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Thermodynamics and Dynamics of Phosphatidylcholine-Cholesterol
Mixed Model Membranes in the Liquid Crystalline State: Effects of Water

Yeon-Kyun Shin,* David E. Budil, and Jack H. Freed
Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14853 USA

ABSTRACT A method for obtaining the thermodynamic activity of each membrane component in phosphatidylcholine (PC)/
cholesterol mixtures, that is based upon ESR spin labeling is examined. The thermodynamic activity coefficients, ypc and yenor,
for the PC and cholesterol, respectively, are obtained from the measured orientational order parameters, Spc and Sgno), @S @
function of cholesterol content for a spin-labeled PC and the sterol-type cholestane spin probe (CSL), respectively, and the effects
of water concentration are also considered. At water content of 24 weight%, the thermodynamics of DMPC/cholesterol/water
mixtures in the liquid-crystalline state may be treated as a two-component solution ignoring the water, but at lower water content
the role of water is important, especially at lower cholesterol concentrations. At lower water content (17 wt%), ycnho decreases
with increasing cholesterol content which implies aggregation. However, at higher water content (24 wt%), vcha is found initially
to increase as a function of cholesterol content before decreasing at higher cholesterol content. This implies a favorable
accommodation for the cholesterol in the membrane at high water and low cholesterol content. Good thermodynamic consistency
according to the Gibbs-Duhem equation was obtained for ypc and ycno at 24 wt% water. The availability of yone (and yec) as
a function of cholesterol concentration permits the estimate of the boundary for phase separation.

The rotational diffusion coefficients of the labeled PC and of CSL were also obtained from the ESR spectra. A previously
proposed universal relation for the perpendicular component of the rotational diffusion tensor, R, , for CSL in PC/cholesterol
mixtures (i.e., R, = RS exp(-AS3,,/.&T)) is confirmed. A change in composition of cholesterol or of water for DMPC/cholesterol/
water mixtures affects R, only through the dependence of S, On the composition. In particular, the amount of water affects
the membrane fluidity, monitored by R, for CSL, solely by the structural changes it induces in the membrane for the compositions
studied. Rotational diffusion for the labeled PC is found to be more complex, most likely due to the combined action of the internal

modes of motion of the flexible chain and of the overall molecular reorientation.

INTRODUCTION
Thermodynamics

The thermodynamics of model membranes and biomem-
branes has been an important subject of membrane research.
Studies include the polymorphic behaviors of lipids (Shipley,
1973; Seelig and Seelig, 1980; Makowski and Li, 1984;
Sackman, 1983), hydration effects (Parsegian et al., 1979;
Rand and Parsegian, 1989), lateral phase separation (Lee,
1977; Marsh et al., 1976; Shimshick et al., 1973; Ikeda et al.,
1990), protein-lipid interactions (Mouritsen and Bloom,
1984; Peschke et al., 1987; Sackman et al., 1984, Owicki and
McConnell, 1978), and transverse asymmetry in membranes
(Bretscher, 1972; Devaux, 1991; Hubbell, 1990). Informa-
tion from these studies has played a significant role in elu-
cidating basic membrane structures and their relation to
membrane functions.

Biomembranes are composed of a diversity of lipids, cho-
lesterol, and proteins. There also exists asymmetry in mem-
brane compositions in different cell membranes. Thus, the
thermodynamics of lipid mixtures is crucial for a better un-
derstanding of biomembranes. However, except for phase
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separations in a number of cases, little is known concerning
the mixing properties between membrane components. Clas-
sical thermodynamics suggests that the most important ther-
modynamic quantity in the study of mixtures is the activity
of each component. From thermodynamic activities of the
components, almost all the mixing properties may be de-
duced.

A fundamental difficulty in the study of mixed membranes
has been that there has not been a practical method to meas-
ure the thermodynamic activities of membrane components.
Consequently, it has only been possible to characterize the
nonideal behavior of mixed membranes indirectly: for ex-
ample, by comparing the phase diagram with that predicted
using an appropriate theory (Lee, 1977; Freire and Snyder,
1980; Jan et al., 1984). However, tractable theories are nec-
essarily very approximate, and reliable data on thermody-
namic activities in membranes would also enable one to ac-
curately test and refine theoretical models. Feigenson has
developed a reliable experimental method based on solubility
products (Feigenson, 1989). This method is, however, only
applicable to systems containing phosphatidylserines.

A method to obtain the thermodynamic activity of each
membrane component, which is, in principle, applicable to
any mixed membranes, has been proposed (Shin and Freed,
1989a, 1989b). This is based on the ESR spin labeling
method. There has been initial success in relating the activity
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of each component to the orientational order parameter for
model systems based on phosphatidylcholine/cholesterol
mixtures.

Since cholesterol is one of the major components in bi-
omembranes, the thermodynamics of membranes contain-
ing cholesterol is important not only in elucidating
phospholipid-cholesterol interactions but also in under-
standing the structure of membranes. Thus, there has been

much attention to the thermodynamic behavior of PC/’

cholesterol mixed membranes. Studies have, however, fo-
cused mainly on the phase behavior because of the inac-
cessibility of the thermodynamic activities of components.
For PC/cholesterol mixed model membranes a basic con-
troversy arose from identifying the number of phases and
phase boundaries related to the liquid crystalline state
(Shimshick and McConnell, 1973; Hui and He, 1983;
Ipsen et al., 1987; Knoll et al., 1985; Vist and Davis, 1990;
Shankaram and Thompson, 1991; Thewalt and Bloom,
1992). Once experimental activities are available, it be-
comes practical to predict phase boundaries and to confirm
whether single phase behavior is observed, as we have pre-
viously shown for the case of phase separation at high cho-
lesterol concentrations (Shin and Freed, 1989b).

In this work we present further studies on the thermo-
dynamics of PC/cholesterol mixed model membranes. We
focus on two issues. One relates to a careful check of the
thermodynamic consistency of our method. The second ad-
dresses the effect of water on the activities of the cholesterol
and PC components. We shall find that these two issues are
actually somewhat interrelated.

By obtaining experimental data on the activities for each
component over a range of compositions, it is possible to test
whether the data satisfy the Gibbs-Duhem equation of ther-
modynamics. This is a necessary requirement for a consistent
thermodynamic treatment of mixed solutions. In our previ-
ous work, this matter was only partially dealt with. In our
most careful previous study, the results on spin-labeled cho-
lesterol (Shin and Freed, 1989b), obtained by us from ori-
ented multilayers were compared with results using a labeled
stearic-acid (instead of a phospholipid) obtained in another
study using dispersion samples (Kusumi et al., 1986). The
comparisons were partially satisfactory. It was suggested that
deviations could be due to (i) flaws in the simplified analysis
of spectra arising from vesicle dispersions, (ii) the use of
labeled stearic acid rather than a labeled PC, (iii) implicit
neglect of the effects of the third component, water, or
(iv) to other differences between oriented multilayers and
vesicles.

In the present work, performed on cholesterol/DMPC mix-
tures at higher water content (24 wt% water as opposed to
the 17 wt% water used in previous studies) over an extensive
range of compositions, both CSL and 7,6-PC probes (cf. be-
low) were utilized. We are able to show that there is good
agreement with the Gibbs-Duhem equation and demonstrate
that previously noted discrepancies are largely due to the
effects of water. It is further possible to learn about the effects
of water on the activities of cholesterol and lipid in the mixed
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model membranes from this data, a matter we discuss in
some detail. In fact the water concentration is found to affect
the thermodynamic activity of cholesterol significantly.

Rotational Dynamics

ESR is also useful in the study of molecular reorientational
modes in membranes, which reflects directly on the mem-
brane fluidity. In our recent work on PC/cholesterol mixed
model membranes we have presented evidence for a new
relationship between the rotational dynamics of the rigid
cholesterol-like CSL probe and the thermodynamic activity
as reflected by the orientational order parameter (Shin and
Freed, 1989a, 1989b; Shin et al., 1990). In particular we
found that for the perpendicular component of the rotational
diffusion tensor, R, (Shin and Freed, 1989a; Shin et al.,
1990):

o _A82
R, =R exp 2T I’ 0))

where S is the orientational order parameter, A and R’ are
constants for a given type of mixture, and % is the universal
gas constant. That is, the activation energy for rotational dif-
fusion: AS? is a function of 2, corresponding to an enhanced
activation energy as the ordering of the membrane is in-
creased by addition of cholesterol. Furthermore, the only
dependence of R on composition is through its dependence
on S. (A very similar relationship has been found for the
lateral diffusion coefficients, which may be studied by dy-
namic imaging of diffusion ESR (Shin and Freed, 1989a;
Shin et al., 1990).) Correlations such as expressed by Eq. 1
provide an important insight into the properties of PC/
cholesterol mixtures, viz. that the effect of cholesterol on the
dynamical properties of PC model membranes is mainly due
to the structural change in the membrane induced by cho-
lesterol, which is directly related to the order parameter.

In the present work we provide extensive further support
for Eq. 1, and we also examine the effects of water concen-
tration on this relationship. These results are then analyzed
in terms of our free volume theory for the dynamics of mixed
model membranes, which describes how the enhanced local
ordering resulting from addition of cholesterol decreases the
free volume needed for reorientation.

EXPERIMENTAL METHODS
Materials

1,2-Dimyristoyl-sn-glycerophosphatidylcholine (DMPC) was purchased
from Avanti Polar Lipids, Inc. (Birmingham, AL) and was used without any
further purification. Cholesterol was obtained from Sigma Chemical Co. (St.
Louis, MO) and recrystallized in ethanol. The 3-doxyl derivative of
cholestan-3-one (CSL) was purchased from Syva Co. (Palo Alto, CA) and
also recrystallized in ethanol. The 1-palmitoyl-2-(8-doxylpalmitoyl)phos-
phatidylcholine (7,6-PC) was a gift from Prof. G. Feigenson in the depart-
ment of Biochemistry at Cornell University.
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Sample preparation

The well-aligned homeotropic multilayer plate samples were prepared by a
modified hydration-evaporation technique described elsewhere (Shin et al.,
1990; Shin, 1990). The samples were first mixed in chloroform solution,
deposited on glass slides, and evacuated to remove traces of the solvent.
Samples with various water contents could be prepared by placing each
sample in a closed vessel with a reservoir containing salt solutions of dif-
ferent concentrations for a period of 24—48 h (Shin, 1990; Shin et al., 1990).
When pure deionized water was used for the hydration, the sample was
found to have about 24% water by weight. The water contents of the samples
were determined by weighing after the ESR measurement.

The samples were prepared with a spin probe concentration of 0.5 mol%
for both CSL and 7,6-PC. The ESR spectra from these samples did not show
any lineshape broadening due to Heisenberg spin exchange at these con-
centrations.

Nonlinear least square spectral simulation

A Varian Associates, Inc. (Palo Alto, CA) E-12 spectrometer was used for
the experiments. Spectra were obtained under standard conditions (Shin and
Freed, 1989a, 1989b; Shin et al., 1990). All spectra were digitized to 1024
points and had 100G sweep widths. They were analyzed to obtain the or-
dering and rotational dynamics utilizing ESR spectral simulation methods
(Freed, 1976; Meirovitch et al., 1982; Schneider and Freed, 1989). The ESR
simulations were performed utilizing nonlinear least square fitting to obtain
the optimum parameters (Crepeau et al., 1987; Shin and Freed, 1989a).

The potential U(2) determining the orientational distribution of the spin
probe molecules around the ordering axis in the uniaxially ordered lipid
multilayers can be expanded in a series of generalized spherical harmonics:
Din(Q), eg,

—U@)BT = \D3(Q) + p[D} Q) + D] + -, @

where () represents the Euler angles specifying the relative orientation be-
tween the principal rotational diffusion axis, which is assumed to coincide
with the molecular long axis and the ordering axis. The values of the mag-
netic tensor A used were Ay’ = 33.0 G, A = A} = 4.9 G for 76PC and
Ay =338G,A; =5.6G,and Ay = 53 G for CSL (Tanaka and Freed,
1984). Those of g were g;’ = 2.0081, g’ = 2.0061, and g;" = 2.0024
(Korstanje et al., 1989). One can specify the angle s between the ordering
axis and the applied magnetic field (Hy). All spectra of CSL that were
simulated had ¢ = 0°, whereas those of 7,6-PC had ¢ = 90°.

The first step in the nonlinear least squares simulation was to choose
reasonable starting values for the four parameters: A, p, and the perpen-
dicular and parallal components of the rotational diffusion tensor, R, and
Ry. (Actually, we varied R, and the ratio N = (R./R)) (Shin and Freed,
1989a).)

The fitting process was iterated by a Marquardt-Levenberg algorithm
until a minimum in the least squares was achieved. To insure that the global
minimum was obtained, and to guard against spurious local minima, we
restarted the algorithm several times with a range of different seed values.
Once the potential coefficients p and A were determined, the orientational
order parameter S was obtained by integrating (Shin and Freed, 1989a)

§ = (D)

= dQ D) exp| — v dQ exp| — U(,Q )
RT BT

where D3(Q) = (3 cos?6 - 1).

(€)

RESULTS AND ANALYSIS

We obtained the orientational order parameter S and the ro-
tational diffusion coefficient R, for both CSL and 7,6-PC
spin probes in DMPC/cholesterol mixtures at 24 wt% over
arange of compositions of cholesterol. In particular, for CSL,
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Scsi and R, csp. were obtained for 10 different composi-
tions: 0, 3.4, 5.1, 6.6, 9.6, 15.1, 21.4, 25.0, 30.0, and 40.0
mol% cholesterol (cf. Table 1); for 7,6-PC, Spc and R, pc
were obtained for the nine compositions: 0, 2.0, 4.0, 10.0,
15.0, 20.0, 25.0, 30.0, and 35.0 mol% cholesterol (cf. Table
2). The results of our previous study of CSL on DMPC/
cholesterol mixtures at lower water content (17 wt% water)
were also utilized for the analysis.

Ordering and thermodynamics

We show in Fig. 1 a the data for Scg; plotted vs. x the mole
fraction of cholesterol for the results on 24 wt% water at five
different temperatures and in Fig. 1 b for 17 wt% water at
three temperatures. One sees that Scgp, increases fairly rap-
idly for small x and then tends to level off. The lower water
content samples have characteristically higher values of Scgr.
for a given value of x and T and tend to level off to their
maxima for lower x (~0.2) than for the higher water content
(x ~ 0.3). Another key difference is the appearance of a
sigmoidal shape at x = 0.1 for the higher water content, most
notably at the higher temperatures. The results for Spc are
plotted in Fig. 2 a vs. x for 24 wt% water at three tempera-
tures. They show a more gradual increase in Spc vs. x com-
pared to Scs.

The nonlinear behavior of Scs; and Spe shows that DMPC
and cholesterol form a nonideal solution, and the tendency
toward saturation in Scgp and Spc at higher x is a clear in-
dication for the self-association of cholesterol in the DMPC
bilayers, i.e., cholesterols and lipids are tending to segregate
(Shin and Freed, 1989a, 1989b). Of course, the occurrence
of a two-phase region for high cholesterol concentration
(Shimshick and McConnell, 1973; Kusumi et al., 1986) is a
clear indication of nonideality.

The order parameter for the i component in a mixed
membrane, S({x}, T) is an intensive thermodynamic prop-
erty somewhat analogous to the partial pressure (Shin and
Freed, 1989b; Prausnitz et al., 1986). (Here, the symbol {x}
refers to the collection of mole fractions defining the mem-
brane composition.) Thus, one can postulate that S{{x}, T)
will be linear with the mole fraction x; if the solution is ideal,
otherwise it should deviate from linear behavior. Now, when
S{{x}, T) varies nonlinearly with x; one may expect that the
replacement of x; by the activity of the i component would
“relinearize” the functional dependence, just as it does other
intensive thermodynamic properties of a solution (e.g., par-
tial pressure). This is equivalent to writing (Shin and Freed,
1989b):

Si(x;, T) = 8,0, T) = ba,({x}, T) = bx;v,({x}, T), C))

where a is the activity of the i'" component, v; is its associated
activity coefficient, and b is a constant of proportionality.
We regard CSL simply as a labeled cholesterol molecule
such that Scg; and Scp,o; are comparable. Thus S, may be
obtained from Eq. 4 in which we expand S, about its value
for x.no1 = x = 0 corresponding to pure lipid. In the case of
the labeled lipid we again expand about the limit of pure
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TABLE 1 Data for the CSL spin probe in DMPC/cholesterol mixtures at 24 wt% water

T N A p R 1 R I
°C 107 5! 108 57!
0 mol% cholesterol (x = 0.0)
35 0.600 2.964 0.07 218 6.55
45 0.558 2.682 0.192 2.83 5.66
55 0.524 2473 0.141 3.52 7.03
63 0.507 2.380 0.285 3.74 3.74
69 0.476 2210 0.281 4.59 229
3.4 mol% cholesterol (x = 0.034)
35 0.616 3.079 0.036 1.83 18.10
45 0.573 2.772 -0.036 3.09 3091
55 0.528 2.490 0.148 3.83 38.27
63 0.522 2.457 0.169 4.25 42.46
69 0.508 2.374 0.176 4.84 48.42
5.1 mol% cholesterol (x = 0.051)
35 0.646 3.332 -0.038 1.20 11.81
45 0.605 3.012 -0.217 2.30 23.0
55 0.567 2.734 -0.028 3.04 30.4
63 0.535 2.534 0.128 343 343
69 0.507 2377 0.213 3.38 33.8
6.6 mol% cholesterol (x = 0.066)
35 0.690 3.762 0.132 0.98 9.87
45 0.626 3.169 0.184 1.77 17.7
55 0.597 2.947 0.141 2.29 229
63 0.583 2.842 0.013 2.52 25.2
69 0.574 2.783 0.187 2.94 29.4
9.6 mol% cholesterol (x = 0.096)
35 0.711 4.004 0.294 0.75 7.5
45 0.645 3.328 0.029 1.50 15.0
55 0.623 3.138 0.066 2.06 20.6
63 0.614 3.067 0.00 3.07 30.7
69 0.576 2.819 0.368 2.85 28.5
15.1 mol% cholesterol (x = 0.151)
35 0.796 5.468 0.659 0.36 3.6
45 0.722 4.130 0.559 0.73 7.3
55 0.673 3.614 0.452 1.1 1.1
63 0.649 3.388 0.434 1.38 13.8
69 0.628 3.232 0.498 1.92 19.2
21.4 mol% cholesterol (x = 0.214)
35 0.835 6.906 1.895 0.22 22
45 0.818 5.994 0.499 0.38 3.8
55 0.774 5.028 0.788 0.49 49
63 0.744 4528 0.784 0.64 6.4
69 0.733 4.291 0.284 0.95 9.5
25.0 mol% cholesterol (x = 0.250)
35 0.886 9.545 2.269 0.14 1.4
45 0.852 7.359 1.353 0.23 23
55 0.807 5.947 1.494 031 31
63 0.788 5.439 1.252 0.41 41
69 0.773 5.200 1.396 041 4.1
30.0 mol% cholesterol (x = 0.300)
35 0.893 9.959 1.877 0.14 14
45 0.868 8.083 1.698 0.19 1.9
55 0.835 6.751 1.501 0.26 2.6
63 0.824 6.472 1.687 0.27 2.7
69 0.807 5.978 1.567 0.31 3.1
40 mol% cholesterol (x = 0.400)
35 0.901 11.792 4.666 0.05 0.5
45 0.899 11.403 1.233 0.11 1.1
55 0.885 9.354 1.770 0.14 14
63 0.872 8.480 1.693 0.15 1.5

69 0.857 7.64 1.481 021 21
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TABLE 2 Data for 7,6-PC spin probe in DMPC/cholesterol mixtures at 24 wt% water

T S A p R,

°C 108 5!
0 mol% cholesterol (x = 0.0)

35 0.270 1.74 1.55 1.50

45 0.272 1.61 1.30 2.18

56 0.237 1.46 130 2.07
2 mol% cholesterol (x = 0.02)

35 0.278 1.72 1.45 1.71

45 0.275 1.66 1.37 2.70

55 0.264 1.48 1.11 331
4 mol% cholesterol (x = 0.04)

35 0.287 1.82 1.56 1.92

45 0.280 1.78 1.54 313

56 0.275 1.58 1.23 3.47
10 mol% cholesterol (x = 0.10)

35 0.310 221 2.04 1.82

45 0.308 1.93 1.60 2.95

56 0.282 1.62 1.22 3.57
15 mol% cholesterol (x = 0.15)

35 0.360 242 2.02 1.77

45 0.340 222 1.85 2.50

56 0.324 1.97 1.55 2.92
20 mol% cholesterol (x = 0.20)

35 0.403 2.66 2.10 1.32

45 0.377 2.50 2.04 2.30

56 0.356 222 1.72 2.74
25 mol% cholesterol (x = 0.25)

35 0.466 2.99 2.16 1.00

45 0.427 2.65 191 1.87

56 0.396 237 1.69 2.34
30 mol% cholesterol (x = 0.30)

35 0.494 3.17 222 1.27

45 0.451 2.7 1.84 1.88

55 0.414 2.53 1.82 2.65
35 mol% cholesterol (x = 0.35)

35 0.498 3.02 1.95 1.10

45 0.450 2.74 1.84 1.86

56 0.452 2.54 1.52 2.60

lipid. If the solution were ideal, we would expect Sp(x, T)
- SP,C(O, T) = b,[l - xPc] = b'xchol. Then we let Xpc — Apc
to obtain (Shin and Freed, 1989b):

Spclx, 1) — Spc(0, T) = b'[1 — apclx, T)]
=b'[1 = ypclx, T)(1 — x)].

Note that in the limit of infinite dilution, i.e., x — 0, Eq. 4
for Senor implies Ycho1 — 1, which is the Henry’s Law con-
vention for solute, whereas Eq. 4’ for Spc implies ypc — 1
corresponding to Raoult’s Law convention.

In order to obtain the activity coefficients ycy, and ypc
according to Egs. 4 and 4’ we need to utilize an interpolation
function to compensate for the finite data set and its inherent
uncertainties. In our previous study (Shin and Freed, 1989b)
we utilized a fairly complicated function which was an amal-
gam of regular solution theory with a “saturating function.”
Although we find that this function is able to provide good

(4

interpolations to our present data, there is considerable non-
uniqueness, stemming in part from its many adjustable pa-
rameters. Instead, we have found a simpler interpolation
function that is widely used in the thermodynamics of liquid
mixtures (Prausnitz et al., 1986), which uniquely fits the data
with fewer parameters. That is, for a two component solution
one assumes that Invy; and In-y, may be expanded in a power
series in x, and x,, respectively, according to:

RTIny, = ax,” + bx,> + cpx,° + - (5a)
and
RBTIny, = ax,2 + byx® + cx b + - (5b)

In our case y1 = Ycnor and ¥2 = Ypc, X1 = Xchot = X, X2 =
xpc = (1 = x).
When the Gibbs-Duhem equation (Prausnitz et al., 1986),

xdlny, + x,dlny, =0, 6)
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FIGURE 1 Plots of the order parameter Scs;, for DMPC/cholesterol mix-
tures at different temperatures: (a) 24 wt% water: O, 35°C; A, 45°C; +,
55°C; X, 63°C; and <, 69°C. (b) 17 wt% water: O, 35°C; A, 45°C; and +,
55°C, from Shin et al. (1990). The curves represent the best fits to the data
utilizing a three-suffix Margules function: in a, (—) a; = 3.60, b, = 1.57;
(---)a, =3.89,b; =221;(---)ay, = 271, by = 1.53; (---*) a; = 2.51,
by =1.48;(----)a; =2.62,b; = 1.46; in (b) (—) a, = 3.07, b, = 0.549;
(---)a; =3.52,b, = 1.07; (---) a, = 2.93, b, = 0.982.

is taken into account, one finds that the coefficients in Egs. 5a
and 5b are not independent but are interrelated according to:

a,=A+3B+5C
b, = —4(B + 4C)
¢, =12C

a,=A - 3B+ 5C
b, = 4B — 4C) ©)
c, =12C

The number of independent parameters (A, B, C,...)
needed will depend upon the complexity of the functional
forms of the v;, the quality of the data, and the number of data
points available. Typically, two or at most three constants are
utilized. When only A is nonzero, then one obtains the form
for regular solution theory, so Eqs. 5 may be regarded as a
power series expansion such that the leading term yields
a regular solution. Another virtue of this expansion is that
the excess Gibbs-free energy for the binary solution is given

0.5

0.4

o b b by s Ly Ly
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\
+
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S
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X chot

FIGURE 2 Universal fit, according to the Gibbs-Duhem Equation, of the
combined data on (a) Spc for 7,6-PC and (b) Scs for 24 wt% water and
the temperatures 35°C (O), 45°C (A), and 55°C (+). The curves represent
the best fits to the data utilizing a three-suffix Margules function: (—) a,
=287,b; =1.18;(---)a; = 3.52, b, = 1.89; (- - -)a;, = 2.07, b, = 1.07.

by (Prausnitz et al., 1986):
& =xxA+B0x; —x)+Cx —x)*+ 1 (8

Initially, we tested this functional form for vy, on our data
for Scg1. for both water concentrations. We found our data
could be fit rather well with just the two parameters, A and
B (in addition to the Scg1 (0, T) and b parameters from Eq.
4). Inclusion of C provided no significant improvement in the
fits. This two-parameter fit is known as the three-suffix Mar-
gules function (Prausnitz et al., 1986). The curves shown in
Fig. 1 were obtained in this manner. One finds rather good
global fits to the data. The sigmoidal shape suggested by the
data at lower values of x for the higher water concentration
could however be fit somewhat better by increasing the rela-
tive weight of these points, but at the expense of the global
fit.

A principal check on the validity of our method is to de-
termine whether the Gibbs-Duhem equation applies for the
data on vy, and ypc obtained according to Eqs. 4 and 4'.
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FIGURE 3 The order parameter Spc for 7,6-PC in DMPC/cholesterol/24
wit% water mixtures (O) compared with results from S-stearic acid in
vesicles with excess water (X) at 45°C. The latter are arbitrarily scaled to
overlap with the former. The solid curve is from Fig. 2.

As noted above, for the three-suffix Margules function, this
is equivalent to simultaneously applying Eqs. 5a and 5b with
Eq. 7 (and C = 0). We have therefore simultaneously fit the
data for both CSL and 7,6-PC to Egs. 4 and 4’ with a single
set of parameters A and B. However, one adjustment must
be made in Egs. 5, because they imply that both ypc and
Yehot are treated according to Raoult’s Law convention
(e.8. Yehot — 1 as x — 1). To recalibrate vy, we note that
the Raoult’s Law convention yields from Eq. 5a
lim 7T In yRE = A ~ B. Thus for the Henry’s Law con-
vention, %87 In yf;,; is obtained by subtracting (A - B) from
the right-hand side of Eq. Sa.

We show in Fig. 2, a and b, our results of the simultaneous
fit of the Spc and Scgp data. The fit to the S data is com-
parable in quality to that given in Fig. 1 a, and the coefficients
A and B agree within the estimated uncertainties. Overall, the
Spc data are reasonably well fit by these same coefficients,
A and B, although some discrepancies exist at the lowest
temperature, 35°C. (There is, of course, some scatter in the
data. In our analysis, the p term in the orienting potential for
7,6-PC (cf. Eq. 2) was found to have a large uncertainty.
When we recalculated a modified order parameter Spc uti-
lizing only the accurately determined A term for 7,6-PC, and
then employing Eq. 4’ for Spc, the agreement of Fig. 2 was
markedly enhanced.)

As a further test, we have utilized data on 5-stearic acid
spin probe in vesicles of DMPC/cholesterol (Kusumi et al.,
1986) which yield macroscopically dispersed samples. The
outer splittings of the spectra have been measured for 45°C,
and they afford an approximate measure of the true thermo-
dynamic order parameter provided that the rotational motion
is indeed fast enough to average out the time dependent part
of the spin Hamiltonian (otherwise incomplete motional av-

the 17 wt% water samples (heavier lines) and the 24 wt% water samples
(lighter lines) at temperatures: (—) 35°C, (- - -) 45°C, and (- - -) 55°C.

eraging would cause significant deviations). We plot the ap-
proximate order parameters of S-stearic acid in Fig. 3 along
with the results of Spc for DMPC/cholesterol 24% H,O mul-
tilayers at 45°C. These two sets of results are seen to be in
excellent agreement, indicating first that the outer splittings
primarily reflect ordering and not motional effects; i.e., the
rotational motion is fast enough to average out the time-
dependent Hamiltonian. (The motional rate of 5-stearic acid
is expected to be much faster than that of 7,6-PC, for which
R ranges from 2X10% s™! to 3X10% s™! at 45°C (see Table
2), depending on cholesterol concentration. This is supported
by the fact that much narrower ESR linewidths are observed
for the 5-stearic acid spin probe than for 7,6-PC. In fact, for
such fast motional rates, the order parameter calculated from
the spectral splitting has been found to approximate the true
order parameter to within a few percent error (Korstanje et
al., 1989).) Second, this shows that both spin probes are sens-
ing the same variation in ordering as a function of cholesterol
concentration.

We also show in Fig. 3 the prediction from the approach
based on the Gibbs-Duhem equation described above. The
overall agreement is very good, and it is, we believe, a good
demonstration of the thermodynamic consistency of the
measured Yo and ypc. The actual data do, however, show
a small sigmoidal departure from the prediction. Since a
similar feature appears in the S data (cf. Fig. 1 a), this
small residual discrepancy could, at least in part, be due to
the limitations of the three-suffix Margules fitting function.
The good agreement obtained at high water content also ex-
plains the significant discrepancy previously reported by us
for the Gibbs-Duhem comparison at low values of x. That
comparison utilized 17 wt% water samples containing CSL
versus stearic acid label results (Kusumi et al., 1986) from
dispersions in excess water. Fig. 1 displays the substantial
difference between Scg; at 24 vs. 17 wt% water, especially
for low values of x.
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By utilizing the fits to the three-suffix Margules function
we can obtain y. from Eq. 5a, and these results are dis-
played in Fig. 4 for both wt% of water. (Similar results are,
of course obtained for ypc from Eq. 5b). These results are
based upon the Henry’s Law convention as described above
such that vy, — 1 as x — 0. The results for 17 wt% water
are very similar to those derived previously using a more
complex fitting function for the data. They are characterized
by Yenot < 1 for all x and for all temperatures. This implies
that as cholesterol is added to the membrane it has a tendency
to associate to form cholesterol-rich domains. Note that this
effect is enhanced at lower temperatures.

However, for 24 wt% water one observes a somewhat dif-
ferent result. There is an initial increase in vy, above unity
until about x ~ 0.2, after which it decreases. This implies that
at higher water content and lower x there is an actual (but
weak) preference for cholesterol to associate with the lipids.
This effect is most pronounced at the higher temperatures
where the bilayer is most expanded and steric packing effects
are less effective. At the lowest temperature, 35°C, Yo
hardly increases above unity and appears more similar to the
values for 17 wt% water. This might explain the limited suc-
cess of our global fit for the case of 35°C (cf. Fig. 2).

A useful application of the activities is the prediction of
phase boundaries (Shin and Freed, 1989b). Here one applies
the thermodynamic stability conditions for binary mixtures.
It follows from thermodynamics (Prausnitz et al., 1986) that
a binary mixture is in stable equilibrium (i.c., a single phase)
if the chemical potential of a component increases as its mole

fraction increases:
S
i)l >0 ©)
ox; TP

where p; is the chemical potential of the ith component.
However, u; reaches its maximum at the phase boundary.
This enables one to predict the phase boundary directly from
the measurement of the orientational order parameter S;, ac-
cording to (Shin and Freed, 1989b):

dInl AS;(x, T)1 _
ax; B

i

where AS(x, T) = Six,T) - S{0,T). Eq. 10 is obtained
using Eq. 4 and the standard thermodynamic equation
wilx, T) = uX(RT) + BT In a,

We have utilized the results of the three-suffix Margules
equation fit to the CSL data for both 17 and 24 wt% water
to predict this phase boundary (cf. Fig. 5). For compositions
to the right of the boundary, there is phase separation of
cholesterol and lipid, whereas to the left there is a single
phase. Note that the phase boundary shifts to higher x,,; with
increase in water content at the lower temperatures, i.e., extra
water tends to stabilize the single phase region. These pre-
dictions of the phase boundary for DMPC/cholesterol mixed
membranes agree rather well with other experimental results
based on TEMPO partitioning (Shimshick and McConnell,
1973). We should mention that the determination of the maxi-

0 (10)
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FIGURE 5 The temperature composition phase diagram for DMPC-
cholesterol mixtures for (O) 24 wt% water and (A) 17 wt% water.

mum in AS¢g; according to Eq.10 involves an extrapolation
of the data and is therefore somewhat sensitive to the choice
of fitting function, as well as the usual noise in the data. This
is particularly true in the present case where the quantity
AScs1 appears to exhibit a fairly broad maximum.

Rotational dynamics and structure

The results on the rotational diffusion tensor component R |
for CSL in DMPC/cholesterol mixtures is shown in a semilog
graph versus 1/T in Fig. 6 for all compositions (including 24
and 17 wt% water). Each composition obeys simple Arrhe-
nius behavior, but there are very substantial differences de-
pending upon composition. In general, the higher the cho-
lesterol content (i.e., x) and the lower the water content, the
lower is R . When we apply Eq. 1 to the complete set of 65
data points we obtain a single universal curve with activation
energy ASZ,, where A = 4.019 * 0.064 kcal/mol and R =
(2.02 = 0.014) X 108 s~ shown in Fig. 7. That this extensive
data set can be fit with a single Eq. 1 represents further strong
confirmation of its basic validity. Furthermore, the fit here,
which appears equally good for the 17 and 24 wt% water
data, shows that the effect of water on the dynamics of the
PC model membranes can readily be accounted for just in
terms of the structural change in the membrane induced by
the water, as reflected in the way Sy, changes with water
composition. Thus the effect of composition changes on the
fluidity of the membrane as monitored by R cho, Whether
due to cholesterol content or to water content, is simply de-
termined by the structural changes. (Note that there is one
point corresponding to 24 wt% water atx = 0.4 and T = 35°C
that falls below the universal curve. Since the phase transi-
tion is predicted to occur at lower x for this temperature (cf.
Fig. 5), this deviation is not surprising.)

When we consider the data on R, for 7,6-PC we find that
they do not exhibit simple well-defined behavior such as
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FIGURE 6 Semilog plot of R, for CSL versus 1/T for 10 different values
of x o containing 24 wt% water and for nine different values of xche1 cOD-
taining 17 wt% water. Cholesterol contents at 24 wt% water (light lines) are
0.0% (O), 3.4% (L), 5.1% (+), 6.6% (X), 9.6% (<), 15% (*), 21% (W),
25% (@), 30% (A), and 40% (Q); cholesterol contents at 17 wt% water
(heavy lines) are 0.0% (O), 5.2% (), 9.9% (+), 21% (X), and 35% ().

expressed by Eq. 1. (Our results and analysis were found to
be less sensitive to the anisotropy ratio, N, which was typi-
cally of order 10.) In fact, we observed that R, actually
increased with increasing x, reaching a maximum at x ~ 0.1
before decreasing with further increase in x. Since the 7,6-PC
is nonrigid, unlike CSL, one must consider the complex in-
ternal modes of motion of the chain, as well as the overall
molecular reorientation in any interpretation of R, (Ferrarini
et al., 1989). It would appear that the enhanced alignment
induced by small amounts of cholesterol enables the internal
modes to be less encumbered by the neighboring lipid mol-
ecules. But large increases in ordering from substantial
amounts of cholesterol lead to increased packing effects,
which reduce the chain and overall mobility of the lipid as
well as the overall motion of the CSL.

DISCUSSION

Effects of water: ordering and thermodynamics

The ordering of model membranes in the liquid crystalline
state is strongly dependent on water concentration. It has
been observed for PC multilayers that the Scg; is signifi-
cantly reduced by an increase of water content (e.g., for
DPPC multilayers Scg; diminishes by 0.2 upon going from
7 to 15 wt% water (Tanaka and Freed, 1984)). We also find
a substantial decrease of Scg; for DMPC/cholesterol mix-
tures (by as much as 0.1 at x < 0.05) upon increasing water

content from 17 to 24 wt%. Our results are consistent with
the observation from x-ray diffraction studies (Parsegian et
al., 1979) that the bilayers deform to become thicker and to
bring together molecules on the same surface when water is
removed from the lattice.

In contrast, our results show that the change in Scg; with
increasing water content is reduced for high cholesterol con-
centration (e.g., by = 0.04 at x = 0.35). This indicates that
the effect of water on the ordering of the bilayers is less
significant at high cholesterol concentration. Thus, it would
appear that the thermodynamic properties of DMPC/
cholesterol are less sensitive to the variation of water content
at high x than they are at low x. Consistent with this con-
clusion is our observation that the change in Spc with x pre-
dicted via the Gibbs-Duhem relation using the data on CSL
for 17 wt% water mixtures agrees rather well with the ex-
perimental results for PC in 24 wt% water mixtures at high
x even though the agreement is not so good at low x (cf. also
Shin and Freed, 1989b (Fig. 3)). In our analysis so far, we
have implicitly neglected the thermodynamic role of water
in the phospholipid bilayer by utilizing the Gibbs-Duhem
equation for just two components, lipid and cholesterol. Now
we wish to treat the water explicitly as a third component of
the lipid phase in the following analysis.

For three-component mixtures of DMPC, cholesterol, and
water, the Gibbs-Duhem equation interrelating the activity
coefficients of the components may be given by

0 1n ., + 0 In ypc dlnvy,

PC
a'xchol a'xchol

=0 (11
Xchol " ey (11)

where x,, and v, are the mole fraction and the activity
coefficient of water respectively. The mole fraction x;, of
the ith component in three component mixtures is defined
by

N,

X = (12)
Nepot + Npc + N,
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where N, is the number density of component i. In the
bilayers we expect N,, << (Npc + Nepot)-

We have observed (cf. Fig. 4) that at high water content
the Gibbs-Duhem equation for a binary mixture of phos-
pholipid and cholesterol (Eq. 6) properly interrelates the be-
havior of ypc and <y.po; that is, the bilayer phase behaves as
a two-component solution. This implies that the third term
in Eq. 11 is much smaller than the first two terms (which are
then approximately equal in magnitude). Thus

Xw dln Yw < d1ln Yehol
Xchol axchol axchol

x, dln dln
“w Yw <« Yec
Xpe OXcpol M ehol

and

(13)

for all x.p less than that at the phase boundary. These equa-
tions suggest that, at high water content x,,, v, is a much
weaker function of x,, than either vy, or ypc.

Eqgs. 13 may be rationalized in another way. For PC/
cholesterol mixtures with high enough water content to
contain bulk free water, we may consider that the bulk
water is in equilibrium with the water phase in the multi-
layer, since the samples have been hydrated by equilibra-
tion with bulk water. Thus, the chemical potential of water
in the multilayer must be, in principle, the same as that in
bulk water regardless of the cholesterol content in the bi-
layer phase. However, the water phase in the multilayer is
also in equilibrium with trace amounts of water in the
bilayer phase, so that the chemical potential of water in
the bilayer should also remain constant regardless of
cholesterol content. In this case, the third term in Eq. 11
vanishes, which is fully consistent with our experimental
observations.

For lower water contents, in order to examine more clearly
the effects of water on the activity coefficient of each com-
ponent, we may rewrite the three-component Gibbs-Duhem
equation as:

d1In vyo 9 1In ypc
Xchol o ==+ Xpc ox + x,
W W W

a1
=0 (14)

The experimental results are consistent with 9 In ycpq/0xy,
being significant at low x.pop: that is, vy, IS sensitive to
the water content at low x.,,, Whereas it is less so at high
Xehol- The question remains of the sensitivity of ypc to the
water content. A comparison of the variation of Spc ob-
tained previously for 17 wt% water in POPC (for x o =
0.2) with our current results for 24 wt% water in DMPC
shows that they are rather similar. This would seem to im-
ply that ypc is less sensitive to the water content than
Yehor If this is true, then it would have to follow that vy,
has some sensitivity to the water content, in this range, in
order to preserve the equality of Eq. 14. Such a conclusion
would have interesting implications regarding the influ-
ence of interbilayer interactions on the water in the multi-
layer phase.

In summary, it appears that water can play a significant
role in the thermodynamics of cholesterol at low x.p only
if there is no excess water between the bilayers. As long as
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free water exists, then PC/cholesterol/water mixtures show
no explicit dependence on the water. Thus, in the presence
of excess water, the thermodynamics of PC/cholesterol mix-
tures can be described by the Gibbs-Duhem equation for
binary mixtures. As is well-known, there is water penetration
into the bilayer (Griffith et al., 1974, Simon et al., 1982) but
this effect must have been saturated in the presence of excess
water.

Dynamics and structure

In the free volume theory for R, previously presented (Shin
et al., 1990), the dependence of the activation energy on 5?
was obtained. We present here the simple form when this S?
dependence is dominant:

£0.,5% + (1 — £)8,,5,,S,
T - TO )

(15)

Here g& is a geometric factor equal to g(v*)e™ where g(v*)
> 1 is essentially the ratio of the small-scale diffusion co-
efficient (referring to a cage with the critical free volume v*,
just large enough to permit a substantial displacement) to the
diffusion coefficient in the absence of a cage. The “interac-
tion factor” A scales the importance of the ratio v*/f, where
i is the average free volume per molecule in the reorien-
tation, i.e., one finds in general R M

The activation energy depends on two terms, weighted by
&, the average fractional number of cholesterol molecules in
the neighborhood of the CSL probe. The first term gives the
contribution from the neighboring cholesterol molecules,
whereas the second term gives that from the neighboring
phospholipid molecules. Ty, is an effective glass transition
temperature for the lipid-cholesterol mixture; based on the
experimental results, it is appropriate to ignore Ty in com-
parison to T. The two terms in the activation energy are: 0.,
= Actkenpo(P, T)bcn/2 (av) and 6, = Apkippo(P, T)byp/2
{av). Here k; is the isothermal compressibility of the ith type
of molecule, while po(P, T) is the mean number density of
the mixture, and (&) is a mean of the product of the thermal
expansion coefficient and the average molecular volume.
The parameters by, and by, are measures of the mean field
orienting potential experienced by a cholesterol molecule
due to surrounding cholesterol and lipid molecules respec-
tively. That is:

Ug = = po[benSen + (1 = ObypSp 123 cos™9 — 1). (16)

Also Ay, is the intermolecular interaction factor between cho-
lesterol molecules and A, is that between the cholesterol
probe and the phospholipid neighborhood.

Note that the activation energy terms in Eq. 15 arise from
the decrease in average free volume available to the molecule
as a result of the molecular ordering in the lipid bilayer. In
order for a molecule to gain the critical free volume v* for
reorientation, the cage has to expand by the amount by which
it was reduced by the molecular ordering (and then, in ad-
dition, by an amount characteristic of the isotropic fluid,
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which is neglected in Eq. 15 due to its presumed smallness
but is given elsewhere (Shin et al., 1990)).

Our observation of Eq. 1 that the activation energy goes
as ASZ, indicates that the other thermodynamic factors in
0. and/or 6y, are hardly changed when the composition is
changed by adding cholesterol or water or raising the tem-
perature compared to the change in S éSL. The dominant effect
is the free volume change expressed by the change in
ordering.

There is ambiguity that remains from the form of Eq. 15
(or Eq. 16) about the relative importance of neighboring cho-
lesterol versus lipid molecules. One may argue that the ten-
dency of cholesterol molecules to aggregate should make the
term in $2,,, predominate, which is certainly consistent with
our experimental results. We have also considered whether
our experimental data could be fit by an activation energy of
form BS\;Schol, Since both order parameters increase in a
similar (although not identical) fashion with xp,,. We do not
obtain a satisfactory fit to our data by this form. Thus, in order
to be consistent with our experimental results at lower cho-
lesterol concentrations, we require 0, >> 6,,. Indeed, given
the structural rigidity of the cholesterol molecule relative to
that of a lipid molecule, we would expect both by, > by, and
Ach > Ayp s0 this requirement appears quite reasonable.

We now wish to comment further on our observation that
the primary effect of water on the fluidity of the membrane
as monitored by R, .y is simply due to the structural change
reflected in Sg,). In the context of the free volume theory of
Eq. 15, we have noted that this relates to the free volume
change with the ordering. Apparently the small amount of
water penetration, which is in fact reduced by the presence
of cholesterol (Simon et al., 1982), is not playing a significant
role in inducing frictional changes which would modify
g~ in Eq. 15. The overall effect of water on the bilayer
structure is well-known, and is largely due to interactions of
the headgroups with the water. In fact, Lis et al. (1982) have
shown that the cross-sectional area per lipid molecule is
nearly proportional to the water content for PC bilayers
until excess water amounts are reached. This is also true
for PC/cholesterol mixtures, and it appears from their work
that the proportionality constant is nearly the same for all
the mixtures they studied. It is this expanding cross-
sectional area which would increase the free volume (and
also reduce S2.)).

CONCLUSIONS

(a) At 24% by weight water, good thermodynamic consis-
tency according to the Gibbs-Duhem equation is achieved
between the activity coefficients for cholesterol and DMPC
in the mixed model membranes, when these activity coef-
ficients are inferred from the orientational order parameters.

(b) The functional dependences of the order parameters
and activities for the phospholipid with respect to cholesterol
content that are obtained from oriented multilayers with 24%
by weight water are in good agreement with those obtained
from vesicles in excess water.
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(c) At water content of 24% weight (or greater) the ther-
modynamics of DMPC/cholesterol/water mixtures in the lig-
uid crystalline state may be treated as a two component so-
lution, but at lower water content (e.g. 17% by weight) the
role of water becomes important, especially at lower cho-
lesterol concentrations.

(d) At lower water content (17 wt%) the activity coeffi-
cient for cholesterol, Ay, decreases monotonically with in-
creasing cholesterol content, implying aggregation; at higher
water content (24 wt%) there is an initial increase in Ay, for
the lower cholesterol concentrations indicating a greater ac-
commodation for the cholesterol in the membrane at this
higher water content.

(e) Further confirmation was obtained of the universal
relation for the R, of CSL in phosphatidylcholine/
cholesterol mixtures, whereby the activation energy shows
an SéSL dependence, and it is only in this way that R, is
affected by the composition.

(f) This S%SL dependence of the activation energy for
R cs1. has been shown to apply also to the effects of water
content from a comparison of results for 17 and 24% by
weight water. Thus the membrane fluidity, as monitored by
R, cs1 appears to be affected by the water simply in terms
of the structural changes induced by the water.

This work was supported by National Institutes of Health grant GM25862.
Computations were performed at the Cornell National Supercomputer
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