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A Landau expansion of free energy in terms of area/lipid has been used to obtain protein-lipid phase 
diagrams with critical mixing and a maximum phase separation concentration. Simulations using this model 
indicate that differential scanning calorimetry scan shapes and transition enthalpies observed for lipid-syn- 
thetic peptide mixtures are consistent with this type of phase diagram. The critical mixing point and the 
homogeneous mixture critical point are distinguished. 

Numerous experimental studies of lipid-protein 
and lipid-peptide phase behaviour have been per- 
formed. In some cases, partial temperature-com- 
position phase diagrams have been obtained or 
inferred [1-4]. There are, however, few systems for 
which phase diagrams have been measured accu- 
rately enough to provide quantitative comparison 
with particular thermodynamic models. Among 
the best characterized model systems is a syn- 
thetic-peptide in DPPC-d62 for which a partial 
phase diagram was determined by Huschilt et al. 
[1]. This amphiphilic synthetic-peptide has an al- 
pha-helical hydrophobic region of 16 or 24 leucines 
spanning the bilayer. A regular solution model 
[5,6] was originally used to relate this partial phase 
diagram to the observed peptide concentration 
dependence of the transition enthalpy and the 
DSC scan shape [7]. While this model accounted 
for the observed phase boundaries and the quail- 

Abbreviations: DPPC-d62, 1,2-bis(perdeuteriopalmitoyl)-sn- 
glycero-3-phosphocholine; DSC, differential scanning calorim- 
etry. 
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tative calorimetry features, it was unsatisfactory in 
other ways. Most seriously, it did not account for 
excess heat capacity observed experimentally out- 
side of the spectroscopically determined two phase 
region. This model also yielded a rather unphysi- 
cal re-entrant liquid-crystal phase just below the 
temperature range of interest. Finally, the regular 
solution model lacked the potential to account for 
observations that might be related to critical phe- 
nomena. 

More recent experiments on gramicidin-PC 
mixtures suggest a critical mixing point [8] and a 
resulting 'tear-drop' shaped two phase region. Un- 
certainty in the gramicidin-PC phase boundary 
measurement precludes quantitative comparison 
with any thermodynamic model. The calorimetric 
behaviour, however, is reminiscent of the DPPC- 
synthetic peptide results. In particular, the DSC 
peak broadens with increasing peptide concentra- 
tion and extends beyond the apparent phase 
boundaries. 

In light of these apparent similarities, we have 
re-examined the DPPC-synthetic peptide phase 
diagram to see if it and the calorimetric results 
might be interpreted in terms of a 'tear-drop' 
shaped two phase region with critical mixing. A 
phenomenological model, constructed to include 
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the effect of peptide concentration on transition 
temperature and entropy, successfully fits the 
phase diagram and DSC results. 

A review of protein-lipid interaction models 
has recently appeared [9]. While many deal with 
phase diagrams and critical points [10-20], only 
the model of Pink and Chapman [20] explicitly 
displays a ' tear-drop'  shaped phase diagram with 
a critical mixing point. Abney and Owicki [21], 
however, discussed such behaviour at a recent 
Biophysical Society meeting and are computing 
phase diagrams based on their microscopic Landau 
theory [9]. This type of phase diagram has also 
appeared in other contexts [22,23] as well as in a 
list of possible binary phase diagrams [24]. 

We have modeled the lipid-peptide phase di- 
agram using a Landau expansion of the Gibbs free 
energy G(x ,  T )  where x is the peptide (or pro- 
tein) mole fraction and T is the temperature. 
Simple assumptions regarding the behaviour of 
the parameters yield a critical point but not neces- 
sarily critical mixing. 

We assume a first order pure lipid transition at 
T = T O in which the area/ l ipid goes from A s to 
Al¢, the specific areas for the gel and liquid crystal 
phases respectively. We define an order parameter 
a = A -  A o where A is the area/ l ipid and A o = 
(A s + Al~)/2.  We also define the amplitude of the 
pure lipid transition as q~ = A t ~ -  A s. The gel to 
liquid crystal transition thus corresponds to a 
change in the order parameter a from - ~ / 2  to 
~ /2 .  

An expansion of the Helmholtz free energy for 
the pure lipid, FL(A  , T), in powers of a about 
A = A 0 yields 

EL(A , T)  = FL(AO, T) + cl( T)a -I- c2(T)a 2 + c3( T)a 3 

+ c,t(T)a 4 (1) 

The equation of state for the pure lipid is obtained 
from OF/Oa = -e r  e where ere is the experimental 
lateral pressure. The phase transition at T = T o 
fixes c l ( T o ) = - ~ ' e  and ca(To)=0 .  In the small 
temperature region about T O , we may neglect the 
temperature dependence of all Landau coefficients 
except c 1 which we expand around T o as c l ( T  ) = 

-~r  e - ( A S o / ~ ) ( T -  To) where A S  o is the entropy 
change at the transition. The parameters in the 
model are then expressed in terms of measurable 

properties of the lipid at To. We thus obtain the 
following expression for the pure lipid Gibbs free 
energy (G L = F L + ~rea ) as 

~2 
(A, = FL (A0, °2( o2 _ 7 ) / (2 , ,2A0)  

- (  ASo/~ )(T-- To)a (2) 

where r denotes lateral compressibility of the bi- 
layer at T = T 0. 

The lipid-peptide mixture is treated by includ- 
ing the dependence of the free energy on peptide 
mole fraction x. We start from the regular solu- 
tion expression [5,6] for the Gibbs free energy of 
the mixture, 

G = ( 1 -  x)GL(A, T)+ xFp(A, T)+ x ( 1 -  x)p(A,  T) 

+ RT(x ln(x)  + ( 1 -  x)  I n ( l -  x))  (3) 

where Fp(A, T)  is the free energy of a single 
polypeptide in the bilayer and the third and fourth 
terms, respectively, are the excess enthalpy and 
entropy of mixing. The excess enthalpy parameter, 
p, reflects the difference between the l ipid-peptide 
interaction and the average of the lipid-lipid and 
peptide-peptide interactions. Our treatment dif- 
fers from the usual regular solution approach in 
that we include the dependence of G L, f p ,  and p 
on the lipid state through the explicit dependence 
of each parameter on the area/l ipid,  A. We as- 
sume that Fp(A,  T )  and p ( A ,  T), like GL(A, T),  
may be expressed as a Landau series in powers of 
a. It is sufficient, for the purposes of the following 
analysis, to retain terms, in Fp and p, t o  a 2, to 
give 

Fp(A, T) = Fp( A o, T) + dl(T)a + d2(T)a 2 (4a) 

p(A,  T)  = p(A 0, T)+ el(T)a + e2(T)a 2 (4b) 

The Gibbs free energy given by Eqn. 3 is then 
expressed as 

G(A, x, T) 

= ( 1 -  x)FL(Ao, T)+ x ( 1 -  x)p(Ao, T)+ xFp(A o, T) 

+ [(c l (T ) +  ~r~)(1- x ) +  x ( 1 -  x)e l (T  )+ xdl(T)]a 

+ [ c 2 ( T ) ( 1 -  x ) +  x ( 1 -  x)e2(T )+ xdz(T)]a 2 

+ c 4 ( T ) ( 1 -  x)a 4 (5) 



In order to avoid introducing a large number of 
experimentally inaccessible parameters, terms of 
order ( T -  To)xa, x2a, and xa 4 are neglected and 
p(A0, T)  and Fp(A 0, T)  are replaced by their 
values at T = T 0. The qualitative features of the 
model are not modified by this simplification. The 
remaining terms can be grouped to leave five 
independent expansion coefficients. The coeffi- 
cients of a, a 2, and a 4 are as determined for the 
pure lipid case. The coefficient of the xa term, 
(e 1 + dl), and of the x2a term, (e 2 + d 2 - c2), are 
chosen to be consistent with the experimental 
observation that protein decreases the transition 
enthalpy and, in some cases, the transition tem- 
perature [4,7] [25-28]. This effect is incorporated 
by assuming that, in the absence of phase sep- 
aration, the transition amplitude disappears at a 
point (x* ,  T * )  in the phase diagram. This corre- 
sponds to the critical point obtained in the Landau 
theories of Owicki and coworkers [10,11] and 
Jahnig [12,13]. With this assumption, the coeffi- 
cients of xa and xa 2, respectively, become 
- A S ( T  o - T * ) / ( dax* )  and ¢pE/(4rAox*). 

Substituting z = a/d? and ~b = dp2/2rAo yields 
the general Gibbs free energy expression 

G( A ,  T, x )  = ( 1 -  X)FL (A  o, T o, O)+ x F p ( A  o, T o, O) 

+ x(1 - x)p(A 0, T 0, 0) 

+ R T ( x  I n ( x )  + (1 - x )  ln(1 - x ) )  

- a S o z ( r - T o  + x-~-(To - r * ) ) .  (6) 

Phase boundary determination using this free 
energy proceeds in two steps. By minimizing G 
with respect to a, we obtain the Gibbs free energy 
for the lowest energy homogeneous phase at a 
particular temperature, T, and peptide mole frac- 
tion, x. In this way, a plot of G versus x may be 
constructed for a particular temperature. At tem- 
peratures for which the plot of G versus x dis- 
plays two minima, the mixture can further lower 
its free energy by separating into a liquid crystal 
phase of peptide mole fraction xlc and a gel phase 
of composition xg. The boundaries, xlc and x 8, of 
the two phase coexistence region can then be 
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determined by the usual double tangent construc- 
tion [5] or by equating the chemical potentials of 
the two components at one boundary. The chem- 
ical potentials of the lipid and protein, respec- 
tively, are calculated from the model free energy 
using ttL = G -  x d G / d x  and tq ,=  G + ( 1 -  
x ) d G / d x .  Equating the lipid and protein chemical 
potentials at the boundaries, for a particular tem- 
perature, yields two equations in the two un- 
knowns Xlc and xg. In order to simulate the DSC 
data, we calculate the specific heat C = d H / d T  
where H is the transition enthalpy and may be 
calculated as H = d ( G / T ) / d ( 1 / T ) .  In the expres- 
sion for H, G is the minimum free energy of the 
mixture evaluated at the particular point (x, T)  of 
interest. In the single phase region, this is obtained 
by minimising G, given by Eqn. 6, with respect to 
the order parameter. In the two phase region, it is 
obtained by means of the lever rule as 

G ( x - x s )  Gl~+ (xl~-x)  
(~1c - xg~ (xl ,  - xg) Gs (7) 

where Gtc and Gg denote the values of G calcu- 
lated at the phase boundaries, Xlc and xg. In this 
manner, a plot of specific heat versus temperature 
may be obtained for a particular peptide mole 
fraction, x. The transition enthalpy may then be 
calculated as the area under the DSC peak. At 
higher x, the range over which heat capacity ex- 
ceeds its baseline value cannot be determined pre- 
cisely. This results in some uncertainty in de- 
termination of both experimental and simulated 
transition enthalpies for higher protein concentra- 
tion. 

Fig. la  compares the spectroscopically de- 
termines phase diagram for DPPC-d62-synthetic 
peptide mixtures [1,7] to results of the simulation 
for the 16 leucine peptide. The experimental di- 
agram was determined using 2H-NMR with the 
lipid component of the mixture perdeuterated [1]. 
The phase diagram for. a 24 leucine peptide (not 
shown) is very similar. The same simulated phase 
boundary can be superimposed on both sets of 
data. Fig. lb  shows the observed and simulated 
transition enthalpy versus peptide mole fraction. 
The parameters entering the simulation are the 
transition temperature and entropy for the pure 
perdeuterated lipid, T*  and x*  (denoted by a 
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Fig. 1. (a) Phase diagram for peptide-DPPC-d62 mixtures, x is the peptide mole fraction. Horizontal error bars denote phase 
boundaries determined by 2H-NMR difference spectroscopy [1]. Vertical error bars represent phase boundaries determined by 
inspection of 2H-NMR spectra. The solid line is the calculated phase boundary using the model described in the text. (b) Transition 
enthalpy versus peptide mole fraction for peptide-DPPC-de2 mixtures. Points with error bars are experimental measurements from 
Ref. 7. The solid line is calculated using the model described in the text with the same parameter set as for Fig. 1. The model 
parameters used were T O = 37.8°C; A S  = 28.7 cal.mol-l-K-1; T* = 32°C; x* = 0.035; p = -78.9 keal.mol-1; and ~k =1.2 

kcal. tool- 1 

cross on the phase diagram), and the parameters p 
and ~k. Parameter values used are listed in the 
figure captions. For  all parameter sets studied, the 
result was sensitive only to the ratio O/~k so ~k was 
held fixed. Generally, the liquid crystal boundary 
near the pure lipid transition temperature is sensi- 
tive to the location of (x* ,  T * )  while p de- 
termines the gel boundary shape including the 
possible existence of a critical mixing point. 

In Fig. 2, DSC curves derived from the simu- 
lated phase diagram of Fig. l a  are compared to a 
set of DSC curves for the DPPC-d62-peptide mix- 
tures. While concentrations used do not corre- 
spond precisely, the progression of DSC shapes is 
comparable. In the simulated scans, tails extend 
beyond the two phase region for higher values of 
x. This is also observed experimentally and could 
not be reproduced by previous regular solution 
simulations [7]. This behaviour arises from the 
proximity of the critical point (x* ,  T * )  to the 
liquid crystal-gel phase boundary. As the con- 
centration approaches the end of the two phase 

region, the phase transition is progressively re- 
placed by a continuous phase change which gives 
rise to the broad underlying feature in heat capac- 
ity near the critical mixing point and beyond the 
limit of two phase coexistence. 

In Figs. 1 and 2, model parameters are chosen 
to optimize the fit to the observed phase 
boundaries. It is thus significant that the slope of 
ZlH versus x is in good agreement with experi- 
ment. This slope is not a trivial consequence of the 
model parameters chosen since the concentration 
at which the simulated curve extrapolates to zero 
enthalpy corresponds neither to x*  nor the criti- 
cal mixing concentration. Given the model's sim- 
plicity and the way in which concentration depen- 
dence was introduced, it is significant that adjust- 
ing the model parameters to match the phase 
diagram shape gives a good approximation to the 
transition enthalpies. Actual DSC traces are less 
well approximated. Son~ discrepancy is due to the 
neglect of instrumental effects which would slightly 
broaden the peaks and smooth sharp features 
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Fig. 2. (a) DSC scans for peptide/DPPC-d62 mixtures [7]. x is peptide mole fraction. Each scan ends with a calibration pulse. (b) 
Simulated DSC scans using the model described in the text with the parameter set used for Fig. 1. 

associated with phase boundary crossing. The con- 
centration at which the model approximates a 
given shape of DSC trace does, however, seem to 
be higher than the concentration at which that 
type of shape is observed experimentally. The 
qualitative agreement is striking, though, and pro- 
vides strong evidence for the assertion that the 
lipid-synthetic-peptide phase diagram does possess 
a critical mixing point. 

It is important to distinguish the critical mixing 
point denoted by (xc, T~) from the critical point 
(x*, T*) introduced in our definition of the 
Landau parameters since the existence of the criti- 
cal point (x*, T*) is a necessary but not suffi- 
cient condition for the occurrence of critical mix- 
ing. This distinction is illustrated in Fig. 3 which 
shows G versus x for T > To, To > T > T *, T* > 
T > T~, and T~ > T where T~ denotes the critical 
mixing temperature. Above the pure lipid transi- 
tion temperature, G versus x is concave upward 

everywhere and there is one homogeneous phase. 
Between T O and T*, two phases coexist. Between 
the endpoint concentrations, the curve displays a 
cusp at which the slope changes discontinously. A 
homogeneous phase would exhibit a non-zero 
transition enthalpy as it passed from one branch 
of the free energy curve to another. In equi- 
librium, however, such a point is rendered inacces- 
sible by phase separation. At T*, the discontinu- 
ity in the slope at x* disappears. The distinction 
between the two branches disappears and a ho- 
mogeneous phase would display no transition en- 
thalpy on passing through this point. This is pre- 
sumably the type of critical point that has been 
discussed in the context of various Landau calcu- 
lations [10-13]. Even beyond this point, however, 
a remnant of the cusp in G remains so that phase 
separation takes place and the point (x*, T*) is 
not accessible. This is illustrated in Fig. 3c where, 
for temperatures between T* and T~, it is still 



276 

30°C 

30"C 

28°C 

0 0 0  0.01 0 0 2  0 0 3  0 0 4  ~.05 

X 

Fig. 3. Gibbs free energy versus peptide mole fraction calcu- 
lated using the model described in the text with the parameter 
set of Fig. 1. T= 38*C is above the range of the two phase 
region. T = 35 * C is within the range of the two phase region 
and above T*. T - 30 ° C is within the range of the two phase 
region but below T*. T= 28"C is below the range of the two 
phase coexistence. At 35"C, the change from gel to liquid 
crystal in the homogeneous phase occurs at a cusp with a 
change in slope of G versus x. At 30 o C, the change in slope is 

continuous. 

poss ib le  to d r aw  a doub le  t angen t  line. I t  is only  
at  T c tha t  the  s lope of  G versus  x becomes  a 
m o n o t o n i c  func t ion  of  x and  phase  sepa ra t ion  
d i sappears .  Below this t empera tu re ,  Fig.  3d, there  
is aga in  one  homogeneous  phase.  

The  presen t  s tudy  emphas izes  the  ca lor imet r ic  
consequences  of  a phase  d i ag ram having  a ' t e a r -  
d r o p '  shaped  two phase  region and  a cr i t ical  mix-  
ing  po in t  a n d  is no t  i n t ended  to  address  the 
mic roscop ic  or igins of  such effects. Desp i t e  the  
m ode l ' s  s implic i ty ,  features  emerge f rom our  anal-  

ysis which  are  l ike ly  to be  qui te  general  such as 
the  d i s t inc t ion  be tween  the  cr i t ical  po in t  ( x * ,  T * ) 
and  the cr i t ica l  mix ing  p o i n t  and  the demons t r a -  
t ion tha t  two phase  b o u n d a r i e s  m a y  not  neces- 
sar i ly  co inc ide  with  the t empe ra tu r e  range  over  
which excess hea t  c apac i ty  is observed  b y  DSC.  
The  qua l i ta t ive  s imi lar i ty  be tween  the two phase  
region obse rved  in the  D P P C - s y n t h e t i c - p e p t i d e  
sys tem and  the recent ly  r epo r t ed  g ramic id in -PC 
resul ts  [8] suggest  tha t  the  presence  of  a cr i t ical  
mix ing  p o i n t  m a y  no t  be  l imi ted  to the specific 
systems d iscussed  here. In  d rawing  a t t en t ion  to 
this  poss ibi l i ty ,  it  is our  hope  to s t imula te  fur ther  
theore t ica l  and  expe r imen ta l  s tudies  in this area. 
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Whi tmore ,  and  J.V. Sengers  for  he lpfu l  discus-  
s ions and  Mr.  K.  F o r w a r d  for ass is tance with 
numer ica l  ca lcula t ions .  
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