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Modelling the phase equilibria in two-component membranes of phospholipids
with different acyl-chain lengths
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A phenomenological inodel is proposed to describe the membrane phase equilibria in binary mixtures of
saturated phospholipids with different acyl-chain lengths, The model is formulated in terms of thermody-
sizmic and thermomechanic properties of the pure lipid bilayers, specifically the chain-melting transition
temperature and enthalpy, the hydrophobic bilayer thickness, and the lateral area compressibility modulus.
The model is studied using a regular solution theory made up of a set of interaction parameters which
directly identify that part of the lipid-lipid interaction which is due to hydrophobic mismatch of saturated
chains of different lengths. It is then found that there is effectively a single universal interaction parameter
wigcly, bu ke Full composiiion runge, describes the phase equilibria in mixtures of DMPC/DPPC,
DPPC/DSPC, DMPC /DSPC, and DLPC/DSPC, in excellent agreement with experimental measure-
ments. The model is used to predict the variation with temperature and composition of the specific heat, as
well as of the average membraue thickness and area in each of the phases. Given the value of the universal
interaction parameter, the model is thea used to predict the phase diagrams of binary mixtures of
phospholipids with different polar head groups, e.g, PPPC/DPPE, DMPC /DPPE and DMPE /DSPC.
By comparison with experimental results for these mixtures, it is shown that difference in acyl-chain lengths
gives the major contribution to deviation from ideal mixing. Application of the model to mixtures with
non-saturated lipids is also discussed.

Introduction

A major effort in lipid research has been di-
rected towards an understanding of the influence
of lipid composition on global and local structural
properties of membrane systems. The physical and
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thermodynamic states of lipid bilayers are of par-
ticular importance for the functioning of biologi-
cal membranes [1,2], in which the lipid bilayer
matrix serves as a solvent for various functional
units of the cell, such as pumps, receptors, and
enzymes. These units arz usually functioning opti-
mally, with respect to the living system, for a
certain range of lipid composition of the mem-
brane, by maintaining a certain molecular mo-
tional freedom (‘fluidity’) and lateral organization
of the membrane components. The lipid diversity
of biological membranes, however, makes it ex-
perimentally, as well as theoretically, very dificult
to characterize the thermodynamic state of the
lipid membrane and its associated phase equi-
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libria. Within a reductionistic approach, the un-
derstanding of the phase equilibria in simple two-
component lipid bilayers would constitute the first
important step towards a description of com-
plicated multi-component biological membranes.
A rather complex phase behaviour can arise, how-
ever, even for binary lipid mixtuses {3], of which
the phosphatidylcholine/cholesterol system is a
notoriously difCcult example [4].

In this paper we shall be concerned primarily
with mixtures where both components are
saturated phospholipids. We shall focus on the
effects of difference in acyl-chain length and type
of polar head group on the phase behaviour. Qur
main conclusion is that it is possible, taking the
elastic properties of the lipid bilayer sheet into
account, to furnish a universal theoretical descrip-
tion of the full series of binary mixtures of diacyl-
glycero-phosphatidylcholines such as DMPC/
DPPC, DPPC/DSPC, DMPC/DSPC and
DLPC/DSPC' via a one-parameter thermody-
namic minimal model, Furthermore, having the
value of the ‘single’ model parameter available, we
find that our modelling also has considerable
quantitatively predictive power in relation to mix-
tures of lipids with different polar head groups,
such as PC and PE.

A variety of experimental techniques have been
used to elucidate the phase diagrams of phos-
pholipid mixtures. The most commonly used tech-
niques include calorimetry [5,6], magnetic reso-
nance techniques [7-9], fluorescent-probe tech-
niques [10,11], and X-ray and neutron-scattering
methods {12,13], whereas for example freeze-frac-
ture microscopy [14,15], dilatometry [16], and mi-
cromechanics [17] are less frequently used. Except
for freaze-fracture methods, a'l of these experi-
mental approaches to phase equilibria have the
disadvantage of not being able to give direct infor-
mation about the bulk equilibrivm phase be-
haviour. Specifically, these techniques measure
some local or global property (e.g., magnetic reso-
nance line splitting or specific heat) and how this
property varies in the temperature-composition
plane. The phase lines are then subsequently in-
ferred from the extent of broadening, or from
possible anomalous features in the measured
property. Obviously, any such relation between
the profile of a globally measured quantity and

the position of the phase lines, has to rely on a
mode] whose validity has to be tested in each case.
Similarly, local-probe techniques associating two-
phase coexistence with superimposed spectral fea-
tures have to come to grips with the relationship
between the time-scales of the probe and the size
of the domains on which it reports 18] In the
latter case, it becomes particularly troublesome
when the lipid bilayers in question are subject to
large thermal density fluctuations and cluster-
formation phenomena [19], which on some time-
scales for a local probe will look like phase
coexistence, although it is not so in a strict ther-
modynamic sense. Turning then to the freeze-frac-
ture techniques, these give, in principle, a direct
“picture’ of the «tate of matter, and thus have the
potential of revealing truly macroscopic phase
separation. Such techniques are not without severe
difficulties either. Firstly, they require rather harsh
treatment of the sample and have poor tempera-
ture resolution, Secondly, they require that the
coexisting domains are large enough to be visible.
Considering all these fundamental difficulties with
experimental approaches to phase equilibria in
mixed-lipid systems, it should not be surprising to
find that diiferent experimental studies of the
same mixture in some cases are interpreted in
terms of rather different phase diagrams. Careful
work along the lines of Davis and collaborators
[18], combining several of the most powerful tech-
niques, is currently the most promising way to
make progress for mixed systems, although such
work has not vet been reported for phospholipid
mixtures.

On the theoretical side, the approach to phase
equilibria in mixed phospholipid bilayers has been
based on using two different classes of models: (i)
phenomenological thermodynamic models, and (ii)
microscopic interaction models. The study of the
models in the first class (i) has progressed along
two different routes. One, building on the Landau
theory [20,21] which, in terms of a suitable chosen
set of order parameters, describes the phase be-
haviour of the pure components as well as of the
mixture; the other building on various classical
solution theories [3,22], which take the known
properties of the pure components as their input.
The models of the second class (i) have been
investigated in great detail by means of various



approximation schemes [23-27], including the
mean-field approximation, and, in somewhat lesser
detail, by computer-simulation techniques [28],
Most of the more elaborate theoretical calcula-
tions for both classes of models have been success-
ful, in the sense that the models contain enough
unknown parameters to fit the experimental phase
diagrams, with a new set of values of the parame-
ters for each mixture in question. Our model study
below belongs to the first class (i). It involves a
phenomenological thermodynamic model which
operates on the free-energy level and the model is
dealt with within regular solution theory [3]. The
advantage of our approach relative to previous
theoretical work is that the model in a transparent
and simple way incorporates the mechanical prop-
erties of the lipid bilayer membranes, and thus
gains the virtue of being able to effectively de-
scribe a whole class of binary lipid mixtures by a
single mode} parameter of specified value.

Maodel and regular solution theory

Our model of binary lipid mixtures is proposed
within the framework of regular solution theory,
in which the entropy of mixing is given by the
entropy of an ideal mixture [3]. Regular solution
theory can be considered an expansion of the free
energy in terms of the thermodynamic densities in
question. This expansion provides a simple and
effective way of parametrizing experimental phase
diagrams, Alternatively, regular solution theory
can be constructed on the basis of assumptions
aboui microscopic properties and thereby gives
some insight into the molecular interactions in the
lipid mixtures. Our regular solution theory in-
cludes both of these aspects.

As an input, the regular solution theory re-
quires some basic properties of the two compo-
nents and we shall first describe this input, which
is of an experimental character. We shall assume
that possible subtransitional and pretransitional
effects can be ignored and shall only consider the
pure phospholipid main first-order phase transi-
tion for each species. This transition takes the
bilayer from a solid conformationally ordered state
(g=gel) to a fluid conformationally disordered,
liquid state (f = fluid) at some transition tempera-
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ture, T,. The molar free energy of the pure system
can, for temperatures near T, be expressed as

Bo(T) =p5(Te) = $%(T - T) @

where we have intsoduced the phase label a = f, g
The reference chemical potential p3(T,,) is unim-
portant for the phase behaviour, and the molar
entropies §¢ may be chosen such that

AH(T,) =T, (S' - §%) =T, AS(T,,) @

is fulfilled. AH(T,) is the experimentally ob-
served molar transition enthalpy. AH(T,,) and T,
constitute the thermodynamic input for the the-
ory. We also introduce a thermomechanic input
by considering the molar clastic energy 1% due to
a small wniform change, p—p,, in the lateral
density, p,, of the bilayer

p“-p:)’_l R° 2

p:.=%k°( i e @)

In Eqn. 3, 4 is the hydrophobic thickness of the
bilayer and R® per unit area is the elastic area
coitipressibility modulus [29]. The subseript o'
refers to the non-perturbed equilibrium state of
the pure lipid bilayer. Eqn. 3 holds because the
bilayer volume can be considered as being ap-
proximately constant [30]. Hence we write

BE(T, d°) = p3(T, d3) + A%(d" - d5)} @

where A% = R*/2(d%)%,
The entropy of mixing is assumed to be that of
an ideal mixture

488, =~ RTY RS In no+ RT(an) In(En)’) )
i i i

where n{ is the number of molecules of compo-
nent { in phase a. In Eqn. 5, the summations are
over the two components, and R is the gas con-
stant. The assumption of ideal mixing is justified
on grounds of extended similarity between the two
components with respect to molecular size and
packing capacity.

We then turn to the construction of the en-
thalpy of mixing which is the core of our modeli-
ing, We shall use a lattice-gas description by as-
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suming that the two acyl chains of the lipids can
be treated independently and associated with the
sites of a triangular lattice. Within this framework,
the nearest-neighbour interaction energy, e;;, be-
tween components of type j and j (i=1,2; j=1,
2) have contributions from hydrophobic as well as
dispersive forces

;= e,-';""" + e,‘-’}’" (6)

In our choice of the form for the hydrophobic
part, e/, we have been inspired by Mouritsen
and Bloom's mattress model of lipid—protein in-
teractions in membranes [31}. These authors con-
sider mismatch between protein and lipid-bilayer
hydrophobic thickness as important for the inter-
action betwe.n amphiphilic membrane’ compo-
nents. Hence we write

¥ =y|d: - d;| 0]

where y is a positive energy constant representing
the repulsion between components with a hydro-
phobic mismatch in lengths, d # d7. The disper-
sive part, e, is of an attractive nature due to
van der Waals forces. Since this contribution de-
pends on the hydrcphobic interface of contact
between the componcats, it may be written in the

simple form

efiP = —[e- ¢’ (1-8,)] min( d?, 47 ®
where &8, is the Kronecker delta. The function

min(d;, ]dj“ ) measures the hydrophobic length of
contact between components i and j and ¢ and ¢’
are positive energy constants. For a pure system,

et ~¢ and it may be considered a system-
mdependent property which measures the strength
of the interchain van der Waals forces, For a
mixed system, the nearest-neighbour imeraction
between different components is reduced to ¢ — ¢’
which is a simple way of modelling the fact that
defects and different packing properties affect the
interaction between the hydrocarbon chains. &',
on the other hand, will depend on the head group
and the degree of saturation. It.should be em-
phasized that within the proposed model, the in-
teraction energy, Eqn. 6, is phase dependent only
through the length variables, d7. The parameters

v, ¢, and & are hence the only free parameters of
the model.

The enthalpy of mixing can now be evaluated
from the total interaction enthalpy

H"-zz ,' " ; ®)

where z is the coordination number of the un-
derlying lattice (z=6 for the triangular lattice).
The contribution from the pure components is

HE=:Ynte, (10)

which is already included in p (T, dZ,). Hence
the enthalpy of mixing takes the form

AHZ, =H"~H

=z[(2y + &)l df - d5|+2¢’ min(d}, )]

ﬂ+ "

(1)
Defining
B=:(2y+¢), C=2z' (i2)

we observe that ¥ and e cannot be separated in
our theory. Consequently, we are left with only
two free parameters, B and C.

The total free energy of our model can now be
obtained by summation of the contributions Eqns.
4,5, and 11

6= ¥ T lAT )+ a5 dr-dsy]xs
a=gf i=12

]

“[Bld3 - df |+ C mind?, d)] 3

—RT'-xlzx In x® +RT(' g;,)m(.gz ) (13)

In Eqgn. 13 we have introduced the usual molar
fractions

x (14)
Z" a=zgf



Phase diagrams (7, x,) can now be obtained from
an analysis of the equilibrium conditions

G . )
—=0 = "; j=1,2 s
311;' 0; Bi=his 1, (1

supplemented with the stability criterion in equi-
librium

%G
8(d;y’

>0 (16)

This analysis involves two steps. First, a minimiza-
tion is performed of the free energy for fixed x;
leading to an expression for the equilibrium free
energy. Second, this equilibrium free energy is
decomposed according to the lever rule leading to
the equilibrium values of the various concentra-
tion variables. From these values the phase
boundaries are readily inferred.

Before closing the description of our model and
regular solution theory it is instructive to compare
the theory’s part of the total non-ideal enthalpy,
AH® cf Eqn, 13,

AH*=' Y A%(d®-d2,)x! +[Bld7 - 43|
=12

+C min(d, d9)}— a7

xi+ x3

with that used in conventiona! versions of regular
solution theory [3]
xix3

= (18)

AH® = —w*

x5 +x3
where w® is a phase-dependent effective interac-
tion constant which is in fact a combination of
pair interactions, w® = [w§; + w3, — 2w{,]/2. Not
only the second term of Eqn. 17 is of the form
Eqn. 18, but also the first term in Eqn. 17, due to
Eqns. 15 and 16, contains a contribution of this
form. This contribution constitutes the dominant
part of the 4°-term as far as the phase equilibria is
concerned. Hence our regular solution theory may
effectively be considered to be of the conventional
form, Eqn. 18, but where the phase-dependent
form of w® has been identified in terms of basic
system parameters.
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Model parameters for pure lipid bilayers

The thermodynamic input to the model consists
of the transition temperature T, and the transi-
tion enthalpy AH(T;,) for each of the two compo-
nents. The values of T, and AH(T,) are known
quite accurately from experiments on a great
variety of different lipid systems [32], and values
pertinent for the present work are compiled in
Table 1. The value of AH(T,,) given in this table
for DLPC is the one which Maybrey and Sturte-
vant [6] report as the total integrated heat ob-
tained from —4°C to 10°C. This temperature
interval contains the full thermal anomaly ob-
served in the calorimetric scan which gives a trace
which is distinctly different from that seen for the
other lipids in Table I. 'We believe that this is the
amount of heat relevant for the phiase equilibria,
rather than that obtained from a linear extrapola-
tion of the AH(T,)-relationship obtained from
the longer lipids [6].

The experimental information available on hy-
drophobic thicknesses of pure lipid bilayers and
the corresponding average chain length is consid-
erably more scarce and it often has to be inferred
by combining measurements using a variety of
techniques. This has been discussed thoroughly in
a recent paper by Sperotto and Mouritsen [34] and
it suffices here to make a few remarks, Firstly, the
values of d' and ¢ in Table I refer to a hypothet-
ical pure lipid bilayer state where a possible tiit
angle of the Py, phase has been projected out, This
hypothetical state is the relevant state to consider
in a theory where it is the interface of hydro-
phobic lipid-lipid chain contact which enters the

TABLE1

THERMODYNAMIC AND THERMOMECHANIC PROP-
ERTIES OF PURE LIPID BILAYERS

Lipid T, AH(T,) ds d!
°C) (keal/mol) (&)  (A)

DLPC -18° 477° 339 204
DMPC 239° 54° nd 3¢
DPPC 414" 87° ad 26¢
DSPC 549 107° 4549 3p¢
DMPE 49.5° 58° 379 234
DPPE 63° 8.8° a4 264

® Ref, 6. © Ref. 7. © Ref. 33, ¢ Rel. 34.
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energy expression. Only for bilayers with zero tilt
angle is the length variable 47 identical to the
hydrophobic bilayer thickness. Since in the other
cases the average chain length and the bilayer
thickness is trivially related via the tilt projection,
we shall in the following, for the sake of simplic-
ity, indiscriminately refer to 4% by using either
term. Secondly, we have used the fact that the
hydrophobic chain length does not depend on
whether the head group is PC or PE.

The area compressibility modules have been
measured accurately for only a very few different
lipid membranes [35,36] and the values of 4 and
A® are not, within the experimental accuracy, sig-
nificantly different for different saturated phos-
pholipid bilayers. We shall therefore here, for all
lipid bilayers considered, adopt the values 4° = 4.8
cal-mol™*-A~2 and A8=86 cal-mol™'-A2
measured in micromechanical studies of large
DMPC vesicles [35].

Determination of interaction parameters:
Phase diagram of BMPC / DPPC mixtures

The model as presented in Eqn. 13 contains
two at present unknown interaction parameters B
and C. We shall in this section determine the
values of these parameters by fitting the theoreti-
cally predicted phase diagram for DMPC/DPPC
mixtures to that measured experimentally by
calorimetry [6], cf. Fig. 1. It turns out that the
value of B required to give a reasonable fit is
much larger than the value of C. This implies that
df=d5 (lock-in) in the full composition range,

0, T T ¥ L
el owec.orre |

40

30

20
0 0 2 04 06 08 10
Xorpe
Fig. 1. Phase diagram of DMPC/DPPC mixtures, Theoretical
prediction ( ) and experimental data obtained by
calorimetry (0) [6).

except for extreme mismatch. Consequently, the
precisc value of the parameter B is immaterial for
the phase diagram calculation and it effectively
drops out of the theory. We are therefore left with
a single model parameter, C, to be determined.
The physical reason for this is that lipids, in
contrast to, e.g., integral membrane proteins [31},
are soft and adapt easily to each other in order to
avoid mismatch and high cost in hydrophobic
energy.

In Fig. 1 is shown the best theoretical fn whlch
is obtained for C=0.010 kcal mol~'-A~1 and
B>0.15 keal-mol™*-A~". The fit is excellent
and the theoretical phase lines are within the
experimental confidence limits from calorimetry
[6] in the full composition range. The experimental
phase diagram for DMPC/DPPC mixtures has
been studied by many other different experimen-
tal techniques and there is a general agreement
about the position of the two-phase coexistence
region. We therefore believe that the fit of our
model to the DMPC/DPPC system is a very
critical one with respect to the determination of
the interaction parameter C. The fitting is sensi-
tive 1o the value of C (but not to that of B for
B> (), and C is accurate to within about 10%.
The value of C is, in the limit of a pure lipid
bilayer system, cf. Eqn. 8, similar to that used for
modelling the phase transition properties via mi-
croscopic interaction models [24].

Phase diagrams of mixtures of DPPC/DSPC,
BMPC/DSPC, and DLPC /DSPC

Having determined the value of the single
parameter, C, of our theory we are now in a
position to make theoretical predictions for other
PC mixtures and study the influence of hydro-
phobic chain-length differences on the phase equi-
libria. In Figs. 2-4 our results are shown for
mixtures of DPPC/DSPC, DMPC/DSPC, and
DLPC/DSPC, together with the experimental
data. It is immediately noted that the agreement
in all three cases is very good and in fact astonish-
ing in the light of the absence of free parameters!

We therefore conclude that our model has cap-
tured the essential physics in the interaction be-
tween acyl chains of different hydrophobic lengths
and have shown how this interaction leads to
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Fig. 2. Phase diagram »f DPPC/DSPC mixtures. Theoretical

prediction ( ) «nd experimental data obtained by
calorimetry (0) [6].

progressively less ideal behaviour as the chain-
length difference is increased.

In the extreme case of the DLPC/DSPC sys-
tem, the topology of the phase diagram has
changed into that of peritectic behaviour. For this
system, the available experimental data are not
complete because of the proximity of the solidus
line to the freezing point of water. Hence the
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Fig. 3. Phase diagram of DMPC/DSPC mixtures. Theoretical
prediction ( ) and experimental data obtained by
calorimetry (0) [6]. The vertical dashed line corresponds to a
temperature scan at xpgpe = 0.63 leading to results as shown
in Figs. 5 and 7. The horizontal dashed line corresponds to a
scan at constant composition at 7'=40°C leading to the

results shown in Fig. 8.
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Fig. 4. Phase diagram for DLPC/DSPC mixtures. Theoretical

prediction ( } and experimental data obtained by
calorimetry (©) [6).

experiments can not discern whether there is peri-
tectic behaviour or extreme coexistence asymme-
try in the DLPC/DSPC mixture. The possibility
of peritectic behaviour in this system has also
previously been explored by other theoretical ap-
proaches [20,21). It is noteworthy that the
DLPC/DSPC mixture may constitute a system
which permits an experimental determination of
the value of the hydrophobic parameter, B, of our
theory. For this mixture the three-phase line is
sensitive to the value of B which couid be de-
termined indirectly by fitting to experimental data,
if such data were more reliable than those repro-
duced ia Fig. 4. As B is increased, the three-phase
line moves down and the extent of the phases g,
and g, diminishes, Our theory suggests that a
somewhat more direct experimental assessment of
B is made possible via the observation that for
large mismatch the van der Waals chain-chain
interaction is a strong competitor to the hydro-
phobic effect and lock-in of the acyl-chain lengths
of the two species does not necessarily occur. In
that case, Eqns. 13 and 15 imply the decoupled
linear relations

o _(B\_%
S b

gy 0
Xy +X2

C-B) x{ )

de=do _(
2 02 ZAg
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for di > d3. A similar set of relations hold for
df < d3. Eqn. 19 turns out to hold in the one-phase
regions g, and g, of the phase diagram in Fig. 4.
Hence experimental measurement of the average
acyl-chain length of the species separately gives
access to B. Such a measurement should be possi-
ble by eg. a ZH-nuclear magnetic resonance ex-
perimént on 2 DLPC/DSPC mixture where the
two lipid species are deuterated separately in turn.

Specific heat, raembrane hydrophsbic thickness,
and membrare area

Tte excess specific heat is obtained from the
free energy via the standard thermodynamic rela-
tion

CP—M—”’—[ rd ‘TT’)] 20)

To facilitate the numerical differentiation of the
free energy and furthermore to provide a more
direct way of comparing with experimental
specific-heat data, we have convoluted the free
energy curve with an ‘instrumental window func-

ép[k"a'/mol-deg]

50 4%
Tl°c]

30 o5

L3 ¥ )
2.0 ~
DMPC - DSPC
cal .
[testmal a:;] i Xpgpc=0.63 €,
1.0F b
0.51 m
cy”
0 1 g
[} 20 40 T[“C] 60

Fig. 5. Specific heat thermal profiles for DMPC/DSPC mix-

tures at composition xpepe = 0.63, ¢f. Fig. 3. Theoretical pre-

diction Cp(T) (---- -+ ), theoretical prediction, Cp(T), convo-

luted with a Gaussian of width 0.5°C, Eqn. 21, ( ), and

experimental data, Cp®(T'), obtained by -2icrimarry (++ -+
(6}

tion’, here taken to be a Gaussian of width s, We
then obtain a smoothened free energy G

G(T) f dT'G(T)exp[ (T-T")/20%)

270°

@

From G(T), the corresponding smoothened en-

DMPC - DSPC

10 0.0

Fig. 6. Specific heat, C,. vs. temperature and composition for DMPC/DSPC mixtures as predicted by the theory. The theoretical
results are convoluted with a Gaussian of width 0.5°C, Eqn. 21.



thalpy, 44, can be obtained and finally, via Eqn.
20, the specific heat

,G(T")

CP=T+—-—G(T) ( )f o' (T - ')

xexp[ - (T - T')Z/Zazlﬁ (22
o

The thermal width of the window function is
chosen to be 6 =0.5°C.

In Fig. 5 is shown the specific-heat trace as
obtained from the DMPC/DSPC mixture along a
path of constant composition, xpgpc = 0.63. Re-
sults are given for the directly calculated specific
heat, Co(T'), as well as for the convoluted one,
Co(T). The theoretical results are compared with
the experimental data, C®(T'), of Maybrey aad
Sturtevant [6]. The accordance between (:‘,,(T)
and CPP(T') is satisfactory. Fig. 6 gives the full
contour plot for Co(T) in the temperature-com-
position plane for the DMPC/DSPC mixture,

The theory of this paper gives access to a
prediction of the variation of hydrophobic acyl-
chain length (membrane hydrophobic thickness)
with temperature and composition. In the case of
lock-in, df' =d5=d"® and A{ = AS = 4° Eqns. 13
and 15 imply in equilibrium a non-linear relation
for d*

[1] a a a a.a
doaxi+dsax] € xixj

do= =
A (xp 4+ x3)

23
xi+x3 @)

In Figs. 7 and 8 is shown the variation of d°®
along the two paths of constant composition and
temperature, respectively, as indicated on the
DMPC/DSPC phase diagram in Fig, 3. For com-
pleteness, Fig. 8 also includes the specific-heat
trace, Cp(xpgpc). The constancy of 4° within
each of the one-phase regions in Fig. 7 is a conse-
quence of the assumption of temperature indepen-
dence of the pure bilayer parameters, dg,. In
principle, the double-valued behaviour of d in the
two-phase region could be measured in a scatter-
ing experiment or in a nuclear magnetic resonance
experiment where the superimposed contributions
to the first moment of the resonance lines [37] can
be related to orientational order parameters and
bilayer thicknesses [38].
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Fig. . Temperature variation of membrane hydrophobic thick-
ness, d, and membrane area per molecule, a, for DMPC/DSPC
mixtures at composition xpgpc = 0.63, cf. Fig, 3, as predicted
by the theory ( ). The separate thicknesses of the f and g
phases in the f+ g coexistence region are denoted by (- - - - - - ).
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Fig. 8. Variation with composition, xpgpc. of specific heat,
Cp. membrane hydrophobic thickness, d, and membrane area
per molecule, a, for DMPC/DSPC mixtures at temperature
T=40°C, cf. Fig. 3, as predicted by the theory ( ). The
separate thicknesses of the f and g phases in the f+g coexis-
tence region are denoted by (===« - ),
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The approximation of constant volume gives
rise to a simple temperature-independent recipro-
cal relationship between membrane hydrophobic
thickness, d, ind membrane area per molecule, a,

lda=v (24)

v is the specific hydrophobic volume of the lipids.
By assigning a cross-sectional area of 40.8 A to
the all-trans configuration of gel-state saturated
PC bilayers [24], we have, via Table I, obtained
the specific-volume data required to produce the
membrane-area funciions in Figs. 7 and 8. It
should be noted that the membrane area in these
figures refeis to the cross sectional arca per lipid
molecule taken perpendicular to the long chain
axis. In the case of a non-zero tilt angle, 4 in Figs.
7 and 8 should be appropriately projected to yield
the true surface membrane area,

Phase diagrams of mixtures of lipids with different
polar heads: DPPC/DPPE, DMPC/DPPE, and
DMPE /DSPC

Most membranes consist of mixtures of lipids
which have different kinds of polar heads. The
class of binary mixtures PC/PE has been subject
to particularly intensive experimental study
(6-10,15,39-44). The model and theory as pre-
sented in this paper has been devised to capture
the non-ideality in the phase equilibria of lipid
mixtures primarily due to differences in acyl-chain
lengths. We shall now show that such a model
built on the concept of hydrophobic mismatch has
some predictive power even in the case of mix-
tures of saturated lipids which, in addition to
chain-length differences, have different polar-head
groups. It should be emphasized that the model
parameters C and B are kept fixed for these
calculations at their values used for PC/PC mix-
tures. Hence there are no new parameters to ad-
just.

We consider PC/PE mixtures and first make
the observation that in the case of equal acyl-chain
lengths, e.g., the DPPC/DPPE mixture, cf. Fig, 9,
where owr theory reduces to that of an ideal
mixture, the theoretical prediction correlates rathcr
well with the experimental data obtained from
electron spin resonance {7}, The deviation for the
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Fig. 9. Phase diagram of DPPC/DPPE mixtures. Theoretical
prediction ( ) which is that for an ideal mixture and
experimental data obtained by electron spin resonance spec-
troscopy (0) {7},

solidus line at low DPPE concentrations may be
due to a coupling between the planar L, phase of
DPPE and the rippled Py, of DPPC. Effects of this
coupling are not accounted for in cur theory.

Turning then to the DMPC/DPPE mixture in
Fig. 10, a more pronounced non-ideal mixing be-
haviour is seen, and we note that our theory
accounts for a major part of the asymmetric sup-
oression of the solidus line. Again we attribute
some of the deviation from the experimental data
[7] as due to interference between planar and
rippled gel phases.

20} 1
| E—) A 1
0 0.2 04 06 08 1.0
Xpppe
Fip, 10. Phase diagram of DMPC/DPPE mixtures. The theo-
retical prediction 1| )» ideal mixture curve (--- - - - ), and

experimental datz obtained by electron spin resonance spec-
troscopy () (7],
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Fig. 11. Phase diagram of DMPE/DSPC mixtures. Theoretical
prediction ( ), ideal mixture curve (-« ===« ), and experi-
mental data obtained by calorimetry (0) [6).

Further remote from ideality is the phase equi-
libria of the DMPE/DSPC mixture in Fig. 11
where the non-ideal enthalpy uf the theory even
changes the topology of the phase diagram into
ihat of azeotropic behaviour. The overall agree-
ment with the calorimetric data is reasonable but
we desist from making a closer quantitative com-
parison since the experimental phase diagram is
still somewhat controversial and different experi-
mental attempts [6,22,39) have led to phase di-
agrams which are mutually as different as the
calorimetric and theoretical ones in Fig. 11.

Phase diagrams of mixtures with non-saturated
lipids

We finally wish to point out that the model
proposed in this paper may have an even more
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Fig. 12. Phase diagram for a hypothetical binary mixture of
lipids with unsaturated acyl chains, e.g., DEPC/DPPE.

i3

general sphere of application than outlined above.
All of the mixtures with the phase diagrams in
Figs. 1-4 and 9-11 were described by the same
model parameters B and C. In particular, the
fixed value of the parameter C reflected that the
acyl ch.ins of all these mixtures are fully saturated.

In order to account for non-saturation of the
acyl chains, the value of C has to be modified. In
Fig, 12 we show the theoretical prediction for a
hypothetical binary lipid mixture which is
characterized by C = 0.047 kcal - mol ™'+ A~! and
B=0.5 keal - mol ™"+ A=", The larger value of C
in the non-saturated situation reflects a weaker
van der Waals interaction between the two com-
ponents, cf. Eqns, 8 and 12. The phase diagram in
Fig. 12 displays monotectic behaviour and it is
very similar, even quantitatively, to the experi-
mental phase diagram for DEPC/DPPE mixtures
[8).

Conclusions and Discussion

In this paper we have presented a general model
and a regular solution theory for the phase equi-
libria in two-component bilayer membranes of
phospholipids with different acyl chain lengths.
The model identifies the difference in acyl chain
lengths as a main determinant of the phase be-
haviour. Whereas the nature of the polar-head
group is important for determining the phase
transition temperature and the transition enthalpy
of the pure system, the resuits presented here
indicate that it is the chain-length difference which
dictates the topology of the phase diagram of a
mixed system. The model contains basically a
single model parameter whose value is determined
by fitting to experimental data for DMPC/DPPC
mixtures, cf. Fig. 1. With this parameter values at
hand and withoui forther fitting, 1i is then shown
that the model is capable of rather accurately
reproducing the phase diagrams for other mixtures
of saturated lipids, such as DPPC/DSPC,
DMPC/DSPC, DLPC/DSPC, DPPC/DPPE,
DMPC/DPPE, and DMPE/DSPC, cf. Figs. 2-4
and 9-11. Finally, by modifying the value of the
model parameter to account for effects due to
non-saturation, is found that the model can also
describe the topology of phase diagrams of e.g,,
DEPC/DPPE mixtures, cf. Fig .12.
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Hence we conclude that the proposed model
and the regular solution theory is a very powerful
and general approach to phase equilibria in binary
lipid mixtures. It is likely that further investigation
of the model may reveal an even larger sphere of
applicability than discussed in the present work,
The main virtue of the present approach, com-
pared to conventional regular solution theories, is
that it isolates a part of the non-ideal mixing
enthalpy which can be parameterized in terms of
mechanical properties of the pure lipid compo-
nents, i.c. the hydrophobic acyl-chain lengths and
the area compressibility modules. The part which
is left after this parameterization, for mixtures of
saturated lipids, turns out to be independent not
only of the thermodynamic phase, but also of the
lipid species in question. Another advantage of the
present approach is that it leads to predictions not
only about thermodynamic properties such as
variations of specific heat across the phase di-
agram, cf. Figs. 5 and 6, but also about the
thermal variation of membrane area and hydro-
phobic thickness, cf. Figs. 7 and 8. A disadvantage
of the approach is that some of the pure lipid
properties which the model requires as an input,
such as hydrophobic average chain lengths and
elastic modules, are at present not known with
great accuracy.

A principal difficulty arises when the validity
of a theoretical approach to phase equilibria in
lipid membranes has to be tested against experi-
mental data. Firstly, different experimental stud-
ies using different techniques on the same mixture
do not always lead to the same phase diagram. In
some cases, e.g. the DMPC/DSPC and
DLPC/DSPC mixtures which we shall discuss
below, even the topology of the phase diagram is
controversial. Secondly, most experimental meth-
ods, e, calorimetry and magnetic resonance tech-
niques, do not lead to a direct determination of
the phase boundaries which have to be inferred
from the characteristic variation of some, usually
bulk, property of the mixture, e.g, the specific
heat or moments of magnetic resonance lines. Te
relate the features in, e.g., a specific heat scan to
the positions of the phase boundaries requires a
model or a set of empirical rules. As shown in Fig.
5, peaks in the specific heat measured with a finite
thermal resolution do not coincide with the phase

boundary. The poorer the thermal resolution, the
more the specific-heat peaks are displaced into the
two-phase region. In the case of finite thermal
resolution, the empirical rule of relating the phase
boundaries to the inflection points of the specific
heat scan [6] seems however rather reliable, cf.
Fig. 5.

Ancther difficulty in comparing theoretical and
experimental phase diagrams arises from the fact
that our modelling does not account for the rip-
pled Py phase of the PC bilayers. This is particu-
larly cumbersome for mixtures of PC and PE since
the latter does not sustain a Py, phase. Rather, the
L, phase of the PE bilayers will promote the
corresponding L, phase of the PC bilayers and
consequently push up in temperature the stability
region of the Py towards the ﬂuld-solld coexis-
tence regior: [19], This is likely to affect the solidus
line of this region and may expiain the deviation
between the theoretical and experimental phase
diagrams i Figs. 9-11. Finally, it is possible that
some of the experimental data is seriously affected
by non-equilibrium properties [45,46].

The progressive deviation from ideal phase be-
haviour as is observed when the acyl-chain length
difference in the mixture is increased, Figs. 1-4,
eventually changes the topology of the phase di-
agram into one of peritectic behaviour, Fig. 4. The
peritectic phase diagram can be considered as
derived from a simple fluid-solid coexistence loop
into which a solid-solid immicibility gap has in-
truded. As a result a three-phase line oceurs. This
is likely to be the case for the DLPC/DSPC
mixture which is, however, difficult to analyze due
to the controversial behaviour of the pure DLPC
system [46]. In the case of they DMPC/DSPC
mixture, the solid-solid (g,-g,) immicibility gap is
strongly suppressed in the present model. The
position ¢f & critical poiat, however, depends
very sensitively on the mode] parameter C. For
C=0015 keal - mol ' A", the critical point has
moved up into the .uuxd-solld coexistence region,
i.., it becomes an incipient critical point, and a
peritectic phase diagram results. Using smail-angle
neutron scattering, Knoll et al. [47] recently found
solid-solid immicibility in the DMPC(d,,)/DSPC
mixture arouud 5°C and surmised that the phase
diagram is peritectic. The experimental data is too
scarce however to permit a definite conclusion



about the low-temperature phase equilibria.

In conclusion, we wish to make some remarks
regarding the concept of hydrophobic matching in
lipid membranes. A number of experimental and
theoretical studies of lipid-protein interactions in
membranes (for a review, sec Ref. 48) have sug-
gested that matching between protein and lipid-bi-
layer hydrophobic thicknesses is an important reg-
ulator of membrane structure and dynamics as
well as function. The present work on phase equi-
libria in lipid mixtures shows that the concept of
hydrophobic matching maybe just as seminal for
an understanding of the behaviour of the lipid
matrix of biological membranes itself as it is for
the interaction between lipid membranes and in-
tegral membrane proteins.
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