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Miscibility of phospholipids with identical headgroups and acyl chain
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Abstract

We have investigated the influence of the chemical structure and charge of the hydrophillic headgroup on the miscibility
of saturated phospholipids with acyl chain lengths differing by two methylene units, namely DMPA /DPPA, DMPC /DPPC,
DMPE/DPPE and DMPG /DPPG (0.1 M NaCl). All four mixtures were analysed by DSC at pH 7. To study the influence
of a change in headgroup charge, we additionally investigated DMPA /DPPA mixtures at pH 4 and 12, and DMPG /DPPG
mixtures at pH 2. The experimental DSC thermograms were fitted using methods described before [Johann et al., Biophys.
J. 71 (1996), 3215-3228] to obtain the temperatures of onset and end of melting and first approximations for the
non-ideality parameters as a function of composition. The resulting phase diagrams were then fitted using a four
non-ideality parameter model for non-ideal, non-symmetric mixing in both phases. The phase diagram of the system
DMPG/DPPG has a lens-like shape, the non-idedlity parameters p, and p, for the gel and the liquid-crystalline phase,
respectively, are zero, indicating ideal mixing in both phases. For the other mixtures, differencesin miscibility are observed
depending on the structure of the headgroup. At pH 7, py > py, i.e., the miscibility in the liquid-crystalline phase is more
ideal than in the gel state. All p, values are positive and the sequence for p, observed is PA > PE > PC > PG. Partia
protonation of PA at pH 4 or complete deprotonation at pH 12 leads to negative non-ideality parameters for both phases,
indicating a preference for mixed pair formation. Protonation of PG in DMPG/DPPG mixtures at pH 2 leads to positive
non-ideality parameters for both phases, indicating a tendency for demixing. The results show, that the miscibility of
phospholipids with identical headgroups but chain lengths differing by two methylene groups is dependent on headgroup
structure and on headgroup charge. © 1998 Elsevier Science B.V.
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proteins are embedded in a liquid-crystalline lipid
bilayer and peripheral proteins interact through polar
interaction forces with the surface of the lipid bilay-
ers. The lipid bilayer is composed of a complex
mixture of different lipids and evidence is accumulat-
ing that domain formation in the plane of the mem-
brane is possible, providing different intrinsic pro-
teins with their specific lipid surrounding for optimal
function [2—19]. Studies of the mixing behaviour of
different lipids in hydrated liquid-crystalline bilayers
become therefore very important. In order to better
understand lipid miscibility and non-ideality of mix-
ing, an approach using simple model systems is
appropriate.

Many investigations mentioned above have been
reported on the mixing behaviour of so called ‘ pseu-
dobinary’ lipid mixtures, where the term ‘ pseudobi-
nary’ refers to the fact that in addition to both lipid
components, a large excess of water is present in the
system as a third component. Therefore in reality we
are dealing with a ternary system. However, because
the amount of water of the lipid phases remains
almost constant, this ternary system can in an approx-
imation be reduced to a ‘ pseudobinary’ system [20].

Among different classes of phospholipids, mix-
tures of phosphatidylcholines (PC) and phos-
phatidylethanolamines (PE) have been studied thor-
oughly [21-35] because of their large abundance as
membrane constituting lipids. Also, mixtures contain-
ing phosphatidic acids (PA) have been investigated
[36—38], and mixtures of PC and phosphatidylglyc-
erols (PG) have been studied intensively by several
groups [39,40].

The mixing behaviour of different components is
reflected in the shape of the phase diagram of the
mixture, i.e., the curvature and the separation of the
coexistence lines. In most cases studied so far, non-
ideal mixing with a tendency for demixing or even
complete immiscibility was mainly observed for the
gel state bilayers, but recently we aso found mixtures
where demixing can be found for the liquid-crystal-
line phase [38,40]. The lipid miscibility depends on
the difference in headgroup structure and charge, as
well as on the difference in chain length and the type
of acyl chains of the lipids. Also, the mixing proper-
ties depend on the bilayer phase sructure, i.e,
whether it is in the gd or the liquid-crystalline phase
and whether tilted or non-tilted gel phases are pre-

sent. Usually, mixing in the liquid-crystalline phase is
more ideal due to the fluid nature of the L ,-phase.

The miscibility of two lipids (A and B) depends on
the difference in pair interaction energies among the
like pairs (A—A or B—B) and mixed pairs (A—B) in a
mixture. In the case of ideal mixing of two lipids, the
interactions of like pairs and mixed pairs are the
same. The phase boundaries (solidus and liquidus
lines) enclose a lens-like two-phase region in the
temperature versus mole fraction diagram. The extent
of deviations from ideal behaviour can be expressed
in terms of non-ideality parameters p, determining
the excess free energies of mixing [20]. A positive p
is an indication for the tendency of clustering of like
molecules while for negative p-values mixed pairs
(AB) are preferred.

Experimental data for the construction of phase
diagrams are easily obtained by calorimetry (DSC) of
dilute agueous suspensions of multilamellar lipo-
somes of lipid mixtures. A maor problem is the
correct determination of the temperatures which de-
scribe the beginning and end of melting of a mixture,
i.e.,, the temperature values from which the solidus
and liquidus curves of the phase diagram are con-
structed. Empirica methods [24,40] have a certain
arbitrariness. Therefore we have developed a method
which is able to find the temperatures for onset and
end of the phase transition by simulating the experi-
mental heat capacity curves abtained by DSC. These
temperature data are then used for the construction of
the phase diagrams by using a four parameter regular
solution model [20,38,40]. In the course of these
studies we found considerable differences in the mix-
ing behaviour of phospholipids which form identical
gel phases when the headgroups are exchanged. For
instance, mixtures of DMPC/DPPG behave differ-
ently compared to those of DMPG /DPPC, and even
when the chain lengths of both lipids are the same,
the mixing properties change with chain length, i.e.,
DMPC/DMPG has a different mixing behaviour
compared to DPPC /DPPG [40].

In this study we have therefore examined pseu-
dobinary systems at pH 7, where both lipids have the
same headgroup, but different chain lengths, namely
DMPA /DPPA, DMPC/DPPC, DMPE/DPPE and
DMPG /DPPG. The DMPA /DPPA system was addi-
tionally analysed a pH 4 and pH 12 and
DMPG/DPPG mixtures a pH 2, to study the influ-
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ence of a change in headgroup charge. We will show
that the miscibility parameters are different for these
four systems when they are at pH 7 and that for PG
and PA mixtures they are also dependent on the
ionisation state of the headgroup.

2. Materials and methods

1,2-Dimyristoyl-sn-glycero-3-phosphatidic  acid
(DMPA), 1,2-dimyristoyl-sn-glycero-3-phosphoryl-
choline (DMPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phorylglycerol (DMPG, Na-salt), 1,2-dimyristoyl-sn-
glycero-3-phosphorylethanolamine (DMPE), 1,2-di-
palmitoyl-sn-glycero-3-phosphatidic acid (DPPA),
1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine
(DPPC), 1,2-dipamitoyl-sn-glycero-3-phosphorylg-
lycerol (DPPG, Nasdt) and 1,2-dipamitoyl-sn-
glycero-3-phosphorylethanolamine (DPPE) were ob-
tained from Nattermann Phospholipid (Cologne, Ger-
many) and from Lipoid (Ludwigshafen, Germany).
The purity of the lipids was checked by thin-layer
chromatography (TLC) using a phosphorous sensitive
spray and charring with concentrated sulfuric acid.
The compounds were = 99% pure as determined by
TLC (only one spot was detected on the TLC-plate)
and therefore used without further purification.

Lipid stock solutions in CHCI ;:CH ;OH (2:1, v:v)
of the different lipids were prepared and then mixed
in appropriate quantities to obtain the desired molar
ratios. The solvent was rapidly removed under an
argon stream by carefully heating the samples. The
dried mixtures were then held for 24 h under high
vacuum to remove residual traces of solvent. After
drying, the appropriate amount of ultra pure water
(Reinstwassersystem RS 90-4 MF, Barsblittel, Ger-
many) for PA, PC and PE systems or agueous 0.1 M
NaCl for PG was added and the samples were vigor-
ously vortexed for 5 min at 10 to 15°C above the
main phase temperature of the mixture and addition-
aly for 5 min at room temperature to get a homoge-
neous dispersion (this procedure was repeated three
times). This leads to dispersions of multilamellar
vesicles in excess water. The pH of the samples was
checked and corrected with an appropriate amount of
HCl or NaOH. DSC measurements of DMPA /DPPA

mixtures were performed at pH 4, pH 7 and pH 12,
for DMPG/DPPG mixtures (0.1 M NaCl) at pH 2
and pH 7, and of DMPC/DPPC and DMPE /DPPE
at pH 7. The tota lipid concentration was 2.5 mg,/ml.
The pH was measured before and after each DSC
experiment. No change of pH was observed.

DSC measurements were performed using a Mi-
croCal MC-2 differential scanning calorimeter (Mi-
croCal, Northampton, MA, USA). A heating rate of
1°C/min was used and the measurements were per-
formed in the temperature interval from 8°C to 85°C.
For a check of the reproducibility three scans were
usually recorded. After the measurements the samples
were checked by TLC and no degradation of the
lipids was detected. At pH 12 and at pH 2 only the
first scan was used for evaluation because of some
hydrolysis of the lipids at these extreme pH values as
detected by TLC after the second run. Three different
samples were investigated for each composition. The
experimental data were evaluated using the Origin
software package as supplied by MicroCal. The accu-
racy for the main phase transition temperature T,
was +0.1°C and for the main transition enthalpy
AH,, + 0.2 kcal /mol.

3. Theory and simulation methods

The theory and the simulation methods have been
described in detail in previous publications [20,38].
Briefly, the experimental cp curves are simulated
using a model based on regular solution theory with
the additional incorporation of a broadening function
taking into account the reduced cooperativity in mixed
lipid bilayers [47]. Output parameters of these simula
tions are two non-ideality parameters p for describ-
ing non-ideal mixing in the gel and the liquid-crystal-
line phase, the temperatures T(—) and T(+) for the
onset and end of melting, respectively, and a value
for the cooperative unit size. [20,38,41].

The temperature data are then used for the con-
struction and the simulation of the phase diagrams. A
four parameter model was used as described before,
taking into account the asymmetry of the mixing
behaviour. This yields two non-ideality parameters
p, and p, for each phase [20].
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4. Results
4.1. Pure components

The results for the thermodynamic data of the
phospholipids are in agreement with previous data
[42—45]. The results shown for measurements at ex-
treme pH (DMPG /DPPG at pH 2 and DMPA /DPPA
at pH 12) are from the first heating scan where no
lipid degradation is detected (see Section 2).

4.2. Pseudobinary systems

In Figs. 1-5, DSC thermograms for the different
pseudobinary systems are shown. The solid lines are
the experimentally measured curves, the dotted lines
are the simulated heat capacity curves cpS™ for the
main transition. The measurements were performed
in the temperature range of 8-85°C, but only the
range in which atransition is observed is shown.
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Fig. 1. DSC heating thermograms for DMPA /DPPA mixtures at
various molar ratios at pH 7 and pH 4: Experimental cp-curves:
solid line, simulated cp-curves: dotted line.
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Fig. 2. DSC heating thermograms for DMPA /DPPA mixtures at
various molar ratios at pH 12: Experimental cp-curves: solid line,
simulated cp-curves: dotted line.

In all cases, the smulation of the DSC curves of
the main phase transition of the DMPX /DPPX mix-
tures (X = different headgroup, X =A, C, E, G)
gives satisfactory fits to the experimental curves.

The simulation of the DSC thermograms yields the
temperatures which describe the beginning (T(—))
and end (T(+)) of melting of the bilayer system.
These temperatures T(—) and T(+) are plotted in
Figs. 6-10 (triangle up and down). Based on these
temperature data, the phase diagrams were then recal-
culated and fitted by non-linear least square proce-
dures using the four-parameter model described be-
fore [20,38]. The values obtained from the simula-
tions are indicated in Figs. 6—10, including the differ-
ences in the non-ideality parameters between liquid-
crystalline and gel phase Ap, = p;; — py; and Ap, =
P12 — Py, the latter value describing the difference in
asymmetry between the liquid-crystalline and the gel
phase. In Figs. 6-10, we have also added the temper-
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Fig. 3. DSC heating thermograms for DMPC /DPPC mixtures at
various molar ratios at pH 7: Experimental cp-curves. solid line,
simulated cp-curves: dotted line.

atures for onset and end of melting obtained by the
usual empirical procedure (dots in the Figs. 6-10)
[24,34,38,40]. These are clearly different in many
cases.

The two non-ideality parameters for the gel phase
(py) and for the liquid-crystalline phase ( p;) ob-
tained from the simulation of the individual DSC
peaks show a clear composition dependence. This is
similar compared to the x-dependence obtained from
the simulation of the total phase diagrams. The latter
values are shown in Fig. 11 as a function of composi-
tion. The cooperative unit size c.u. is an additional
parameter abtained from the simulations of the DSC
peaks. The c.u. values are also composition depen-
dent as shown in Fig. 12.

4.2.1. DMPA / DPPA

42.1.1. pH 7. The thermograms for DMPA /DPPA
at neutral pH (Fig. 1, left panel) where PAs are singly

charged [45], show one transition (L, to L,). The
phase diagram of this system is represented in Fig. 6.
The temperatures T(—) and T(+) obtained by the
simulation of the heat capacity curves give a phase
diagram with a narrower coexistence range compared
to the temperature data obtained by the empirical
method (this is usually the case) [38,40]. The Ap
values are negative and decrease with increasing
amount of DPPA. The simulation of the phase dia-
gram (Fig. 6) gives positive p, vaues with py, =
+426 cal /mol and p,; = +263 cal /moal, i.e,, p,>
p,> 0. DMPA /DPPA a pH 7 is the only system
having a positive p,; value, whereas al other sys-
tems at this pH have a negative (DMPE/DPPE) or
vanishing non-ideality parameter p,;, (DMPC/DPPC
and DMPG/DPPG). The asymmetry of mixing for
this system is negligible (see Fig. 11).
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Fig. 4. DSC heating thermograms for DMPE /DPPE mixtures at
various molar ratios at pH 7: Experimental cp-curves. solid line,
simulated cp-curves: dotted line.
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Fig. 5. DSC heating thermograms for DMPG /DPPG mixtures at
various molar ratios at pH 7 and pH 2: Experimental cp-curves:
solid line, simulated cp-curves: dotted line.

42.1.2. pH 4. At pH 4, PAs are partly protonated
[43,45]. The thermograms are dlightly broader and
more structured (Fig. 1, right). The simulation of the
phase diagrams gives negative non-ideality parame-
ters with values of —500 to —600 for p, and strong
negative asymmetry terms for both phases. Again,
Pg1 > P11, but the difference of both non-idedlity pa-
rameters is smaller (Ap, = —72 ca /mol) compared
to the same system at pH 7 (Ap, = —163 ca /moal)
(see Fig. 11).

4.2.1.3. pH 12. At pH 12, PAs have a doubly nega-
tive charged headgroup [43,45]. The increased elec-
trostatic repulsion and the impossibility for the for-
mation of a hydrogen bonding network between the
headgroups leads to strong reduction of the transition
temperature. The thermograms at pH 12 are much
broader compared to DSC curves at neutral pH. The
curves show a relatively sharp increase of the heat

capacity and the end of melting is characterised by a
long and smooth decrease of cp (Fig. 2). At low
amounts of DPPA A p is negative (~ —80 cal /mol)
and increases to +100 cal/mol with increasing
amount of DPPA. Again we have negative values for
the non-ideality parameters with p; and p;; ~ —230
cal /mol (Ap, = +4 cal /mol). The asymmetry term
is more pronounced for the gel phase than for the
liquid-crystalline phase with pg, = —265 ca /mol
and p,= —146 cal/mol which leads to Ap,=
+ 119 ca /mol (see Fig. 11).
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Fig. 6. Pseudobinary phase diagrams for DMPA /DPPA mixtures
a pH 4 and pH 7. T(—) and T(+) were obtained from the
simulation of the cp-curves (up and down triangles), the open and
filled circles are T(—) and T(+) values obtained by the usual
empirical procedures. The coexistence lines were calculated using
the four parameter model for non-ideal, non-symmetric mixing as
described in the text. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data (up and
down triangles).
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Fig. 7. Pseudobinary phase diagram for DMPA /DPPA mixtures
at pH 12. T(—) and T(+) were obtained from the simulation of
the cp-curves (up and down triangles), the open and filled circles
are T(—) and T(+) values obtained by the usual empirical
procedures. The coexistence lines were calculated using the four
parameter model for non-ideal, non-symmetric mixing as de-
scribed in the text. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data (up and
down triangles).
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Fig. 8. Pseudobinary phase diagram for DMPC/DPPC mixtures
at pH 7. T(—) and T(+) were obtained from the simulation of
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are T(—) and T(+) values obtained by the usual empirica
procedures. The coexistence lines were calculated using the four
parameter model for non-ideal, non-symmetric mixing as de-
scribed in the text. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data (up and
down triangles).
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Fig. 9. Pseudobinary phase diagram for DMPE /DPPE mixtures
at pH 7. T(—) and T(+) were obtained from the simulation of
the cp curves (up and down triangles), the open and filled circles
are T(—) and T(+) values obtained by the usua empirical
procedures. The coexistence lines were calculated using the four
parameter model for non-ideal, non-symmetric mixing as de-
scribed in the text. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data (up and
down triangles).

4.2.2. DMPC /DPPC

4221 pH 7. The DSC curves of the system
DMPC /DPPC are plotted in Fig. 3. Two transitions
are observed, namely a gel to gel transition (L, to
P,;) and a gel to liquid-crystalline transition (P, to
L) [51]. Both phase transitions are well separated
from each other, so that good simulations of the main
transition are obtained (dotted curves in Fig. 3). As
expected, the calculated non-ideality parameters are
higher for the gel phase compared to the values for
the fluid phase. The simulation of the phase diagram
shows that mixing is almost idedl, p,, isonly slightly
positive with + 100 cal /mol, whereas for the fluid
phase p,; vanishes. The asymmetry terms are very
small for both phases (see Fig. 11).

4.2.3. DMPE / DPPE

4.2.3.1. pH 7. The thermograms for the PEs (Fig. 4)
are in general broader compared to those of PCs (Fig.
3). The non-idedlity parameters obtained from the
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Fig. 10. Pseudobinary phase diagrams for DMPG/DPPG mix-
tures at pH 2 and pH 7. T(—) and T(+) were obtained from the
simulation of the cp curves (up and down triangles), the open and
filled circles are T(—) and T(+) values obtained by the usual
empirical procedures. The coexistence lines were calculated using
the four parameter model for non-ideal, non-symmetric mixing as
described in the text. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data (up and
down triangles).

simulation of the cp-curves are all positive with
pg > p; Which leads to a negative A p value. Increas-
ing amount of DPPE increases Ap, but it still re-
mains negative. The simulation of the phase diagram
gives a positive value of + 116 cal /moal for py, and a
negative p,, of —75 cal /mol which aso leads to a
negative Ap, of —191 cal /mol. Both asymmetry
terms are positive (see Fig. 11).

4.2.4. DMPG / DPPG

424.1. pH 7. The thermograms for the system
DMPG/DPPG are shown in Fig. 5 and are very

similar to those of the analogous PC mixtures. Both
systems have a pretransition and the shape of the
main phase transition peaks shows the same tendency
with increasing amount of the lower melting compo-
nent. The simulated phase diagram has an ideal lens-
like shape with all non-ideality parameters being
zero.

4.2.4.2. pH 2. Protonation of the PGs increases the
stability of the gel phase, the temperatures of the
main transition are shifted to higher values, and the
thermograms are slightly broader compared to those
at pH 7. Particularly in the range of Xpppg = 0.4 tO
0.7 the coexistence range is relatively broad. The
non-ideality parameters are now positive for both
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Fig. 11. Non-ideality parameter p as a function of composition,
calculated from the values obtained by the simulations as shown

in Figs. 6-10, i.e, p= p;+ p,-(2Xpppx-1). Open symbols: lig-
uid-crystalline phase, filled symbols: gel phase.
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phases and again p,> p, leading to a negative Ap
with a considerable composition dependence. For low
amounts of DPPG Ap has a value of ~ —100
cal /mol which decreases to —600 ca /mol with
increasing amount of DPPG. Particularly in the gel
phase the tendency for demixing increases with high
DPPG content (see Fig. 11).

5. Discussion

In order to clarify the details concerning the inter-
molecular interactions responsible for the mixing be-
haviour and to extract the factors governing the mis-
cibility of different phospholipid species, it was desir-
able to investigate systematically selected combina-
tions of two phospholipids such as those with same
headgroup and different acyl chains and compare the
results with those obtained for binary mixtures of
lipids with different headgroups and also different
chain lengths [20,34—38,40].

The DSC curves of the pseudobinary phospholipid
mixtures were simulated with a thermodynamic model
accounting for the non-ideal mixing in the gel as well
as the liquid-crystalline phase as described before,
where the broadening of the transition due to limited
cooperativity was taken into account using a smple
two state model with a cooperative unit size as
adjustable parameter [20,38]. The simulated cp-curves
are represented by dotted lines in the Figs. 1-5 and
comparison with the experimental curves shows that
the approach used gives relatively good results for
these simple mixtures with low non-ideality. From
the simulation of the heat capacity curves tempera-
tures T(—) and T(+) for the beginning and end of
the melting process of the transition were obtained
(triangles up and down in the Figs. 6-10) and used
for the ssimulation of the phase diagrams. Here, non-
symmetric four parameter Bragg—Williams approxi-
mation was used. In amost all cases this approach
leads to better fits than a symmetric mixing model
[20]. The van't Hoff enthalpy obtained from the
simulation of the cp-curves yields the cooperative
unit size (c.u.) as a function of composition (Fig. 12).
The c.u. reflects the number of molecules that change
abruptly their physical state (gel to liquid-crystalline
state). The analysis of Fig. 12 shows a genera trend
observed before for other mixtures, namely that the
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Fig. 12. Cooperative unit size (c.u.) for DMPX /DPPX mixtures
as a function of composition at different pH-values.

cooperative unit size decreases in the mixtures com-
pared to the pure compounds. This observation corre-
sponds to suggestions based on model calculation of
Sugar [41]. The ‘U’-like shape of this curve has also
been reported in our previous studies on phospholipid
mixtures with different headgroups [20,38,40].

The non-ideality parameters derived from the sim-
ulations of the phase diagrams can be interpreted in
terms of the difference in the pair-interaction energies
between like pairs (A—A and B-B) and mixed-pairs
(A-B) formed in the mixture. The non-ideality pa-
rameter p isdefined as: p=2z-[Uyg —1/2- (Upp +
Ugg)] Where z is the first coordination number and
Upa, Ugg and u,g the molar energies of A-A, B-B
and A-B pair interactions [3,4,47]. For ideal mixing,
the intermolecular interaction of A—A or B—B-pairs
are equa to that of a mixed-pair A—B, the non-ideal-
ity parameters are consequently zero. The sign of p
refers to different kinds of pair formations. A positive
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p means that the mixed pair formation in the mixture
is energetically less favourable than the like pair
formation. A positive non-ideality parameter there-
fore reflects the tendency of clustering of like
molecules whereas negative p values indicate mixed
pair formation is more likely [38,40,52].

5.1. Pseudobinary systems at pH 7

In al cases where both lipids have identical head-
groups we found that pg, > p;;. This means that the
liquid-crystalline bilayer exhibits a higher miscibility
than the gel phase bilayer regardless of the type of
lipid headgroup (DMPG /DPPG shows ideal mixing).
Furthermore, py, >0 indicates clustering of like
molecules with the following trend: p,,(PA) >
pg(PE) > pyo(PC) > p(PG). Similar results have
been obtained by Nibu et al. [34] for a series of
homologous lipids with different acyl chain lengths.
However, their values for the non-ideality parameters
are much larger due to the different method for
determining the temperatures for onset and end of
melting. They used the conventional method which
leads to phase diagrams with a wider separation of
the coexistence lines. This can be seen in Figs. 1-5,
where we have included the temperature values ob-
tained by the usual empirical procedure.

The non-ideality parameters for the liquid-crystal-
line phase are generally less positive so that the
difference Ap=p, —py=Ap,; +Ap,-(2-x—1) is
negative over the whole mole fraction range with the
exception of the PG mixture, which behaves ideally.
In the case of DMPC/DPPC and DMPE /DPPE, the
asymmetry terms p, are slightly positive for both
phases, meaning that the mixtures become less ideal
with increasing content of the longer chain com-
pound.

In afirst approximation, the observed non-ideality
parameter can be separated into one contribution
arising from non-ideal headgroup interactions ( py,)
and another, which arises from non-ideal mixing of
the hydrocarbon chains ( p,). The mixtures studied
here, however, are composed of two lipids with
identical headgroups, so that the pair interaction ener-
gies arising from the headgroups are the same for like
and unlike pairs and cancel in the calculation using
the Bragg—Williams approximation, i.e., pn,=2:
[Ungng — 1/2 - (Uppng + Uggng)l = 0. Therefore, all

observed non-ideality effects should in this approxi-
mation arise from differences in interaction energies
of the hydrocarbon chains. Because in al four sys-
tems the chain length differences are the same, one
would expect similar or even identical non-ideality
parameters for all four mixtures. Thisis evidently not
the case.

The question is then, how to interpret these differ-
ences. The chemica structure and size of the head-
group determines the type of gel phase that is formed
for a given chain length. PCs [46] and PGs form
P;~-phases below their main phase transition tempera-
ture, whereas PEs form an L B-phase. PAs seem to
adopt an ordered phase with a dlight tilt angle of
5-10° [48]. Thus there are notable differences in
structure for the phase existing just below the main
phase transition for the different phospholipid classes.
These are due to the differences in headgroup size,
hydration, and intermolecular attractive headgroup
interactions. For PEs and PAs it is well known that
attractive hydrogen bonds can be formed between the
headgroups. The attractive headgroup interactions be-
tween PEs and PAs are therefore much larger than
between PC or PG headgroups, where theses H-bonds
seem to be absent. These differences in headgroup
interactions are retained in the L -phase, so that aso
for the fluid phase differences in packing density are
observed, depending on headgroup type. PEs and
PAs have more densely packed liquid-crystalline
phases than PCs and PGs, as shown by °H NMR
investigations [49-52]. The larger p values for PA
and PE are therefore a consegquence of stronger and
not lower attractive headgroup interactions, as sug-
gested by Nibu et al. [34].

In pure systems, the interaction energies between
the hydrocarbon chains are therefore dependent on
the type of headgroup and the type of gel phase
formed below the main transition temperature. For
P;-phases one can expect lower van der Waals inter-
action energies because the molecules are aready in
adlightly disordered state. For L ,-phases, the van der
Waals interaction energies are expected to be larger
because the all-trans hydrocarbon chains are in regis-
ter paralel to each other at closer distance. For PES
and PAs one would therefore expect larger non-ideal-
ity parameters for the gel phase than for PCs and
PGs. These expectations are corroborated by the ex-
perimental py; vaues for the gel phase found from
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the simulations of the phase diagrams. These values
are positive with the following order for the four
mixtures. PAs> PEs> PCs > PGs.

For the liquid-crystalline phase, one would expect
a smilar order. This is only partly observed, for
DMPE /DPPE a negative p,, is found, which seems
to indicate clustering of unlike molecules. Thisis not
very likely, the negative value seems to be due to the
fact that the coexistence curves are more sensitive to
the difference in non-ideality parameters A p than to
the absolute values [20]. The A p values should show
the same trend as the absolute values of the non-
ideality parameters. We indeed observe the following
expected sequence for the absolute values of Ap, =
Pi1 — Pgi: PES> PAs> PCs> PGs.

For all mixtures, except DMPG/DPPG, we find
dlightly asymmetric mixing behaviour. For gel phase
mixtures the asymmetry parameters p,, are positive,
indicating that the mixture becomes less idea with
increasing mole fraction of the longer chain compo-
nent. This means that short chain analogues intro-
duced into a gel phase of the longer chain analogue
have a larger tendency to cluster than when a longer
chain lipid is incorporated into the gel phase of the
shorter chain analogue. This effect seems also to be
retained for the liquid-crystalline phases, but to a
lesser extent.

5.2. The influence of headgroup charge

For the two binary mixtures DMPA /DPPA and
DMPG /DPPG we aso investigated the influence of
a change in headgroup charge on the miscibility
properties. Lowering the pH, leads in both cases to a
partial protonation of the PA or PG headgroup, re-
spectively. This reduces electrostatic repulsion,
changes the hydration properties, and increases the
possibility for an intermolecular hydrogen bonding
network between the lipid headgroups. As a conse-
guence, the properties of the lammellar phases are
also changed. For PGs, the tilt angle is reduced upon
protonation [53-55]. For PAs, similar effects can be
expected. The packing density of the liquid-crystal-
line phase is probably also dependent on the degree
of protonation [55]. In the case of PAs, changing the
pH to 12 induces the dissociation of the second

proton and the headgroups become doubly charged.
The molecular packing in the gel phase bilayers
changes, the tilt angle increases [48] and in the
L ,-phase the molecules are less densely packed com-
pared to the packing at pH 7 as determined by *H
NM R-spectroscopy [51].

5.2.1. DMPA /DPPA

At pH 4, the headgroups carry —0.5 to —0.6
elementary charges [42,43,45]. The non-idedlity pa-
rameters have large negative values and py, and p),
differ only dlightly. The asymmetry terms of the
non-ideality parameters are also negative for both
phases (see Fig. 11) and much larger than for the
system at pH 7, resulting in a slightly S-shaped phase
diagram (see Fig. 6). The negative sign of both p
values indicates that the formation of mixed pairs is
favoured.

Negative p values are also found for
DMPA /DPPA at pH 12, but the values are smaller.
The asymmetry term for the non-ideality parameters
are again negative. At pH 12, PAs have a doubly
negative charged headgroup. An intermolecular hy-
drogen bonding network cannot be formed and the
electrostatic repulsion between the headgroups and
their hydration are increased. Furthermore, the angle
of tilt of the hydrocarbon chains of the PAs in the gel
phase increases with headgroup charge reducing the
van der Waals interactions between the chains [48].

The analysis of the phase diagrams at pH 4 and pH
12 leads to the conclusion that in both cases pair
formation between unlike molecules is favourable
and that with increasing DPPA content the mixtures
become less idea in the sense that pair formation
between unlike molecules increases. At low DMPA
content the mixtures behave amost idealy. This
mixing behaviour is quite different from the one
observed at pH 7 and again shows, that headgroup
interactions are strongly influencing the mixing be-
haviour. Why pair formation of unlike molecules is
favoured for partly protonated and for doubly charged
PAs and not for singly charged PAs is unclear at
present.

5.2.2. DMPG / DPPG
At pH 2, the PG headgroups are approximately
90% protonated under our experimental conditions.
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The mixing properties change drastically compared to
the mixtures at pH 7. The non-ideality parameters all
become positive and also the asymmetry parameter
are positive, indicating an increased demixing with
increasing DPPG content. Considering the miscibility
in the gel phase we have to take into account that
protonation decreases the tilt angle from 30° relative
to the bilayer normal in the charged state at pH 7 to
less than 5° at pH 1-2 (data for DPPG at 20°C from
[54]). This reduction in tilt angle increases the van
der Waals interactions between the chains and leads
to a better chain packing. This is probably the reason
for the positive p vaues for the gel phase, i.e., the
tendency for clustering of like molecules.

For liquid-crystalline bilayers, the fluidity was
found to be greater for negatively charged PGs com-
pared to the fluidity of protonated PGs [55]. Appar-
ently, the more condensed liquid-crystalline state
formed by protonated PG again increases the van der
Waals interactions between the chains and favours
clustering of lipids with identical chain lengths, the p
values becoming much more positive than at pH 7.

6. Summary and conclusions

The effects of headgroup structure and charge on
the miscibility of saturated phospholipids with identi-
cal headgroups but different acyl chain lengths were
investigated by DSC. The pseudobinary phase dia-
grams were constructed and analysed using a new
procedure described recently [20,38,40]. The temper-
ature values T(—) and T(+) describing the onset
and end of the phase transition obtained by our
method lead to phase diagrams with narrower coexis-
tence regions as those obtained by the usual empirical
procedure and therefore to lower non-ideality param-
eters as reported before.

Furthermore, the non-ideality parameters obtained
by the simulation of the heat capacity curves showed
that these parameters generally depend on the mixing
ratio. This means that non-symmetric mixing be-
haviour is the rule. The anaysis of the phase dia-
grams using a four parameter model for non-symmet-
ric mixing in both phases supported these findings. In
amost all cases the non-ideality parameter p, for the
gel phase is more positive than the corresponding
non-ideality parameter p, for the liquid-crystalline

phase. This is not surprising, because steric effects
play the major role for gel phase miscibility. These
effects are reduced for liquid-crystalline bilayers, so
that the miscibility becomes more ideal.

The systems analysed al have the same head-
group, only the chain length differs by two methylene
units. One would assume that the mixing behaviour is
solely determined by the difference in hydrocarbon
chain length, so that al mixtures should behave
similarly. This is not observed. For gel phase bilay-
ers, the tendency p,(PA) > py(PE) > p(PC) > p (PG)
was found indicating that the structure of the gel
phase below the main phase transition temperature T,
has an influence on the mixing properties, i.e., lipids
with strong intermolecular attractive headgroup inter-
actions via hydrogen bonds, which form untilted
L ;-gel phases (PE, PA) show larger deviations from
ideal mixing than those forming F,-phase below T,
such as PC and PG. Interestingly, changes in head-
group charge can lead to large changes in mixing
behaviour, which cannot be explained satisfactorily
on the basis of changes in gel phase structure, i.e.,
change in chain tilt, at the present time. Particularly
the negative non-ideality parameters found for mix-
tures of partly protonated and for doubly negative
charged PAs, indicating preferential mixed pair for-
mation, are puzzling and need to be further investi-
gated by other independent experiments.
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