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A phase diagram of DPPC-DPPE mixture is constructed by an analysis of the temperature dependence of the
anisotropy of chemical shift of the >'P-NMR signals of the individual components. At each temperature the phase
state of the individual phospholipids is described. Thus >'P-NMR is more informative than other methods such
as ESR, DSC and fluorescence. The measurements confirm the conclusion of other authors that there is a phase
separation in the gel state. In the temperature range of the phase transition the molecules are exchanged rapidly
between liquid-crystailine and solid regions. In addition to the phase diagram a theoretical approach is applied
to estimate the relative distribution of like and unlike molecules in the liquid-crystalline state and a nonrandom

distribution is found,

1. Introduction

Phosphatidylcholine and phosphatidylethanol-
amine are major constituents of most cell membranes.
Therefore it is important to characterize the physical
properties of mixtures of these components. Studies
of mixtures of the synthetic phospholipids dipal-
mitoyl phosphatidylcholine (DPPC) and dipalmitoyl
phosphatidylethanolamine (DPPE) were performed
using different methods, such as ESR [1], DSC [2],
fluorescence [3] and 3!'P-NMR [4]. These investiga-
tions appear to indicate immiscibility of these lipids
in the solid phase and were discussed in terms of a
separation of the lipids within the plane of the
bilayer [5-7].

There have as yet been only few studies on the

Abbreviations: DMPC, dimyristoyl phosphatidylcholine;
DPPC, dipalmitoyl phosphatidylcholine; DPPE, dipalmitoyl
phosphatidylethanolamine; DSC, differential scanning calo-
rimetry; ESR, electron spin resonance; SPDE NMR; spin-
half pair dipolar echo NMR.

motional parameters of phospholipid-phospholipid
mixtures [5]. In this study 3'P-NMR techniques
were employed; they provide a convenient method
for investigating both the polymorphic phase
behaviour and the mobility of phospholipids [8—
14]. The advantage of the use of 3'P-NMR consists
in the opportunity to observe separate signals for
both components of the mixture. This allows an
analysis of the phase behaviour and mobility of the
individual phospholipid components. This method
was used to derive a phase diagram of the DPPC-
DPPE mixture. On the basis of an approach given
by Lee [3,15] a phase diagram was calculated assuming
non-ideal mixing of the components. We show that
the experimental and theoretical phase diagrams can
be analysed to give information about the properties
of the mixture.

1. Materials and Methods

DPPC from Ferak and DPPE from Fluka were used
without further purification. Binary phospholipid
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mixtures of DPPC and DPPE were prepared by
vacuum evaporation of a chloroform-methanol
(2 : 1, v/v) solution. Heavy water was added to the
phospholipid preparation. The sample tubes were
sealed and the contents were compressed by cen-
trifugation. After this the sample tubes were stored
for a week at a temperature above the phase transi-
tion temperature to ensure complete equilibration of
water. This procedure produced homogeneous
aqueous phospholipid dispersions.

For the *'P-NMR measurements a Bruker HX-90
spectrometer was used which was equipped with
a deuterium lock, temperature control and facilities
for strong broad band decoupling of protons (about
600 W).

The anisotropies of chemical shift AS were deter-
mined from the experimental spectra by fitting the
experimental line shapes using line shape calcula-
tions. The calculations were performed by a simple
superposition of the lamellar line shapes of the indi-
vidual phospholipid components using the appro-
priate intensities and A8 values. The details of such
calculations are given in Refs. 11 and 16. In all cases
sufficient agreement between experimental and
theoretical line shapes could be reached. The calcula-
tions are sensitive to variations of A8 in the order of
12 ppm.

II1. Experimental results

As illustrative examples experimental *!P-NMR
spectra of an equimolar mixture of DPPC and DPPE
at temperatures of 329 K (liquid-crystalline state)
and 317K (gel state) are shown in Fig. 1. These
signals are characteristic of a lamellar phase but a
closer inspection of these line shapes demonstrates
that the signals consist of two lamellar line shapes
with slightly different anisotropies of chemical shift.
From the comparison of spectra of samples with
different mole fractions of DPPC and DPPE we
can conclude that the smaller component is con-
nected with DPPC as indicated in Fig. 1.

In Fig.2 the temperature dependence of the
measured anisotropies of chemical shift of both
components is given. We find that the anisotropies
of chemical shift A8 of both components agree
at higher temperatures and are similar to those
which were measured for the pure DPPC/water
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Fig. 1. 3'P-NMR spectra of an equimolar mixture of DPPC
and DPPE at 329 K and 317 K with proton noise decoupling.
Each spectrum consists of two signals which can be charac-
terized by the anisotropies of chemical shift Aédpppc and
A8 pppE as indicated.
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Fig.2. Temperature dependence of the anisotropy of
chemical shift A8 of the both components of an equimolar
mixture of DPPC and DPPE. The broken lines are the cal-
culated temperature dependences of ASpppc and ASpppE
as given in the text.



and DPPE/water dispersions (—45 ppm) [17,18].
On lowering the temperature A6 of DPPE starts
to increase at about 331 K but the Ad value of
DPPC is unchanged up to about 319 K. Then the
value of DPPC increases from about —47 ppm to
about —59 ppm at 317 K within a very small tem-
perature range. The anisotropy of chemical shift
of DPPE approaches a value of about —69 ppm.

For all studied mixtures each of the two curves
has two abrupt changes of slope which can be inter-
preted as the onset and the completion of the phase
transition of the individual components. The transi-
tion temperatures are determined from the inter-
sections of lines drawn through the three main
regions of each curve. The breaks of the highest
temperature and lowest temperature correspond to
a point on the fluidus curve and a point on the
solidus curve, respectively, of the phase diagram,
e.g. 331K and 317K for the equimolar mixture
of DPPC and DPPE.
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Fig. 3. Phase diagram for mixtures of DPPC and DPPE.
o, determined by 31P-NMR with proton noise decoupling,
4, determined from !H-SPDE NMR measurements. Solid
lines are the calculated phase diagram as given in the text
(liquidus and solidus curve). L indicates the range of exis-
tence of the liquid-crystalline and S that of the solid phase.
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In this manner the phase diagram was constructed
by studying the variation in A8 with temperature
for three mixtures of different composition and the
pure components (Fig.3). S corresponds to a solid
or gel phase and L to a liquid-crystalline or fluid
phase state. In Fig.3 the results of measurements
using the 'H-SPDE method [19] are also given.
This method provides informations about the motion
of the fatty acid chains.

This method of constructing the phase diagram
contains an uncertainty in the determination of
the onset and completion temperatures of the phase
transitions due to the rounded nature of the tem-
perature dependence of the anisotropies of che-
mical shift and an extrapolation procedure is neces-
sary as given before. Moreover the onset and com-
pletion temperatures must be corrected for the con-
tributions to the total transition widths which come
from the finite widths of the transitions of the pure
lipids. Mabrey and Sturtevant [20] considered
this error by increasing the measured onset tem-
perature and decreasing the measured completion
temperature by a quantity which depends on the
transition widths of the individual lipids.

Because of these difficulties we used the complete
temperature dependence of the measured aniso-
tropies of chemical shift (Fig. 2) for the comparison
of the experimental behaviour with the calculated
phase diagram (see below).

IV. Calculation of the phase diagram

Lee [3,15] has given a thermodynamic approach
to the calculation of phase diagrams. For the cal-
culation the melting points T4 and T and the heats
of melting AH, and AHg of both components A

~and B are necessary (We assume that A is the lower

melting component, i.e. T4 <Tpg). Then the mole
fractions of A and B in the liquid-crystalline state
xk and xﬁ and in the solid state xi and x§ are given
for each temperature T by the following equations
[15]:

L Ly2 _ S Sz
xk = —exp [ln(l —xS) _ Po(*X) RTPo(xA)
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x?\ - expl:—lnxk +Po( xXA) RTpo( XA)
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The meaning of x5=(1 —xk) and x§=(1 —x3)
is given in Fig. 3. Because of their transcendental
nature, these equations require numerical methods
for their solution and an iteration -technique was
used [15,16]. These equations contain the constants
p% and pg which characterize the nonideal mixing
of the two lipids in the mixture [15). These con-
stants are determined by the best fit of the theo-
retical phase diagram to the experimental data. For
our calculations we used Th =315K, Tp=337K,
AH, = AHg =37.6 kl/mol. The experimental phase
diagram can be fitted by assuming nonideal mixing
in both phases with p5=3.8 kJ/mol and p§ =54
kJ/mol. The shapes of the calculated phase diagrams
are very sensitive to the values of py [16].

As Lee [15] demonstrated the values of p} and
pS can be used to obtain the relative distribution
of lipids along the plane of the bilayer. At a 1:1
molar ratio of A and B the ratio of the probability
of finding a molecule of type B next to A to the
probability of finding a molecule of type A is given
by the following equation

XAB Po
ZAB =3 exp|— ~1 3
XAA BXP( 4RT) ( )

In our case the values for the ratio xapfxaa
are 0.4 for the liquid-crystalline state and 0.2 for
the solid state.

V. Calculations of the anisotropies of chemical shift

It should be noted that the experimental points
of the phase diagram given in Fig. 3 are only con-
nected with the highest and lowest changes of the
slope of the anisotropies of chemical shift. But the
special dependences of Adpppc and ASpppg on
temperature were not used.

The phase diagram contains all the data needed
to calculate the theoretical temperature depen-
dence of the anisotropies of chemical shift. Thus
the anisotropies are a very sensitive test of the quality

of the constructed phase diagram.

As an example we consider a mixture of the com-
position xp at a temperature T within the phase
transition range. Then a liquid<rystalline phase
with mole fractions x% and x§ for A and B is
in equilibrium with a solid phase with mole frac-
tions x5 and x§ (see Fig. 3).

The numbers of molecules in the liquid-crystal-
line and solid phases, n; and ng, are given by the
foliowing relation [16]:

ny =X§3*XB
ng+ng  x§—xk

Because in every case only one signal is observed
for each of the components A and B we can assume
that the molecules are rapidly exchanged between
the liquid-crystalline and solid phase. Therefore
we measure an averaged anisotropy of chemical
shift A5 and A8g of both components of the
mixture, If we consider the partition of molecules
the following relations result:

A8 = (ny -xK - AK +ng - x% - A8%) x 3! (5)
ASp=(ny, - x5 - A85+ng - x§ - A5) x5! (6)

Here AsK, A8%, Ask, A8% are the anisotropies
of the *'P-NMR signals of the A and B molecules
in the liquid-crystalline and solid states. For cal-
culations the measured values above and below
the phase transition range were used. The calcu-
lated temperature dependences of A§, and Ay
are given in Fig. 2 (broken lines) for the equimolar
mixture of DPPC and DPPE using the constructed
phase diagram of Fig. 3. We can see that the theo-
retical curves fit the measured anisotropies very
well.

VI. Discussions

In the electron spin resonance [1], the fluores-
cence technique [3] and differential scanning calori-
metry [2] the variation of one suitable parameter
with temperature was studied and two breaks in
plots of this parameter were used to find the
fluidus and the solidus curve of the phase diagram.
But these parameters cannot characterize the melting



behaviour of the single phospholipids of the mixture.
By contrast the anisotropies of chemical shift which
are connected with the individual components of the
mixture provide data about the phase state of each
component. Cullis et al. [10] used a similar method
to characterize the effect of cholesterol on an equi-
molar mixture of DPPC and 18:1./18: 1.PE.
From our measurements we can conclude that
there is no cocrystallization of DPPC and DPPE
of cooling. The temperature dependence of the
anisotropies of chemical shift (Fig.2) demon-
strates that at first the DPPE crystallizes and the
DPPC crystallization appears at lower temperatures.
The DPPC and DPPE molecules are separated into
different regions. The same behaviour was found
for a sonicated DPPC-DPPE mixture before by
observing the temperature dependence of the
3IP.NMR line widths [4] of the DPPC and DPPE
signals of the mixture.

The general good agreement between the experi-
mental and the theoretical temperature dependence
of the anisotropies of chemical shift gives some
reason for confidence in the reality of the values
of the parameter p, describing the non-ideality
of mixing. The calculated value of 2.5 for
Xaa/xap very strongly suggests that a nonrandom
distribution of DPPC and DPPE molecules can be
expected even in the liquid-crystalline phase. This
means that the interaction between two like mole-
cules is stronger than the interaction between two
unlike molecules. The studied phospholipids have the
same fatty acyl chains. Therefore this difference is
probably caused by the headgroups, so that the inter-
action between unlike headgroups is weaker.

The cluster-like organization of a similar lipid
mixture of DMPC and DMPE has been verified
by electron microscopy [21]. It was found that
fluid DMPC coexists with crystalline DMPE at tem-
peraturs between the phase transition temperatures
of the isolated components. The diameter of the
clusters was estimated to vary between 500 and
1000 A. There is no doubt that electron microscopy
gives the best view of a lipid domain and the most
accurate size of the domain, but it is very largely
restricted to a static picture of a domain. A special
property of our results is the fast exchange of the
DPPE and DPPC molecules between the liquid-
crystalline and solid regions in the temperature
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range of the phase transition. This fast exchange
of molecules results in an averaging of the aniso-
tropies of chemical shift of each of the components.

These results are of importance for the inter-
pretation of the **P-NMR spectra of more complex
systems such as lipid-protein systems and biological
membranes. In most cases the exchange of boundary
lipid with the bulk lipid is fast enough to average
the anisotropy of chemical shift of the >'P-NMR
signal and no separate signals are observed for the
two forms of lipids. This is confirmed by measure-
ments of Cullis and Grathwohl [22] on erythrocyte
membranes and Seelig and Seelig [23] on reconsti-
tuted cytochromec oxidase/phospholipid mem-
branes.
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