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Abstract

The phase behavior of mixtures of phospholipids and detergents in aqueous solutions is an issue of basic importance for
understanding the solubilization and reconstitution of biological membranes. We review the existing knowledge on the
compositionally induced reversible transformation of phospholipid bilayers into lipid-detergent mixed micelles. First, we
describe the experimental protocols used for preparation of such mixtures and emphasize the scope and limitations of the
various techniques used for evaluation of the microstructures of the self-assembled amphiphiles in the mixture. Subsequently,
we interpret the existing data in terms of the spontaneous curvature of the amphiphiles and the finite size of the mixed
micelles. These considerations lead to a general description of the phase behavior, which forms the basis for a rational

approach to solubilization and reconstitution experiments.
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1. Introduction

The most common use of detergents in biomem-
brane studies is based on their ability to solubilize
the membranes by forming mixed micelles with the
membrane lipids and proteins [1-3]. The essence of
this process is a compositionally induced transforma-
tion of nearly flat phospholipid bilayers (containing
embedded proteins) into mixed micelles composed of
a detergent, phospholipids and membrane-bound
proteins [4-8]. This bilayer-to-micelle transition can
be reversed by removing the detergent from the
mixed micelles either by dialysis, absorption to bio-
beads or simply by diluting the solution [6-10]. The
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mixed membrane bilayers restored by this procedure
are referred to as reconstituted membranes.

These phase transformations depend in a complex
and interrelated fashion on many factors, including
the molecular structure of the detergent, the compo-
sition of the membranes, the composition of the
aqueous medium and the temperature. Furthermore,
the structure of the mixed micelles formed upon sol-
ubilization of the membranes, and, to a greater ex-
tent, the structure of the reconstituted membranes,
depend on the details of the experimental protocols,
namely on kinetic factors [11,12]. Yet, ‘the baseline’
for any investigation of membrane-detergent interac-
tions is the phase diagram that describes the thermo-
dynamically stable aggregates present in detergent-
phospholipid mixed systems as a function of the
aqueous concentrations of the components.

The character of the phase diagram is determined
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by the molecular structure of the two components.
Both the phospholipids and the detergents are am-
phiphiles and, consequently, tend to self-assemble in
aqueous solutions [13]. However, the shape of the
aggregates formed by the two components is very
different and depends on the effective molecular
shape of each of them. Specifically, the molecular
shape of long chain phospholipids is nearly cylindri-
cal, meaning that the area of molecular cross-section
is about equal to the molecular volume/length ratio.
Such molecules tend to aggregate so as to form flat
surfaces [14-16]. By contrast, the molecular shape of
most of the commonly used (‘head-tail’) detergents is
conical, with relatively large head groups (i.e. their
cross-section areas are larger than the volume/length
ratio). Accordingly, these amphiphiles tend to aggre-
gate along curved surfaces [14-16].

The tendency to curve is commonly described in
terms of the spontaneous curvature of the amphi-
phile (C,) [16], which can be seen as the curvature
of the surface along which an amphiphile tends to
pack [15,16]. Most phospholipids are characterized
by a very low spontaneous curvature (C, = () where-
as the spontaneous curvature of most detergents is of
the order of 1//, where / is the length of the hydro-
phobic chain. Accordingly, detergents form micelles
whereas long chain phospholipids form lamellar
structures in aqueous solutions.

In relation to mixed aqueous solutions of phos-
pholipids and detergents, the first question to be ad-
dressed is whether the two amphiphiles form mixed
aggregates or, alternatively, each compound self-as-
sembles on its own, avoiding mixing with amphi-
philes of different spontaneous curvature. If mixed
aggregates are formed, we want to know their struc-
ture. Are they represented by flat bilayers, similar to
pure phospholipid aggregates, or do they have a mi-
cellar structure, dictated by the detergent?

Many experimental studies, conducted by a large
variety of methods, have shown that phospholipids
and detergents form mixed aggregates in aqueous
solutions and that the structure of these aggregates
is either micellar or lamellar, depending on the con-
centrations of the two compounds [6,7]. For any giv-
en phospholipid concentration, its mixture with a
detergent contains lamellar aggregates at relatively
low detergent concentrations, micellar aggregates at
relatively high detergent concentrations and mixtures

of these two types of aggregates in an intermediate
range of detergent concentrations denoted as the
range of coexistence [17,18].

A typical phase behavior of aqueous solutions of
phospholipid-detergent mixtures is illustrated in Fig.
1. The two solid lines in Fig. 1 depict the concentra-
tions of detergent (D) required for the onset (D{*')
and completion (D) of the solubilization of phos-
pholipid as a function of the phospholipid concen-
tration, L. The lines D{*(L) and D{°/(L) represent the
phase boundaries separating the phase of lamellar
aggregates, the region of coexisting lamellar and mi-
cellar aggregates and the phase of pure micelles. In
all regions of the phase diagram, the aggregates co-
exist with a non-aggregated (monomeric) detergent
of concentration Dy. For most studied lipid/deter-
gent systems, both these phase boundaries D{*'(L)
and D{°/(L) appear to be linear functions of L over
a relatively large range of lipid concentration L:

Dy = Dy + LR (1)
D' = DY + LR (2)

The intercepts of the latter two lines, D$* and D,
can be regarded as the constant concentrations of
detergent monomers at the lower and upper phase
boundaries, respectively. The slopes R and R
characterize the composition (in terms of detergent/
lipid ratio) of the coexisting mixed bilayers (R$"') and
mixed micelles (RS”), respectively. This interpretation
implies that the compositions of the coexisting aggre-
gates do not change throughout the whole range of
coexistence.

This issue contains detailed reviews, written by
several of the major contributors to this field of re-
search, on the experimental methods used in studying
lipid-detergent mixtures, and on the phenomenology
of solubilization and reconstitution of lipid bilayers
and protein-containing membranes. In this review,
we limit ourselves to the presentation of those gen-
eral concepts regarding the phase boundaries in lipid/
detergent mixtures that we find essential for a ration-
al approach to the use of detergents in membrane
solubilization and reconstitution. Accordingly, we
first attempt to familiarize the reader with the prob-
lematic nature of the experimental determination of
the phase diagrams by describing briefly some of the
experimental procedures used for the preparation of
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Fig. 1. Schematic phase diagram of a mixed lipid-detergent sys-
tem. The bold lines depict the detergent concentration required
for the onset of lipid solubilization (D) and the detergent
concentration required for complete solubilization (D{') as a
function of the lipid concentration (L). Accordingly, these two
lines are the boundaries of the range of lipid and detergent con-
centrations where mixed vesicles coexist with mixed micelles. In
most of the published phase diagrams the straight lines intersect
the detergent axis at different concentrations (D' < D). The
broken lines assigned I, II and III relate to three protocols used
for preparation of lipid-detergent mixed systems, as described
in the text.

mixed amphiphilic systems. Next, we relate to the
general scope and to the limitations of the methods
used in the investigation of the phase diagrams.
Subsequently, we present the experimentally ob-
tained phase diagrams of several phospholipid-deter-
gent mixtures. These results were originally inter-
preted in terms of the generally accepted model
described above, which is based on the assumption
that the effective ratio R. governs not only the state
of aggregation in phospholipid-detergent mixtures
(hence, the phase boundaries) but also the equilibri-
um size and shape of the aggregates. The latter in-
terpretation implies that the equilibrium state of ag-
gregation in the lipid-detergent mixtures is
independent of the absolute concentrations of the
lipid and detergent, in apparent disagreement with
some of the experimental results. To resolve this ap-
parent inconsistency, we present a more general ther-
modynamic treatment of the phase behavior of lipid-
detergent systems taking into account the finite size
of the mixed micelles. This treatment predicts that at

relatively low concentrations, the phase behavior of
the mixture of amphiphiles depends not only on the
effective ratio, R. but also on the absolute concen-
trations of the components. This explains several ex-
perimental observations that have not been under-
stood until recently.

Nevertheless, in spite of the considerable progress
of our understanding of the basic questions concern-
ing the phase behavior of phospholipid-detergent
mixtures in aqueous solutions, many issues remain
unclear. These include (i) the phase behavior of mix-
tures that contain few different phospholipids with
varying chain length and head groups, (ii) the effects
of proteins, lipoproteins and lipopolysaccharides on
the phase behavior, and (iii) the partial (and maybe
selective) solubilization of different membrane com-
ponents by detergents in such heterogeneous disper-
sions. Much more research is required to clarify these
issues. We have therefore chosen not to relate to
these open questions in the present review, hoping
that the effort devoted to them in many laboratories
will clarify these issues in the foreseeable future.

2. Experimental procedures used for the preparation
of mixtures of amphiphiles

Isothermal phase diagrams, in general, describe the
phases present in a system composed of several com-
ponents as a function of the concentrations of the
various components at equilibrium. Preparation of
equilibrium systems composed of phospholipids and
surfactants is complicated by the very limited solu-
bility of the phospholipids as explained below. To
understand this complexity it is important to describe
the experimental protocols that can be used to mix
these two components in aqueous solutions. These
include the following.

(1) Addition of a detergent solution to multilamellar
phospholipid vesicles (MLV). MLVs are spontane-
ously formed upon hydration of a pure, semisolid
phospholipid film (commonly prepared by evapora-
tion of the solvent from a solution of the phospho-
lipid in an organic solvent) [19-21]. The initial prod-
uct of this procedure of adding a detergent solution
to these aggregates is a co-dispersion of MLVs and
detergent micelles and/or monomers. Subsequently,
the detergent partitions between the outermost phos-
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pholipid bilayers and the solution and if the deter-
gent/lipid ratio in these bilayers exceeds a critical
value, they transform into mixed micelles, exposing
the next bilayer to detergent [11].

When the overall detergent/lipid ratio is higher
than a critical value, a series of relatively slow se-
quential processes of ‘peeling’ of bilayers follows,
via continuous repartitioning of the detergent be-
tween the aqueous solutions, detergent-containing
lipid bilayers and lipid-detergent mixed micelles.
Eventually, mixed micelles are formed at equilibrium,
but this is likely to be a slow process, depending on
the actual concentrations and on the lamellarity of
the MLV [11]. This procedure is even more problem-
atic when the total detergent/lipid ratio is insufficient
for complete solubilization. In this case, the deter-
gent to lipid ratio in the outermost bilayers may be
sufficient for solubilization of these bilayers but the
solubilized lipid may subsequently undergo revesicu-
lation due to repartitioning of detergent to the next
exposed bilayer. Thus, equilibration may be very
slow and yield vesicles of different lamellarities and
sizes, which do not necessarily represent a ‘true’ state
of equilibrium.

(2) Dissolving the two components in a common
organic solvent, so as to form a mixture on the mo-
lecular level, and subsequently evaporating the solvent
and dispersing the dried mixture in an aqueous solution
[11]. Mixtures of the two components formed by this
procedure are likely to be closer to equilibrium than
mixtures formed by other protocols. Notably, how-
ever, when water is added to the dry film, the initially
formed aggregates may be multilamellar and equili-
bration of the system via subsequent ‘extraction’ of
detergent from these aggregates into the diluting
aqueous medium and repartitioning of detergent be-
tween bilayers and mixed micelles may, again, be
slow.

(3) Mixing a detergent solution with a dispersion of

unilamellar vesicles, preformed by any of the avail-
able methods [20,21]. When detergent is added to
vesicles at sufficiently high concentrations to cause
complete solubilization of the vesicle bilayers, the
transformation of the lamellar into micellar struc-
tures is rapid and the resultant micelles are likely
to represent a state of equilibrium [11]. By contrast,
at subsolubilizing detergent concentrations the prod-
uct of mixing the two components depends on the

initial size of the vesicles. The general trend is that
the detergent partitions between the bilayers and the
aqueous solution according to a partition coefficient
(see below) and that this partitioning results in
growth of the mean vesicle size [22-30].

When the detergent is added to large unilamellar
vesicles (LUV; diameter approx. 100 nm) this size
growth can be fully accounted for by the increase
in the surface area of the vesicles due to the intro-
duction of detergent molecules into the vesicle bi-
layers [26]. A similar size growth was observed
when low detergent concentrations were added to
small unilamellar vesicles (SUV) [24]. However, at
higher, yet subsolubilizing detergent concentrations
many detergents have been shown to induce size
growth of SUV into much larger vesicles, whose sizes
depend on the detergent/lipid ratio [6-10,22-26,31].
Thus, addition of each of several detergents to SUVs
of diameters of 25-35 nm made by sonication, extru-
sion or detergent removal from mixed micelles, re-
sulted in LUVs of diameters of about 100 nm (Fig.
2).

The mechanism responsible for this detergent-in-
duced vesicle size growth has been investigated for
several detergent/lipid mixtures. As an example, ad-
dition of subsolubilizing concentrations of the non-
ionic detergent octyl glucoside (OG) to egg PC SUVs
resulted in rapid size growth of the vesicles [24] via a
‘disproportionation mechanism’ [25]. This mecha-
nism consists of a series of repartitioning processes
through which the larger vesicles in the population
grow in size by absorbing the lipid initially contained
in the smaller vesicles in the population [24]. Follow-
ing equilibration, the mean size of the vesicles exhib-
ited a sigmoidal dependence on the OG/PC ratio in
the vesicles. Notably, dilution of these equilibrated
solutions resulted in extraction of detergent from the
vesicles. As a result, the OG/PC ratio in the vesicles
decreased but the size decreased only slightly (only
due to the extraction of detergent). Similar results
were obtained for several other detergent-lipid mixed
systems, including PC/cholate mixtures. In the latter
case equilibration was much slower than in PC/OG
mixtures although the size growth probably occurs
via the same mechanism [22].

One question that remains open thus far is
whether the size of the vesicles formed upon deter-
gent addition to unilamellar vesicles represents an
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equilibrium size (see below). Yet, the occurrence of
this size growth should be taken into consideration in
any study of the phase behavior and particularly
with enzymatic studies conducted with detergent/lip-
id mixtures (see below; [32]). Furthermore, the rate
of detergent-induced vesicle size growth is an impor-
tant determinant of the size of vesicles formed upon
detergent removal from mixed micelles. Thus, infinite
dilution of mixed micelles results in the formation of
SUV because the R. of the resultant vesicles is very
low [33] so that detergent-induced size growth is lim-
ited. By contrast, when size growth is not much slow-
er than removal of detergent (e.g. during dialysis) the
initially formed small vesicles grow according to their
initial (relatively large) R. and when R. decreases
(upon continuing detergent removal) their size re-
mains large [6,7].

Another interesting feature of the effect of deter-
gents on the size of vesicles is that although at the
onset of solubilization the vesicles are large, in the
range of coexistence, small vesicles (SUV*) have also
been observed [34-36]. In a recent publication, Ueno
et al. [34] proposed that these vesicles are metastable
and that the detergent/lipid ratio in them is higher
than R$. The latter hypothesis is questionable be-
cause repartitioning of detergent between vesicle bi-
layers and the aqueous medium is likely to be rapid.
An alternative explanation for the presence of small
vesicles in mixtures of LUV and detergents is that
such vesicles are formed via partial solubilization of
LUVs followed by revesiculation of part of the re-
sultant mixed micelles. The latter process probably
yields SUVs, which tend to grow into LUVs but the
latter process may be slow, so that SUV can be ob-
served hours after preparation of the mixture.

(4) Titration protocols. In view of the problematic
nature of the various procedures used for the prepa-
ration of mixed dispersions, we propose to adopt one
or more of the following experimental protocols
[37,38], schematically depicted in Fig. 1.

Protocol 1: Stepwise dilution of mixed micelles. Mi-
cellar systems are likely to equilibrate rapidly when
detergent is extracted from the mixed micelles into a
diluting medium. As long as the addition of the di-
luting medium does not cause transformation of
mixed micelles into mixed vesicles, the change in
the composition of mixed micelles results in relatively
small and rapid changes in the size of the mixed

micelles. Further dilution results in partial transfor-
mation of mixed micelles into vesicles. Subsequently,
all the mixed micelles become transformed into
vesicles whose size after equilibration of the disper-
sion depends not only on thermodynamic factors but
also on kinetic factors. When the rate of extraction
of detergent from the vesicles is slow, the vesicles are
likely to undergo size growth (see below), which is
not the case during rapid detergent removal.

Protocol 1I: Addition of unilamellar vesicles into
detergent solutions containing detergent monomers
and micelles. Under the conditions of this protocol,
the added vesicles become exposed to an excess of
detergent so that all the added vesicles become solu-
bilized. Both the composition and the size of the
resultant mixed micelles are likely to depend only
on the composition of the dispersion, because equil-
ibration of mixed micellar systems is rapid, so that
kinetic factors cannot be expected to play a major
role. Further addition of vesicles results in their mi-
cellization until the detergent/lipid effective ratio be-
comes lower than RZ"I. Thereafter, the added vesicles
become saturated with detergent (i.e. their composi-
tion is given by R¥') whereas some of the mixed
micelles, whose composition is given by R, become
transformed into detergent-saturated vesicles of a
composition R$*'. Finally, after all the mixed micelles
transform into mixed bilayers, further addition of
phospholipid vesicles results in ‘extraction’ of deter-
gent from detergent-lipid mixed vesicles into the
added ‘pure’ lipid vesicles. This repartitioning can
be expected to result in a heterogeneous population
of vesicles because those vesicles that were formed at
early stages, when the effective ratio was high (within
or close to the range of coexistence), are likely to be
large and remain large when detergent is ‘extracted’
from them, whereas the small vesicles added at later
stages will have lower effective ratios and will there-
fore be smaller. Re-equilibration is likely to be very
slow. Hence, the size distribution of vesicles formed
through this procedure can be expected to be wide
and dependent on the experimental details, particu-
larly on the rate of mixing.

Protocol 111: Addition of a detergent solution into a
dispersion of unilamellar vesicles. This protocol has
been described in terms of a three stage model
[4,13]. According to this model, when subsolubilizing
detergent concentrations are added to the vesicles,
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Fig. 2. Schematic description of the size of the lipid-detergent
mixed aggregates as a function of their composition. The hy-
drodynamic diameters of the vesicles formed upon addition of
a detergent to SUV and LUV are described as functions of R,
the ratio of detergent to lipid in mixed aggregates
Re =(Dyn+Dp)/L. Note that within the vesicular range addition
of detergent to small vesicles results in size growth whereas ex-
traction of detergent from detergent-containing large vesicles
has only a slight effect on their size. Within the range of coexis-
tence, vesicles of a composition given by R and a constant
hydrodynamic diameter D’ coexist with mixed micelles of a
composition given by R¥' and a constant apparent hydrody-
namic radius Dy’ Increasing R. within this range results in
increased concentration of micellar lipid, Ly, on the expense of
vesicular lipid, Ly. This results in a reduction of the scattering
of light, as illustrated by the dotted line and, at higher R. val-
ues in reduction of the apparent size of the particles present in
the dispersion, as detected by DLS and depicted by the full
line.

the detergent partitions between the bilayer and the
aqueous solutions; at higher detergent/lipid ratios,
the vesicles disintegrate into micelles and at yet high-
er R. values, the resultant micelles become smaller as
they become poorer in phospholipid. As described
above, detergent addition to small vesicles results in
their growth. Hence, when detergent is slowly added
to vesicles of any size and the effective ratio ap-
proaches R$', further addition of detergent results
in partial transformation of large, detergent-satu-
rated vesicles into mixed micelles, regardless of the
initial size of the vesicles. Within the range of coex-

istence, the dispersion probably contains only
vesicles of a composition R and micelles of a com-
position R but the dispersions are very heteroge-
neous with respect to the existing microstructures
[39]. Furthermore, the aggregation state in this range
is a function of the experimental details, being espe-
cially sensitive to the rate of detergent addition and
to the time of equilibration. In all the cases, further
addition of detergent results in complete solubiliza-
tion. Thereafter, addition of detergent results in in-
creased effective ratio, Re>R§°‘, and the resultant
‘thread-like’ micelles become progressively shorter.

3. Methods used in structural investigations, scope and
limitations

While the various methods are addressed in several
of the reviews in this volume, we wish to make a few
general comments of relevance to the determination
of the phase boundaries. First, it is essential to real-
ize that the only data of a direct nature come from
electron microscopy (EM). This underlines the im-
portance of EM in the characterization of the micro-
structures that exist in any of the mixed detergent/
lipid systems. However, fixation of a specimen for
observation by EM may affect the system [40].
Although this is less likely to occur with specimens
fixed by vitrification than with negatively stained or
freeze fractured specimens, quantitation of EM re-
sults remains problematic [40]. Given these difficul-
ties, less direct but more quantitative techniques
should be used in conjunction with EM. Scattering
of X-rays (SAXS) and neutrons (SANS) added much
to the existing data on the microstructures of both
vesicles and cylindrical thread-like micelles [41-43].
Yet, most of the data available on the phase bound-
aries is based on light-scattering measurements.
Specifically, vesicles scatter, in general, much more
light than micelles. Hence, most of the light scattered
from mixed systems containing vesicles and micelles
is scattered by vesicles. As a consequence, increasing
R. within the range of coexistence results in de-
creased intensity of scattered light while the apparent
hydrodynamic radius, as observed by dynamic light
scattering (DLS, QLS), remains almost constant
(Fig. 2).

This makes DLS measurements particularly suit-
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able for determination of the completion of solubili-
zation because as long as the system contains large
(non-solubilized) vesicles the DLS measurement is
likely to indicate that such particles are present. By
contrast, NMR measurements are very sensitive to
solubilized (micellar) lipid, which yield narrow
NMR resonances. This makes this technique partic-
ularly suitable for determination of the onset of sol-
ubilization because even when a very small fraction
of the lipid becomes micellar, it results in easily de-
tectable narrow NMR signals [43-45]. In relating to
the results obtained by NMR spectroscopy, it is im-
portant to note that NMR measurements require
higher concentrations than those necessary for
light-scattering measurements. Yet, comparison is
possible for millimolar phospholipid concentrations,
so that phase diagrams based on the combined use of
QLS and NMR can be regarded as being more pre-
cise than diagrams obtained by other methods.

The results based on other spectroscopic (mostly
spectrofluorimetric  [28,44-47]) and calorimetric
[37,48-51] methods can also be used. Nonetheless,
a combination of turbidity measurements, aimed at
gaining approximated values for the phase bound-
aries, with QLS and NMR data is quite sufficient
for precise determination of the phase boundaries
of equilibrated systems.

4. Equilibrium and metastable structures of the
aggregates existing in ‘pure’ phases

Characterization of lipid-detergent mixed aggre-
gates by any spectroscopic method commonly as-
sumes that not only the phase boundaries but also
the physical properties of the mixed aggregates are
governed by their composition. Specifically, when
mixtures of different compositions exhibit similar
physical properties, it is assumed that the mixed ag-
gregates present in them are of the same composi-
tion. As an example, when the molar absorbance (in
OD units/M) is described as a function of the deter-
gent concentration for different lipid concentrations
(as illustrated for one lipid concentration in Fig. 2),
the detergent concentration above which additional
detergent causes marked reduction of turbidity can
be described as a function of lipid to yield estimation
of R¥. In other words, this treatment assumes that

the composition of vesicles at the onset of solubiliza-
tion is given by R, and that these vesicles exhibit
the highest molar turbidity, independent of lipid
composition. Similar treatment of the detergent con-
centration above which additional detergent has only
a slight effect on the turbidity can be used to estimate
Rg"l. Furthermore, in the range of coexistence, the
molar turbidity is assumed to reflect the fraction of
vesicles in the population, whereas in the regions of
‘pure’ phases, any given molar turbidity is assumed
to correspond to a given composition R.. A similar
approach has been used to evaluate the composition
that relates to any other specific property of the
mixed aggregates [6-10,44,52-55].

In the pure ‘vesicular range’, i.e. at R.> R, the
vesicles have been characterized with respect to the
composition dependence of their size, as well as of
the motional state within the bilayers and of the in-
tegrity of the membranes, as reflected by leakage of
entrapped solutes. All these composition-dependent
properties may also depend on kinetic factors. As
discussed above, kinetic factors are important in de-
termining the size of detergent-lipid mixed vesicles
prepared by any of the available methods. Further-
more, given the dependence of the physical proper-
ties of bilayers on their curvature, kinetic factors are
likely to affect the other properties of detergent-con-
taining vesicles.

In this context, it is important to note that based
on the presently available data we cannot relate to
the size of vesicles formed via detergent-induced size
growth (e.g. Fig. 2) as representing a state of equi-
librium. A reasonable alternative is that the ‘real’
state of equilibrium of phospholipids (in the absence
of detergent) is that of LUVs, in which the curvature
energy is negligible. SUVs, formed through invest-
ment of energy, are metastable, at least below the
phase transition temperature (7y,) [20,56]. However,
above T, they are ‘long lived’, probably because
there is no efficient mechanism through which they
can grow. Detergent addition may provide such a
mechanism if it is assumed that detergents enhance
the ‘off rate’ of phospholipids from the vesicles,
whereas size growth leads to reduction of the ‘off
rate’. Under these assumptions the finding of the de-
pendence of size on R, can be explained by competi-
tion between these two apposite tendencies, because
increasing R. yields larger vesicles until the ‘off rate’
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becomes sufficiently low to stop the size growth. It is
also consistent with the finding that reduction of R.
by detergent removal does not have marked effects
on the size of the vesicles.

Nonetheless, the large vesicles with little detergent
may also be metastable and kinetically trapped by
the lack of an efficient mechanism for size decrease.
This possibility implies that the sigmoidal depen-
dence of Dy on R, (Fig. 2) may still represent equi-
librium systems. This possibility is supported by the
fact that the dependence of size on R., as obtained
for PC/cholate mixtures, was independent of the
presence of calcium ions in the solution [23]. Specif-
ically, in the presence of Ca’*, the cholate-induced
size growth of SUV occurs rapidly, via a fusion
mechanism, as opposed to the slow disproportiona-
tion mechanism that is responsible for the size
growth in the absence of calcium ions. Yet, the de-
pendence of the mean size on R. is very similar to
that observed in the absence of Ca?" [23], which
supports the view that the size of the vesicles is gov-
erned by thermodynamic factors. The lack of effect
of detergent removal on the size of the detergent-
containing vesicles in equilibrated systems may there-
fore mean that the system remains ‘kinetically
trapped’.

The integrity of detergent-containing vesicles is an-
other issue of apparent inconsistencies. The mere
presence of any of the most studied detergents in
bilayers results in fluidization of the bilayers, prob-
ably due to detergent-induced reduction of lipid-lipid
interactions. Charged detergents may further inter-
fere with the lipid packing, while also interfering
with vesicle-vesicle interactions and by that contrib-
uting to the stability of the vesicles against aggrega-
tion and fusion. In many experiments, solutes en-
trapped within vesicles leaked out of them upon
detergent addition. This is obviously an expected re-
sult of size growth via disproportionation (entrapped
solutes leak out of disintegrated vesicles [24]). How-
ever, leakage also occurs under conditions where
no size growth occurs (e.g. at low R. or upon deter-
gent addition to LUV). In the latter cases, the leak-
age appeared to depend on R. not only in terms of
the rate of leakage but also with respect to the ap-
parent equilibrium of the retained, entrapped solute
[57].

In our view, if the leakage induced by addition of

detergent to the vesicles is only partial and a consid-
erable amount of the entrapped solutes remain inside
the vesicles for a long time, the mixed lipid-detergent
membranes are not leaky in their equilibrium state.
The membrane leakage occurs only in a transition
state in the course of detergent insertion and equili-
bration in the membranes. In terms of this interpre-
tation, the amount of solute that leaks out of the
vesicles prior to equilibration is an increasing func-
tion of R. because annealing of the bilayers after
detergent addition is likely to depend on how much
detergent became accumulated. All the entrapped
solutes left in the vesicles by the end of this annealing
process are likely to remain entrapped, unless the
equilibrated bilayers are leaky. Perforated vesicles
were in fact observed by EM not only in the range
of coexistence of mixed vesicles and micelles but also
in the vesicular range at relatively high R. values
(close to R¥Y). Thus detergents form permanent
‘holes’ in the bilayer only when the bilayer is almost
saturated with detergent.

The structure of ‘pure’ mixed micelles (at R, > RZ"I)
is usually cylindrical. In fact, for many years it has
been assumed that the most favorable mode of ag-
gregation of detergent-phospholipid micelles is disc-
like. The rational of this ‘disc model’ was that in
such aggregates the ‘curvophobic’ phospholipids as-
semble as a flat discoidal bilayer, the perimeter of
which is covered by the ‘curvophilic’ detergent
[58,59]. While this arrangement has been first pro-
posed for mixtures of phospholipids and bile salts,
the mixed micelles composed of phospholipids and
other detergents (e.g. Triton X-100) were similarly
described as oblate ellipsoids in which the less curved
surface is rich in phospholipids whereas the more
curved surface is rich in detergent [59-61]. The orig-
inal ‘disc model’ was later modified to a ‘mixed disc
model’ [62] that ‘allows’ bile salts to reside in the disc
(not only on its perimeter), which made the model
more similar to the ‘oblate model’. Both these mod-
els were supported by a close agreement between the
theoretically derived dependence of micellar size on
composition and QLS data. However, closer exami-
nation of scattering results yielded better agreement
between the experimental results and a cylindrical
model [63-65], in agreement with HPLC analysis
[66] and with direct observation of long thread-like
mixed micelles by cryo-TEM [36,37,67].
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The preference of the cylindrical (over discoidal)
structure can be understood by considering the inter-
play between the entropy of mixing the two amphi-
philes within an aggregate, on one hand, and the
bending elasticity of the amphiphilic monolayer, on
the other [68]. This analysis shows that the entropy
of mixing is sufficiently large to prevent a large gra-
dient of detergent concentrations between the flat
part and the strongly curved perimeter of a discoidal
mixed micelles. As a result, formation of such mixed
micelles is much less favorable than expected earlier.
In contrast, a difference in shapes between the edges
and the main body of a cylindrical micelle is less
pronounced than that in a discoidal one. In addition,
the unfavorable edges (end caps) of cylindrical mi-
celles involve significantly fewer molecules than the
rims of the disc-like micelles. As a result, under reg-
ular conditions, solubilization of lipid bilayers is pre-
dicted to yield cylindrical rather than disc-like mi-
celles [68], in agreement with the experimental
results.

Similar considerations can be raised to explain the
decrease of the length of cylindrical micelles upon
increasing the relative concentration of the detergent
(increasing R.). It is well established that the average
aggregation number 77 of cylindrical micelles is deter-
mined by the interplay between the translational en-
tropy of micelles in aqueous solution, on one hand,
and the energy of end caps, on the other. The former
factor tends to produce a large number of short mi-
celles, whereas the latter favors a small number of
larger micelles [69]. As a result, 7 and, hence, the
average micellar length /, are proportional to the ex-
ponent of 2e/kT, where 2¢ is the energy of creating
two end caps of a cylindrical micelle, also called the
scission energy [69,70]. Addition of ‘curvophilic’ de-
tergent molecules favors formation of end caps, de-
creasing the end cap energy €, and by that decreasing
the micellar length /.

5. Thermodynamic considerations

Phase diagrams have been constructed to describe
the self-assembly of many detergent/phospholipid
mixed systems. Common to all these systems, solubi-
lization of a given phospholipid at a given concen-
tration L begins when the system contains a critical

concentration of detergent D*'. Below this concen-
tration, the system consists of detergent-containing
vesicles in equilibrium with detergent monomers in
the solution. The partitioning of detergent molecules
between the bilayers and the solution is given by a
partition coefficient
Dy,

K= Dy (L + Dy) G)
where Dy, and D,, are the concentrations of detergent
within the bilayer and in monomeric form, respec-
tively [24]. Eq. 3 can be rewritten as

1 1

—=Dy|—+1 4
=Dz +1) @
where R. is the detergent/lipid ratio in the vesicles
R.=Dy/L. This equation defines the relationship be-

tween the concentration of the monomers in the so-
lution and the composition of the vesicles

R.
KD,, =
YR+ (3)

If it is assumed that micelle formation occurs when
the bilayer reaches the maximal level of detergent
that it can accommodate (given by R:), it follows
that the onset of solubilization occurs when

sat _ l Rzat (6)
Y K14 R
Accordingly,
) KDsat
R = S (7)
w

Alternatively, micellization may be expected to be-
gin when the solution becomes saturated with respect
to detergent monomers, i.e. when D, reaches the
critical micellar concentration (cmc). For most deter-
gent/lipid systems studied thus far D$*' < cme, which
means that the lipid promotes micellization of the
detergent [6]. This also means that the value of R
indeed represents the maximal accommodation of
detergent in the bilayer because the saturation of
the bilayers by detergents occurs at sub-cmc deter-
gent concentrations.

The completion of solubilization can also be de-
scribed in similar (saturation) terms, namely R may
be understood as being that value of R. where the
detergent micelles are saturated by phospholipids. A
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given surfactant at a given concentration can solubi-
lize up to a maximal phospholipid concentration,
given by L = D{°!/ Rl At higher detergent concentra-
tions (higher R. values), all the phospholipid will
reside in lipid/surfactant mixed micelles of varying
composition, size and shape, whereas just below
R, mixed micelles of a composition given by R
(the minimal value of R, in micelles) will coexist with
vesicles of a composition given by R (the maximal
value of R, in vesicles). Using the notion of a parti-
tion coefficient of detergent between mixed micelles
and the aqueous solution, the critical composition of
the micelles can be related to the corresponding con-
centration of the detergent monomers, D'

KDsol

1

R =S 8)
w

It has been shown for many systems that not only
Dt but also D! is smaller than the cmc. This in-
dicates that the maximal solubility of monomeric de-
tergent in the water, the cmc being larger than the
D!, cannot be the determining factor of R This
must mean that R is determined by a more basic,
fundamental property of the system.

According to the commonly accepted phenomeno-
logical concept described above, the phase state of
the mixture as well as the aqueous concentration of
the surfactant monomers D,, are determined solely
by the ratio R. between the concentrations of surfac-
tant, Da, and of lipid, Ly, inside the aggregates (bi-
layers and/or micelles)

_Da

R. =
e L

9)
Within this model, the lower phase boundary corre-
sponds to saturation of the bilayers at a constant
ratio R.= R given by Eq. 1 whereas the upper
phase boundary corresponds to mixed micelles satu-
rated by lipid at constant ratio R, = Rif’l given by Eq.
2. According to this interpretation, the compositions
of both the mixed bilayers R and the mixed mi-
celles R are given by the slopes of the straight lines
in Fig. 1, whereas the related aqueous concentrations
of the surfactant monomers D' and D! are given
by the intercepts of the two apparently linear phase
boundaries.

To explain the thermodynamic background of this
phenomenological model, we first define the three
possible subsystems that constitute the mixture: (i)
mixed vesicles (considered separately from the aque-
ous solution) indicated by a superscript ‘b’, (ii) mixed
micelles (also considered separately from the water)
indicated by the superscript ‘m’, and (iii) the aqueous
solution of the surfactant monomers indicated by the
superscript ‘w’. Assuming that each of these subsys-
tems is a real thermodynamic phase, it follows that
the chemical potentials of the surfactant, up, and of
the lipid, up, in each of the subsystems are deter-
mined only by the intensive thermodynamic variables
of this subsystem [68,71,72]. The intensive variables
characterizing the compositions of the three subsys-
tems are the detergent-to-lipid ratios R? and R™ for
the vesicles and the micelles, respectively, and the
concentration D,, for the aqueous solution of the
surfactant monomers.

This consideration means that the vesicles are re-
garded as one extended closed bilayer with composi-
tion RS, while all the micelles are represented by just
one thread-like micelle with composition R{', which
is so long that the inhomogeneity in its structure due
to the two end caps can be neglected [68,71,72].
Under these assumptions we neglect all the possible
effects of separating the bilayer and the micelle into
smaller aggregates and of repartitioning of the aggre-
gates in the available aqueous volume.

These assumptions result in several desirable rela-
tionships. In the lower part of the phase diagram
mixed vesicles coexist with surfactant monomers so
that the chemical potential of surfactant is equal for
these two subsystems,

up(DY) = up(RY) (10)
Solution of Eq. 10 determines the function D¥(RY)
for the vesicular phase.

Analogously, equality of the chemical potential of
surfactant in the micellar phase

up (DY) = up(R) (11)

yields the relationship D¥(RT') for the upper part of
the phase diagram.

And, finally, consideration of the conditions of
coexistence between mixed vesicles and micelles, cor-
responding to the composition induced transition be-
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tween them, requires the equality of the surfactant
chemical potential in all three subsystems,

UB (DY) = up(RY) = uB(RY) (12)
while the chemical potential of lipid must be equal in

the vesicles and micelles (it is commonly assumed for
simplicity that lipid is not solvable in water),

i (RY) = UT(RY) (13)

Solution of the three independent equations given
by Egs. 12 and 13 yields the values of D%*,
RP*. = R and R™*, = R! which represent the com-
positions of the three phases in the range of coexis-
tence between them. Hence, the major features of the
phenomenological model can be explained by simple
assumptions. The model based on these assumptions
predicts that the phase boundaries are characterized
by constant ratios R and R! and, accordingly,
are represented by straight lines on the phase dia-
gram.

However, one important issue that still poses a
challenge relates to the aqueous concentrations of
the surfactant monomers at the phase boundaries,
D3t and D These values have been evaluated
from measurements of the phase behavior of differ-
ent combinations of amphiphilic compounds using
various experimental methods. In all these studies,
the phase boundaries were experimentally deter-
mined from measurements over a limited range of
lipid concentrations L and the data were interpreted
under the assumption that both D3t and D{*' depend
linearly on L (Egs. 1 and 2, respectively). The inter-
cepts of the straight lines that describe these depen-
dences to L=0 were assumed to represent D' and
D¥!. In most of these studies D' was lower than
D! (Fig. 1). The difference between DSt and D!
was always small compared to their absolute values,
the actual difference varied between experiments, but
the finding that D' > D% was reproducible. For
example, for the mixture of PC and OG, D' =16
mM whereas D' =15.5 mM [18].

These differences are inconsistent with the above
thermodynamic background which implied that the
aqueous concentration of surfactant D*; has to be
constant throughout the whole region of the vesicles-
micelles coexistence, including the phase boundaries.
In other words, according to the model above
D$t=pl= p* which in terms of the phase dia-

gram (Fig. 1) must mean that upon extrapolation
of the straight lines that represent the phase bound-
aries to L =0, these lines should intersect the deter-
gent concentration axis in the common point D*y, in
disagreement with experimental results.

As noted above, both D3 and D! are smaller
than the cmc of the detergent (Fig. 1). This can be
intuitively explained as being due to the presence of
lipid which constitutes an additional driving force for
micellization. It also means that the lines describing
D™t and DfOI as a function of lipid concentration, L,
are meaningful only when L exceeds a minimal value
above which bilayers can be formed. Irrespective of
the behavior of lipid-detergent mixtures below this
extremely low lipid concentration, the main challenge
is to explain why the two apparently linear lines that
describe the phase boundaries do not intersect the
detergent axis at the same point. In other words,
the challenge is to explain why D,, changes in the
range of coexistence.

In an attempt to resolve this challenge, we have
further developed the treatment of aqueous mixtures
of lipids and surfactants by removing one of the
main assumptions of the previous model, namely
that the micelles are a separate thermodynamic phase
of a constant composition. We have explicitly ac-
counted for the finite size of the thread-like micelles,
as well as for their repartitioning in the aqueous
volume and for the effects of the end caps. These
considerations [69] lead to a different physical picture
regarding the effects of the translational entropy of
micelles in the aqueous solution. According to this
picture, the chemical potentials in the micellar phase
depend not only on the surfactant-to-lipid ratio RY",
but also on the absolute aqueous concentrations L™
and D™ of the amphiphiles constituting the micelles.
We have shown that the phase boundaries deviate
from straight lines and that this deviation becomes
pronounced in the range of low lipid concentrations
where the micelles become relatively short. We have
also demonstrated that the real shape of the phase
boundaries deviates from straight lines and that this
deviation is the reason for the apparent difference
between D' and DS observed in the previous stud-
ies.

These theoretical considerations are briefly de-
scribed below. In the range of high lipid concentra-
tions, the mixed micelles that are formed upon par-
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Fig. 3. Illustration of the phase boundaries in lipid-detergent
mixed dispersions. The detergent concentrations required for
the onset (D) and completion (D*') are plotted as functions
of the lipid concentration. Note that the bold lines intersect the
detergent axis (at D$ and D') below D*,, which is the com-
mon concentration of monomers in aqueous solutions at high
absolute concentrations of lipid and detergent. The broken lines
illustrate the expected non-linear dependence (see text for de-
tails).

tial solubilization of the vesicles by added detergent
have a composition given by R and are very long
so that the contributions of both the excess energy of
the end caps and the translational entropy of the
micelles can be neglected. Only under these condi-
tions the micelles can be regarded as a true phase,
the concentration of monomer throughout the range
of coexistence of micelles and vesicles will remain
constant and extrapolation of the two lines that de-
scribe Dt and D' to zero lipid concentration will
yield one value for Dy, (D*,, in Fig. 3).

In the range of lower lipid concentrations the mi-
celles formed upon solubilization are shorter and the
contributions of their translational entropy and of
the excess energy of the end caps (2 per micelle)
have to be considered. A model-independent theoret-
ical treatment [69] based on general thermodynamic
considerations reveals that at low lipid concentra-
tions, where the mixed micelles are of a finite size,
the concentration of monomeric detergent can be
expected to be lower than D*,. At the onset of sol-
ubilization of a given lipid concentration L, the

monomer concentration is

y Ay
sat __ *
Dy =Dy o/ Le2e/kT (14)
whereas upon complete solubilization
A
sol _ ¥ 0
Dy =Dy /L-e2/kT (15)

In both these equations, Ay is a constant and o (in
Eq. 14) is a fraction (0<a <1).

These results can be expressed in terms of the con-
centration-dependent deviations of D$' and D!
from D*,, which is the value expected for D,
when the mixed micelles are infinity long cylinders.
Both these deviations (AD$3* and AD!) are inversely
proportional to v/L and both decrease upon increas-
ing the end cap energy € (e.g. upon increasing the
detergent’s chain length). However, since o is a frac-

I
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Fig. 4. An approximate dependence of the concentration of de-
tergent monomers (Dy) in mixtures of PC and the non-ionic de-
tergent OG on the OG/PC ratio in mixed aggregates (R.). The
dependence is based on isothermal calorimetric titration of OG/
PC mixed micelles according to protocol I (Fig. 1), as inter-
preted [18] under the assumption that the main contribution to
AQ is due to extraction of OG monomers from OG/PC mixed
aggregates (with constant AH{™Y).
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Fig. 5. Phase diagrams of HG/PC (upper panel) and OG/PC
(lower panel) as obtained from calorimetric measurements [68].
The lines were fitted according to Eqs. 14 and 15 (see text for
details).

tion, AD$ is larger than AD! (Fig. 3). This means
that when the phase diagram is based on measure-
ments in the range where the effects of finite size of
micelles cannot be neglected, the apparent value of
D! can be expected to be larger than that of D

This is apparent even at relatively high lipid con-
centration, as shown in Fig. 4 for about 2.5 mM PC,
in which we present the dependence of D,, on R, for
OG/PC mixtures on the basis of our calorimetric
studies [18].

This prediction of the theoretical results is consis-
tent with all the published phase diagrams. Further-
more, the theory predicts that the deviation from
straight lines depends through the end cap energy €
on the effective molecular curvature of the surfac-
tant, which for detergents with the same head group
is determined by the length of the alkyl chain. Spe-
cifically, the lipid concentration below which the ef-
fects of the finite size will become pronounced (L*) is
predicted to become lower upon increasing the chain

length. This prediction was verified experimentally
for the two alkyl glucosides heptyl glucoside (HG)
and OG (Fig. 5).

6. Possible relevance of the phase behavior for the use
of detergents in biochemical and biophysical studies

The kinetic and structural aspects described above
should be considered in the design of any biochem-
ical and biophysical experiment in which detergents
are used for solubilization of phospholipids, mem-
brane proteins and biological membranes as well as
for the preparation of reconstituted membranes (pro-
teoliposomes). A few points of concern are briefly
discussed below.

First, we wish to consider the choice of detergent.
In studying issues of relevance to lipids in the diges-
tive system the obvious choice is to use bile salts,
which are the naturally occurring detergents of the
native system of relevance [59] and the only question
is which bile salt to use. By contrast, when a deter-
gent is to be used for solubilization and reconstitu-
tion of membranes, the choice is much larger and
many aspects have to be considered.

The most important consideration in the choice of
a detergent for solubilization of a given membrane is
whether the detergent causes denaturation of the
membrane proteins. In general, non-ionic detergents
are considered less harmful to proteins than either
anionic or cationic surfactants. Alkyl saccharides
and alkylpolyethoxyethylenes are the most com-
monly used non-ionic surfactants as they are consid-
ered ‘mild’ with respect to their effect on proteins.
However, quite unfortunately, the choice between
these detergents is still empirical and in several cases
a given detergent is used because past experience
with this detergent was relatively successful and other
detergents were not even considered.

Another factor to be considered is the ‘solubilizing
power’ of the detergents, which can be expressed
through the number of detergent molecules required
for solubilization of one phospholipid molecule. In
these terms, the solubilizing power is inversely re-
lated to R Categorization of a detergent as being
a ‘strong’ or a ‘weak’ detergent on the basis of Rf;’l
(or R [73]) is of very limited value with respect to
the question of which detergent is the best [73]. First
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of all, in dilute dispersions of membranes, the deter-
gent concentration required for solubilization is gov-
erned by D!, which is close to the cmc of the de-
tergent. Secondly, a low value of RY' means that
solubilized membrane proteins reside in mixed mi-
celles with relatively little detergent (and much natu-
rally occurring phospholipids). This, however, does
not necessarily mean that a detergent with relatively
low R is less harmful to proteins.

In fact, several of the most commonly used deter-
gents are characterized by a very high R and high
cmc. As an example, the cmc of the non-ionic deter-
gent OG is about 24 mM, D¥! of this detergent is
about 16 mM and R! (for egg PC) is about 3. This
means that solubilization of 1 mM PC (in mixed
micelles of OG/PC ratio of 3:1) requires at least 19
mM OG. Yet, OG is one of the most commonly used
detergents in solubilization and reconstitution of bio-
logical membranes. This can be attributed to the
‘mild nature’ of OG with respect to its effects on
membrane proteins and to the ease of its removal
from detergent-lipid-protein mixed systems.

The ease of detergent removal is of special impor-
tance in reconstitution experiments. Specifically,
studying a membrane protein is commonly based
on a sequence of four consecutive steps: (i) solubili-
zation of the membrane, in the form of detergent-
lipid-protein mixed micelles under conditions that
each micelle contains either one protein molecule or
none, (ii) purification of the studied protein, which is
most commonly conducted by affinity chromatogra-
phy, (iii) enrichment of the mixed micelles made of
the studied protein, endogenous phospholipids and
detergent with exogenous phospholipids of choice,
added to the protein-containing mixed micelles as
phospholipid-detergent mixed micelles, and (iv) re-
constitution of the studied protein into phospholip-
id-protein vesicles (proteoliposomes). The latter step,
which is essential for evaluation of both the function
of membrane proteins and of the lipid-protein inter-
actions, requires removal of the detergent, either by
extensive dialysis or by detergent absorbency to bio-
beads. In this respect, a high cmc, which makes the
complete removal of the detergent easier, is a great
advantage.

The unavoidable conclusion is that the choice of a
detergent for solubilization and reconstitution experi-

ment must still be largely empirical. Yet, several gen-
eralizations can be made.

(1) Only ‘mild’ detergents, which are not likely to
cause denaturation of proteins, should be considered.

(i) Among these detergents, those with low R
but relatively high cmc, which are easy to remove,
should be preferred.

(iii)) When a detergent is to be used for solubiliza-
tion of membranes, its concentration should be only
slightly higher than that required for obtaining
mixed micelles with the lowest possible RZ‘)]. Using
higher detergent concentrations results in mixed mi-
celles in which the protein resides in a detergent-rich
environment. To ensure that the minimal (yet suffi-
cient) concentration of the detergent is employed, it
is possible to titrate the membrane preparation with
detergent until all the membranes are solubilized, as
can be judged from light-scattering measurements
(preferably DLS).

(iv) To reduce protein denaturation by the deter-
gent used for solubilization, it is important to avoid
prolonged exposure of the protein to the detergent.
Accordingly, following solubilization, it is important
to employ rapid purification methods, mix the puri-
fied protein-containing mixed micelles with phospho-
lipid-detergent mixed micelles and remove the deter-
gent from the resultant (rapidly equilibrated) mixed
micelles as quickly as possible. This can be done
either by adding biobeads to the mixed micellar sys-
tem, which absorb the detergent, or simply diluting
the system so as to reduce the effective ratio (R.)
from its initial value (preferably just above R!) to
values below R [7]. Infinite dilution (i.e. dilution in
a large volume of the medium) will result in proteo-
liposomes with low R, values. Hence, this is likely to
result in small but rather homogeneous proteolipo-
somes [33]. By contrast, if the dilution or removal of
detergent by biobeads is to R. values just below R,
the resultant proteoliposomes grow in size. A second
step of dilution or removal of residual detergent by
dialysis does not cause reduction of the size of the
proteoliposomes. Detergent removal by dialysis of
mixed micellar structures (unlike removal of residual
detergent from detergent-containing proteoliposome)
is likely to result in a heterogeneous population of
proteoliposomes because the initially formed lipo-
somes (formed at R. just below R$') may or may
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not undergo size growth, depending on the rate of
detergent removal [7].

Another issue of importance is the use of detergent
in the solubilization and reconstitution of lipids for
preparation of mixed micelles, mixed vesicles or pure
phospholipid unilamellar vesicles. For all these ex-
perimental protocols, it is advisable to avoid using
multilamellar vesicles because equilibration of a mix-
ture of these aggregates with added detergent is slow
and likely to result in heterogeneous mixed aggre-
gates. The preferred simplest alternatives for prepar-
ing mixed micelles are either to mix the detergent
solution with unilamellar vesicles made by sonication
or extrusion, or to co-sonicate the lipid-detergent
mixtures. Mixed micelles of varying detergent/lipid
ratios (varying R. values) and varied size can be
made either by first preparing mixed micelles with
relatively low R. values (just above R;"l) and subse-
quently adding more detergent or by preparing
mixed micelles with relatively high detergent content
(high R.) and subsequently removing detergent from
the mixed aggregates (e.g. by dilution). As long as R,
is kept above R¥! the system will contain only mixed
micelles whose size is determined by R., namely by
the detergent/lipid ratio in the mixed micelles.

Accordingly, when enzymatic reactions are studied
in which the micellar phospholipid is the substrate, it
is impossible to assess separately the effects of size
and composition because the size is governed by the
composition [32]. However, in such studies, it is im-
portant to investigate the dependence of the reaction
kinetics on the concentration of the substrate. For
such investigations, it is important to prepare mixed
micelles with a constant composition (R.) and size,
and varying phospholipid concentration. This can be
done by diluting a mixed micellar solution of a given
composition in a detergent-containing medium. Spe-
cifically, a given mixed micellar solution contains mi-
celles of a given composition (R.) and a given con-
centration of detergent monomers (Dy). If this
mixture is diluted in a medium containing only
monomers at the same concentration D,,, the com-
position (and size) of the mixed micelles will be re-
tained and the mixed systems will only differ in the
concentration of the mixed micelles, namely in the
concentration of the solubilized lipid [32].

Investigation of the kinetics of enzymatic reactions
in which the substrate is vesicular phospholipid is
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Fig. 6. Schematic illustration of experimental protocols that can
be used to study detergent-containing vesicles of varying com-
position (A), lipid concentration (B) or size (C). Note that each
of the protocols is designed so as to vary the factor of interest
without alteration of other characteristics of the vesicles (see
text for details).

more complex because in such vesicles it is possible
to investigate separately the effects of the detergent
content of the vesicles (R.), the effect of vesicle size
(in the absence or presence of detergent) and the
effect of the lipid concentration [32]. Protocols that
can be used for these investigations are schematically
illustrated in Fig. 6. Each of the experimental proto-
cols depicted in this figure consists of a sequence of
two steps of dilution of a mixed micellar solution.
To study of the effect of composition (Fig. 6A),
the mixed micellar solution is diluted to an R. value
below R and equilibrated, to form a dispersion of
vesicles of a relatively large size (I). Subsequent dilu-
tion of these vesicles in a medium containing no de-
tergent will result in the formation of a dispersion of
vesicles (II) of the same size but lower R. value.
Similar dilution of the initially formed vesicles in
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media of different detergent concentrations, all with
lower detergent concentrations than the concentra-
tion of monomers in the initially formed vesicles
(Fig. 6A;), yields dispersions (e.g. III and IV) of
vesicles of the same size and lipid concentrations
but different R. values.

A similar protocol can be used for studying the
effect of lipid concentration (Fig. 6B). Here, the
monomer concentration in the initially formed dis-
persion of vesicles can be computed from the parti-
tion coefficient K using Eq. 14 for the known values
of D; and L

Dt_Dw

K=Z+p-Do)D\ 16)

The computed value of Dy, can then be used to pre-
pare vesicles of the same composition (R?*) but vary-
ing concentrations of lipids (e.g. II, III and IV) by
simply diluting sample I in different volumes of a
detergent solution of a concentration DJ.

Vesicles of varying size but an equal composition
(e.g. the composition given by point IV in Fig. 6C),
can be made by first preparing vesicles of various
sizes and compositions (e.g. I and II in Fig. 6C)
from a mixed micellar solution by diluting the micel-
lar solution by different volumes of the solvent. Sub-
sequent dilution of all these dispersions to the same
composition (e.g. IV) yields vesicles of different sizes
but equal lipid concentration and R, value.

A similar procedure can also be used to prepare
lipid vesicles of various sizes without detergent. As
an example, detergent removal by dialysis of samples
I, IT and III in Fig. 6C yields dispersions with phos-
pholipid vesicles of different sizes. These vesicles can
then be diluted by a medium containing no detergent
to the same phospholipid concentration. This proce-
dure may be of value in studying the effect of vesicle
size on various properties of the vesicles.

7. Concluding remarks

The self-assembly of detergent-phospholipid mix-
tures in aqueous solutions is a key issue in many
fields of research. These include: (i) Lipid digestion:
bile salts, the detergents of our digestive system, play
a role in lipid digestion by solubilizing the lipids in
the form of mixed micelles, thus promoting phospho-

lipolysis by the pancreatic phospholipase A,. (ii)
Drug, delivery systems: solubilization of lipid vesicles
by bile salts interferes with the development of lipo-
somal drug delivery systems for oral applications.
(iii) Gallstone formation: compositionally induced
vesicle <> micelle transformations play a major role
in the pathogenesis of gallstones. (iv) Phospholipases:
studying (or utilizing) reactions between water-solu-
ble agents (particularly enzymes) and the water-in-
soluble phospholipids most commonly involves solu-
bilization of the phospholipids in phospholipid-
detergent mixed micelles. Hence, much of the re-
search on phospholipases has been conducted on mi-
cellar phospholipids as substrates. (v) Liposomes:
preparation of liposomes of various sizes and com-
positions, either for biophysical studies or for appli-
cation of various liposome-associated (or entrapped)
chemicals (drugs, cosmetics, etc.) can be based on
detergent removal from mixed dispersions containing
phospholipid-detergent mixed micelles. (vi) Mem-
brane biochemistry and biophysics: isolation, purifica-
tion and characterization of membrane proteins and
their function all require solubilization of membranes
by detergents as discussed above.

Accordingly, questions relating to mechanistic and
structural aspects of mixed detergent-phospholipid
systems had to be addressed with respect to each
research project in these fields. As a consequence,
our understanding of these systems matured quite
slowly mostly because many of the important contri-
butions were of researchers whose main interest was
in questions other than the self-assembly of mixtures
of micelle-forming and bilayer-forming amphiphiles
but realized that questions in this field have to be
addressed, to gain better understanding of the sys-
tems in which they had interest.

These include the pioneering contributions of the
late Dr. Racker and his colleagues and of Dr. Small
and his colleagues as well as Drs. Litman, Hellenius,
Simons, Dennis and Blumenthal and his many stu-
dents (including many of the contributors to this
volume).

Acknowledgements

Our thinking on the issues addressed above has
developed through interactions with many of these



D. Lichtenberg et al. | Biochimica et Biophysica Acta 1508 (2000) 1-19 17

colleagues as well as many others, including the edi-
tors and authors of this volume, for which we thank
them all. Special thanks are due to our partners in
the ‘Center of excellence’ (financed by the Israel Ba-
sic Science Foundation), devoted to the study of
‘self-assembly of mixtures of amphiphiles’, Drs. A.
Ben Shaul, D. Andelman, Y. Talmon and S. Safran.
The Israel Academy of Sciences is acknowledged for
supporting our ongoing research.

References

[1] E. Racker, Reconstitution of membrane processes, Methods
Enzymol. 55 (1979) 699.

[2] R.D. Klausner, J.Y. Renswoude, R. Blumenthal, B. Rivnay,
Reconstitution of membrane receptors, in: Molecular and
Chemical Characterization of Membrane Receptors, Alan
R. Liss, New York, 1984, Ch. 9, pp. 209-239.

[3] G.D. Eytan, B.I. Kanner, in: P. Cuatrecasas, M.F. Greaves
(Eds.), Receptors and Recognition, Series A, Chapman and
Hall, London, 1978, pp. 65-105.

[4] G.W. Stubbs, B.J. Litman, Effect of alterations in the am-
phiphatic microenvironment on the conformational stability
of bovine ospin. 2. Rate of loss of ospin regenerability, Bio-
chemistry 17 (1978) 220-225.

[5] Helenius, K. Simons, Solubilization of membranes by deter-
gents, Biochim. Biophys. Acta 415 (1975) 29-79.

[6] D. Lichtenberg, Micelles and liposomes, in: M. Shinitzky
(Ed.), Biomembranes: Physical Aspects, vol. 1, VCH, Wein-
heim, 1993, pp. 63-96.

[7] D. Lichtenberg, Liposomes as a model for solubilization and

reconstitution of membranes, in: Y. Barenholz, D.D. Lasic

(Eds.), Handbook of Nonmedical Applications of Lipo-

somes. Models for Biological Phenomena, vol, II, CRC

Press, Boca Raton, FL, 1996, 199-218.

A. Walter, Membrane solubilization with and reconstitution

from surfactant solutions: a comparison of phosphatidylser-

ine and phosphatidylcholine interactions with octyl gluco-

side, Mol. Cell. Biochem. 97 (1990) 145-156.

[9] M.H.W. Milsmann, R.A. Schewendner, H.G. Weder, The
preparation of large single bilayer liposomes by a fast and
controlled dialysis, Biochim. Biophys. Acta 512 (1978) 147-
155.

[10] T. Inoue, T. Yamahata, R. Shimozawar, Systematic study
on the solubilization of phospholipid vesicles by various sur-
factants, J. Colloid Interface Sci. 149 (1992) 345-358.

[11] D. Lichtenberg, Y. Zilberman, P. Greenzad, S. Zamir, Struc-
tural and kinetic studies on the solubilization of lecithin by
sodium deoxycholate, Biochemistry 18 (1979) 3517-3525.

[12] F. Goni, A. Alonso, M.A. Urbaneja, F.M. Goni, F.G. Car-
mona, F.G. Canovas, J.C. Gomez-Fernandez, Kinetic stud-
ies on the interaction of phosphatidylcholine liposomes with
Triton-X100, Biochim. Biophys. Acta 902 (1987) 237-246.

[8

[t}

[13] C. Tanford, in: The Hydrophobic Effect: Formation of Mi-
celles and Biological Membranes, 2nd edn., John Wiley and
Sons, New York, 1980.

[14] J.N. Israelachvilli, in: Intermolecular and Surface Forces,
Academic Press, London, 1985.

[15] W. Helfrich, The size of bilayer vesicles generated by soni-
cation, Phys. Lett. 50 (1974) 115-116.

[16] S.M. Gruner, P.R. Cullis, J.M. Hope, C.P.S. Tilcock, Lipid
polymorphism: the molecular basis of nonbilayer phases,
Annu. Rev. Biophys. Biophys. Chem. 14 (1985) 211-
238.

[17] D. Lichtenberg, Characterization of the solubilization of lip-
id bilayers by surfactants, Biochim. Biophys. Acta 821 (1985)
470-478.

[18] E. Opatowski, M.M. Kozlov, D. Lichtenberg, Partitioning
of octyl glucoside between octyl glucoside/phosphatidylcho-
line mixed aggregates and aqueous media as studied by iso-
thermal titration calorimetry, Biophys. J. 73 (1997) 1448-
1457.

[19] A.D. Bangham, Techniques in life sciences, in: Lipid and
Membrane Biochemistry, Elsevier Scientific Publ., Shannon,
1982, pp. 1-25.

[20] D. Lichtenberg, Y. Barenholz, Liposomes: preparation,
characteristics, and preservation, Methods Biochem. Anal.
33 (1988) 337-462.

[21] D.D. Lasic, in: Liposomes: from Physics to Applications,
Elsevier Science, Amsterdam, 1993.

[22] S. Almog, T. Kushnir, S. Nir, D. Lichtenberg, Kinetic and
structured aspects of reconstitution of phosphatidylcholine
vesicles by dilution of phosphatidylcholine-sodium cholate
mixed micelles, Biochemistry 25 (1986) 2597-2605.

[23] S. Almog, D. Lichtenberg, Effect of calcium on kinetic and
structural aspects of dilution-induced micellar to lamellar
phase transformation in phosphatidylcholine-cholate mix-
tures, Biochemistry 27 (1988) 873-880.

[24] S. Almog, B.J. Litman, W. Winley, J. Cohen, E.J. Wachtel,
Y. Barenholz, A. Ben-Shaul, D. Lichtenberg, States of ag-
gregation and phase transformation in mixtures of phospha-
tidylcholine and octyl glucoside, Biochemistry 29 (1990)
4582-4592.

[25] M.A. Long, E.W. Kaler, P.L. Lee, Structural characteriza-
tion of the micelle-vesicle transition in lecithin-bile salt solu-
tions, Biophys. J. 67 (1994) 1733-1742.

[26] A. de la Maza, J.L. Parra, Vesicle to micelle phase transition
in phospholipid-sodium cholate mixtures, Biochem. J. 303
(1994) 907-914.

[27] R. Schubert, K. Beyer, H. Wolburg, K.H. Schmidt, Struc-
tural changes in membranes of large unilamellar vesicles
after binding of sodium cholate, Biochemistry 25 (1986)
5263-5269.

[28] E. Schonfelder, H. Hoffmann, From Vesicles to Micelles,
Ber. Bunsen. Phys. Chem. 98 (1994) 842-852.

[29] M. Paternostre, O. Meyer, C. Grabielle-Madelmont, S. Len-
sieur, M. Ghanham, M. Ollivon, Partition coefficient of a
surfactant between aggregates and solution: application to
the micelle-vesicle transition of egg phosphatidylcholine and



18 D. Lichtenberg et al. | Biochimica et Biophysica Acta 1508 (2000) 1-19

octyl beta-p-glucopyranoside, Biophys. J. 69 (1995) 2476-
2488.

[30] M. Ueno, Partition behaviour of a nonionic detergent, octyl
glucoside, between membrane and water phases, and its ef-
fect on membrane-permeability, Biochemistry 28 (1989)
5631-5634.

[31] A. Alonso, A. Villena, F.M. Goni, Lysis and reassembly of
sonicated lecithin vesicles in the presence of Triton-X-100,
FEBS Lett. 123 (1981) 200-204.

[32] N. Gruszka-Gheriani, S. Almog, R.L. Bitonen, D. Lichten-
berg, Hydrolysis of phosphatidylcholine in phosphatidylcho-
line-cholate mixtures by porcine pancreatic phospholipase
A,, J. Biol. Chem. 263 (1988) 11808-118013.

[33] M. Rotenberg, D. Lichtenberg, What determines the size of
phospholipid vesicles made by detergent-removal tech-
niques?, J. Colloid Interface Sci. 144 (1991) 591-594.

[34] M. Ueno, H. Kashiwagi, N. Hirota, Size growth factor in
the process of vesicle formation from phospholipid-detergent
mixed micelles, Chem. Lett. (1997) 217-218.

[35] A. Walter, P.K. Vinson, A. Kaplun, Y. Talmon, Intermedi-
ate structures in the cholate-phosphatidylcholine vesicle-mi-
celle transition, Biophys. J. 60 (1991) 1315-1325.

[36] K. Edwards, M. Almgren, Solubilization of lecithin vesicles
by Ci»Es, J. Colloid Interface Sci. 147 (1991) 1-21.

[37] E. Opatowski, D. Lichtenberg, M.M. Kozlov, The heat of
transfer of lipid and surfactant from vesicles into micelles in
mixtures of phospholipid and surfactant, Biophys. J. 73
(1997) 1458-1567.

[38] M.M. Kozlov, E. Opatowski, D. Lichtenberg, Calorimetric
studies of the interactions between micelle forming and bi-
layer forming amphiphiles, J. Therm. Anal. 51 (1998) 173—
189.

[39] P.K. Vinson, Y. Talmon, A. Walter, Vesicle-micelle transi-
tion of phosphatidylcholine and octyl glucoside elucidated
by cryo-transition electron microscopy, Biophys. J. 56
(1989) 669-681.

[40] J.R. Bellare, H.T. Davis, L.E. Scriven, Y.H. Talmon, Con-
trolled environment vitrification system: an improved sample
preparation technique, J. Electron Microsc. Tech. 10 (1988)
87-111.

[41] M. Kriechbaum, P. Laggner, States of phase transitions in
biological structures, Prog. Surface Sci. 51 (1996) 233-261.

[42] R.P. Hjelm, M.H. Alkan, P. Thiyagarajan, Small-angle neu-
tron-scattering studies of mixed bile salt-lecithin colloids,
Mol. Crystallogr. Liq. Crystallogr. 180A (1990) 155-164.

[43] R.E. Stark, G.J. Gosselin, J.M. Donovan, M.C. Carey, M.F.
Roberts, Influence of dilution on the physical state of model
bile systems: NMR and quasi-elastic light-scattering inves-
tigations, Biochemistry 24 (1985) 5599-5605.

[44] D. Otten, L. Lobbecke, K. Beyer, Stages of the bilayer-mi-
celle transition in the system phosphatidylcholine-C;Eg as
studied by deuterium- and phosphorous-NMR, light scatter-
ing, and calorimetry, Biophys. J. 68 (1995) 584-597.

[45] M.L. Jackson, L.F. Schmidt, D. Lichtenberg, B.J. Litman,
A.D. Albert, Solubilization of phosphatidylcholine bilayers
by octyl glucoside, Biochemistry 21 (1982) 4576-4582.

[46] N.A. Mazer, G.B. Benedek, M.C. Carey, Quasielastic light-
scattering studies of aqueous biliary lipid systems. Mixed
micelle formation in bile salt-lecithin solutions, Biochemistry
19 (1980) 601-615.

[47] J. Lasch, J. Hoffmann, W.G. Omelyanenko, A.A. Klibanov,
Interaction of Triton-X-100 and octyl glucoside with lipo-
somal membranes at sublytic and lytic concentrations — spec-
troscopic studies, Biochim. Biophys. Acta 1022 (1990) 171-
180.

[48] H. Heerklotz, H. Binder, G. Lantzsch, G. Klose, A. Blume,
Thermodynamic characterization of dilute aqueous lipid/de-
tergent mixtures of POPC and C;EOg by means of isother-
mal titration calorimetry, J. Phys. Chem. 100 (1996) 6764—
6774.

[49] M.R. Wenk, T. Alt, A. Seelig, J. Seelig, Octyl-beta-p-gluco-
pyranoside partitioning into lipid bilayers: thermodynamics
of binding and structural changes of the bilayer, Biophys.
J. 72 (1997) 1719-1731.

[50] H. Heerklotz, G. Lantzsch, H. Binder, G. Klose, A. Blume,
Application of isothermal titration calorimetry for detecting
lipid-membrane solubilization, Chem. Phys. Lett. 235 (1995)
517-520.

[51] M. Keller, A. Kerth, A. Blume, Thermodynamics of inter-
action of octyl glucoside with phosphatidylcholine vesicles:
partitioning and solubilization as studied by high sensitivity
titration calorimetry, Biochim. Biophys. Acta 1326 (1997)
78-192.

[52] M. Ollivon, O. Eidelman, R. Blumenthal, A. Walter, Mi-
celle-vesicle transition of egg phosphatidylcholine and octyl
glucoside, Biochemistry 27 (1988) 1695-1703.

[53] J.G. Kim, J.D. Kim, Vesicles to micelle transitions of egg
phosphatidylcholine liposomes induced by nonionic surfac-
tants, poly(oxyethylene) cetyl ethers, J. Biochem. 110 (1991)
436-442.

[54] M.A. Urbaneja, A. Alonso, J.M. Gonzalez-Manas, F.M.
Goni, M.A. Partearroyo, M. Trihout, S. Paredes, Detergent
solubilization of phospholipid vesicles — effect of electric
charge, Biochem. J. 270 (1990) 305-308.

[55] M.T. Paternostre, M. Roux, J.L. Rigand, Mechanisms
of membrane-protein insertion into liposomes during
reconstitution procedures involving the use of detergents.
1. Solubilization of large unilamellar liposomes (prepared
by reverse-phase evaporation) by Triton-X-100, octyl gluco-
side and sodium cholate, Biochemistry 27 (1988) 2668—
26717.

[56] D. Lichtenberg, T.E. Thompson, Fusion in zwitterionic
phospholipid vesicles, in: D. Hoekstra, I. Wilschut (Eds.),
Biological Fusion, Marcel Dekker, New York, 1990, pp.
167-182.

[57] J. Ruiz, F.M. Goni, A. Alonso, Surfactant-induced release
of liposomal contents. A survey of methods and results,
Biochim. Biophys. Acta 937 (1988) 127-134.

[58] D.M. Small, The physical chemistry of cholanic acids, in:
P.P. Nair, D. Kritchevsky (Eds.), The Bile Acids. Chemistry,
Physiology and Metabolism, vol. 1, Plenum Press, New
York, 1971, Ch. 8, p. 249.



D. Lichtenberg et al. | Biochimica et Biophysica Acta 1508 (2000) 1-19 19

[59] D.M. Small, in: Handbook of Lipid Research, vol. 4, Ple-
num Press, New York, 1986.

[60] E.A. Dennis, Micellization and solubilization of phospholip-
ids by surfactants, Adv. Colloid Interface Sci. 26 (1986) 155-
175.

[61] D. Lichtenberg, S. Yedgar, G.V. Cooper, S. Gatt, Molecular
packing of dispersions of sphingomyelin and Triton X-100
and its dependence on temperature and cloud point, Bio-
chemistry 18 (1979) 2574-2582.

[62] S. Yedgar, Y. Barenholz, V.G. Cupper, Biochim. Biophys.
Acta 363 (1974) 98-111.

[63] P. Schurtenberger, N.A. Mazer, W. Kanzig, Micelle to
vesicle transition in aqueous solutions of bile salts and lec-
ithin, J. Phys. Chem. 89 (1985) 1042-1059.

[64] S.U. Egelhaaf, P. Schurtenberger, Shape transformations in
the lecithin bile-salt system — from cylinders to vesicles,
J. Phys. Chem. 98 (1994) 8560-8573.

[65] R.P. Hjelm, M.H. Alkan, P. Thiyagarajan, Small angle neu-
tron scattering studies of mixed bile salt-lecithin colloids,
Mol. Crystallogr. Liq. Crystallogr. 180A (1990) 155-164.

[66] W. Nichols, J. Ozarowski, Sizing of lecithin-bile salt mixed
micelles by size-exclusion high performance liquid chroma-
tography, Biochemistry 29 (1990) 4600-4606.

[67] K. Edwards, M. Almgren, J. Bellare, W. Brown, Effects of
Triton-X-100 on sonicated lecithin vesicles, Langmuir 5
(1989) 473-478.

[68] M.M. Kozlov, D. Lichtenberg, D. Andelman, Shape of
phospholipid/surfactant mixed micelles: cylinders or disks?
Theoretical analysis, J. Phys. Chem. B 101 (1997) 6600-6606.

[69] Y. Roth, E. Opatowski, D. Lichtenberg, M.M. Kozlov,
Phase behavior of dilute aqueous solutions of lipid-surfac-
tant mixtures: effects of finite size of micelles, Langmuir 5
(2000) 2052-2061.

[70] M.E. Cates, S.J. Candau, Statistics and dynamic of worm-
like surfactant micelles, J. Phys. Condens. Matter 2 (1990)
6869-6892.

[71] D. Andelman, M.M. Kozlov, W. Helfrich, Phase-transitions
between vesicles and micelles driven by competing curva-
tures, Europhys. Lett. 25 (1994) 231-236.

[72] D.R. Fattal, D. Andelman, A. Ben Shaul, The vesicle micelle
transition in mixed lipid surfactant systems — a molecular-
model, Langmuir 2 (1995) 1154-1161.

[73] H.H. Heerklotz, J. Seelig, Which detergent is the best? Bio-
phys. J. 78 (2000) 273A (Abstr. 1617-Plat).



