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Abstract. Lipid bilayers and monolayers composed
of dimyristoylphosphatidic acid (DMPA) and
cholesterol were characterized by differential scan-
ning calorimetry and film balance measurements.
Increasing cholesterol content decreases the bilayer
phase transition temperature and enthalpy in a
manner similar to that observed before for other
lipid/cholesterol systems. In monomolecular films at
the air-water interface cholesterol exhibits the well
known condensing effect in the liquid-expanded
phase, while the liquid-condensed phase is less
affected. As with the bilayer phase transition, the
transition temperature and change in area at the
liquid-condensed to liquid-expanded phase transi-
tion, as measured from isobars at 25 dynes/cm, de-
creases with increasing cholesterol content. The
kinetics of the phase transition of DMPA/cholesterol
bilayers were measured using the pressure jump
relaxation technique with optical detection. Three
relaxation times were observed. The relaxation times
and amplitudes pass through maximum values at
the transition midpoint. With increasing cholesterol
content the maximum values of the relaxation times
decrease but not in a linear fashion. The time con-
stants display an intermediate maximum at ca. 10%
to 12 mol% cholesterol. This observation is discussed
in terms of a possible change in the nature of the
phase transition from first-order with phase separa-
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tion to a continuous second-order transition. The
dependence of the relaxation amplitudes on choles-
terol content gave evidence for nucleation being the
rate limiting step for the transition in this particular
system.
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Introduction

The interaction of cholesterol with various phospho-
lipids has been studied by numerous techniques in
considerable detail (for a review see Demel and
de Kruijff 1976). In general it was found that the
incorporation of cholesterol into lipid bilayers de-
creases the enthalpy of the gel to liquid-crystalline
phase transition, though the specific shapes of the
calorimetric curves, the change in transition tem-
perature, the appearance of overlapping peaks, and
the exact dependence of the transition enthalpy on
cholesterol content depends on the structure of the
phospholipid head groups and the nature of the
fatty acyl chains (Ladbrooke et al. 1968; Chapman
and Wallach 1968; Mabrey et al. 1978; Estep et al.
1978, 1979; Calhoun and Shipley 1979; Blume 1980).
In those systems where complete miscibility of
cholesterol with the phospholipids is observed the
effect of cholesterol on a molecular level can be de-
scribed as follows: the lateral interactions of the
phospholipid molecules are removed, as cholesterol
perturbs the hexagonal packing of lipids in the gel
phase. There is fast long axis rotation of the mole-
cules and the acyl chains are in some intermediate
state with respect to the gel and liquid-crystalline
phase of pure phospholipids (Chapman and Wallach
1968; Wittebort etal. 1982; Blume and Griffin
1982). Macroscopically, this action of cholesterol
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leads to a broadened phase transition and reduced
calorimetric endotherms. Most studies of lipid/
cholesterol interactions have focussed on phos-
phatidylcholine/cholesterol bilayers and very de-
tailed phase diagrams based on the results obtained
by different techniques have been proposed (Lentz
etal. 1980). Phosphatidylcholine/cholesterol bi-
layers, however, seem to display a particularly com-
plex behaviour because phosphatidylcholines can
adopt three different types of gel phases, namely the
Pg-, the Lg-, and the L.-phase, which complicates
the interpretation of data. Other phospholipids such
as phosphatidylethanolamines and phosphatidic
acids have only one type of gel phase over a wide
temperature range below the gel to liquid crystalline
phase transition and are therefore better suited
(Jéhnig et al. 1979; Mclntosh 1980). For kinetic ex-
periments using the pressure jump relaxation tech-
nique with optical detection phosphatidic acids such
as dimyristoylphosphatidic acid (DMPA) are par-
ticularly advantageous because the vesicles are sta-
bilized by the negative charges of the head groups.
We have previously reported on the phase transition
kinetics of pure DMPA and have shown that the
relaxation times for the phase transition of DMPA
are much longer compared to phosphatidylcholines,
apparently due to strong head group interactions via
hydrogen bonds (Elamrani and Blume 1983; Gruene-
wald et al. 1980). For relaxation experiments using
optical detection it is particularly important that the
suspensions remain stable over the time course of
the experiments. In experiments with lipid/choles-
terol mixtures this problem is even more enhanced
because lipid/cholesterol bilayers tend to settle very
rapidly. Again DMPA/cholesterol mixtures are more
suitable because of their negative surface charge so
that a wider range of mixtures can be investigated.
We used differential scanning calorimetry.to
characterize the thermodynamic behaviour of
DMPA/cholesterol mixtures and the monolayer
technique to study the condensation effect of choles-
terol. By these two methods we could show that
DMPA/cholesterol bilayers behave similarly to
other lipid/cholesterol systems. The kinetic experi-
ments revealed a discontinuous decrease of the re-
laxation times with increasing cholesterol content,
indicating a change in the properties of the system
at ca. 12 mol% cholesterol. Comparison with data
derived from X-ray and electron diffraction (Hui
and He 1983) and NMR-experiments (Blume and
Griffin 1982) together with suggestions put forward
by Jahnig (1981a, b) lead us to believe that at this
concentration the phase transition changes its char-
acter from first- to second-order. Thus, the observed
broad endotherm can no longer be ascribed to the
latent heat of a first-order transition but to a change

in the heat capacity accompanying the continuous
second-order transition of the system.

Materials and methods

DMPA and cholesterol were purchased from
FLUKA, Neu-Ulm, W.-Germany and used without
further purification. The lipids were pure as tested
by thin-layer chromatography on silica gel plates
(Merck, Darmstadt, W.-Germany). Mixtures were
prepared from stock solutions of the lipids in chloro-
form/methanol (9:1) by mixing the appropriate
volumes in glass vials and evaporating the solvent in
a stream of nitrogen at elevated temperature
(55°C). Residual organic solvent was removed
overnight under high vacuum. The lipid film was
then dispersed in bidistilled water at a temperature
of 60°C by vigorous shaking and vortexing for
10 min. After cooling the suspension to room tem-
perature the pH of the dispersion was adjusted to
pH 6 with dilute hydrochloric acid using a Radiom-
eter PHM 26 pH-meter with micro glass electrode
(Schott, Mainz, W.-Germany). The suspension was
again vortexed and then degassed under water
aspirator vacuum.

Calorimetry

Differential scanning calorimetry was performed as
described before using a Privalov DASM-1 calorim-
cter (Blume 1983). The lipid concentrations varied
between 1 mg/mL for pure DMPA and 4 mg/mL for
samples with high cholesterol content. A scan rate of
1 K/min was used for all experiments.

Monolayer experiments

Monolayer experiments were performed as described
elsewhere (Blume 1979) using a MGW Lauda film
balance with pressure control system. Isobars at
25 dynes/cm were recorded at increasing tempera-
ture with a scan rate of ca. 1 K/min.

Pressure jump relaxation experiments

Pressure jump relaxation experiments were per-
formed using a pressure jump autoclave with optical
detection (Knoche and Wiese 1976; Gruenewald
et al. 1980; Elamrani and Blume 1983). The 0.07 mm
brass foils gave a bursting pressure of ca. 100 bar
with a dead time of ca. 50 ps. Turbidity (1 = 360 nm)
vs time curves were stored in a Datalab DL 905
transient recorder. Data analysis using semilogarith-
mic least-squares fits of the experimental curves was
done as described before using a HP 9845 A com-
puter (Elamrani and Blume 1983).



Results

Differential scanning calorimetry

Figure 1 shows calorimetric scans of DMPA/choles-
terol mixtures with increasing cholesterol concentra-
tion. Incorporation of cholesterol into the lipid bi-
layers produces the well known broadening of the
phase transition with a decrease in transition enthal-
py. The transition temperature, 7,,, decreases with
increasing cholesterol content and the transition be-
comes asymmetric (see Fig. 1). The decrease of 4AH
is almost linear as shown in Fig. 2a. This behaviour
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Fig. 1. Differential scanning calorimetric curves of DMPA/
cholesterol mixtures. Numbers designate cholesterol content in
mol%
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is very similar to that observed before for the di-
myristoylphosphatidylethanolamine/cholesterol sys-
tem (Blume 1980) but different from dimyristoyl-
phosphatidylcholine/cholesterol mixtures (Mabrey
et al. 1978) where an increase in 75, is observed with
increasing cholesterol content. A plot of the peak
maximum in the DSC curves vs cholesterol content
is shown in Fig. 2b. Cp,, passes through an inter-
mediate maximum at ca. 10 mol% cholesterol. A
careful inspection of Fig. 2a shows that this discon-
tinuity may also be present in the 4 H-plot.

Monolayer experiments

Figure 3 shows isobars of monomolecular films of
DMPA/cholesterol mixtures recorded at a film pres-
sure of 25 dynes/cm. As observed in the correspond-
ing DSC curves of DMPA/cholesterol bilayers, the
transition from the liquid-condensed to the liquid-
expanded state is broadened and the midpoint of the
transition is shifted to lower temperature upon addi-
tion of cholesterol. The condensing effect of choles-
terol on the liquid expanded phase is more evident
when the molecular area at 25 dynes/cm is plotted vs
the mole fraction of cholesterol (Fig. 4a). The
change in molecular area, 4f, between 15 and 50 °C
decreases in much the same way as 4H decreases in
the bilayer system (Fig. 4b). The condensing effect
in the liquid-expanded phase amounts to ca. 6 A%/
molecule at 50 mol% cholesterol. In the liquid-con-
densed phase only a slight condensing effect is
observed, probably due to a change in tilt of the
DMPA molecules induced by cholesterol.

Pressure jump relaxation experiments

As reported before (Elamrani and Blume 1983) three
relaxation processes could be resolved for the transi-
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Fig. 4. a Molecular area of monolayers of DMPA/cholesterol
mixtures at 25 dynes/cm in the liquid condensed phase at
15°C (0) and in the liquid-expanded phase at 50 °C (x).
b Change in molecular area A7 between 15° and 50°C as
taken from data in a

tion kinetics of pure DMPA bilayers, the fastest in
the ms, the second in the 100 ms, and the slowest in
the s time range. This is shown in Fig. 5. Each of
these three relaxation processes revealed a distinct
maximum of the relaxation amplitude and relaxa-
tion time at the midpoint of the transition. The total
amplitude observed after a pressure jump was al-
ways larger than the sum of the three individual
relaxation amplitudes indicating the presence of
additional processes shorter than the dead time of
our instrument (ca. 50 ps). Addition of cholesterol to
DMPA bilayers produces a general decrease of the
total relaxation amplitude and a decrease in the
relaxation times as well. Our experiments covered
the concentration range from 0 to 25 mol% choles-
terol. Dispersions with higher cholesterol content
tend to settle during the time course of the experi-
ments. In addition the relaxation amplitudes become
very small with a concomitant increase in base line
noise. At a percentage of 20 to 25 mol% cholesterol a
distinct maximum of the relaxation times and ampli-
tudes can no longer be observed due to the broaden-
ing of the phase transition as evident from the calori-
metric scans in Fig. 1. Figure 6 shows relaxation
times and amplitudes of the slowest process for pure
DMPA and bilayers with 10 and 20 mol% choles-
terol. As mentioned above the total relaxation ampli-
tude decreases with increasing cholesterol content
(Fig. 7a). The three individual relaxation ampli-
tudes however, show a different behaviour. The rela-
tive amplitude of the slowest process first increases
upon cholesterol incorporation before decreasing
again (see Fig 7b). The amplitudes for the other
two observed processes display a more or less con-
tinuous decrease with cholesterol content (see Fig. 7¢
and Fig. 7d). The relative amplitude of the fast
process not resolvable by the pressure jump tech-
nique first decreases and then increases again (not
shown). The relaxation times show a very character-
istic dependence on cholesterol content. Figure 8
shows the maximum values of the relaxation times
7; and 13 observed at the transition midpoint as a
function of cholesterol content. A general decrease of
7; and 73 1s observed, but between 10 and 15 mol%
cholesterol the relaxation times pass through an
intermediate maximum, which is more distinct for 1,
than for t;. For the relaxation time 7, no character-
istic dependence on cholesterol content could be ob-
served due to the relatively large scatter of the data,
because this process has a comparatively small rela-
tive amplitude (see Fig. 7¢). It is evident from Fig. §
that 73 decreases initially much faster than 7;. At
20 mol% cholesterol 7; has decreased by a factor of
ca. 2, 7, by a factor of ca. 4—5 (not shown) and 7; by
a factor of 3.5.
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Fig. 5. Amplitudes and relaxation times of the three processes observed by the pressure jump relaxation method for the transition

of pure DMPA bilayers

Discussion

The effect of cholesterol incorporation on the
thermotropic behaviour of phospholipid bilayers has
been an area of intensive research. In general, choles-
terol incorporation leads to an increase in the width
of the phase transition and a decrease in the transi-
tion enthalpy (Ladbrooke et al. 1968; Chapman and
Wallach 1968). In most cases the transition peaks can
be decomposed into sharp and broad component
peaks, the sharper disappearing between 15 and
25 mol% cholesterol (Mabrey et al. 1978; Estep et al.

1978, 1979; Calhoun and Shipley 1979; Blume 1980).
This is also observed for the DMPA/cholesterol sys-
tem, though in this case the superposition is not as
evident as in DMPC/cholesterol or DPPC/choles-
terol bilayers. In this respect DMPA/cholesterol
resembles DMPE/cholesterol bilayers where the
peaks are also asymmetric but a decomposition into
component peaks seems somewhat arbitrary (Blume
1980). The strong interaction between PA and PE
head groups, which are responsible for their higher
transition temperatures as compared to PC, are
probably the reason for this phenomenon. Conse-
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Fig. 6. Amplitude A4, and relaxation time 7| for the slowest process at different cholesterol concentrations. Top: 0 mol% cholesterol,
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quently the transition shifts to lower temperatures
when these head group interactions are perturbed by
cholesterol molecules acting as spacers. In DMPC/
cholesterol bilayers, however, the transition is shift-
ed to higher temperature (Mabrey et al. 1978). The
similarity between DMPE and DMPA as opposed to
DMPC is also reflected in the monolayer behaviour.
The condensing effect of cholesterol on lipid mono-
layers in the liquid-expanded state as observed in
the monolayer isotherms has been known for a long
time (see Demel and de Kruijff 1976). We have
shown in the past that the measurement of isobars

offers certain advantages as the change in molecular
area at the transition can be directly observed when
the temperature is increased and then compared to
the bilayer behaviour (Blume 1979). The question of
what the internal lateral pressure of a bilayer should
be or at what lateral pressure of the monolayer these
two different systems should be compared has been
addressed by a number of studies (Nagle 1976,
Albrecht et al. 1978; Pink and Chapman 1979; Mar-
celja 1974). We have suggested before that a lateral
pressure of 30 dynes/cm is a good estimate and that
at this pressure the molecular areas of different
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phospholipids and the relative changes of the transi-
tion temperature with head group structure compare
well with data known for the equivalent bilayer sys-
tems (Blume 1979). A recent theoretical study comes
to the same conclusion (Georgallas et al. 1984). In
this study, for purely technical reasons, we used a
film pressure of 25 dynes/cm in order to reduce the
transition temperature of DMPA, because at high
film pressures and high temperature the monolayers
tend to become unstable and film loss can become a
problem. The slight reduction in film pressure leaves
the general findings unaffected. Figure 4b shows
that the change in area, A/, at the liquid-condensed
to liquid-expanded phase transition decreases almost
linearly with increasing cholesterol content, in a very

20

30

mol % Cholesterot

similar manner to the transition enthalpy in the cor-
responding bilayer system. This decrease is mainly
due to the condensation effect of cholesterol on the
liquid-expanded phase. Trans-gauche isomerization
is drastically reduced by cholesterol incorporation
and the molecules adopt a more extended conforma-
tion. For the corresponding bilayer system this could
be clearly shown by 2H-NMR measurements on
specifically deuterated phospholipids (Blume and
Griffin 1982). The slight condensation effect in the
liquid-condensed state is probably caused by change
in tilt of the molecules induced by cholesterol incor-
poration. Dihexadecylphosphatidic acid at pH 7 in
the singly charged form is known to have slightly
tilted hydrocarbon chains with a tilt angle of 18° at
20°C (Jahnig etal. 1979). The molecular area at
that temperature is 41 A% This is close to what we
find for the molecular area in the monolayer at
25 dynes/cm. Removal of the hydrocarbon chain tilt
would reduce the molecular area of DMPA to 39 A%,
This is obviously the effect we observe. In DPPC/
cholesterol bilayers this effect is even more pro-
nounced (Ladbrooke et al. 1968; Miiller-Landau and
Cadenhead 1979). Monolayer experiments on DMPA/
cholesterol mixtures have been reported before by
Albrecht etal. (1981). A direct comparison of our
results with their data is unfortunately not pos-
sible as they constructed phase diagrams from iso-
therms measured at one particular temperature as
opposed to our method of measuring isobars. So
only some values can be compared and these seem to
agree quite well. The construction of a phase dia-
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gram from our monolayer data is difficult for the
same reasons as for constructing a phase diagram
from the DSC-curves for the bilayer system, because
the transitions are broad and distinct breaks in the
isobars which could be taken as points on phase
boundaries are difficult to distinguish. It is evident
from the shape of the isobars that the effects of
cholesterol on lipid monolayers are very similar to
the effects produced in the corresponding bilayer
system. Consequently the coupling between the op-
posing monolayers in the bilayers is apparently only
weak (Georgallas et al. 1984).

While the calorimetric and monolayer data on
DMPA/cholesterol mixtures confirm earlier results
on similar phospholipid/cholesterol mixtures the
results of our kinetic experiments give some new
insights into the dynamic behaviour of these mixed
systems which lead to conclusions concerning the
thermodynamic behaviour. The phase transition
kinetics of phospholipid bilayers is complex. Overall
five relaxation processes have been observed for
pure phosphatidylcholine bilayers by relaxation
methods such as the laser temperature-jump and the
pressure jump technique (Gruenewald et al. 1980;
Elamrani and Blume 1983; Gruenewald et al. 1981;
Eck and Holzwarth 1984). While the fastest two pro-
cesses in the 10 ns and 100 ns time range show no or
only little change with temperature, the other three
slower relaxation processes display marked increases
in amplitude and time constant at the transition
midpoint and can therefore be ascribed to a coopera-
tive phenomenon. By the pressure jump relaxation
technique it was shown that these three processes
display a marked dependence on the nature of the
lipid head group. Phosphatidic acids show relaxa-
tion times ca. two orders of magnitude slower than
phosphatidylcholines with the same chain length
(Elamrani and Blume 1983). This is a clear indica-
tion of the importance of head group interactions for
the kinetic behaviour. In the case of phosphatidic
acids head group interactions can occur via hydro-
gen bonds between the phosphate groups such
as O=P-0-H---O=P-0O-H---O=P-0-H
which overcompensate repulsive electrostatic inter-
actions between the negatively charged groups. The
results of our pressure jump experiments and also
data from our studies of the electrostatically induced
phase transition of the same system (Elamrani and
Blume 1984) lead us to believe that nucleation, is
indeed, the rate determining step in the transition
kinetics. That means that the formation of stable
liquid-crystalline nuclei in the surrounding gel phase
lipid is a slow process. The subsequent growth steps
which lead to larger clusters of the opposite phase
are faster and are influenced by the cluster size. This
mechanism is essentially what has been proposed in

the frame work of Fisher’s cluster model, first in a
different context by Adam (1968) and then by Kane-
hisa and Tsong (1978). Within this model the slowest
relaxation time representing the nucleation step al-
ways shows the largest increase in time constant at
the transition midpoint. This is what we observe for
pure DMPA as well as DMPA/cholesterol bilayers.
The slowest relaxation time, 7;, increases by a factor
of 5-20 at T, whereas 7, and 73 increase only by a
factor of 3—5 (see Figs. 5 and 6). The much slower
relaxation times observed for DMPA are therefore
not caused by higher cooperativity (the cooperativity
in this system is in fact lower than in the correspond-
ing DMPC bilayer) but by slower nucleation because
of the stronger attractive head group interactions
between the phosphate groups in DMPA.

Within this model some of the observations on
the kinetics of cholesterol/DMPA bilayers can now
be described quite reasonably. Incorporation of
cholesterol has a spacer effect on the phospholipid
head groups and perturbs the hydrocarbon chain
packing as well. Due to this effect we would expect a
decrease in relaxation times as the formation of
nucleation sites should be facilitated because of the
disorder already induced in the neighbourhood of
cholesterol molecules. Also the number of nucleation
sites should increase because of the perturbation by
cholesterol. What we observe for the slowest process
is initially a decrease in time constant but an
increase in the amplitude A4, (see Figs. 7 and 8). This
increase in amplitude for the slowest process thus
reflects, in our opinion, the increased number of
nucleation sites and the decrease in 7; the faster
kinetics of nucleation. Processes 2 and 3 also display
a decrease in time constants but to a much larger
extent (see Fig. 8 for 3). If one or both of these
processes reflect the growth of the nuclei to larger
clusters the strong decrease of the cooperative unit
size of the system as reflected by the calorimetric
results (see Fig. 2b) can serve as a simple explana-
tion. Lower cooperativity means smaller cluster size
and hence faster kinetics, The cooperative unit size
at 5 mol% cholesterol has decreased by a factor of 2
and 73 by a factor of 2.5—-3. The nucleation step
should be less affected by the lower cooperativity as
a nucleation site presumably consists, a priori, only
of a few molecules, a number certainly smaller than
the size of the whole cluster. It should be mentioned
that the relative amplitude of the fast process, which
in pure DMPA bilayers accounts for ca. 50% of the
total amplitude decreases to only 20% at 5 mol%
cholesterol while the amplitude A4, of the slowest
process increases to 40% and this when the total
amplitude A4, is still almost the same as in pure
DMPA. It could be that this fast process can be
ascribed to non-cooperative transitions of individual



molecules to a liquid-crystalline state, however
without the formation of stable nucleation sites (Eck
and Holzwarth 1984). If this interpretation is correct
then the effect of cholesterol would be to change the
ratio of stable to unstable nucleation sites. Within
the microscopic interaction model suggested by
Mouritsen et al. (Mouritsen et al. 1983; Mouritsen
1983; Mouritsen and Zuckermann 1985) this fast
process could correspond to the formation of isolated
“intermediate type” lipid and the slower process to
the formation of small “liquid lipid™ clusters stabil-
1zed at the boundary by “intermediate type” lipid.
At ca. 10 mol% cholesterol content discontinuities
in the thermodynamic as well as the kinetic behav-
iour of the system can be observed. In the calori-
metric experiments this is manifested in the depen-
dence of the cooperative unit size or the maximum
values of the calorimetric peaks on cholesterol
content (see Fig. 2b). In other phospholipid/choles-
terol systems it has been observed before that at low
cholesterol concentration the DSC thermograms can
be decomposed into a sharp and an underlying
broad peak and that the sharp component disap-
pears at higher (20 to 25 mol%) cholesterol content
(Mabrey et al. 1978; Estep etal. 1978). The abrupt
changes occurring at this particular cholesterol con-
centration have been interpreted in terms of phase
separation in the solid state or alternatively by a
percolation model (Mabrey et al. 1978; Rubinstein
etal. 1979; Lentz etal. 1980; Snyder and Freire
1980). NMR-measurements of *C and *H-labelled
phospholipids in mixtures with cholesterol revealed
no evidence for phase separation in the gel state nor
in the temperature range of the phase transition
region of phospholipid/cholesterol mixtures. Instead
small clusters of lipids having different properties
and exchanging by lateral diffusion seem to exist
(Wittebort et al. 1982; Blume and Griffin 1982). In
contrast, mixtures of two different phospholipids
display phase separation in the transition region as
two distinctly different NMR-signals characteristic
of gel and liquid-crystalline lipid are observed
(Blume et al. 1982). These findings are supported by
recent x-ray and electron diffraction results on
DMPC/cholesterol mixtures. These diffraction ex-
periments gave no indication for the existence of
larger domains with different composition. Instead
the properties of DMPC/cholesterol bilayers changed
continuously, which again can be contrasted with
results for mixtures of two different phospholipids
where phase separation with large domains is ob-
served (Hui 1981: Hui and He 1983). A different
explanation for the abrupt changes of various prop-
erties occurring at particular cholesterol concentra-
tions has been suggested by Jahnig (1981a,b).
Jahnig has developed some concepts for lipid/
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protein interactions within the frame work of the
Landau theory which are also applicable for lipid/
cholesterol interactions. It is now generally agreed
that the phase transition of phospholipids is of first
order though close to a critical point (Jahnig 1981 a, b;
Mouritsen et al. 1983; Mouritsen and Zuckermann
1985; Mitaku et al. 1983). That implies that in pure
lipid bilayers a somewhat broadened phase transi-
tion is observed with a coexistence of fluid and
ordered domains within the transition region. Ex-
perimentally this can indeed be verified by ZH-NMR
spectroscopy where two distinctly different NMR
signals are seen inside the transition region of a
phospholipid (Blume et al. 1982). Because this tran-
sition is relatively close to a critical point incorpora-
tion of foreign molecules which perturb the packing
of the lipid molecules can change the nature of the
phase transition to second-order. This occurs at a
certain critical concentration of the perturbing mole-
cule. A plot of the response function of, for instance,
the relaxation time vs the concentration should then
pass through a maximum at the critical concentra-
tion (Jahnig 1981a,b). We believe that this sug-
gestion offers an explanation for most of our experi-
mental findings. Within this model the intermediate
maximum in the relaxation times at ca. 10 mol%
cholesterol is an indication for a change of the nature
of the phase transition from first- to second-order.
The discontinuity in the bilayer behaviour is not
only apparent from the plot of 7; vs cholesterol con-
tent in Fig. § but also from a comparison of Figs. 5
and 6. It can clearly be seen that 7; as a function of
temperature increases at 7, much more for the
sample with 10 mol% cholesterol (a factor of ca. 20)
than for pure DMPA where 7; changes only by factor
of 10 at T,,. The other relaxation times 7, and 73
show a similar behaviour, though the effect is more
pronounced for the slowest process. Above the
critical concentration the phase transition becomes
seond-order, i.e. a continuous cooperative transition
without domain structure is observed. Jdhnig
(1981b) in his paper gave a simple equation derived
from geometrical arguments for the calculation of
the critical concentration. For an incorporated pro-
tein of 15 A radius the critical lipid/protein ratio is
54, corresponding to a concentration of ca. 2 mol%.
Inserting a value for the radius of the cholesterol
molecule of ca. 3.5A one obtains a critical ratio of
ca. 27 corresponding to 3.5 mol%. Jahnig corrected
by a factor of 2 because the rigid part of cholesterol
is only half as long as an acyl chain. Still the critical
concentration comes out too low as the experimen-
tally observed values are much higher. One has to
keep in mind however. that the equation is based on
a oversimplification of the whole system. In partic-
ular non-ideal mixing is not taken into account. This
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effect would increase the critical concentration to
values depending on the extent of non-ideality of the
mixture. It is known that the nature of the fatty acyl
chains and the structure of the lipid head group
control the thermodynamic behaviour. For lipids
with longer chains the critical concentration would
probably be higher and indeed with DPPC dis-
continuities in the behaviour of the system are
observed at ca. 20 to 30 mol% (Mabrey et al. 1978;
Estep etal. 1978). For distearoyl- and diarachidoyl-
phosphatidylcholine/cholesterol mixtures the critical
concentration seems to be even higher as judged by
DSC measurements (Blume, unpublished observa-
tion).

A consequence of the change of the nature of the
phase transition from first- to second-order would
also be that the transition enthalpies determined
from the DSC scans at high cholesterol content
should not be interpreted as latent heats of melting
because for a second order transition the latent heat
no longer exists because the transition is continuous.
The broad peaks in the calorimetric scans reflect a
continuous change of the heat capacity of the system.

Summarizing the results of our kinetic experi-
ments we can say that in addition to the well-known
effects of cholesterol upon structure, dynamics and
calorimetric behaviour of lipid bilayers the incor-
poration of cholesterol also leads to drastic changes
in the kinetic behaviour. A general decrease of
relaxation times with increasing cholesterol content
was observed. This was also shown for a related
system, 1.e. DMPC/cholesterol (Eck and Holzwarth
1984). The changes of the relative amplitudes of the
different relaxation times enabled us to give a rea-
sonable explanation for the mechanism of the transi-
tion. The large increase of the amplitude of the
slowest process seems to be due to an increased
number of nucleation sites produced by cholesterol
incorporation. This means that the slowest process is
indeed the nucleation step. The other two observed
relaxation times decrease much faster with choles-
terol concentration and can probably be ascribed to
the growth steps. As the cooperativity is decreased
the clusters become smaller. We could also show that
at a certain concentration the relaxation times pass
through an intermediate maximum and we interpret
this, in agreement with suggestions made by Jahnig
(1981a), as being caused by a change of the nature
of the phase transition from first- to second-order.

At this point we want to add some speculations
concerning the possible biological relevance of this
phenomenon. Many biological membranes contain
cholesterol and in the past this was mainly interpret-
ed with respect to an increased stability and de-
creased permeability being important in these sys-
tems. In our view the finding that the phase transi-

tion becomes continuous at low cholesterol content is
of particular relevance for a biological membrane.
A drop in temperature can now no longer lead to
phase separation into gel and liquid-crystalline lipid
domains because the membrane stays homogeneous.
Consequently the permeability of the membrane
which otherwise would be enhanced, as larger
molecules permeate preferentially through bound-
aries between the different domains, stays low. In
addition protein aggregation with concomitant func-
tional inhibition caused by phase separation into gel
and liquid crystalline lipid domains in mixtures of
phospholipids without cholesterol is prevented.
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