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Kinetics of Amphiphile Association with Two-Phase Lipid Bilayer Vesicles
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ABSTRACT We examined the consequences of membrane heterogeneity for the association of a simple amphiphilic
molecule with phospholipid vesicles with solid-liquid and liquid-liquid phase coexistence. To address this problem we studied
the association of a single-chain, fluorescent amphiphile with dimyristoylphosphatidylcholine (DMPC) vesicles containing
varying amounts of cholesterol. DMPC bilayers containing 15 mol% cholesterol show a region of solid-liquid-ordered (s-£,)
coexistence below the T, of pure DMPC (23.9°C) and a region of liquid-disordered-liquid-ordered coexistence (€4-{.) above
the T,,. We first examined equilibrium binding and kinetics of amphiphile insertion into single-phase vesicles (s, €4, and €,
phase). The data obtained were then used to predict the behavior of the equivalent process in a two-phase system, taking
into account the fractions of phases present. Next, the predicted kinetics were compared to experimental kinetics obtained
from a two-phase system. We found that association of the amphiphile with lipid vesicles is not influenced by the existence
of €4-¢,, phase boundaries but occurs much more slowly in the s-¢, phase coexistence region than expected on the basis of

phase composition.

INTRODUCTION

Important membrane processes such as the insertion of
proteins, transport of ions and proteins, and cell signaling
require meticulous control at the membrane level to ensure
normal cell function. In most cases, not only the final state
but also the temporal scale on which these processes occur
are important. Many of the peptides involved in signaling,
for example, are amphipathic structures, and the entire class
of lipid-linked proteins shares this feature. Thus the kinetics
of insertion of amphiphiles into bilayers is probably an
important aspect of the function of these cell components in
a biological membrane. The possibility that lipid phase
separations exist in biological membranes raises some in-
teresting questions about their role in the control of such
processes (Vaz and Almeida, 1993). Over the past decade,
evidence has been accumulating in support of the view that
a biological membrane is a chemically heterogeneous sys-
tem and that heterogeneity may be an important requirement
for normal cell function (Brown and Rose, 1992; Lisanti et
al., 1994; Mayor and Maxfield, 1995; Simons and Ikonen,
1997; Edidin, 1997; Hwang et al., 1998), although this view
has not remained uncontested (Kurzchalia et al., 1995;
Kenworthy and Edidin, 1998). Our group has been contrib-
uting to the discussion about possible implications of mem-
brane heterogeneity for membrane related processes, con-
sidering basic physical-chemical principles (Vaz, 1994,
1995, 1996; Melo et al., 1992; Vaz and Almeida, 1993;
Thompson et al., 1995).

Membrane heterogeneity may be of various types. Over
the years several lipid lamellar phases that may also exist in
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biological membranes have been clearly identified and char-
acterized; lipid bilayers can exist as highly ordered solid
(gel) phases (s phase), highly disordered fluid phases (€4
phase), or relatively ordered fluid phases, which are often
rich in cholesterol (£, phase). Under the appropriate condi-
tions a lipid bilayer can exist as either one of these phases
or as a mixture of coexisting phases.

Studies of systems showing solid-liquid phase separation
have given rise to the idea that the interfaces present in such
systems may also play a role in biological processes such as
membrane protein insertion and in the regulation of mem-
brane permeability. For example, the observation of an
increased permeability to polar solutes in one-component
lipid bilayers around the phase transition temperature, 7,,,,
has been attributed to acyl-chain packing mismatch between
s and €, phases that coexist at the 7,, (Papahadjopoulos et
al., 1973; Marsh et al., 1976; Cruzeiro-Hansson and Mourit-
son, 1988). Similarly, it has been shown that the permeabil-
ity of lipid headgroup analogs in two-component, two-phase
lipid bilayers is proportional to the amount of interface
between the s and €4 domains (Clerc and Thompson, 1995).

Fluid phase immiscibility, which is probably more rele-
vant from a biological perspective, has clearly been shown
to occur in some binary phospholipid mixtures (Wu and
McConnell, 1975; Welti and Glaser, 1994) and has been
particularly well studied in mixtures of phospholipids with
cholesterol (Ipsen et al., 1987; Sankaram and Thompson,
1990, 1991; Vist and Davis, 1990). For example, the pres-
ence of more than ~5 mol% cholesterol in dimyristoylphos-
phatidylcholine (DMPC) bilayers leads to the formation of
a cholesterol-rich €, phase, which can coexist with an €4
phase above the T, of pure DMPC (23.9°C) or with an s
phase below the 7,, (see Fig. 1). In the €4 phase the
cholesterol molecule is believed to be located in the mem-
brane core region, spanning the acyl chain region in both
monolayers, whereas in the €, phase the cholesterol mole-
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FIGURE 1 DMPC/cholesterol phase diagram. s, solid phase; €, liquid-

disordered phase; €, liquid ordered phase. Data were taken from Almeida
et al. (1992a) and Sankaram and Thompson (1991).

cule is arranged in a manner analogous to that of the
phospholipid molecules, in both leaflets (Sankaram and
Thompson, 1990, 1991). In this context it is interesting that
eukaryotic membranes contain extremely well-controlled
amounts of cholesterol varying from as little as 6 mol% in
the endoplasmic reticulum to more than 30 mol% in the
plasma membrane (Cullis and Hope, 1985). Because mix-
tures of phosphatidylcholines with cholesterol exhibit a
phase separation over a very large temperature-composition
interval, it is tempting to speculate that lipid phase sep-
arations of that type play a functional role in biological
membranes.

In the present work we examine the consequences of
membrane heterogeneity for the association of a simple
amphiphilic molecule with phosphatidylcholine : cholesterol
vesicles exhibiting solid-liquid phase coexistence and lig-
uid-liquid phase coexistence (£,-€4). To address the prob-
lem, we first measured the kinetics of association of a
fluorescent amphiphile with single-phase vesicles. To the
best of our knowledge, the rates of insertion of small am-
phiphiles into vesicles have never been measured directly,
but rather have been calculated from the partition coeffi-
cient and the rate of desorption from vesicles (Nichols,
1985; Jones and Thompson, 1990; Wimley and Thompson,
1990). However, we believe the rate of insertion to be a
possibly crucial parameter in the insertion of small proteins
into biological membranes, for example, thus making a
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direct measurement and understanding of lipid on-rates de-
sirable. We report here a direct measurement of the rates of
insertion and desorption of a fluorescent amphiphile as a
function of lipid phase composition. The results are ana-
lyzed from a kinetic and thermodynamic point of view.

The rates determined for insertion into and desorption
from single-phase vesicles are then used to predict the
behavior of the equivalent process in a two-phase system,
taking into account the fractions of phases present. The
predicted kinetics are compared to experimental kinetics
obtained from a two-phase system. We find that association
of the amphiphile with lipid vesicles is not influenced by the
existence of €4-€, phase boundaries but occurs much more
slowly in the s-€, phase coexistence region than expected
on the basis of phase composition.

MATERIALS AND METHODS
Chemicals

DMPC was purchased in powder form from Avanti Polar Lipids, and
cholesterol was from Serva Fine Biochemicals. U-6 (4-(N,N-dimethyl-N-
tetradecylammonium)methyl-(7-hydroxycoumarin)chloride) was obtained
from Molecular Probes Europe, B.V. Chloroform p.A. was from Merck,
and all other chemicals were from Sigma Chemical Co. Lipids and other
chemicals were used without further purification.

Preparation of large unilamellar vesicles

Cholesterol and DMPC were separately dissolved in chloroform to give a
final concentration of 10 mM each. Appropriate amounts of these chloro-
form solutions were mixed in a round-bottomed flask and rapidly dried
using a rotary evaporator (Heidolph VV2000) at 60—70°C to prevent
demixing of the components. After lyophilization the lipid film was hy-
drated by the addition of buffer preheated to at least S0°C to give a final
lipid concentration of 10 mM. Swirling of the flask yielded a turbid
suspension of multilamellar vesicles that was subsequently extruded ~10
times through two stacked Nuclepore polycarbonate filters of 0.1 wm pore
size. Extrusion was performed at 50°C with a water-jacketed high-pressure
extruder from Lipex Biomembranes. The LUV suspension obtained in this
fashion was subjected to several cooling and heating cycles to ensure
annealing of the lipid phases. The suspension was diluted in buffer to the
desired concentration and used for fluorescence measurements. The buffer
used in all experiments was 10 mM borate (pH 8.5), 10 mM KCIl, 0.01 mM
EDTA, and 0.02% NaNj;. Lipid concentrations were assayed through
reversed-phase high-performance liquid chromatography.

Fluorescence experiments

Steady-state fluorescence measurements were performed in a thermostatted
Jasco FP-777 spectrofluorimeter. U-6 was added to the buffer from a 0.50
mM stock solution in ethanol. Binding curves were obtained by the
addition of lipid vesicles to a 1.0 uM solution of U-6 and monitoring the
change in fluorescence intensity at 480 nm, using an excitation wavelength
of 385 nm. At lipid concentrations greater than 0.1 mM the fluorescence
emission was corrected for the contribution of scattered light. Kinetic
experiments were performed using a self-built fluorimeter with a T-geom-
etry equipped with a rapid-mixing device (Hi-Tech). Equal volumes of an
U-6 solution (5.0 uM) and a lipid suspension (100 uM) were rapidly
mixed, and the time course of fluorescence was monitored. The sample was
excited through a monochromator at 385 nm and a Schott UGS filter.
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Fluorescence emission was monitored through two sandwiched long-pass
filters, Schott KV408 and KV418. Data were acquired at a sampling
frequency of 1 kHz, using commercially available software.

The fluorescent probe U-6 (Fig. 2; Kraayenhof et al., 1993) is a
single-chain amphiphile with a critical micelle concentration of ~20 uM
(data not shown). In the ground state the hydroxycoumarin undergoes an
acid-base equilibrium with a pK of ~7.3 in aqueous solution at 25°C. The
basic form absorbs at around 395 nm, and the protonated one at 340 nm.
In phosphatidylcholine vesicles the pK of the ground state is shifted to
~8.3. The excited state has a pK well below pH 2, so that at a pH > 4
emission occurs exclusively from the deprotonated state with a maximum
at 480 nm. We took advantage of the pK shift of the ground-state absorp-
tion upon insertion into vesicles to obtain a difference signal that was used
to monitor incorporation.

THEORY
Single-phase vesicles

For the association of a fluorescent probe, P, with lipid
vesicles, V, composed of a single phase we can write a
simple reaction scheme with the rate constants k%, and kg
for the on- and off-rate, respectively:

kon
P+ V=PV. (1)

kotr

Determination of molecular rate constants

In reaction scheme 1 the rate of change of the concentration
of probe in solution, [P], is given by

d[P]
4 = ~KRLVIIPT + ke PV, &

where [V] and [PV] are the concentrations of vesicles and
probe bound to vesicles, respectively. Expressing [V] in
terms of lipid concentration, [L], assuming 10° lipid mole-

HO O 0
P
CH, ¢
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|
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CH,

FIGURE 2 Chemical structure of U-6 (4-(N,N-dimethyl-N-tetra-
decylammonium)methyl-(7-hydroxycoumarin)chloride).
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cules per vesicle, [V] = [L] X 10~ °, we obtain

d[P] _
= _k:‘:n[L]lo S[P] + koff[PL] = kon[L][P] + koff[PL]'

3)

where [PL] is now the concentration of probe bound to lipid
and k,, = k¥ X 107°. The concentration of vesicles re-
mains constant throughout the experiment, so that & ,[L]
becomes a pseudo-first-order rate constant and the above
equation integrates to

Po(koff + k()n[L]ei(kOn[L]‘FkQ[f)[) 4
kon[L] + koff 2 ( )

dr

[P](0) =

where P, is the initial probe concentration. For the time
course of fluorescence we then obtain

F(f) = F,(Ade "' + B), (5)
where

PK[LI(1 ~ )

kops = kon(K[L] + 1), 4= CK[L] A1

Py(1 + yK,[L])
- K[L]+1
K, is the association constant of probe with lipid (in terms

of lipid concentration) and y is the fluorescence intensity of
the probe in vesicles relative to the one in buffer.

Determination of the association constant K, and the
partition coefficient K,

For low concentrations of probe, the probe molecules bind
independently of each other to the lipid vesicles, so that

K = [PL]eq _ kon (6
‘o [P]eq[L]eq B koff’ )
where [P],,, [L].q, and [PL]., are the equilibrium concen-

trations in water of probe, lipid, and probe bound to lipid,
respectively. The volume partition coefficient K, is related
to K, as follows:

p— K’d
Vs

where [PL]Eq is the concentration of probe bound to lipid
with respect to lipid and 7% is the lipid molar volume
accessible to the probe. V- for each lipid phase as a function
of temperature was estimated from the molecular areas of a
DMPC molecule in the different phases (taken from
Almeida et al., 1992a), assuming a constant length of the
hydrophobic “tail” of 18 A. K, is then determined through
titration of a dilute solution of probe in buffer with a vesicle
suspension. At a given temperature the observed decrease in
fluorescence, F, as a function of lipid concentration, [L], is

C[PLL,  [PL,

TPl T LR 7
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described by

Fy(1 +yK,[L])
F(L]) = TI KL (8)
where F, is the fluorescence of probe in buffer. A least-
squares fit of the fluorescence kinetics to Eq. 5, therefore,
directly yields k.¢ and, through the relation in Eq. 6, £,

> on*

Two-phase vesicles

For probe molecules, P, inserting into vesicles composed of
two phases, a and b, with fractions f, and f,, we can
construct the following reaction scheme:

Kin
P+ f,V=/PV,.
Kogr

+
IV

e

SoPVy

In this case, the vesicle concentration is multiplied by the
fractional amounts of each phase present, £, or f,, and the
probe can interact with either phase a, forming the bound
state PV,, or with phase b, forming PV,. Expressing the
equations in terms of lipid concentration ([V] = [L] X
107° =k X 107° = &2, k2 X 107° = kY, (compare Eq.

3),f, = 1 — f,, and [L] = constant), the coupled differential
equations describing the system are

d[P]
Sq = — (L1 + BILIO — )[P] + KefPL]

)

+ ]agff(l _fa)[PLb]

d[PL,]
a = KelLALP] = Ao/l PL.]

drL,]
o = LI = L0P] - Kl = RIPLL (10)

This system of differential equations can be solved using
matrix algebra (for a detailed explanation of the method, see
Boas, 1983, and Gutfreund, 1995). From the solution of this
system of rate equations we obtain the time courses of [P],
[PL,], and [PL,]:

o (A + kgff - kgnfa;) At
e

(Mt ko — ken?) Mt
(-1 ¢ 7"
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a (A + légff - ngnfaL - ]‘Jgfff) At

[PLa](t) = Lkgn(f;; _ 1)
oA, + ko = koif il — ko) a4 koL
N LkgnUa - 1) - kgff
a3]")(;nL
[PL,](?) = aye™ + e + —5—. (11

off

The time course of fluorescence expected for the system in
Scheme 9 will thus be characterized by two apparent rate
constants, —A; and —A\,. Both are a complex combination
of all four molecular rate constants, the fractions of phases
present, and the lipid concentration, but the faster apparent
rate is dominated by the faster molecular rate (the on-rates)
and the slower apparent rate by the off-rates:

A= =120k + Kaefy — koulfa + KouLf,
+ kool — kogfy — @)
= — 12Ky + KBufo — KL + K LS
+ 2L — Befo + w), (12)
where
o =[(1 = (koL + ki) + f2(ka,L + ko) + ko, °L°
+ 21,1 — f)(koukonl” — Kool — kowkonl
— Kekom 1"

The amplitude factors «,, ,, and a4 are determined using
the initial concentrations of P, PL,, and PL,. The time
course of fluorescence for the incorporation of U-6 into
two-phase vesicles will thus be given by

F(t) = Fo([P] + ya[PLa] + yb[PLb])a (13)

where y, and y, are the relative fluorescence intensities of
probe in phase a and phase b, respectively.

RESULTS

Association of U-6 with single-phase vesicles:
{y, €5, and s phases

We studied the insertion of U-6 into pure DMPC vesicles
below and above the T, and into DMPC vesicles containing
35 mol% cholesterol to obtain the kinetics of insertion into
the s, €4, and €, phases, respectively. Fig. 3 4 shows a
typical binding curve obtained by titrating a 1 uM solution
of U-6 at pH 8.5 with a suspension of lipid vesicles in the
{4 phase. K, as a function of temperature from 12 to 42°C
was determined by a nonlinear least-squares fit of the ex-
perimental binding curves to Eq. 8, using vesicles in the s,
{4, and €, phases. These values of K, were then used in the
determination of the molecular rate constants &, and kg in
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FIGURE 3 Single-phase vesicles. (4) Titration of a 1 uM solution of
U-6 with a suspension of large unilamellar vesicles (LUVs) of pure DMPC
at 30°C. The solid line represents a fit to the data according to Eq. 8. K, =
1.9 X 10° (with respect to lipid concentration). (B) Kinetics of insertion
into pure DMPC LUVs at 30°C (€, phase). The solid line is a single
exponential function with 7., = 34.06 ms.

the kinetic experiments as described in Materials and Meth-
ods, Theory. Fig. 3 B shows typical fluorescence kinetics of
U-6 insertion into €4-phase vesicles. The molecular rate
constants obtained in this fashion are plotted in Fig. 4. It is
of interest to point out that the traces obtained at tempera-
tures close to the 7, (23-25°C) could not be described by a
monoexponential fit (Fig. 4 4). The fits were clearly biex-
ponential, indicating the presence of more than one phase on
the time scale of the experiment and a considerable accel-
eration of the off-rate.
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The standard Gibbs energy of transfer from water to
membrane is given by AG® = —RT In K,. The standard
reaction enthalpies, AH°, for the association of U-6 with
vesicles in the s, €4, and € phases were determined from the
slope of a van’t Hoff plot (Fig. 5, 4 and D) and the entropy
term via AG® = AH° — TAS®.

The Gibbs energies of activation for the processes of
insertion and desorption in the different phases can, in
principle, be determined using the Eyring activated state
theory, according to which

k= Ae AGVRT (14)

where R is the gas constant and 7 is the absolute tempera-
ture in Kelvins. To calculate the value of AG*, however,
we still need to know the preexponential factor A in Eq. 14,
which has been estimated using a variety of models
(Aniansson et al., 1976; Almeida, 1999). The drawback of
that approach is that the magnitude of 4 and, consequently,
AG* becomes highly model-dependent. However, if we
consider the process of insertion, it turns out that 4 is given
by k,, in the limit of AG*® = 0, which is, in fact, also the
definition of a diffusion-limited on-rate. This quantity can
be readily estimated according to Smoluchowski (1917):

k, = 4mr,D = A, (15)

where r, is the vesicle radius and D is the diffusion coef-
ficient of a lipid molecule in water. We took D to be 5 X
107° ecm?/s at 20°C with an activation enthalpy of 5 kcal/
mol (Jones and Thompson, 1990). It therefore becomes
possible to estimate the magnitude of the preexponential
factor for the on-rate, which must be the same for the
off-rate, as dictated by the principle of microscopic
reversibility.

Because the Gibbs energy of transfer of the amphiphile
from water to the bilayer is proportional to In K, (not to In
K,), we must also include the lipid molar volume in the
determination of the Gibbs energies of activation. More
precisely, we are interested in the on-rate per unit volume,
which takes into account the variation of molecular lipid
volume with lipid phase and temperature. Thus we write

kOﬂ
AG°= —RTInK,= —RTIn —
’ (kofng)

—RT[In(ko/ V5) — In koge]

= AGH — AGH;

@ = 20 o AGRRT
ooV
k ;
oy = e (16)

o

Biophysical Journal 78(1) 267-280



272

1600 A
1200 1
* ]
£ 800~
= { X
P’ ]
o 7 u
© 400 -
-a%#
0 -
T
10 20 30 40

T/°C

Pokorny et al.

1.6x106-B
6.
1.2x10™ -
E 5 o }
", 8:0x10 §
~ -
g %%E
< 4.0x10™] e =
l ﬁ&tﬁ
004 Seee
T TV T[T T
10 20 30 40

T/°C

2
] oA
10 4 #tﬁﬁ ’IJ
0 Wﬁ il

10 20 30 40

T/°C

O

FIGURE 4 Single-phase vesicles. (4) Observed time constants () for the insertion of U-6 into s-, €4-, and ¢ -phase vesicles. ll, Monoexponential fit,
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€, phases as a function of temperature. (C) The corresponding off-rates, k... @, s phase. B, €, phase. A, €, phase. The error bars represent the standard

deviation of six experiments.

The corresponding enthalpies of activation, AH*°, were then
determined from the Arrhenius plots in Fig. 5, B, C, E, and
F. The result of this analysis is summarized graphically in
Fig. 6. Because the treatment is independent of a particular
activated-state model, the absolute magnitudes of the ther-
modynamic quantities associated with the activated state are
meaningful.

Association of U-6 with two-phase vesicles:
regions of {4-{, and s-(, coexistence

In the analysis of the kinetics of association observed in the
two-phase regions we used the data obtained from single-
phase vesicles at each temperature without further adjust-
ments and the fractions of phases as determined from the
phase diagram to try to describe the experimental kinetics.
The solid line in Fig. 7 4 is a purely theoretical prediction
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for the kinetics of insertion into a region of €4-€, phase
coexistence based on Eqgs. 11-13. The kinetics are a func-
tion of 1) the fractions of the two phases present, 2) the total
lipid concentration, 3) the relative fluorescence intensities
of the probe in the two phases, and 4) the rates of insertion
and desorption into the individual phases as determined
from single-phase vesicles. The model predicts two appar-
ent rate constants, —A; and —A,, one of which is on the
order of seconds and, therefore, does not contribute signif-
icantly to the observed kinetics on the millisecond time
scale. On a fast time scale the kinetics are then determined
by a single apparent rate constant, —\,, and we find that in
the region of €4-€, phase coexistence, the value of —A,
coincides very well with the rate obtained from a monoex-
ponential fit to the experimental data (Fig. 7 4 and high
temperature points in Fig. 7 C). Interestingly, we find that
the traces obtained at temperatures close to the solidus line
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FIGURE 5 Single-phase vesicles. Van’t Hoff (4, D) and Arrhenius (B, C, E, F) plots are used to determine standard enthalpies and standard enthalpies
of activation for the insertion of U-6 into the different phases (see text). Low-temperature points are shown in 4, B, and C: s phase. High-temperature points

are shown in 4, B, and C: {4 phase. D, E, F: €, phase.
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FIGURE 6 Single-phase vesicles: graphical summary of the thermody-
namic analysis. Each picture contains information on the equilibrium state
and Gibbs energies, enthalpies, and entropies of activation (in kcal/mol) for
both insertion and desorption for each phase investigated. The right-hand
side always refers to the probe in water, the left-hand side to the probe
inserted into the lipid bilayer (compare Fig. 9).

(Fig. 1) are clearly two exponential on the time scale of the
experiment (empty circles in Fig. 7 C), similar to the data
points obtained in pure DMPC vesicles close to the 7,,,. The
faster exponential is of an order of magnitude that would be
expected from the single-phase data, but the slower expo-
nential is of an order of magnitude faster than predicted.
Taking a closer look at the rates involved, we find that the
time frame of desorption from both liquid phases is suffi-
ciently long to allow lateral diffusion of the probe molecules
over the entire vesicle surface before desorption. This would
imply that the probe molecules would desorb from an equi-
librium distribution and not necessarily from the phase into
which they inserted. The simple reaction scheme presented
here for the two-phase system does not take into account
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diffusion of probe within the bilayer, but we can estimate its
effect on —A,. From the values for K, determined for each
phase in single-phase vesicles we can predict the partition
coefficient between the two lipid phases €4 and €, Kgd'f“,
which is given by the ratio of the two lipid-water partition
coefficient in the two phases: Kgd"’" = Kﬁ“/Kg". We find that
the probe partitions preferentially into the €4 phase with a
Kgd'e“ = 4.8. To obtain a lower limit for —A,, we can
therefore assume that all probe molecules come off the same
phase with the same rate, k% = k% The corresponding
change in the magnitude of A,, however, is on the order of
5%.

The same analysis was performed for the kinetic traces
obtained in the region of s-€_ coexistence (Fig. 7 B, dots). In
this case, however, the theoretical curve obtained with the
values for the pure phases (solid line in Fig. 7 B) does not
describe the experimental data. In general we find the ex-
perimental kinetics to be significantly slower than predicted
on the basis of the rates for pure s- and pure € -phase
vesicles (see low temperature points in Fig. 7 C). The
partition coefficient between the s and €, phases calculated
from the data on single-phase vesicles is close to 1, which
may be an underestimate, because of probe molecules lo-
cated in grain boundary defects in pure s-phase vesicles. In
aregion of s-€_ coexistence, however, pure s-phase domains
are much smaller and, therefore, more likely to be free of
packing defects. In this case the probe molecules could be
largely excluded from the pure solid phase and partition
preferentially into the €, phase. However, even with this
correction we have to assume an on-rate into the €, phase
that is an order of magnitude slower than that obtained from
the analysis of the pure € -phase vesicles or a much larger
fraction of s phase to describe the experimental traces.

Another indication that vesicles composed of coexisting
€, and s phases do not behave as predicted on the basis of
their phase composition and the results from pure-phase
vesicles stems from the measurement of the relative fluo-
rescence intensities as a function of phase. Fig. 8 shows a
plot of the relative fluorescence intensities in vesicles in the
s, €4, €, phase, and in two-phase vesicles. In the €4-€,
coexistence region we find that the relative fluorescence
intensities agree within the experimental error with the
average intensities in the two individual phases, weighted
by the fraction of phases (solid line in Fig. 8). In the region
of s-€, coexistence, however, the relative fluorescence in-
tensities coincide with the values measured in the pure s
phase rather than with the weighted averages calculated
from the fluorescence intensities of the €, and s phase.

DISCUSSION
Single-phase vesicles

To answer the question of how interfacial regions present in
phase-separated systems influence the kinetics and equilib-
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FIGURE 7 Two-phase vesicles. (4) —, Theoretical prediction for the kinetics of association of U-6 with vesicles in a region of € -, phase coexistence:
Soy = 074, k9= 774 X 10° s7' M7, ko™ = 4.81 571, kyp© = 546 X 10° s M7 ko = 17.62 s —1/A, = 0.231's, —1/A, = 0.02528 5. @,
Experimental data obtained using LUVs containing 15% cholesterol at 34°C (f;, = 0.74). (B) —, Theoretical prediction for the kinetics of association of
U-6 with vesicles in a region of s-f,, phase coexistence: f, = 0.62, k,,° = 3.70 X 10* s7' M1, k* = 0.466 57", ko, = 1.26 X 10° s7! M7, ki =
1.56 s~'. —1/A; = 2.62's, —1/\, = 0.247 s. @, Experimental data obtained using LUVs containing 15% cholesterol at 15°C (. = 0.62). (C) @, Time
constants (7,,,) as obtained from a monoexponential fit to the experimental data and their standard deviation (n = 6). O, 7, and 7, as obtained from a
two-exponential fit to the experimental data at temperatures close to the solidus line. A, The values of —1/A, obtained from Eq. 12, using the parameters

from single-phase vesicles, as exemplified in 4 and B.

ria of association of small amphiphiles with two phase lipid general picture is well known. What is new in this study is
bilayers, we first need to form a clear picture of the probe that we gain a very detailed idea of how different lipid
behavior in the pure phases. Amphiphile partitioning has phases influence amphiphile partitioning, including the €
been studied in some detail before (e.g., Duckwitz-Peterlein ~ phase, which may be of biological relevance. The kinetic
et al., 1977; Frank et al., 1983; Nichols, 1985), and the analysis we present here allows us to determine the ther-
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FIGURE 8 Fluorescence intensity of U-6 inserted into vesicles relative
to the intensity in buffer. @, Vesicles containing 15% cholesterol. [J,
Vesicles containing 35% cholesterol. A, Pure DMPC vesicles. —, Aver-
aged intensities between the values obtained from pure DMPC vesicles and
vesicles composed of DMPC: cholesterol 65:35, weighted by the fractional
amounts of phases present at each temperature.

modynamic quantities associated with the incorporation of
probe into lipid bilayer vesicles and how these quantities
vary with lipid phase.

We did not specifically include charge effects in the
analysis, although at the experimental pH of 8.5 ~50% of
the probe molecules carry a net positive charge when in-
corporated into the vesicles. The accumulation of positive
charges in the vesicles could influence both insertion and
desorption of probe molecules and lead to an apparent time
dependence of the observed rate constants. But we would
then see a deviation from simple monoexponential kinetics,
which is clearly not the case. The simple model that we use
here is thus sufficient to account for the experimental re-
sults. One explanation for this observation may lie in the
fact that the maximum charge density in the vesicles due to
the incorporation of fluorophore will always be small, be-
cause the concentration of charged species in the bilayer can
never exceed 2.5 mol%. Its influence on the process of
desorption due to repulsion of like charges can, therefore, be
expected to be negligible. Similarly, because of its low
charge density, the membrane will interact only weakly with
charges in solution. Moreover, at pH 8.5, most probe mol-
ecules in solution are zwitterionic, with only ~10% carry-
ing a net positive charge. Therefore, the effect of membrane
charge on the on-rate is expected to be very small.

There has been considerable discussion in the literature
over the use of an association or binding constant versus a
partition coefficient in the description of amphiphile asso-
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ciation with membranes (White et al., 1998). It is therefore
of interest to point out that it does not matter whether we use
K, or K, in the kinetic description because ks does not
depend on lipid molar volume. The criticism has been raised
that the formulation of amphiphile association with lipid
bilayers in terms of binding (reaction scheme 1) would
automatically entail a 1:1 stoichiometry and, therefore, the
“consumption” of lipid. However, this interpretation is
merely a consequence of the formalism chosen to depict the
reaction and does not present a real problem because we
explicitly keep the lipid concentration constant in Eq. 2.
Therefore, k_,[L] becomes a pseudo-first-order rate con-
stant. Moreover, it has been stated that a treatment in terms
of binding would involve the definition of binding sites,
which, in the case of vesicles, is a poorly defined concept.
However, as will be shown shortly, we may think of probe
binding as occurring per unit volume, which we take as the
volume accessible to the probe molecule in the lipid bilayer.
For low concentrations of probe we can then consider a
vesicle to consist of an infinite number of binding “sites” to
which binding occurs independently of how many probe
molecules are already bound (or still to be bound). It is
important to note that this treatment is only valid for low
concentrations of probe. This restriction, however, applies
equally to a treatment in terms of a partition coefficient
because the latter will also change at higher probe concen-
trations. It is only in the thermodynamic treatment that we
are restricted to the use of K to obtain Gibbs energies,
enthalpies, and entropies that reflect only the difference in
interactions between a probe molecule in water versus a
probe molecule in a lipid bilayer (see Ben-Naim, 1978, for
a detailed discussion of this point).

The result of the thermodynamic analysis is summarized
graphically in Fig. 6. To facilitate comparison between the
actual magnitudes of the constants, all values have been
extrapolated to 24°C. We find that the probe partitions
preferentially into the €4 phase, and basically to the same
degree into either the €, or the s phase. The surprisingly low
partition coefficient despite the high enthalpy for insertion
observed for the €, phase is due to a small but significant
unfavorable contribution of TAS® to the AG® for insertion
(see below). Nevertheless, we find that the process of in-
sertion is entirely driven by enthalpy and not by an increase
in entropy, as could be expected on the basis of the hydro-
phobic effect. An enthalpy-driven partitioning into mem-
branes has been found for a number of compounds (Huang
and Charlton, 1972; Nichols, 1985; Seelig and Ganz, 1991)
and recognized as being emphasized in the partitioning of
charged amphiphiles into phospholipid bilayers (Béuerle
and Seelig, 1991).

Let us next examine the thermodynamics of insertion and
desorption in some detail. The generally large magnitudes
of AS* and AH*® for insertion and desorption suggest that
they contain significant contributions both from electro-
static interactions and the hydrophobic effect. Consider first
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the process of insertion. AG*° shows rather little depen-
dence on lipid phase and lies between 1.2 and 1.6 kcal/mol
at 24°C. At higher temperatures TAS: will contribute rel-
atively more to AG*°, so that we can then expect insertion
to become essentially diffusion limited. To fully interpret
the values of AG*°, we must consider the individual contri-
butions of AH*® and TAS* to AG*°.

Removing the probe from water will liberate water tightly
bound to the probe “head,” which is enthalpically unfavor-
able, whereas removal of the acyl chain from water is
enthalpically neutral at room temperature (Kauzmann,
1959). However, forming the activated state also involves
disrupting hydrogen bonds and other interactions in the
membrane-water interfacial layer, which is probably a struc-
tured region with properties quite different from those of the
bulk phases (Fig. 9). The disruption of this interfacial layer
can be expected to cost the most energy in the most ordered
phase. We find the highest AH*° for insertion into the s
phase, which supports this interpretation. Interestingly,
from a thermodynamic analysis of the binding of small
peptides to bilayers, Jacobs and White (1989) found that
60—70% of the hydrophobic effect contribution to this pro-
cess corresponds to peptide binding to the membrane-water
interface.

The lowest AH*° is associated with insertion into the £,
phase, which is indicative of weaker molecular interactions
in the lipid-water interface as compared to either the €4 or
the s phase. AS*® follows the same trend. Removal of the
probe from water is an entropically favorable process close
to room temperature and independent of lipid phase. This

FIGURE 9 Schematic representation of the activated
state model used in the Discussion. The dotted outlines
of the probe molecule in the activated state are meant to
indicate a considerable amount of motional freedom as
compared to the completely inserted state. The shaded
area refers to an interfacial region that has properties
different from those of bulk water (see text).
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would account for a TAS*® independent of lipid phase,
which is clearly not what we observe (Fig. 6). However,
disrupting the membrane-water interfacial layer will intro-
duce a dependence of TAS* on lipid phase. We find that
TAS* is largest for the s phase and smallest for the €,
phase, suggesting that the order of the interfacial layer
follows the same sequence.

Consider next the process of desorption. Here we find
that AG*% from the bilayer is lowest in the €, phase,
corresponding to the fastest off-rate (5 s~ '), and highest
from the €, phase (k, = 1.3 s~'). Looking at the contri-
bution of AH*% to AG*, we find that desorption from all
phases is associated with a large enthalpy of activation. Its
contribution is highest in the s phase, indicative of strong
lipid-probe interactions, and lowest in the €, phase. We find
a value of 24 kcal/mol for AH:Z in the €, phase, and 30.6
kcal/mol in the s phase. These values coincide with the
values of 24.9 kcal/mol and 31.7 kcal/mol Wimley and
Thompson observed for the desorption of DMPC monomers
from DMPC vesicles in the €4 and s phases (Wimley and
Thompson, 1990). They are, however, ~10 kcal/mol higher
than observed for desorption of [*H]palmitoyloleoylphos-
phatidylcholine ([*H]POPC) from small unilamellar POPC
vesicles (Jones and Thompson, 1990) and N-7-nitrobenz-2-
oxa-1,3-diazol-4-yl-amino chain-labeled phosphatidylcho-
lines from DOPC vesicles (Nichols, 1985). In both cases
lipid-lipid interactions in the inserted state are probably
weakened by either strained lipid packing in small unila-
mellar vesicles or the presence of a bulky chain label,
making desorption energetically more favorable.

Activated State
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We find that the entropies of activation follow the same
trend as the enthalpies of activation, being highest for de-
sorption from the s phase and lowest for desorption from the
€, phase. It is difficult to relate these values to published
ones because the exact values for TAS* depend on the
particular activated-state model used in the determination of
AG* (see Results). The high values we find for TAS*S are
presumably due to the disruption of the membrane-water
interfacial layer and the restricted mobility of the probe
itself in the membrane as compared to the activated state,
making desorption from the s phase entropically most fa-
vorable. We would like to point out that this interpretation
does not follow the widely held notion that the slow lipid
off-rates are primarily due to the hydrophobic effect, i.e., to
an unfavorable entropy change associated with the transfer
of a lipid to the aqueous phase (Aniansson et al., 1976;
Nichols, 1985; Jones and Thompson, 1990; Wimley and
Thompson, 1990, 1991). The differences we find between
TASE: and TAS™ are generally very small, so that we may
conclude that the favorable gain in entropy associated with
removal of the probe from water is basically compensated
for by the loss of entropy associated with the insertion into
the highly anisotropic membrane.

In this context it is interesting to note that insertion into
the €, phase is, in fact, associated with a small but unfa-
vorable overall change in entropy (AS° = —9 cal mol !
K™ !). DeYoung and Dill observed that increasing choles-
terol concentrations led to successively lower membrane-
water partition coefficients of benzene (DeYoung and Dill,
1988). They attributed this effect to a lowering of the area
per phospholipid in the presence of high amounts of cho-
lesterol, leading to an entropic exclusion of solute from the
bilayer. In this case we would expect to find a higher value
for TAS*, for desorption from the €, phase than from the £,
phase, reflecting the smaller area per phospholipid in the €,
phase and a correspondingly more favorable TAS*S. How-
ever, comparing the €, with the €, phase, we find that the
values for TAS®S are actually very similar for the two fluid
phases (14.5 versus 15.3 kcal/mol) and, thus, are quite
independent of cholesterol content. A closer look shows that
the unfavorable overall entropy change associated with the
€, phase is, in fact, due to a lowered entropy of activation
connected with removing the probe from water. In this case
it seems more appropriate to attribute the unfavorable en-
tropy change to an interfacial layer that is less ordered in the
£, than in the €, phase. The interpretations given above can
be summarized in a model of the activated state that is given
in Fig. 9. We think of the activated state as a state in which
the probe is loosely associated with the membrane but still
possesses considerable motional freedom. Large parts of the
probe would then be, in fact, removed from both bulk water
and the membrane but in contact with a layer of structured
water adjacent to the bilayer with distinct properties (Leikin
et al., 1993), as represented by the hatched areas in Fig. 9.
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With this picture in mind we can try to rationalize the
observation of two-exponential kinetics at temperatures
close to the T, in pure DMPC vesicles (22-24°C). First of
all, two-exponential kinetics point toward the existence of
more than one phase within the time frame of the experi-
ment at these temperatures. Second, the rate of desorption
from DMPC vesicles at these temperatures must be signif-
icantly faster than from either the €, or the s phase. If the
probe was desorbing from the membrane with a combina-
tion of off-rates from the €, and the s phase, we would
expect to find a second slow exponential on the order of
several seconds (as mentioned in the analysis of two-phase
vesicles), which we would not be able to detect on the time
scale of the experiment. A fast rate of desorption signifies a
low AGZS, which can only be accounted for by a drastically
altered membrane structure around the 7, that facilitates
desorption. Third, the faster of the two observed relaxation
times lies well within what we would expect for insertion
into an €,4-s mixed-phase region, indicating that insertion is
influenced relatively little by the structure of the membrane
itself.

Two-phase vesicles

We can think of an interface between two phases coexisting
in the plane of the bilayer as being formed at the expense of
one or both phases present. If the total amount of interface
were small, we would expect its effects on the kinetic of
association to be negligible. We should then be able to
describe the overall kinetics simply by using a combination
of the individual rates corresponding to each of the two
phases involved according to the equations derived here for
a two-phase system. We believe this to be case for an € -{4
mixed-phase system where the data from the single-phase
vesicles suffice to account for the kinetics in the region of
phase coexistence. It is thus unlikely that the insertion of
small amphiphiles will be facilitated by phase separations of
this kind.

The interesting observation of a second exponential de-
tectable on the experimental time scale at temperatures
around the solidus (horizontal) line (Fig. 1) in vesicles
containing 15 mol% cholesterol can, again, only be ac-
counted for by fast rates of desorption, in analogy to the
interpretation of two-exponential kinetics observed in pure
DMPC vesicles close to the T, as given above. The mag-
nitude of the faster of the two apparent rate constants, —A,,
is dominated by the two on-rates, and if these are little
affected, — A\, will be within the same order of magnitude as
predicted based on the analysis presented here. However,
the slower relaxation time, —A,, is dominated by the de-
sorption rates, and if these become much faster at temper-
atures close to the solidus line we would expect —A; to
change accordingly. We can thus conclude that the bilayer
structure at these temperatures is very different from the one
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that exists at temperatures well below or above the solidus
line, making probe desorption much more favorable.

Our results on the £ -€; mixed-phase system are some-
what in contrast to previous reports of increased efflux of
ions and small molecules from phosphatidylcholine vesicles
containing ~20 mol% cholesterol, which was attributed to
lipid packing defects at the phase boundaries in regions of
phase coexistence (Corvera et al., 1992; Xiang and Ander-
son, 1998). Such defect structures could, in principle, also
be detected through our experiments, as they can be ex-
pected to lead to faster kinetics of association and altered
equilibrium binding. However, one must keep in mind that
these defects have a finite lifetime. In efflux experiments the
vesicles are loaded with a very high concentration of per-
meant, so that the distance through which the permeant has
to diffuse before hitting the bilayer becomes very small. If
the diffusion coefficient of the permeant in water is such
that the time it takes to reach the membrane is smaller than
or on the same order as the lifetime of a defect structure in
the bilayer, the permeability of the bilayer will, in fact,
appear to be increased. The lifetime of these defects can be
estimated from the translational diffusion hopping rate of a
phospholipid molecule, which is on the order of 107 s~ " at
room temperature in a fluid phase (Clegg and Vaz, 1985).
To reach the bilayer within ~10~7 s, we require a probe
concentration at least on the order of 10~> M. For a probe
concentration in the micromolar range, however, the char-
acteristic time for the diffusion-controlled encounter of
probe molecules with the membrane can be estimated to be
~107° s at room temperature. Short-lived defects on the
order of 1077 s will thus go undetected in our insertion
experiments. We can then conclude that the apparent per-
meability of a lipid bilayer will also depend on the type of
experiment we choose to investigate it with, or, in other
words, a membrane may appear quite tight to a small
amphiphile in dilute solution and quite permeable to an ion
whose activity close to the membrane is very high.

In the € _-s phase coexistence region the picture appears
quite different. Using the kinetic data from the analysis of
single-phase vesicles and the mole fractions of phases from
the phase diagram in Fig. 1 does not result in an adequate
description of the experimentally observed kinetics, which
are significantly slower than expected. We believe that this
is due to an order decay over a large coherence length from
the s to the €, phase, leading to an effective ordering of the
€, phase, in a way similar to what has been proposed to lead
to slower diffusion of lipids in the bilayer in the presence of
proteins or gel-phase domains (Almeida et al., 1992b). Such
a system could be expected to be much more “solid-like”
than predicted from the phase diagram and, in the extreme
case, approach pure s-phase kinetics. Interestingly, the ki-
netics of association in the € -s coexistence region are even
slower than in pure solid-phase vesicles. We believe this to
be due to a better lipid packing in the s-phase domains,
which, being smaller than in pure s-phase vesicles, are more
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likely to be free of packing defects, as well as to a higher
degree of order in the € _-phase domains in the mixed-phase
system. The presence of € -s-phase boundaries thus seems
to prevent the insertion of small amphiphiles rather than
promoting it.
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