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Abstract The miscibility of phosphatidylcholine (PC)
and phosphatidylglycerol (PG) with different chainlengths
(n=14, 16) was examined by differential scanning calo-
rimetry (DSC) at pH 2 and pH 7. The determination of the
coexistence curves of the phase diagrams was performed
using anew procedure, namely the direct simulation of the
heat capacity curves as described recently (Johann et al.
1996, Garidel et al. 1997). From the simulations of the heat
capacity curves first estimates for the nonideality param-
etersfor nonideal mixing asafunction of compositionwere
obtained and phase diagrams were constructed using tem-
peratures for the onset and offset of melting which were
corrected for the broadening effect caused by a decrease
in cooperativity of the transition. In most cases, the com-
position dependence of the nonideality parameters indi-
cated nonsymmetric mixing behavior. The phase diagrams
werefurther refined by simulationsof the coexisting curves
using a four-parameter model to account for nonideal and
nonsymmetric mixing in the gel as well as in the liquid-
crystalline phase. The mixing behavior of the systemswas
analyzed as a function of pH and chain length difference
to elucidate the effect of thesetwo parameters on the shape
of the phase diagrams. At pH 7 the phase boundaries are
much closer together and a narrower coexistence range is
obtained compared to the corresponding phase diagrams
at pH 2. For DPPCIDMPG at pH 2, the shape of the phase
diagram and the strongly positive nonideality parameter p;
for the liquid-crystalline phase indicates an upper azeo-
tropic point. This indicates an unusual behavior of the
system, namely more pronounced clustering of like mole-
cules in the liquid-crystalline phase compared to the gel
phase.
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Introduction

Several reasons make it worthwhile to study pseudobinary
mixtures of phosphatidylcholine (PC) with phosphatidyl-
glycerol (PG) (Wiedmann et al. 1993). Phosphatidylglyce-
rol isone of the major phospholipids in the membranes of
plant leaves, algae, and many bacterial species (MacFar-
lane 1964). Itisalso present in small amountsin mammal -
ian membranes. The mgjor two classes of phospholipids
within the lung surfactant are these two components (van
Golde 1988; Goerke 1974; Clements 1977). For medical
applications, saturated PCsareimportant in forming acon-
densed surface film resistant to collapse and the PG com-
ponent (unsaturated or sometimes saturated hydrocarbon
chains) isinvolvedintherapid movement to and away from
the interface during the breathing cycle (*fluidizing-ef-
fect”) (Bangham et al. 1979). It was also found that these
two lipid classes arerequired for theformation of thelipid-
protein aggregates, such as tubular myelin, located in the
subphase of the lung alveoli (Cronan and Gelman 1975;
Benson et al. 1984; Suzuki et al. 1989). Considering the
interaction with apoliproteins in determining the surface
activity of the surfactant, the lipid phase behavior has been
suggested to be an important factor.

Vesiclepreparationscomposed of synthetic PC/PG mix-
tures have been used to study the Ca?*-mediated binding
of ycarboxy-glutamate-containing human prothrombin to
negatively charged membrane surfaces (Dombrose et al.
1979; Tocanne et al. 1994). Thisis one of the several pro-
tein/lipid interactions that are thought to be crucial to the
ability of PC/PG-mixtures to enhance in vitro by several
thousand fold the rate of blood coagulation (Jackson et al.
1974; Barton and Findlay 1978).

Barton and Findlay (1978) have reported for the reac-
tion prothrombin to thrombin (blood coagulant) that a
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higher coagulation activity was observed with liquid-crys-
talline phase systems (e. g. PC/PG-mixtures), compared to
mixturesin the gel state and that optimal activity occurred
from abiphasic lipid system (lateral lipid-lipid phase sep-
aration e.g. DLPC-DMPG-Ca?* system) (Verkleij et al.
1974). The authors mentioned: “a lateral lipid phase sep-
aration (fluid-solid or fluid-fluid) provides separate do-
mains for binding of Ca?"-dependent and Ca®*-indepen-
dent protein, their subsequent interactions proceeding in
proximity to atransition zone (mismatch region) between
the domains.” The formation of domains in the liquid-
crystalline phase, caused by low miscibility of the two
components in the phase, is an interesting phenomenon
which hasrecently attained much attention (Shimshick and
McConnell 1973; Stier and Sackmann 1973; Lee et al.
1974; van Dijck et al. 1977; Hoekstra 19824a, b; Metcalf
et al. 1986; Glaser 1993; Almeida et al. 1993; Vaz 1994,
1995; Almeida and Vaz 1995).

Inthelate seventies, several studiesfocused their atten-
tion on the phase behavior of pure synthetic phosphatidyl-
glycerols and mixtures (van Dijck et a. 1975, 1978; Ja-
cobson and Papahadjopoulos 1975; Ranck et al. 1977;
Watts et al. 1978; Findlay and Barton 1978; Wohlgemuth
et al. 1980; Cevc et al. 1980; Harlos and Eibl 1980; Lentz
et al. 1982). Recently, new studies on PC/PG-mixtures
have been reported, particularly because in these mixtures
the binding of multivalent cations can lead to domain for-
mation in the liquid-crystalline phase (Lau et a. 1981,
Borleand Seelig 1985; Macdonald and Seelig 1987; Wied-
mann et al. 1993; Seelig et al. 1995).

In this paper we deal with the mixing behavior of
synthetic phosphatidylcholines (PC) and phosphatidyl-
glycerols (PG) with acyl chain lengths of n=14, 16 at
two different pH-values, namely pH 2 and pH 7. The
following pseudobinary mixtures were analyzed by
DSC: DMPC/DMPG, DPPC/DPPG, DMPC/DPPG and
DPPC/DMPG.

The aim of this study is the determination of the pseu-
dobinary phase diagrams as a function of pH. At pH 2 the
PG headgroup ismostly protonated, whereasat pH 7 it car-
ries a negative charge. Therefore, the headgroup interac-
tions are modulated by a pH change. We apply a recently
devel oped simulation procedurefor the experimentally de-
termined DSC curves (cp-curves) to obtain phase diagrams
which are then further analyzed (Johann et al. 1996;
Garidel et al. 1997).

Materials and methods

The synthetic lipids 1,2-dimyristoyl-sn-glycero-3-phos-
phorylcholine (DMPC), 1,2-dipamitoyl-sn-glycero-3-
phosphorylcholine (DPPC), 1,2-dimyristoyl-sn-glycero-
3-phosphorylglycerol (DMPG, Na-salt), and 1,2-dipalmi-
toyl-sn-glycero-3-phosphorylglycerol (DPPG, Na-salt)
were gifts from Nattermann Phospholipid GmbH (Co-
logne, Germany). The purity of the lipids was checked by
thin-layer chromatography (TLC). After detection with a

phosphorus sensitive spray and after charring with concen-
trated 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 CHCI5: CH;0H (2:1, v:v)
were prepared and mixed to obtain homogeneous mix-
turesat different molar ratios. The solvent wasrapidly re-
moved under an argon stream by carefully heating the
samples. The lipid films were then held for 24 h in high
vacuum to remove residual solvent traces. An appropri-
ate amount of 0.1 M NaCl (in ultrapure water) was added
to the dry lipid films and the samples were then vigor-
ously vortexed for 5 min at 75—80°C and additionally
for 5 min at room temperature to get a homogeneous dis-
person. The pH of the sampleswas checked and corrected
by an appropriate amount of HCI or NaOH. The measure-
ments were done at pH 7 and pH 2. The total-lipid con-
centration was 2.5 mg/ml. The pH was measured before
and after the DSC-experiment. No changes of the pH were
observed.

Differential scanning cal orimetry (DSC) measurements
were performed with aMicroCal MC-2 scanning calorim-
eter (MicroCal, Inc., Northhampton, MA, USA). The heat-
ing rate was 1 °C/min. The shape of the thermograms was
independent of heating rates aslong asthey were 1 °C/min
or lower. Heating curves were measured in the tempera-
ture interval from 5 to 70°C. The reproducibility of the
DSC experiments was checked by comparing three heat-
ing scansof each sampleat pH 7. Beforeand after themeas-
urements the samples were checked by thin layer chrom-
atography (TLC) and no degradation of the lipids was de-
tected. At pH 2, only the first scan was used for the anal-
ysis because of increasing chemical degradation as de-
tected by TLC after the second DSC scan.

Three independently prepared samples were measured
to test the reproducibility of the sample preparation. The
reproducibility of the DSC-experiments was +0.1°C
for the main phase transition temperature T,, and
10.2 kcal/mol for the main phase transition enthalpy AH,,..

Simulations
Calculation of the heat capacity curves

The calculation of heat capacity curvesisbased on the con-
volution of a heat capacity curve which describes a hypo-
thetical phase transition with infinitely high cooperativity
(cp'?) with a function that describes the broadening of the
phase transition due to limited cooperativity (Mennicke
1995). The details of the method have been described el se-
where (Johann et al. 1996; Garidel et al. 1997).

The program requires asinput the experimental heat ca-
pacity curve, the thermodynamic parameters of the pure
lipid components (main phase transition enthalpies and
transition temperatures) and the composition of the mix-
ture. As variable parameters, the nonideality parameter p
and the van't Hoff enthalpy AH, are introduced. As out-
put we obtain the simul ated heat capacity curve (cp®™), the
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Tablel Thermodynamic data

for the main phase transition of ~ LiPid pH=2 pH=7

phospholipidsin 0.1 M NaCl T - AH T T AH

and in pure H,O (denoted with 12 12

the asterisks ) T(m T i e 1°C Jkeal -molL /¢ I°C kcal -molt

of the cp-curve, T, =half-

it o e G DMPC 260 09 6.45 240 05 7.36

AH, = calorimetrically deter- DMPG 41.4 2.0 6.74 23.3 0.7 7.35

mir?ed transition enthal py DPPC 41.6 0.8 8.37 41.4 0.8 9.15
DPPG 58.3 35 9.22 40.0 0.9 8.15
DMPC* 245 0.8 5.57 24.0 0.5 7.35
DPPC* 41.7 0.9 7.92 41.6 0.5 8.45

Table2 Thermodynamic data o _ _

for the pretransition of phos- Lipid pH=2 pH=7

pholipidsin 0.1 M NaCl and in

pure H,0 (denoted with the Ty Tz AH, 3 Ty Ty AH, o

asterisks *): T, =maximum of /°C /°C /kcal - mol /°C /°C /kcal -mol

the cp-curve, T4, =haf-width

of the transition, AH.=calori- Dm% 18.7 2.7 0.54 g? %i ég?

metrically determined transi- - - - : : :

tion enthgl Py DPPC 35.9 23 0.96 345 29 1.39
DPPG - - - 31.3 2.6 0.46
DMPC* 155 1.9 1.2 15.3 15 1.32
DPPC* 36.1 1.9 13 345 23 1.61

corresponding nonideality parameters p (o4 for the gel
phase and p; for the liquid-crystalline phase) and the tem-
peratures T(-) that describethe beginning and T(+) theend
of the phase transition, respectively. These temperature
data are then used for the construction and simulation of
the compl ete phase diagrams. Fromthevan’t Hoff enthal py
the cooperative unit size c. u., defined as the ratio of the
van't Hoff enthalpy and the calorimetrically measured
main phase transition enthal py, can be calculated.

Simulation of the phase diagrams

The phase diagrams were simulated with amodel based on
regular solutiontheory (Lee19754, b; 1977 a, b; 1978; Ten-
chov 1985; Brumbaugh and Huang 1992). Becausethesim-
ulation of the cp-curves indicated composition dependent
nonideality parameters, afour-parameter approximationis
used for nonsymmetric, nonideal mixing. For this model
the excess free enthalpy (Gibbs free energy) of mixing,
AGE, isgiven as:

AGE=X(1X)[py + Po(2x - 1)] (1)

with x being the mole fraction of the second component.
Therefore, two nonideality parameters p; and p, are ob-
tained for both phases, the first one describing the non-
ideality at x=0.5, the second one the dissymmetry (Men-
nicke 1995; Johann et al. 1996; Garidel et al. 1997).

Monte Carlo simulation of lipid lateral distribution
Monte Carlo simulations for lateral lipid distributions in

the liquid-crystalline phase were carried out on a 80x80
two-dimensional triangular lattice with standard periodic

boundary conditions using fixed molefractions x and non-
ideality parameters determined from the simulations of the
phase diagrams. To bring the system into equilibrium the
Kawasaki method was used (Kawasaki 1972; Jan et al.
1984; Garidel et al. 1997). For the simulations of distribu-
tions at pH 7 the pure phases of the two components were
used as a start configuration. Equilibrium was reached af -
ter 6-10” Monte Carlo steps. For simulationsat pH 2 aran-
dom configuration of the two components as start config-
uration was used. Inthiscaseit was necessary to use 9 - 108
Monte Carlo steps to reach equilibrium.

Results
Pure components

All DSC experiments were performed in 0.1 M agueous
NaCl solution to ensure reproducible behavior by a suffi-
cient ionic strength (Eklund et al. 1989). The pH depen-
dence of the main phase transition of the phospholipidsis
summarized in Table 1, the corresponding results for the
pretransition in Table 2.

At pH 2, the headgroup charge of PG islowered by pro-
tonation of the phosphate group. Thisincreasesthe transi-
tion temperature by approximately 18°C. Watts et al.
(1978) have determined the pK 4, of PG to be 2.9 at phys-
iological ionic strength whereas the intrinsic pK is prob-
ably much lower and around 1 (Boggs 1987; Tocanne and
Teissié 1990). We conclude that under our conditions PG
is mostly in its protonated state. Our results are in agree-
ment with previous observations (Jacobson and Papahad-
jopoulos 1975; Trauble 1976; Trauble et al. 1976; Watts
et a. 1978).
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Fig. 1 DSC heating thermograms for the system DMPC/DMPG at
various mole-ratios at pH 7 and pH 2: experimental cp-curve (solid
line) and simulated cp-curve (dotted line)

At pH 7 PCs are zwitterionic lipids. At pH 2, only a
small amount of PC (pK ., <2) is probably protonated. If
protonation of the phosphate group occurs, a hydrogen
bond network can form, but on the other hand el ectrostatic
repul sion between the positively charged N*(CH3); groups
increases. The former effect increases T,,, whereas elec-
trostatic repulsion lowers T,,,. This antagonistic effect re-
sultsin only small changes of the phase transition temper-
ature (Boggs 1987; Tocanne and Teissié 1990). From the
small T, change we conclude that PC is mainly zwitter-
ionic under our conditions. Also, changesinionic strength
have only small effects on the thermotropic phase behav-
ior of PCs (see Table 1). The small T, increase seen for
DMPC at pH 2 for thefirst DSC scan was observed before
by Tréuble and Eibl (1974). With decreasing pH, the tran-
sition enthalpies of the pure components and also of the
mixtures decrease (see Table 1) with the exception of pure
DPPG.

The pH-effects on the pretransition parameters can be
summarized as follows (see Table 2): For PGs no pretran-
sition is observed at pH 2 in accordance with previous re-
ports (Sacré et a. 1979). The temperatures of the pretran-
sition of the PCs are raised by 1.4°C for DPPC and by

24
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221 0.1 M NaCl
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20 +

C,z/ keal K" mol

" 1 . 1 N 1 [ SR U N
20 30 40 50 30 40 50 60 70

Temperature / °C

Fig. 2 DSC heating thermograms for the system DPPC/DPPG at
various mole-ratios at pH 7 and pH 2: experimental cp-curve (solid
line) and simulated cp-curve (dotted line)

3.2°C for DMPC and the transition enthal pies are slightly
reduced.

Pseudobinary lipid mixtures

In Figs. 1-4, the DSC thermograms obtained at pH 2
and 7 for the four pseudobinary lipid systems are shown.
The solid lines represent the experimentally measured
cp-curves and the dotted lines are the simulated heat ca-
pacity curvescp®™ for themain phasetransition. Themeas-
urements were performed in the temperature range from 5
to 70°C, but only the temperature range in which phase
transitions are observed is shown. In al cases, the simula-
tion of the DSC-curves of the PC/PG-mixtures gives sat-
isfactory fits.

From these fits we obtained the temperatures T(-) and
T(+) (trianglesin Figs. 5—8) which were used to construct
the phase diagrams shown in Figs. 5—8. Based on these
temperature data, the phase boundaries were fitted by a
non-linear least squaresfit using the four-parameter model
described above (Johann et a. 1996; Garidel et a. 1997).
Thisfitting procedure yields the nonideality parameters p
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Fig. 3 DSC heating thermograms for the system DMPC/DPPG at
various mole-ratios at pH 7 and pH 2: experimental cp-curve (solid
line) and simulated cp-curve (dotted line)

for theliquid-crystalline and gel phase. The differencesin
the nonideality parameters between liquid-crystalline and
gel state are Ap; = P11 —Pg1 and Ap, = p1,— Py, (index 1 for
theliquid-crystalline phase and index g for the gel phase).
The latter values are more precise than the absolute val -
ues for p (Johann et al. 1996). The temperatures TP(-)
and T®P(+) (circles in Figs. 5—8) obtained by the usual
half-empirical procedure from the deviation of the experi-
mental DSC curves from the baseline, corrected for the
width of transition of the pure components weighted by
their molefraction (Mabrey and Sturtevant 1976), arealso
shown.

Figure 9 shows the phase transition enthalpies of the
four systems at pH 7 as a function of composition. Fig-
ure 10 showstheAp (Ap= p, —p,) valuesobtained fromthe
direct simulation of the heat capacity curvesusing the two-
parameter model described above and the corresponding
values calculated from the nonideality parameters shown
in Figs. 5—8. Figure 11 shows the cooperative unit size
c. u. for the PC/PG mixtures as a function of composition
at pH 2 and pH 7.
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Fig. 4 DSC heating thermograms for the system DPPC/DMPG at
various mole-ratios at pH 7 and pH 2: experimental cp-curve (solid
line) and simulated cp-curve (dotted line)

DMPC/DMPG

pH 7. With increasing amounts of either PG or PC first a
slight decrease of the pretransition temperature to the
Ps phase is observed before it increases again and reach-
esamaximum at Xpype =0.5. The enthal py of the pretran-
sition AH,, shows a maximum at Xpypg=0.5 with AH, =
3 kcal/mol whereas for the pure components the AH, val-
uesarebetween 0.5t0 1.5 kcal/mol (see Table 2). Themain
phase transition temperature T, isonly aslightly lowered
for equimolar mixtures. Thetransition enthalpiesAH,, (ca.
6 kcal/mol) are nearly independent of composition.

The phase diagram at pH 7 (DMPG is singly charged)
shows a very narrow coexistence range (see Fig. 5). The
Ap vaues obtained by the direct simulation of the
cp-curves (Fig. 10) arein good agreement with the cal cu-
lated parameters (c) using the relation Ap.=Ap;+ApP,-
(2x-1) (x: second component of the mixture) and the val-
ues shown in Fig. 5. The mixing behavior isvery closeto
completely ideal. The negative p-values for the liquid-
crystalline as well as for the gel phase indicate that com-
pound formation is slightly more favorable than demix-

ing.
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Fig. 5 Pseudobinary phase diagramsfor the system DMPC/DMPG
at pH 2 and pH 7 constructed from the simulated cp-curves. Trian-
gles are T(-) and T(+) values obtained from the simulation of the
cp-curves, circlesare T®P(-) and T*(+) val ues obtained by the usu-
al empirical procedure. The solid lines are the coexistence lines cal-
culated using the four-parameter model described in thetext with the
nonideality parameters shown in the boxes

pH 2. At pH 2 DMPG is protonated (Watts et al. 1978;
Tuchtenhagen 1994). Protonation of DMPG shifts T, up
to nearly 40°C due to the reduction in electrostatic repul -
sion and the increase in capacity for hydrogen bond for-
mation between headgroups. No pretransition is observed
for pure DM PG and for mixtures with DMPC.

The phase diagram has an S-shaped form, indicating
highly asymmetric mixing behavior. Theval uesof thenon-
ideality parameters are negative for both phases, indicat-
ing complex formation between unlike molecules. The
asymmetry is such, that for mixtures with large amounts
of DMPG (Xpumpg > 0.5) the nonideality parameters are
more negative than for mixtures with excess DMPC. This
meansthat small amounts of protonated DM PG form com-
plexes with DMPC more readily than vice versa

DPPC/DPPG

pH 7. At pH 7, again a very narrow coexistence range
is obtained. The mixing behavior is nearly ideal in both
phases.

60 |-| DPPC:DPPG I 1
L ® ) & ) 4
L o O o
50 B
y ]
40 -
[ o o ]
O - _ _ _
o i Py = 222, p, = 750, Ap, =+528 cal/mol ]
; 30 H pH=2.0 Py 620, p,,= 556, Ap,= -64 cal/mol .
!5 L .
= o /I NPUR N U SNPUN N N N R
= F ]
8_ L _
g 60 [~ | p, = 14,p, = 14, &p, = 0 cal/mol pH=7.0 |
~ Py 1, p,=-140, Ap,=-141 cal/mol ]
50 E
t— ° ]
40T p
30 —

U NNPU (PR (U I R N T S .
00 01 02 03 04 05 06 07 08 09 10

mole fraction X opG

Fig. 6 Pseudobinary phase diagrams for the system DPPC/DPPG
at pH 2 and pH 7 constructed from the simulated cp-curves. Trian-
gles are T(-) and T(+) values obtained from the simulation of the
cp-curves, circlesare T®P(-) and T®P(+) val ues obtained by the usu-
al empirical procedure. The solid lines are the coexistence lines cal-
culated using the four-parameter model described in thetext with the
nonideality parameters shown in the boxes

The AH,-values are in the range of 9 kcal/mol and the
transition enthalpies for the pretransition are in the range
of 1 kcal/mol and, in contrast to the system DMPC/DMPG,
independent of the composition of the mixtures.

pH 2. The thermograms for DPPC/DPPG are significant-
ly different compared to the shorter chain analogues
DMPC/DMPG. The DSC curves at pH 2 are broader (see
Figs. 1 and 2) and the simulation of the phase diagram
yields positive p values for both phases indicating demix-
ing rather than complex formation. Test calculations with
negative p values but the same Ap; and Ap,-values gave
phase diagrams with considerably narrower coexistence
ranges (data not shown). The solidus curve shows an al-
most linear increase up to a mole fraction of Xpppg=0.6.
AtXpppg =0.9the soliduslinetouchestheliquiduslineand
the coexistence range becomes very narrow. This shape of
the phase diagram indicates an upper azeotropic point at
XDPPG = 0.9.
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Fig. 7 Pseudobinary phase diagrams for the system DMPC/DPPG
at pH 7 and pH 7 constructed from the simulated cp-curves. Trian-
gles are T(-) and T(+) values obtained from the simulation of the
cp-curve, circles are T*P(-) and T®P(+) values obtained by the usu-
al empirical procedure. The solid lines are the coexistence lines cal-
culated using the four-parameter model described in thetext with the
nonideality parameters shown in the boxes

DMPC/DPPG

pH 7. In this mixture a difference of two CH, groups is
present ontop of thedifferencein headgroup structure. Dif-
ferencesin chainlength of thetwo components should lead
to demixing in the gel phase of packing problems, where-
as the mixing behavior in the liquid-crystalline phase
should be less affected.

With increasing amount of DPPG the pretransition is
first shifted to lower temperatures up to a mole fraction
of 0.5 where it cannot be observed owing to experimen-
tal reasons, and then increases again. For thisgel-gel tran-
sition, we therefore observe something like a phase dia-
gram with alower azeotropic point. However, we have not
analyzed this behavior in more detail and the phase dia-
gram in Fig. 7 does not include the pretransition behav-
ior.

The simulation (see Fig. 3) leads to a diagram with a
lower azeotropic point at Xpppg =0.15 or even a miscibil-
ity gap. The nonideality parameters are all negative, indi-
cating complex formation.
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Fig. 8 Pseudobinary phase diagrams for the system DPPC/DMPG
at pH 2 and pH 7 constructed from the simulated cp-curves. Trian-
gles are T(-) and T(+) values obtained from the simulation of the
cp-curves, circlesare T*P(-) and T**P(+) val ues obtained by the usu-
al empirical procedure. The solid lines are the coexistence lines cal-
culated using the four-parameter model described in thetext with the
nonideality parameters shown in the boxes

pH 2. Protonation of DPPG leadsto an S-shaped phase di-
agram with large negative nonideality parameters. For a
1:1 mixture, complex formation is more likely in the lig-
uid-crystalline phase than in the gel phase, again showing
that the effect of chain length difference, which partly
compensates the tendency for complex formation, ismore
pronounced for the gel than for the liquid-crystalline
phase.

DPPC/DMPG

pH 7. In the previous case the PG component had the
longer chain, thisis opposite for the DPPC/DMPG mix-
tures.

The peaksfor themain phasetransition are sharper com-
pared to the system DMPC/DPPG indicating a narrower
coexistence range and more ideal mixing. Thisis also ev-
ident from the shape of the phase diagram (Fig. 8). The
DPPC/DMPG system has only positive p vaues with py,
>p,1 (Ap;=—373 cal/mol). The asymmetry is positive for
both phases.
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Fig. 9 Calorimetrically measured phasetransition enthal piesfor the
main phase transition and the pretransition for various PC/PG-mix-
turesat pH 7

pH 2. The analysis of the phase diagram suggests a system
with an upper azeotropic point (see Fig. 8). The p;-values
for the gel and theliquid-crystalline phase are positive and
very similar to those of the DPPC/DPPG system. How-
ever, the p,-values are both negative and thus have oppo-
site sign as found for DPPC/DPPG.

Discussion

Differential scanning calorimetry is one of the most effi-
cient methods to study the mixing behavior of pseudobi-
nary phospholipid mixtures. The established method to de-
termine the temperatures of onset and end of melting from
the experimental thermograms was improved by simulat-
ing the experimental heat capacity curves (cp™P) with a
model accounting for nonideal mixing in the gel (Ps) as
well astheliquid-crystalline(L ,) phase and taking into ac-
count the broadening of the transition due to limited coop-
erativity (Johann et al. 1996). The simulation of the cp®®-
curves give satisfactory fitsfor all systems at both pH val-
ues (see Figs. 1—-4). From the simulation of the heat ca-
pacity curves, thetemperatures T(—) and T(+) for onset and
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Fig. 10 Left: Difference in nonideality parameters Ap=p,—p, for
PC/PG-mixtures at pH 2 and pH 7 obtained from the smulatlon of
the cp-curves. Right: Ap-values as a function of composition calcu-
lated from the nonideality parameters shown in Figs. 5-8

end of melting were obtained (trianglesin Figs. 5—8). Also
added in these figures are the corresponding temperatures
TP(-) and T*P(+) which were obtained by the established
empirical procedures (Xu et al. 1987; Ali et al. 1989; Ma-
brey and Sturtevant 1976; Silvius and Gagné 1984 a, b).
Theaccuracy of onset and end temperatures determined by
the empirical procedure is £1—2°C for broad transitions
because of the problem of defining the temperatures at
which the DSC curves deviate from the baseline. The di-
rect simulation is more “objective” because the influence
of the experimentalist is reduced. The accuracy of the on-
set and end temperatures is therefore better with approxi-
mately +0.5°C.

The temperatures T(-) and T(+) obtained by the simu-
lation of the heat capacity curves generally indicate nar-
rower two-phase regions than those generated by the usual
empirical methods, because the broadening by reduced
cooperativity is removed. The simulations yield the non-
ideality parameters and the cooperative unit size asafunc-
tion of composition of the mixture. Thisinformation can-
not be obtained with any other method. To verify the re-
sults of the simulations of the heat capacity curveswe sim-
ulated the phase diagrams with a four parameter model,
which takes the nonsymmetric mixing behavior into ac-
count (Johann et al. 1996; Garidel et al. 1997).
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Fig. 11 Cooperative unit size c.u. for PC/PG-systems at pH 2 and
pH 7

Cooperative unit size c. u.

From Fig. 11 we see that PCs have higher c. u.-valuesthan
the corresponding PGs. At pH 2, all values are consider-
ably reduced compared to the c.u. at neutral pH. The
c. u.-valuesfor mixtures are lower than those of pure com-
ponents. Comparison of thec. u.-values of PC/PG mixtures
at pH 7 with the corresponding values of PA/PC-mixtures
(Garidel etal. 1997) shows that the c.u.-values of the
PC/PG-mixtures are in the range of 30—40 and therefore
higher than for PC/PA mixtures. The cooperativity in
PC/PG mixtures is therefore more pronounced. This can
be understood by considering that the similarities in the
phase behavior between PC and PG are larger than for PC
and PA, respectively.

The"U”-form of theplotsin Fig. 11 hasbeen suggested
before by Sugér (1987) and is corroborated by our simu-
lations. Inreality, c. u. islikely to be afunction of temper-
ature (Sugar 1987). The c. u. values reported here are av-
eraged values for the whole temperature range of the tran-
sition, but they reflect fairly accurately the expected com-
position dependence.
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Fig. 12 Monte Carlo simulations for the system DPPC/DMPG for
the lateral lipid distributions in the liquid-crystalline phase
(T=323K) at pH 2 and pH 7. Simulation parameters: Xpypg=0.5;
p,=+742 cal/mol (pH 2), p;=+25 cal/mol (pH 7)

Phase diagrams
Pseudobinary systems at pH 7: equal chain lengths

PC and PG have very similar phase behavior. Both show
apretransition from an L 5- to aPg-phase before the main
transitioninto theliquid-crystallineL ,-phase (Janiak et al.
1976, 1979). The thermodynamic parameters for the main
phasearealso similar (see Table 1 and Figs. 1 and 2). Even
the 2H-NMR order parameters S, of PCs and PGs with
identical chain length have similar values (Garidel 1993),
indicating that the chains of the two components have sim-
ilar conformational freedomintheliquid-crystalline phase.

Thesimilarity in gel phase behavior isalso obvious. We
observe a pretransition for all PC/PG mixtures at pH 7
when PG issingly charged (Figs. 1—4). The temperatures
and the transition enthalpies of this pretransition depend
onthetype of system studied. Anincrease of AH,, for equi-
molar mixtures (see Fig. 9) is observed for the system
DMPC/DMPG. A similar trend has been found before by
Findlay and Barton (1978). In the other mixtures the be-
havior of the pretransition as afunction of composition is
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less clear. It is likely that some effects can be caused by
different cooling protocols because T, and also AH,, de-
pend on the cooling rates and the lowest temperature
achieved during cooling. We have not investigated these
effects any further but have concentrated on the analysis
of the main phase transition.

Mixtures of DMPC/DMPG and DPPC/DPPG (pH 7)
show nearly ideal miscibility and the phase diagrams have
similar shapes. The coexistence range is very narrow (ca.
0.1°C). The empirically determined temperatures T®(-)
and T®P(+) show somewhat larger differences than the
T(-) and T(+) values, but indicate essentially the same
phase behavior. The nonideality parameters p, and py
(Figs. 5and 6) and also the differenceAp (Fig. 10) areonly
dlightly composition dependent.

Pseudobinary systems at pH 7: unequal chain lengths

In pseudobinary systems with unequal chain length, e.g.
in the systems DMPC/DPPG and DPPC/DMPG, we ob-
serve phase diagrams with a broadened coexistence range
and different mixing behavior depending on whether the
PC or the PG component has the longer acyl chain. For
DMPC/DPPG, the coexistence range is wider due to the
larger differencein T,,-values of the pure componentsthan
for DPPC/DMPG. This indicates larger deviations from
ideal mixing for the former system. This is also directly
evident from the thermograms in Figs. 3 and 4. The devi-
ation of the empirically determined onset and end of melt-
ing temperatures from those obtained from the direct sim-
ulations of the thermograms (Figs. 7 and 8) is here much
larger. Therefore, nonideality parametersfor DM PC/DPPG
mixtures determined from the empirically determined
temperatures would be completely different than those
p-values reported here.

The phase diagram of DMPC/DPPG at pH 7 indicates
alower azeotropic point at Xpppg =0.15. Large negative p;
values are observed for both phases and also a large neg-
ative Ap, of —554 cal/mol. Both values for p,, describing
the asymmetry of mixing, are negative, i.e. mixtures with
high amounts of DPPG shows an increase in complex for-
mation between unlike molecules. At low PG content the
nonideality in the gel phase decreases, the p-values be-
comesal most zero, whereasfor theliquid-crystalline phase
the p-value stays negative. In the gel phase at low PG con-
tent, the tendency for complex formation is compensated
by the demixing tendency of unlike chains. However, at
high PG content complex formation between unlike mole-
cules is preserved, i.e. the incorporation of the shorter
chain DMPC into gel phase DPPG leads to complexes of
these two molecules.

In DPPC/DMPG, DPPC has the longer chain and a dif-
ferent phase behavior is observed. Here, the liquid-crys-
talline phase behaves almost ideally, whereas the positive
nonideality parameter p; for the gel phase indicates dem-
ixing (see Figs. 4 and 8). The asymmetry is positive for
both phases. Mixtures with high DMPG content show
greater tendency towards demixing than those with low

DMPG content. A Monte Carlo simulation for the liquid-
crystalline phase for Xpypg=0.5 a 50°C shows a rela-
tively homogeneous lateral distribution of both compo-
nents, as expected from the low p;-value of +25 cal/mol
(see Fig. 12).

Pseudobinary systems at pH 2

Changing the pH to 2 decreases the headgroup charge of
pure PGsand leadsto an increasein transition temperature
due to the decrease in electrostatic repulsion between the
headgroups and the increase in capacity to form attractive
intermolecular hydrogen bonds (see discussion above).
Furthermore, the protonation of PGs also affects the fluid-
ity and molecular mobility of thelipidsin the bilayer plane
(Wattsand Marsh 1981). Thefluidity isgreater for charged
PGs compared to their protonated state (Watts et al. 1978).

Under physiological conditions at pH 7, PCs and PGs
have gel phases with tilted chains (Watts et al. 1981). In
the protonated state, the tilt angle of PGs is markedly re-
duced. Thisimpliesthat at pH 2 a PC gel phase with tilted
chains hasto be mixed with a PG gel phase with non-tilted
chains. Thiswill severely influence the mixing properties
in the PC/PG-system in the gel phase, but in the liquid-
crystalline phase this effect will be absent.

The thermograms of the four systems are considerably
different compared to those measured at pH 7 (see
Figs. 1—4) because the pure PG component has now a
higher T, in mixtures with equal chain lengths. In
DPPC/DMPG at pH 2, however, both components have
now almost the same T ,,, whereasin DM PC/DPPG thedif-
ferencein phasetransition temperaturesisenhanced by the
changein pH to 2.

Equal chain lengths

The two mixtures behave differently (see thermogramsin
Figs. 1 and 2 and phase diagrams in Figs. 5 and 6). For
DMPC/DMPG, thenonideality parametersare negativefor
both phases. The tendency for complex formation in the
gel phase is somewhat larger than in the liquid-crystalline
phase. Theasymmetry in mixing behavior islargeand neg-
ative. Adding DMPG to DMPC leads to complex forma-
tion of unlike molecules. The shape of the phase diagram
seemstoindicate an upper azeotropic point at Xpppg=0.7—
0.9 or even a miscibility gap in this region. The plot of
AG,,x = AG'% + AGF as a function of mole fraction
using the nonideality parameters requires that (9°AG,/
axz)p’T >0 over the whole range of compositions, if the
components are still miscible. The calculation shows that
thisisstill the case (datanot shown). Therefore, azeotropic
behavior is more likely.

For DPPC/DPPG mixtures with positive nonideality
parameters are found for both phases. The phase diagram
(Fig. 6) shows arelatively flat liquidus curve over alarger
mole fraction range. Again, a plot of (0% AGy;,/0X?), 1
using the nonideality parameters from the simulations is



still positive over the whole concentration range, an upper
azeotropic point islikely.

Unequal chain lengths

For DMPC/DPPG at pH 2, the differencein T,-valuesfor
the pure components has increased to 33°C. We find an
S-shaped phase diagram and negative nonideality param-
eters for both phases, indicating complex formation
between unlike molecules. This diagram resembles the
phase diagram of the DMPC/DMPG mixture at pH 2.

When the chainlength of thetwo compoundsisreversed
(DPPC/DMPG), the phase diagram indicates an upper aze-
otropic point (Fig. 8). Thisphase diagramissimilar to that
of DPPC/DPPG at pH 2. It seems as if the mixing behav-
ior isaways determined by the PC component in the mix-
ture, because the two mixtures containing either DM PC or
DPPC behave similarly.

A high and positive p-value is an indication of cluster-
ing of like molecules in the liquid-crystalline phase (Wu
and McConnell 1975; Luna and McConnell 1977; von
Dreele 1978; Hinderliter et al. 1994; Garidel et al. 1997).
Thisisillustrated by aMonte Carlo simulation (K awasaki
1972; Jan et al. 1984; Garidel et al. 1997) of the equimo-
lar DPPC/DMPG mixtureat pH 2, which showsthe lateral
distribution of both components in the mixture (see
Fig. 12). Thefigure showslarge domains of like molecules
in the fluid phase.

Comparison with PC/PA mixtures

We have studied before the miscibility of PC/PA systems
of different chain length and at different pH values (Gari-
del et al. 1997). PA is also negatively charged at pH 7 and
at pH 4 it is partly protonated. However, the behavior of
PC/PG mixtures is considerably different from that of
PC/PA. This is not completely surprising, because pure
electrostatic effects are thought to play only a minor role.
Far more important are headgroup interactions with neigh-
boring lipid and with water molecules. Both PC/PA mix-
tures with equal chain lengths show highly negative
nonideality parameters p; a pH 7, whereas for the
DPPG/DPPC mixture aimost ideal miscibility is observed
in the liquid-crystalline as well as the gel phase and the
DM PC/DM PG mixtureshowsaslight tendency towardsthe
formation of complexes. At pH 4, the PC/PA mixtures dis-
play atendency to demix in the liquid-crystalline phase but
to form complexes in the gel phase. In the corresponding
PC/PG mixtures the behavior depends on the chain length.
For shorter chain PCs, both p-values are negative, but for
the mixture with the longer chain PCs, they are positive.
Some analogies are observed for systems with unequal
chain length. For DPPC/DMPA we observe a miscibility
gap at pH 4. In the corresponding DPPC/DM PG system at
pH 2 the system is also close to demixing, we observe an
upper azeotropic point. This similarity is not observed,
when the chain lengths are reversed. For DMPC/DPPA at
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pH 4 positive p-value for the liquid-crystalline phase
(demixing) is found and the p-value for the gel phase re-
mains negative (complex formation). However, in the cor-
responding DM PC/DPPG mixtures at pH 2, both p-values
arenegative, indicating complex formation of unlike mole-
cules in both phases.

Summary and conclusion

The phase behavior of PC/PG mixtures was studied as a
function of pH and chain length using a newly developed
simulation method for a direct determination of the tem-
peratures for the onset and end of the phase transition and
the nonideality parameters from the DSC curves. Com-
pared with older empirical methods our procedureisanew
and better way to construct and analyze phase diagrams
(Johann et al. 1996; Garidel et al. 1997).

The miscibility in PC/PG mixtures depends on the
charge of the PG component. At pH 7, PGs are negatively
charged and the PC headgroups are zwitterionic. With the
exception of DMPC/DPPG, all mixtures show relatively
low nonideality parameters which can be slightly negative
or positive, indicating nearly ideal miscibility. For
DM PC/DPPG the phase diagram seemsto indicate alower
azeotropic point, the nonideality parameters are negative.

At pH 2,the PG headgroup ismainly protonated (>90%,
Tuchtenhagen, 1994), while the PC headgroup is still
mainly zwitterionic. In the gel phase, the tilt angle of pro-
tonated PG is significantly reduced. The mixing behavior
changes drastically. When the PC component has the short
chain, i.e. DMPC, we observe phase diagrams with nega-
tive nonideality parameters indicating complex formation
between like molecules. For mixtures with DPPC as the
PC component we see phase diagrams with upper azeo-
tropic points and positive nonideality parameters. Proto-
nation of DPPG leadsto clustering of like moleculesinthe
ligquid-crystalline phase.

It is obvious that the mixing behavior is a complicated
function of headgroup and chain length properties. The sub-
tledifferencesbetween attractiveinteractionsbetween head-
groupsviahydrogen bonds and repul sive el ectrostatic inter-
actions in combination with chain length differences
between the two compounds can lead to unexpected mixing
behavior as afunction of the absolute chain length and the
chain length differences between the two lipid components.
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