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ABSTRACT

This work investigates the conversion of bicelles into larger sheets or closed vesicles upon dilution and
temperature increase for a system composed of the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and the saponin aescin. Due to its peculiar amphiphilic character, aescin is able to decompose DMPC
bilayers into smaller, rim-stabilized bicelles. Aspects of the transition process are analyzed in an aescin content-
and temperature-dependent manner by photon correlation spectroscopy (PCS), turbidimetry and small-angle
neutron scattering (SANS). Both the conversion of bicelles into vesicles induced by temperature increase and
the decomposition process upon cooling are presumably related to the main phase transition temperature T,
of DMPC. Therefore, not only conventional DMPC, but also chain-deuterated d54-DMPC was used due to its
significantly lower T} -value compared to the conventional DMPC. It will be demonstrated that the reconversion
of vesicle structures (present at low aescin content) into bicelles shows a strong hysteresis effect whereas this is
not observed for the reconversion at high aescin amounts, at which for high temperature still bicelle structures
are present. The results indicate formation of a trapped state, correlated with the lipid’s 7}, and the decomposition
of vesicles into bicelles is only possible if the lipid membrane entirely adopts the rigid phase state.
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1. Introduction

Bicelles, sometimes also called lipid nanodiscs, are lipid-detergent
aggregates which combine the monodispersity of classical micelles and
the discrete bilayer-like vesicles [1]. The free-standing bilayer based
on long-chain lipids (>12 C-atoms) is rim-stabilized either by short-
chain lipids or detergent molecules to protect the hydrophobic core
from the hydrophilic solvent [2-4]. Among others, bicelles show the
tendency to macroscopically align in an external magnetic field and are
therefore used for membrane protein structure determination by NMR
spectroscopy since the bicellar environment is a much more realistic
membrane mimetic than detergent micelles and the proteins can adopt
their native form [1,2,5,6].

In a lipid-detergent phase diagram, according to the three-stage
model bicelles exist in a region between detergent micelles and lipid
vesicles [7-11]: at low detergent concentration, the detergent gets in-
corporated into the bilayer of lipid vesicles. At some point with in-
creasing detergent concentration, the membrane is saturated and the
formation of mixed micelles begins. At very high concentration, the
lipid membrane is completely solubilized and (mixed) micelles coex-
ist with detergent monomers. The structural transition originates from
the preference of the detergent to arrange in a curved manner [12,10],
the different free monomer concentrations of lipids and detergents in so-
lution and the removal of detergent molecules from the bicelles induced
by dilution [10,13,14]. Moreover, a bicelle-to-vesicle transition can be
achieved by temperature variation under constant lipid and surfactant
concentration [15-17]. For short-chain lipids as detergents it was found
that as a function of temperature increase the short-chain lipids migrate
from the rim to the planar bilayer region leading to a growth of the
bicelle size by coalescence effects [18]. For dilution and temperature
increase a similar structural growth was observed, which in both cases
is attributed to a decreased number of detergent molecules available to
stabilize the bicelle rim [19].

Besides short-chain lipids also different bile salts can be used for bi-
celle formation in combination with phospholipids [20,21,9,14,22-25].
In comparison with short-chain lipids these molecules posses a more
bulky hydrophobic portion, which is similar to the saponin used in
this study. In addition, for these systems a dilution-induced transition
from discoidal or rather cylindrical mixed micelles into large, elongated
lamellar sheets or closed vesicles were observed. The latter can con-
tain perforations/pores coated by detergent molecules [2,25]. Again,
dilution induces the removal of bile salt molecules from the aggregated
structure and exposure of the hydrophobic lipid parts to the hydrophilic
solvent is compensated by a growth, resp. coalescence of the aggre-
gates [20]. Also here, similar structural rearrangements can be induced
by a temperature increase, whereby the exact structure depends on the
heating rate used [22,14].

In this study, a binary system composed of the phospholipid 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as well as its chain-
deuterated analog 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine
(d54-DMPC) and the saponin (3-aescin as a bio-surfactant are investi-
gated. The molecular structures of all compounds are shown in Fig. 1. In
general, saponins are built by either a steroidic or triterpenic hydropho-
bic backbone (called aglycone or sapogenin), to which in the hydrophilic
glycone a varying number of sugar chains can be attached [26,27]. The
saponin aescin is a natural product and can be isolated from the horse
chestnut tree Aesculus hippocastanum. The aescin used in this study is a
mixture of structurally similar molecules, whereby minor variations in
the aglycone occur [28,29]. Aescin is e.g. well known as an agent for the
treatment of diseases like chronic venous insufficiency (CVI) [30-32].

Due to the amphiphilic nature, aescin molecules self-assemble in
solution into micelles. At room temperature, the critical micelle concen-
tration (cmc,eqn) in an aqueous solution is around 0.3-0.4 mM [28].
Moreover, the amphiphilic structure of aescin enables the interaction
with lipid membranes [33-36]. In earlier works, we have shown that
aescin incorporates into lipid membranes composed of DMPC and mod-
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Fig. 1. Molecular structures of (a) the saponin {3-aescin, (b) the phospholipid
DMPC, and (c) chain-deuterated d54-DMPC. Hydrophilic molecular parts are
shown in red, hydrophobic ones in black. (For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.)

ifies the bilayer parameters in a temperature- and aescin concentration-
dependent manner [29,36-40]. In general, the interaction between the
model membrane and aescin is stronger in the membrane’s rigid state,
at temperatures below the main phase transition temperature 7., which
is & 24 °C for DMPC [29,41]. At aescin concentrations around ¢mc,egein»
the DMPC membrane is partially solubilized by the saponin and finally
completely decomposed into monodisperse bicelles at c,eqcin escin
and low temperature (7' < T,,) [39,40]. When raising the temperature
above T,, pyspc» an increase in size leading to bigger sheets and an ar-
rangement into stacks is shown [40]. Studies on a system composed
of DMPC and the saponin glycyrrhizin showed that after temperature
increase even the formation of very monodisperse, closed vesicles is pos-
sible [42].

The present study now focuses on the process of the structural rear-
rangement of the DMPC-aescin system upon dilution and temperature
variation. For the latter case, especially the aspect of reversibility of the
transition upon heating and cooling and a possible correlation with the
lipid’s T,,, as known from other studies [43,18,44-46], is investigated.
To directly correlate the structural and size changes with the lipid’s 7,,,,
additional to the conventional DMPC, the chain-deuterated d54-DMPC
is used, which possesses a distinguishable lower Tys4 pypc-value com-
pared to Tpype (& 20.5°C, see section 3.2), but does not modify the
overall system significantly. Size changes of the self-assembled aescin-
DMPC structures upon dilution will be investigated by photon correla-
tion spectroscopy (PCS) at a constant temperature below T, pypc- Size
and shape changes upon temperature variation will first be followed by
turbidimetry. Subsequently, these experiments are supported by small-
angle neutron scattering (SANS). In both methods, conventional DMPC
as well as chain-deuterated d54-DMPC will be used, but in this case not
for a common contrast variation. To our knowledge, this is the first study
exploiting the different T, values of conventional and chain-deuterated
lipids for studying the mechanism of the transition of a bicellar into a
vesicular system upon temperature variation.

> cme,
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2. Experimental
2.1. Chemicals

The phospholipid DMPC (purity > 99 %) was purchased from Lipoid
GmbH (Ludwigshafen, Germany). Chain-deuterated d54-DMPC was ob-
tained from Cortecnet (Voisins-Le-Bretonneux, France, > 99 % purity,
degree of deuteration = 98 %). Aescin (> 95 %, CAS: 6805-41-0), chlo-
roform and deuteriumoxide (D,0) were purchased from Sigma-Aldrich
(Munich, Germany). The natural saponin used consists of cis-trans-
isomers of f-aescin [28] and will conveniently be named aescin in this
study.

All samples were prepared in a 50 mM D,O-based phosphate buffer
with a pD value of 7.4. After addition of aescin to the buffer solution, the
pD-value was again adjusted to a value of 7.4. Although the pH value
was measured with a H,O-based electrode, according to a publication
by Rubinson et al. [47], it was assumed that under the given conditions
the measured pH value corresponds to the pD value in the solution
(pH =~ pD).

2.2. Sample preparation

For all samples, a lipid mass concentration of wpy pc =10g-L7! is
used. The aescin mole content x,..;, is defined with respect to the lipid
content in solution: Xescin = Maescin/ (M(asa-pMpC T Maescin)- Besides the
reference systems containing only lipid, samples with x,..., between
10-40 mol% were investigated in this study. We like to point out here
that due to the lower wp ), pc used in comparison to prior studies, the
phase boundaries will be shifted to higher x,.,-values.

As a reference system, small unilamellar vesicles (SUVs) prepared
from DMPC and d54-DMPC were used. The preparation procedure is
described elsewhere [29]. A defined size distribution of the SUVs was
achieved by extrusion (21 passes through membranes with a pore size of
500 A (Whatman, Avanti Polar Lipids Inc); extruder from Avanti Polar
Lipids Inc., Alabama, USA).

Aescin-containing samples were prepared using the following proce-
dure: the required lipid amount per sample (either DMPC or d54-DMPC)
was dissolved in chloroform, which was subsequently removed using a
rotary evaporator, resulting in a thin and homogeneous lipid film. This
film was dried over night at 60 °C to remove chloroform residues. A
deuterium-based aqueous aescin buffer solution at the desired aescin
concentration was added to rehydrate the lipid film and to generate
mixed lipid-aescin particles.

The solutions were repeatedly frozen in liquid nitrogen and warmed
up in hot water of a temperature of ~50 °C (five repetitions). To remove
bigger aggregates and dust particles all samples were filtered through
a cellulose acetate filter with a pore size of 200 nm (VWR International
GmbH, Darmstadt, Germany) in a cold room at a temperature well be-
low T,,, (T < 10°C). Before investigation, all samples were heated and
cooled several times between 10 and 60 °C to ensure the formation of
equilibrium structures.

2.3. Photon correlation spectroscopy (PCS)

Photon correlation spectroscopy was used to determine the size of
the mixed lipid-aescin particles in solution in terms of the hydrodynamic
radius Ry. The theoretical background for the determination of Ry can
be found in the Supplementary Material.

PCS measurements were performed in NMR tubes on a 3D light
scattering goniometer setup (LS Instruments AG, Fribourg, Switzerland)
equipped with a HeNe laser with 4=632.8nm (JDSU 1145P, Milpitas,
California, USA) in modulated 3D correlation mode. The autocorrelation
function was generated with a multiple-z-digital correlator (correla-
tor.com, USA) and recorded at scattering angles between 40 ° and 110 °
in steps of 5° at a temperature of 12 °C. Before filling the samples into
NMR tubes the samples were centrifuged at 10000 rpm for 20 min. The
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data obtained was analyzed using the CONTIN program [48]. Here, not
only samples with a DMPC mass concentration of 10 g-L~! were used.
The samples were diluted with buffer solution to lower DMPC mass con-
centrations down to 0.5g-L~!.

2.4. Turbidimetry

Turbidimetry was used to estimate the temperature-dependent size
evolution of the investigated samples. The measured attenuation of light
intensity, convertible into the optical density OD, is mainly dependent
on the particle size and the particle concentration in solution. OD is
the sum of absorption and scattering of light by particles, but absorp-
tion processes can be neglected by choosing an adequate wavelength at
which none of the substances is absorbing. Therefore, the detected OD
is approximately proportional to the particle size [49].

Turbidimetry measurements were performed on an Agilent 8453
UV-visible spectrometer (Agilent Technologies, Santa Clara, USA). The
spectrometer is equipped with a 8-position sample holder and the tem-
perature is externally controlled with a thermostat. The samples were
measured in screw cap quartz cuvettes with a path length of 2mm
(Starna Scientific GmbH, Pfungstadt, Germany) to avoid solvent evap-
oration. All samples were measured at the same sample position and
the temperature was recorded with a PT-104A resistance thermocouple
(Omega, Deckenpfronn, Germany) in the reference cuvette which was
filled with buffer solution. Data were recorded in a wavelength range of
200-800nm and final evaluation was done at a wavelength of 400 nm.
All measurements were performed in an effective temperature range of
~10-70 °C with a heating/cooling rate of k ~#40 °C/h. To ensure the re-
versibility of the structural transition, four consecutive heating/cooling
cycles were performed. The system was equilibrated at the highest and
lowest temperature for one hour after each heating/cooling step.

2.5. Small-angle neutron scattering (SANS)

In this study, the small-angle neutron scattering technique (SANS)
is used to determine the structure and temperature-dependent struc-
tural changes of mixed lipid-aescin particles with different x,qg,. A
description of the theoretical background can also be found in the Sup-
plementary Material.

Briefly, SANS was used because the particle under investigation pos-
sesses a high contrast to the deuterated solvent used. In addition, chain-
deuterated d54-DMPC was investigated to examine the particles with an
internal membrane contrast. In general, two different techniques were
used to determine particle size and shape. The pair distance distribu-
tion function p(r) and the radius of gyration R of the particles were
determined from the model-independent Indirect Fourier Transforma-
tion (IFT) method [50-52]. In addition, the scattering data were fitted
using specific models to obtain detailed information about the particles
shape. Descriptions of the individual models as well as the assumptions
regarding sizes of the molecules and associated scattering length densi-
ties (S L Ds) are presented in detail in the Supplementary Material. The
program SASView was used for fitting [53].

SANS experiments were performed at the KWS-2 instrument at
the Heinz-Meier Leibnitz Zentrum (MLZ) in Garching (Munich, Ger-
many) [54]. The samples were filled into 2mm screw cap quartz cu-
vettes (Starna Scientific GmbH, Pfungstadt, Germany) and measured in
a 8-position thermostated Peltier sample holder. First, the samples were
heated step-wise from 10°C to 60 °C and cooled (again step-wise) to
10 °C afterwards. Between two temperatures fast heating/cooling rates
of ~ 20 °C/min were used. The equilibration time at each temperature
was 20 min. A g-range from 2:1073 A~ to 0.4 A~! was covered using a
neutron wavelength of 54 at sample-to-detector distances of 2m, 8 m,
and a neutron wavelength of 10 A at 20 m. The wavelength resolution
was AA/A =10%. Initial treatment of the 2D data was performed with
the software QtiKWS [55]. Absolute scale was obtained by using plexi-
glass as standard.
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Fig. 2. Ry as function of c,., in the samples with different x,.;, and dif-
ferent wpypc. Lines in the color of the data points link samples with the same
X qescins Whereas grey lines link samples with the same wpypc. Ry increases with
decreasing aescin content X,.;,, especially in the region of the cmc,.;, (high-
lighted in grey).

3. Results and discussion

Previous studies on mixed DMPC-aescin aggregates have shown that
the size of the bicelles, which are formed at temperatures well below
the lipid’s T,, and from aescin concentrations around cmc,.;, (cor-
responding to 6-7mol% at a lipid mass concentration of 15mg-mL™)
depends on the ratio of the lipids and the aescin molecules [38-40]. In
this study, special attention was paid to the completely reversible struc-
tural changes of the DMPC-aescin mixtures as a function of temperature
and its correlation with the lipid’s 7},,. First, the effect of dilution on the
bicelle size is evaluated.

3.1. Size increase of DMPC-aescin particles upon dilution as seen by PCS

The PCS method was exploited to determine the bicelle size at a de-
fined temperature well below T, pypc as function of both the DMPC
mass concentration wp,,pc and the aescin content x,qg.,. Therefore,
the hydrodynamic radius Ry for samples containing between 10 and
40 mol% aescin at initial wp,pc of 10 g/L was determined. Moreover,
the samples were diluted to lower wp,,pc (down to 0.5g/L) which
changes the lipid-aescin ratio in each bicelle as well as the absolute
aescin concentration c,.,. This is expected to result in a size increase
of the bicelles with a decrease of both wp s pc, and Xgegein-

The hydrodynamic radius Ry can be represented as a function of
various parameters. Fig. S1 in the Supplementary Material shows Ry as
a function of the DMPC mass concentration wp, pc (at different x,.qp,
see Fig. S1a)), as well as as a function of X, (for different wp,pc, see
Fig. S1b)). Since a correlation of Ry with the absolute aescin concen-
tration in the sample (c,.q;,) is to be established, a direct representation
of the dependence of Ry and c,., is also possible. This is shown in
Fig. 2. To connect the change in Ry with the critical micelle concentra-
tion of aescin (cmc,qyp,), in all figures cmcyeg g, is indicated by a grey
area/line. cmc e, in D,O-based phosphate buffer was determined by
measurement of the surface tension of aescin solutions at a tempera-
ture of 12°C (see Fig. S2). Table S1 additionally lists all parameters,
WpMPC> Xaescins Caescin @d Ry and additionally the polydispersity in-
dex PDIy, of each sample. The dependencies shown in Fig. S1 can also
be read from Fig. 2: data points with the same color mark samples with
the same x,..,. Additionally, data points connected with a grey line
denote samples with different x,..;, but constant wp;pc.

From the dependence of Ry and x,., (see Fig. S1a)), it can be
concluded that a reduction of x,., results in an increase in bicelle
size. This was also already found in an earlier work [40]. The number
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of aescin molecules per DMPC molecule (A/D) in each bicelle is re-
duced and therefore, fewer aescin molecules are available to form the
bicelle belt, which is why there are fewer, but larger bicelles overall. The
plot of Ry as a function of wp, pc for different x,q., (see Fig. S1b))
now additionally shows that a significant size increase, independent of
Xaescins ONLY 0occurs at Cpecein A CMCyegein OF below. From this, it can be
concluded that at ¢ > c¢mc,., there are enough aescin molecules avail-
able to form bicelles. This is a clear indication that only excess aescin is
available for the formation of bicelles; a basal concentration of aescin al-
ways remains in solution (theoretically present in the form of monomers
in solution in the concentration of approx. cmc,q.i,). When diluting the
entire sample, and thus reducing wp, pc and cyeqein, the number of ex-
cess aescin molecules available for bicelle formation is also reduced,
which leads to an increase in the bicelle size. Formation of bare bicelles
with monodisperse and narrow size distribution seems only to be possi-
ble at ¢ eqein > CMCqeqcin, Which is supported by the high polydispersities
PDIg, which were found at aescin concentrations around ¢mc,eqcin-

In the following, structural size and shape changes upon heating
and cooling will be investigated in comparison to the observed dilu-
tion effect. Only the samples with the initial wpype of 10g-L! were
investigated, because these samples show structures with a very low
polydispersity of only 7-11 % and are most suitable for SANS measure-
ments due to the comparably high wpypc. It is expected that structural
changes upon heating/cooling accompanied with a change of the phase
state of the continuous DMPC bilayer also modify the DMPC-aescin ratio
in the bicelles due to solubility effects.

3.2. Turbidimetry measurements reveal hysteresis of the structural
rearrangement upon cooling

Turbidimetry can be used to estimate the size changes of the DMPC-
aescin particles, e.g. as a function of temperature, because the detected
optical density OD roughly correlates with the particle size [49]. Here,
this method is used while continuously and repeatedly heating and cool-
ing the samples and correlating the temperature-dependent O D evolu-
tion with the 7, of the lipid used. To establish a direct correlation with
T,,, additional to the conventional DMPC the chain-deuterated analog
d54-DMPC was used. The specific T,,-values of both lipids were ex-
tracted from the temperature-dependent turbidity change of DMPC as
well as d54-DMPC SUVs (see Fig. S3). Therefore, the OD is converted
into a degree of conversion and the derivative thereof yields both T,
values. Since T, 454.pmpc is about 4 °C lower compared to T, pypcs T
correlated structural changes of the DMPC-/d54-DMPC-aescin systems
can clearly be distinguished.

Only samples with w454 )pypc = 10 g-L~! were investigated to di-
rectly compare the results obtained from turbidimetry with results from
neutron scattering later on. Three representative samples were cho-
sen: one With Cyeqein & CMCyeqein (10mol% aescin), one with c¢,qqi, >
CMCaesein (30mol% aescin) and one sample in between still showing
pronounced structural changes (16 mol% aescin). All samples were re-
peatedly measured in a temperature range between 10 and ~70 °C and
changes in OD are viewed at a wavelength of 400 nm. At this wave-
length, none of the substances shows absorption (see Fig. S4). There-
fore, O D-changes can directly be correlated with structure-related size
changes of the lipid-aescin particles.

Fig. 3 shows the continuous O D(T')-profiles for all x,e., and both
lipids, DMPC and d54-DMPC with the T, values indicated each. The data
correspond to one consecutive heating and cooling cycle. For the sam-
ples containing 30 mol% aescin a temperature dependence of the OD
cannot be observed for both lipids. Due to the very high aescin-DMPC
ratio, increasing the temperature — and thereby potentially reducing
A/ D because of the increased solubility of aescin in the aqueous solu-
tion — might lead to a size change, which, however, is not detectable
by turbidimetry. This is supported by the results of a recent NMR study
performed on exactly this system [56]. It was shown that a reversible
temperature-dependent progression takes place which mainly involves
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Fig. 3. OD in dependence on the temperature for samples with (a) DMPC and (b) d54-DMPC with aescin contents of 10, 16 and 30 mol% aescin. The samples were
heated and cooled with a heating/cooling rate of ~ 40 °C/min. For samples with lower aescin contents (10 and 16 mol% aescin) a reconversion around the lipid’s
T,, can be observed, as indicated by the vertical grey line. The sample with 30 mol% does not show a temperature dependence detectable by turbidimetry.

fast processes such as rearrangements of the rim and/or dissolved aescin
molecules taking place within individual bicelles. Here, the removal of
aescin molecules from the particles was not a dominant factor. For the
samples containing 10 and 16 mol% aescin, upon temperature increase
a similar behavior is observed: well above T,, of the lipid, the OD in-
creases until it reaches a plateau. At highest temperature (~ 70 °C) the
samples were equilibrated for one hour and the OD increases although
a plateau was reached before and the temperature is kept constant. Such
an increase was observed reproducibly. However, a structural rearrange-
ment during equilibration could not be confirmed by subsequent SANS
measurements so that only assumptions could be made about the back-
ground process underlying this observation.

When decreasing 7', the samples with 10 and 16 mol% each show
a characteristic decline to the original, very low OD. For the sample
with 16 mol% aescin, a three-step-like reconversion process was ob-
served for both lipids (DMPC and d54-DMPC), whereby the first step
occurs above T,,, the second at ~ T, and the last well below T,, of the
lipid. Since the behavior is very similar for both lipids, a coherence of
the reconversion process with the lipid’s 7, is indicated. For the sample
containing 10 mol% aescin, the decline to low OD occurs in one very
steep step taking place ~5 °C below the lipid’s T,,, again very clearly in-
dicating a correlation with the lipid’s 7},. For this sample it looks like it
is approaching a trapped state with decreasing temperature, which spon-
taneously decomposes back to small bicelles when the lipid is present
solely in the solid/crystalline state. Formation of a trapped state is again
supported by the results of the NMR study [56]. Close inspection shows
that also for the sample with 16 mol% aescin this is the final step of the
reconversion process. In Fig. S5, the O D(T')-profiles for the samples con-
taining 10 and 16 mol% aescin are again compared, showing the very
similar general O D-trace and moreover highlighting the shift in temper-
ature especially for the cooling period. This shows on the one hand that
the general behavior of the system is not significantly influenced by the
deuteration of the lipid. On the other hand, the structural rearrange-
ment, especially during cooling, seems to be related to the lipid’s T,
since the reduction of the OD to the initial value takes place in a very
narrow temperature range with an equal offset relative to 7,, ((4.3 +
0.2) °C for DMPC and (5.0 + 0.3) °C for d54-DMPC). All measurements
were performed at a constant heating/cooling rate. We would like to
point out that the general temperature-dependent process is indepen-
dent of the cooling rate used in this experiment. However, a slight shift
in the effective transition temperature may occur depending on the heat-
ing/cooling rate, which can be explained by the different time periods
for the system to respond to the temperature changes (see Fig. S6).
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3.3. Small-angle neutron scattering (SANS): structures involved in the
temperature-dependent rearrangement process

3.3.1. Model description and characterization of the
(d54-)DMPC-reference system

To quantify the structures underlying the transitions observed by
turbidimetry and to correlate these with the O D(T')-behavior as well as
the correlation of the reconversion process with the lipid’s T,,, SANS ex-
periments were performed on samples with ws4.ypypc =108-L~! and
aescin amounts of 10, 16 and 30 mol% in a temperature range between
10 and 60 °C in steps of 5 °C. A fast heating rate between two different
temperatures (at least 20 °C/min) was chosen to become independent
of aggregation effects on the membrane scale. To illustrate such heating
rate-dependent effects additional small-angle X-ray scattering (SAXS)
experiments were performed. The respective results are shown in the
Supplementary Material (among others in Fig. S7).

Previous investigations on the aescin-DMPC system showed that at
Caescin > CMCaesein and T < T, the continuous DMPC bilayer is entirely
solubilized by the aescin molecules into mixed bicelles. Upon increasing
the temperature, these bicelles combine to form larger sheet structures,
with their rims stabilized by aescin molecules. [39,40]. Also formation
of mixed DMPC-aescin vesicles seemed possible at elevated tempera-
tures. For that reason, three different models were used to describe the
SANS data obtained from the mixed aescin-DMPC system and to derive
size information about the underlying structures: the core-shell bicelle
model (CSB) to describe the bicellar structures (Fig. 4(a)), the core-shell
parallelepiped model (CSPE) to describe the sheet structures (Fig. 4(b)),
and the core multi shell sphere model with three shells (CMS) to describe
the SUV structures (Fig. 4(c)). The last model is also used to describe the
reference SUVs composed of only (d54-)DMPC. All models are provided
by the small-angle scattering analysis software package SASView [53]
and descriptions concerning the size and contrast parameters, the latter
expressed by the neutron scattering length density N.SLD contained
in the respective models, and assumptions made during fitting can be
found in the Supplementary Material (e.g. in Table S2).

Here, first the SUV reference systems fabricated of each lipid, DMPC
and d54-DMPC, are considered with the final aim to determine the T},
value for each lipid system to relate these values to the structural transi-
tions in the mixed DMPC-aescin system. For this, the SANS signals of the
DMPC- and d54-DMPC SUVs were recorded in a temperature range be-
tween 10 and 60 °C (see Fig. S8) and fitted by the CMS model. Thereby,
the fitting procedure was based on previous work [57,58,42]. The fit
parameters are summarized in Table S3. Due to the different contrast of
H- and D-atoms, the data of d54-DMPC-SUVs show a significant intra-
membrane head-tail contrast whereas this is absent for the DMPC-SUVs.
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Fig. 5. SANS curves of (a) DMPC and (b) d54-DMPC containing different amounts of aescin at a temperature of 10 °C. Solid lines are fits with the CSB model from

SASView [53]. The fit parameters are summarized in Table 1.

N S LD-profiles of the (d54-)DMPC-membrane were derived from CMS-
fitting and are shown as a function of the distance from the middle of
the bilayer in Fig. S9.

The CMS-fit yields the core radius Ry cums, its polydispersity
6(Reore,cms) @nd the thickness of the lipid’s tail part #; qys which is
convertible into the total membrane thickness #\; qys- For d54-DMPC,
moreover the polydispersity of the tail thickness o(#; qys) was deter-
mined. The mentioned as well as further fit parameters such as NSLD
values are summarized in Table S3. In Fig. S10, fy; cys is plotted as a
function of temperature 7' and from a sigmoidal fit the T,,-values for
both lipids were determined. In concordance with previous turbidimetry
measurements, T, 454 pypc =20.1 + 1.1°C is significantly lower than
T, asa-pmpc =25.8 £ 0.9°C.

3.3.2. Characterization of DMPC-aescin bicelles at T<T,,

The mixed DMPC-aescin system was also measured in a temperature-
dependent manner to follow the structural changes upon heating and
cooling, and to correlate these changes to the lipid’s 7,,. Here, first the
particles present at T' < T}, were focused. The SANS data for both lipids
and all x,..;, are displayed in Fig. 5(a) for conventional DMPC and (b)
for chain-deuterated d54-DMPC. Again, the effect of chain deuteration
becomes visible in the pronounced scattering contribution of the phos-
pholipid bilayer at high ¢ around ~ 0.15A"!. Prior PCS measurements
showed the presence of very small and monodisperse particles (compare
Fig. 2 and Table S1) which correspond to mixed bicelle structures. To
gain precise information about the bicelle size parameters the data were
fitted with the CSB-model (see solid lines in Fig. 5), which is similar to
a model used in previous work to describe these structures [39,40]. The
CSB fit parameters, namely the bicelle radius Rcgg with its polydisper-
sity o(Rcgp), the thickness of the inner tail part #; osp and hence the total
membrane thickness #); csp as well as the thickness of the aescins head
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8roUp I (zescin) csp» are summarized in Table 1, corresponding NSLD
values are shown in Table S4. For all samples a good agreement of
the experimental data and the CSB model is found. For both lipids, the
results again confirm that higher amounts of aescin lead to smaller bi-
celles, which is in agreement with earlier work [39]. In general, the
very similar results for both lipids indicate that the overall system is not
significantly modified by the partial deuteration of the lipid.

In the fit procedure, the thickness of the aescin head groups
Th(aescin),csp Was not fixed. The aim was to use the results as reason-
able values for further evaluation. }(escin),csp increases with increasing
Xgescin and the obtained values of ~14 A are in the same range as the
value obtained by Penfold et al. [59]. The increase of }(aescin),csp Might
result from the decrease of the bicelle size with increasing x s, and
therewith an increasing angle between neighboring aescin molecules.
The penetration of the aescin molecules into the lipid bilayer might
therefore be hindered at high x,..,. Based on the results obtained,
Th(aescin),csp 1S fixed to a value of 14A in the further fitting procedure.
The scattering data of d54-DMPC shows an upturn at low scattering
angles, which might arise from weak aggregation effects. These effects
do not influence the whole temperature-dependent transition process
significantly (see comparison for DMPC and d54-DMPC in Fig. 3).

3.3.3. Characterization of DMPC-aescin structures after increase of T
above T,,

To investigate the structural change after T-increase (especially
above T};)), scattering curves of all aescin containing samples as well
as the reference SUVs for both lipids are shown for a temperature of
35°C in Fig. 6. The main structural rearrangement occurs around and
slightly above the lipid’s T}, (compare Fig. 3) and scattering curves at
35°C are representative for all temperatures well above T, (compare
Fig. S11-S17 showing the full data sets). The data in Fig. 6 are fitted by
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Table 1
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Summary of fit parameters obtained from CSB model to scattering data at 10 °C. The param-
eters are the bicelle radius R¢g and its polydispersity 6(Rcgg), the thickness of the inner tail
parts 7, cgp, the total membrane thickness #y; osp, the thickness of the DMPC head group #, csp
(fixed to a constant value), and the thickness of the aescins head group #;(esciny,csp- Corre-
sponding NS LD values can be found in Table S4.

Xaescin / MOI%  DMPC d54-DMPC
10 16 30 10 16 30
Resp / A 141.7+0.5 76.5+0.2 44.6 +0.2 114.7+2.3 84.4+1.5 38.9+0.5
o(Regp) / % 15.3+0.4 10.5+0.4 9.1+0.4 20.8+0.7 24.6+0.6 27.3+0.7
tcss / A 20.3+0.1  28.74#0.1 27.7+0.2 332403  33.3+0.3 33.5:0.4
twcss / A 47.3+0.1 467401 45702  51.240.3  51.3+0.3 51.5+0.4
thcss /. A 9.0+0.1 9.0+0.1 9.0+0.1 9.0+0.1 9.0+0.1 9.0+0.1
fhescmcss /A 10.2£0.6  13.4+0.3  13.7#0.1  10.5%0.4  12.040.4 153203
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Fig. 6. SANS curves of (a) DMPC and (b) d54-DMPC containing different amounts of aescin at a temperature of 35 °C. The scattering data was approximated by the
CMS, CSPE and CSB models from SASView [53,60]. Fit parameters for all models are given in Table S5/S6. Grey arrows mark form factor minima of the sample

containing 10 mol% aescin.

the models presented in Fig. 4 and all fit parameters are summarized in
Table S5 for DMPC and Table S6 for d54-DMPC. As already shown, the
reference system could be nicely fitted by the CMS model irrespective
of T and yielded SUV particles with a core radius of R e cms = 250 A,
but with a high polydispersity resulting from the preparation procedure.
Fig. 6 now reveals the shapes of the aescin-containing samples present
atT>T,.

The samples with the highest x,., investigated (30 mol%) under-
went a rather small structural change, as the SANS data is still similar
to the data obtained at 10°C (see Fig. 5). This is in line with results
from turbidimetry as well as NMR from a preceding study [56]. The
data is still representable by the CSB model but the particles do not
strictly have to possess a spherical base shape anymore, which is why
the CSPE model was applied as an alternative model. This model was
previously used to describe elongated DMPC-aescin particles [40]. It de-
scribes the hydrophobic part of a DMPC membrane that is spanned by a
rectangle with side lengths 1 cgpp and ¢ cspp (compare Fig. 4(b)). The
height corresponds to two times the lipid chain length and is described
by 75 cspE = r,cspe- The lipid head groups are additionally considered
by #, cspe- The entire lipid membrane is from the outside surrounded
by an aescin belt, which is characterized by the thickness },,eqcin),cspE-
The agreement of the data with the CSPE fit was indeed slightly bet-
ter compared to the CSB model and the sheet areas obtained from
fitting clearly indicate that the particles elongate in a preferred direc-
tion, maybe due to migration of aescin molecules from the rim into
the bilayer. The sheet area of the DMPC-based systems is &~ 64x177 A2
(~ 11300 A2) and a value of ~ 62x235A2 (~ 14600 A2) was obtained
for the d54-DMPC-based system. In comparison with the bicelle size of
these samples at 10 °C (Rcsppmpg) ~ 45A (ground area ~ 6400 A2)
and Respdsa-pmpc) X 394 (ground area ~ 4800 A2)) the aggregates in-
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creased their size by a factor of 2-3. In SANS, this size change is clearly
detectable, whereas turbidimetry is not sensitive enough to detect this
size change.

It is expected that also the samples with x,..;, =10 and 16 mol% can
be represented by the CSPE model at T > T,,. Due to the lower A/D-
ratio in the bicelles and the overall lower c,¢,, the formation of much
larger sheets is expected due to fusion of several bicelles, induced by
a slow removal process of aescin molecules from the bicelle rim [56].
Hence, first the sample with x ..., =16 mol% was approximated by the
CSPE model (see Fig. 6(a) for DMPC and (b) for d54-DMPC). In the case
of d54-DMPC, the agreement of the model fit with the scattering data
is good and a highly asymmetric sheet with an area of ~950x1850 A2
is determined. For conventional DMPC a deviation of the experimental
data from the CSPE fit is observed and in this case a combination of the
CSPE and CSB model is necessary to fit the data adequately. The share
of bicellar structures is still ~ 66 %. Such a behavior was not expected,
but literature reported that a coexistence of more than one shape of
aggregate is possible [12]. Inhomogeneities in the sample might have
caused that not all structures have undergone the same transition. The
CSPE share of the fit showed an area of ~1650x1864 1‘_’\2’ which is less
asymmetric compared the d54-DMPC system. Here, it has to be kept in
mind that the results are most probably influenced by the high share of
bicelles present.

The scattering data of the sample containing 10 mol% aescin can
as well be approximated by the CSPE model, but the appearance of a
form factor minimum at low ¢ (in the case of the deuterated lipid even
several oscillations were observed) indicates the presence of (monodis-
perse) SUV structures. A closure to SUVs was also described in litera-
ture [61,62,42]. For this reason, here also the CMS model was applied.
CSPE fits yield lamellar sheets with an area of ~1300x1500 A2 for DMPC
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Fig. 7. SANS curves of (a) DMPC and (b) d54-DMPC containing an aescin amount x
while cooling the samples step-wise. Solid lines are fits with the CSPE model from SASView [60,53]. All fit parameters are summarized in Table S7.

and ~1100x1300 A2 for d54-DMPC. Hence, the underlying sheets are
rather symmetric, which is why closure to vesicles seems reasonable.
The favored closure to vesicular structures at lower surfactant contents
is also in concordance with a study of Nieh et al. [15] and the obtained
sizes from the CSPE model fit well with the diameter of the SUVs deter-
mined from the CMS fit (2000-3000 A) which is another clear hint for
the closure to SUV structures.

By model-dependent evaluation of exemplary SANS data of samples
containing conventional DMPC as well as d54-DMPC with aescin con-
tents Xueqin Of 0, 10, 16 and 30mol% we have shown that different
structures are involved in the temperature-dependent structural phase
behavior. Most of the structures adopted by the aescin-DMPC systems
were representable by a sheet structure and therewith by the CSPE
model. So far the samples were only investigated during the heating
process. Therefore, the aim of the next subsection is to correlate the
structural transition while cooling with the lipid’s 7,,,.

3.3.4. Proof of correlation of SUV/sheet-to-bicelle transition with the
lipid’s T,

Referring to the behavior observed in the turbidimetry experiment
(Fig. 3), the sample containing 10 mol% aescin reconverts in a very nar-
row T,,-correlated one-step mechanism back to bicellar structures. SANS
further showed that for this sample at T > T,, extended sheets or SUVs
structures are present. The reconversion process will now be followed
by SANS and as well related to the T,,-values of the lipids which were
determined before (compare Fig. S10). The SANS data for the sample
containing 10 mol% aescin recorded during step-wise cooling from 27.5
to 10 °C for both, (a) DMPC and (b) d54-DMPC, are shown in Fig. 7.

As expressed by turbidimetry, also the step-wise recorded SANS data
show a one-step reconversion back to small bicelles upon cooling. For
both lipids, first hardly any changes in the scattering data can be ob-
served upon cooling, even beyond the lipid’s T,, (see T,,-related color
encoding in Fig. 7). But, for both lipids again a clear shift in the recon-
version temperature is detected. Hence, besides by turbidimetry the pro-
posed correlation is proven by another independent method. Moreover,
the correlation was even observable though two different approaches
concerning the heating and cooling process were applied. Whereas in
turbidimetry a continuous temperature profile was used, in SANS dis-
crete steps of heating/cooling were used. Doing that, in addition we
were able to prove that the correlation with the lipid’s 7}, is not a heat-
ing rate-dependent artifact (see also Fig. S6).

The scattering data were fitted with the CSPE model (blue and green
lines in Fig. 7) and all fit parameters are summarized in Table S7. Similar
as for a temperature of 35 °C in the heating cycle an extended lipid sheet
with an approximate size of 1400x2000 A2 is still present in the cooling
cycle. With decreasing T, the size of these sheets decreases slightly and
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of 10 mol%. Data are shown for several temperatures around the lipid’s T,

aescin

the asymmetry increases. Interestingly, the decomposition into small, al-
most circular free standing bilayers with areas of ~ 170x280 A does not
take place in a continuous process upon cooling. The A/ D-ratio does not
increase continuously in the sheet structures with decreasing 7. Hence,
the formation of bicelles does not take place in a step-wise process (no
sequential splitting off of bicelle structures from the parent sheet struc-
ture). More likely, the reconversion seems to be hindered until a certain
critical temperature is reached, at which the formation of bicelle struc-
tures is spontaneously possible again. The formation of an energetically
trapped state is supported by NMR and a correlation with the lipid’s T,
seems reasonable since 2D NOESY measurements stated that the bicelle
formation in the DMPC-aescin system is controlled by interactions of
DMPC and aescin within the hydrophobic membrane part [56].

A feature in the data for conventional DMPC also indicates formation
of a trapped state. For the DMPC system a bump/peak in the scatter-
ing curve shows up at ¢ ~0.03A! for temperatures at which still sheet
structures are present (down to 22.5 °C). For d54-DMPC, this feature is
most probably not visible due to the head-tail contrast decreasing the
scattering intensity in the mentioned g-range. The bump shifts to lower
g-values with decreasing T (grey arrows in Fig. 7(a)), and a correlated
membrane structure might be the reason for this bump [38]. Of course,
a concrete structure at the molecular level cannot be proposed based on
these data, but the following scenario seems possible: the decrease in T’
leads to a reduced solubility of the aescin molecules in the aqueous so-
lution. It has previously been shown that the interaction of aescin with
DMPC occurs mainly in the hydrophobic region of the membrane [56]
and the interaction seems to be strongly enhanced if the membrane is
present in the solid/crystalline phase. However, a directed interaction,
which results in the formation of an aescin belt after penetration of
aescin into the DMPC bilayer (and partly also demixing effects in the
membrane), is only possible when the membrane entirely adopts the
solid phase. This is only the case at a temperature significantly below
T,, [63]. Therefore, it seems possible that the aescin molecules assemble
on top/bottom of the large membrane fragments, which can lead to the
formation of stacked membranes with 2-3 layers. When decreasing T,
the continuous lipid membrane stiffens, leading to an increased mem-
brane thickness and hence to a shift of the bump in the scattering data.
After a significant part of the large membrane is present in the solid
phase, penetration of the membrane by aescin molecules becomes pos-
sible, which leads to the abrupt formation of bicelles. In order to obtain
a more accurate structural picture, further independent investigations
would definitely have to be carried out.
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Fig. 8. Radius of gyration R derived from SANS data obtained via the IFT method for samples with different x,.;, prepared with (a) conventional DMPC and
(b) chain-deuterated d54-DMPC. Corresponding approximations to the scattering curves are shown in Figs. S10-16. Grey vertical bars denote the corresponding

phospholipid’s T}, values (compare Fig. S9).

3.3.5. Model-independent evaluation: global size determination by IFT
analysis - summary of temperature-dependent phase behavior

As seen previously, not all data can be adequately described by a
single model, which means that a uniform parameter capable of char-
acterizing the size of all found structures is absent. For this reason, an
additional model-independent evaluation was carried out, which also
included all measured SANS data and should provide a result analo-
gous to the turbidimetry measurements. The model-independent Indi-
rect Fourier Transformation (IFT) method was applied to derive the par-
ticle size in terms of the radius of gyration Rg. First, the p(r)-functions
were determined from IFT (see Fig. S11-S17) and out of these the respec-
tive Rg was calculated (see Equation S4) [52,64]. The shape of the p(r)
functions nicely supports the results obtained from model-dependent fit-
ting. The evaluation procedure as well as discussion of the p(r)-functions
can be found in the Supplementary Material.

Fig. 8 shows the R values as a function of T' while heating and sub-
sequent cooling together with the 7, -values of both lipids (grey bars).
A correlation of the size changes with T, is also visible in this case. As
mentioned before, contrary to the turbidimetry measurements, for the
samples with 30 mol% aescin a size change becomes visible. For both
lipids, bicelles with Rg1qo¢c ~ 45-55 A are present at low temperature,
which enlarge at high temperature to Rg ¢ values of ~ 93-96 A In
contrast to the samples with lower x,.., a hysteresis effect is not found
for the sample with 30 mol% aescin and the main size changes occur
at T > T,,, independent of the lipid used. These structural changes will
mostly originate from fast intra-particle rearrangements of the aescin
molecules [56].

For the samples containing 10 and 16 mol% aescin, hysteresis can
be observed, which is much more pronounced at the lower aescin con-
tent. As discussed already for the sample containing 10 mol% aescin for
Fig. 7, the formation of solely bicelles is only possible if the lipid adapts
a well-defined rigid phase. Due to the shift of the reconversion process to
lower T for d54-DMPC, here again, the correlation of the structural re-
organization with T, is evidenced. For the sample containing 16 mol%
aescin the two-step decomposition concluded from turbidimetry is in-
dicated (compare Fig. 3). The step at lower temperature is only hardly
visible due to the low number of data points in this T-region. This two-
step reconversion again indicates that the behavior of the sample with
16 mol% lies in between the two extremes, namely the full conversion
of bicelles to large sheets/vesicles at 10 mol% and the weak elongation
of the bicelles at 30 mol% aescin.
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3.4. Classification of the results of this study in the context of other
publications

In this section, we would like to place the results of this study in a sci-
entific context and compare them with previous publications. In general,
the behavior of the system investigated here follows the accepted three-
stage model [7-11]. The structures present under the conditions inves-
tigated are located in the middle of the phase diagram (second stage),
which was proposed as a function of the detergent concentration un-
der otherwise constant conditions (e.g. T = const.). Therefore, the DMPC
membrane is saturated with aescin molecules and hence is dissolved into
membrane fragments. This happens because c,oqin > CMCyesein apPplies
and aescin itself tends to assemble at curved interfaces due to its pack-
ing parameter [10,12]. With increasing x,.;,, the size of the bicelle
structures becomes smaller because more aescin molecules are avail-
able to cover the rim of the bicelles. With further increase of c,.;,, the
DMPC-aescin aggregates would become more and more similar to pure
aescin micelles.

Aescin itself forms micelles at ¢ oy, > cMCyeqcin and the structure of
these micelles depends slightly on the temperature. At T =10 °C (corre-
sponding to T' < T,, pvpc) @ rod-like structure is present, which changes
into an elliptical shape at a temperature of T'=50 °C (corresponding to
T > T,y pmpc) [28]. In these rod-like structures, the aescin molecules
form a large angle between each other. This is also the case in the bi-
celle structures, in which the aescin molecules are mainly found at the
rim. The arrangement of the aescin molecules in the bicelles is there-
fore similar to that in the pure micellar structures. Incorporation into
the continuous DMPC membrane cannot be ruled out but does not seem
to be energetically preferred.

The structures described so far and the systematics depending on
the detergent concentration can be found in many detergent-lipid sys-
tems [42,1,25,65]. As the temperature increases, the bicelle structures
enlarge to form extended lipid sheets or even closed vesicles. This struc-
tural transformation is due to different factors: as the temperature in-
creases, the solubility of the aescin in solution increases and aescin
molecules are removed from the bicelle structures. In addition, the mis-
cibility of the aescin molecules in the DMPC membrane increases, which
is why some of the aescin molecules might migrate from the edge of
the bicelle into the continuous DMPC bilayer [56]. Finally, the prefer-
ence of aescin molecules to adopt an arrangement with a smaller bond
angle at higher T' could also have an influence on the structural re-
arrangement. Which type of aggregates (bicelles, extended sheets) are
formed depends on the equilibrium of the miscibility of lipid and deter-
gent and the lipids membrane rigidity [66,67]. Similarly, the closure of
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large sheets into vesicles depends on the balance between bending rigid-
ity and line tension [68]. In the case of the sample containing 10 mol%
aescin, the line tension predominates over the bending rigidity, which
leads to the formation of closed vesicles.

The formation of lipid sheets or vesicles upon T elevation was
also observed for different detergent-lipid systems, such as a mix-
ture of DMPC and the short-chain lipid 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) [18,69] or octaethyleneglycol mono-n-dode-
cylether (C;,Eg) [43,44]. Similar observations were also made for
a system of melittin, an amphipathic peptide, and the lipid 1,2-di-
hexadecanoyl-sn-glycero-3-phosphocholine (DPPC) [45] or DPPC and
dihexanoyl-phosphatidylcholine, and dipalmitoyl-phosphatidylglycerol
[70]. In all systems, structural changes occurred mainly in the range
of T,, or were mostly completed above/below T, of the lipid used. In
the case of aescin, the interaction between detergent and lipid mainly
takes place in the hydrophobic membrane region [56], which is why a
dependence of the structure formation on 7, is not surprising. For the
system of melittin and DMPC, as for the system investigated here, it was
also found that the structural change is less pronounced the higher the
concentration of detergent is [45].

In addition to the system investigated in this work, one other study
focused on the reversibility of the structural transformation upon T -
change. The amyloid-beta peptide (Af) was mixed with DMPC or DPPC
and a transition from discoidal bicelle-like structures to SUVs was ob-
served in multiple repetitions upon increasing/decreasing the tempera-
ture above 7, [71,46]. The largest change in the structure occurs in the
range of T,, and no hysteresis effect is observed [46]. The reconversion
of the vesicles to bicellular structures can be explained by the reversal
of the effects mentioned above. Hence, the special feature of the study
at hand is definitely the strong hysteresis effect that occurs for the sam-
ple with 10 mol% aescin. As already discussed above, this can probably
be explained by an energetically trapped state in which different pro-
cesses compete with each other: the reduced solubility of aescin in the
aqueous solution due to T'-reduction enforces an incorporation of aescin
into the bicelles, but an ordered assembly of the aescin molecules at the
edge of these structures is only spontaneously possible when large parts
of the DMPC membrane have adopted the crystalline phase.

4. Conclusion

In this work, the significantly lowered T}, 4s4.pmpc value of chain-
deuterated d54-DMPC (x5 °C lower than Ty, pypc) was used to relate the
structural reorganization of DMPC-aescin mixtures with aescin contents
between 10 and 30 mol% to the lipid’s phase transition. To our knowl-
edge, this is the first study exploiting the shifted 7,, of a deuterated lipid
for correlation with a T-dependent structural reorganization of a lipid-
based system. First, the enlargement of the bicelle structures, present at
T < Ty, was studied by dilution experiments and it was shown that a
dilution of the samples to aescin concentrations below cmc e, leads to
an increase of the size as well as the polydispersity of the aggregates,
both caused by the removal of aescin molecules from the aggregates.

Temperature-dependent turbidimetry as well as SANS measurements
showed that the overall behavior of the samples stays unaffected by
the deuteration of the lipid and in all cases at temperatures well below
T, the formation of bicelles rim-stabilized by aescin molecules is con-
firmed. Upon heating to T' > T, an extension of the bicelles in one pre-
ferred dimension was evidenced by model-dependent fitting. Whereas
the enlargement of the bicelles is comparably small for very high aescin
contents (30 mol%), significantly larger sheets are formed above T}, for
intermediate aescin contents (16 mol%). The asymmetry of the sheets
is lost for larger sheet sizes (and thus lower aescin content) with side
lengths of ~1000A. Hence, the closure of the sheets to vesicle struc-
tures is possible and is indeed proven by SANS measurements of DMPC-
and d54-DMPC-based particles with an aescin content of 10 mol%.

The full reversibility of the reorganization processes was shown by
performing consecutive heating-cooling cycles. A strong hysteresis was
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found in case of a low aescin content (especially 10 mol%), and therefore
only in the case of the decomposition of extended sheets/vesicles upon
temperature decrease. A complete conversion into large lipid sheets
or closed vesicles at high temperature seems therefore to be the pre-
requisite for the observed hysteresis during cooling. The utilization of
DMPC and d54-DMPC has proven the direct relation of the temperature-
induced decomposition with the phospholipid’s T},,. The final decrease
of the temperature well below T, seems to facilitate a strong interac-
tion of DMPC and aescin, resulting in the recovery of bicelles. Since the
decomposition occurs in a steep one-step process formation of a trapped
state, originating from the interactions of aescin and DMPC in the hy-
drophobic membrane region, seems likely. Contrary, the sample with
the highest aescin content (30 mol%) showed only a small enlargement
of the bicelles upon temperature increase and moreover no indication
of hysteresis. For mid aescin concentrations, a combination of both ex-
tremes - the closure to vesicles and the weakly pronounced elongation
in a preferred dimension - was observed, indicating that the whole struc-
tural conversion related to an increasing aescin content is continuous.
The interactions between a lipid and a detergent, e.g. a saponin, are
complex and, to our knowledge, such strong hysteresis effects, espe-
cially accompanied by the formation of a trapped state have not been
reported before.
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