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Nonideal Mixing and Phase Separation in Phosphatidylcholine-
Phosphatidic Acid Mixtures as a Function of Acyl Chain Length and pH
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*Fachbereich Chemie, Universitat Kaiserslautern, D-67653 Kaiserslautern, Germany

ABSTRACT The miscibilities of phosphatidic acids (PAs) and phosphatidylcholines (PCs) with different chain lengths (n =
14, 16) at pH 4, pH 7, and pH 12 were examined by differential scanning calorimetry. Simulation of heat capacity curves was
performed using a new approach that incorporates changes of cooperativity of the transition in addition to nonideal mixing
in the gel and the liquid-crystalline phase as a function of composition. From the simulations of the heat capacity curves, first
estimates for the nonideality parameters for nonideal mixing as a function of composition were obtained, and phase diagrams
were constructed using temperatures for onset and end of melting, which were corrected for the broadening effect caused
by a decrease in cooperativity. In all cases the composition dependence of the nonideality parameters indicated nonsym-
metrical mixing behavior. The phase diagrams were therefore further refined by simulations of the coexistence curves using
a four-parameter approximation to account for nonideal and nonsymmetrical mixing in the gel and the liquid-crystalline phase.
The mixing behavior was studied at three different pH values to investigate how changes in headgroup charge of the PA
influences the miscibility. The experiments showed that at pH 7, where the PA component is negatively charged, the
nonideality parameters are in most cases negative, indicating that electrostatic effects favor a mixing of the two components.
Partial protonation of the PA component at pH 4 leads to strong changes in miscibility; the nonideality parameters for the
liquid-crystalline phase are now in most cases positive, indicating clustering of like molecules. The phase diagram for
1,2-dimyristoyl-sn-glycero-3-phosphatidic acid:1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine mixtures at pH 4 indicates
that a fluid-fluid immiscibility is likely. The results show that a decrease in ionization of PAs can induce large changes in mixing
behavior. This occurs because of a reduction in electrostatic repulsion between PA headgroups and a concomitant increase

in attractive hydrogen bonding interactions.

INTRODUCTION

The lipid composition of natural membranes is often very
complex and provides different functions for the cells. The
formation of domains (microdomains) in the liquid-crystal-
line phase (which can be caused by a low miscibility of the
two components) is an interesting phenomenon that has
recently received much attention (Glaser, 1993; Almeida et
al., 1993; Vaz, 1994, 1995; Almeida and Vaz, 1995). Do-
main formation influences several properties of biological
membranes, such as water permeability (Carruthers and
Melchior, 1983), membrane potential (McLaughlin and
Brown, 1981), rate of fusion between adjacent lipid bilayers
(Hoekstra, 1982a,b), protein lateral diffusion, and the reac-
tivity of intrinsic proteins imbedded in the bilayer (Verkleij,
1984; Benga and Holmes, 1984; Metcalf et al., 1986; Vaz,
1994). A large number of studies have shown that mem-
brane proteins have certain environmental requirements for
optimum activity, some requiring a fluid environment,
whereas other need much more rigid surroundings (Lee,
1975a,b; Cronam and Gelman, 1975; Stier and Sackmann,
1973; Berclaz and McConnell, 1981; Berclaz and Geoffroy,
1984; Benga and Holmes, 1984; Tocanne et al., 1994).

Received for publication 28 June 1996 and in final form 7 February 1997.

Address reprint requests to Prof. Dr. A. Blume, Fachbereich Chemie der
Universitat Kaiserslautern, Postfach 3049, D-67653 Kaiserslautern, Ger-
many. Tel.: —49-631-205-2537; Fax: —49-631-205-2187; E-mail:
blume @rhrk.uni-kl.de.

© 1997 by the Biophysical Society

0006-3495/97/05/2196/15  $2.00

Domain formation in the liquid-crystalline phase can pro-
vide different proteins with their specific environment for
optimal activity (Glaser, 1993; Vaz, 1994, 1995).

The aim of this study is the understanding of pseudobi-
nary lipid mixtures in excess water composed of the zwit-
terionic phospholipid phosphatidylcholine and the nega-
tively charged (at neutral pH) phospholipid phosphatidic
acid. The chain lengths of the two components as well as the
pH were varied, and the miscibility behavior was analyzed
by differential scanning calorimetry (DSC). The obtained
heat capacity curves (cp curves) were fitted with a new
simulation model that yields nonideality parameters as a
function of composition, temperatures for the coexistence
lines, and cooperative unit sizes as a function of composi-
tion. From these data we then constructed phase diagrams in
a first approximation. These phase diagrams were further
refined by simulating them with a model using nonideal,
nonsymmetrical mixing behavior in both phases.

Using the phospholipids DMPA, DPPA, DMPC, and
DPPC we investigated the following systems:

1. DPPA:DPPC and DMPA:DMPC (both components
have the same chain lengths)

2. DPPA:DMPC and DMPA:DPPC (the components
have different chain lengths)

The net charge of the phosphatidic acid depends on the
pH. Therefore, as an additional variable parameter we
changed the pH of the dispersions. DSC measurements of
the mixtures were performed at pH 4, pH 7, and pH 12 to
study the mixing properties as a function of charge of the
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phosphatidic acid component. We will show that the charge
and the resulting variations in headgroup interactions as
well as the chain length differences will have a marked
effect on the miscibilities of the two components in both
phases.

MATERIALS AND METHODS

1,2-Dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC), 1,2-dimyristoyl-
sn-glycero-3-phosphorylcholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphatidic acid (DPPA), and 1,2-dimyristoyl-sn-glycero-3-phosphatidic
acid (DMPA) were obtained from Natterman Phospholipid GmbH (Co-
logne, Germany). The purity of the lipids was checked by thin-layer
chromatography (TLC), using a phosphorous sensitive spray and charring
with concentrated sulfuric acid (Hahn and Luckhaus, 1956). Only one spot
was detected on the TLC plate; therefore the lipids were used without
further purification.

Lipid stock solutions in CHCI;:CH,OH (2:1, v:v) were prepared and
mixed to obtain homogeneous mixtures at different molar ratios. The
solvent was rapidly removed under an argon stream by carefully heating
the probes. The dried mixtures were then held for 24 h in high vacuum to
remove residual traces of solvent. After drying, the appropriate amount of
highly purified water was added, and the samples were vigorously vortexed
for 5 min at 75-80°C and additionally for 5 min at room temperature to get
a homogeneous dispersion. The pH of the samples was checked and
corrected with an appropriate amount of HCI or NaOH. The measurements
were done at pH 4, pH 7, and pH 12. The total lipid concentration was 2.5
mg/ml. The pH was measured before and after the DSC experiment. No
changes in pH were observed.

DSC measurements were performed with a MicroCal MC-2 differential
scanning calorimeter (MicroCal, Northhampton, MA). The heating rate
was 1°C/min, and the measurements were performed in the temperature
interval from 8°C to 85°C. For a check of the reproducibility of the DSC
curves, three scans were usually recorded for studies at pH 4 and pH 7.
After the measurements the samples were checked by TLC, and no deg-
radation of the lipids was detected. At pH 12 only the first scan was used
for evaluation because of some hydrolysis of the lipids at high pH as
detected by TLC after the second run.

Three different samples were measured for each composition to check
for reproducible results. The accuracy of the DSC experiments was +0.1°C
for the main phase transition temperature T, and *0.2 kcal/mol for the
main transition enthalpy AH,,.

THEORY AND SIMULATION METHODS

Binary phase diagrams can be easily constructed from DSC
thermograms. Usually this is done by the following proce-
dure. The onset and completion temperatures for the gel-to-
liquid-crystalline transition are determined as those temper-
atures corresponding to the intersection between the tangent
of the leading edge and the baseline of the DSC curves (Xu
et al., 1987; Ali et al., 1989). These temperatures are then
corrected by the finite widths of the transitions of the pure
components weighted with their mole fractions according to
a method described by several authors (Mabrey and Stur-
tevant, 1976; Silvius and Gagné, 1984a,b).

The determination of these two temperatures is a critical
point for the correct construction of a phase diagram. We
have developed a different method for the determination of
these temperatures by simulation of the heat capacity curves
(cp curves) (Mennicke, 1995; Johann et al., 1996), using
regular solution theory and incorporating an additional pa-
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rameter describing the broadening of the transition due to
limited cooperativity. This leads in some cases to phase
diagrams with a narrower two-phase region and to addi-
tional information on the cooperative unit (c.u.) size as a
function of composition. In the following we will give only
a brief outline of underlying calculation procedures.

Calculation of the heat capacity curves

We consider a hypothetical phase transition for the lipids
with infinitely high cooperativity (Sugar, 1987). We will
first derive an expression for the heat capacity curve of a
binary mixture of lipids that we will call cp'?.

For our binary system with components A and B, the
molar enthalpy H as a function of temperature in the phase
transition region from the gel to the liquid-crystalline phase
can be described by

H=¢-H,+(1~-¢)-H, n

where H, and H, are the enthalpies in the gel and liquid-
crystalline phase, respectively, and ¢ is the degree of tran-
sition going from 1 to O in the liquid-crystalline phase. ¢ can
be calculated from the lever rule:

X = X
¢=

X, —x’ &
where x, and x; are the mole fractions of component B in the
solid and liquid-crystalline phases in‘equilibrium at a given
temperature.

If we assume nonideal mixing in the two phases, we can
formulate two equations for the enthalpies H, and H, as a
function of composition, introducing an excess enthalpy

AHE:

Hg=xA-Hg_A+xB'Hg‘B+AHE;

(3)
Hl =xA°H|‘A +xB'H|‘B + AHIIE.

Using the Gibbs-Helmholtz equation AGE = AHE — T -
ASE, two borderline cases can be postulated, namely the
case with AS® = 0, which gives AGE = AHF (regular
solution) (Hildebrandt, 1929) and the case with AHE = 0
(athermal solution) (Guggenheim, 1944).

For the simulation of the cp curves we will use only
regular solution theory. The nonideality of the system is
caused by a nonzero AHE.

The free excess enthalpy AG® of mixing as a function of
mole fraction x can be written as

AGF=AHE=x-(1—-x){o1+ g (2x— 1) + p;
2x— 1P+ s (2x—1)*+ .. .}

)

o; are the nonideality parameters describing the deviations
from ideal mixing behavior.

For the simulation of the cp curves we have used a
symmetrical formulation for the excess enthalpy for both
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phases:
AGE=AHE=x-(1—x)-p. (5)

The solidus and liquidus curves are calculated from the two
transcendental Eqs. 6 and 7, where x, = (1 — x), xg = x,
AH,, and AHy are the calorimetrically measured main
transition enthalpies, and T, and Ty are the main transition
temperatures of the pure components A and B (Tenchov,
1985; Brumbaugh and Huang, 1992; Johann et al., 1996):

_AHg + - (1 — x)" — g (1 — xp)° 6
= T (AHTy) = R- Inflxy ©

. AHA+91‘(X1)2_2 * (x)?
T= GHJT) - R —xya —x)

With the definition of cp'® = (3H/AT),, the heat capacity
curves can be calculated from Eqgs. 1, 3, and 5 once the
segments of the liquidus and solidus curves of the phase
diagram are known. The exact expressions have been de-
scribed elsewhere (Johann et al., 1996).

The calculated cp'® curves assume infinite cooperativity
for the transition. In reality, the transition curves for pure
lipids are broadened because of limited cooperativity. The
cooperativity of the transition will be further lowered by
mixing two different lipids together (Sugér, 1987).

The simplest method of including the broadening effect is
to assume an equilibrium for a two-state transition between
the solid and liquid states:

G=L, (8)

where G and L denote the two different physical states of
the system. The equilibrium constant for such a process is
then defined as

L] 1-0
K=W=T. (9)

The brackets represent the amount of lipids in one of the
states, and 6 is the degree of transition running from 1 (all
lipids in the gel state) to 0. With the van’t Hoff equation,

dlnkK AH 4
7 ) TR (10)
T o R-T
we can calculate an expression for (96/0T) describing the
width of the transition as a function of the van’t Hoff
transition enthalpy AH;; (Blume, 1988, 1991; Johann et al.,
1996). We now convolute the cp'® curve with the broaden-
ing function (360/9T) to obtain a corrected heat capacity

stm

curve cp’

00
) (1n

sim — id _

cp cp?® ( 9T/
The procedures described above are implemented in a fit
program using the SIMPLEX algorithm to find the best
parameter set. As input, the program needs the main tran-
sition temperatures, the calorimetrically determined transi-
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tion enthalpies AH_ of the pure components, and the com-
position of the mixtures.

The output is the desired simulated cp curve, the nonide-
ality parameters g, and p,, and the values of the tempera-
tures that describe the beginning (7_) and the end (7, ) of
the transition, i.e., temperatures on the liquidus and solidus
curves calculated for a binary mixture where the compo-
nents show a true first-order phase transition. It turns out
that in many cases the nonideality parameters are a function
of composition, indicating nonideal, nonsymmetrical mix-
ing behavior. Therefore, in a second step, the 7_ and T,
values are used for the simulation of the phase diagram
using an approach for a nonsymmetrical regular solution,
which will be described below. A further piece of informa-
tion obtained by the simulation of the cp curves of the
mixtures is the van’t Hoff enthalpy AH, as a function of
composition. It allows the calculation of the cooperative
unit size, c.u. = AH ,/AH,, for the different mixtures.

Simulation of phase diagrams

For the simulation of the phase diagrams we use a formu-
lation with four nonideality parameters, taking the nonsym-
metrical mixing into account. From Eq. 4 we then obtain for
each of the two phases an expression for the excess free
energy and enthalpy of mixing:

AGE=AHE=x-(1—-x)'[gi +t g2 2-x—1)]. (12)

This leads us to a pair of equations of coexistence, which
give us the four nonideality parameters: gy, and g5, g, and
Qg2 The equations for coexistence have the following form:

AHg + (1 — xl)2'{ell + o (4x, — 1)}
- (1 - xg)z '{le + Pe2* (4xg - 1)}

r= (AHy/T;) — R- Infx/xg} (13)
AH, + (xl)z * {911 + o (4x, — 3)}
T - (xg)2 : {le + 0" (4xg - 3)}

T (AHJT) - R-In{(1 — /(1 — x)}.  (14)

A more detailed derivation of these equations is given by
Johann et al. (1996).

A positive g reflects immiscibility between unlike lipids,
resulting in the lateral phase separation and domain forma-
tion of lipids of the same type and in the same phase.
Negative p values reflect a tendency to ordered, “chess-
board”-type mixing of the two lipids in the membrane plane.
The problem in the simulation of phase diagrams is the fact
that combinations of nonideality parameters for the two
phases with the same difference Ap = g, — g, have in a
certain range of values only a marginal effect on the shape
of the phase diagram (Brumbaugh and Huang, 1992). The
temperatures of onset and completion of melting therefore
have to be known with great precision to obtain reliable
absolute values for the nonideality parameters (Johann et
al., 1996). More reliable is the difference between the non-
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ideality parameters Ap:

Ap=p — o, (15)

We will therefore base our discussion later mainly on these
Ap values.

Monte Carlo simulation of lipid lateral distribution

Monte Carlo simulations for lateral lipid distributions in the
liquid-crystalline phase were carried out on a 80 X 80
two-dimensional triangular lattice with standard periodic
boundary conditions using fixed mole fractions x and non-
ideality parameters determined from the simulations of the
phase diagram and a temperature of 330K. To bring the
system into equilibrium, the Kawasaki method was used
(Kawasaki, 1972; Jan et al., 1984). For the simulations of
distribution at pH 7, the pure phases of the two components
were used as a start configuration. The number of Monte
Carlo steps used was 6—7 - 10°. Equilibrium was reached
after 6 - 107 steps. For simulations at pH 4, a random
configuration of the two components was used as the start
configuration. In this case it was necessary to use 9 « 10®
Monte Carlo steps to reach equilibrium.

RESULTS
Pure components

The results for the pH dependence of the main transition of
the four phospholipids studied are summarized in Table 1.
The results for DMPA and DPPA are in agreement with
previous data (Triuble and Eibl, 1974; Verkleij et al., 1974;
Eibl and Blume, 1979; Blume and Eibl, 1979; Blume and
Tuchtenhagen, 1992). Under conditions of low ionic
strength (1-4 mM), PAs are singly charged at pH 7, the
apparent pK, being ~9, and at pH 4 they are partly proto-
nated, the apparent pK, being ~3.8 (Eibl and Blume, 1979).
A 10-fold increase in the ionic strength decreases the ap-
parent pK values by ~1 unit (Tokutomi et al., 1980).

For the zwitterionic phosphatidylcholines, a slight de-
crease in T, with increasing pH is observed, but this effect
is much less than for phosphatidic acids. Lowering the pH
also has no great influence on the main transition of the PCs,
because the pK of the phosphodiester group is much lower.
The pretransition is a little more sensitive to pH changes
(see Table 2). The results shown for measurements at high
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pH are from the first scan when lipid hydrolysis at pH 12 is
still negligible (see Materials and Methods).

Pseudobinary systems

The DSC thermograms obtained from the four binary sys-
tems at pH 4, pH 7, and pH 12 are shown in Figs. 1-5. The
solid lines are the experimentally measured curves, and the
dotted lines are the simulated heat capacity curves cp™™. To
check whether prolonged incubation of the lipid samples at
low temperature had any effect on the DSC curves, we did
a complete analysis of DMPA:DPPC mixtures at pH 4.0 and
pH 7.0, where the samples had been incubated at 3°C for at
least 6 days. For the pure DPPC the subtransition is clearly
evident at both pH values, whereas the DSC curves for the
other mixtures show no subtransitions and no significant
differences in the shape of the peaks compared to nonincu-
bated samples.

Although the simulations of the DSC curves of the
PA/PC mixtures at pH 7 and pH 4 give satisfactory fits to
the experimental curves, this is not so for mixtures at pH 12.
In this case, the assumed model for the mixing behavior
using only two nonideality parameters (see above) seems to
be too simple. The cp curves are broad, and very complex
structures of the thermograms are often seen, which implies
a much more sophisticated phase behavior (see DMPA:
DMPC or DMPA:DPPC at pH 12). In general, the DSC
curves at pH 12 begin at low temperatures with a relatively
sharp peak followed by a gradual decrease in the excess heat
capacity, so that the thermogram extends over quite a wide
temperature range. This is particularly evident for the sys-
tem DPPA:DMPC and even more for DMPA:DMPC. A
different behavior is observed for the system DMPA:DPPC
at pH 12. Here the sharp peak is observed at a higher
temperature.

Because the cp curves at pH 4 and pH 7 show better fits
using our model, we only constructed phase diagrams from
experimental curves recorded at these two pH values. The
resulting temperatures 7_ and T, obtained from the simu-
lations are plotted in Figs. 6-9. Again, for the DMPA:
DPPC system, the 7_ and T, values for the samples incu-
bated for prolonged times at low temperature (Fig. 8,
crosses) are almost exactly the same as those for the non-
incubated samples.

Based on the T_ and T, data from the simulations, the
phase diagrams were then calculated using the four-param-

TABLE 1 Thermodynamic data for the main phase transition of the pure phospholipids

pH 4.0 pH 7.0 pH 12.0
Tm TI/Z AHC Tm TI/2 AHC Tm TI/Z AHC
Lipid °C) °C) (kcal/mol) cC) C) (kcal/mol) ) °C) (kcal/mol)
DMPC 24.3 0.7 6.44 24.0 0.5 7.35 23.6 1.3 6.37
DMPA 529 1.2 5.89 51.3 14 7.18 21.5 2.1 4.02
DPPC 41.5 1.2 8.30 41.6 0.5 8.45 40.8 0.5 8.17
DPPA 65.4 1.5 6.90 64.7 1.1 7.74 42.7 1.1 5.69

T,,.. Main phase transition temperature; T ,,, half-width of transition; AH_, calorimetrically measured transition enthalpy.
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TABLE 2 Thermodynamic data for the pretransition of the pure PCs

pH 4.0 pH 7.0 pH 12.0
Tp TI/Z AHC Tp TI/2 AHC Tp Tl/2 AHC
Lipid °C) °C) (kcal/mol) (§®)] °C) (kcal/mol) “C) (&) (kcal/mol)
DMPC 14.0 1.5 0.61 15.3 1.5 1.32 — — —
DPPC 35.9 24 1.13 34.5 2.3 1.61 34.4 3.0 0.83

eter model for nonideal mixing described above. The dif-
ferences in the nonideality parameters between the liquid-
crystalline and gel phases are indicated in Figs. 6-9 as
Agy = @i — @ and Ag, = g, — Py, the latter value
describing the difference in asymmetry in the miscibility
behavior between the liquid-crystalline and the gel phases
(see Eq. 12). Because the total Ap value is described by
Ap = Ap, + Ap,(2x — 1), the second term vanishes at x =
0.5, and then Ap = Ap,.

The phase diagrams were calculated, neglecting the com-
plications arising from the pretransition in pure PCs. As can
be seen from the DSC curves in Fig. 1-5, the pretransition
is absent in all mixtures with 20 mol% or more of the PA
component. Below this PA content we would expect at
some temperature a three-phase coexistence between L and
two different gel phases. Taking this effect into account
would require a much more complicated model for the
simulations. Because the larger part of the phase diagram is
not influenced by this effect, we used this simplified ap-
proach of assuming only one gel and one liquid-crystalline

20
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18 F1 exp. and sim. curves pPH=7.0
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L -
- L 1.0
12 |
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. [ 3:2
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m 6T
8
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2 . g 14
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FIGURE 1 DSC heating thermograms for the system DMPA:DMPC at
various compositions (molar ratios) at pH 12, pH 7, and pH 4: experimental
cp curves (—) and simulated cp curves (- — -).

phase. Our main interest was the location and curvature of
the upper phase boundary and not the gel state behavior.
The shape of the upper phase boundary is mainly deter-
mined by the mixing behavior in the liquid-crystalline state.
We therefore believe that the simplification we have used
does not influence our results on the liquid-crystalline mix-
ing behavior to a large extent.

Fig. 10 shows the Ap values obtained from the direct
simulation of the heat capacity curves using the two-param-
eter model described above. In Fig. 11 the size of the
cooperative unit (c.u.) as a function of composition obtained
from the simulation of the cp curves is shown. The general
trend is obvious. The cooperative unit size decreases in the
mixtures in correspondence with suggestions based on
model calculations (Sugdr, 1987). The inclusion of the
broadening effect due to limited cooperativity in the deter-
mination of the temperatures for onset and end of melting
leads to phase diagrams that are, in some cases, much
narrower than those determined by the usual procedures
(Johann et al., 1996). The nonideality parameters deter-

20
8 DPPA:DPPC
I | exp. and sim. curves
16 I pH=40
b 120
[ pH=7.0
14| pH=120
1.0

12|

105— 41 /L /M

C g [keal-mol K]

Temperature [°C]

FIGURE 2 DSC heating thermograms for the system DPPA:DPPC at
various compositions (molar ratios) at pH 12, pH 7, and pH 4: experimental
cp curves ( ) and simulated cp curves (— — -).
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FIGURE 3 DSC heating thermograms for the system DMPA:DPPC at
various compositions (molar ratios) at pH 12, pH 7, and pH 4: experimental
cp curve (—) and simulated cp curve (- - -).

mined by our procedure are therefore lower than those
calculated on the basis of the empirically determined 7. and
T, values.

DMPA:DMPC

pH 7. The phase diagram for DMPA:DMPC at neutral
pH, where DMPA is singly charged, indicates only a small
difference in mixing behavior for mixtures in the range
xpmpa = 0.4-0.7. However, a considerable change in
asymmetry of the miscibility is indicated by the positive
Ap, value. The Ap values determined by the simulation of
the heat capacitiy curves are shown in Fig. 10. They are
negative at low concentrations of DMPA but increase with
increasing Xpypa. This increase agrees with the positive
Ap, value obtained from the simulation of the phase dia-
gram (see Fig. 6). As mentioned above, the absolute values
of the nonideality parameters determined from the simula-
tion of the phase diagrams are less reliable than the differ-
ences. However, the signs of the p, values are definitely
negative with approximately —600 to —900 cal/mol. For
the gel phase, the mixture seems to be more or less sym-
metrical, whereas for the liquid-crystalline phase the non-
ideality increases with decreasing DMPA content.

pH 4. At pH 4 DMPA is partly protonated. The electro-
static effects on the mixing behavior should therefore be
reduced. The phase diagram of the system changes, and at
low DMPC concentrations in particular, the two-phase re-
gion widens considerably compared to the phase diagram at
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FIGURE 4 DSC heating thermograms for the system DMPA:DPPC at
various compositions (molar ratios) at pH 7 and pH 4, incubated for 6 days
at 3°C: experimental cp curves ( ) and simulated cp curves (- — -).

pH 7. The absolute g, values are negative for the gel phase
but positive for the liquid-crystalline phase. The Ap values
for this system are therefore high and positive and the
asymmetrical behavior in both phases is similar, so that the
Ap values are almost independent on composition (see Fig.
10).

DPPA:DPPC

pH 7. The DPPA:DPPC system (Garidel, 1993) should
behave in a manner similar to that of the DMPA:DMPC
system, because only the chain length of both components
has been increased. This is indeed the case, as the thermo-
grams in Fig. 2 and the phase diagrams in Fig. 8 show. It is
known that elongating the chains of the phospholipids re-
duces the headgroup effects, leading to transition tempera-
tures that are closer together. Here we also see this effect in
a narrowing of the two-phase region. The g, values for both
phases are strongly negative, the difference between them
being almost zero. The Ap values determined from the
simulations of the cp curves show a similar trend, and the
simulation of the phase diagram using the four-parameter
model again leads to an asymmetry in mixing behavior,
which is observable as a strongly positive Ap, value.

pH 4. At pH 4, the similarity of the DPPA:DPPC phase
diagram to the corresponding C,, analogs is also evident,
but there are some subtle differences. In this system, the
liquidus line reaches a temperature of nearly 63°C at
xpppa = 0.4, and the rest of the coexistence line has then



2202

20
r | DPPA:DMPC
18 | .
[ | exp. and sim. curves
16 F pH=4.0
I pH=70
14 [ pH=120
~ 12
] r
= 10|
S C
g [
S 3
~ L
i +
& [
5 6fF
O r
N R R 2:3
2 b 20N 14
4.0 70
ok 0:1
1 1 1 al s Lo sl g0 ]

0 10 20 30 40 50 60 70
Temperature [°C]

FIGURE 5 DSC heating thermograms for the system DPPA:DMPC at
various compositions (molar ratios) at pH 12, pH 7, and pH 4: experimental
cp curves (—) and simulated cp curves (— — -).

only a small positive slope. At xppp, = 0.7 the solidus line
almost touches the liquidus line, and the resulting coexist-
ence range is very narrow. The absolute p, values are
positive for the liquid-crystalline phase and negative for the
gel phase, resulting again in a large positive Ag, value.
However, the asymmetry of the mixing behavior is larger
than in case of the system DMPA:DMPC.

DMPA:DPPC

pH 7. Reducing the chain length of the phosphatidic acid
component leads to phase transition temperatures of the two
components, which are very close together. Consequently,
we get a phase diagram with a very narrow coexistence
range (see Figs. 3, 4, and 8). The mixture shows little
nonideal mixing behavior in the liquid-crystalline phase, but
in the gel phase the p, value is still negative. The asymme-
try for the two phases is almost the same, so the Ap values
are positive at 200 cal/mol and almost constant over the
whole composition range. The Ap values from the simula-
tions of the heat capacity curves and from the phase diagram
agree very well (see Figs. 8 and 10).

pH 4. The p, value for the liquid-crystalline phase is
very high and positive for this system, but the asymmetry in
the fluid phase is low. For the gel phase the g, value is also
positive, but the asymmetry in mixing is larger, leading to a
strong composition dependence for the Ap value (see Fig.
10), which is supported by the results obtained from the
simulation of the complete phase diagram (see Fig. 8). The
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FIGURE 6 Pseudobinary phase diagrams for the system DMPA:DMPC
mixtures at pH 4 and pH 7 constructed from the simulated cp curves. 7_
and T, were obtained from the simulation of the cp curves (A, ¥). The
solid lines are coexistence lines calculated using the four-parameter, non-
ideal, nonsymmetrical mixing model described in the text. The nonideality
parameters were obtained from a nonlinear least-squares fit of the exper-
imental data.

phase diagram indicates that we either have an azeotropic
point at xpppa = 0.62 where the liquidus and solidus curves
touch, or even an immiscibility region in the liquid-crystal-
line phase between xpppa = 0.3 and xpppa = 0.7, because
the liquidus line could be horizontal in this composition
range. This can also be seen directly from the experimental
thermograms in Figs. 3 and 4. The assumption of a misci-
bility gap in the liquid-crystalline phase means that the
formation of fluid lipid domains with different compositions
must be considered.

DPPA:DMPC

pH 7. When the chains of the phosphatidic acid compo-
nent are longer than those of the phosphatidylcholine, the
difference between the transition temperatures becomes
much larger. For the system DPPA:DMPC this difference is
now 40°C. The resulting phase diagram should show a
wider two-phase region. This is indeed the case, as seen in
Figs. 5 and 9. The phase diagram has a peculiar shape
caused by differences in the sign of the p, values of the two
phases. The p, values are again both negative, and the
difference Ap determined from the simulation of the heat
capacity curves is positive but has a pronounced composi-



Garidel et al.
————TT—T—T—TTT ]
70 F .
F| DPPA:DPPC i
60 | ]
50
¥ b
o or pg1 =198, pyy =755, ap; = 953 cal/mol ]
o =170, p, =-447, Ap, =-517 cal/mol
g 2k Pg P2 ] I/mol 1
=] S TR S S TPU TP SAPE B TN
P
Q
=9
H
B
30 |k ]
X Pg1 =-1445, p, =-1385, Ap, = 61 cal/mol ]
- _ pg = 564, py, = 1021, Ap, =457 cal/mol _
P | 1 1 1 1 [l 1 1 1

00 01 02 03 04 05 06 07 08 09 10
mole fraction Xppp

FIGURE 7 Pseudobinary phase diagrams for the system DPPA:DPPC
mixtures at pH 4 and pH 7 constructed from the simulated cp curves. T_
and T, were obtained from the simulation of the cp curves (A, ¥). The
solid lines are coexistence lines calculated using the four-parameter, non-
ideal, nonsymmetrical mixing model described in the text. The nonideality
parameters were obtained from a nonlinear least-squares fit of the exper-
imental data.

tion dependence caused by a strongly negative Ap, value
(see Figs. 9 and 10).

pH 4. When DPPA is partly protonated at pH 4, the
two-phase region becomes wider. As observed before for
the other mixtures, the g, values generally increase when
the pH is lowered, leading to a shift of the upper phase
boundary to higher temperatures. In this case the g, value is
still negative for the gel phase but already positive for the
liquid-crystalline phase. The asymmetry is somewhat lower.
In general, the shape of the phase diagram changes in a way
similar to that observed for the other mixtures.

PA:PC mixtures at pH 12

As shown in Figs. 1-3 and 5, the DSC peaks shift to lower
temperatures when the phosphatidic acid component is in its
doubly charged state. We were not able to get satisfactory
fits with our program for the simulation of the cp curves.
Obviously, the model assumption with two nonideality pa-
rameters used in this program is too simple. We have
therefore constructed “phase diagrams,” using the usual
procedure with empirically determined temperatures for the
onset and end of melting. The temperatures for onset and
end of melting are shown in Fig. 12. They have been
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FIGURE 8 Pseudobinary phase diagrams for the system DMPA:DPPC
mixtures at pH 4 and pH 7 constructed from the simulated cp curves. T_
and 7', were obtained from the simulation of the cp curves of nonincubated
samples (A, ¥) and from samples incubated for 6 days at 3°C (+). The
solid lines are coexistence lines calculated using the four-parameter, non-
ideal, nonsymmetrical mixing model described in the text. The nonideality
parameters were obtained from a nonlinear least-squares fit of the exper-
imental data.

connected by dashed lines just to guide the eye. It is evident
that for the systems DMPA:DMPC and DPPA:DPPC the
temperatures determined by this procedure do not allow a
reliable simulation of the phase diagram, because the cur-
vature of the coexistence lines violates the phase rules. The
reason for this is that the transition temperatures of the two
components are too close together and the procedure for
determining the temperatures of onset and end of melting
does not take into account the reduction of the cooperativity
of transition in the mixtures, so that the resulting two-phase
regions are too wide. This is also true for the DMPA:DPPC
system. The general trend is that both phase boundaries are
strongly shifted to lower temperatures. Because of these
problems we have not simulated these phase diagrams.

DISCUSSION

The heat capacity curves of pseudobinary mixtures of a
zwitterionic phospholipid (PC) and a negatively charged
phospholipid (PA) as a function of pH were simulated with
a model accounting for nonideal mixing in the gel as well as
the liquid-crystalline phase, and with an additional param-
eter describing the broadening of the transition due to lim-
ited cooperativity of the transition. These simulations gave
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FIGURE 9 Pseudobinary phase diagrams for the system DPPA:DMPC
mixtures at pH 4 and pH 7 constructed from the simulated cp curves. T_
and T, were obtained from the simulation of the cp curves (A, V). The
solid lines are coexistence lines calculated using the four-parameter, non-
ideal, nonsymmetrical mixing model described in the text. The nonideality
parameters were obtained from a nonlinear least-squares fit of the exper-
imental data.

satisfactory fits for systems only at pH 4 and 7, whereas the
model was apparently too simple for describing the transi-
tions of mixtures at pH 12. From the simulation of the heat
capacity curves, temperatures 7_ and T, for onset and end
of melting were obtained. The temperatures obtained in this
way indicated narrower two-phase regions than those ob-
tained by the usual empirical procedure where the transi-
tions were only corrected by the width of the transition of
the pure components. The results of the simulations were
nonideality parameters that depended on composition. In
addition, the simulations yielded numbers for the size of the
cooperative unit as a function of composition.

The cooperative unit (c.u.) size of the different PA/PC
mixtures is shown in Fig. 11. In general, we see that the PCs
have higher c.u. values than the corresponding PAs. At
pH 7 we find a c.u. for the four lipids: c.u.pppc = 585,
c.U.pmpe = 127, cu.pppa = 293, and c.u.pyps = 76. At pH
4 all of these values are considerably reduced. If we com-
pare the cooperative unit size of the mixtures with the
values of the pure components, we see that the c.u. values in
the mixture are considerably lower. The cooperative unit
size describes the number of molecules in a domain that
changes their physical state abruptly. A sharp phase transi-
tion implies a large c.u. value. The U form of the diagrams
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FIGURE 10 Difference in nonideality parameters Ag = g, — g, for the
PA/PC mixtures at pH 4 and pH 7 obtained from the simulation of the cp
curves.

in Fig. 11 is a shape that has been postulated before for
pseudobinary lipid systems by Sugar (1987). Here we pro-
vide the experimental evidence that this effect occurs. How-
ever, we must consider the fact that the simulations of the cp
curves were always performed with a constant value for the
cooperative unit size. In reality, this changes with temper-
ature, as shown by Sugdr (1987). What we present here is only
an average value for the whole temperature range of the
transition, but it reflects fairly accurately the expected compo-
sition dependence.

As mentioned above, the simulation of the heat capacity
curves showed that the nonideality parameters were a func-
tion of composition. Therefore, the phase diagrams deter-
mined from the T_ and T, values were now refined and
simulated with a thermodynamic model based on the four-
parameter approximation for nonideal, nonsymmetrical
mixing. This approach gave better fits than the usual two-
parameter approach.

Pseudobinary systems at pH 7

As expected, the phase diagrams of binary mixtures where
both components have the same chain lengths (DMPA:
DMPC and DPPA:DPPC) have very similar shapes. The
coexistence region for the DPPA:DPPC system is narrower
than for the system DMPA:DMPC because of a decrease in
the headgroup influence with increasing chain length. The
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FIGURE 11 Cooperative unit size (c.u.) for the PA/PC systems at pH 4
and pH 7 obtained from the simulations of the cp curves.

difference in the nonideality parameters Ap, and Ap, ob-
tained from the simulations of the phase diagrams have
nearly the same values for the two systems. For the C,,
system we find Ap, = 110 cal/mol and Ap, = 458 cal/mol;
the C,¢ system has values of Ap, = 61 cal/mol and Ap, =
457 cal/mol. Ap is defined as the difference in the nonide-
ality parameters in the fluid phase and the gel phase. Be-
cause of the total difference in the nonideality parameter,
Ap = p, — g, = Ag; + Ag, * (2x — 1), we see that at x =
0.5, Ap is small but increases with increasing phosphatidic
acid content. At low phosphatidic acid content Ap is nega-
tive. A similar but quantitatively nonidentical result is ob-
tained from the simulation of the cp curves. Here the Ap
values show considerable scatter (see Fig. 10), but the same
trend is obvious, namely positive Ap values at high phos-
phatidic acid content.

A positive Ap can be interpreted in different ways. If we
assume ideal mixing in the liquid-crystalline phase, it would
mean a negative nonideality parameter for the gel phase;
this corresponds to complex formation in the ordered phase.
If we assume a positive g, value for the gel phase, indicat-
ing immiscibility, it would mean an even more positive g,
value for the liquid-crystalline phase, i.e., a larger immis-
cibility. We mentioned above that the reliability of the
absolute p values is less than for the differences. However,
in both of our simulations all absolute p, values are negative
for both phases. This means that the nonideality is such that
we have a type of complex formation between phosphatidic
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FIGURE 12 Plot of the temperatures for onset and end of melting for the
systems DMPA:DMPC, DPPA:DPPC, DPPA:DMPC, and DMPA:DPPC
at pH 12 constructed from the experimental cp curves. The values for 7T_
and T, were in this case obtained by the standard empirical procedure and
not by simulations of the cp curves. The dashed lines were not simulated,
but only drawn to guide the eye. In some cases the curvature of the
“coexistence lines” violates the phase rules, showing that the dashed lines
have no physical meaning.

acid and phosphatidylcholine in both phases. This tendency
for complex formation decreases with increasing PA con-
tent in the liquid-crystalline phase more strongly than in the
gel phase, because we have positive Ap, values for both the
DPPA:DPPC as well as the DMPA:DMPC system.
Usually g, and g, are positive when lipids with identical
headgroups but different chain lengths are mixed, g, having
the more positive value, which indicates that miscibility in
the gel phase is lower (Nibu et al., 1995). In our case, this
is not so, and this is obviously caused by the charge of the
headgroup. The additional AG® term due to electrostatic
effects has been calculated before on the basis of the Gouy-
Chapman theory by Triuble and co-workers (Triuble, 1976;
Tréauble et al., 1976). As expected, this term is negative, and
for a symmetrical mixture it has a maximum at a mole
fraction of x = 0.5 with a value of —350 cal/mol at 0.1 M
ionic strength. The values for AGE = AH® we obtain from
the simulations of the two phase diagrams are approxi-
mately —250 cal/mol. So they are indeed in the correct
range. However, to assign the deviations from ideal mixing
purely to electrostatic effects is certainly an oversimplifica-
tion. Additional effects arising from attractive forces via
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hydrogen bonds between PA molecules must be taken into
account. These are apparently the causes for the lower AGE
value and the nonsymmetrical behavior of the mixtures.

When, in addition, a chain length difference between PC
and PA is introduced, we can expect a different phase
behavior, depending on whether the PC has the shorter
chain or vice versa. For DMPA:DPPC mixtures a very
narrow coexistence range is observed, because the transition
temperatures of the components are close together. Both g
values are again negative, with g, < p,, so that Ag > 0. For
both phases the asymmetry is essentially the same and
varies in the same direction as observed before. At high PA
content, g; becomes positive, whereas g, is close to zero.

In the system DPPA:DMPC, the phase transition temper-
atures are far apart. Consequently, we would expect an
increase in nonideal behavior in the direction of demixing,
i.e., positive p values, because of the chain length differ-
ences. However, the opposite effect is observed: both p
values are strongly negative with g, > g,. This system also
shows the highest positive Ap value of all mixtures at pH 7.
The peculiar shape of the phase diagram is a result of
different signs of the p, values for the gel and liquid-
crystalline phases. At high PA content the p, value becomes
more negative, whereas the opposite is true for g,. This
leads to a decrease in the positive Ap.

Summarizing, we can say that the p, values for all mix-
tures are negative, for the gel as well as for the liquid-
crystalline phase. This indicates that the nonideal behavior
is caused by electrostatic effects—the repulsive interaction
between the negatively charged PA molecules leads to
“complex formation.” An alternative (or, rather, additional)
possibility for explaining the negative o values is that hy-
drogen bonds between PC-PA headgroups are stronger than
between like PA molecules.

When we compare the Ap, values indicative for the
differences in mixing behavior between liquid-crystalline
and gel phase, we find that they are positive but relatively
small and cover a range from 60 to 350 cal/mol, the values
being larger for mixtures with unequal chain length. There-
fore, electrostatic effects in terms of repulsive interactions
and/or the hydrogen bonding effects between unlike head-
groups are reduced in the liquid-crystalline phase. The
asymmetrical behavior of the mixtures depends on the chain
length differences and the differences in chain melting
temperature. For DPPA:DMPC, the system with the largest
differences in T, the asymmetry in mixing behavior has a
different sign for the gel phase compared to the liquid-
crystalline phase.

Pseudobinary systems at pH 4

Changing the pH to 4 decreases the charge of pure PAs to
approximately —0.6 elementary charges (Eibl and Blume,
1979; Blume and Eibl, 1979). Theoretically, we must con-
sider a composition-dependent apparent pK in mixtures of
PA with PC, because the apparent pK depends on the
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surface charge density (Triuble et al., 1976). We would
expect that for low PA content the charge of the phospha-
tidic acid is higher than for high PA content. Surprisingly,
the effects of changing the pH to 4 on the DSC thermograms
seems to be more pronounced for lower PA content, in
contrast to the expectations. Regardless of the exact degree
of protonation of the PA component in these mixtures, the
electrostatic effect on the Gibbs free energy of mixing,
which is negative, should be reduced. Superimposed on this
effect is the increased ability to form hydrogen bonds with
neighboring molecules when the PA headgroups are partly
protonated. In pure PAs this leads to the maximum in the T,
value as a function of pH (Eibl and Blume, 1979; Blume and
Eibl, 1979). This increase in T,, is observed for all mixtures.
We therefore believe that additional hydrogen bonds to
neighboring PC headgroups can also be formed. The simu-
lations of the phase diagrams show that all absolute values
of p, become less negative or even positive at pH 4 (see
Figs. 6-9).

For low concentrations of the PA component, all four
phase diagrams show the same behavior, a considerable
broadening of the coexistence range, an almost linear in-
crease in the solidus line, and a more pronounced increase
in the liquidus line with increasing acidic component. At
high PA content the coexistence range becomes very nar-
row. The differences in nonideal mixing behavior are much
higher at pH 4 than at pH 7. The Ap, values are between
650 and 1000 cal/mol. The asymmetry of the mixing be-
havior seems to be somewhat reduced, but no clear trend is
observable for the Ap, values (see Figs. 6-9).

An interesting phase behavior is shown by the system
DMPA:DPPC. The almost horizontal liquidus line from
xpmpa = 0.25-0.75 indicates that the lipids are not com-
pletely miscible in the fluid state and could have an immis-
cibility gap in this composition range. Historically, the first
example of postulated fluid-state lipid immiscibility was the
DEPC/DPPE mixture, studied by Wu and McConnell
(1975). These results were later contradicted by Silvius
(1986). Other examples for fluid-fluid immiscibility have
been found recently for two PCs, where one of the PC
components has highly asymmetrical chains (Mason, 1988)
or mixtures of PC with PS (Hinderliter et al., 1994). This
latter case is similar to ours, because the electrostatic repul-
sion between PS molecules in PC/PS mixtures seems to be
overcompensated by other attractive interactions, giving
rise to clustering of like molecules. These phase separation
processes in pseudobinary systems, i.e., the clustering of
lipids, and the formation of microdomains of different com-
position are phenomena that have raised great interest with
respect to their possible biological functions (Lee et al.,
1974; Galla and Sackmann, 1975; Jacobson and Papahad-
japoulos, 1975; Luna and McConnell, 1977; von Dreele,
1978; Tocanne et al., 1994; Glaser, 1993; Almeida et al.,
1993; Vaz, 1994, 1995; Almeida and Vaz, 1995). Fluid
domains of different composition could provide membrane
proteins with a specific lipid environment necessary for
their function.
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The DMPA:DPPC mixture is a particularly interesting
case in that fluid-fluid immiscibility can be triggered by
changing the pH, i.e., the molecular charge of one of the PA
components from —1 to approximately —0.7 to —0.5. The
phase diagram at pH 4.0 and the calculation of the Gibbs
free energy of mixing AG,,;, = AG'% + AGE, using the
nonideality parameters determined from the phase diagram
and Eq. 12, clearly suggest a fluid-fluid miscibility gap
between xpppa = 0.28 and 0.65, as indicated by the arrows
in Fig. 13. Complete miscibility would require that
(azAGmix/axz),,, T = 0 over the whole composition range.
This is clearly not the case, so that the fluid mixture sepa-
rates into different phases with compositions indicated by
the arrows where the common tangent touches the curve. In
contrast to numerous other published diagrams (Huang and
Feigenson, 1993), this plot is nonsymmetrical because of
our approach of using a two-parameter model for the mixing
behavior in each phase.

To illustrate the different mixing behavior at pH 7 and pH
4, we have calculated the lateral distribution of molecules at
a mole fraction of xpyps = 0.28 and 0.65 at these two pH
values using a Monte Carlo technique (Kawasaki, 1972; Jan
et al., 1984), with the nonideality parameters from our
simulations of the phase diagram (see Fig. 14). At pH 4 and
a mole fraction of xpyps = 0.5, the system separates into
two different phases with a lateral distribution of molecules,
as shown in the bottom row. Because of the high positive
values of the nonideality parameters, like molecules tend to
cluster into domains. At xpppa = 0.28, domains of DMPA
molecules in a DPPC matrix are formed, whereas at xpppa
= (.65 the reverse effect happens—the DPPC molecules
form unconnected domains in a DMPA matrix. At pH 7 the
system is mixed and the molecules have a distribution as
shown in the top row of Fig. 14. So even outside the
composition of the miscibility gap, domain formation can

-50 pr—r—r—————————————
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AG ;. /cal*mol ™
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FIGURE 13 Calculation of AG _ as a function of xpypa for
DMPA:DPPC mixtures at pH 4.0, using the nonideality
parameters shown in Fig. 8. The boundaries of the misci-
bility gap are indicated by the arrows.
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be induced by a change in pH to lower values, i.e., by partly
protonating the PA component.

The form of the phase diagram for DMPA:DPPC at pH 4
suggests that, alternatively, an upper azeotropic point could
be present at xpppa = 0.6 instead of a fluid-fluid immisci-
bility. Our arguments presented above are based on the
values of the nonideality parameters obtained from the
simulation of the complete phase diagram and the resulting
diagram for AG,;, shown in Fig. 13. The simulation pro-
cedure has certain limitations, however. A final decision on
whether our suggestions are correct can only be made after
additional experiments that are sensitive to fluid-fluid phase
separation phenomena.

Effects of sample incubation

We have studied the effect of incubation of samples at 3°C
for several days. The reason for this analysis is to know
whether the pseudobinary mixtures prepared without incu-
bation are in a thermodynamically stable state and whether
sample incubation changes the shape of the thermograms
and the form of the phase diagrams.

The samples were prepared as described in Materials and
Methods and incubated for 6 days at 3°C. This was done for
a representative system, namely DMPA:DPPC at pH 4 and
7. The resulting thermograms are shown in Fig. 4. The
dashed lines represent the simulated cp curves as described
before.

At both pH values, pure DPPC shows an additional phase
transition from the so-called L subphase to the L. phase
(Chen et al., 1980; Lewis et al., 1987). This type of sub-
phase transition is also found for phosphatidylglycerols
(Wilkinson and MclIntosh, 1986). At pH 7.0, we found this
phase transition for DPPC at 19.3°C with an enthalpy of 3.6
kcal/mol, in agreement with previous observations. The
transition temperature and enthalpy were found to depend
on the incubation time at low temperature because the
transition to the L. phase is very slow. Therefore, this
transition is only observed in first heating scan. At pH 4 the
temperature of the subtransition shifts to 18.3°C and the
enthalpy of transition decreases to 2.4 kcal/mol. The tem-
perature of the main transition of the preincubated pure
lipids (DMPA and DPPC) are compared to the nonincu-
bated pure lipid samples marginally shifted to lower tem-
peratures, and the enthalpies of the main transitions are
slightly reduced, but the cooperativity is slightly higher than
in nonincubated samples.

Comparing the cp curves of the incubated binary mix-
tures (Fig. 4) to the nonincubated samples, (Fig. 3) we see
that for both pH values and at nearly all mixing ratios, the
subtransition has disappeared. The general shapes of the
thermograms for the main transitions are nearly identical,
although slightly more structured. The second heating scan
of these samples has the effect of smoothing the cp curves.
No difference is observed for the temperature describing the
onset and offset of the coexisting range of the different
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FIGURE 14 Lipid lateral distributions in the liquid-
crystalline phase (T = 330K) obtained from Monte
Carlo simulations for the system DMPA:DPPC at pH
4 and pH 7. For the simulation of the mixture with
xpmpa = 0.28, the nonideality parameters used were
o, = 1354 cal/mol (pH 4), g, = —151 cal/mol (pH 7);
and for the mixture with xpypa = 0.65: o, = 1313
cal/mol (pH 4) and p, = 90 cal/mol (pH 7).

binary mixtures. In Fig. 8 we have shown the T_ and T,
values obtained from the simulation of the experimental cp
curves of the incubated samples as crosses. We see that
these temperature values are identical with values obtained
from the simulation of the DSC curves of the nonincubated
samples. Therefore the Ap values also have very similar
values. From these results we can deduce that the prepara-
tion of our DSC samples has no measurable effects on the
properties of the main transition in our mixtures and that
data for the coexistence lines can be determined with suf-
ficient precision from experiments with nonincubated
samples.

Effects of ionic strength and buffer

The DSC curves of PC-PA mixtures presented here were all
obtained with unbuffered samples at low ionic strength,
with a total lipid concentration of ~3—4 mM. The pH was
adjusted to the required value and checked before and after
each experiment and was not found to have changed. It is
well known that the apparent pK changes with ionic
strength. For a | mM DMPA without added salt, the appar-
ent pK for the second dissociation step is ~9, whereas the
intrinsic pK is 6.2 at low temperatures and decreases to 5.4
for the liquid-crystalline phase (Eibl and Blume, 1979;
Blume and Tuchtenhagen, 1992). For the first dissociation
step similar effects are observed, the apparent pK is ~3.8,
whereas the intrinsic pK is much lower (~1.5). In our
samples at pH 4, the degree of protonation is therefore
~0.3-0.4. When the ionic strength is increased, we would
expect similar phase behaviors of the mixtures but at lower
pH. This was indeed observed in mixtures of DMPA:DPPC.
When the ionic strength was 0.45 M, we had to decrease the
pH to 2, to obtain the same phase diagram as observed
before at pH 4 for these mixtures under conditions of low
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ionic strength (not shown). We have preferred to work
under low-ionic-strength conditions to decrease possible
acid-catalyzed hydrolysis. This shift is independent of the
nature of the added salt, whether it is NaCl or buffer salts.

For measurements at pH 7, the pH is far enough away
from the apparent pK, that the degree of ionization is
essentially constant. For experiments at pH 4, the degree of
ionization could change slightly during the transition, be-
cause it is possible that the intrinsic pK, decreases for
liquid-crystalline PA. The medium would then be slightly
acidified, counteracting a further increase in dissociation. If
buffered suspensions were used, the change in degree of
ionization would be larger, because the released protons
would be taken up by the buffer and would not lead to a
decrease in the pH. As mentioned above, we have decided
to use unbuffered media at low ionic strength to reduce the
effects of larger changes on degree of ionization and to
be able to work at pH 4, where hydrolysis effects are
negligible.

Pseudobinary systems at pH 12

As shown in Figs. 1-3 and 5, and in the diagrams for the
onset and end of melting in Fig. 12 determined in the usual
empirical way, the transitions of the mixtures at pH-12 are
very broad. The cp curves as well as the “phase diagrams”
could not be successfully simulated by using reasonable
values for the nonideality parameters. One would expect
that the nonideality parameters become more negative for
both phases because of an increase in electrostatic effects,
because the PA component is now doubly charged. This
would result in a reduction in the width of the two-phase
region, as can easily be shown by model calculations
(Brumbaugh and Huang, 1992). However, the opposite be-
havior is observed. The liquidus line is bulging out to higher
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temperatures, indicating clustering in the liquid-crystalline
phase, i.e., positive nonideality parameters. In addition, the
curvatures of the phase boundaries in three of the four
mixed systems violate the phase rules. A trial simulation of
the phase diagram of DPPA:DMPC mixtures at pH 12, the
only phase diagram that is accessible to a simulation (see
Fig. 12), gave positive nonideality parameters g, for both
phases in the range of +2.5 kcal/mol and a strong nonsym-
metrical mixing behavior. This is highly unlikely and in-
deed seems to be an artefact caused by the incorrect deter-
mination of the temperatures of onset and end of melting.

Experiments at pH 12 must take into account the possi-
bility that during the DSC scan hydrolysis of the lipids will
occur and contribute to the enthalpic effects. TLC tests of
the samples revealed that after the first scan, hydrolysis (i.e.,
formation of lysolipids) was below 3% and only became
important after the second run, when the sample had been at
elevated temperatures for a considerable amount of time.
We are therefore relatively sure that the DSC curves shown
for the first scan are those for samples with negligible
amounts of hydrolysis products. However, at the present
time we have no reasonable explanation for the observed
thermotropic behavior. A phase separation in the liquid-
crystalline phase, i.e., clustering of doubly charged PA
molecules as indicated by the positive nonideality parame-
ters, would be very surprising. It would mean that other
strongly attractive interactions overcompensate the electro-
static effects.

SUMMARY AND CONCLUSIONS

The phase behavior of PC-PA mixtures was studied at
different pH values and therefore at different degrees of
ionization of the PA using the DSC method. We employed
a newly developed simulation method for a direct determi-
nation of the nonideality parameters from the heat capacity
curves. These simulations of the cp curves showed that the
nonideality parameters were dependent on the PC:PA ratio
of the bilayers. Using the temperatures for onset and end of
melting determined by the simulations of the cp curves, we
then simulated the complete phase diagrams using models
for nonideal, nonsymmetrical mixing behavior. The misci-
bility in PC-PA mixtures strongly depends on pH, i.e., the
degree of ionization of the PA component. At pH 7, PA has
one negative charge. The nonideality parameters are mainly
negative, because of electrostatic repulsion between PA
molecules. When the pH is reduced to 4, the PA carries an
average charge of —0.6. The reduction in electrostatic re-
pulsion and the increase in attractive interactions between
the PA headgroups via hydrogen bonds lead, in some cases,
to strongly positive nonideality parameters, which in the
case of a DMPA-DPPC mixture results in a fluid-fluid
immiscibility, although an upper azeotropic point cannot be
excluded. The strongly positive nonideality parameters in-
dicate that clustering of lipid molecules in these binary
liquid-crystalline bilayers can be induced by pH changes.

Nonideal Lipid Mixing
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