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The one previously reported high pressure volumetric experiment on a phospholipid bilayer investigated a
region of pressure between 0 and 25 MPa and obtained isothermal compressibility values for the liquid
crystal and intermediate phases which differed by more than a factor of ten. We report new volumetric
measurements around the main transition in dipalmitoylphosphatidylcholine (DPPC) from 0 to 100 MPa.
The isothermal compressibility data for the two phases are of the same order of magnitude, and the
experimentally determined coexistence curve, specific volume dependence, and volume discontinuity values
are compared with the predictions of the phenomenological theory according to Sugar and Tarjan ((1982)
Sov Phys. Crystallogr. 27, 4-5). Significant discrepancies between this theory and experiment are found.
Finally, the data indicate that steric interactions play a more dominant role in the main transition of
phospholipid bilayers than in transitions in most thermotropic liquid crystals

Introduction

Phospholipid bilayers n an aqueous dispersion
have been studied intensively as a model system
for biological membranes These bilayers undergo
phase transitions as the temperature, pressure, and
water content are varned, for example, L-a-di-
palmitoylphosphatidylcholine (DPPC) dispersed in
excess water possesses at least four phases at
atmospheric pressure The ‘subgel’ phase occurs
below 13°C, 1t 1s characterized by the ngid pack-
g of the hydrocarbon chains and 1s the most
crystallme phase of the four The ‘gel’ or L,
phase exists between 13°C and 34°C and differs
from the ‘subgel’ phase by a shghtly different
packing of the ngid hydrocarbon chains Between
the pretransition at 34°C and the main transition
at 42°C, the ‘intermediate’, ‘npple’, or P; phase
exists The ngid hydrocarbon chain packing of the
L. phase 1s stll present, but the bilayers are now

nppled The main transition separates this phase
from the “liquid crystal’ or L, phase, in which the
hydrocarbon chains are no longer ngid

By far, most investigations of these transitions
have been performed at atmospheric pressure with
temperature change inducing the transition Much
less work has been done in order to understand
the effect of hydrostatic pressure on these transi-
tions Early experiments determned the phase di-
agram for DPPC using a variety of methods [1-6},
while more recent work has utilized adiabatic
compression [7], Raman spectroscopy [8]. light
transmussion [9), and fluorescence depolarization
{10] under pressure Examples of measurements of
direct biological relevance obtamed under pres-
sure may be found in Refs 11 and 12 Theoretical
attempts to understand pressure-induced transi-
tions nclude a special lattice model [2,13], a phe-
nomenological theory [14], and an Ising model
formalism [15]
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The one previous volumetric measurement un-
der pressure investigated a small region of pres-
sure and contained some questionable results, 1 e,
the P; and L, phases possessed extremely differ-
ent compressibilities In addition, more recent high
pressure volumetric measurements in thermotropic
liquid crystals have been extremely useful in char-
acternizing the different phase transitions present
[16,17] Finally, of the theoretical models, Sugar
and Tarjan’s phenomenological theory [14] 1s the
only one which contains realistic predictions for
high pressure volumetric experiments With these
considerations 1n mund, we performed such volu-
metric measurements over a wide range of pres-
sure and compared the data to the predictions of
this model The results indicate that major dis-
agreement between this theory and experiment
exist Our measurements furnish new 1sothermal
compressibility data and also indicate that the
transition between the L, and P, phases 1s strongly
influenced by steric interactions

Materials and Methods

The DPPC used 1n this experiment was ob-
tained from Calbiochem and was not further
purified A 100+01% mxture by weight of
phospholipid 1n distilled water was made, which
was rapidly stirred while cycling the temperature
above and below the main transition Such a pro-
cedure should produce multilamellar vesicles of
various sizes The mixture was stored at room
temperature for a few days before being used 1n
the experiment, and showed no evidence of con-
taining any unhydrated DPPC

This disperston was confined 1n a stainless-steel
bellows holding about 4 5 cm®, which was part of
a system capable of simultaneously measuring the
pressure, volume, and temperature The expert-
mental apparatus and instrumentation have been
described previously [16] Although the specific
volume of the sample could be measured to an
accuracy of 000015 cm® /g, the specific volume of
the water had to be subtracted using precise equa-
tion of state data for water [18] The resulting
DPPC specific volume measurements were there-
fore good to 0 0015 cm® /g This same equation of
state data for water was utilized with a sample of
pure water in the mitial calibration of this ap-
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paratus, so this subtraction procedure should not
introduce a systematic error The main transition
was mvestigated by starting at a temperature and
pressure 1n the L, phase, and then increasing the
pressure 1n steps of about 0 7 MPa, recording the
volume each time This process was performed
slowly enough to keep the sample at the equi-
librium temperature, and was continued until the
sample was well into the P, phase The entire
procedure was repeated at several points along the
main transition

To provide predictions which could easily be
compared to our experimental data, the Landau
phenomenological theory of Sugar and Tarjan [14]
was completely worked out, generating 1sothermal
specific volume data for DPPC over a wide range
of pressure As a check of these calculations, we
compared them to Sugar and Tarjan’s results at
atmospheric pressure and along the main transi-
tion curve, obtaining excellent agreement

Results

Fig 1 presents the specific volume data on
DPPC for a typical 1sothermal experimental run
(3204 K) Simular data were obtained at 3252 K,
3304 K, 3354 K and 3403 K During each run,
the temperature of the sample was constant to
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Fig 1 Typical 1sotherm in DPPC (320 4 K) The straight lines
represent linear least-square fits to the two pure phase iso-
therms and the one mixed phase 1sotherm The midpoint of the
muxed phase 1sotherm serves to determune the pressure, specific
volume, and temperature at the mam transition AV specific
volume discontinuity at the main transitton
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within 01 K as specific volume and pressure
measurements were taken The obvious scatter n
the data indicates the difficulty of obtaining such
data when only 10% of the sample 1s DPPC
Although the transition appears to be quite wide
in Fig 1, one must realize that the pressure scale
1s expanded The entire transition 1s on the order
of 5 MPa wide, whach 15 consistent with the results
of both specific volume [4] and microviscosity [10]
experiments One may convert this 5 MPa width
to an estimate of the width of the transition 1in
temperature at constant pressure by multiplying
by the slope of the coexistence curve. 0 23 K /MPa
[12] Thus procedure results in a width estimate of
a hittle over 1 K, which 1s typical of some experi-
ments on DPPC performed at atmospheric pres-
sure, but sigmficantly greater than other results
[19] The slight asymmetry of the transition which
1s evident at atmospheric pressure 1s also quite
evident here To generate values for comparison to
theory, the two pure phase 1sotherms and the
mixed phase 1sotherm were obtamned by least
squares hinear fit, the midpoint of the mixed phase
1sotherm was used to determine the specific volume
and pressure at the transition, the two intersec-
tions of 1sotherms gave the volume discontinuity
at the transition, and the slopes of the two pure
phase 1sotherms generated compressibility data
The results of this procedure and the prediction
of theory are shown i Fig 2 Sugar and Taran’s
theory predicts that the coexistence curve should
show positive curvature, and this 1s 1n fact what
occurs Other theoretical models also predict this
effect correctly [2.13] At any temperature and
pressure along this coexistence curve, (1) the main
transition takes place at a particular value of the
specific volume, and (2) the specific volume
abruptly increases in going from the Py phase to
the L, phase The measured values for the specific
volume at the transition and the specific volume
change of the transition (volume discontinuity) are
also shown in Fig 2 The specific volume and
volume discontinuity are predicted to increase as
the pressure and temperature are increased along
the coexistence curve, while the data show that the
specific volume defimitely decreases while the
volume discontinuity remains fairly constant, per-
haps decreasing shghtly It should be pointed out
that absolute specific volume measurements with

120

(MPa)

80

P

40

v (cM¥6)

Qo
o
H

o
o
[

av (cM¥/6)

320 330 340

002 . .
TEMPERATURE (K)

Fig 2 Pressure specific volume, and specific volume discon-
tinuity along the main transition The circles are experimental
data points, the dashed lines are the results of Sugar and
Tarjan’s phenomenological theory To convert V or AV to
m}/mol, multiply by 7351 g/mol

this apparatus are more difficult to do precisely
than measurements of relative volume changes
The fact that the specific volume data in Fig 2 fall
below the theory curve 1s therefore not as im-
portant as the fact that the change with increasing
temperature or pressure 1s in the wrong direction
The volume discontinuity data does not have this
problem, as the data extrapolate at low pressure to
a value only shightly less than both the theory and
measurements done at atmospheric pressure [19]

Discussion

The theory predicts that the L, phase should
have an 1sothermal compressibility of about 3 3
1074 MPa~!. while the data support a value of
(78+11) 107* MPa™!, (average of five isother-
mal measurements) The 1sothermal compressibil-
ity for the P, phase 1s (52+08) 107* MPa™'
demonstrating that 1t 15 defimtely less com-
pressible than the L, phase, but clearly of the



same order of magnitude These values are repre-
sentative of measurements in thermotropic hqud
crystals comprised of molecules with fairly long
hydrocarbon chains [17], but differ significantly
from the results for DPPC for Ref 4 This incon-
sistency 1s difficult to reconcile, since the 1sother-
mal compressibility for the L, phase from Ref 4
1s Jarger than our result. whereas the 1sothermal
compressibility for the P; phase from Ref 4 1s
smaller than our result

There may be a simple reason why the 1sother-
mal compressibility of these two phases are not
more different given that one phase 1s composed
of partially molten hydrocarbon chains while n
the other phase the hydrocarbon chains are rigidly
packed Results of X-ray diffraction measure-
ments under pressure have demonstrated that the
bilayer thickness in the liquid crystalline phase
actually 1ncreases as the pressure 1s ncreased
rather than decreasing as in the intermediate and
gel phases [6] This would seem to indicate that
the compressibility of the liquid crystal phase 1s
not as great as one might expect, since the
straightening of the melted hydrocarbon chains
brought on by a pressure increase also extends the
chains, increasing the bilayer thickness The result-
ing volume change 1s therefore less than would be
expected 1f only lateral compressibility effects were
considered

A parameter which 1s useful in characterizing
transitions 1n condensed matter phases 1s the ratio
of the temperature change to the volume change
along the coexistence curve This parameter

d(in 7/ 1,)
a(inv/¥,)

where T, and ¥V, represent a point on the coexis-
tence curve, 1s extremely important theoretically,
since 1t 1s sensitive to the relative strength of steric
repulsions (which are athermal) as compared to
attractive interactions (which are temperature de-
pendent) [20] The higher the value of y, the more
steric interactions play an important role in the
transition Fig 3 presents the data for DPPC,
showing that a y value of about 34 1s ap-
propniate This value 1s typical of the isotropic-
nematic transition i systems of rather short and
inflexible molecules Steric repulsion 1s generally
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Fig 3 Temperature and spectfic volume changes along the
main transition The straight line represents a least-square
linear fit constrained to pass through the ongin the y value
denotes the slope of this line

thought to be important in this transition and our
results seem to imply a similar conclusion for the
main transition in phospholipid bilayers Since
this transition represents a change from a partially
molten system of hydrocarbon chains to a phase
of closely packed nigid chans, this finding 1s not
surprising

The importance of this parameter 1s evident
from the fact that Sugar and Tarjan’s theory pre-
dicts a large negative value whereas the experi-
ment produces a small positive value Although
only positive values have been obtained exper-
mentally in the case of thermotropic liquid crystal
systems, both positive and negative y-values have
been produced by theories of the hiquid crystalline
phase [16] It would therefore seem that the com-
petition between the effects of temperature and
pressure on a transition 1s a difficult one to model
theoretically

Numerous studies have demonstrated that the
water between phospholipid bilayers 1s perturbed
by the bilayers and therefore not 1dentical to bulk
water [21-23] Since this may imply a difference 1n
specific volume, the often-used method of sub-
tracting the volume of water using bulk water data
may introduce error Although 1t has been argued
that such an error 1s insignificant [21], 1t 15 useful
to estimate 1ts order of magnitude From experi-
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ments on phospholipid bilayers with varying
amounts of water between the bilayers, the chem-
1cal potential difference of the water at the equi-
librium bilayer separation was found to be differ-
ent for the Py and L, phases, but both were less
than one calorie per mole Since our sample con-
tained two to three times more water, the chemical
potential difference 15 reduced m both phases to
something on the order of 01 calorie per mole
This free energy difference can be used to estimate
the amount of vanation in specific volume one
could expect in our experiments The energy of
compression can be represented by PAV where P
is the hydrostatic pressure and AV 15 the molar
volume change Using a value for P typical of our
experiments and equating the compressional en-
ergy per mole to the difference in chemical poten-
tial per mole, resuits in an estimated change of
specific volume for the water of 003% compared
to its bulk specific volume This translates into an
error of about 0 3% 1n our specific volume mea-
surements for DPPC Thus the result 1s clear, the
effect of the difference in the water between bi-
layers when compared to bulk water whether n
the intermediate phase or the hquid crystal phase,
is of httle consequence 1n this investigation

Conclusion

The results presented here are important for
both the questions they answer and the questions
they raise Certainly the new 1sothermal com-
pressibility data for DPPC are important since
they are so different from the one earlier reported
result It 1s also obvious that no major changes 1n
the volume discontinuity take place in the region
studied, 1n agreement with the results of the first
volumetric study [4], but later questioned by the
adiabatic compression data [7] The lack of agree-
ment between Sugar’s and Tarjan’s theory and this
experiment raises questions as to why the pressure
and temperature dependences are incorrect, when
the theory seems to work well in describing the
dependence on chain length Finally. these data
point out the importance of steric interactions 1n
the main transiion This quantitative result serves
as a critical test for theoretical work and should be

complemented by measurements in other phos-
pholipid systems and along other phospholiptd
phase transitions
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