
424 Journal of the American Chemical Society / 100:2 / January 18,1978 

solutions, the designated experiments met the requirements for conven
tional inversion-recovery (T S 4T1) for all carbons except the last one or 
two carbons of the side chain.) 

(25) R. Freeman, H. D. W. Hill, and R. Kaptein, J. Magn. Reson., 7, 327 (1972); 
S. J. Opella, D. J. Nelson, and O. Jardetzky, J. Chem. Phys., 64, 2533 
(1976); R. K. Harris and R. H. Newman, J. Magn. Reson., 24, 449 
(1976). 

(26) (a) T. M. Connor, Trans. Faraday Soc., 60, 1574 (1964; (b) J. Mlkayke, J. 
Po/ym. Sc/., 28, 477(1958). 

(27) K. S. Cole and R. H. Cole, J. Chem. Phys., 9, 341 (1944). 
(28) J. Schaefer, Macromolecules, 6, 882 (1973). 
(29) (a) F. Heatley and A. Begum, Polymer, 17, 399 (1976); (b) F. Heatley and 

M. K. Cox, ibid., 18,225(1977). 
(30) R. M. Fuoss and H. G. Kirkwood, J. Am. Chem. Soc, 63, 385 (1941). 
(31) D. W. Davidson and R. H. Cole, J. Chem. Phys., 18, 1417 (1950); 19, 1484 

(1951). 
(32) F. Noack, "NMR Basic Principles and Progress", Vol. 3, Springer-Verlag, 

New York, N.Y., 1971. 
(33) J. R. Macdonald, J. Chem. Phys., 36, 345 (1962). 
(34) The present theory may also be inadequate to describe molecular dynamics 

in strongly aggregated low molecular weight compounds, such as 1,2-
decanediol: G. C. Levy, M. P. Cordes, J. S. Lewis, and D. E. Axelson, J. Am. 
Chem. Soc., 99, 5492 (1977). 

(35) P. L. Meyer, "Introductory Probability and Statistical Applications", Addi-
son-Wesley, Reading, Mass., 1970. 

(36) Y. K. Levine, J. Magn. Reson., 11, 421 (1973). 
(37) T. Yasukawa, D. Ghesquiere, and C. Chachaty, Chem. Phys. Lett., 45, 279 

I. Introduction 
There have been a number of theoretical works on the co

operative transition in lipid membranes.1-9 Most of them were 
mainly oriented to the elucidation of molecular mechanisms 
which cause the chain melting transition by the statistical 
mechanical treatments. We take a different approach by 
considering only the overall characteristics of the lipid system 
without knowledge of the precise nature of structural changes 
in each lipid molecule. The model is inspired by various ex
perimental data which have recently become available con
cerning thermodynamics,10 kinetics,11 and certain functions 
of the lipid membrane.12-19 Following Adam20 we describe the 
properties of the lipid system by the two-dimensional Ising 
model. Similar treatments were once prevalent for the coop
erative phenomena in biological membranes in relation to the 
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nerve excitation.20-22 However, in the nerve model the idea that 
the cooperative interactions between channels allow ion 
transport seems to have been replaced by the involvement of 
some carrier or pore molecules.22 It should be noted here that 
our treatment is strictly confined to the uniform lipid sys
tem. 

Experimental results have been presented on the phase 
transition dependence of several properties of the lipid mem
brane. The permeability of liposomes to certain ions or mole
cules, Na+,12 K+,13 ANS,14 and Tempo-choline,15 goes 
through a maximum with the rise of temperature at the mid
point of the lipid phase transition. The enhanced permeation 
was attributed to the boundary regions between solid and liquid 
domains and would possibly be explained by the structural 
defects16 or the mismatch in molecular packing15 at these in-
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terfaces. Such observations are similar to the concept of lateral 
compressibility proposed by McConnell and co-workers.17'18 

They suggested that the coexistence of two lipid phases at the 
transition region of the pure lipid system or in the mixture of 
two lipid components would facilitate the transport and other 
biological functions of the membrane due to the high lateral 
compressibility or extensibility. In fact the hydrolysis of 
phospholipids by pancreatic phospholipase A2 was strongly 
enhanced either near the phase transition temperature or by 
the phase separation of binary mixtures.19 This concept was 
also confirmed in cell membranes. The activity of sugar 
transport systems in E. coli showed twofold discontinuities of 
the Arrhenius plots corresponding to the lateral phase sepa
rations of lipids.17 It is probable that the phase changes of 
membrane lipids facilitate the conformational changes of 
membrane proteins; hence they play important roles in many 
biological functions. 

We assume that there are at least three macroscopic states 
of the lipid membrane: the solidlike lipid domain, the fluidlike 
lipid domain, and the boundary between the two. The smaller 
domain, say a group of localized fluidlike structure within the 
dominant solidlike structure at lower temperature, is called 
the "cluster". The cluster is an old idea in the gas-liquid con
densation phenomena.23 Fisher24 reviewed and extended the 
cluster model and applied this idea to the Ising system. Fisher's 
cluster model has been verified by computer experiments,25 

although there are many criticisms as well.26 However, these 
discussions are from the point of view of the critical behavior 
which is too precise to be applicable for our use. Note that 
Fisher's model includes the importance of short-range forces 
in contrast to the mean field theory (Bragg-Williams ap
proximation) which is equivalent to the infinite interaction 
range model.27 Since it is more probable that the function of 
the lipid membrane is determined by the short-range order and 
it seems that the concept of the cluster has become popu
lar,11-19 we apply Fisher's cluster model to describe phe-
nomenologically the lipid phase transition. The calorimetric 
data of the phase transition of phospholipid bilayers10 are then 
analyzed in terms of the model. It is further shown that the 
model is particularly useful for the interpretation of passive 
diffusion of molecules through the lipid membrane and kinetic 
behavior around the phase transition region of lipid bi
layers. 

II. Cluster Model 
The Ising model has been a popular tool as a "first approx

imation" to many biologically relevant phenomena. A helix-
coil transition in linear biopolymers is one of the most suc
cessful applications of the one-dimensional Ising model.28 

Recently many types of protein denaturations were described 
in a unified manner by the Bragg-Williams approximation of 
the Ising model.29 Similarly, as a first approximation, the lipid 
layer is considered as a two-dimensional Ising lattice. Each spin 
would correspond to one lipid molecule. We do not discuss the 
precise microscopic structure within the molecule, but expect 
that the molecule would exhibit one of only two distinguishable 
macroscopic conformational states after averaging over all 
possible configurations within the molecule. Namely, the first 
assumption is that the molecule takes either of two states, the 
solidlike S state or the fluidlike F state. Although the S state 
is well defined as the all trans configuration of the hydrocarbon 
chain, the F state is rather ambiguous and could be a mixture 
of many conformations containing at least one gauche con
figuration. We assume that the most probable or mean F state 
is characterized by the enthalpy gain e over the S state. The 
possible number of configurations of the chain in the F state 
is incorporated as an entropy a. The second assumption con
cerns the cooperative interaction between molecules. We in
troduce the cooperativity as the clustering of molecules in the 

same state and denote the "surface tension" of the cluster by 
7-

The cluster is defined as a microdomain of nondominant 
states. In our case it is a group of F states linked together by 
nearest neighbors below the chain melting temperature Tm and 
conversely it is a group of S states above Tm. The cluster is 
classified by the size / and the perimeter length s, that is, it is 
a group of / molecules in reverse state and has s molecules on 
the boundary between two states. If the cooperative energy 7 
is large enough and the temperature is lower than the critical 
temperature T0, the cluster would take an almost circular 
shape and there would be few "defects" inside the cluster. 
Fisher assumed the most probable or mean perimeter length 
of the cluster of size / as24 

S(D=S0I" (D 

and incorporated the number of possible configurations as an 
entropy term. Here <r is one of two phenomenological exponents 
of Fisher's model and should be JS '/2 in two dimensions. The 
partition function of an /-size cluster is 

qt = g(s)uW (2) 

where u and Vo are defined as 
je-(.-«n/*r beiow Tm 

" \g-^+aT)/kT a b o v e Tm <• > 

V0 = e->/kT (4) 

Including the combinatorial factor g(s), eq 2 can be rewritten 
as24 

q, = q0u
lv<°/l* (5) 

where T S; 2 is another phenomenological exponent of Fisher's 
model, and l~T has the same origin as the loop entropy of 
DNA,28 i.e., the boundary line of a cluster must be closed to 
form a loop. The melting temperature Tm is defined from the 
bulk term u of eq 3 

^m = e/a (6) 

The critical temperature Tc is defined from the surface term 
v 

v = e-s0(y-uT)/kT (7) 

as 

Tc = y/<* (8) 

The surface entropy o> and the constant factor so should be 
determined from the lattice structure. For the lipid system, 
however, it is better to leave soy and sou as adjustable pa
rameters. 

If one neglects the interaction between clusters in the form 
of excluded volumes, the partition function Q of the system is 
given by24 

l n 6 = I > (9) 

From this one can calculate several thermodynamic functions 
as follows: 
(i) cluster distribution function 

n, = q, = q0u'vl°/lT (10) 

(ii) free energy 

I G+-kTY.n, below T1n 

' (H) 

G--kTY. «/ above Tm 
1 
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30 40 
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Figure J. (a) The fraction of S states 8, eq 13, and (b) the amount of 
boundaries between S and F states i), eq 14, vs. temperature calculated 
for the lipid system by Fisher's cluster model with /max = 1000. The critical 
temperature 7"c is 35 0C, and the melting temperatures are A, Tm = 25 
0 C, TV = 25.62 0 C; B, Tm = TV = 35 0C; and C, Tm = 45 0C, TV = 
44.20 0C. The other parameters are t = 1 kcal/mol and s0y = 1 kcal/ 
mol. 

G+: free energy of the complete S state structure 

G-: free energy of the complete F state structure 

(iii) specific heat 

1 

(iv) fraction of S states (long-range order) 

1 - £ In1 below Tm 

' £ In, above Tn 

(12) 

(13) 

(v) amount of boundaries between S and F states (short-range 
order) 

20 30 

Temperature, °C 

Figure 2. The effect of /max on the order parameter 8 of the lipid system 
calculated by Fisher's cluster model. A, /max = 100; B, /max = 300; and 
C, /max = 1000, the same as the case A in Figure 1. The other parameters 
used are « = 1 kcal/mol, s^y = 1 kcal/mol, 7C = 35 0C, and Tm = 25 
0C. 

n = L I'm (14) 

Figure 3. The cluster concentration lTm, eq 10, vs. the cluster size / 
calculated by Fisher's cluster model at various temperatures. The cases 
of (a), (b), and (c) correspond to A, B, and C in Figure 1, respectively. The 
parameters used are qo - 1,« = 1 kcal/mol, say = 1 kcal/mol, T0 = 35 
0C, and (a) Tm = 25 0C; (b) Tm = 35 0C; (c) Tm = 45 0C. 

(vi) total number of clusters 

(vii) average cluster size 

£ = E In1 / L «/ 
; / / 

(15) 

(16) 

The constants a and r are related to critical exponents.24 

From the exact solution for the planar Ising model, it is con
firmed that a = 8/15 and r = 31/15. We assume that at the 
critical point the relation 6{Tm = Tc) = 0.5 holds for the lipid 
system, hence 

Io -0 .5/ f 
/ /=1 

/ 1 - (17) 

The infinite series in eq 17 is convergent for T > 2 to give the 
Riemann function f(r - 1). 

If the system size is finite, the summation in eq 9 and 11-17 
is truncated at a certain value /max. Note that the temperature 
Tm' where 0(7V) = 0.5 will be a little different from Tm de
fined by eq 6 in the finite system unless Tm = Tc. Therefore, 

eq 3 must be redefined as 

u = 
e-{t-aT)/kT b d o w j w 

e-(-e+aT+2V/kT a b w e Tm, 

A = « - aTm' 

(18a) 

(18b) 

so that the value of u coincides at Tm'. Equations 11 and 13 
should also be changed accordingly. Figure 1 shows the result 
of the sample calculation of the cluster model with /max= 1000. 
Three curves correspond to the cases of Tm < T0, Tm = T0, and 
^m > Tc. The effect of the system size is given in Figure 2, 
where /max is changed for the case of Tm < T0- Figure 3 shows 
the cluster concentration m (multiplied by /T) at several tem
peratures for each case. 

It is not easy to estimate the value of /max from experimental 
data. Few people specify in their experiments the number of 
lipid molecules or the number of layers in one liposome and the 
distribution in size of their liposome preparations. The smallest 
single-bilayer lipid vesicle of 250 A in diameter is known to 
contain about 2500 lipid molecules.30 This vesicle shows a 
much broader transition curve than large multilamellar lipo-
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somes, probably because of the large curvature which results 
in the small interaction energy between molecules. In the next 
section the experimental data are analyzed for unsonicated 
multilamellar liposomes which possibly contain 105-106 lipid 
molecules. Although the size and its distribution are not clear, 
one layer would contain more than 103 lipid molecules. We 
take the value of 1000 as the lowest estimate of /max. The choice 
of larger /max does not affect the result very much because the 
finite size effect is already small. 

The critical temperature Tc has been estimated for mono
layer lipids at the air-water interface from the surface pres
sure-area isotherm,32 and Tc seems to be very close to the chain 
melting temperature Tn,.

3-18 This being the case, the high 
temperature state of the lipid system is more like a mixing of 
S and F states. This can be compared with the case of Tm « 
T0 or the very strong interaction energy, where the system 
undergoes the first-order phase transition from the complete 
S state structure to the complete F state structure. The analysis 
described below also suggests that the lipid system does not 
seem to exhibit a strong first-order phase transition and Tm 
would be very close to T0. 

III. Analysis of Equilibrium Experiments 

The model contains five unknown parameters, /max,«, a (or 
Tm), soy, and s0« (or T0). We use the results of computer 
simulations for the simple two-dimensional Ising lattice as 
estimates of w and so for the lipid system. From exact enum
erations for loops in two dimensions,33 u is estimated to be 2.83 
eu for the plane triangular lattice. The value of so, although 
it is rather ambiguous, is around 3.4.34 Hence, sou is chosen 
to be 9.6 eu for the following discussion. Since the transition 
temperature Tm' is known from experimental data, the prob
lem is to determine the values of three parameters, e, soy, and 
/max. Before doing so it may be useful to derive an expression 
for the measure of cooperativity or the sharpness of the tran
sition curve. The sharpness is measured in the finite system by 
the quantity 

W 
k /= ' 1(1 + s0yl°)m (19) 

d(l/T) /C/-, 
at the transition temperature Tn/. For infinite /max this cor
responds to u = 1 and Tm = Tn/; hence eq 19 becomes 

dT T= T„ 

_ g0 
kT 2 L(/2" + s0yl1 r) 

X e-l°(s0y-so«Tm)/kTm „ _I2_ /i07_y r-2 ) / f f 

(JTm \kTm/ 

- ( ^ X - T : ) ™ «» 
where T is the gamma function. 

If one assumes that the lipid system undergoes a highly co
operative transition from complete S states to complete F 
states, the sharpness of the transition curve determines the 
van't Hoff enthalpy AH VH in kcal/mol 

dd_ 
dT 

AH. vH 

RTn 
(21) 

The ratio of AHvu to the actual enthalpy change per molecule 
AHca\ obtained calorimetrically is called the cooperative unit. 
It was used to determine the Zimm-Bragg parameter a for 
linear polymers,28 because the following relation holds. 

"1/2 = AH vH 

A#cal 
(22) 

This value also stands for the correlation length or the average 
length of helical sequences for an infinite chain with a « 1 at 
the midpoint of the helix-coil transition. The actual value is 
usually estimated as 10-102 residues for long polyamino acids. 

Table I. Transition Properties of Phospholipids in Multilamellar 
Aqueous Suspensions10 

Lipid53 
Tm, 
0C 

A/Zcal, 

kcal/mol 

Cooperative 
unit, 

molecules 

DMPC 
DPPC 
DSPC 

23.9 
41.4 
54.9 

5.4 
8.7 

10.6 

330 
260 
130 

Table II. Parameters of the Cluster Model for Phospholipids 

Lipid53 
In soy" u(Tm') v(Tm') S(Tn/) 

DMPC 

DPPC 

DSPC 

300 
500 

1000 
300 
500 

1000 
300 
500 

1000 

4.7 
4.5 
4.4 
7.8 
7.7 
7.6 
9.4 
9.4 
9.4 

3.2 
3.0 
2.9 
3.25 
3.1 
3.05 
3.2 
3.15 
3.1 

1.06 
1.02 
1.01 
1.04 
1.01 
1.00 
1.01 
1.00 
0.99 

0.55 
0.78 
0.92 
0.69 
0.88 
0.95 
0.93 
1.00 
1.08 

6.5 
4.8 
4.3 
5.0 
4.2 
4.1 
3.7 
3.6 
3.5 

a kcal/mol. 

Unsonicated multilamellar phospholipid liposomes containing 
105-106 lipid molecules are reported to have the cooperative 
unit of 102-103 molecules.10 Although the apparent transition 
curve is much sharper than helix-coil transition curves as re
flected on the values of the cooperative unit, care must be taken 
to interpret these values in the two-dimensional lipid system. 
The cooperative unit does not necessarily mean that the cluster 
of this size exists during the transition process. Note that the 
expression for the average cluster size is dependent on a model. 
In fact the cooperative unit of 102 for the system of 105 lipid 
molecules is better regarded as considerably low cooperativity 
(see below). For this purpose we estimate the correlation length 
in the cluster model or the average cluster size of eq 16 from 
experimental data. 

In general photometric methods like light scatterings and 
absorption measurements, as well as such methods that use 
conformation-sensitive probes like fluorescence, ESR, and 
NMR, are dependent on the specific structures of lipid mole
cules and/or surrounding water molecules. On the other hand, 
calorimetric data reflect the nonspecific overall changes of the 
system and are suitable for analysis by our model. In Table I 
the transition properties obtained by Mabrey and Sturtevant10 

using high sensitivity scanning calorimetry are reproduced for 
three multilamellar phospholipids. Their data were used to 
determine the parameters«and soy by adjusting the enthalpy 
of the system H = d(G/T)/d(l/T) and the sharpness of the 
transition curve, eq 19, at Tn/ with various values of /max. Since 
the baseline of A//cai is not known experimentally, the proce
dure of fitting H(Jm') - H(OK) to V2AH^ was used. The 
result is shown in Table II. Although the value of /max is not 
clear, it would be larger than 1000 as described before. The 
average cluster size would therefore be smaller than 5. How
ever, this value should not be regarded as the "actual" cluster 
size. It must be remembered that this value is model dependent 
and that we have used Fisher's cluster model down to / = 1 
cluster only for the sake of mathematical simplicity. In fact the 
term "cluster" should be attributed only to larger ones. The 
result of Table II only means that the lipid system does not 
exhibit strong cooperativity. This is because the critical tem
perature Tc is fairly close to the melting temperature Tm.3>18 

For example, soy = 3.2, 3.0, and 2.8 kcal/mol correspond to 
Tc = 60.2, 39.3, and 18.5 0C, respectively, if S0U = 9.6 eu. As 
can be seen in the table the value of v, which is to be compared 
with the Zimm-Bragg parameter o-1/2, is fairly close to unity. 
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Table III. Permeability of Various Membranes to Water and Other Molecules 

Membrane53 
Water 

(osmotic) K+ Na4 Cl- Ref 

BLM (egg lecithin) 
PS vesicle 
Human erythrocyte 
Squid axon (resting) 

(excited) 

PS vesicle 
Human erythrocyte 

Permeability Coefficient (cm/s) 
1.1 X 10-3 3.4 XlO"12 10-'2 

4.4 XlO-3 9.1 X 10-'3 1.6 XlO-13 

1.7X10-2 2.4 XlO-'0 10-'° 
2.5 XlO-2 5.6 XlO-7 1.5 XlO-8 

17 X 10-5 5 X 10-6 

Activation Energy (kcal/mol) 
(8.25)" 30.4 27.0 

3.3 12-14 14-20 

1 0 - 9 _ 1Q-12 

6.5 X 10-'2 

2 X 10~4 

1.0 X 10"8 

10-8 

13.6 
3-6 

38 
40 
38,42 
38 
38 

40 
42 

" A value for lecithin liposomes.38 

In the next two sections we discuss the biological relevance of 
this result by analyzing passive permeation experiments and 
temperature jump experiments. 

IV. Passive Permeation of Molecules 
One of the most important advantages of the cluster model 

is that the phase boundary can be treated as the surface of the 
cluster. The possible significance of the phase boundary in 
mediating the penetration of molecules through the lipid 
membrane was first pointed out by Papahadjopoulos et al.12 

in the interpretation of their experimental results. They ob
served a maximum of the passive transport OfNa+ around the 
phase transition temperature of phospholipid vesicles, where 
the boundaries between gel and liquid-crystalline phases pre
dominate. Since then similar observations have been reported 
for several other ions and molecules. The permeation was 
strongly enhanced around the lipid phase transition temper
ature. 12-15,18,35,36 other substances showed either a disconti
nuity in the permeability or no significant change at the tran
sition temperature.14'37 According to the cluster model, a 
simplified picture on the passive transport is given. It is as
sumed that the permeation of a certain molecule occurs at three 
macroscopic states with different permeabilities depending on 
the physical and chemical nature of the molecule. Using the 
terminology of the model, the "ordered region" of the lipid 
system is defined as either the solidlike S state domain or the 
fluidlike F state domain. The "disordered region" represents 
the boundary between S and F state domains. 

In general the permeability of lipid vesicles or bilayer lipid 
membranes (BLM) to water or ions is very low compared to 
that of actual cell membranes.38-42 As shown in Table III, the 
permeability coefficient for the passive transport of small ions 
seems to be from 1O-8 to 10 -10 cm/s in cells, whereas it is 
around 1O-12 cm/s in model systems. If one assumes that the 
small hydrophilic and amphiphilic molecules penetrate 
through the structurally disordered region of the membrane, 
this difference would reflect in part the amount of such dis
orders. The water permeability in lipid bilayers is fairly high 
as shown in Table HI and not very different from that in cell 
membranes. One can speculate that the water molecules can 
penetrate the ordered region as well as the disordered region. 
They may be small enough to pass through the interstice be
tween hydrophobic hydrocarbon chains. In fact the water 
permeation is higher above the transition temperature than 
below,37'43 which is in accordance with the x-ray diffraction 
study showing the broadening of the lateral packing above the 
transition.44 The water molecule may also penetrate faster 
through the larger interstice of the phase boundary. This was 
observed as a small peak of the water permeation at the phase 
transition temperature.43 

The temperature dependence of the permeability determines 
the activation energy. The activation energy is usually corre
lated with the "pore size" and it becomes higher as the pore size 

becomes smaller. For the water permeation in liposomes, Blok 
et al.37 obtained the values of 26 and 10 kcal/mol below and 
above the transition, respectively. Although these values may 
also contain the contribution from the change in the bilayer 
structure itself (see below), the apparent activation energy is 
higher for the better packed low-temperature state. Another 
interesting feature to note is the differenc in the activation 
energy between cells and model systems. As can be seen in 
Table III, it is always higher for lipid bilayers than cell mem
branes, which is consistent with the fact that the packing of 
molecules is better and closer in the uniform lipid system. 

The permeability P of the lipid membrane is divided into 
three parts corresponding to three macroscopic states12 

P(T) = Ps(T)B + P{(T)(l -6)+ Ph(T)r, (23) 

where the subscripts s, f, and b stand for S state, F state, and 
boundary. The temperature dependence of each permeability 
is assumed to take the form 

P1(T) = p,oe-E</RT ( , --s .f .orb) (24) 

where Pf0 is the temperature-independent part and £,• is the 
activation energy. The fraction of lipid molecules in the S state 
8 was defined by eq 13 and the amount of boundaries between 
S and F states rj was defined by eq 14 as a sum of the perimeter 
length of clusters of all sizes. But here we retain the possibility 
that the boundary length ij is to be correlated only with larger 
clusters, because the "physical cluster" which will produce 
enough structural disorders and allow the permeation on the 
boundary can be fairly large. Introducing the minimum size 
of the physical cluster /min, the function r\ is redefined as 

'max 

/ = / T 
'«/ (25) 

There have been several interesting observations of the 
relative permeability change during the lipid phase transi-
tion,12-15'18'35"37 which are summarized in Table IV. In our 
most simplified treatment, these experiment are classified 
basically into three types. 

(Type 1) Water molecules can penetrate through either of 
S, F, and B states, or else only through F and B states. The 
possible difference in the size of the interstice for each state 
leads to the assumption that Pb> P(> Ps and Eh < E( < 
Es. 

(Type 2) Small ions and nonhydrophobic molecules can 
penetrate only through the largest interstice of B state; hence 
Pr« 0 and Ps * 0. 

(Type 3) Small hydrophobic molecules, on the other hand, 
can penetrate only through the hydrophobic portion of S and 
F states; hence Pb » 0. It is also probable that Pr > Ps and E( 

<£ s . 1 4 

The result of model calculations for these three types of 
permeation is shown in Figure 4. Curves A and B represent 
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Author Lipid53 Molecule53 Observation Type 

Papahadjopoulos et al. (1973) 

WuandMcConnell(1973) 

Inoue(1974) 
Nicholls and Miller (1974) 

Bloketal. (1975) 
Tsong (1975) 

Marsh et al. (1976) 
Bloketal. (1976) 

DPPG, DPPC 

DPPC 

DMPC, DPPC 
DMPC, DPPC 

DMPC, DPPC, 
DMPC, DPPC 

DMPC 
DMPC, DPPC, 

+PA 

+PA 

Na+ 

Sucrose 
Valinomycin 

mediated K+ 

Glucose 
K+ 

Cl-
K+ 

ANS 
BTB 
Tetracycline 
Chlortetracycline 
Tempo-choline 
Water 

Maximum 
Maximum 
Maximum 

Enhancement" 
Enhancement 
Enhancement 
Maximum 
Maximum 
Maximum 
Break 
Break 
Maximum 
Jump 

2 
2 
2 

2 
2 
2 
2 
2 
2 
3 
3 
2 
1 

" The experimental data are available only for the lower half of the transition. 

P A 

I A. _ _ 2 - ^ - " — 

20 30 20 30 
Temperature, 0C 

Figure 4. Three types of permeation according to the cluster model. A, 
typical type 1 permeation (water molecules) simulated with Ps = 0, 
P((Tm'):Pb(.Tm') = 1:15, E1 = 10 kcal/mol, and Eb = 5 kcal/mol. B, 
typical type 3 permeation (hydrophobic molecules) simulated with Pb = 
0,Pf(rm'):Ps(rm') = 1:0.6, Ei= 10 kcal/mol, and £S = 30 kcal/mol. C, 
variation of type 1 or type 3 permeation where only Pf permeation is pre
dominant, simulated with Ps = P^ = 0 and E; = 10 kcal/mol. D, type 2 
permeation for small nonhydrophobic molecules simulated with lm\n = 
1, Ps = Pr = 0, and Eb = 8 kcal/mol. E, type 2 permeation for larger 
nonhydrophobic molecules simulated with /m j n = 6, P3 = Pf = 0, and E\, 
= 25 kcal/mol. The other parameters used are t = 3 kcal/mol, soy = 3 
kcal/mol, S0U = 9.6 eu, /max = 300, and Tm' = 25 0C. The logarithm of 
the permeability is given in an arbitrary unit. 

typical type 1 and type 3 permeation, respectively. The per
meability for each state was chosen as PK Tm') :Pb( Tm') = 1:15 
for curve A and Pf(Tm'):Ps(Tm') = 1:0.6 for curve B. The 
activation energies were assumed correspondingly, i.e., the 
larger value £,• for the smaller permeability Pj(Tm'). I fPb 
permeation is smaller for type 1 or if P s permeation is smaller 
for type 3, both become more like curve C where only Pf per
meation was assumed. Blok et al.37 observed the water per
meation similar to curve C by measuring the initial shrinkage 
velocity of liposomes after osmotic shocks. Tsong43 also ob
served the small peak similar to curve A for the water perme
ation around the transition temperature, by following the 
turbidity change of DMPC and DPPC suspensions after the 
hypotonic shock in the stopped-flow apparatus. In the other 
experiments Tsong14 obtained the type 3 permeation similar 
to curve B for hydrophobic tetracycline and chlortetracycline. 
Note that type 1 permeation was simulated in Figure 4 without 

Figure 5. The order parameters of the lipid system plotted in the loga
rithmic scale vs. temperature calculated by the cluster model. A, S; B, 1 
- 0; C, t] with /mi„ = 1; D, n with /min = 2; E, -q with /min = 3; F, JJ with /mi„ 
= 6. The parameters used are t = 3 kcal/mol, SoT = 3 kcal/mol, sou = 
9.6 eu, /max = 300, and Tm' = 25 0C. The temperature dependence of these 
order parameters below and above the transition roughly corresponds to 
the activation energies of A, -0.80 and —2.6 kcal/mol; B, 6.2 and 0.54 
kcal/mol; C, 4.8 and -1.3 kcal/mol; and E, 11 and -5.0 kcal/mol, re
spectively. 

incorporating the P s term, although we do not exclude the 
possibility that the water permeation also occurs in the S state. 
But it is also possible that the lipid membrane has small F state 
defects well below the transition temperature due to the rela
tively low cooperativity and only these defects would permit 
permeation. The difference in the apparent activation energies 
below and above the transition can be accounted for by the 
temperature dependence of the functions (1 — 6) and r; as 
shown in Figure 5. 

For type 2 permeation two calculations are shown in Figure 
4 as curves D and E, corresponding to smaller and larger 
nonhydrophobic molecules, respectively. The experiments show 
that the ANS transport is enhanced by 2-3 orders of magni
tude at the midpoint of the transition,14 while the change for 
N a + and K+ is not very large.12-13 A plausible explanation is 
that the larger ANS molecules require the larger interstice for 
permeation. This effect can be incorporated by discarding very 
small clusters assuming that their boundaries do not produce 
enough structural disorders. Hence, Figure 5 shows the result 
of ri obtained by changing the minimum size of the physical 
cluster /mi„. Note that the function T) exhibits steeper tem
perature dependence as /min is raised. Since the larger molecule 
requires the larger pore, the activation energy E^ should also 
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be larger. The large activation energy becomes the sharp de
crease in rj above the transition temperature, which results in 
a gradual increase in P, as shown in Figure 4, curve E. A more 
careful comparison of the ANS transport with the physical 
state of the lipid bilayer is given elsewhere.14 

V. Kinetic Behavior 

The other experimental evidence for the cluster model is 
found in the temperature jump relaxation kinetics of lipid bi-
layers."'45 The maximal relaxation time observed at the 
midpoint of the transition is a reflection of the slow nucleation 
process, that is, the formation of the cluster nucleus which is 
difficult to occur as a result of the cooperativity between 
molecules. A very simple cluster reaction scheme is described 
below so that the phase transition dependence of the kinetic 
behavior of lipid bilayers can be explained qualitatively by the 
cluster model. 

We start from the single spin flip kinetic Ising model or 
Glauber model, where at most one lipid molecule undergoes 
the S «=* F transition in a unit time. Following Binder et al.46 

the dynamics of the total system are described in terms of the 
average cluster concentration 

«/(0 = <«?(0>« (26) 

where a denotes symbolically the configuration of the cluster. 
If one neglects such spin flips as will result in the coalescence 
or the splitting off of clusters, the average cluster concentration 
is varied as 

^p-= (nr-,(t)fU)a-(nf(t)bf)a at 

-<»?(*)/?>«+<«f+i(0*f+i>« (27) 

where/7 and bj are the growth and shrinking rates, respec
tively, of the /-size cluster with configuration a. 

If the distribution of many cluster configurations is sharply 
peaked at the most probable one, we take the factorization 
approximation, 

WU)JJ)a • (nf(t))a{ff)a ^n,(t)fi (28a) 

(nf(t)bf)a * (nf(t))a(bf)a = n,(t)bi (28b) 

Thus, eq 27 is written 

^p- =/ /_1«,_,(r) -(J1 + b,)n,(t) + 5/+,»,+1(0 (29) 
at 

This is equivalent to the simple kinetic scheme 

....*±l-li=±l^±l+l*±.... (30) 
bi A/+i 

where each clus_ter grows and shrinks step by step with effective 
rate constants// and Z>/. In our problem the boundary condi
tions are «i(0 = 0 and «/max+i(0 = 0. 

We further assume that the reaction occurs only on the 
boundary of the cluster due to the cooperativity between 
molecules. If the reaction rate does not depend on the curvature 
of the cluster boundary, in other words, if the difference in the 
number of nearest neighbors in the opposite state is not con
sidered, the reaction rate is proportional to the boundary length 
I", hence the average cluster growth/shrinking rate takes the 
form 

/ , =/7- ( / > 1 ) (31a) 

bi = bl" ( / > 1 ) (31b) 

The rate for the nucleation process or the formation of a size-
one cluster is denoted by/o. These rate constants are deter
mined from the detailed balance condition at equilibrium, 

//»/(») = &/+iH/+i(») ( / * 0 ) (32) 

except one elementary rate constant b. The equilibrium cluster 
concentration «/(°°) is given by eq 10. 

In terms of the eigenfunction expansion, the solution of eq 
29 can be represented as 

n/(0-«;(«) + t d c " ^ ' (33) 

The eigenvalues X, are easily obtained by the direct diago-
nalization of the tridiagonal matrix A,41 

A = 

~-/o bj 
J0- (A, +/,) A2 

7i -ib2+f2)b3 

//max-2 _ (^ / m ax- l_ + / /n ,ax- l )^ /max 

.//max"-*! Wmax 

(34) 

The amplitudes c\ are determined from the corresponding ei
genvectors and the initial concentration H/(O).48 

Our concern is the relaxation of the order parameter 8, so 
that 

0(t) - 0(<») = '*£aje-'l'i (35) 

where 

Tj = I/\j (36) 

aj^'^lcj (37) 
/= i 

As a model calculation, the relaxation times are plotted in 
Figure 6 vs. temperature using the same parameters as those 
for Figures 4 and 5, and with the elementary rate constant b 
= 1. The maximal relaxation time is observed at the midpoint 
of the transition, which is most prominent for the slowest re
laxation r\. The enhancement is nearly three orders of mag
nitude. In order to see how appreciably each relaxation process 
is detected, one has to calculate the relaxation amplitudes. The 
amplitudes for temperature jumps from the complete S state 
structure (8 = 1) is shown in Figure 7, where we used the 
smaller value of /max = 50. As the transition temperature be
comes closer, the largest relaxation time which reflects the 
nucleation process becomes more and more predominant. 

We have reported the experimental results on the temper
ature jumps of DMPC and DPPC suspensions and obtained 
two relaxation times for the gel to liquid-crystalline phase 
transition.11 The slower relaxation time or the final slope of 
the experimental relaxation curve can be approximated by the 
largest relaxation time T\ in this model. On the other hand, the 
faster one may be related to the initial slope or the Schwarz 
mean relaxation time T*,49 

±-Z?JI:«J (38) 
although T* should be considered as the lower bound. If one 
compares these two relaxation times with the experiments, the 
following qualitative features are consistent. Both relaxation 
times show a maximum at the transition temperature Tm and 
also the amplitude for the slower process reaches a maximum 
around Tn,.

50 Experimentally the T- T curve is not symmetric 
and the gradual increase in T with decreasing temperature is 
observed below the transition region. This can be explained by 
incorporatingjhe temperature_dependence of the elementary 
rate constant b in the form of b oc e~'E/IRT, where E is the Ar-
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Temper olure.'C 

Figure 6. The relaxation times vs. temperature calculated for the simple 
cluster reaction scheme of eq 30 with /max = 300. The numbers are given 
in ascending order of the corresponding eigenvalues. The largest relaxation 
time T, reflecting the slow nucleation process shows the largest enhance
ment at the midpoint of the transition. The parameters used are t = 3 
kcal/mol, s0y = 3 kcal/mol, s0u = 9.6 eu, TJ = 25 0C, and b = 1. 

rhenius activation energy. This is equivalent to the incorpo
ration of the linearly decreasing baseline in Figure 6. 

The observed values of two relaxation times for DMPC were 
2.4 s and 34 ms at Tm = 24.2 0C, 0.5 s and 17 ms at 23.3 0C, 
and 0.08 s and 1.4 ms at 24.8 0C.11 It is interesting to note that 
the slowest relaxation time for the lipid phase transition is 
about 0.1 -1 s, which is to be compared with the overall protein 
unfolding of 1-10 s. The slow relaxation time was smaller for 
DPPC and the enhancement at the midpoint of the transition 
was also smaller." These are inconsistent with the lower coo-
perativity of DPPC than DMPC as can be seen in Table I. 

VI. Discussion 

Thus far we have discussed the thermodynamic, kinetic, and 
some functional properties of the lipid bilayers in terms of the 
cluster model. The lipid phase transition has been treated as 
a phase separation of solidlike S and fluidlike F states. As we 
have stressed many times, the lipid system does not exhibit a 
strong first-order phase transition. Although the transition 
curve reproduced by using the parameters of Table II is quite 
sharp, the analysis suggests the relatively low cooperativity. 
The width of the specific heat curve was a few tenths of a de
gree in accordance with the experiment, but the average cluster 
size was estimated to be small. The ordered structure of one 
phase cannot extend very far because of this weak coopera
tivity. The coexistence of many small clusters of two phases 
gives rise to a high amount of structural disorders of the lipid 
membrane. Such disorders would facilitate the "background 
transport" or increase the leakiness of the lipid membrane. 

Actual cell membranes are by no means the uniform system 
in contrast with the pure lipid membrane. But we suppose that 
the coexistence of many small clusters observed around the 
lipid phase transition temperature would be similar to what 
is actually taken in cell membranes. The same or similar kinds 
of lipids and other components would tend to segregate or form 
clusters. The lipid matrix described in the fluid mosaic model 
by Singer and Nicolson51 may not be a uniform system because 
there is considerable evidence that many molecules are dis
tributed nonrandomly in membranes.52 The clustering of lipids 
would be of great biological relevance since the structural 
disorders can provide suitable environment for the protein 
conformational changes. 

Although the cluster model does not intend to provide de
tailed information about the molecular nature of the lipid phase 
transition, it reveals new aspects of the "synergetic" 20 
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Figure 7. The relaxation amplitudes corresponding to each relaxation 
time calculated for the simple cluster reaction scheme of eq 30 with /max 

= 50. The numbers denote temperatures. The slowest relaxation process 
becomes more and more predominant as the transition temperature be
comes closer. The parameters used are e = 3 kcal/mol, so7 = 3.4 kcal/mol, 
S0 = 9.6 eu, TJ = 25 0C, and ft = 1. 

mechanism which was not the main concern of other existing 
models.1-9 If one regards the lipid system as a low cooperative 
system, the leakiness of the lipid membrane is more suitably 
understood in terms of this simplified model. The significance 
of the low cooperativity on the kinetic behavior is not clear, but 
it would be essential that the lipid phase change occur faster 
than the protein conformational changes in order to provide 
suitable environment. Although we have discussed the coop
erativity of the lipid phase transition in terms of the average 
cluster size, the starting quantity is the cluster distribution 
function, eq 10, which is well defined up to the critical point. 
The variance can also be calculated as the second moment of 
the distribution function. 

This phenomenological model can further be applied to the 
behavior of the lipid system as a whole through the convenient 
analysis of experimental results. For example, the addition of 
small molecules like cholesterol or anesthetics to pure lipid 
systems may be interpreted in terms of the change of the pa
rameters t and 7. One of the most important and interesting 
extensions of the cluster model is the phase separation of binary 
mixtures of lipids, in which situation an Ising spin must be 
interpreted to represent the occupation of the lattice site by 
either of two lipid components. However, the interaction with 
membrane proteins, the other major component of biological 
membranes, is beyond the scope of the present treatment. 

The nature of the pretransition prior to the sharp chain-
melting transition in pure lipid systems is not yet well estab
lished. In order to perform a phenomenological description of 
the pretransition, two interesting features must be incorpo
rated. One is the disappearance of the pretransition for small 
single-bilayer vesicles and the other is the hysteresis or the 
different transition curves for heating and cooling processes.31 

In this connection the interaction between layers and the 
movement of lipid molecules may require consideration. Since 
lipid molecules are though to be highly mobile in the plane of 
the bilayer, the lipid system would show both order-disorder 
and displacive transitions. 
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