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Partitioning of Octyl Glucoside between Octyl Glucoside/
Phosphatidylcholine Mixed Aggregates and Aqueous Media as Studied by
Isothermal Titration Calorimetry

Ella Opatowski, Michael M. Koziov, and Dov Lichtenberg
Department of Physiology and Pharmacology, Tel Aviv University, Sackler Faculty of Medicine, Tel Aviv 69978, Israel

ABSTRACT Stepwise dilution of lipid-surfactant mixed micelles first results in extraction of surfactant from the mixed
micelles into the aqueous medium. Subsequently mixed micelles transform into vesicles, within a range of compositions that
corresponds to equilibrium coexistence between these two types of aggregates. Further dilution results in extraction of
surfactant from the resultant mixed vesicles. In the present study, we have investigated the heat evolution of these processes,

as they occur in mixed systems composed of egg phosphatidylcholine (PC) and the nonionic surfactant octylglucoside (OG).
A combined use of isothermal titration calorimetry (ITC) and photon correlation spectroscopy (PCS), capable of monitoring
phase transformations, revealed that 1) The sum of all of the studied processes (i.e., extraction of OG from mixed micelles
and vesicles and the phase transformation) is isocaloric at -40°C throughout the whole dilution. At lower temperatures, all
of the dilution steps are exothermic, whereas at higher temperatures all of them are endothermic. 2) At all temperatures, the
absolute value of the heat associated with each dilution step within the range of coexistence of micelles and vesicles is almost
constant and larger than in either the micellar or the vesicular range. We give an interpretation of these calorimetric data in
terms of the relationship between the composition of the mixed aggregates Re and the aqueous concentration of surfactant
monomers Dw. Assuming that the main contribution to the heat evolution is due to extraction of surfactant from mixed
aggregates to the aqueous solution, we deduce the relationship Dw(R8) characterizing the system over the whole range of
compositions. We find that, in accord with thermodynamic expectations, Dw is almost constant throughout the range of
coexistence of mixed micelles and vesicles.

GLOSSARY

cmc critical micellar concentration
Do aqueous concentration of OG monomers in

the range of co-existence
Dt total surfactant concentration
Dt initial total surfactant concentration
Dw concentration of monomeric surfactant
Dw initial concentration of monomeric

surfactant
Db concentration of surfactant which resides

in bilayers
L lipid concentration

Lin initial lipid concentration
Re (effective) ratio between surfactant and

lipid in mixed aggregates (Re = DbL =
(Dt - DW)/L)

Rsat the value of Re at the onset of
solubilization

Rsol the value of Re required for complete
solubilization

AQ amount of heat measured by ITC
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WQhydroph heat of hydrophobic effect
AQhead heat due to the difference between energy

of polar head of a surfactant molecule
within an aggregate and in pure water

,QtranS heat resulting from transformation of
micelles into vesicles

T* temperature at which the heats of dilution
vanish

AD chemical potential of the surfactant
dDw the change in the concentration of

surfactant monomers caused by dilution
dDt the change in the total surfactant

concentration due to dilution
dDext the change in the aqueous concentration of

surfactant monomers due to extraction
AHIaD-w molar heat of extraction of surfactant

molecules from aggregates to water
n injection number

dn the change in injection number (in our
case dn = 1)

INTRODUCTION

The state of aggregation of amphiphiles in aqueous solu-
tions is an issue of great interest in many scientific disci-
plines. Much effort has therefore been devoted to gaining an
understanding of the forces involved in the self-assembly of
amphiphiles, especially in aqueous solutions (Tanford,
1980), where the structure of the resultant aggregates has
been correlated with the molecular structure of the amphi-
phile (Israelachvili et al., 1980; Gruner et al., 1986).
Of special interest is the state of aggregation in mixtures

of bilayer-forming and micelle-forming amphiphiles, such
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as mixtures of phospholipids and surfactants, commonly
referred to as detergents. The state of aggregation in these
mixtures is determined by the molar ratio of the components
within the aggregates (Lichtenberg, 1985, 1993). Thus, mix-
ing biological membranes with an excess of surfactants
results in the formation of mixed micelles, namely in solu-
bilization of the membranes. This process is not only es-
sential for isolation and characterization of integral mem-
brane proteins, but is also important for studying the
function of such proteins and its dependence on lipid-
protein interactions. This requires reconstitution of the pro-
teins into well-defined closed lipidic spheroids, commonly
referred to as proteoliposomes (Helenius and Simons, 1975;
Klausner et al., 1984; Racker, 1985; Walter, 1990). Recon-
stitution can be achieved by removal of the surfactant from
mixed micellar systems made of surfactants, phospholipids,
and proteins, using different techniques such as dialysis, gel
permeation chromatography, surfactant-binding "biobeads,"
or simple dilution of the mixed micellar system, which
results in "extraction" of surfactant from the mixed micelles
into the aqueous medium.

In view of the importance of these processes, much work
has been devoted to structural and kinetic aspects of the
solubilization of phospholipid model membranes by various
surfactants and their reconstitution upon removal of the
surfactant (Schurtenberger et al., 1985; Almog et al., 1986,
1990; Goni et al., 1986; Ollivon et al., 1988; Paternostre et
al., 1988; Vinson et al., 1989; Walter et al., 1991). Although
the latter investigations yielded some understanding of these
processes, several basic issues remained essentially unex-
plored. The most fundamental issues that have gained little
experimental attention thus far are those associated with the
thermodynamic aspects of the processes involved in com-
position-induced alteration of the mixed surfactant-phos-
pholipid systems.
The few calorimetric studies of such systems published

thus far yielded interesting findings on the heat associated
with micellization, introduction of surfactant molecules into
phospholipid bilayers, and solubilization of the bilayers by
surfactants at sufficiently high concentrations (Zimmerer
and Lindenbaum, 1979; Kresheck et al., 1980; Kresheck
and Nimsgern, 1983; Malloy and Binford, 1990; Paula et
al., 1995; Heerklotz et al., 1995). However, despite these
extensive studies, our knowledge of the interactions be-
tween phospholipids and surfactants is quite limited. A
systematic investigation of the heat evolution of the various
processes that occur in lipid/surfactant mixtures in the
whole range of compositions can be used to gain an under-
standing of basic properties of the system, such as the
interactions between amphiphilic molecules of different
kinds in different types of amphiphilic assemblies. Gaining
this information requires the combined use of a highly
sensitive calorimeter and techniques capable of monitoring
the state of aggregation in phospholipid-surfactant mixtures
of varying compositions. Such systematic studies have not

In the present study we have employed a high-sensitivity
isothermal titration calorimeter (ITC) in conjunction with a
photon correlation spectrometer (PCS), capable of monitor-
ing changes in the size of lipid-surfactant mixed aggregates,
to investigate the enthalpy associated with a stepwise dilu-
tion of mixed micelles of egg phosphatidylcholine (PC) and
the very widely used nonionic surfactant octyl-f3-D-gluco-
pyranoside (OG). Structural and kinetic aspects of the in-
teraction between these two amphiphiles have been previ-
ously studied in detail by several investigators, including
ourselves (Jackson et al., 1982; Ollivon et al., 1988; Pater-
nostre et al., 1988, 1995; Vinson et al., 1989; Almog et al.,
1990). Having a high critical micellar concentration (cmc)
(Eidelman et al., 1988), OG can be removed from OG-PC
mixed micelles by a relatively small dilution. When suffi-
cient surfactant is removed from these "wormlike" mixed
micelles, they transform into mixed vesicles (Vinson et al.,
1989). The latter very rapidly undergo "postvesiculation
size growth," and further removal of OG from the resultant
vesicles has only a slight effect on their size (Almog et al.,
1990).
The results of our calorimetric stepwise dilution experi-

ments indicate that the major contributor to the heat evolu-
tion throughout the whole range of phases is the heat asso-
ciated with extraction of OG from mixed aggregates. Under
this assumption, the calorimetric results are used to compute
the dependence of the composition of OG/PC mixed aggre-
gates on the concentration of OG monomers in the aqueous
solution.

MATERIALS AND METHODS

Materials

Both egg PC and OG were purchased from Sigma Chemical Co. (St. Louis,
MO). Tris buffer was purchased from Fluka (Buchs, Switzerland). NaCl
and EDTA were analytical grade (Merck, Darmstadt, Germany).

Preparation of mixed micelles
A solution of PC in chloroform was dried under a stream of nitrogen and
solubilized by an OG solution of the appropriate concentration in buffer A
(140 mM NaCl, 0.5 mM EDTA, 0.02% NaN3, and 10 mM Tris, pH 7.4).

Photon correlation spectrometer measurements

Particle size was measured on a Malvem photon correlation spectrometer
(model 4700) equipped with an argon laser (wavelength of 488 nm), at
28°C, as previously described (Almog et al., 1990).

Calorimetric measurements

All of the calorimetric experiments were carried out using an OMEGA ITC
(MicroCal, Northampton, MA). The titrated sample was constantly stirred
at 400 rpm. Titrations were carried out at a constant temperature within the
range of 9.6-69.5'C.

The design of the calorimeter is such that the volume within the cell
(VW = 1358 ,ul) is kept constant throughout the titration; the addition of V.

been carried out thus far.
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V, ,ul of the solution. Thus, after n steps of dilution, the concentration of the
titrated solution with respect to each component is approximately equal to

c [(V/(Vc + V,)]n, where c0 is the initial concentration of the respective
component. In the experiments described in this report, Vt was 25 ,ul.
Hence the concentration of each of the components after n steps of dilution
was co X 0.982g.

RESULTS

Titration of 25 gl of buffer into PC-OG mixed micellar
solution (1.358 ml) containing 1.4 mM PC and 28 mM OG
at 25°C in the ITC cell resulted in an exotherm of 650 ,ucal.
Subsequent titration steps resulted in slightly smaller exo-

therms, as depicted in Fig. 1 in terms of the dependence of
heat evolution on the "serial number" of the titration step.

To correlate the results of Fig. 1 with structural changes
that occur upon dilution, we have carried out PCS studies
using the same protocol employed in the ITC studies. Spe-
cifically, 1.358 ml of the solution used in the ITC experi-
ment of Fig. 1 was diluted with 25 ,ul of the same buffer.
Subsequently, 25 gl of the mixed solution was removed,
and the mean size of the particles in the sample was mea-

sured by PCS. The size of the particles obtained after this
and the subsequent 29 steps of dilution is depicted in Fig. 2
as a function of the "serial number" of the titration step.

Comparison of the results in Figs. 1 and 2 shows that
during the first 16 steps of dilution, the particles present in
the solution grew monotonically in size from - 10 nm to 30
nm, whereas the exotherms became smaller. The subsequent
six dilution steps, beginning at step number 17 (Fig. 2),
resulted in a large increase in particle size, indicating trans-
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FIGURE 1 Heat evolution as a function of a stepwise dilution of an

OG/PC mixed micellar solution. The heat evolution was obtained for
repetitive injections of 25 ,ul of buffer A into a mixed micellar solution
containing 1.4 mM PC and 28 mM OG and subsequent removal of 25 ,ul
of the mixed solution. The upper panel presents the titration curves as a

function of time (arrows depict changes in the titration syringe). The lower

panel depicts the heat evolution as a function of the serial number of
titration.

41)
0)

41)
>

4)

E
N

E

.0

140-

120

100-

80-

60-

40-

20-

0-

5 10 15 20 25

INJECTION NUMBER
30

140

120

0

0)100 0

0

60 =
8

40 +

20

0

FIGURE 2 Particle size as a function of dilution of a mixed micellar
solution. The changes in particle size were measured by PCS, using the
same dilution protocol as for Fig. 1. Also given is the count of photons
scattered at 900.

formation of mixed micelles into vesicles. By comparison,
the 17th step of dilution in the calorimetric titration resulted
in a sharp increase in the exotherm of the calorimetric
titration (Fig. 1). The subsequent six steps of dilution in-
volved very similar exotherms. At dilution step numbers
24-26 the size of the particles remained nearly constant
(Fig. 2), whereas the exotherms decreased (Fig. 1) to very

small values.
Similar experiments, carried out with PC-OG mixtures of

different OG/PC molar ratios at 28°C, yielded qualitatively
similar results (Fig. 3). Specifically, in all of these experi-
ments the first several steps of dilution yielded monotonic
growth of the particles (not shown), whereas the exotherms
became smaller (Fig. 3). Subsequently, a point was reached
at which further dilution yielded a large increase in particle
size, due to conversion of mixed micelles into vesicles, and
the exotherms in the calorimetric titrations increased
sharply. The subsequent dilution steps resulted in similar
exotherms, until a point was reached at which further dilu-
tion yielded decreasing exotherms and subsequent dilution
steps resulted in much smaller exotherms (Fig. 3).
Each calorimetric titration can be characterized by the

two points at which the change in AQ is a maximum (sol
and sat in Fig. 1). Each of these points corresponds to the
heat evolution of diluting a mixture of a specific composi-
tion by a factor of 0.982 (see Materials and Methods).
Because the process occurring within the range between
these two points relates to the formation of vesicles, the
compositions that correspond to these two points can be

regarded as boundary compositions. Specifically, the sur-

factant concentration in this system at the point denoted by
sol is just sufficient for the onset of vesicle formation in this

system (i.e., it is D'ol for the given lipid concentration L),
whereas sat relates to the transformation of residual mixed
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FIGURE 3 Effect of concentration on the heat evolution. Experiments similar to those described in Fig. 1 were carried out, using PC-OG mixtures of
four different compositions at 28°C. Initial compositions: (A) 2.7 mM PC and 32 mM OG; (B) 0.95 mM PC and 22 mM OG; (C) 1.71 mM PC and 28 mM
OG; (D) 0.45 mM PC and 20 mM OG.

micelles into vesicles (D"t for the given L). The values of
both D"t and D"ol were evaluated from the minimum and
maximum of the first derivatives of Fig. 3 (not shown),
respectively. Fig. 4 depicts these values as functions of the
corresponding lipid concentrations. From the slopes of these
dependencies, it is possible to evaluate the phase boundaries
in terms of the maximum surfactant/phospholipid ratio in
vesicles (Rsat) and the minimum effective ratio in mixed
micelles (Rsol). The intercept of these dependencies (Dsat
and Ds°l) are the monomer concentrations at the onset and
completion of the solubilization process, respectively. All of
these values are consistent with those obtained for OG/PC
systems by other techniques (Almog et al., 1990; Ollivon et
al., 1988; Paternostre et al., 1995).

The results of calorimetric titrations obtained with a

mixed micellar solution containing 1.4 mM PC and 28 mM
OG at five different temperatures (9.6°C, 25°C, 39.8°C,
54.5°C, and 69.5°C) are depicted in Fig. 5. Similar to the
dilution of pure OG (Paula et al., 1995), at 39.8°C all of the
titration steps resulted in very small exotherms. At higher
temperatures, all of the titration steps became endothermic
and the endotherns increased upon an increase in temper-
ature, whereas at temperatures lower than 39.8°C the titra-
tions yielded exotherms whose absolute magnitude in-
creased upon a decrease in temperature. Noticeably, the
concentration of OG monomers within the range of coex-

istence appeared to be bell-shaped functions of temperature.
This may indicate that, like to the cmc of the pure OG
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(Paula et al., 1995), the values of both D"t and Ds°l are

minimal at -40-500C and become larger at either lower or

higher temperatures. This is reminiscent of the temperature
dependence of the free energy of transferring surfactant
hydrocarbon chains out of water and into the oil-like interior
of a micelle, which in turn determines the temperature
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FIGURE 5 Effect of temperature on the heat evolution. Experiments
similar to those described in Fig. 1 were carried out using mixed micellar
solutions containing 0.45 mM PC and 28 mM OG at five different tem-
peratures (as given in the figure).

behavior of the cmc of pure surfactant (Gill and Wadsoe,
1976; Evans and Ninham, 1986).

DISCUSSION

Stepwise dilution of surfactant/phospholipid mixed micelles
results in extraction of surfactant molecules from the mixed
micelles. As a consequence, the surfactant/lipid ratio within
the mixed micelles decreases gradually, and the system then
passes through the micellar range into a range of coexist-
ence of vesicles and micelles and, subsequently, through the
vesicular range, where dilution results in a decrease in the
surfactant content of the mixed vesicles.

For interpretation of the results of calorimetric studies,
we propose a model based on the following assumptions:

1. After each step of dilution, the system reaches ther-
modynamic equilibrium. Therefore, within the micellar
range, the system consists of mixed surfactant-phospholipid
micelles in equilibrium with aqueous solution of surfactant
monomers; no pure surfactant micelles are present. Within
the range of coexistence, mixed micelles of composition
Rs°l are in equilibrium with mixed vesicles of composition
Re1t and with aqueous solution of surfactant monomers.
And, finally, within the vesicular range, the mixed phos-
pholipid-surfactant vesicles are in equilibrium with surfac-
tant monomers with no pure phospholipid vesicles in the
solution.

2. The major determinant of the heat evolution of the
system is the heat of extraction of surfactant monomers
from the mixed aggregates (micelles or vesicles) into water.
This heat, per mole of extracted surfactant, will be denoted
AMrDW The sum of all other contributions, such as the heat
related to the transformation of surfactant and lipid mole-
cules from micelles into vesicles, can be neglected in com-
parison to AHa-w

3. We can neglect the dependence of the heat AHeD` on
the composition of the mixed aggregates from which the
surfactant molecules are extracted and consider AHD-W as a
function of temperature only. This assumption implies that
the heat of extracting surfactant molecules from mixed
aggregates is equal to the heat of demicellization of pure
surfactant micelles, AHa§'w = AHdemic.
The second and third assumptions are based on the ob-

served temperature dependence of the heat evolution of the
stepwise dilution of the OG-PC mixtures. These assump-
tions were introduced to explain why, according to our
measurements, at -40°C the process became isocaloric
(AQ = 0) simultaneously in all of the ranges of composi-
tion. For temperatures above and below 40°C, the process
was, respectively, endothermic and exothermic in all ranges
of composition. The reasoning supporting these assump-
tions is discussed below.

Obviously, the measured heat involves several contribu-
tions of different physical nature (Heerklotz et al., 1995,
1996). Dilution within one-phase regions (micellar or ve-
sicular) results in extraction of surfactant monomers from
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aggregates into water. The main contribution to the heat
of this process AQa-W relates to the hydrophobic effect,
A&QhYdroPh, of taking the hydrocarbon chains of the extracted
molecules from the hydrophobic core of aggregates and
putting them in water. Another contribution, AQhead, is due
to the difference between the energy of the polar head of a
surfactant molecule within an aggregate and its energy in
pure water. This value should depend on the composition of
the aggregates, AQhead(Re).

In the range of coexistence, we expect an additional
contribution to the heat, resulting from transformation of
micelles into vesicles, AQlanls. This heat can be seen as
being related to the change in curvature of the surfactant and
lipid molecules that form the aggregates.
As QhYdroPh, AQhead, and AQtranS result from different

kinds of interactions, their dependencies on temperature are
expected to be different. In particular, the temperatures Th
where each of those heats vanishes,

AQhYdroPb(Thydroph) 0,

AQhead(Ted (Re)) = 0,

AQtranS(T*as) = o

should differ

Thydroph (Re) trans

If AQhYdroPh, AQhead, and AQtIls had comparable values, we
would not have observed that their sum vanishes at the same
temperature 1h = 40°C in the whole range of Re, including
the range of coexistence, in contrast to our findings. There-
fore, the most straightforward explanation of our experi-
mental results is that the heat of transformation AQtranS is
negligible compared to the other contributions (assumption
2) and that the dependence of the heat of polar heads on
composition can also be neglected (AQhead(Re) = constant;
assumption 3).

In the following discussion, we use the simple model
formulated above in conjunction with our experimental
results to determine the relationship between the concentra-
tion of surfactant monomers in the aqueous medium, Dw,
and the composition of the mixed aggregates Re, in all of the
phase states of the mixed system. This relationship is a basic
characteristics of the physical properties of the system.
Agreement between the properties of the function Dw(Re)
and the general thermodynamic expectations will serve as a
test for the validity of the assumptions of our model. The
resultant relationship can then be used as a basis for future
theoretical and experimental studies of the physical proper-
ties of the system.

Determination of the relationship Dw(Re) from
calorimetric measurements

Determination of the function Dw(Re) will be performed in
two steps. First, we will calculate the change in the concen-
tration of surfactant monomers Dw in the course of dilution

of the OG-PC mixtures by buffer. For this purpose, it will be
convenient to present the results in terms of the dependence
of Dw on the total concentration of detergent Dt (i.e.,
D,(Dt)). Using this function together with the known
changes in Dt and in the total lipid concentration L upon
dilution, we can compute Dw(Re).

Computation of DW(Dt)

As discussed under Materials and Methods, the change in
total concentration of surfactant Dt from its initial value Dln
is determined by the number of injections n:

DtDt (V+vc)n (1)

where Vt is the volume of injection in each step and Vc is the
volume of the OG-PC solution.
The concentration of surfactant monomers in the aqueous

solution, DW, does not follow such a simple law, as it is
determined by, aside from the dilution itself, extraction of
surfactant monomers from mixed aggregates. Therefore, we
must derive a differential equation for Dw(Dt) and solve it.
The change in D, for any step of dilution can be pre-

sented as

dDW = dDw,dil + dDw,ext (2)
where the first term dDW,dil is due to the addition of buffer
per se, whereas dDw,ext results from extraction of surfactant
monomers from aggregates into the solution.
The first contribution can be expressed as

Dw
dDw,dil= * dDtDt (3)

(Note that in our procedure dDt is negative and, conse-
quently, dDW dil is negative). According to Eq. 1,

dD,=D,'I(nV, dn (4)

According to assumption 2 of our model, the contribution
of extraction of monomers to the change in D, can be
related to the heat evolution of the system by

1 dQ
dDw,ext =- _Ia~ (5)

where dQ is the heat resulting from one step of dilution.
Inserting Eqs. 3 and 5 into Eq. 2 and dividing all terms by

Eq. 4, we obtain the differential equation for the dependence
of Dw on Dt:

dDw Dw 1 1 1 1 dQ
dDt Dt Vc AHr-W n(VC Dt dn

VVC + vt

(6)

The function dQ/dn on the right side of Eq. 6 can be taken
directly from the calorimetric experiments (e.g., Figs. 1, 3,

Opatowski et al. 1 453
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and 5), in which AQ, the heat resulting from one injection
(i.e., dn = 1), is presented as a function of the injection
number n. According to assumption 3 of our model, AHaD7"
is constant. Hence Eq. 6 can be rewritten as

dDw
Dt Dw=C AQ (7)

where C = l/Vr * ln[VcJ(Vc + Vt)]AHW§. Numerical solu-
tion of Eq. 7 gives the function Dw(Dt). Specifically, we
assume D" to be the initial monomer concentration and use
Eqs. 4 and 7 to compute the change in Dw after the first step
of dilution. This can then be used for determination of Dw
after this step of dilution, and the latter value can then be
used to determine the change in Dw caused by the second
step of titration. The same procedure can then be used to
evaluate Dw after each of the subsequent titration steps.

Computation of Dw(Re)

Knowing the values of L, Dt, and Dw (computed as de-
scribed above) after each step of dilution, we can also
compute Re from its definition:

Dt-Dw(Dt)
e L(Dt)

where the dependence of the lipid concentration L on the
total detergent concentration, L(Dt), is given by

Lin
L=Dlyn * Dt (9)

where Lin is the initial concentration of the lipid.

Hence Dw can be presented as a function of Re.

Determination of adjustable parameter

To solve Eqs. 7 and 8, we need to know the initial value of
the concentration of surfactant monomers D" before the
titration. This value cannot be obtained directly from the
calorimetric measurements and, therefore, remains an ad-
justable parameter. To illustrate the dependence of the re-
sults on Din, we show in Fig. 6 the functions Dw(Re)
resulting from the solution of Eqs. 7 and 8 for the experi-
mental AQ values depicted in Fig. 3 (Dyn = 22 mM and Lin
= 0.95 mM) at several reasonable values of Din. The values
of the other parameters were taken to be Vc = 1358 p,l, Vt
= 25 pul, and AHR§-w = - 1691 cal/mol. The latter value is
the heat of demicellization of pure OG micelles at 28°C, as
measured from a stepwise titration of a solution of OG in
buffer A (not shown). Interestingly, this molar enthalpy is
similar to that observed in similar experiments conducted in
pure water (AHdemic = -1670 cal/mol; Paula et al., 1995),
and to the heat of extraction of OG molecules from palmi-
toyl oleyl phosphatidylcholine vesicles (AHR-W = -(1300-
1900) cal/mol; Wenk et al., 1997). We see that the form of
the curve is sensitive to the assumed value of Din. However,

E
-33

FIGURE 6 Dependence of the monomer concentration of the surfactant
on the effective ratio between surfactant and lipid. The different lines were
computed from the calorimetric data, assuming different values for the
initial monomer concentration (Din), as given in the figure (see text for
details).

on all of the lines of Fig. 6 one can readily recognize a
region of smaller slope corresponding to the range of coex-
istence between the mixed micelles and vesicles. The
boundaries of this region depend on the choice of the value
of Din. Because the values of these boundaries, Rsat and Re',
were determined independently (Fig. 4), the value of Din can
be chosen from the fit between the resultant predictions and
the experimental boundaries of the region of coexistence
(i.e., the values of Rs't and Rsol obtained in Fig. 4).

Results of computation of DW(R6) for different
lipid concentrations

Using the method described above, we calculated the de-
pendencies Dw(Re) for the different titration curves obtained
at 28°C (Fig. 3). The results presented in Fig. 7 have the
following properties:

1. The function Dw(Re) is only slightly dependent on the
initial composition of the mixture, i.e., within experimental
error the function Dw(Re) appears to be a universal function,
independent of the values of the total surfactant and lipid
concentrations (Dt and L, respectively).

2. In the range of coexistence between mixed micelles
and mixed vesicles, the concentration of surfactant mono-
mers in the solution, DW, increases only slightly upon an
increase in the OG concentration. The average monomer
concentration within this range, denoted Do below, is an
important characteristic of the phase transition between
micelles and vesicles.
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20

19

18

17

16
FIGURE 7 Dependence of OG monomer concentra-
tion on the effective ratio between OG and PC for
different initial concentrations of the two components
(as given in the figure). The inset presents the depen-
dence of the empirically defined partition coefficient
K = RJ/D((l + Re) on Re for the initial concentration,
represented by the solid line in the figure.

3. For each PC/OG mixture within the vesicular range,
the partitioning ofOG between PC vesicles and the aqueous
medium can be given in terms of an empirically defined
partition coefficient, K = RYDw(l + Re). This factor, as

computed from the values of Re and D, given by the solid
line in Fig. 7, is depicted in the inset of Fig. 7 as a function
of Re for PC/OG mixtures of Re values of 1.1-1.6. Similar
dependencies were obtained from the data of the other
titrations, although the actual value ofK at relatively low Re
values varied by up to ±5%. Similar to the results of
Parternostre et al. (1995) and Ueno (1989), K is a decreasing
function of Re. Near saturation, K approaches a minimum
value of 0.039 mM-1 (Fig. 7, inset), as compared to liter-
ature values of 0.033-0.044 mM 1 (Almog et al., 1990;
Jackson et al., 1982; Ueno, 1989; Parternostre et al., 1995).

Validity of the model

The properties of the universal function Dw(Re), mentioned
above, are in agreement with general thermodynamic ex-

pectations and, therefore, support the validity of the as-

sumptions of the simple model used to interpret our calori-
metric results.

Let us consider this agreement in more detail:
1. According to thermodynamic considerations, equilib-

rium partitioning of surfactant molecules between the aque-

ous solution of monomers and the mixed aggregates is
determined by equal chemical potentials of surfactant, /LD,

in these two states. The chemical potential of monomers is

determined by their aqueous concentration, ji' = A'(D,),
whereas the chemical potential in the aggregates depends
only on their composition, ,a

= ,a(Re). (The latter con-

sideration is valid under the conditions of all of our exper-
iments, in which, on one hand, each aggregate consists of a

large number of molecules and, on the other hand, the
dispersion is sufficiently dilute for the contributions to ZD
of both the translational entropy of aggregates and the
interactions between them to be neglected). The condition
of equilibrium in its most general form, A'(Dw) = /D(R
can be considered a requirement that the concentration of
monomers in the solution is a function of composition of
aggregates only, Dw(Re), and not of the total concentrations
of surfactant and lipid. This general expectation is reason-

ably satisfied by the universal concentration-independence
of the function Dw(Re) (Fig. 7).

2. Similar reasoning predicts a constant concentration of
monomers in the aqueous medium throughout the region of
coexistence of mixed micelles and vesicles. Within this
range, micelles of a constant composition R"Ol are in equi-
librium with vesicles of a constant composition R"at and
with monomers in the aqueous solution. The only value that
changes upon dilution is the ratio between the amount of
material contained in micelles and vesicles. The chemical
potentials of surfactant in the micelles and vesicles, deter-
mined by R"Ol and R"at, respectively, do not change. There-
fore, the chemical potential of monomers and, conse-

quently, their aqueous concentration have to remain
constant. This expectation is only partially consistent with

15
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13

12

11

10
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the second property of the functions D,(Re) depicted in
Figs. 6 and 7 (see above) and with the experimental data of
Fig. 4, which reveal a difference between D'at and Ds°1. In
our estimate of the accuracy of determination of the phase
boundaries and intercepts, the difference between D"t and
Dsol in Fig. 4 lies within the experimental error. However,
more experimentation and theoretical studies are required to
determine whether these two values should be considered
equal.

In conclusion, the most straightforward interpretation of
the temperature dependence of our calorimetric results is
that the heat evolution of the dilution experiments is pre-
dominantly due to extraction of OG from OG-PC mixed
aggregates. This assumption, in turn, was used to determine
the dependence of the monomer concentration (D,) in all of
the studied mixtures of OG and PC as a concentration-
independent function of the OG/PC ratio in the mixed
aggregates (Re). Nonetheless, because the contribution of
the heat of extraction is much larger than that of the heat
evolution due to the phase transformation (in the range of
coexistence), the heat of phase transformation cannot be
evaluated from experiments based on the dilution protocol
used in this study. Alternative protocols, conducted in con-
junction with the appropriate theoretical approach, are de-
scribed in the following paper.

REFERENCES

Almog, S., T. Kushnir, S. Nir, and D. Lichtenberg. 1986. Kinetic and
structural aspects of reconstitution of phosphatidylcholine vesicles by
dilution of phosphatidylcholine-sodium cholate mixed micelles. Bio-
chemistry. 25:2597-2605.

Almog, S., B. J. Litman, W. Winley, J. Cohen, E. J. Wachtel, Y. Barenholz,
A. Ben-Shaul, and D. Lichtenberg. 1990. States of aggregation and
phase transformation in mixtures of phosphatidylcholine and octyl glu-
coside. Biochemistry. 29:4582-4592.

Eidelman, O., R. Blumenthal, and A. Walter. 1988. Composition of octyl-
glucoside-phosphatidylcholine mixed micelles. Biochemistry. 27:
2839-2846.

Emerson, M. F., and A. Holtzer. 1967. The hydrophobic bond in micellar
system. Effects of various additives on the stability of micelles of
sodium dodecylsulfate and of n-dodecyltrimethylammoniumbromide.
J. Phys. Chem. 71:3320-3330.

Epand, R. M., and F. Epand. 1994. Calorimetric detection of curvature
strain in phospholipid bilayers. Biophys. J. 66:1450-1456.

Evans, D. F., and B. W. Ninham. 1983. Ion binding and the hydrophobic
effect. J. Phys. Chem. 87:5025-5032.

Evans, D. F., and B. W. Ninham. 1986. Molecular forces in the self-
organization of amphiphiles. J. Phys. Chem. 90:226-234.

Frank, H. S., and M. W. Evans. 1945. Free volume and entropy in
condensed systems. J. Chem. Phys. 13:507.

Gill, S. J., and I. Wadsoe. 1976. An equation of state describing hydro-
phobic interactions. Proc. Natl. Acad. Sci. USA. 73:2955-2958.

Goni, F. M., M. J. Urbaneja, J. L. R. Arrondo, A. Alonso, A. A. Durrani,
and D. Chapman. 1986. The interaction of phosphatidylcholine bilayers
with Triton X-100. Eur. J. Biochem. 160:659-665.

Gruner, S. M., V. A. Parsegian, and R. P. Rand. 1986. Faraday Discuss.
Chem. Soc. 81:29-37.

Heerklotz, H., G. Lantzsch, H. Binder, G. Klose, and A. Blume. 1995.
Application of isothermal titration calorimetry for detecting lipid mem-
brane solubilization. Chem. Phys. Lett. 235:517-520.

Heerklotz, H., G. Lantzsch, H. Binder, G. Klose, and A. Blume. 1996.
Thermodynamic characterization of dilute aqueous lipid/detergent mix-

tures of POPC and CI2EO8 by means of isothermal calorimetry. J. Phys.
Chem. 100:6764-6774.

Helenius, A., and K. Simons. 1975. Solubilization of membranes by
detergents. Biochim. Biophys. Acta. 415:29-79.

Hoffman, H., and W. Ulbricht. 1986. The formation of micelles. In Ther-
modynamic Data for Biochemistry and Biotechnology. H.-J. Hinz, edi-
tor. Springer-Verlag, Berlin. 297-348.

Israelachvili, J. N., S. Marcelja, and R. G. Horn. 1980. Physical principles
of membrane organization. Q. Rev. Biophys. 13:121-200.

Jackson, M. L., L. F. Schmidt, D. Lichtenberg, B. J. Litman, and A. D.
Albert. 1982. Solubilization of phosphatidylcholine bilayers by octyl
glucoside. Biochemistry. 21:4576-4582.

Jolicoeur, C., and P. R. Philip. 1974. Enthalpy-entropy compensation for
micellization and other hydrophobic interactions in aqueous solutions.
Can. J. Chem. 52:1834-1839.

Klausner, R. D., J. v. Renswoude, R. Blumenthal, and B. Rivnay. 1984.
Reconstitution of membrane receptors. In Molecular and Chemical
Characterization of Membrane Receptors. Alan R. Liss, New York.
209-239.

Kresheck, G. C. 1975. In Water: A Comprehensive Treatise, Vol. 4. F.
Frank, editor. Plenum, New York.

Kresheck, G. C., K. Kale, and M. C. Vallone. 1980. Calorimetric studies of
the interactions between asolectin vesicles and surfactants. J. Colloid
Interface Sci. 73:460-466.

Kresheck, G. C., and R. A. Nimsgern. 1983. Unusual enthalpy changes
which accompany the titration of dimyristoylphosphatidylcholine vesi-
cles with Triton X-100. Chem. Phys. Lipids. 33:55-65.

Lichtenberg, D. 1985. Characterization of the solubilization of lipid bilay-
ers by surfactants. Biochim. Biophys. Acta. 821:470-478.

Lichtenberg, D. 1993. Micelles and liposomes. In Biomembranes-
Physical Aspects, Vol. 1. M. Shinitzky, editor. VCH, Weinheim. 63-96.

Lichtenberg, D., R. J. Robson, and E. A. Dennis. 1983. Solubilization of
phospholipids by detergents: structural and kinetic aspects. Biochim.
Biophys. Acta. 737:285-304.

Malloy, R. C., and J. S. Binford. 1990. Enthalpy titration and solubilization
of dimyristoylphosphatidylcholine vesicles with bile salts. J. Phys.
Chem. 94:337-345.

Miguel, M. G., 0. Eidelman, M. Ollivon, and A. Walter. 1989. Tempera-
ture dependence of the vesicle-micelle transition of egg phosphatidyl-
choline and octyl glucoside. Biochemistry. 28:8921-8928.

Moroi, A. 1992. Micelles. Theoretical and Applied Aspects. Plenum Press,
New York.

Ollivon, M., 0. Eidelman, R. Blumenthal, and A. Walter. 1988. Micelle-
vesicle transition of egg phosphatidylcholine and octyl glucoside. Bio-
chemistry. 27:1695-1703.

Paternostre, M., 0. Meyer, C. Grabielle-Madelmont, S. Lensieur, M.
Granham, and M. Ollivon. 1995. Partition coefficient of a surfactant
between aggregates and solution: application to the micelle-vesicle
transition of egg phosphatidylcholine and octyl P-D-glucopyranoside.
Biophys. J. 69:2476-2488.

Patemostre, M.-T., M. Roux, and J.-L. Rigaud. 1988. Mechanisms of
membrane protein insertion into liposomes during reconstitution proce-
dures involving the use of detergents. 1. Solubilization of large unila-
mellar liposomes (prepared by reverse-phase evaporation) by Triton
X-100, octyl glucoside, and sodium cholate. Biochemistry. 27:
2668-2677.

Paula, S., W. Suess, J. Tuchtenhagen, and A. Blume. 1995. Thermody-
namics of micelle formation as a function of temperature: a high sensi-
tivity titration calorimetry study. J. Phys. Chem. 99:11742-11751.

Racker, E. 1985. Reconstitution of Transporters, Receptors and Photologi-
cal States. Academic Press, Orlando, FL.

Schurtenberger, P., N. A. Mazer, and W. Kanzig. 1985. Micelle to vesicle
transition in aqueous solutions of bile salts and lecithin. J. Phys. Chem.
89:1042-1059.

Shinado, K., B. Tammamishi, T. Nagakawa, and T. Isemura. 1963. Colloid
Surfactants. Academic Press, New York.

Stenium, P., S. Backlund, and 0. Ekwall. 1980. In Thermodynamic and
Transport Properties of Organic Salts. P. Franzosini and M. Sanesi,
editors. IUPAC Chemical Data Series 28. Pergamon, Oxford. 295.



Opatowski et al. Calorimetric Studies of PC-OG Mixtures 1457

Tanford, C. 1980. The Hydrophobic Effect-Formation of Micelles and
Biological Membranes, 2nd Ed. John Wiley and Sons, New York.

Ueno, M. 1989. Partition behaviour of a nonionic detergent, octyl glu-
coside, between membrane and water phases, and its effect on mem-
brane permeability. Biochemistry. 28:5631-5634.

Vinson, P. K., Y. Talmon, and A. Walter. 1989. Vesicle-micelle transition
of phosphatidylcholine and octyl glucoside elucidated by cryo-
transmission electron microscopy. Biophys. J. 56:669-681.

Walter, A. 1990. Membrane solubilization with and reconstitution from
surfactant solutions: a comparison of phosphatidylserine and phosphati-

dylcholine interactions with octyl glucoside. Mol. Cell. Biochem. 97:
145-156.

Walter, A., P. K. Vinson, A. Kaplun, and Y. Talmon. 1991. Intermediate
structures in the cholate-phosphatidylcholine vesicle-micelle transition.
Biophys. J. 60:1315-1325.

Wenk, M. R., T. Alt, A. Seelig, and J. Seelig. 1997. Octyl-f3-D-
glucopyranoside partitioning into lipid bilayers: thermodynamics of
binding and structural changes of the bilayer. Biophys. J. 72:1719-1731.

Zimmerer, R. O., and S. Lindenbaum. 1979. Enthalpy of bile salt-lecithin
mixed micelle formation. J. Pharn. Sci. 68:581-585.


