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Dynamic imaging of lateral diffusion by electron spin resonance
and study of rotational dynamics in model membranes

Effect of cholesterol
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ABSTRACT The effects of cholesterol
on the dynamics and the structural
properties of two different spin probes,
the sterol type CSL and the phospho-
lipid type 16-PC, in POPC/cholesterol
oriented multitayer model membranes
were examined. Our results are consis-
tent with a nonideal solution containing
cholesterol-rich clusters created by the
self association of cholesterol in POPC
model membranes. The lateral diffu-
sion coefficient D of the spin probes
was measured over the temperature
range of 15 to 60°C and over the
concentration range of 0 to 30 mol % of

cholesterol in the model membrane by
the electron spin resonance (ESR)
imaging method. The rotational diffu-
sion coefficients (including R, ) and the
order parameter S were determined
utilizing a nonlinear least square ESR
spectral simulation method. D, R, and
S of CSL deviate considerably from
linear dependence on mole percent
cholesterol. The D of CSL was
decreased by a factor of four at 15°C
and a factor of two at 60°C for concen-
trations of cholesterol over 10 mol %,
whereas those of 16-PC were hardly
affected. Cholesterol decreased R, by

a factor of 10 at 30 mol % of cholester-
ol, but it increased slightly that of 16-
PC. A significant increase of S for CSL
due to the presence of cholesterol was
observed. It is shown how the differ-
ence in variation of S for CSL vs. 16-PC
with composition may be interpreted in
terms of their respective activity coeffi-
cients, and how a single universal linear
relation is obtained for the S of both
probes in terms of a scaled tempera-
ture. Simple but general correlations of
D and of R, with S were also found,
which aid in the interpretation of these
diffusion coefficients.

INTRODUCTION

The physical properties of phosphatidylcholine model
membranes containing cholesterol have been the subject
of extensive studies involving a range of techniques. The
techniques that have been used to study the phase behav-
ior are calorimetry (1, 2), spin-labeling electron spin
resonance (ESR) (3-6), fluorescence (7), freeze fracture
electron microscopy (7, 8), x-ray and electron diffraction
(9), and recently, Raman spectroscopy (10), as well as
neutron scattering along with freeze fracture electron
microscopy (11).

A conspicuous phase boundary in the temperature-
composition phase diagram was found at ~20 mol % of
cholesterol in phosphatidylcholine model membranes
below the main chain melting temperature (7,) (2-9),
although it had earlier been believed that there was a
phase boundary around 30 mol % (12). This phase
boundary has similar characteristics to the main chain
melting phase transition: that is, it is a kind of gel-
to-liquid crystalline phase boundary, implying that it is a
considerably disordered fluid state above 20 mol % of
cholesterol. On the other hand, it is a gel phase below 20
mol %. There are two solid phases (tilted Ly and nontilted
L, phases) which coexist in the region where cholesterol is
<20 mol % and at temperatures below the pretransition
temperature (7,) (7, 11), whereas a cholesterol-rich
liquid crystaline phase (P;) and a pure phospholipid gel

phase (Lg) coexist at temperatures between T, and 7,
(with T, ~ T, — 10°C) (4, 5, 8). But the x-ray and
electron diffraction studies did not confirm the coexis-
tence of two phases in this region (9). Based on spectro-
scopic evidence, the acyl chain tilt begins to disappear
with the presence of ~5-8 mol % of cholesterol (9, 11).

The phase behavior of model membranes containing
cholesterol in the L, liquid crystalline state (above T,)
has not been clearly established as yet. It was pointed out
previously (11) that this might partly be because of the
experimental difficulty of detecting fluid-fluid immisci-
bility by the commonly used spectroscopic methods.
There have been a few reports suggesting fluid—fluid
phase separation (5, 7, 13). A homogeneous single phase
also has been suggested experimentally (9, 11).

In addition to the phase behavior, the dynamical prop-
erties and ordering of the molecules in the bilayer have
their own physical importance. The rotational dynamics
and ordering properties of lipid molecules or cholesterol
analogues in the binary mixture have been investigated
mainly by magnetic resonance (14, 15) and fluorescence
techniques (16, 17). It had been shown that cholesterol
decreased the fluidity of the fatty acyl chain in the liquid
crystalline state. It has been possible to separate several
aspects of the rotational dynamics rather than to use the
general term fluidity. In the fluorescence study the rota-
tional motion was analyzed by a model of wobbling
motion confined within a cone (16). In this model the
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viscosity within the cone remained constant, but the cone
angle decreased with addition of cholesterol. The aniso-
tropic rotational diffusion model defines parallel and
perpendicular rotational diffusion coefficients, as well as
the ordering potential. The ESR study based on spectral
simulation, utilized the model of anisotropic rotational
diffusion in an orienting potential. It revealed increased
ordering, but only a small effect of cholesterol on the
rotational motion (15). Various studies have agreed that
the major effect of cholesterol is to reduce the angular
range for rotational motion without decreasing mobility
substantially (14, 15, 16). On the other hand, in the gel
phase cholesterol induces local disorder and enhances the
rotational motion. Generally, fully hydrated bilayers have
been used so far. But the careful study of low water
content DPPC samples by ESR showed effects of choles-
terol on rotational dynamics similar to that in the liquid
crystalline phase even in the gel phase (15).

Another important dynamical property of the bilayer
containing cholesterol is the lateral diffusion of the con-
stituent molecules. The effect of cholesterol on the diffu-
sion of the phospholipid molecules has drawn much
attention because it is directly related to understanding
the transport properties in biological membranes. It has
been studied by fluorescence recovery after photobleach-
ing (FRAP) (18-21), pulsed-NMR spin echoes (PNSE)
(22, 23), and fluorescence correlation spectroscopy (24).
Below T, one or two orders of magnitude increase of the
lateral diffusion coefficients of the phospholipid analogue
above 20 mol % of cholesterol has been found, supporting
the idea that it is a fluid phase even below T,. Also,
cholesterol decreased the lateral diffusion coefficient
about factors of two at 20 mol % or greater, above T, (19,
24). In another study, a sterol type fluorescence probe was
found to behave in exactly the same way as a phospholipid
type probe (20, 21). However PNSE gave significantly
different results for the self diffusion of phospholipid; the
addition of cholesterol was observed to increase the
diffusion rates of DPPC up to 10 mol % above T, and
then to decrease it above 10 mol % (22). For the unsatu-
rated acyl chain phosphatidylcholines (POPC, DOPC)
the lateral diffusion was observed only to increase slightly
with cholesterol concentration in the liquid crystalline
state (23).

We have developed an ESR-imaging method for mea-
suring the translational diffusion coefficients of ordered
systems such as liquid crystals and lipids (25, 26). We
have demonstrated that our method is one of the useful
spectroscopic techniques for studying lateral diffusion of
model membranes (26). We pointed out in our previous
work (26) that one could also simultaneously obtain the
rotational diffusion coefficients and the order parameters
in the usual fashion (e.g., 15, 27) by analyzing the

magnetic field gradient-off spectra which are just the
normal ESR spectra. Such a combined study can be
expected to provide better insight into the dynamic prop-
erties of membranes. In this work we present an applica-
tion of the ESR imaging method for lateral diffusion
along with an improved spectral simulation method for
ordering and rotational diffusion based upon nonlinear
least square fitting (28), to oriented model membranes of
POPC containing cholesterol.

The POPC molecule has one saturated acyl chain and
one unsaturated chain, as is characteristic of naturally
abundant phosphatidylcholines in biological membranes.
Here we concentrate on the liquid crystalline state for two
reasons: (@) Most real biological membranes exist in this
state (7), so an understanding of the dynamical properties
of both cholesterol and phospholipid in an unsaturated
phospholipid model membrane such as POPC in this
phase would be directly relevant to the role of cholesterol
in biological membranes (7). (b) Our ESR imaging
method is well suited to measure diffusion coefficients in
the liquid crystalline state of the membranes which range
from 10~ cm?s™' to 10~ cm?s™".

We used two types of spin probes, CSL and 16-PC
(Fig. 1). CSL is a good spin probe to reveal the dynamical
features of cholesterol in model membranes (6, 15). The
other probe is 16-PC, which is frequently used to study
the properties of phosphatidylcholine model membranes
by ESR (27, 29). From a comparison of the behavior of
these two spin probes we could hope to better understand
the properties of model membranes containing cholesterol
in the liquid crystalline state.

CSL 16-PC

FIGURE 1 Structure of cholestane (CSL) and 16-PC spin probes.
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EXPERIMENTAL METHODS

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-phosphatidylcholine (POPC) was pur-
chased from Avanti Polar Lipid Inc., Birmingham, AL, and was used
without further purification. Cholesterol was obtained from Calbio-
chem-Behring Corp., La Jolla, CA, and recrystallized in ethanol. The
3-doxyl derivative of cholestan-3-one (CSL) was purchased from Syva
Co., Palo Alto, CA, and 1-palmitoyl-2-(16-doxyl stearoyl)phosphatidyl-
choline (16-PC) was a gift from Professor G. W. Feigenson, Department
of Biochemistry, Cornell University, who synthesized it according to
standard methods (30). The purity of the 16-PC was tested by thin layer
chromatography, and it was found to contain <2% impurity.

Sample preparation

The two basic sample requirements in our ESR imaging experiment are
(a) the spin probe distribution is localized at the middle of the sample,
(b) the sample is a well-aligned homeotropic monodomain of lipid
multilayers. Because the experimental time (Ar) required is propor-
tional to the square of the initial width of the spin probe distribution (5)
(26), the initial width has to be as thin as possible to minimize At. To
prepare samples satisfying such requirements, we followed the modified
evaporation-compression technique explained in our previous work (26).
It is based on the hydration-evaporation technique (31) and the
compression alignment technique of Tanaka and Freed (27). For details
of the procedures and characterization methods see references 26 and
27. The spin probe concentration of the CSL was 0.75 mol % and that of
the 16-PC was 0.50 mol %. The ESR spectra of both samples did not
show any lineshape broadening due to Heisenberg spin exchange at
those concentrations. The water content of the sample was determined
by weighing after the ESR measurement (26). The POPC/cholesterol
samples were found to have 15-20% water by weight.

Iinstrumental and data collection

A Varian Associates, Inc. (Palo Alto, CA) E-12 spectrometer was used
for the experiments. The spectra were taken in the first derivative mode
with 100 kHz field modulation, with a microwave power of ~5 mW, and
with a modulation amplitude ~0.8 G. Homemade figure-eight gradient
coils, which produced a linear ficld gradient of 36 G/cm at 2.0 A
current, were used (25,26). A standard Bruker Instruments, Inc.
(Billerica, MA) nitrogen flowing temperature control unit was used to
regulate the sample temperature. The temperature control and variation
was achieved by using an 11-mm OD single wall quartz dewar and by
monitoring the temperature with a thermocouple inserted inside the
dewar from the bottom. The temperature was controlled to +0.5°C
accuracy. The temperature of the sample was raised ~10°C between
successive temperature runs. Data were collected on a model D PC
(Leading Edge Inc., Canton, MA) interfaced to an HP3457 multimeter
(Hewlett-Packard Co., Loveland, CO). All spectra were digitized to
1,024 points, had 100-G sweep widths, and 60-s sweep times. Two
gradient-on spectra were recorded consecutively and one gradient-off
reference spectrum was taken subsequently. About 20 gradient-on
spectra were recorded at a fixed temperature, and this took ~1 h. Each
sample was used for five different temperatures ranging from 15 to
60°C.

Data analysis

Lateral diffusion by ESR imaging. The measurement of diffusion
coefficients by ESR imaging is an application that we refer to as

“dynamic imaging” (26). It involves two stages. A sample is prepared
with an inhomogeneous distribution of spin probes along a given
direction. The ESR imaging method is first utilized to obtain the
(one-dimensional) concentration profiles at several different times. The
imaging method is based on the use of a magnetic field gradient, such
that at each spatial point there is a different local resonant frequency.
Typical ESR spectra from imaging concentration profiles are shown in
references 25 and 26; also shown are the concentration profiles. With the
passage of time, this inhomogenous distribution will tend to a homoge-
neous distribution via translational diffusion. The second stage is to fit
the time-dependent concentration profiles to the diffusion equation to
obtain the diffusion coefficient. We have shown (26) that the analysis is
greatly improved by studying the spatial Fourier Transform of the
concentration profiles.

The one-dimensional diffusion equation in Fourier transform or
k-space is given by

In|C(k, t,)| — In|C(k, to)| = —4x2 D k? At, (1)

where At = ¢, — t,is the time difference between two measurements and
D is the lateral diffusion coefficient in units of cm?~'. To obtain the
concentration profile C(k, ;) at a given time in k-space we deconvolute
the gradient-on spectrum with the gradient-off spectrum utilizing the
convolution theorem in Fourier space:

I;(k9 ti)
I(k) ’
where I,(k) is the Fourier transformed gradient-on spectrum and I,(k)
is a Fourier transformed gradient-off spectrum. The lateral diffusion
coefficient D is determined by the method described in our previous

paper (26). In summary, because we used samples that are well
approximated by a Gaussian initial spin probe distribution,

2
- %) 3)

Ck, t;) = (2

G
C(x) = m €xp (

The log of the concentration profile in k-space may be written as
In|C(k, t,)| = a(t;) K2, 0]

where a(t;) = —22%? — 4x?D t;. Thus, by plotting |C(k, 1,)| with respect
to k? one obtains the slope a(#;). The a(t;)s are related to each other by
the diffusion equation (Eq. 1):

a(t) — a(t;) = —4=°D(t; — t;). )

Thus a plot a(#;)s with respect to ¢; yields D. We could estimate the half
width at half maximum (HWHM) T of the Gaussian concentration
distribution by the relation

T - = V=@ I, ©)

at a given time ¢;. The HWHM s of the Gaussian profiles were about 0.5
mm at the beginning of the measurement. Several examples, illustrating
how the C(k, t;) are analyzed to obtain D, are given in reference 26.

Nonlinear least square spectral simulation. During the course of
each experiment we collected the gradient-off spectra. They were
analyzed to obtain information on ordering and rotational dynamics
utilizing ESR spectral simulation methods (32-34). The ESR simula-
tions were performed utilizing nonlinear least square fitting to obtain
the optimum parameters (28). For the spin probes we were using, we
followed the axis system conventions described elsewhere (27, 35).

The potential V(Q) determining the orientational distribution of the
spin probe molecules around the ordering axis in the uniaxially ordered
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lipid multilayers can be expanded in a series of Wigner rotation matrix
elements, e.g.,

=V(@)/kT = \D% (@) + p(D5 (@) + Di_, (@) + ..., (7)

where k is the Boltzmann constant and Q is an Euler angle specifying the
relative orientation between the rotational diffusion axis (it is assumed
to coincide with molecular long axis) and ordering axis. The values of
the magnetic tensor 4 used were A~ ~ 33.8 G and 4,-(=4,-) = 50G
for CSL, and 4,~ = 33.0 G and A,~(=A4,~) = 4.9 G for 16-PC. Those of g
were g,- = 2.0089, g~ = 2.0058, and g~ = 2.0021 for both spin probes
(27). One can specify the angle (¥) between the ordering axis and the
applied magnetic field (H,). All spectra of CSL that were simulated had
¥ = 0° whereas those of 16-PC had ¥ = 90°. These values of ¥ had
been chosen to minimize the spectral linewidths, thereby enhancing
resolution in the imaging experiments.

The first step in the nonlinear least square simulation was to choose
reasonable starting values of the four parameters, A, p, the perpendicular
rotational diffusion coefficient (R,), and the parallel rotational diffu-
sion coefficient (R)). They were chosen simply from previous results for
the same probes in DPPC multilayers (27). The fitting process was
iterated several times by a Marquard-Levenberg algorithm until a
minimum in the least squares was achieved. To insure that a global
minimum was achieved and to guard against spurious local minima, the
algorithm was restarted several times with a range of different seed
values. Convergence to the same final set (to within the experimental
uncertainty) was always achieved (except in a few cases where no
convergence was obtained). The fits were very sensitive to A and R,
while less sensitive to p and Ry.

Once we obtained the potential parameters (A, p), we calculated the
order parameter defined by

S= <D,2,.,(9)>=fngo(9)exp(- l;—)dﬂ

. / fexp(_ %)dn, (8)

where D2, () = (1/2) (cos® 8 — 1). The spectral simulations showed
that the values of A are about an order of magnitude bigger than p for
CSL. Thus, neglecting p and higher order terms, we can simplify the
potential expansion to

Y® \p:
- 27 ~\Dh @), ©)

for which the order parameter S can be written as

S~ f D2, (Q) exp (\D2, (2)) dQ
. / f exp (\D% (2)) d9.  (10)

This integral was calculated numerically. An asymptotic expression,
valid for large A, is given in the Appendix.

RESULTS AND ANALYSIS

General observations

Lateral diffusion

Results were obtained for five different compositions of
cholesterol in POPC multilayers, 0, 4, 10, 20, and 30 mol

% with CSL spin probe. Using 16-PC probe 0, 10, and 20
mol % were used. The temperature was chosen to be at
least 10° above the main chain melting temperature T, of
hydrated POPC. The lateral diffusion coefficients D of
CSL in the different mixtures are listed in Table 1. Those
of 16-PC are shown in Table 2. One notes that for 0 mol %
cholesterol, Dcg; /Dygpc ~ 1.6 consistent with the some-
what smaller size of CSL. Semilog plots of the tempera-
ture variation of D are shown in Fig. 2, a and b,
respectively. The activation energy for lateral diffusion
was calculated for each probe in each mixture. It ranges
from 6 to 9 kcal/mol depending on the concentration of
cholesterol. There is a noticeable increase of activation
energy of CSL (~3 kcal/mol) between 4 and 10 mol %.
These values are given in Table 1. Fig. 3 shows the
variation of D for each probe at different cholesterol
concentrations. 10 mol % of cholesterol decreased the D of
CSL by factors of four at 15°C, and factors of two at
60°C. The further addition of cholesterol over 10 mol %
was not so effective in reducing D of CSL as it was below
10 mol %. On the other hand, the D of 16-PC at different
compositions was almost unaffected at high tempera-
tures, although it decreased slightly at 15 and 25°C.
Given that the D of CSL or 16-PC would not be much
different from that of cholesterol or phospholipid, respec-
tively, the presence of cholesterol appears to influence the
cholesterol diffusion more than that of the phospholipid.

Ordering and rotational diffusion

Spectral simulations were performed for spectra of CSL
and 16-PC at all concentrations and temperatures we
have studied. The best fitting rotational diffusion coeffi-
cients and order parameters of CSL are given in Table 1
and those of 16-PC in Table 2. Some of the simulated
spectra are compared with the experimental ones in Fig.
4, a and b. The activation energy for the R, of CSL is
given in Table 1 for the different compositions. Factors of
two increase of the activation energies at ~10 mol % of
cholesterol compared with that at 0 mol % were found.
Fig. 5 shows the variation of R, of CSL with cholesterol.
We plot the temperature variation of order parameter S
of CSL at different composition in Fig. 6 a. The order
parameter S of both spin probes appears to decrease
linearly with temperature, and to increase with increasing
mol % cholesterol.

We used ¥ = 0° CSL spectra for ESR simulation. This
means that we are observing the spectrum along the
principal ordering axis. For this highly ordered probe the
molecular long axis is preferentially along this principal
ordering axis. Thus, in this configuration, the spectral
shape was very sensitive to the value of R, , whereas it was
fairly insensitive to R| (as confirmed by our nonlinear
least-square analysis). Thus, we put less emphasis on R,
in analyzing the results of the spectral simulations. For
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TABLE 1 Data for the CSL spin probe
T D s A P) R, Ry
°C 107%cm’s™! 10°s7! 10%~!
0 mol % cholesterol E . = 6.30 kcal/mol E,.g, = 2.50 kcal/mol
15.7 3.96 + 0.33 0.532 2.5105 0.4769 1.766 1.137
253 5.88 + 0.30 0.471 2.1644 0.6705 2.236 0.993
350 7.82 + 0.31 0.452 2.0635 0.6853 2.559 1.091
48.7 12.00 £ 0.51 0.418 1.8933 0.6967 3.087 1.435
63.0 19.10 + 1.00 0.383 1.7259 0.6492 3.555 1.826
4 mol % cholesterol E,,p = 6.45 kcal/mol E,.g, = 2.10 kcal/mol
14.2 2.40 + 0.66 0.663 3.4791 0.6681 1.029 1.928
240 3.32 £ 0.37 0.635 3.2379 0.5352 1.293 1.866
35.0 5.10 + 0.56 0.599 2.9517 0.6100 1.463 2.035
48.0 8.31 + 1.31 0.566 2.7264 0.4904 1.824 2.213
60.7 11.70 + 1.40 0.536 2.5370 0.4384 2.026 2.715
10 mol % cholesterol E,.p = 9.73 kcal/mol E &, = 5.06 kcal/mol
14.8 0.96 + 0.21 0.787 5.1900 0.6117 0.385 1.878
25.1 1.47 + 0.22 0.753 4.5771 0.3633 0.550 2.430
358 2.78 £ 0.33 0.722 4.1254 0.2090 0.728 3.144
48.8 5.55 + 0.85 0.683 3.6799 0.1461 0.926 4.067
60.9 943 + 1.04 0.651 3.3721 0.0080 1.171 7.795
20 mol % cholesterol E,.p ~ 9.84 kcal/mol E.g, = 5.73 kcal/mol
15.0 0.98 + 0.15 0.825 6.1778 0.9221 0.241 1.368
253 1.58 + 0.17 0.792 5.3010 0.7192 0.349 1.806
359 3.21 £ 0.22 0.763 47422 0.4073 0.480 2.597
48.8 593 + 0.26 0.725 4.1700 0.1691 0.649 3.853
60.2 9.53 £ 0.43 0.691 3.7693 0.1324 0.816 6.221
30 mol % cholesterol E,.p = 9.94 kcal/mol E,.g, = 5.42 kcal/mol
15.4 0.88 + 0.17 0.852 7.1719 1.6686 0.156 0.963
25.2 1.38 + 0.16 0.830 6.3300 0.7500 0.240 1.621
35.0 2.03 + 0.19 0.812 5.8118 0.3558 0.312 2.320
477 4,34 + 0.27 0.784 5.1360 0.1698 0.413 3.372
60.3 9.17 £ 0.33 0.745 4.4485 0.1809 0.531 3.692
TABLE2 Data for 16-PC spin probe 16-PC, the spectral lineshape was found to be sensitive to
R, but almost insensitive to the anisotropy ratio for
T D s A P R, . g . 7
rotational diffusion, Ry/R, (again from nonlinear least-
oC 10~ cni’s~! 10° square analysis). A model of isotropic Brownian rota-
0 mol % cholesterol Eyp = 6.15 keal /mol tional reorientation was‘the.rcfore employed to simulate
15.8 2.45 + 0.57 0.172 0.7995 0.1956 3.86 16'PC Spectra. The. activation energy for R{_ of 16-PC
26.0 353:0.50 0.141 0.6631 0.1734 4.44 was also found to increase somewhat with increase of
36.2 509+ 055 0.20 0.6368 —0.5382 4.94 mole percent cholesterol but less than the case for CSL.
2;-2 1:-3(9) * i-;(‘) g-g;‘; g-ig;g ”?-?Z‘;g IZ'?? However, over the temperature range studied, R, of
’ o ) ’ ) ) 16-PC actually increased slightly with mole percent cho-
155 | ;‘1) m‘:; "453‘3‘10135‘;1':‘ Eon;;;, 7-87:‘23316/:101 s lesterol, whereas that for CSL decreased very substantial-
256 292:061 0191 08956 —0.3041 5.04 ly. The ordcr.gara;;‘ eter ‘: forl 16-PC washo?sewe‘: to
5.9 457+ 082 0174 10168 —009411 677 increase considerably with mole percent cholesterol as
486  725:1.22 0101 1.1781 —1.7804 1413 was the case for CSL.
60.8 10.60 + 1.80 0.084 1.1394 -1.8332 17.14
20 mol % cholesterol E,., = 8.92 kcal/mol irical relati
15.0 120 + 0.50 0.268 1.2396 -—0.3565 4.85 Empll ct? elations and
256  257:054 0241 11138 —03124 5.97 correlations
36.0 469 + 0.87 0.218 1.6264 -—-1.7173 13.41 Order parameter and activity coefficients
48.8 7.29 =+ 1.10 0.157 0.9519 -0.9580 21.50 . . .
608 1040+ 130 0150 08864 —0.8728 23.70 One is struck by very nearly pal:allel stralght-!lne fits of S
for CSL vs. temperature (cf. Fig. 6 a). That is, the slope
Shin and Freed Dynamic Imaging of Lateral Diffusion 541



a
~
1
[=]
T
&
E
A
7
s .
©
1
ot
0.00290 0.00307 0.00325 0.00342 0.00360
T—1 (°K"1)
b
~
|
=}
f
»
o~
E
G
%
e
(=)
? 0
=]
0.00290 0.00307 0.00325 0.00342 0.00360
T—1 (oK—1)

FIGURE 2 (a) Semilog plots of Dces, vs. T~'. Cholesterol concentra-
tions in POPC model membrane are 0 (O), 4 (0), 10 (A), 20 (W), and
30 mol % (@). (b) Same type of plots as a except the spin probe is 16-PC;
0 (+), 10 (x), 20 (¢) mol % of cholesterol in POPC model

membranes.
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FIGURE 3 Plots of the variation of D¢cg; and D,¢pc with cholesterol
mole fraction x at different temperatures; for CSL, 15 (O), 25 (0O), 35
(A), 48 (m), and 60°C (@), and for 16-PC, 15 (+), 25 (x), 35 (9), 48
(v%), and 60°C (A). Dygpc shows little change in the presence of
cholesterol. Data used were interpolated by Spline interpolation from
those in Tables 1 and 2.
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FIGURE 4 (a) Comparison of experimental spectra of CSL (—), at
25°C, with simulated ones (—-—) at different concentrations. The angle
V¥ is 0°. There is noticeable decrease of hyperfine splitting with increase
of cholesterol concentration. (b) Comparison of experimental spectra
(—) of 16-PC, at 25°C, with simulated ones (—.—).

(8S/3T), does not depend on the composition (except for
a small deviation at 30 mol %). Let us arbitrarily define
reference temperatures T#(x) and T#(x), which are the
extrapolated temperatures corresponding to S = I and
S = 0 at a given cholesterol mole fraction, x. Obviously
T¥(x) and T§(x) are different from composition to
composition, but the difference T§(x) — T¥(x) must
remain constant for all compositions, since the slope
(8S/0T), is independent of composition. Thus, we may
write the temperature dependence of S in the following

10°
1

Recst(s™")

0.30 0.40

0.20
cholesterol mole fraction x

0.00 0.10

FIGURE 5 Plots of the variation of R, of CSL with cholesterol concen-
tration at different temperatures; 15 (D), 25 (0), 35 (A), 48 (W), and
60°C (@). The behavior of each curve is quite similar to that of Deg; (cf.
Fig. 3).
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FIGURE 6 (a) Plots of temperature dependence of order parameter S
of CSL at different compositions; 0 (0), 4 (O), 10 (A), 20 (W), and 30
mol % (@). The slopes are all the same except at 30 mol % where it is
slightly smaller than the others. (b) Plot of S(zY) vs. ¢V for CSL and
16-PC. Different symbols denote different compositions: for CSL, 0
(0), 4 (0), 10(A), 20 (m), and 30 mol % (@), and for 16-PC, 0 (+), 10
(x), and 20 (¢) mol %.

form.
S(x,T) =1~ a[T — T¥(x)], for x constant, (1)

wherea = 1/[T§(x) — TH(x)] = 2.77 + 0.26 x 10-¥K.
The values of T#(x) and T§(x) are given in Table 3. If
we define the scaled temperature tV = [T — T¥(x)]/
[T¥(x) — Tt(x)] (36), then S is simply

S@Y) =1- Y (12)

This scaled equation tells us that the disorder parameter
1 — S(¢Y) is exactly the scaled temperature Y, and this
behavior is universal for nearly all compositions. Thus the
ordering effect of cholesterol can be thought of simply as
equivalent to a shift of the temperature scale. This
universal behavior S(7T) vs. tV is depicted in Fig. 6 b for
all our data on CSL (as well as 16-PC, see below). (A
simple relation between ordering potential A of CSL and
temperature is suggested in the Appendix.)

TABLE3 Values of T{(x) and T$(x)

x (cholesterol) T¥(x) T§(x)
°C °C
CSL spin probe
0.0 —150 191
0.04 -110 255
0.1 —58 281
0.2 —45 296
0.3 -47 385
16-PC spin probe
0.0 -252 73
0.1 —235 87
0.2 —246 111

Compare with text and with Eq. 11.

Fig. 7a is a plot of S for CSL vs. cholesterol mole
fraction x. The change of order parameter with cholester-
ol: S(x, T) — S(0, T) is found to vary with x but to be
independent of T. The order parameter S increases
sharply up to 10 mol %, but S is not very sensitive to
further addition of cholesterol. We found that a “Lang-
muir isotherm” type equation fits the behavior of S(x, T)
— 80, T) vs. x:

Sx, Ty-80,T) = , for T constant, (13)

X
1+ex
with b = 6.28 and ¢ = 14.4 as shown in Fig. 7 b. Eq. 13 is
consistent with a saturation of the ordering effect of
cholesterol. Because S is a proper thermodynamic vari-
able, we may combine Eqs. 11 and 13 by standard
thermodynamic methods [dS = (8S/8T),dT + (8S/
dx)y dx] to obtain:

Sx,T)=1—a[T - T¥0O0)] + T+ ox’ (14)
with
. . a'bx
T¥(x) — T¥O) = T ox’ (15)

Eq. 14 expresses a surprisingly simple universal depen-
dence of S for CSL on x and T with no cross-terms in x
and T (except perhaps a small correction at x = 0.3). We
discuss Eq. 14 further in the next section.

We now consider our results for 16-PC. The tempera-
ture dependence of S¢pc is also found to be fit by the
universal form expressed by Eq. 12 as shown in Fig. 6 b.
We found an identical scaling constant

a=[T§(x) - THx)]'

to that for CSL within experimental uncertainty. How-
ever, for 16-PC, which is more weakly ordered, the
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FIGURE 7 (a) Plots of S(x, T) for CSL vs. cholesterol mole fraction x.
Note the deviation of S(x, T) from linearity in x; 15 (0O), 25 (0), 35
(A), 48 (W), and 60°C (@). (b) Plots of S(x, T) — S(0, T) vs. x for
CSL. A Langmuir isotherm type equation bx/(1 + ¢x) fits the behavior
of S(x, T) — S(0, T) with b = 6.28 and ¢ = 14.4. (c) Same type of plot
as b for 16-PC for five different temperatures: 15 (+), 25 (x), 35 (0),
48 (5%), and 60°C (A). The line is drawn according to Eq. 17a with d =
0.44.

reference temperatures TF(x) and T§(x) are different
from those for CSL (cf. Table 3). In the case of the x
dependence of S pc We obtain results analogous to that of
Eq. 13 for Scg in that Sigpc(x, T) — Si6pc(0, T) has a
functional form that is (nearly) temperature independent

(cf. Fig. 7c), but this functional form is distinctly
different from that for CSL, (compare Fig. 7, ¢ with b).

We now wish to consider a point of view which incorpo-
rates the fact that the addition of cholesterol has a similar
type of effect on the S¢g and Sq pc as suggested by their
respective temperature dependences, and yet there is a
markedly different dependence upon composition. This
point of view, simply stated, is that the mixtures of POPC
and cholesterol studied here form a simple nonideal
solution. Furthermore, because CSL is known to report on
cholesterol in model membranes (6, 15), and 16-PC
relates to the properties of phosphatidylcholines (27, 29),
then we expect that Seg (x, T) and Sg,(x, T) are compa-
rable (or at least the same within a constant multiplica-
tive factor of order unity), and also S;¢pc(x, T) and
Sporc{x, T) are comparable (where Spopc as used here
would more precisely be related to the ordering at the end
of the acyl chain). That is, we may regard CSL as merely
a labeled cholesterol molecule and 16-PC as merely a
labeled phospholipid molecule in our analysis. Thus the
fact that Scg(x, T) and Scpc(x, T) obey the same
temperature scaling law, Eq. 12 arises because one has a
single simple solution. On the other hand, the different
functional dependences of Scg; and S¢pc upon x could
arise from the properties of nonideal solutions.

If the POPC/cholesterol solution were ideal, then we
would expect its intensive thermodynamic properties (e.g.
partial pressure) to vary linearly with x. Since S;(x, T)
for the ith component is an intensive thermodynamic
property such as the partial pressure (37), we expect
Si(x, T) — S0, T) to vary linearly with x in the ideal
solution limit (i.e. x — 0). More specifically, given the
tendency of cholesterol to enhance ordering, we would
expect that if ideal mixing of lipid and cholesterol were
occurring, this enhancement to the ordering of both
components would simply be proportional to x. (Such
ideal solution type of behavior for S(x, T) has been
observed in isomeric mixtures of thermotropic liquid
crystals [36]). The very nonlinear dependence of Scg
upon x expressed by Eq. 13 would then imply a nonideal
solution (although as x — 0 we recover the linearity in x
expected for an ideal solution). Such nonideality would be
the case, if, for example, the cholesterol tends to aggre-
gate and not obey ideal mixing as x increases.

These arguments suggest that the term in Eq. 13,
1/(1 + cx), which corresponds to the nonlinear behavior
should be related to the activity coefficient v, for
cholesterol (with the activity @y = Yo X)- In fact, if we
simply set

1
1+ex’

(16)

Yehot =

with ¢ = 14.4 (corresponding to the solute convention that
Yt — 1 as x — 0), then the decreasing vy, With x is
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consistent with aggregation of the cholesterol as x
increases (38a). Eq. 16 represents the simplest interpreta-
tion we can make of the effects of nonideality on S¢g;. It
leads to the following form for Eq. 13:

S(x, T) — S0, T) = bxvy,qy- (16a)

More generally we might expect higher order terms in
Yool OF dgo in Eq. 16a, but a significantly more rapid
convergence than just a series expansion in x.

If, indeed, the nonideal dependences of S;(x, T) upon x
are closely related to the respective +;, then the Si(x, T)
for the two components of the solution cannot vary
independently. More precisely, the activity coefficients of
the two components of a solution are interrelated by the
Gibbs-Duhem equation (38b):

xdinygy = —(1 —x)d Invype. an

(We are implicitly assuming that the region within the
bilayer consists only of two components, with the third
component, water only at the headgroup region and
between bilayers [39].)

It is a simple matter to obtain an expression for vypc
from that for v, (Eq. 16) by integrating Eq. 17 (utilizing
as one set of limits of integration ypc = Yeut = 1 When
x = 0). One obtains:

Yee = (1 — x)"/U+I(1 4 ex)~10+9, (17a)

We now need an expression for S¢pc analogous to Eq.
16a to compare with the experimental data of Fig. 7 ¢. We
find that a form closely analogous to Eq. 16a:

Siepc(x, T) = Siepc(0, T) + dxvypc atconstant 7, (17b)

with ypc given in Eq. 17a, leads to good agreement with
the data as illustrated in Fig. 7 ¢. In particular, we
obtained a temperature-independent 4 = 0.44 within the

experimental scatter. It is found from Eq. 16 that y4,

decreases by a factor of five on x increasing from 0 to 0.3,
whereas from Eq. 17a <ypc increases only 13% upon x
increasing from 0 to 0.2. In other words, our simple
analysis shows that the different functional forms of Scq
and S;¢ pc vs. x may well be consistent with their differing
activity coefficients as required by the Gibbs-Duhem
relation for nonideal solutions.

Lateral diffusion vs. order parameters

It is known that in an ideal solution the self diffusion rate
should be linear with composition (40). The nonlinear
variations of the self-diffusion coefficients observed in
this work for POPC/cholesterol solutions are characteris-
tic of a nonideal solution (40-43). It has been suggested
that one use the excess self-diffusion coefficient (40, 41)
analogous to excess thermodynamic functions, to measure
the extent of the deviation from ideality. Simple argu-

ments indicate that such an excess coefficient is negative
(positive) for CSL (16-PC) in analogy to cyclohexane/
benzene (41) and hexane/nitrobenzene (40) solutions.
We shall treat the nonideal characteristics from another
perspective.

We now consider whether the lateral diffusion coeffi-
cient D of CSL may be related to the ordering .S, which
we have shown provides a direct measure of solution
nonideality. We show in Fig. 8 a that at each value of
temperature, In D varies linearly with S? (x, T). More
precisely, we empirically find that

D(S, T) = D°exp {— [«(T)S*x, T) + B]/RT},  (18)
with D° = 9.18 x 10~°cm’*~', 8 = 1303K - R and that
a(T)=a +¥b/T (18a)

witha' = —3364K - Rand b’ = 1.303 x 10°K2. R (and R
here is the universal gas constant). The validity of Eq. 18
is illustrated in Fig. 8 b. The values of a(7) shown in Fig.
8 ¢ were obtained from the variation of In D with S for
each T, as was the value of D°(T) = D% #RT Fig. 8 b
shows the universal linear curve obtained when
In[D(x, T)/D°(T)] is plotted vs. a(T)S*(x, T)/RT for
each value of x (i.e. constant x behavior).

We have also been able to fit our results on D for 16-PC
to an equation of the form of Eq. 18 as illustrated in Fig.
8 d. There is somewhat more (random) scatter due in part
to the somewhat greater error in our measurements of
D\ ¢.pc vs. Dcs; . Nevertheless, we find that these results are
also well-fit by Eq. 18 with D° = 1.06 x 10~*cm’*~', 8 =
2317K - Rwitha’ = —2.60 x 10°K - Rand b’ = 8.56 x
10°K* . R. Note that for both probes a(T) decreases
monotonically with temperature over the range studied.
This smaller value of a(T) at the higher temperatures
implies a weaker dependence for Dg; and D;¢pc On S at
the higher temperatures. We have tried a variety of
different functional forms of D vs. S, but only the form of
Eq. 18 was successful. This statement must be qualified
with the following observation. We were also successful in
the case of CSL (but not 16-PC) with fitting our data to a
linear dependence of In D vs. S(x, T), and the x* test was
comparable to that for Eq. 18 (x* ~ 1072). We point out
in the Discussion section that a(T")S? + 8in Eq. 18 is the
activation energy for the lateral diffusion. In the case of
the fit of In D vs. S(x, T) for CSL, however, the numer-
ical fit leads to a negative activation energy (and very
small D°), which makes no sense physically. We have
thus ruled out this latter functional form on physical
grounds for CSL and statistical grounds as well for
16-PC.

Rotational diffusion vs. order parameters

We found an interesting universal relation between R, of
CSL and its order parameter S in the highly ordered
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POPC model membranes containing cholesterol:

R, = A1 - 8)?, 19)
with 4 = 9.15 x 10" s™!. The constant A4 is independent of
both composition and temperature. This universal behav-
ior is illustrated in Fig. 9 for all our data on CSL. On the
other hand the form of Eq. 18 or its variants proved
unsuccessful.

In the case of R, for 16-PC, we could not find any
simple correlation with S (including the forms of Egs. 18
and 19). In fact, from the data of Table 2 we find that R,
increases with S as the latter increases with mole percent
cholesterol; on the other hand R, decreases as S is
increased by lowering the temperature. Thus, there is no
simple relation between R, and S for 16-PC. This is
perhaps not surprising, since the motion of the 16-PC
nitroxide moiety located at the end of the acyl chain (cf.
Fig. 1) is known to depend greatly on the complex internal
modes of the chain. The case for the rigid CSL probe is
most certainly much simpler.
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FIGURE 9 Plot showing a universal relation between R, and (1 — S)?
for CSL: 15 (O), 25 (0), 35 (A), 48 (W), and 60°C (®).
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Comparison with other work:
lateral diffusion

The previous studies of lateral diffusion have almost all
focused upon phospholipid diffusion. Our results for D of
16-PC do not exhibit significant influence of cholesterol.
The PNSE study of the same system (23), also showed
little effect of the cholesterol on the self-diffusion of the
POPC molecules, but it showed a small increase com-
pared with our observed small decrease. Only in the
FRAP studies of lateral diffusion in DMPC and egg-PC
model membranes containing cholesterol (20, 21) were
both fluorescence-labeled sterol and phospholipid studied.
However, these studies gave significantly different results
from ours in three respects. First, the diffusion rates of the
fluorescence-labeled sterol and phospholipid probes were
nearly the same under all conditions of cholesterol con-
centration and temperature in the liquid crystalline state.
Second, the temperature dependence of self-diffusion
coefficient was very mild in all compositions. The activa-
tion energies were about 2-3 k cal/mol, which is almost a
factor of three less than those of CSL. Third, self-
diffusion coefficients of both fluorescence probes were
almost constant until the concentration of cholesterol
reached 10 mol %, and then they decreased by factors of
three at 20 mol %, but they did not change much in the
range from 20 to 40 mol %. We believe that the different
result from the two experiments, including those with
respect to the relative behavior of those two probes, is due
to the fact that the photosensitive functional group
attached to the parent molecules used in the FRAP
experiments is very substantial in size so that it could have
a dominant influence on the diffusional process, which
could result in identical diffusion coefficients that are
different from that of cholesterol and phospholipid.

It was found previously that the major effect of choles-
terol is to increase the structural ordering in the bilayer of
phosphatidylcholine at low water content (15). In the
present work we find that it not only increases the
structural ordering but it also reduces the rotational
diffusion rate (R,) considerably, (although it seems to
enhance rotation around molecular long axis, i.e., R, for
CSL). The difference may be due to the low vs. high
water content of the bilayer.

DISCUSSION

Our extensive results on order parameter S, rotational
diffusion coefficient R,, and lateral diffusion coefficient
D, and the simple correlations between them both as a
function of x (mole fraction of cholesterol) and of T in the

liquid crystalline phase (above T,,) are clear and strong
manifestations that this is a simple nonideal solution of
POPC and cholesterol. This is, of course, in agreement
with the observation of Sackmann and co-workers (11)
who found a single phase for DMPC /cholesterol mixtures
for x = 0.14 and possibly as high as 0.45. The order
parameter of the CSL molecules which should relate
closely to the properties of cholesterol molecules, and of
16-PC, which should relate to the properties of POPC, are
simply interpreted in terms of nonideal solutions in the
present work. This suggested an approach whereby the
activity coefficients are simply given by the deviation of
the respective order parameters from linear behavior in x.
The diffusion coefficients R, and D also show rather
simple and monotonic variation in x and T in this phase.
In fact, surprisingly simple correlations with S have been
found for them, and hence with the activity coefficients
obtained from them. It is perhaps remarkable that such
consistent evidence could be obtained from results on
these three quite different types of parameters.

In general, we have observed very substantial varia-
tions of S, R,, and D for CSL as x is increased from zero,
whereas only modest changes were observed for 16-PC.
While this might naively seem to suggest some peculiari-
ty, we have shown in the previous section that it may
simply be due to the Gibbs-Duhem equation applied to
Yetot 20 Ypope-

The observed v, variation with x is consistent with
preferential association of cholesterol molecules with
each other in the POPC solvent. This leads to values of
Yaot < 1. It is therefore no surprise that D and R, for CSL
are modified significantly as x increases from the very
dilute limit (i.e. less than 1 mol % of CSL). This tendency
to aggregation of the cholesterol (including CSL) mole-
cules means that the environment of CSL changes signifi-
cantly as a function of x, from that of flexible POPC
molecules, to the more rigid cholesterol molecules. One
might expect that a cholesterol-rich region would be more
dense and compact than the pure POPC bilayer providing
less room available for the molecule to diffuse. As a result,
the self diffusion of CSL in such a region should be slower
than in the pure POPC bilayer. The rotational diffusion
will be more restricted by the increased ordering, but this
feature has already been included in our rotational model
that distinguishes the R-tensor and the restoring potential
from which S is calculated (cf. Eq. 8). The cholesterol-
rich regions must also be more solidlike due to the dense
packing, thereby providing greater frictional resistance to
rotational motion, to explain the observed order of magni-
tude decrease in R, for CSL with x. We do note a
substantial increase of activation energy (cf. Table 1) for
both Dand R,.

The tendency of cholesterol to aggregate means that
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the POPC-rich regions are less influenced by cholesterol
molecules than would otherwise be expected. This is
consistent with the rather modest effect of cholesterol on
the lateral diffusion of 16-PC. We did observe a small
increase in R, for 16-PC with the addition of cholesterol.
It might imply that the increase in overall ordering results
in a slightly lower friction in the end-chain region (some-
what analogous effects are known in other systems [44]).

Self association, creating larger and more cholesterol-
rich regions or clusters, possibly competes with the cre-
ation of new clusters in the nonideal solution. The satura-
tion effect on v, (hence on S, D, and R)) for cx > 1 (cf.
Eq. 13-16) suggests that in the concentration range = 10
mol % cholesterol, the addition of more cholesterol merely
increases the extent, but not the nature of the cholesterol-
rich clusters. This may be thought of as a preprecipitation
regime of the nonideal solution.

When we consider (a) the temperature independence
of Yepa and v,6pc, and (b) the universal dependence of S
for both CSL and 16-PC on the scaled temperature ¢V (cf.
Eq. 12), these are surprisingly simple results. Related
behavior has indeed been seen recently for Seg; in mix-
tures of nearly identical thermotropic liquid crystals (36),
where the temperature was scaled relative to the observed
phase-transition temperature at which Scs; was indepen-
dent of composition.

More unusual perhaps is Eq. 19 expressing R, for CSL
simply as proportional to the square of the disorder
parameter, 1 — S. This seems to suggest that for the
highly ordered CSL, the rotational dynamics should be
referred to the rigid crystalline state of cholesterol, where
the disorder parameter would be expected to be zero, and
the packing forces imply a near infinite frictional resis-
tance to reorientation. That is, the microviscosity may be
expected to be a monotonic function of (1 — S)~". Thus,
finding that R, is a function of (1 — §) may not be
surprising, although the simplicity of the actual func-
tional form that is found is not, at present, easily
explained.

We now wish to consider the S dependence of the
lateral diffusion coefficients as expressed by Eq. 18. We
can regard a(T)S?*(x, T) + @ as the activation energy,
for the self diffusion as we have already noted. It seems
reasonable to interpret this as an enhanced activation
barrier to self diffusion as membrane ordering is
increased by the addition of cholesterol. In fact, in a
theoretical analysis of viscosities in thermotropic liquid
crystals (45) an S? dependence of the activation energy
was predicted in the context of a free volume model. In
that theory the relaxation time is proportional to the
probability that the molecule finds enough free volume to
make translational jumps between two equilibrium posi-

tions, and this leads to an S? dependent term in the
activation energy. There is also, in that theory, a term
linear in S in the activation energy which comes from the
contribution to the relaxation time arising from the
probability that the molecule has enough energy to over-
come the potential barrier due to the molecular field
created by the other molecules. Diogo and Martins (45)
claim that “in most practical cases” the S? term is
dominant. Our results imply a temperature-dependent
activation energy such that the effect of ordering is
enhanced at lower T. This could be due to the higher
packing (i.e. increased density) as T is reduced, which
enhances the role of ordering in providing resistance to
diffusion.

All in all, some remarkable empirical relations have
been found between R,, D, and S in this study of
POPC/cholesterol-oriented model membranes by ESR.
It should be valuable to further test their universality by
similar experiments utilizing different phospholipids in
conjunction with cholesterol, as well as phospholipids
labeled at other positions along the acyl chain. To gain the
full power of ordering and rotational-diffusion studies by
ESR, these studies should be performed as a function of
orientation of the multilayer in the magnetic field (27),
even though such studies would have to be performed
after the ESR imaging measurements of lateral diffusion
are completed (rather than simultaneously as in the
present work).

CONCLUSIONS

(a) The ESR-imaging method is a useful and accurate
method for measuring lateral diffusion coefficients of
nitroxide spin labels in oriented model membranes.

(b) POPC/cholesterol mixtures lead to a nonideal
solution in the L,-phase above T, as evidenced in the
measurements of the order parameters, S, the lateral
diffusion coefficients, D, and the rotational diffusion
coeflicients, R, of the spin labels.

(¢) The nature of the nonideality is consistent with the
tendency of the cholesterol molecules to associate.

(d) A simple analysis of the order parameters of the
spin-labeled components suggests they may be used to
estimate activity coefficients of the cholesterol and the
phospholipid.

(e) Surprisingly simple correlations of (i) Svs. xand T,
(ii) D vs. S, and (iii) R, (for CSL) vs. S have been
observed in this work which appear to offer insights into
the dynamic molecular structure of the model mem-
brane.
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APPENDIX

Asymptotic behavior for
large ordering potentials
and order parameter

The order parameter in Eq. 10 is written in another form,

3d(n j;‘ exp [pt?] di) 1

S = - - (20)
2 dp 2
where p = 3/2 \. The integral is approximated by
[texpl dt e — & Q1
b C*PLP 2p-3/2°

for reasonably large value of A. By substituting Eq. 21 into Eq. 20 we
have a simple relation between X and S:

1 1
+=- or S~1

ATTs 2

A—05" (22)
The approximate equation (Eq. 22) fits well to the values of the
numerical integration when A is >2.32 (S > 0.5) as is seen in Fig. 10.
Because the As are generally >2.5 for CSL in POPC/cholesterol model
membranes (except for x = 0), we use Eq. 22 to express the temperature
dependence of the mean field ordering potential A. Fig. 6 a illustrates the
temperature dependence of the order parameter S, which is linear in T,
and the slope is independent of the composition. Thus we have from Eq.
11

1 1
)\~—-——a(T_ ) +-2- or
1 1
V(Q) ~ —kT[m + 5] D,’,o (Q), (23)

where T} is a reference temperature at which S becomes I, and it
depends on the composition.
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FIGURE 10 Plot of order parameter S vs. ordering potential A\; (—)
from numerical integration of Eq. 10 and (—-—) from Eq. 22.
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