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Abstract We have examined the mixing properties of
phosphatidylethanolamine (PE) and phosphatidylgly-
cerol (PG), the major components of many bacterial
membranes. The phase transition behavior of dilute
aqueous suspensions of PE:PG mixtures with different
chain lengths (n = 14, 16) in 0.1 M NaCl at pH 7 and
pH 2 was investigated by differential scanning calorim-
etry (DSC). The DSC curves were simulated using an
approach which takes into account the broadening of
the phase transition in addition to symmetric, non-ideal
mixing in the gel and the liquid-crystalline phase. Based
on the temperatures for onset and end of ‘“melting”
obtained by the simulations, the phase diagrams were
constructed and then refined using a regular solution
model with non-symmetric mixing in both phases. The
mixing properties of PE:PG mixtures were analyzed as a
function of pH and acyl chain length. In almost all cases,
non-symmetric mixing behavior was observed, i.e. the
non-ideality parameters are different for bilayers with
low PG content compared to bilayers with high PG
content. For equimolar mixtures at pH 7, when PG is
negatively charged, the non-ideality parameters are
negative for both phases, indicating preferential forma-
tion of mixed pairs. This mixed pair formation is more
pronounced for the gel phase. At pH 2, when PG is
partly protonated, the non-ideality parameter is less
negative and the formation of mixed pairs is reduced
compared to pH 7. The formation of PE:PG mixed pairs
at pH 7 might be of benefit to a bacterial membrane,
because it prevents demixing of lipid components with a
concomitant destabilization of the membrane.
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Introduction

From a biophysical and biotechnological point of view,
the relationship between structure and function of bio-
membranes is a subject of great interest. The physical
and functional properties of biomembranes depend on
the arrangement and the distribution of the membrane
components within the bilayer (MacFarlane 1964;
Cronan and Gelman 1975; Jacobson and Papahad-
jopoulos 1975; Metcalf et al. 1986; Tocanne et al. 1994;
Heimburg and Marsh 1996). In particular, variations in
the chemical structures of the lipids resulting in different
lateral distribution of membrane components are of
fundamental importance for biomembrane functions.

Phosphatidylcholines (PCs) and phosphatidyletha-
nolamines (PEs) are abundant phospholipids in biolog-
ical membranes. Pseudobinary phospholipid mixtures of
PCs and PEs with other phospholipids (zwitterionic or
negatively charged) have therefore been studied exten-
sively in recent years. However, a systematic study of
PE-phosphatidylglycerol (PG) mixtures has not been
performed despite the fact that many membranes of
bacteria contain these two lipids in large quantities. For
instance, in the membrane of Escherichia coli, the main
lipid fractions are PE with ~80 wt% and PG with 10—
15% of the total lipid pool (Cronan and Vagelos 1972;
Gally et al. 1980; Borle and Seelig 1985).

To obtain more insight into the organization of these
two phospholipid classes in a bilayer, we have investi-
gated by differential scanning calorimetry (DSC) the
mixing behavior of PG with PE as a function of acyl
chain length and degree of protonation. These studies
were also performed with respect to the question of
domain formation in lipid membranes, which has at-
tracted increasing attention in the past years (Bloom
et al. 1991; Vaz 1994, 1995; Welti and Glaser 1994; Yang
and Glaser 1996; Denisov et al. 1998).

We have employed a method to determine more ob-
jectively the temperatures for onset and end of melting
from the DSC thermograms by fitting the experimental
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heat capacity curves using one non-ideality parameter
for each phase and an additional parameter which takes
into account the broadening of the C, curves. These
simulations showed that the non-ideality parameters are
a function of composition. From the temperatures of
beginning and end of “melting”, phase diagrams were
constructed and then refined using two non-ideality
parameters for each of the phases to account for non-
ideal and non-symmetric mixing. The exact simulation
procedure with its limitations has been described before
(Mennicke 1995; Johann et al. 1996; Garidel et al.
1997a).

The following pseudobinary systems (in 0.1 M NaCl)
were investigated at two different pH values, namely
pH7 and pH?2: DMPG:DMPE, DPPE:DPPG,
DMPE:DPPG, and DPPE:DMPG. The experiments
showed that, in PE:PG mixtures, complex formation of
unlike molecules can occur in the gel phase and also in
the liquid-crystalline state. Protonation of the PG
headgroup leads to changes in the mixing behavior, re-
ducing the preferential formation of mixed pairs.

Materials and methods

1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE), 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine (DMPE), 1,2-dipalmitoyl-sn-glycero-3-phospho-
glycerol (DPPG, Na salt), and 1,2-dimyristoyl-sn-glycero-
3-phosphoglycerol (DMPG, Na salt) were obtained from
Nattermann Phospholipid (Cologne, Germany), Sygena
(Liestal, Switzerland), and Lipoid (Ludwigshafen, Ger-
many). The lipid purity was checked by thin layer chro-
matography (TLC).

The preparation of the samples was performed in the
following way. Binary lipid mixtures were prepared from
lipid stock solutions in chloroform/methanol (2:1, v/v)
as solvent by mixing appropriate volumes of the stock
solutions. The organic solvent was then rapidly removed
in a stream of argon at elevated temperature. The re-
sulting lipid films were kept in an evacuated flask for
24 h to remove residual traces of solvent. The aqueous
dispersions were then prepared by adding a certain
volume of an aqueous 0.1 M NaCl solution to obtain a
total lipid concentration of 2.5 mg/ml. The samples were
vigorously vortexed for 5 min at 75-80 °C and then for
a further 5 min a room temperature to obtain a homo-
geneous suspension. The pH of the samples was checked
and adjusted by addition of HCI or NaOH, respectively,
before the vortexing procedure. If necessary, this pro-
cedure was repeated. The preparation procedure leads to
large multilamellar liposomes.

The DSC measurements were performed with a
MicroCal MC-2 scanning calorimeter (MicroCal,
Northampton, Mass., USA). The heating rate was 1 °C/
min. Three scans were performed to check for repro-
ducibility of the DSC curves. The purity of the samples
was checked before and after the scans using TLC. For

samples at pH 2, only the first two scans were used be-
cause of detectable hydrolysis products.

Three individually prepared samples were measured
to test the reproducibility of the sample preparation. The
accuracy of the DSC experiments was 0.1 °C for the
main phase transition temperature 7, and +0.2 kcal/
mol for the main phase transition enthalpy AH_,,.

The methods used for the simulation of the heat ca-
pacity curves and the fitting of the phase diagrams have
been described before (Johann et al. 1996; Garidel et al.
1997a, b). The applied model for the simulation of the
phase diagrams is based on regular solution theory using
non-ideal, non-symmetric mixing for both phases, the
liquid-crystalline as well as the gel phase. The excess
Gibbs free energy of mixing, AG", is given as AGF =
x(1 = x)[p; + p(2x — 1)], with x being the mole frac-
tion of the second component. Therefore, two non-
ideality parameters, p; and p,, are obtained for both
phases, the first one describing the non-ideality at
x = 0.5, the second one the asymmetry. The non-
ideality parameters describe the deviation from ideal
mixing, positive values indicate demixing, negative a
tendency for mixed pair formation.

Results
PEs and PGs in excess water

At pH 7 (0.1 M NaCl), PGs are negatively charged and
PEs are zwitterionic. At pH 2, the phosphodiester group
of PGs (pK, ~2.9) is mainly protonated (=~90%)
(Garidel et al. 1997b). In Table 1 we have summarized
the thermodynamic data of the pure phospholipid
components at pH 7 and pH 2 in 0.1 M NaCl. These
data (T, and AH,,) were used as input parameters for
the simulation of the C, curves and phase diagrams. The
data for the pretransition of the PGs were reported in
our previous paper (Garidel et al. 1997b). Our results
are in good agreement with previously published data
(Jacobson and Papahadjopoulos 1975; Trduble 1976;
Trauble et al. 1976; Cevc et al. 1980; Blume 1988, 1991).

The effect of changing the pH to 2 on the phase
transition temperature 7T, of PEs is very small. T, of

Table 1 Thermodynamic data for the main phase transition of
phospholipids in 0.1 M NaCl. T;;, = maximum of the C, curve,
Ti> = half width of the transition, AH., = calorimetrically de-
termined transition enthalpy

Lipid pH 2 pH 7
Tm Tl/2 AI_Ical Tm 1/2 A]—Ical
(°C) (°C) (kcal mol™) (°C) (°C) (kcal mol™")
DMPE 496 23 5.0 48.8 1.8 4.9
DMPG 414 2.0 6.7 233 0.7 7.4
DPPE 645 23 10.6 634 13 9.2
DPPG 583 3.5 9.2 40.0 09 8.2




PEs increases by only 1 °C (Trduble and Eibl 1974;
Boggs 1987; Cevc 1990) and the transition enthalpy (L
to L,) changes by not more than 1 kcal/mol (see Ta-
ble 1). The pK of the phosphodiester group in PEs has
been reported to be 1.9 (Tatulian 1992) or even lower
(pK = 0.32) (Standish and Pethica 1968). Our DSC
experiments indicate that the apparent pK under our
experimental conditions is probably well below 1.9, i.e.
even at pH 2 the headgroup of PEs is still mainly
zwitterionic, with only 5-10% of the headgroups being
protonated.

PE:PG mixtures in excess water

Figures 1-4 show the third (pH 7) and the first (pH 2)
heating scans (see Garidel et al. 1997b) obtained for the
four PE:PG systems dispersed in 0.1 M NaCl. On the
left side of Figs. 1-4 the molar ratio of both components
are listed. The solid lines represent the experimentally
measured C, curves and the dotted lines the simulated
heat capacity curves " obtained by the procedure
described before (Johann et al. 1996).
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Fig. 1 DSC heating thermograms for the system DMPE:DMPG at
various molar ratios at pH 7 and pH 2: experimental C, curves (solid
line) and simulated C, curves (dotted line)
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Fig. 2 DSC heating thermograms for the system DPPE:DPPG at
various molar ratios at pH 7 and pH 2: experimental C,, curves (solid
line) and simulated C, curves (dotted line)

In the case of DPPE:DMPG mixtures at pH 7, where
apparently a miscibility gap in the gel phase is observed
(see Fig. 4), the simulation fails because the model is not
suited to simulate C, curves for phase diagrams with
eutectic points. Therefore, for this particular mixture we
have used the usual empirical procedure to determine
the temperatures of the coexistence lines.

The temperatures 7(—) and 7(+) for the beginning
and end temperatures of the phase transition are shown
in Figs. 5-8. Based on these temperature data, the phase
diagrams were refined using a model with non-ideal,
non-symmetric mixing which we have described in pre-
vious papers (Johann et al. 1996; Garidel et al. 1997a,
b). For comparison, the empirical temperatures 7 °*P(-)
and T*P(+) obtained in the usual way from the devi-
ation of the experimental DSC curves from the baseline
(Mabrey and Sturtevant 1976; Silvius and Gagné 1984a,
b) are also shown as open [T°*P(-)] and as solid circles
[TP(+)]. The non-ideality parameters and the dif-
ferences in the non-ideality parameters between the
liquid-crystalline and gel states, Ap; = pj—py and
Ap> = pp—pg (index 1 for the liquid-crystalline phase
and index g for the gel phase), obtained by the simula-
tion of the phase diagrams are also included.
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Fig. 3 DSC heating thermograms for the system DMPE:DPPG at
various molar ratios at pH 7 and pH 2: experimental C, curves (solid
line) and simulated C, curves (dotted line)

At pH 7, the pretransition vanishes in all mixtures
with more than 10 mol% of the PE component. In
mixtures with less than 10 mol% PE, a three-phase co-
existence between the liquid-crystalline and two different
gel phases has to be expected. However, the larger part
of the phase diagram (xpg >0.1) is not influenced by this
effect. Therefore, we used the simplified approach of
assuming only one gel and one liquid-crystalline phase
(see Garidel et al. 1997a, b).

The difference in non-ideality parameters between
liquid-crystalline and gel phase, Ap., can be calculated
using the non-ideality parameters obtained from the
simulation of the whole phase diagram (data included
in the Figs. 5-8) according to Ap. = Ap; +
Ap>(2xpg — 1), with xpg the mole fraction of the PG
component and Ap; and Ap, the differences between the
non-ideality parameters p; and p,. These results are
shown in Fig. 9.

DMPE:DMPG and DPPE:DPPG

pH 7. The heat capacity curves of these mixtures are
shown on the left hand side in Figs. I and 2. With in-
creasing amounts of the higher melting component
(DMPE or DPPG, respectively) an increase of the phase

20
8' DPPE:DMPG
1811 0.1 MNaCl
16 |-
14
-, 12F
g i
g
T, 10 FE g
_% 9:1 /
8 | 8:2
~ gt 82 00 o\ |
\g | 73 /\
| 555 § T\
4| 4:6
3.7
2| ) 2:8
| Kk 1:9
0 JA 0:1
| PIN HUN RTU NTUY NI DU N BN NN AU HU SPUN BAPU BN

10 20 30 40 50 60 70 10 20 30 40 50 60 70
Temperature / °C

Fig. 4 DSC heating thermograms for the system DPPE:DMPG at
various molar ratios at pH 7 and pH 2: experimental C,, curves (solid
line) and simulated C, curves (dotted line)

transition temperature is observed as expected, and the
pretransition disappears above 10 mol% PE. The phase
diagrams of DMPE:DMPG and DPPE:DPPG mixtures
at pH 7 (Figs. 5 and 6) show a broad coexistence range
due to the difference in transition temperature of the two
components. The T,, difference is 25.5 °C in the first
case and 23.4 °C in the latter. The non-ideality param-
eters p; obtained from the simulation of the phase dia-
gram are all negative with py; < py;, which leads to a
positive Ap;. The difference of the asymmetry term Ap,
is =220 to =250 cal/mol (pg> > pr1o) (see Table 2).

pH 2. Partial protonation of DMPG or DPPG shifts its
transition temperature upwards by approximately
18 °C. The difference in T,, of PGs and PEs is now re-
duced to 6-8 °C. Consequently, the coexistence range in
DMPE:DMPG and DPPE:DPPG mixtures at pH 2
(right hand side of Figs. 1 and 2) is narrower and the non-
ideality parameters obtained from the simulation of the
phase diagram are reduced compared to the systems at
pH 7. The exact calculation of the non-ideality parame-
ters becomes difficult for these mixtures, the absolute
values having large errors. The differences in non-
ideality parameters are more reliable as mentioned before
(Johann et al. 1996). The gel phase p,; > parameters are
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Fig. 5 Pseudobinary phase diagrams for the system DMPE:DMPG
at pH 2 and pH 7. Triangles are T(-) and 7(+) values obtained from
the simulation of the C, curve; circles are T*P(—) and T*P(+) values
obtained by the usual empirical procedure. The solid lines are the
coexistence lines calculated using the four-parameter non-ideal, non-
symmetric approximation. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data

very small for DMPE:DMPG whereas the corre-
sponding data for the liquid-crystalline phase are
pn = T217 cal/mol and p;, = —92 cal/mol. As at
pH 7, Ap; is again positive with + 238 cal/mol; Ap, is
negligible. For DPPE:DPPG mixtures, both non-ideality
parameters p; are positive, but the terms p; are negative
leading to a total Ap of almost zero (see Fig. 9). The
miscibility in the liquid-crystalline as well as the gel
phase seems to be ideal.

DMPE:DPPG

pH 7. The T, difference between the two components is
only 8.8 °C. Both p, values are negative and Ap is positive
and decreases with increasing amounts of the PG com-
ponent (Fig. 9). The mixing behavior is highly asym-
metric for both phases (see Table 2). An upper azeotropic
point seems to exist at xpppg ~ 0.1 (see Fig. 7).

pH 2. Protonation of DPPG shifts its phase transition
temperature to 58 °C; it is now the higher melting
component. From the thermograms at pH 2 (Fig. 3) it
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Fig. 6 Pseudobinary phase diagrams for the system DPPE:DPPG at
pH 2 and pH 7. Triangles are T(—) and T(+) values obtained from
the simulation of the C, curve; circles are T**P(=) and T**P(+) values
obtained by the usual empirical procedure. The solid lines are the
coexistence lines calculated using the four-parameter non-ideal, non-
symmetric approximation. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data

seems as if the onset temperature of melting is nearly
constant up to a mole fraction of xpppg = 0.5. This
implies a horizontal solidus line in this composition
range with a miscibility gap. The system DMPE:DPPG
at pH 2 shows positive p values, with pg12 > pyi2,
which yield negative values for Ap; and Ap, (see
Table 2). The shape of the phase diagram is complicat-
ed. Based on the temperature values 7(-) and 7(+)
obtained from the simulation of the C, curves, a phase
diagram is obtained with a horizontal solidus line be-
tween xpppg of 0.55 and 0.9. Using empirically deter-
mined onset and end temperatures (7°*) (open and solid
circles in Fig. 7), a phase diagram with a similar shape
(dotted lines in Fig. 7) is found. The two sets of non-
ideality parameters obtained from the simulations are
summarized in Table 3 and will be discussed later.

DPPE:DMPG
pH 7. This system shows the largest temperature differ-

ence for the main phase transition of the pure compo-
nents (AT,~40 °C, see Fig. 4). The simulation of the C,
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Fig. 7 Pseudobinary phase diagrams for the system DMPE:DPPG at
pH 2 and pH. Triangles are T(-) and T(+) values obtained from the
simulation of the C, curve; circles are TP(-) and T*P(+) values
obtained by the usual empirical procedure. The solid lines are the
coexistence lines calculated using the four-parameter non-ideal, non-
symmetric approximation. The non-ideality parameters were obtained
from a non-linear least square fit of the experimental data

curves was not successful for mixtures with less than
50 mol% of DPPE. The calorimetric curves and the
temperatures for the onset and end of melting indicate a
possible eutectic point at a DMPG mole fraction of
0.75-0.85, or a monotectic behavior in this region. The
analysis is further complicated by the fact that the pre-
transition is shifted upwards with increasing DPPE
content. We have refrained from simulating this phase
diagram; the dashed lines in Fig. 8§ were only drawn to
guide the eye.

pH 2. At pH 2, the phase diagram indicates more or less
ideal mixing (Fig. 8). All p values are negative and Ap is
also negative over the whole composition range and only
marginally dependent on composition.

Discussion

We have focused our attention on the simulation of heat
capacity curves of the main phase transition (gel to lig-
uid-crystalline state), neglecting the pretransition. We

Py =319, p,, =-465, Ap, = -146 cal/mol
[ -393, p,= -479, Ap,= -85 cal/mol
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Fig. 8 Pseudobinary phase diagrams for the system DPPE:DMPG at
pH 2 and pH 7. Triangles are T(-) and 7(+) values obtained from
the simulation of the C, curve; circles are T**P(=) and T“*P(+) values
obtained by the usual empirical procedure. The solid lines for the
system at pH 2 are the coexistence lines calculated using the four-
parameter non-ideal, non-symmetric approximation. The non-ideality
parameters were obtained from a non-linear least square fit of the
experimental data. The phase diagram at pH 7 was not simulated;
only the T°P(-) and T**P(+) values are shown (see text). The dashed
lines are only included to guide the eye

have stated before that the simulation procedure is based
on a two-state model for the transition and therefore a
simplification of the real transition process. The justifi-
cation to use this method despite its shortcomings was to
remove some arbitrariness in the determination of the
onset and end of “‘melting” temperatures which is in-
herent in the usual empirical procedures (Johann et al.
1996). The simulation of the DSC curves of the PE:PG
mixtures yields fits which show that the underlying
model for the transition is indeed too simple. The as-
sumption of a temperature-independent broadening
function is one of the reasons that no perfect fits can be
achieved (Johann et al. 1996). Another reason is that the
heat capacity curves were simulated assuming a sym-
metric, non-ideal mixing behavior for both phases, i.c.
using only one non-ideality parameter for the ordered
and for the liquid-crystalline phases, respectively. Fi-
nally, for pure phospholipids as well as for lipid mix-
tures, the transition involves a change in hydration of
the headgroups. This is neglected in our model and also
in all other transition models used so far (Lee 1977; Pink
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Fig. 9 Difference in non-ideality parameters Ap. = Ap; +
Ap>(2xpg—1) for the PE:PG mixtures at pH 2 and pH 7. Ap; and
Ap, are obtained from the simulation of the whole phase diagram

1990; Mouritsen 1991; Brumbaugh and Huang 1992;
Heimburg and Marsh 1996; Mouritsen and Kinnunen
1996). The approach used here and by other groups for
the analysis of lipid mixtures can therefore only be a first
approximation without being able to quantitatively
describe the thermodynamic behavior of these systems.
Despite these shortcoming, the tendencies of mixing or
demixing induced by varying the components or the pH
can be analyzed with some confidence.

In general, the temperatures 7(—) and 7(+) obtained
by the simulation of the heat capacity curves lead to
narrower two-phase regions in the phase diagrams than
those obtained by the usual empirical procedures
(Johann et al. 1996). As a consequence, the absolute

Table 2 Non-ideality parameters of mixing for PE:PG mixtures
obtained from the simulation of the phase diagrams (the absolute
values of the non-ideality parameters have relatively large errors of
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values of the non-ideality parameters are lower than
those obtained by fitting the coexistence lines deter-
mined by the standard procedure. The general trends,
however, are the same.

As observed before for other mixtures, the simulation
of the heat capacity curves yield non-ideality parameters
p which depend on the composition of the mixture, i.e.
non-symmetric mixing behavior is observed.

Mixtures at pH 7

The tendency for the formation of a hydrogen bonding
network between headgroups is particularly pronounced
for PEs (Boggs 1987). At pH 7, the zwitterionic PE
headgroup can act as donor (NH7) as well as an ac-
ceptor for intermolecular hydrogen bonds (PO;). The
PG headgroup is negatively charged and can act as an
hydrogen bond acceptor (PO,). Also, the hydroxyl
groups of the glycerol moiety can act as hydrogen bond
donors, but their donor strength is weaker. The hydra-
tion properties of PG and PE are very different owing to
these different hydrogen bonding capabilities and the
additional hydroxyl groups in PGs. PEs are much less
hydrated than PCs and PGs. The lamellar phases of the
negatively charged PGs can swell indefinitely when no
additional salt is present to shield the repulsive electro-
static interactions between opposing layers (Luzzati
1968; Ranck et al. 1974, 1977; Mclntosh 1980; Wohl-
gemuth et al. 1980; Hauser et al. 1981, 1990; Blaurock
1982; Makowski and Li 1984; McIntosh and Simon
1986; Pascher et al. 1987, 1992). Because the PG head-
group occupies a much larger volume, the hydrocarbon
chains of PG are tilted by ~30° (Lg) relative to the
normal of the plane of the bilayer, whereas PEs form an
Lj phase with untilted chains (McIntosh 1980; Hauser
et al. 1981).

The mixing properties of PE and PG in the gel phase
should therefore be influenced by the difference in tilt
angle of the hydrocarbon chains. From the different gel
phase structure one would assume non-ideal mixing with
a tendency for demixing of the two lipids. However, the
introduction of PG in a PE bilayer facilitates the hy-
dration of the PE headgroups (Tari and Huang 1989).
The negative p,; values observed are an indication of the

ca. +200 cal mol™'; the Ap values are more precise). The
DPPE:DMPG phase diagram at pH 7 was not simulated (see text)

System p (cal mol™)

pH 7 pH 2

Pel o Pe2 P2 Apy Ap, Pel o P2 P2 Api Ap
DMPE:DMPG -806 -379 —-105 -322 +427 218 =22 +217 -28 -92 +238 -63
DPPE:DPPG —878 —-687 +126 -119 +191 —245 +692 +685 -589 —614 -8 =25
DMPE:DPPG —613 —-421 —887 —-1121 +192 -234 +489 +185 +1106  +590 -305 =516
DPPE:DMPG - - - - - =319 -465 -393  -479 —146 -85
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Table 3 Non-ideality parameters obtained from the simulation of
the phase diagram for the system DMPE:DPPG (0.1 M NaCl) at
pH 2 using different sets of temperature data (see text)

p (calmol™)  py P P2 P2 Api Aps
pSim +489  +185 +1106 +590 -305 -516
po*P +310 +59 +852  +455 -251 -397

formation of mixed pairs. This is in contrast to the ex-
pectations based on the gel phase structure of the pure
components.

For the L, phase, the corresponding term p; is still
negative, but the absolute values are smaller than for the
gel phase. In the fluid phase, both lipids have disordered
chains and the influence of the packing mismatch be-
tween chains and headgroup is reduced. A decrease in
non-ideality of mixing is therefore to be expected and
indeed observed. Apparently, the preferential formation
of mixed pairs of PE-PG molecules in the ordered lam-
ellar phase can be attributed to the ability of PGs to
increase the hydration of the bilayer by disrupting the
PE-PE contacts (Tari and Huang 1989). This leads to the
formation of a mixed lipid pair composed of a “‘better
hydrated” lipid (PG) with a lipid which is normally “less
hydrated” (PE) (MclIntosh and Simon 1986). This effect
of PG plays a more important role for the gel phase,
whereas for the liquid-crystalline phase the headgroups
are more hydrated to begin with owing to the lateral
expansion of the bilayers. Consequently, in nearly all
cases po; < pi; (<0) is observed, which leads to a pos-
itive value for Ap;. For the system DPPE:DMPG the
non-ideality parameters are not reliable and cannot be
discussed owing to the possibility of eutectic or mo-
notectic behavior at low DPPE content.

The comparison of the systems DMPE:DMPG and
DPPE:DPPG shows that the non-ideality parameters for
the gel phase p,, are similar with a value of ~—840 cal/
mol. However, slightly different p values were obtained
for the liquid-crystalline phase, the shorter chain ana-
logues showing less non-ideal mixing.

Mixtures at pH 2

Lowering the pH changes the phase structure of PG
owing to protonation of the headgroup. Using X-ray
diffraction, Watts et al. (1981) have shown that for
negatively charged DPPG in the gel state (20 °C) the
hydrocarbon chains have a tilt angle of 30° relative to
the bilayer normal, whereas in the protonated state at
pH 1-2 the tilt angle is less than 5°. For the liquid-
crystalline state, the fluidity was found to be greater
when the PG molecules are charged, owing to increased
electrostatic repulsion. The fluidity was reduced when
the PG headgroups are in the protonated state (Watts
et al. 1978). Furthermore, protonation of PG induces
the formation of a hydrogen bonding network between
the phosphate groups (Tuchtenhagen 1994) which has

also an effect on the mobility of PG in the bilayer and on
the extent of hydration of the PG headgroup.

The shape of the phase diagrams having the same
hydrocarbon chains for both lipids are very similar
(see Figs. 5 and 6). Introduction of a difference in
chain lengths between the two components leads to
totally different phase diagrams, namely the
DPPE:DMPG system shows a lens-like shape whereas
DMPE:DPPG shows immiscibility in the gel phase at
pH 2. Protonation of the PGs reduces the electrostatic
repulsion between the PG headgroups in the layer and
the hydration of the hydrophilic part is reduced
(Hoekstra 1982; Tuchtenhagen 1994). Furthermore,
the formation of a hydrogen bonding network between
the phosphate groups is possible (Eibl and Woolley
1979). Therefore, the PG and PE headgroups become
more similar in their behavior. The driving force for
the formation of lipid mixed pairs, owing to an in-
crease of hydration of the bilayer and particularly the
PE component, is consequently distinctly reduced at
pH 2 and the tendency for more positive non-ideality
parameters (less negative p compared to the systems at
pH 7) indicates that the lipids prefer the formation of
like pairs.

From the analysis of the phase diagrams of the
PE:PG systems at pH 2, the following trend can be
observed. The non-ideality parameters p, obtained from
the simulation of the phase diagrams become less neg-
ative or even positive compared to the systems at neutral
pH, i.e. in all cases p, i (pH 7) < pg1(pH 2). This effect is
also observed for pj;. In addition, Ap is reduced for the
systems at pH 2 compared to systems at pH 7.

The analysis of the phase diagram of DMPE:DPPG
at pH 2 is more complicated. The horizontal solidus
line between xpppg = 0.55-0.9 is an indication of a
miscibility gap in the gel phase. This is indicated by
strongly positive p,; and py, values (see Table 2). We
have also calculated this phase diagram using temper-
ature data obtained by the usual empirical procedure
(Table 3). These non-ideality parameters (p®F) show
similar behavior as the non-ideality parameter obtained
from the 7(-) and T(+) values (p*™). The reason for
the complicated mixing behavior of this system is not
clear.

Comparison with PC:PG mixtures and the influence
of protonation on the mixing behavior

An analogous investigation of the miscibility in PC:PG
systems with the same chain length differences was
performed previously (Garidel et al. 1997b). Like PEs,
PCs have a zwitterionic headgroup, but have larger hy-
dration numbers and a phase behavior similar to PGs.
In the PE:PG systems, protonation of PG leads to an
increase of the non-ideality parameter p,:pq 1 (pH 7) <
pen(pH 2), with p, 11 (pH 7) < 0. Also, the Ap values,
which are positive at pH 7, decrease upon protonation
of the PG component (Fig. 9). In PC:PG systems at



pH 7, the Ap values are mostly negative or close to zero
and become more positive upon protonation of the PG
component. This behavior obviously reflects a combi-
nation of several effects, namely changes in headgroup
charge with concomitant hydration changes and changes
in tilt angle of the chains in the gel phase. Protonation of
PG in mixtures with PE reduces the differences in hy-
dration and phase behavior of the two components,
whereas in mixtures of PG with PC the opposite is true.
Therefore, in the first case the non-ideal mixing behavior
is decreased, and the previously favored formation of
mixed PE:PG pairs at pH 7 is reduced when PG is
protonated. In PC:PG mixtures the non-ideal mixing
behavior is increased upon protonation of PG. In the
system DPPC:DMPG at pH 2, even an upper azeotropic
point occurs in the phase diagram and py; is positive and
has an extremely large value (Garidel et al. 1997b),
whereas for the corresponding mixture with PE
(DPPE:DMPG at pH 2) a lens-like phase diagram with
a negative pj; is observed.

Summary and conclusions

The mixing behavior of PE:PG mixtures was studied at
different degrees of ionization of the PG component
and for different acyl chain lengths of the lipids using
DSC. The miscibility in PE:PG mixtures strongly de-
pends on pH, i.e. the degree of ionization of the PG
component. The non-ideality parameters obtained from
the simulation of the phase diagrams show that, at
pH 7, mixed PE:PG pairing is favored, particularly for
the gel phase. This can be explained by changes in
hydration of the headgroup region of the bilayer in-
duced by the PG component in the mixture. Protona-
tion of the PG headroups leads to an increase of pg
and pj;, so that in all cases py;;(pH 7) < pou(pH 2).
This can be interpreted as a protonation induced de-
stabilization of the mixed pairs, i.e. the mixtures be-
come more ideal when the PG headgroup is
protonated. This is in contrast to the behavior of
PC:PG mixtures, where the opposite effect was ob-
served.

The observation of increased hydration of the PE
headgroups when PGs are incorporated could be of
benefit for bacterial membranes. Incorporation of PGs
not only introduces a net negative charge to the bilayers
but also leads to the formation of PE:PG mixed pairs.
This process prevents the formation of phase boundaries
caused by demixing of lipids in the bilayer plane, which
could lead to an increase in membrane permeability and
a decrease in membrane stability.
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