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We have studied the solubilisation and reconstitution of lipid membranes composed of either synthetic
phosphatidylcholine or Escherichia. coli polar lipid extract by the non-ionic detergent octylglucoside. For both
lipid systems, composition-dependent transformations of unilamellar vesicles into micelles or vice versa
were followed by high-sensitivity isothermal titration calorimetry. Data obtained over a range of detergent
and lipid concentrations could be rationalised in terms of a three-stage phase separation model involving
bilayer, bilayer/micelle coexistence, and micellar ranges, yielding the detergent/lipid phase diagrams and the
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Detergent bilayer-to-micelle partition coefficients of both detergent and lipid. The most notable difference between the
Liposome lipids investigated was a substantial widening of the bilayer/micelle coexistence range for E. coli lipid, which
Micelle was due to an increased preference of the detergent and a decreased affinity of the lipid for the micellar
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phase as compared with the bilayer phase. These effects on the bilayer-to-micelle partition coefficients could
be explained by the high proportion in E. coli membranes of lipids possessing negative spontaneous
curvature, which hampers both their transfer into strongly curved micellar structures as well as the insertion

of detergent into condensed bilayers.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The solubilisation and reconstitution of lipid membranes are of
fundamental importance in membrane biochemistry and biophysics. The
mechanisms of vesicle dissolution and formation have been widely
studied in connection with the solubilisation of biological membranes and
the reconstitution of purified, detergent-solubilised membrane proteins
into lipid bilayers (for a review, see [1]). The types of detergent and lipid,
the detergent/lipid ratio, and the phase state of the detergent/lipid
mixture have emerged as key parameters for the functional reconstitution
of membrane proteins [1]. Hence, composition-dependent transforma-
tions of vesicles into micelles (solubilisation) or vice versa (reconstitution)
in mixtures of bilayer-forming phospholipids and micelle-forming
detergents have received particular attention. The most thoroughly
studied detergents include n-octyl-3-p-glucopyranoside (octylglucoside,
0G; [2-6]), Triton X-100 [3,7], 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulphonate (CHAPS; [8-10]), and other bile acid deriva-
tives [3-5,11,12].

Among the methods traditionally used to monitor solubilisation and
reconstitution processes are turbidimetry [2-6,9,11,12], fluorescence
resonance energy transfer [2,6,13,14], dynamic light scattering [4,7],
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centrifugation followed by quantification of lipid and detergent [15],
and electron microscopy [3,7,11,16]. During the last two decades,
isothermal titration calorimetry (ITC) has been established as an
exceptionally powerful technique for monitoring the composition-
dependent phase behaviour of detergent/lipid mixtures (see [12,17-23]
for examples, [24,25] for reviews, and [26] for a step-by-step protocol).
More recently, it has also been applied to characterising the lipid
interactions of lipopeptides with detergent-like properties [27-30].
Many, if not most, of the solubilisation and reconstitution
experiments cited above were performed using highly purified egg-
yolk phosphatidylcholine (PC) or well-defined synthetic PCs like
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as the
bilayer-forming species. This is because zwitterionic PCs (of different
chain lengths and degrees of saturation) are the major components of the
outer leaflets of mammalian cell membranes and thus lend themselves
particularly well for the study of mammalian membrane proteins. In one
case, the solubilisation behaviour of complex erythrocyte membranes has
indeed been shown to be remarkably similar to that of artificial mem-
branes consisting of pure POPC [31]. Furthermore, PCs are available
commercially in high purities and at low costs. Thus, the application of ITC
to lipid bilayers rich in PC lipids is well-established, and thermodynamic
parameters of detergent/lipid interactions and bilayer-to-micelle transi-
tions have been described for a broad spectrum of detergents [12,17-23].
However, many laboratories, including ours, are interested in the
reconstitution of bacterial proteins, whose native environments
contain a range of phospholipids but no PCs. For instance, the three
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major phospholipid components of the cytoplasmic membrane of
Escherichia coli are phosphatidylethanolamine (PE), phosphatidylgly-
cerol (PG), and diphosphatidylglycerol (DPG, also known as cardio-
lipin), of which PE alone accounts for ~70 mol% of all phospholipid
[32,33]. As the functional reconstitution of membrane proteins may
crucially depend on the presence of certain lipids or generic
membrane properties (such as headgroup charge, degree of acyl
chain unsaturation, and lateral pressure profile) imparted by them, it
is often desirable to use a lipid mixture that closely resembles the
composition of the native membrane. Natural lipid extracts from
E. coli and other bacterial sources are commercially available and have
been employed successfully for the reconstitution of different
membrane proteins [34-36], but we are not aware of any publications
describing the solubilisation and reconstitution of lipid vesicles
composed of such mixtures using ITC.

Here, we report systematic ITC studies of the detergent-mediated
solubilisation and reconstitution processes of unilamellar vesicles
composed of E. coli polar lipid extract. We chose the non-ionic
detergent OG because it is one of the most frequently used detergents
in the purification and reconstitution of membrane proteins and
because its interactions with well-defined lipid systems have been
studied in great detail (see references cited above). For comparison
with an established lipid system, we present similar experiments for
unilamellar vesicles made up of synthetic POPC. For both lipids, we
monitored the transitions between bilayer vesicles and micelles with
the aid of high-sensitivity ITC, constructed the corresponding phase
diagrams displaying the bilayer, bilayer/micelle coexistence, and
micellar ranges, and derived the bilayer-to-micelle partition coeffi-
cients of both detergent and lipid. Differences in the latter between
POPC and E. coli polar lipid extract could be explained by differences in
the molecular shapes of the constituent lipid species.

2. Theory
2.1. Solubilisation and reconstitution by ITC

In 1995 and 1996, Blume and co-workers [17,18] established ITC as an
accurate and convenient means of monitoring changes in the aggrega-
tional state of detergent/lipid mixtures. In solubilisation experiments,
these changes arise from a stepwise addition of detergent to lipid, whereas
reconstitution experiments proceed in the opposite direction by addition
of lipid to detergent. Importantly, structural changes are accompanied by
changes in the thermodynamic state of the system and, therefore, can be
traced by recording the heats of reaction during titration under isothermal
and isobaric conditions.

Solubilisation experiments are performed by titrating lipid vesicles
in the ITC sample cell with a micellar detergent solution. In the
beginning of the titration, the detergent micelles injected from the
syringe disintegrate upon dilution into the sample cell, and detergent
monomers partition between the aqueous phase and the bilayer
phase. However, the bilayer (b) can accommodate detergent (D) only
up to a saturating (SAT) detergent/lipid mole ratio denoted as REAT.
Further titration with detergent leads to bilayer dissolution and
formation of lipid-saturated micelles, which coexist with detergent-
saturated vesicles. To a rather good first approximation known as the
phase separation model [37], increasing the detergent concentration
in this coexistence range does not affect the compositions of the
vesicles and the micelles, but merely raises the number of mixed
micelles at the expense of mixed vesicles. Complete solubilisation
(SOL) is achieved when the last mixed vesicles disappear at a second
characteristic mole ratio denoted as RE-5°', which gives the minimal
detergent/lipid ratio in the micellar (m) phase. Beyond this point,
addition of detergent simply increases the detergent/lipid ratio in the
mixed micelles, which may, however, undergo another composition-
driven transition between different micellar shapes [38].

In reconstitution experiments, by contrast, a micellar detergent
solution is titrated with lipid vesicles. In the beginning, the lipid
vesicles injected into the sample cell are solubilised completely by the
micelles, which decreases the detergent/lipid mole fraction in the
micelles. Once RSO is reached, the micelles are saturated with lipid,
and detergent-saturated bilayer vesicles begin to coexist with lipid-
saturated micelles in the coexistence range. At the R3SAT boundary,
the last mixed micelles disappear, and only mixed vesicles are left.

When following solubilisation (or reconstitution) by ITC, the
detergent (or lipid) concentration in the sample cell is increased in a
stepwise and fully automated fashion by addition of small aliquots of a
concentrated, micellar detergent (or vesicular lipid) suspension from
the titration syringe. Each injection brings the detergent/lipid mixture
in the cell out of equilibrium. A new equilibrium state is established by
the ensuing transfer of lipid and detergent among different aggrega-
tional states, which, along the lines of the phase separation model
[37], are treated as thermodynamic phases (namely, the aqueous
phase, the bilayer phase, and the micellar phase). This process is
accompanied by the consumption or release of heat, depending on
whether endo- or exothermic processes dominate. In modern
compensation-type microcalorimeters, the heat, Q, is detected as the
integral of the power difference between the sample cell and the
reference cell, Ap, over time, t. Plotting the Q values recorded in
solubilisation or reconstitution experiments versus the titrant (deter-
gent or lipid) concentration reveals three ranges characterised by
smooth heat traces that are delimited by two points at which Q
changes dramatically within a few injections. Thus, each solubilisation
or reconstitution experiment yields one pair of detergent and lipid
concentrations marking the SAT boundary and a second pair marking
the SOL boundary. Performing several solubilisation and reconstitu-
tion experiments at different lipid and detergent concentrations,
respectively, furnishes more pairs of detergent and lipid concentra-
tions representing the SAT and SOL boundaries. Plotting the critical
detergent concentrations versus the corresponding lipid concentra-
tions finally gives a phase diagram in which a coexistence range is
separated from bilayer and micellar ranges by two straight lines
corresponding to the SAT and SOL boundaries, respectively.

2.2. Equations

The straight lines at the SAT and SOL boundaries are given by the
following equations:

SAT aq,SAT b,SAT
& = Ry (1)
SOL aq,SOL ,SOL
o = Ry, @

with ¢p denoting the total detergent concentration, cj! the detergent
concentration in the aqueous (aq) phase, and ¢ the total lipid (L)
concentration. The slopes of the SAT and SOL boundaries provide the
detergent/lipid mole ratios at bilayer saturation, RE>"T=c2T/c;, and
complete vesicle solubilisation, RS+5°L= c®SOL/c, . The intercepts of the
SAT and SOL lines with the y-axis give the concentrations of detergent
in the aqueous phase in equilibrium with mixed bilayers and mixed
micelles, ciSAT and 5O, respectively. Within the approximation
that these supramolecular structures can be treated as thermody-
namic phases [37], Gibbs' phase rule requires cj! to be constant
throughout the coexistence range, so that ci®AT = 5oL,

From the threshold mole ratios obtained from the phase diagram,
the mole fractions of detergent in coexisting bilayers and micelles are
calculated as:

b,SAT b,SAT b,SAT
X5 =Ry /(1+Ry), ©)
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m,SOL
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The mole fraction of detergent in the aqueous phase is:

X;q,SAT/SOL = caDq,SAT/SOL/( anSAT/SOL) ~ C;:?,SAT/SOL/CW’ 5)

Cyw + Cp

where the second relationship results from the large excess of water
(W) in the aqueous phase, cyy=55.5 M. The mole fraction partition
coefficients of detergent and lipid between detergent-saturated
bilayers and lipid-saturated micelles then read:

K,]:ﬂ/b = XELSOL/XIE,SAT _ (I—XngOL)/(l—XISSAT), (6)

m/b — ,m,SOL b,SAT
KD/ =Xp /Xp (7)

Finally, the detergent partition coefficients between the aqueous
phase and detergent-saturated bilayers and lipid-saturated micelles
are, respectively:

Kl[))/aq = XISSAT/Xqu,SAT/SOL ®)

Kr];/aq = XE“SOL/X;’;SAT/SOL. (9)

3. Materials and methods
3.1. Materials

Synthetic POPC was purchased from Genzyme Pharmaceuticals
(Liestal, Switzerland). E. coli polar lipid extract was obtained from Avanti
Polar Lipids (Alabaster, USA). According to the manufacturer's specifica-
tions (http://avantilipids.com/index.php?option=com_content&view=
article&id=409&Itemid =124&catnumber=100600), the lipid composi-
tion of the extract was 67.0% PE, 23.2% PG, and 9.8% DPG. OG was from
Glycon Biochemicals (Luckenwalde, Germany), and buffer components
were purchased from Carl Roth (Karlsruhe, Germany). All chemicals were
obtained in the highest available purities. All experiments were
performed in 10 mM potassium phosphate buffer (KH,PO4/K;HPO,4)
containing 150 mM KF and adjusted to pH 7.1.

3.2. Vesicle preparation

Unilamellar vesicles composed of POPC or E. coli polar lipid extract
were prepared by extrusion or sonication, respectively. First, dry lipid
powder was suspended in buffer by vortexing for 20 min. Then, POPC
vesicles were prepared by 35 extrusion steps through two stacked
polycarbonate filters with 100-nm pores using a MiniExtruder
(Avestin, Ottawa, Canada). By contrast, E. coli lipid vesicles were
made by sonication of the lipid suspension for 40 min using a
Sonopuls instrument (Bandelin Electronic, Berlin, Germany) at 30%
power level. During sonication, the lipid suspension was cooled in an
ice/water bath and purged with Nj. Vesicle sizes were found to be
narrowly centred at 100 nm for POPC and 80 nm for E. coli lipid
vesicles, as determined by dynamic light scattering performed on a
Zetasizer NanoSZ device (Malvern Instruments, Worcestershire, UK).
We chose different methods of vesicle preparation because sonication
of POPC leads to much smaller vesicles (~30nm in diameter),
whereas extrusion of E. coli lipid is difficult and does not result in a
unimodal size distribution below 200 nm. Using different preparation
methods, we could achieve similar vesicle sizes, which we considered
more important than using the same method. For the E. coli polar lipid
extract, we assumed an average molar mass of 700 g/mol.

3.3. Isothermal titration calorimetry

High-sensitivity ITC was performed on a VP-ITC instrument (GE
Healthcare, Uppsala, Sweden) after vacuum degassing of the samples.
Solubilisation and reconstitution titrations were carried out essen-
tially as described elsewhere [26]. For solubilisation, small aliquots of
a concentrated detergent solution (100 mM) were injected into the
ITC sample cell containing lipid vesicles (1-6.5 mM) and a submicellar
concentration of OG (16-21 mM). Premixing the lipid with OG in the
cell was necessary to cross both the SAT and the SOL boundaries in one
titration without refilling the injection syringe. For reconstitution,
lipid suspensions (40-50 mM) were injected into the sample cell
filled with a micellar detergent suspension (30-36 mM). The injection
volumes ranged from 1pL to 5pL, which is at the lower limit
recommended for this calorimeter model. In our experience, however,
such small injections did not pose any problems, as the reproducibility
was excellent and the results did not depend on the injection
volumes, arguing against a noticeable influence of diffusive leakage
from the syringe tip during the long re-equilibration times required.
The critical micellar concentration (CMC) of OG under the conditions
used was found to be 29.6 mM, as obtained from ITC demicellisation
experiments (data not shown, see [22] for an example). All experi-
ments were performed at 8 °C because this is the temperature of
choice for the reconstitution of several bacterial membrane proteins.

The time spacings between injections were chosen long enough to
allow for nearly complete re-equilibration of the system (12-15 min).
Baseline subtraction and peak integration were accomplished using
Origin 7 as described by the manufacturer (OriginLab, Northampton,
USA). Reaction heats were normalised with respect to the molar
amount of titrant (detergent or lipid) injected. The first injection was
always excluded from presentation (see Figs. 1, 2, 4, and 5) because it
usually suffers from sample loss during the mounting of the syringe
and the equilibration preceding the actual titration. Phase boundaries
were identified by determining the pairs of detergent and lipid
concentrations at the inflection points of the integrated heat values.
Inflection points were obtained as the maxima and minima in the first
derivative of the integrated heat with respect to the titrant (detergent
or lipid) concentration.

4. Results

ITC solubilisation and reconstitution experiments were carried out
to monitor composition-dependent changes in the aggregational state
of mixtures of OG with either synthetic POPC or E. coli polar lipid
extract and to derive the corresponding partition coefficients and
phase diagrams.

4.1. POPC

We first examined the OG-driven solubilisation of unilamellar
vesicles composed of synthetic POPC. Fig. 1 depicts the raw data (A)
and the integrated heats of reaction (B) obtained upon injecting
100 mM OG into 2 mM POPC vesicles premixed with 19 mM OG. The
integrated and normalised heats of reaction, Qp, reveal three distinct
ranges as a function of detergent concentration, cp. The Qp values
change smoothly within each of these ranges but rise or drop abruptly
at the boundaries separating them. In the illustrated titration,
dramatic changes occur at detergent concentrations of cp =22 mM
and cp=24mM when the system crosses the SAT and SOL
boundaries, respectively. Hence, the three intervals displaying
continuous Qp traces can be ascribed to the bilayer, the coexistence,
and the micellar ranges. Within the bilayer range, exothermic heats of
reaction stem from micelle disintegration and detergent partitioning
into bilayer vesicles. In the coexistence range, solubilisation takes
place, but the bilayer-to-micelle transfer heats of lipid and detergent
nearly cancel each other, resulting in small absolute Qp values. In the
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Fig. 1. Solubilisation of POPC vesicles at 8 °C. 100 mM OG was titrated into 2 mM POPC
and 19 mM OG. (A) Differential heating power, Ap, versus time, t. (B) Integrated and
normalised heat of reaction, Qp, versus total detergent concentration in the ITC sample
cell, cp. Injection volumes were 1.0, 1.5, 2.0, 2.5, and 76 x 3.0 pL.

micellar range, further addition of detergent leads to micelle
disintegration, whose exothermic effect decreases in magnitude as
the aqueous detergent concentration approaches the CMC.

A representative experiment demonstrating the reconstitution of
POPC vesicles is given in Fig. 2. Here, a 30 mM solution of OG was
titrated with 40 mM POPC vesicles. Again, three ranges are obvious
when plotting Q; against the lipid concentration, c;. The SOL and SAT
boundaries appear at ¢, =3.3 mM and ¢, =5.5 mM, respectively. In
the micellar range, endothermic Q. values are due to vesicle
solubilisation and, possibly, a transition between different micellar
shapes as the lipid concentration increases [38]. In the coexistence
range, reconstitution sets in, but the micelle-to-bilayer transfer heats
of lipid and detergent again cancel one another to a large extent. In the
bilayer range, further addition of lipid entails detergent partitioning
from the aqueous phase, which is accompanied by endothermic heats
of reaction.

We performed solubilisation and reconstitution experiments for a
number of other initial lipid and detergent concentrations, respec-
tively. The phase diagram in Fig. 3 was obtained by plotting the
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Fig. 2. Reconstitution of POPC vesicles at 8 °C. 40 mM POPC was titrated into 30 mM OG.
(A) Differential heating power, Ap, versus time, t. (B) Integrated and normalised heat of
reaction, Qy, versus total lipid concentration in the ITC sample cell, ¢;. Injection volumes
were 2x1.5,1.7, 2.0, 2.2, 2.4, 2.6, 2.8, 64x 3.0, 3.5, 2x4.0, 2x 4.5, and 10x 5.0 L.

detergent concentrations at the SAT and SOL boundaries versus the
corresponding lipid concentrations. Fitting the SAT and SOL data
with the aid of Egs. (1) and (2), respectively, while assuming
a common y-axis intercept for both linear regressions yielded cg*
SAT/SOL = 19,6 mM, RBAT=1.22, and RF-S°'=2.38. Thus, POPC vesi-
cles can incorporate up to 1.2 OG molecules per lipid molecule before
solubilisation sets in, whereas mixed micelles must contain at least 2.4
OG molecules per POPC molecule. In the coexistence range, the
concentration of free detergent is 19.6 mM, which is substantially
lower than the CMC of 29.6 mM because, in the presence of lipid, the
monomeric detergent in the aqueous phase is in equilibrium with
lipid-saturated mixed micelles rather than pure detergent micelles.

4.2. E. coli polar lipid extract

In a second set of experiments, we performed solubilisation and
reconstitution titrations using unilamellar vesicles consisting of E. coli
polar lipid extract. Figs. 4 and 5 exemplify the processes of vesicle
solubilisation and reconstitution, respectively. Both titrations are
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Fig. 3. Phase diagram of OG/POPC mixtures at 8 °C. Triangles and circles denote the SAT
and SOL boundaries, respectively. Solid symbols are from solubilisation experiments,
whereas open symbols are from reconstitution experiments. Straight lines are fits of the
SAT and SOL boundaries according to Eqs. (1) and (2), respectively; fitting parameters
are given in Table 1.

qualitatively similar to the corresponding experiments using POPC
vesicles, though quantitative differences can be observed. Here too,
the titrations are characterised by three ranges separated by two
events ascribed to the SAT and SOL boundaries. The most obvious
difference is the width of the coexistence range, which is substantially
broader for E. coli lipid than for POPC.

This becomes more obvious in the phase diagram depicted in
Fig. 6. The phase boundaries are now described by ciSAT/SOL—
23.4mM, R3*AT=0.947, and RE°" = 3.11. Hence, E. coli vesicles can
incorporate a maximum of only 0.95 OG molecules per lipid molecule.
Nevertheless, when compared with POPC vesicles, more detergent is
required for complete solubilisation of E. coli lipid vesicles, as mixed
micelles must contain at least 3.1 OG molecules per lipid molecule.
The concentration of free detergent in equilibrium with lipid-
saturated mixed micelles is 23.4 mM, which is also higher than in
the case of POPC.

5. Discussion

ITC has previously been shown to be an excellent tool for studying
the interactions of detergents with bilayer membranes made up of
well-defined lipids or lipid mixtures (see most of the references cited
in this paper) or lipid extracts derived from mammalian membranes
[31]. The present report demonstrates that ITC is applicable to
studying such interactions involving lipid mixtures extracted from
bacterial sources such as E. coli membranes, which differ dramatically
in their lipid composition from mammalian membranes.

The OG-driven solubilisation and reconstitution processes of POPC
and E. coli lipid vesicles can be explained by the three-stage phase
separation model [37] previously applied to a range of simple detergent/
lipid systems. For the E. coli polar lipid extract, such a simple behaviour
could not be taken for granted a priori. On the one hand, the
solubilisation and reconstitution of lipid mixtures may follow a complex
pattern, as detergents might preferentially solubilise certain lipids or
induce lipid demixing [39,40]. Gibbs' phase rule postulates that the
maximal number of coexisting phases in a three-component system
(such as water, lipid, and detergent) is three. In a system containing
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Fig. 4. Solubilisation of vesicles composed of E. coli polar lipid extract at 8 °C. 100 mM
OG was titrated into 2 mM E. coli lipid and 20 mM OG. (A) Differential heating power,
Ap, versus time, t. (B) Integrated and normalised heat of reaction, Qp, versus total
detergent concentration in the ITC sample cell, cp. Injection volumes were 1.0, 1.5, 2.0,
2.5, and 76 x 3.0 pL.

more components (for instance, additional lipid species), the number of
coexisting phases could increase accordingly. However, we found
that the solubilisation and reconstitution processes of vesicles made
from E. coli polar lipid extract display no qualitative differences when
compared with those of simpler systems; thus, they can be rationalised
without invoking additional coexisting phases (such as different types
of micelles, vesicles, or membrane domains). On the other hand, even
the solubilisation and reconstitution of bilayers made up of a single
phospholipid component may unveil a picture that is not compatible
with the three-stage phase separation model. For example, Blume and
co-workers [20] obtained phase diagrams for mixtures of OG and
different PCs in which the SAT and SOL lines markedly differ in their y-
axis intercepts, suggesting systematic errors in determining the SAT and
SOL boundaries or a slight increase in the free detergent concentra-
tion, ¢y, within the coexistence range. We encountered neither
problem, as fitting the SAT and SOL boundaries with independently
adjustable ci®AT and ¢SO parameters yielded values virtually
identical to those listed in Table 1. Moreover, our R¥*AT and RF-S°F
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Fig. 5. Reconstitution of vesicles composed of E. coli polar lipid extract at 8 °C. 50 mM
E. coli lipid was titrated into 30 mM OG. (A) Differential heating power, Ap, versus time,
t. (B) Integrated and normalised heat of reaction, Qy, versus total lipid concentration in
the ITC sample cell, c;. Injection volumes were 3 x 1.0, 1.2, 1.3, 14, 1.5, 1.7, 1.8, 2.0,
4x2.2,24,2.6,28, and 64x3.0 L.

values for the OG/POPC system are in good agreement with
previously reported data [23,41].

The ITC titrations employing POPC and E. coli polar lipid extract
revealed similar overall patterns on the qualitative level (compare
Figs.1and 4 as well as Figs. 2 and 5), but quantitative differences became
apparent on plotting the phase diagrams (compare Figs. 3 and 6). Most
notable is a considerable widening of the coexistence range for E. coli
polar lipid extract when compared with POPC, as has been reported for
soybean PC in comparison with synthetic PCs possessing saturated acyl
chains [20]. In the present case, this widening is due to both a decrease in
R2SAT and an increase in REO' (see Table 1). Thus, solubilisation
commences at a lower but is completed at a higher detergent content in
the mixed detergent/lipid aggregates (bilayers and micelles). To
rationalise this finding, it is important to realise that RB*AT and RF-°"
are determined by the bilayer-to-micelle partition coefficients of the
lipid, K™P, and the detergent, K3, It is intuitively clear that increasing
the affinity of the lipid or the detergent for the micellar phase will
facilitate micelle formation, that is, decrease both R3AT and RZ-5°",

40
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Fig. 6. Phase diagram of OG/E. coli polar lipid extract mixtures at 8 °C. Triangles and circles
denote the SAT and SOL boundaries, respectively. Solid symbols are from solubilisation
experiments, whereas open symbols are from reconstitution experiments. Straight lines
are fits of the SAT and SOL boundaries according to Eqs. (1) and (2), respectively; fitting
parameters are given in Table 1.

Quantitatively, this is expressed by solving Egs. (3), (4), (6) and (7) for
the critical mole ratios, which are given by:

Ry™ = (1=K /(K5 —1), (10)

Ry™ =Ky /K=K /Ky —1) = Ky /KD < R5™T (1)

As expected, R3°AT and R3-O- decrease as either K™® or K3'P
increases while keeping the other partition coefficient constant.
Moreover, Eqs. (10) and (11) predict that a decrease in R3*AT and a
concomitant increase in R}*°%, as observed on replacing POPC by E. coli
lipid, can result only from a drop in K and a simultaneous rise in K&"®.

The bilayer-to-micelle partition coefficients calculated with the aid
of Eqs. (6) and (7) are also given in Table 1. Kf°<1 and K&/’>1
irrespective of the lipid system used, reflecting the fact that the lipids
prefer the bilayer phase over the micellar phase, while the opposite is
true for the detergent. In the case in hand, replacing POPC by E. coli
polar lipid extract reduces K" from 0.66 to 0.47. The attenuated
affinity of the lipid for the micellar phase versus the bilayer phase can
be explained by the high PE content (~70 mol%) in the E. coli lipid
mixture. Unsaturated PEs have a negative spontaneous curvature
[42,43], that is, their headgroups occupy considerably less area than
their acyl chains do, rendering their transfer into highly positively
curved, micellar structures unfavourable (the same holds for DPG in
the presence of Ca®™). By contrast, because of its rather cylindrical
shape, POPC has almost no spontaneous curvature [43] and is
therefore less reluctant to partition into micelles. At the same time,

Table 1

Parameters describing the OG-driven solubilisation and reconstitution of lipid
vesicles composed of either synthetic POPC or E. coli polar lipid extract at 8 °C in
10 mM KH,PO4/K;HPO4, 150 mM KF, pH 7.1.

Llpld L%q,SAT/SOL RIB,SAT Ran,SOL XB'SAT Xgn,SOL Kf'/b Kgn/b Kg/aq KB'I/B([
(mM) (10%) (10%)
POPC 19.6 122 238 055 070 066 13 16 2.0

E. coli lipid 23.4 0947 311 049 076 047 16 12 1.8
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KB increases from 1.3 to 1.6, indicating that the detergent's
preference for the micellar phase over the bilayer phase becomes
more pronounced as POPC is replaced by E. coli polar lipid extract. PE
condenses lipid bilayers and increases the core lateral pressure [44],
which hampers insertion of OG monomers. This is also borne out by
the water-to-bilayer partition coefficient, K&29, which decreases more
strongly than the water-to-micelle partition coefficient, K539, upon
substitution of POPC by E. coli lipid (see Table 1).

Another major difference between the lipids used in this work lies in
their acyl chain compositions. Whereas POPC has a fully saturated C16
and a singly unsaturated C18 chain, the E. coli lipid mixture contains a
wide spectrum of different fatty acyl chains, including also shorter and
branched ones [32]. This peculiar combination of different acyl chains
with different headgroups is expected to affect the partition coefficients
and phase boundaries, too, but a less speculative account must await a
more accurate knowledge of the lipid composition.

In summary, the present report shows that the OG-mediated
solubilisation and reconstitution processes of unilamellar vesicles
composed of a complex lipid mixture extracted from E. coli membranes
can be described reasonably well by the three-stage phase separation
model. Quantitative differences as compared with POPC bilayers may be
traced back to the high content of lipids with negative spontaneous
curvature in the E. coli polar lipid extract.
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