View metadata, citation and similar papers at core.ac.uk

brought to you b

provided by Elsevier - Publisher Connector

4244 Biophysical Journal Volume 93 December 2007 4244-4253

Kinetics and Thermodynamics of the Association of Dehydroergosterol
with Lipid Bilayer Membranes

Luis M. B. B. Estronca, Maria Jodo Moreno, and Winchil L. C. Vaz
Departamento de Quimica, Universidade de Coimbra, Coimbra, Portugal

ABSTRACT We have examined the detailed kinetics and thermodynamics of the association of Ergosta-5,7,9(11),22-tetraen-
3B-ol (dehydroergosterol, DHE) with lipid bilayers prepared from 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), a 1:1 binary
mixture of POPC and cholesterol (Chol), and a 6:4 binary mixture of egg sphingomyelin (SpM) and Chol. Association of DHE with all
three membranes was shown to be entropically driven, most so in the case of SpM-Chol bilayers. Equilibrium partition coefficients
for partitioning of DHE between the lipid phase and the aqueous phase were shown to be similarfor POPC and POPC-Chol bilayers
between 15 and 35°C. Partitioning into the SpM-Chol bilayer is favored at higher temperatures and there is a crossover in solubility
preference at ~25°C. Insertion (k;.) and desorption (k_) rate constants were shown to be very similar for POPC and POPC-Chol
bilayer membranes, but were lower for SpM-Chol bilayers. Similar results were previously reported by us for the association of other
amphiphiles with these membranes. We propose a model for the microscopic structure of a POPC-Chol (1:1) bilayer membrane

that is consistent with these observations.

INTRODUCTION

The distribution of sterols, and in particular, of cholesterol,
between domains of coexisting phospholipid phases in a
membrane, between different types of cell membranes, and
between membranes and other organized lipid assemblies, is
a matter of vital importance in animal physiology (1-4). The
basal noncatalyzed distribution of sterols between different
lipid environments in a cell or in multicellular organisms (do-
mains in amembrane, membranes in a cell, or other organized
lipid assemblies) can be accurately predicted if the equilib-
rium thermodynamic and kinetic parameters that describe the
association of the sterol with the lipid environment are known.
The information is also fundamental in evaluating the effi-
ciency of putative catalyzed processes in sterol homeostasis.
This concept has prompted several laboratories over the last
30 years to examine the kinetics and thermodynamics of the
interaction of sterols with membranes and lipoproteins ((5-27)
and references cited therein; for a review of the literature be-
fore 1987, see (5)). Curiously, despite the large volume of litera-
ture on the subject, the only kinetic rate constants available for
the interaction of sterols with membranes are the rate con-
stants for their exchange between a donor and an acceptor
species (both usually lipid assemblies). These exchange rate
constants have been equated with the rate constants for desorp-
tion of the sterol from the donor lipid assembly on the assump-
tion that the rate constant for its insertion into the acceptor
lipid assembly is diffusion-limited. As we have shown else-
where (28-33), this assumption is not valid for phospholipid-
derived fluorescent lipid amphiphiles. The exchange rate

Submitted May 15, 2007, and accepted for publication July 26, 2007.
Address reprint requests to Professor Winchil L. C. Vaz, Tel.: 351-239-
824861; E-mail: wvaz@ci.uc.pt.

Editor: Antoinette Killian.

© 2007 by the Biophysical Society

0006-3495/07/12/4244/10  $2.00

constants are, in fact, a function of the rate constants for in-
sertion, desorption, and translocation (flip-flop) of the sterol
with regard to both the donor and the acceptor species (see, for
example, Egs. 5 and 6 and the relevant comments in Results).
Detailed quantitative modeling of sterol homeostasis in a cell
or in a whole animal requires knowledge of the values of equi-
librium partition coefficients for partitioning of the sterols be-
tween the lipid and aqueous phases (or between coexisting lipid
phases) and all of the kinetic rate constants for the partitioning
process and is not possible when only the exchange rate con-
stants are known.

In recent years we have attempted to obtain detailed kinetic
and thermodynamic information concerning the partitioning
of fluorescent phospholipid derivatives between the aqueous
phase and lipid bilayer membranes in liquid-ordered (/,) and
liquid-disordered (/3) phases (28,29) and between the aqueous
phase and lipoproteins (30). To do these studies it was nec-
essary to develop a strategy (32,33) that would permit us to
work with fluorescent phospholipid derivatives at concentra-
tions in the range of ~10~° M in the aqueous phase without
having to worry about the complex self-aggregation behavior
that is often characteristic for these amphiphiles. The strategy
involves use of a binding equilibrium with a binding agent,
usually serum albumin, whose concentration can be adjusted
to values at which the amphiphile is mostly in the bound state
in equilibrium with a very small amount (far below the critical
aggregation concentration) of the amphiphile in aqueous so-
Iution. Addition of the lipid assemblies (liposomes or lipo-
proteins) then results in two competing processes for binding
of the amphiphile in the aqueous phase, namely, association
with the lipid assembly and binding to the albumin. Prior
knowledge of the equilibrium association and kinetic rate
constants for binding to albumin allows extraction of the kinetic
and equilibrium parameters that characterize the association
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with the lipid assemblies. The temperature-dependence of
these results permits us to obtain a complete thermodynamic
description of the process as well. We have also made an
attempt to explain the mechanism of the association of am-
phiphiles with lipid bilayers, in which the association rate
constant is clearly not diffusion-limited as had been gener-
ally assumed in the literature, based on these detailed results
(33).

In this article, we report our results on the association of
dehydroergosterol (DHE), a naturally occurring fluorescent
sterol, with 100 nm unilamellar liposomes prepared from
1-palmitoyl-2-oleoylphosphatidylcholine (POPC), in the /4
phase; and from mixtures of POPC and cholesterol (1:1 molar
ratio), and egg sphingomyelin (SpM) and cholesterol (Chol,
6:4 molar ratio). Of the latter two membrane systems, those
prepared from the SpM-Chol binary mixture are clearly in an
I, phase (34), and it is generally assumed that the POPC-
Chol membranes are in the /, phase as well (35,36). Our re-
sults indicate that POPC-Chol membranes are probably better
characterized as /4 phase membranes with a microheteroge-
neous structure that results from a cosmophilic/cosmophobic
(order-loving/order-hating) amphiphilicity of the POPC mole-
cule in the presence of flat rigid surfaces such as those pre-
sented by cholesterol.

MATERIALS AND METHODS

Bovine serum albumin (BSA), essentially free of fatty acids (~0.005%),
ergosta-5,7,9(11),22-tetraen-33-ol (dehydroergosterol, DHE), and egg yolk
sphingomyelin (SpM) were obtained from Sigma-Aldrich Quimica (Sintra,
Portugal). Cholesterol (Chol) was from Serva/Boehringer Ingelheim (Heidelberg,
Germany), and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) was ob-
tained from Avanti Polar Lipids (Alabaster, AL). All reagents used were of
the highest commercially available purity.

Phospholipid concentrations were determined using a modified version
of Bartlett’s phosphate assay (37) and cholesterol concentrations were de-
termined by the Lieberman-Burchard method as described by Taylor et al.
(38). BSA concentrations were determined using the method of Lowry et al.
(39) or by their absorbance at 279 nm using an extinction coefficient of 0.667
mg{1 mL cm™' (40), and DHE concentration was determined by spectro-
photometry using a molar extinction coefficient at 340 nm of 8100 M~' cm™!
in acetone. Absorption spectra were recorded on a Unicam UV530 UV/Vis
spectrophotometer and fluorescence measurements were performed on a
Cary Eclipse fluorescence spectrophotometer equipped with a thermostated
multi-cell holder accessory (Varian, Cary, NC). The samples were stirred con-
tinuously during measurements.

Aqueous suspensions of lipids were prepared by evaporating a solution of
the desired lipid or premixed lipid mixture in chloroform/methanol (87/13,
v/v) solution by blowing dry nitrogen over the heated (blowing hot air over
the external surface of the tube) solution and then leaving the residue in a
vacuum desiccator for at least 12 h at 23°C. The dry residue and the hy-
dration solution (0.11 M NaCl, 1 mM EDTA, 0.02% NaNs, pH 7.4) were
preheated, in a water bath, at 65°C. The hydration volume used was calcu-
lated to obtain a final lipid concentration of ~5 X 107> M. The samples were
submitted to several cycles of vortex/incubation at the specified temperature
for at least 1 h. The resulting multilamellar vesicle (MLV) suspensions were
extruded (41) through two stacked polycarbonate filters (Nucleopore) with a
pore diameter of 0.1 um using a minimum of 10 passes. During the extru-
sion the water-jacketed extruder (Lipex Biomembranes, Vancouver, British
Columbia, Canada) was maintained at 65°C (for membranes prepared from
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mixtures of SpM and Chol) and at 23°C (for other membranes). The large
unilamellar vesicle (LUV) suspensions obtained after extrusion were diluted
in buffer to obtain the desired lipid concentration for fluorimetric exper-
iments.

Preassociation of DHE with BSA was done by squirting an acetone
solution of DHE into an aqueous buffered (0.02 M sodium phosphate, 0.11
M NaCl, ImM EDTA, 0.02% NaNj3, pH 7.4) solution of BSA at the desired
concentration while vortexing the latter. Vortexing was carried on for a
further 5 min. The solution was then allowed to attain equilibrium over a
period of 0.5-1 h at the desired temperature (between 15 and 45°C). The
final concentration of acetone was always 1% (v/v). The kinetics of asso-
ciation of DHE with BSA was studied essentially as described by Abreu
et al. (32), using 2,4-dinitrobenzene (42) as the energy transfer partner for
DHE.

The kinetics of association of DHE with LUV were studied by addition of
the desired amount of LUV (between 1 X 107 '%t0 2 X 1072 M) to a solution
of DHE (~2 X 1077 M), which had been previously equilibrated with BSA
(~2.7 X 10~* M) as described above. Fluorescence emission changes at 374
nm (excitation at 324 nm) were followed in time. Data was analyzed using
Excel and Solver (MicroSoft, Seattle, WA).

RESULTS
Binding of DHE to bovine serum albumin

DHE, like many amphiphiles in aqueous solution, has a very
low solubility and forms aggregates at concentrations as low
as 2 X 107 M (43,44). DHE also binds to bovine serum
albumin (BSA) with an increase in its fluorescence quantum
yield compared to the aqueous solution as seen in Fig. 1 A.
This change in fluorescence quantum yield was exploited to
determine the equilibrium binding constants (Kg) by equi-
librium titration as shown in Fig. 1 B. Kz was determined at
various temperatures between 15 and 35°C, the correspond-
ing van ’t Hoff plot is shown in Fig. 1 C.

In the equilibrium titrations of DHE with BSA, we added
an acetone solution of DHE to an aqueous solution of BSA at
the desired concentration and followed the change in fluores-
cence intensity with time. Equilibrium was attained in sev-
eral seconds. If these solutions were allowed to equilibrate
over long periods of time (hours), a slow reduction in fluo-
rescence intensity was observed. A similar, although much
faster, reduction in fluorescence intensity was observed when
no BSA was present and the rate of reduction in fluorescence
intensity was also seen to be dependent upon the BSA con-
centration, slower at higher BSA concentrations. We attrib-
uted the reduction in fluorescence to a slow aggregation of
DHE in aqueous solution since the total DHE concentration
in these titrations was approximately an order-of-magnitude
higher than its reported critical aggregation concentration of
~2 X 10~® M. Under conditions where DHE was transferred
between BSA and LUV (see below), the reduction of fluo-
rescence intensity was ~5% after 24 h.

We studied the kinetics of association of DHE with BSA
(data not shown) using a methodology previously described
by us (32). The characteristic time for the association process
is =4 s under conditions where the binding step is pseudo-
first order with respect to BSA.
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FIGURE 1 (A) Comparison of the fluorescence emission spectra of DHE

2 %X 1077 M) in aqueous solution at pH 7.4 (spectrum a); associated with
POPC LUV (2 X 1072 M, spectrum b) and bound to BSA (2.6 X 107 M,
spectrum c¢) at 35°C. (B) Equilibrium titration of a solution of 2 X 107" M
DHE with BSA, in buffer at pH 7.4 at 35°C (Kg ~5 X 10* M™"). (C) Van 't
Hoff plot for the association of DHE with BSA. The results shown represent
the mean = SD of three independent experiments.

Transfer of DHE between albumin and LUV

When LUV are added to a mixture of DHE and BSA at
equilibrium with each other, the DHE in the aqueous phase
is free to associate with the LUV as well as with the BSA.
The two competing equilibria can be written as
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where A is DHE, B is BSA, Ly is the LUV, and AB and ALy,
are DHE associated with BSA and LUV, respectively. The
subscripts B, —B, +, —, and f refer to the association/
dissociation reactions with BSA, with LUV, and to the trans-
membrane translocation processes (flip-flop), respectively.
The superscripts in and out refer to the inner and outer
monolayers of the LUV. In the second equilibrium displayed
in Eq. 1, the association of a molecule of DHE with an LUV
does not reduce the capacity of that LUV to accommodate
more molecules of DHE under the conditions of our exper-
iment. The pseudo-first order rate constant for the forward
process in this equilibrium is, therefore, k4 [Ly]. The relevant
mass balances in the experiments reported here are given by

[Al; = [A] + [AB] + [ALY"] + [ALy],
[ALy] = [ALY"] + [ALY], and

[Bl; = [B] + [AB] = [B].
The LUVs have a diameter of 100 nm so that the ratio of
inner monolayer surface to the outer monolayer surface is
0.92. For purposes of simplicity we considered [ALY"] =
[ALY], so that [ALy| = 2[ALY"], and k" ™™ = k"0 = ky.
With these approximations, it can be shown that

2K, [Ly][A]y

AR = ok ) kefB) 1 M o
kA ke [AB]
=T ™ TG T sy

The kinetic scheme shown in Eq. 1 is described by the
following set of differential equations:

% = k-o[AB] + k_[AL"] — (ka[B], + k. [Ly])[A]
AAB] _ by AIB], — k ofAB]
"[AT];OVM] = k. [A][Ly] + k[AL"] — (k- + k;)[ALS"]
d[ALI\?] i out in
2= k(ALY - [ALY)).

Assuming rapid equilibrium for the association between A
and B, and between ALi\‘,l and AL§’,Lll (sterol translocation
rates have been reported to have characteristic times from
=1 s (17) to =50 s (45)), it can be shown that

AL - 2Al (b))
O 2K, [Ly] + Kg[B], + 1

(©))
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The fluorescence intensity of DHE associated with lipid
vesicles is shown in Fig. 1 A. After addition of LUV to
an equilibrated mixture of DHE and BSA, a decrease in
fluorescence intensity in time is observed that relates to the
extent of transfer of DHE from BSA to LUV through the
aqueous phase. At any given time, the fluorescence in-
tensity of the total reaction mixture is given by

F(‘) = F[ALV]([) + F[AB]([) +F[A](|)
= PaLy [ALV]@) t @ap [AB](t) RN [A](I)' 4)

Here, ¢; is the proportionality constant that relates the
fluorescence intensity to the concentration of the species i.
Since @4 is negligible in comparison with @a;y and @ag,
and [A] is also negligible as compared to [AB] and [ALv],
the @A [A]w term in Eq. 4 may be neglected. Fig. 2 A shows
typical traces of the temporal evolution of F(¢) for POPC-
Chol LUV at 25°C. These traces are mono-exponential
decays that may be fitted by an expression of the form

Fiy=Fa)+ (Fo)— Fla))e ™™, ®)

where 3 is a transfer rate constant.
The concentrations of the relevant species at ¢+ = 0 and
t = % are given by

Kg (Bl Al
) - B
[AB] — KB [B]T[A]T
() 7 2K, [Ly] + Kg[B]; + 1
[ALV](O) =0
[ALV](QO 2KL [LV} [A]T

)7 2K, [Ly] + Ko B, + 1
from which F (), F(g), and 8 can be defined as

_ . KalBL[A)
A Ky[B], + 17
Flo) = (PAB[AB](OG) T Pary [ALV}(w)
_ (@aKs[Bl; + 20, Ki[Ly])[Al;
2K [Ly] + Kg[B]; + 1 ’
k. [Ly] k-

Ky[B], + 1 iy ©
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B=

From the values of F(.) obtained by fitting curves of the
type shown in Fig. 2 A using different concentrations of
lipid vesicles ([Ly]) we obtained titration curves for the
association of DHE with the lipid vesicles (Fig. 2 B). From
these titration curves, values of K| and their temperature
dependence were independently extracted for each of the
three lipid vesicle systems examined in this work. Further,
at each temperature, 8 was determined for several values
of [Ly] between 3 X 10~ and 2 X 10~° M (between three
and six ab initio repetitions). The dependence of 8 on [Lv/]
at 25°C is shown in Fig. 2 C. The values of k. and their
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FIGURE 2 (A) Time course of the association of DHE (2.2 X 1077 M)
preequilibrated with BSA (2.7 X 10~* M) in buffer at pH 7.4, with POPC-
Chol LUVs (from fop to bottom: 3.4 X 107", 1.0 X 1071°,2.7 x 1071,
43 % 10719 at 25°C. (B) Equilibrium titration of POPC-Chol LUV with
DHE previously equilibrated with 2.7 X 10~* M BSA. The points are ex-
perimental, the line is a theoretical best fit. (C) Dependence of the transfer
rate constant, 3, upon the LUV concentration, [Ly], at 25°C and the best fit
of Eq. 6 to the data.

standard deviations were obtained (Eq. 6) from the slopes
of plots of B versus [Ly] similar to that shown in Fig. 2 C.
The values of k_ could, in principle, be obtained from the
intercept of the same plots but the error involved in these

Biophysical Journal 93(12) 4244-4253
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determinations was too large. We, therefore, determined
the values of k_ from the independently determined values
of K and k. (k_ = k4/Kr). Experiments were performed
between 15 and 35°C. Table 1 lists the kinetic and equi-
librium constants at 15 and 35°C for association of DHE
with three types of lipid bilayer LUV. The equilibrium
partition coefficient, Kpsw), for the partitioning of DHE
between the lipid phases examined and the aqueous phase
was determined from the respective values of K| as de-
scribed previously (28). The values of Kpq w, are also listed
in Table 1.

Temperature-dependence of the equilibrium
and kinetic rate constants

All experiments were performed between 15 and 35°C at 5°C
intervals. The equilibrium constants, K, determined from
titration curves at different temperatures, were used to gen-
erate van 't Hoff plots (Fig. 3 A) from which the corresponding
values of AH® were obtained. The values of the derived
thermodynamic parameters (AG°, AH®, and TAS®) at 35°C are
listed in Table 2. The association of DHE with all three lipid
bilayers has a large entropic component as might be expected
due to the hydrophobic effect. This result is qualitatively
similar, although not quantitatively identical, to our previous
results with the association of two lipid-derived amphiphiles,
NBD-DMPE and NBD-lysoMPE, with the same set of mem-
branes (28,29). In particular, the large endothermic compo-
nent that characterizes the association of DHE with SpM-Chol
bilayers suggests that this lipid bilayer phase is not capable of
adequately ‘‘wetting’’ the DHE solute.

Arrhenius plots of the rate constants for insertion of DHE
into the bilayer membranes examined are shown in Fig. 3 B
and the results at 35°C are listed in Table 2. The thermo-
dynamics of the activation process (the transition state is one
in which most of the probe is out of the bilayer; see details in
(28)) was analyzed using transition state theory (46).

Hypothetical partitioning between coexisting
lipid phases

As discussed elsewhere (28,29), the measured lipid phase/
aqueous phase equilibrium partition coefficients, Kp(sw), can
be used to determine hypothetical partition coefficients be-
tween the lipid phases assuming that they existed in the same
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lipid bilayer. According to the published phase diagram of
the POPC/SpM-Chol ternary system in excess water (36), the
POPC-Chol and SpM-Chol phases we have studied here are
mutually miscible at all proportions but we have reasons
(W. L. C. Vaz, M. J. Moreno, and E. Melo, unpublished
results) to doubt this. (Note: Specifically, we have examined
the long-range translational diffusion of two fluorescent lipid-
derived probes in bilayers prepared from ternary mixtures of
egg SpM, POPC, and Chol at a constant 0.5 molar fraction of
Chol with a varying POPC/SpM ratio between 1:0 and 0:1 at
intervals of 0.2. One of the probes had a preference for
partitioning into liquid-disordered and the other into liquid-
ordered membrane phases. Both probes show percolation
behavior with a percolation threshold at a POPC/SpM molar
ratio of between 0.30 and 0.35. This percolation behavior is
characteristic of a system in which there are two coexisting
liquid phases where the theoretical threshold is expected to be
0.33 = 0.02 (57,58). In our case, the two coexisting liquid
phases would be a SpM:Chol-rich liquid-ordered phase and a
POPC:Chol-rich liquid-disordered phase. Thus, contrary to
the published phase diagram for the ternary mixture of POPC/
SpM/Chol (36), our result suggests that these three-component
membranes are heterogeneous at 50 mol % Chol.) We,
therefore, report the hypothetical partition coefficients for
DHE between the lipid phases we have examined in Table 3.
The endothermic association of DHE with SpM-Chol bilayers
compared with the exothermicity of its association with
POPC and POPC-Chol bilayers makes the hypothetical par-
titioning of DHE between POPC and SpM-Chol, or POPC-
Chol and SpM-Chol membranes, different at 15 and 35°C. As
seen in Table 3, DHE would partition preferentially into
POPC or POPC-Chol bilayers at 15°C but would prefer the
SpM-Chol bilayers at 35°C. At 25 °,C DHE would partition
equally between POPC or POPC-Chol bilayers, on the one
hand, and SpM-Chol bilayers, on the other.

DISCUSSION

The homeostasis of cholesterol in animal cells and in the
whole animal is increasingly recognized as an important
parameter in a large number of cholesterol-related diseases.
There has been, as a consequence, a vast body of literature that
addresses this question (for reviews see (1,3)). In particular,
the exchange of sterols between lipid bilayer membranes and
acceptor entities (usually other lipid bilayer membranes) has
been examined in some detail. Most of the work reported was

TABLE 1 Kinetic constants for the association of DHE with lipid bilayer membranes at 288 and 308 K
POPC POPC-Chol (1:1) SpM-Chol (6:4)
288 K 308 K 288 K 308 K 288 K 308 K
ke M'sTh 48 =04 X 10° 5.1 % 0.5 % 107 6.3 * 0.6 X 10° 6.4 * 0.6 X 107 6.3 * 0.5 X 10° 13 = 0.1 X 107
ke s™h 47 + 11 x107° 10+02X10°  45+14x10° 64=*21x10* 14+04X10°  69*+21x107°
KL MY 1.0 = 0.2 x 10" 5.1 % 1.1 X 10" 14 =04 X 10" 1.0 = 0.3 X 10" 46 *+ 1.3 X 10" 1.9 = 0.6 X 10"
Kpww) 2.6 X 10° 1.3 X 10° 3.6 X 10° 2.5 X 10° 1.2 X 10° 4.8 x 10°

Biophysical Journal 93(12) 4244-4253
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FIGURE 3 (A) van 't Hoff plots for the association of DHE with LUV
made from: ((J) POPC; (O) POPC-Chol (1:1); and (A) SpM-Chol (6:4),
showing the respective standard deviations. (B) Arrhenius plots for the
insertion of DHE into: ((J) POPC; (O) POPC-Chol (1:1); and (A) SpM-Chol
(6:4) LUVs. The values shown are average values of between three and
six independent experiments. The standard deviations are within the size of
the symbols.

done under conditions in which the donor — acceptor transfer
is limited by first-order desorption of the sterols from the
donor membranes so that the exchange rate constants ob-
tained are roughly comparable to the true desorption rate
constants measured in our work and listed in Table 1. In Table
4, we have compiled some of the work reported in the
literature. Most of the work reporting nonmediated exchange
of sterols between donor and acceptor membranes used donor
membranes made from egg yolk PC or POPC with sterol
contents significantly lower than those that result in a pure /,
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TABLE 2 Thermodynamic constants for the association of
DHE with lipid bilayer membranes at 308 K

POPC  POPC-Chol (1:1)  SpM-Chol (6:4)

AG® (kJ mol™") 63 65 o7
AH® (kJ mol ™) 26+ 5 “13+ 10 53+ 7
TAS® (kJ mol™") 37+5 52 + 10 119 + 7
Eoet (desorby (KJ mol™") 113 98 60
AG oy (K mol ™) 93 o4 100
AH(*d(::sorb) (kJ mol ") 110 = 7 95 + 12 57 + 16
TASES oy (I mol ™) 17 =7 1+ 12 43+ 16
Eaet (inserny (KJ mol™") 87 36 13
AG(ﬁgsen) (kJ mol ™) 30 30 34
AHﬁism) (kJ mol ) 84 £ 5 83 + 7 110 = 14
TASf e (I mol ™) 54+5 53+ 7 77+ 15

phase. Those results should, therefore, be compared with our
results for pure POPC /; phase membranes. Data directly
comparable with our results for POPC-Chol (supposedly /,
phase membranes) and /, phase SpM-Chol membranes are
relatively scarce. Another aspect of the data compiled in Table
4 is that most of that work used small unilamellar vesicles
(SUV) whereas our work used LUV with a 100-nm diameter.
Despite all the differences, and notwithstanding the observa-
tion (22) that exchange rates from SUV donors are twice as
large as exchange rates from LUV donors, it is noteworthy
that the exchange rate constants reported in the literature for
DHE are similar to the desorption rate constants measured by
us whereas the exchange rates reported for cholesterol are
somewhat slower.

Exchange rate constants reported in the literature for
membrane — cyclodextrin sterol exchange have also been
included in Table 4. The kinetics for exchange of sterols
between membrane donors and the cyclodextrin acceptor are
generally bimodal. One of the exchange rate constants is
comparable to and the other is approximately three orders-of-
magnitude larger than the desorption rate constants that we
measure. It would appear that cyclodextrin-mediated deple-
tion of sterols from membranes occurs via two mechanisms
one of which involves capture of a desorbed sterol in the
aqueous phase and the other a process in which nonassisted
sterol desorption from the donor membrane into the aqueous
phase is not a rate-limiting step.

Considering that the insertion rate constants reported in
Table 1 are not values expected for a diffusion-limited

TABLE 3 Hypothetical equilibrium partition coefficients and thermodynamic parameters for partitioning of DHE between

coexisting lipid phases at 288 and 308 K

Ko AG$ (kJ mol™Y)
Type of phase coexistence 288 K 308 K 288 K 308 K
POPC/POPC-Chol (1:1) lalls 0.7 0.5 1 2
POPC/SpM-Chol (6:4) lall, 22 0.3 -2 3
POPC-Chol (1:1)/SpM-Chol (6:4) o/ 1o 3.1 0.5 -3 2

Biophysical Journal 93(12) 4244-4253
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TABLE 4 Some reported rate constants for exchange of sterols between lipid bilayer (donors) and other lipid bilayers or

cyclodextrin (acceptors)

Exchanged
molecule Donor membrane Acceptor membrane kexchange (8~ h T (K) Reference
Cholesterol Erythrocyte ghosts eggPC, SUV 13X 1073 319 (19)
PC-Chol-dicetylphosphate (65:20:15); SUV PC-Chol (80:20); SUV 8.9 X 1073 310 (20)
eggPC-Chol (90:10); SUV eggPC-Chol (90:10); SUV 1.6 X 107* 310 (21)
eggPC-Chol (94:6); SUV eggPC-Chol (94:6); SUV 6.6 X 107° 310 (22)
eggPC-Chol (94:6); SUV eggPC-Chol (94:6); LUV 7.5 %X 1073 310
eggPC-Chol (94:6); LUV eggPC-Chol (94:6); SUV 35X 1077 310
eggPC-Chol (94:6); LUV eggPC-Chol (94:6); LUV 3.6 X 1073 310
SpM-Chol (1:1); SUV Rat liver microsomes 6.8 X 107 310 (23)
PC-Chol (1:1); SUV Rat liver microsomes 7.5 % 1073 310
POPC-Chol (99:1); SUV POPC-Chol (99:1); SUV 25 % 107* 310 (24)
POPC-Chol (90:10); SUV POPC-Chol (90:10); SUV 1.6 X 1074 310
POPC-Chol (80:20); SUV POPC-Chol (80:20); SUV 13 x 107* 310
eggPC-Chol-Cerebroside (75:10:15); SUV eggPC; LUV 12 x 1074 310 (12)
eggPC-Chol-Cerebroside (75:10:15); LUV eggPC; LUV 50X 1073 310
eggPC-Chol-Cerebroside (75:10:15); MLV eggPC; LUV 1.6 X 1073 310
DPPC-POPG-Chol (80:15:5); LUV Cyclodextrin 2.5 X 1072 (78%) 310 (25)
53 X 107 (22%)
CHO-K1 cells Cyclodextrin 4.6 X 1072 (25%) 310 (26)
5.5 X 107* (75%)
DHE POPC-DHE (65:35); SUV POPC-DHE (65:35) 3.6 X 107* (12.5%) 297 6)
4.9 X 107 (87.5%)
POPC-DHE (99:1); SUV POPC-POPG (85:15); SUV 7.7 X 1074 298 27)
43 x 107
POPC-DHE (65:35); SUV POPC-DHE (65:35); SUV 3.9 X 107* (36%) 310 8)
1.0 X 107 (64%)
POPC; SUV Cyclodextrin 2.6 X 107" 283 (45)
POPC; LUV Cyclodextrin 1.7 X 107! 283

process, we have to understand what property of the outer
monolayer of the LUV limits the insertion of DHE.
The amphiphile is being driven into the monolayer by
the hydrophobic effect and its insertion is resisted by the
elasticity of the monolayer. Thus, k. is related to the
membrane elasticity, lower values for k., being expected
for a more elastic membrane. When we compare the values
of k4 (see Table 1) for insertion of DHE into /4 phase POPC
bilayers and those for insertion into (supposedly) /, phase
bilayers of POPC-Chol, we observe that the values are
almost identical for the two membranes but are four and
eight times lower for SpM-Chol membranes than they are
for POPC membranes. This suggests that the in-plane
elasticities of POPC and POPC-Chol membranes, seen by
the DHE probe, are very similar but are both very different
from the elasticity of SpM-Chol membranes. Once the
DHE is incorporated into the membrane, its desorption to
the membrane surface is determined by the van der Waals
interactions between the DHE and the membrane interior.
The magnitude of these van der Waals interactions is
reflected in the value of the desorption rate constant, k_.
Going back to Table 1, we note that k_ for DHE desorption
from POPC and POPC-Chol membranes are very similar to
each other but significantly different from k_ for DHE
desorption from SpM-Chol membranes. Similar, although
considerably more accentuated, results for the insertion and
desorption rate constants of other amphiphiles (NBD-
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DMPE and NBD-lysoMPE) have been reported previously
by us (28,29). On the basis of these cumulative results, we
argue that the POPC-Chol membrane is more comparable
to the POPC membrane than it is to the SpM-Chol
membrane. However, micropipette measurements on
1-stearoyl-2-oleoyl phosphatidylcholine giant unilamellar
vesicles show that the macroscopic in-plane elasticity of
these membranes increases linearly with cholesterol con-
centration (47). Also, the condensing effect of cholesterol
on POPC monolayers is significantly larger than it is on
DPPC or SpM monolayers (48). On the other hand, recent
volumetric studies (49) indicate that this condensing effect
of cholesterol in membranes is not comparable for mem-
branes of fully saturated PCs and SpMs on the one hand and
PCs with one or two unsaturated chains on the other. The
activation energies for lateral diffusion in bilayers prepared
from binary mixtures of POPC and cholesterol compared to
bilayers of saturated chain lipids and cholesterol ((50),
W. L. C. Vaz, unpublished results) also indicates that
POPC does not form an /, phase with cholesterol.

In light of the preceding, our results on the insertion and
desorption rate constants of DHE (this work), NBD-DMPE
(28), and NBD-lysoMPE (29) in their association with the
POPC-Chol bilayer need to be explained on the basis of the
properties of this membrane compared with the /3 phase
POPC membrane and the /, phase SpM-Chol membrane. A
uniform condensing effect of cholesterol in the POPC-Chol
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membrane would not explain the close similarity of the
observed k. and k_ values for these and the cholesterol-free
POPC bilayers. It is also incompatible with the similarities of
long-range diffusion in POPC-Chol membranes compared to
membranes of pure POPC (50). On the other hand, the con-
densing effect of cholesterol cannot be denied. An intuitively
appealing model that would be compatible with the observed
results is based on a microheterogeneous structure for the
POPC-Chol membrane (Fig. 4). It may be argued that, in a
fluid phase membrane, the conformational entropy of the
chains is so large that there is no preferential interaction
between two fully saturated chains compared to the interac-
tion between a fully saturated chain and an unsaturated
chain. They are, therefore, completely miscible with each
other. However, when a flat and rigid surface (such as
presented by the cholesterol molecule) is incorporated into
the membrane, the interaction of the fully saturated chains
with that surface will be more exothermic than that of the cis-
unsaturated chains. We may, therefore, expect a preferential
solvation of the cholesterol surface by the saturated chains

FIGURE 4 Model for the two-dimensional micellelike microheteroge-
neous structure proposed for a POPC-Chol membrane formed at low
cholesterol concentrations. Cholesterol is represented by a solid ellipse,
while POPC is represented by the ellipse with a gradient ranging from dark
(representing the fully saturated palmitoyl chain of POPC) to light
(representing the cis-unsaturated oleoyl chain of POPC). The preferential
solvation of the (flat and rigid) cholesterol molecule by the fully saturated
chains of POPC orients this side of the POPC molecules toward the
cholesterol molecule while the cis-unsaturated chains are oriented away
from it forming a two-dimensional micellelike structure.
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leading to a two-dimensional micellelike structure in the
monolayer. The exothermicity of the interaction between the
saturated chain and the flat rigid surface would, of course,
have to compensate the decrease in entropy of the system. It
must be emphasized that this micellar structure is a result of
the relative cosmophilicity (order-loving) of a fully saturated
acyl chain compared to a cis-unsaturated chain and is not
related to the hydrophilicity/hydrophobicity that leads to
formation of micelles in water. The concept is not new.
Mitchell and Litman (51) proposed the formation of similar
microheterogeneous structures in lipid bilayers prepared from
lipids with one polyunsaturated acyl chain. In the context of
this model for the microscopic structure of the POPC-Chol
bilayer the insertion and desorption of amphiphiles will take
place preferentially in the more disordered areas between
micelles and will, therefore, not distinguish itself from the
same processes in POPC membranes. In fact, the preferential
orientation of the POPC molecules will generate regions of
higher disorder (free area) and the insertion/desorption from
the POPC-Chol bilayer could even be expected to be faster
than from the pure POPC bilayer. This behavior is actually
observed for the case of the interaction of NBD-DMPE with
POPC and POPC-Chol bilayers (28). The proposed model is
not antagonistic to the observations of Needham and Nunn
(47) because those authors observe a macroscopic effect of
cholesterol on the elasticity of the 1-stearoyl-2-oleoyl phos-
phatidylcholine bilayer and, within the context of our
model (Fig. 4), this would be the mean over the entire
microheterogeneous system. Our results on the insertion
of amphiphiles into membranes, on the other hand, have a
spatial resolution on the molecular dimension and the
inserting probe only reports the elasticity of the membrane
at its weakest point—the intermicellar space in the case of
the microheterogeneous POPC-Chol bilayer.

The thermodynamics of association of DHE with the three
types of bilayers examined is strongly entropic as may be
expected from the hydrophobic effect. The association of
DHE with SpM-Chol bilayers has one particularity that
distinguishes it from the association of NBD-DMPE and
NBD-lysoMPE with the same membranes: It has a very large
endothermic component. It is also interesting to note that the
enthalpy of association of DHE with POPC-Chol bilayers is
approximately half as exothermic as the enthalpy of DHE
association with POPC membranes, an observation similar to
that reported by Tsamaloukas et al. (52). In the case of
association of NBD-DMPE (28) and NBD-lysoMPE (29),
however, the enthalpic and entropic contributions to the
association free energy are identical for the association of
each of these probes with POPC and POPC-Chol bilayers.
The differences must have to do with the solvation of these
probes (NBD-DMPE, NBD-lysoMPE, and DHE) by the dif-
ferent membrane phases but any further conclusions at this
stage would be speculative.

We may also compare the lipid-phase/aqueous-phase
partition coefficient for partitioning of DHE between the
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aqueous phase and the three membrane phases studied in this
work. The endothermicity of DHE association with SpM-
Chol bilayers results in a better partitioning of DHE into
these bilayers at higher temperatures, the situation being the
opposite in POPC and POPC-Chol membranes. Kpw, for
the partitioning of DHE between POPC or POPC-Chol
bilayers and the aqueous phase is not distinguishable within
the limits of experimental error.

We have used Kp( w) for the three lipid phases examined
to calculate a hypothetical value for the partition coefficient
for DHE between any two of these phases if they coexisted in
the same membrane. The results shown, in Table 3, indicate
that at 35°C, DHE would partition into the SpM-Chol phase
in preference to the pure POPC or the POPC-Chol phase. At
15°C, however, the opposite is true. At room temperature
(25°C), there would be no partitioning preference. Lindblom
and colleagues (53) have recently reached a similar conclu-
sion based upon long-range translational diffusion in these
membranes. Earlier, McIntosh and co-workers (54) had
reported values of Kp for partitioning of cholesterol between
SpM-poor, detergent-soluble membranes and SpM-rich,
detergent-resistant membranes that, at 35°C, are similar to
the values we report in Table 3. We may caution, however,
that this result only implies a phase solubility preference and
does not contradict the fact, well substantiated in the
literature (16,55), that sterols have a preferred interaction
with certain lipid chemical species, the physico-chemical
basis for which is not yet completely clear. The hypothetical
transfer of DHE from POPC or POPC-Chol bilayers to SpM-
Chol bilayers would be an endothermic process with a large
positive entropy of transfer (see Table 2). This, at first sur-
prising, result is in agreement with the observation (56) that
the tie lines in the /,—/4 phase coexistence region of the phase
diagram for the DOPC/DPPC/Chol ternary mixture become
progressively horizontal as the temperature is decreased from
30 to 20°C.
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