-
served signal. Tm, the temperature for maximal excess
heat capacity, was 41.4°C, and the transition half-width
at half-height was 0.076°C. The enthalpy change for the
transition was estimated to be 8.4 kcal/mol.
The amplitude and uncorrected phase angle data of

Cp(w), and the amplitude data of BT(W), all at a scaled
temperature of 41.4°C, are plotted as function of log1o of

100

u 50

Li~~~~~~~~1

40 41
T ( C)

42 43

FIGURE 1 (A) The excess heat capacity ofMLV of DC,6PC plotted as
a function of temperature. The scan rate was 0.1OC/h, slow enough so
that any distortion due to the response time of the calorimeter was
absent. The excess heat capacity was maximal at 41.4°C; the half-width
at half maximum was 0.076°C. (B) The excess heat capacity ofLUV of
DC,6PC as a function of temperature.
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relaxation process, but the amplitude data of BT(W)
suggest two relaxation processes.

Fig. 3 a shows the amplitude of Cp(w), plotted as a
function of the scaled temperature at four frequencies:
0.01, 0.1, 1, and 10 Hz. The ordinate is in units equal to
the response obtained with only water in the sample cell
at these temperatures, 2.9 x 103°C/atm. At the lower
frequencies these curves closely resemble the equilib-
rium excess heat capacity curve. They exhibit a half-
width at half-height approximately twice that estimated
from the equilibrium heat capacity curve, presumably
due to the finite size of the perturbation. The scaled
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FIGURE 2 (Upper) Graph of the amplitude of Cp(w), of 75 mM
DC,6PC MLV at Tm, as a function of log10 of the perturbation
frequency. The ordinate is in units of the response due to water in this
temperature range, 0.0029°C/atm. The solid line represents the best fit
of the data to two relaxation processes, the faster one accounting for
the baseline observed at higher frequencies and not pertinent to
relaxation in the lipid itself. The standard errors in the data are
indicated by the vertical lines. (Middle) Graph of the phase shift of
Cp (X), (in radians), no correction has been performed. The solid line is
the best fit of the data to two relaxation processes, with the faster
characterizing the high-frequency baseline. (Lower) The amplitude of
BT(w). The units of the ordinate are the bulk modulus of water in this
temperature range: 2 x 10' atm. The solid line is the best fit of the
data to three relaxation processes, the fastest and slowest of which
characterize aspects of the instrument itself. These results are simiiar
to those reported in van Osdol et al. (1989).
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the perturbation frequency in Fig. 2. The scaled temper-
ature is defined as T. = T - 0.024 P, whereP is the mean
pressure for DC16PC MLV dispersion during an experi-
ment, and 0.024 is equal to (dTm/dP)s previously deter-
mined (Mountcastle et al., 1978). The phase angles for
BT(W) were too small to allow them to be analyzed
successfully. Error bars are included, and the solid lines
represent the best fits of the data to the sums of
relaxation terms in Eqs. 2 and 3. The amplitude and
phase shift data of Cp(w) are consistent with a single

FIGURE 3 (A) The amplitude of the transfer function Cp(w) of 75 mM
DC,6PC MLV, as a function of temperature, at four different volume
perturbation frequencies: A, 0.01 Hz; B, 0.1 Hz; C, 1 Hz; and D, 10 Hz.
CurvesA-C have been displaced on the ordinate for clearer presenta-
tion. The abscissa is in degrees Celcius scaled by the equilibrium
(static) pressure in the sample cell. The scaling factor is 0.024°C/atm.
Cp(w) has been normalized to account for instrumental and static
contributions to the signal. The ordinate is in units of the water
response at these temperatures: 0.0029°C/atm. Error bars have been
omitted for clarity. (B) Cp(w), for X = 0.3, plotted as a function of the
scaled temperature. The vertical lines indicate the standard errors
associated with the data. The splitting into major and minor peaks is
pronounced and cannot be eliminated by consideration of the errors.
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temperature of maximal response amplitude agrees with
the temperature of maximal excess heat capacity, 41.4°C.
The amplitudes decrease with increasing frequency, and
fall to values close to unity outside the transition region.
This reflects the fact that outside the transition region
the heat capacity of the lipid dispersion is much like that
of water. At perturbation frequencies >0.3 Hz, the
thermal response amplitude splits into two peaks when
plotted as a function of temperature (Fig. 3 b). This
splitting was found for all five lipid species examined; it
is not due to the baseline subtraction procedure, be-
cause it is also observed in the uncorrected amplitudes.
This splitting is consistent with the observation that the
relaxation process is slowest at the temperature where
the trough is found, and faster at lower and higher
temperatures.

In Table 1, the relaxation times obtained from the
amplitude and phase angle data of Cp(w) are listed with
respect to the fractional completion of the transition, f.
For a particular equilibrium temperature f was calcu-
lated by integrating the 0.01 Hz amplitude response
curve (see Fig. 2) up to that temperature and normaliz-
ing that area by the total area under the curve. Because
the amplitude response curve at this frequency was
broader than the excess heat capacity curve obtained in
the DSC experiment, the fractional degrees of comple-
tion are only approximately correct.
Both the amplitude and relaxation time are small at

low values of f, and increase as f approaches the range

TABLE 1 The relaxation amplitudes and times obtained from
nonlinear least-squares analysis of Cp(w) amplitudes and
phase shift data for multilamellar vesicles of DC,6PC

f Amplitude Tau (s)

Cp(w) Amplitude
0.06 1.09 (0.63, 1.53) 0.028 (0.013, 0.054)
0.33 4.43 (4.29, 4.58) 0.21 (0.19, 0.25)
0.46 5.84 (5.44, 6.24) 0.59 (0.45, 0.78)
0.61 5.32 (4.85, 5.80) 0.98 (0.74, 1.31)
0.73 4.91 (4.47, 5.36) 1.82 (1.31, 2.45)
0.82 3.92 (3.28, 4.54) 3.89 (2.63, 5.62)
0.91 0.61 (0.58, 0.64) 0.35 (0.32, 0.39)

Cp(w) Phase Shift
0.33 6.8 (3.6, 11.1) 0.25 (0.21, 0.29)
0.46 6.7 (5.4, 8.3) 0.61 (0.55, 0.67)
0.61 8.3 (6.9, 10) 1.07 (0.97, 1.18)
0.73 5.6 (4.4, 7) 1.86 (1.59, 2.17)
0.82 2 (1.8, 2.3) 2.77 (2.48, 3.09)

The amplitude data were normalized to account for contributions due
to the instrument and the aqueous medium as described in the text; the
phase angle data were not. The fitted relaxation amplitudes (relative
to water) and times are listed with respect to f, the fractional
completion of the transition. The values in parentheses indicate the 1
SD confidence intervals.

0.5-0.7, the neighborhood of the Tm. In this range, the
amplitude was enhanced by about an order of magni-
tude over the minimum resolvable values. Above this
rang of f, the relaxation amplitude again declined.
However, the maximal relaxation time was found atf z
0.8 and was about two orders of magnitude longer than
the shortest relaxation time resolvable. Asf approached
unity, the relaxation time decreased sharply. The relax-
ation times derived from the amplitude and phase angle
data are identical within experimental error, in accor-
dance with linear response theory.

Table 2 lists the relaxation amplitudes and times
which characterize the two relaxation process observed
for BT(w). The behavior of a, and 'r differed markedly
from the case of Cp(w). a, displayed a broad, low
maximum about Tm, but T, showed no particular develop-
ment as a function of f. The errors associated with the
relaxation amplitudes of BT (w) were such that relax-
ation times could not be estimated outside the range off
presented. We currently think that a2 and T2 reflect heat
exchange between the sample cell and the body of the
calorimeter, and thus, do not reflect a relaxation mode
of the bulk modulus of the sample (van Osdol et al.,
1989). The pressure of the system should be more
sensitive to heat exchange with the surrounding than is
the temperature measured by the thermistor which is
located near the center of the cell. It may be that al and
T, also reflect an instrumental relaxation process; a
relaxation process with a similar characteristic time was
observed with water. The normalization procedure was
designed to remove this contribution from the lipid data,
implying that these relaxation amplitudes resolved from
the lipid data were due to lipid. Nonetheless, the
relaxation could be instrumental in origin.

In addition to the experiments just described, con-

TABLE 2 The relaxation amplitudes (relative to water) and
times obtained from a nonlinear least-squares analysis of the
BT(w) amplitude data from multilamellar vesicles of DC,,*PC

BT(o) Amplitude
f Ampl, Tau, (s) Amp12 Tau2 (s)

s s

0.33 0.073 0.20 0.13 10.2
0.46 0.12 0.14 0.22 12.0
0.61 0.14 0.15 0.25 11.5
0.73 0.14 0.20 0.42 20.9
0.82 0.09 0.55 0.25 14.8

The data were normalized to account for contributions due to the
instrument and the aqueous medium as described in the text. Two
relaxation processes were resolved, the slower ofwhich we attribute to
heat exchange between the sample and the body of the calorimeter.
The fitted relaxation amplitudes and times are listed with respect tof,
the fractional completion of the transition, and the values in parenthe-
ses indicate the 1 SD confidence intervals.
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ducted at 75 mM DC16PC, we performed experiments at
20, 30, 45, and 140 mM lipid. The relaxation times
derived from these experiments were independent of
lipid concentration and very close to those obtained at
75 mM lipid (van Osdol, 1988). Experiments performed
with a volume perturbation sufficient to produce a
± 1 atm pressure oscillation in the sample (half the usual
amplitude) indicated that the relaxation times were also
independent of the perturbation amplitude in this range
(van Osdol, 1988).
Table 3 lists the relaxation times derived from the

amplitude and phase data of Cp(w) for MLV dispersions
of DC14PC, DC15PC, DC17PC, and DC18PC. Comparing

TABLE 3 Relaxation ampitudes (relative to water) and times
(In seconds) obtained by nonlinear least-squars analysis of
the ampitude and phase angle data for Cp(w) for DC=4PC,
DC,SPC, M 7 Sdan DCPC

Cp(w) ampl Cp(w) phase

f Ampl Tau (s) Ampl Tau (s)

DC14PC
0.40 5.89 0.19 3.32 0.21
0.50 6.77 0.49 4.31 0.50
0.67 6.86 0.62 5.14 0.74
0.80 6.84 2.04 2.54 1.64
0.93 1.20 0.21 0.44 0.44

DC1,PC
0.21 2.76 0.16
0.35 3.71 0.40
0.44 3.97 0.71 5.65 0.94
0.58 3.80 1.47 4.98 1.58
0.68 2.66 3.55 2.66 2.88
0.86 0.34 0.41 0.45 0.58

DC17PC
0.30 1.69 0.04 2.7 0.03
0.50 3.75 0.10 4.1 0.12
0.65 4.62 0.29 5.1 0.30
0.73 4.20 0.76 5.2 0.86
0.83 2.16 2.40 1.6 2.84
0.95 0.57 0.25 -

DC18PC
0.26 3.21 0.09 3.20 0.15
0.41 3.34 0.13 3.34 0.26
0.50 3.35 0.18 3.34 0.33
0.75 3.07 0.49 2.80 0.73
0.90 2.16 2.40 1.80 1.70
0.98 0.68 0.55 0.25 0.05

The lipid concentration was 75 mM. The amplitude data were
normalized to account for contributions by the instrument and the
aqueous medium as described in the text; the phase shift data were
not. Confidence intervals have been omitted; they are essentially the
same as those indicated in Table 1 for DC16PC.

Tables 1 and 3, it is clear that all five homologues share
the same relaxation behavior for Cp(w). This is evident in
Fig. 4 which shows the relaxation times derived from the
amplitude data for Cp(Q), for all five homologues,
plotted as functions of the fractional degree of comple-
tion. BT(w) results with these lipids were similar to those
obtained with DC16PC.

Large unilamellar vesicles
Large unilamellar vesicles of DPPC made by extrusion
had a mean radius of 120 + 40 nm, as characterized by
quasielastic light scattering. The DSC scan of this
dispersion, shown in Fig. 1, exhibited a broad transition
beginning at 38.5°C with a maximum at 41.0°C and
ending at -42°C. The scan was asymmetric and the
transition half-width at half-height was 1.0°C. A slight
shoulder at 41.3°C was noted. We did not attempt to

decompose these data into any constituent contributions
although it is possible that the dispersion was composed
of two distributions of vesicles, each behaving slightly
differently thermodynamically.

Figs. 5 and 6 show the amplitudes of Cp(w) and BT(w),
respectively, as functions of the scaled temperature at
perturbation frequencies of 0.01, 0.1, 1, and 10 Hz. The
relaxation amplitudes as a function of temperature are

similar in shape to the heat capacity function. At the
lowest perturbation frequency the maximum amplitude
is observed at a scaled temperature of 41.1 + 0.10C. The
curves are skewed to the low temperature side of the
transition and the half-widths at half-height are 1.5°C,
with maxima about half as great as those measured with

FIGURE 4 The characteristic time for relaxations in the amplitude of
Cp (() in MLV ofDC14PC (-); DC,,PC (U); DC16PC (A); DC1,7PC (O),
and DC,8PC (A) as a function of the fractional degree of completion of
the transitions. Error bars have been omitted for clarity. The relax-
ation times are listed in Tables 1 and 3.
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FIGURE 5 A plot of the amplitude of Cp(w) for DC
function of scaled equilibrium temperature at foi
frequencies:A, 0.01 Hz; B, 0.1 Hz: C, 1 Hz, and D, 10 E
is in units of 103°C/atm. No correction has been perfo
contributions of the aqueous medium or the instrum
have been omitted for clarity.

MLV of DC16PC at the same total lipid cc
The splitting of the temperature profile of t]
two peaks, as observed in MLV at perturbal
cies > 0.3 Hz, was not found with LUV.

Because the response amplitudes for
rather low, the uncorrected Cp(w) data we
Three relaxation times were found, two o

ms, and 4-5 s) are characteristic of the ins
the response contribution from the aque
(van Osdol et al., 1989). If the data were nc
the response of the instrument these relax
not be observed. The remaining relaxati(

amplitude reflect relaxation of the lipid, and are listed in
Table 4. (It should be noted that amplitudes shown in
Fig. 5 are the sum of this relaxation amplitude plus those
which are associated with instrument responses.) Both
parameters have a greater relative uncertainty than the
corresponding quantities obtained from the MLV data.
The relaxation amplitude displayed a broad, low maxi-
mum about the Tm, but the relaxation time was approxi-
mately constant at 80 ms over much of the transition
region, declining at low and high fractional completion.
This is quite different behavior from that observed with
MLV. Previously, Mayorga et al. (1988) reported that
the upper limit of the relaxation of DCG4PC LUV was 80

6PCLUV, as a ms near the Tm. This value was deduced from the
ur perturbation frequency dependent response of a multifrequency calo-
Iz. The ordinate rimeter over the limited perturbation range of 0.04-1
irmed to remove Hz. They also reported a second process with a relax-
*ent. Error bars ation time of 4s. whose amplitude was - 25% of that

of the faster process. Our results obtained over a

frequency range of 0.01-150 Hz confirm that the relax-
)ncentration. ation time of DC16PC LUV is 80 m. Similar results were
he Cp(w) into obtained with DC14PC LUV.
tion frequen- Two relaxation times were resolved from the uncor-

rected BT(w) data for LUV, and the results are qualita-
LUV were tively and quantitatively the same as for MLV. Although

.re analyzed. the relaxation time resolved from the Cp(w) data differed
if which (4-6 in the case of MLV and LUV, the relaxation times
atrument and resolved from the BT(o) data for MLV and LUV were

ous medium similar. This similarity leads us to suspect more strongly
)rmalized for that these relaxation times reflect processes which have
,ations would an instrumental origin.
on time and

FIGURE 6 Plot of the amplitude of BT (w) for DC,6PC LUV, as a
function of scaled equilibrium temperature, at four perturbation
frequencies: A, 0.01 Hz; B, 0.1 Hz; C, 1 Hz, and D, 10 Hz. No
correction has been performed to remove contributions for the
aqueous medium or the instrument. Error bars have been omitted for
clarity.

TABLE 4 Relaxation amplitudes and times derived from
nonlinear least-squares analysis of the uncorrected
amplitude data from Cp(w) obtained from DC,,PC dlspersed as
large unliamellar vesicles

Cp(w) Amplitude
f Amplitude (10-3 C/atm) Tau (s)

0.22 1.7 (0.70, 3.21) 0.068 (0.036,0.131)
0.36 2.46 (1.39,3.5) 0.089 (0.048,0.168)
0.46 2.69 (1.78, 3.58) 0.088 (0.054, 0.144)
0.52 2.81 (1.83, 3.78) 0.082 (0.051, 0.135)
0.62 2.9 (1.97, 4.0) 0.076 (0.046, 0.118)
0.69 2.78 (1.6, 3.93) 0.079 (0.045, 0.139)
0.75 2.59 (1.54, 3.6) 0.083 (0.049, 0.144)
0.80 2.24 (1.12, 3.34) 0.079 (0.042, 0.152)
0.85 2.03 (0.54, 3.47) 0.063 (0.028,0.143)
0.89 2.03 (0.7,4.05) 0.049 (0.018,0.95)
0.92 1.77 (0.46, 3.83) 0.045 (0.014,0.93)

The fitted quantities are listed with respect to f, the fractional
completion of the transition, and the values in parentheses define the 1
SD confidence intervals.
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DISCUSSION

We have used a stationary perturbation technique to
examine the kinetics of the gel to liquid-crystalline phase
transition in multilamellar vesicle dispersions of several
phosphatidylcholines. The observables were the "fre-
quency-dependent" heat capacity and bulk modulus.
The frequency demodulation of the response amplitude,
and phase shift of the heat capacity were consistent with
a single primary relaxation mode, having a relaxation
amplitude which was maximal at Tm, and a relaxation
time maximal at slightly higher temperature (0.04-
0.06°C). The characteristic times obtained from the
amplitude and phase shift data agreed quite closely, in
accordance with linear response theory.
The response amplitude of the bulk modulus dis-

played different relaxation characteristics: two relax-
ation modes, with relaxation times on the order of 200
ms and 15 s, respectively, were observed. We attribute
the slower relaxation to heat transfer between the
sample cell and the body of the calorimeter, but the
faster relaxation has not been conclusively assigned to
either an instrumental response or a process inherent to
the lipid vesicles. A priori, one would expect a high
correlation between temperature and pressure relax-
ation modes in vesicles because the excess heat capacity
and excess compressibility have a common origin in the
disordering of the lipid hydrocarbon chains. A conclu-
sive test of this hypothesis by volume perturbation
calorimetry will require further experimentation and,
possibly, further development of the instrument.
The sum of the relaxation amplitudes, S, resulting

from reequilibration of the lipid transition is related to
the excess heat capacity of the system:

Cp z CSSI (dTmIdP - dTICP - 5), (4)

where C, is the heat capacity (per unit volume) of the
lipid solution, exclusive of that due to the transition;
dTm,/dP is the change in lipid melting temperature per
atmosphere pressure perturbation; and dTJdP is the
Joule-Thompson coefficient of system outside the transi-
tion range. It is to be noted that Cp is the value of the
excess heat capacity per unit volume averaged over the
range of the perturbation. For dispersions of DC16PC
multilamellar vesicles (dTm/dP) = 0.024°C/atm,
(dTJdP) = 0.003°C/atm, and C. = 1 cal/°c-ml. Thus,
CPIC, = S/(0.021 - S) = S' /(7 - S') where S is in units
of °c/atm and S' is in units of the response ofwater to a 1
atm perturbation. Eq. 4 can be rearranged to yield

S' = 7Cp/(C, + Cp), (5)

which demonstrates that S' < 7, with the limit reached
as the lipid concentration approaches infinity. The value
of S' over the transition can be estimated from the
equilibrium heat capacity results shown in Fig. 1 and
compared to measured values as a function of lipid
concentration. The results of this comparison at the
transition temperature are shown in Table 5. S' (calcu-
lated) has a relatively large error because of the uncer-
tainty in (dT,JdP). Furthermore, S' (measured) will
always be less than the true maximum value because of
the finite size of the perturbation. Nevertheless, we can
safely conclude that our measured relaxation amplitudes
account for the majority, if not the entirety, of the lipid
relaxations resulting from the pressure perturbations.

This result is to be contrasted with previous alternat-
ing current (ac) calorimetry experiments (Black and
Dixon, 1980; Tenchov et al., 1989) in which low-
frequency amplitudes were found to be much less than
expected on the basis of equilibrium measurements. The
differences between our results and those from ac
calorimetry could be due to the tendency of the MLV to
settle in the measuring cell during the experiment, thus,
reducing the apparent concentrations in the dispersion.
The ac calorimetry experiments may have suffered from
this artifact because, apparently, no sucrose was used to
keep the liposomes dispersed. The ac calorimetry exper-
iments referred to also indicated that the apparent
maximum in Cp was found at different temperatures
depending upon whether the experiments were carried
out in a heating or a cooling mode. Recent experiments
in this laboratory (Ye, Q. unpublished data) indicate
that the maximum amplitude occurs at the same scaled
temperature (+0.03°C) in either mode. Thus, we have
no evidence for hysteresis in the transition. Tenchov et
al. (1989) have suggested that a metastable state devel-

TABLE 5 Comparison of the maximal theoretical and
masured temperature response of different concentration
of DC,,PC MLV

[C] S' (calculated) S' (measured)

mM
140 5.3-7.4 5.9
75 4.7-7.1 6.9
60 4.5-6.8 4.5
45 4.2-6.5 4.5
30 3.6-6.0 3.6

Comparison of the measured and maximal calculated amplitude of the
temperature for different concentrations of DC16PC MLV. The range
of S' (calculated) values has been obtained by assuming at one
extreme that dTm/dP = 0.027'C/atm and CL = 105 cal/mol * deg, and at
the other that dTm/dP = 0.21'C/atm and CL = 5 x 104 cal/mol * deg. S'
is given in units of the temperature response of water per atmosphere
pressure change.
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ops upon cooling DC,6PC MLV through the transition,
but Caffrey and co-workers (1990b) using x-ray diffrac-
tion have been unable to substantiate this. Caffrey et al.
(1990a) also did not find evidence for hysteresis in either
the gel to liquid-crystalline or liquid-crystalline to hexag-
onal phase transitions of phosphatidylethanolamine.
The general characteristics of the thermal relaxation

behavior of the saturated phosphatidylcholines (C,4-C18)
MLV are identical. At low excitation frequencies, the
temperature dependence of the relaxation amplitude
mimics the equilibrium excess heat capacity, as pre-
dicted by theory. In all cases the primary relaxation time
due to the lipid exhibits a maximum on the order of 2-4
s, which is 1-2 orders of magnitude longer than the
relaxation time found at the high and low temperature
edges of the transition. However, the maximal relaxation
time is always observed at a temperature where the lipid
is 60-90% in the liquid-crystalline state. This is shown
clearly in Fig. 4. The exact significance of this observa-
tion is not certain, but it may be a reflection of the
equilibrium topological distribution of gel and liquid-
crystalline domains at different degrees of completion of
the transition.
The physical process underlying the 2-4 s relaxation is

not clear. It is also not known whether it is a process
similar to or distinct from the faster relaxations occur-
ring at slightly higher or lower temperatures. However,
the relaxation of several seconds is only seen with
multilamellar vesicles. In large unilamellar vesicles the
maximum relaxation time is on the order of 80 ms. This
suggests that bilayer-bilayer interactions may contribute
to the slow relaxation. However, when the local anes-
thetic dibucaine (van Osdol, 1988) is included in multila-
mellar vesicle preparations the maximal relaxation time
is reduced by a factor of 2-3 suggesting that the
rate-limiting step is not solely determined by bilayer-
bilayer interactions.

It is difficult to make a substantive comparison among
the various reports on the dynamics of the gel to
liquid-crystalline transition of bilayer lipid. The reasons

for these difficulties include the broad variety of meth-
ods to induce the transition, the various methods to
monitor the relaxation, and the magnitude of the pertur-
bation to initiate the transition. Our studies with MLV
are most similar to those of Tsong and Kanehisa (1977)
who used small temperature jumps (0.2-0.30C) to alter
the equilibrium and used turbidity to monitor the
relaxation process. These results were analyzed in terms
of three time constants including one on the order of 10 s

which may have been due to electroporation. The two
faster relaxation times were maximal near the Tm. The
amplitude of the slower of the two processes (T- 2 s for
DC14PC and 0.4 s for DC,6PC at the Tm) was a maximum

near the Tm; the amplitude of the faster ('r 35-70 ms)
was a minimum at the Tm.

Caffrey and co-workers (1990b) have used x-ray diffrac-
tion to monitor the L. to La transition of DC16PC MLV
as the sample was continuously heated. They always
observed the development of the PW form as an interme-
diate to formation of the La phase. It was also observed
that the transit time for the transition was inversely
proportional to the rate of heating. Kriechbaum et al.
(1989) found that the transit time for the LW to La
transition of 1-stearoyl-2-oleoyl-sn-3-phosphotidyletha-
nolamine was < 2 ms using rapid infrared heating. These
results are not surprising because of the rapid heating
rates used in these experiments and the fact that the
transition took place under superheated conditions. At
the highest heating rate (20-40°C/s) used by Caffrey et
al. (1990b) to obtain transit times <1 s, the initial
observation of the L. phase occurred -4-8C above the

Tm.
Several other studies, using a fluorescence probe to

monitor the transition, report relaxation times signifi-
cantly shorter than our maximal value. These more rapid
relaxations could be the result of the presence of the
"contaminating" probe. As mentioned, anesthetics can
cause an increase as the rate of the relaxation. Further-
more, the fluorescence relaxations may very likely be
monitoring the local lipid relaxations in the vicinity of
the probe rather than the global relaxations measured
using the volume perturbation calorimeter. More work
is required to clarify this situation.
The magnitude of the thermodynamic fluctuations of

the lipid bilayer, as measured by the equilibrium heat
capacity function, reflects the number and size of gel and
liquid-crystalline clusters which coexist (Freire and Bil-
tonen, 1978). However, Cp contains no information
about the dynamic character of the various thermody-
namic states. Because other processes in the membrane
such as protein conformational change or diffusion of
membrane components may be coupled to the lipid
fluctuations, it is important to know the time scale of
these fluctuations. For example, we have suggested that
phospholipase A2 activation on bilayer surfaces is dynam-
ically coupled to the cooperative lipid structural fluctua-
tions in or near the gel to liquid-crystalline transition
region (Litchenberg et al., 1986). If this is true, then the
intrinsic rate constant of activation, kae must be less than
or equal to the reciprocal of the lipid relaxation time.
This appears to be the case because ka is on the order of
10-4/s (Romero et al., 1987). Another relevant example
is the diffusion of lipids within one monolayer, as

measured by a fluorescence recovery after photobleach-
ing (FRAP) experiment (Vaz et al., 1985). These au-
thors have shown that the diffusion characteristics of the
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probe whenever the chemically pure lipid exists even
partially in the liquid-crystalline state are those observed
for a totally liquid-crystalline bilayer (Vaz et al., 1990).
Because rapid diffusion of the probe presumably only
occurs within liquid clusters and because these clusters
may be small relative to the bleaching area, this observa-
tion is most likely the result of the rapid fluctuations of
cluster boundaries. Our results showing that the relax-
ation times of the lipid vary from < 0.6 s at the
theoretical percolation or connecting point off = 0.5 for
a hexagonal lattice (Stauffer, 1985) to < 3 x 10-2 s at the
transition onset are consistent with this interpretation.

It is thus obvious that interpretation of molecular
events which might be coupled to the lipid gel to
liquid-crystalline fluctuations requires knowledge of the
kinetics of the transition. Studies of the type reported
herein are being extended to include binary lipid systems
and the effects of added constituents such as anesthetics
and cholesterol on relaxation processes.
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