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Disc-like lipid nanoparticles stabilized by saponin biosurfactants display fascinating properties, including their
temperature-driven re-organization. p-Aescin, a saponin from seed extract of the horse chestnut tree, shows
strong interactions with lipid membranes and has gained interest due to its beneficial therapeutic implications as
well as its ability to decompose continuous lipid membranes into size-tuneable discoidal nanoparticles. Here, we
characterize lipid nanoparticles formed by aescin and the phospholipid 1,2-dimyristoyl-sn-glycero-3-phos-

phocholine. We present site-resolved insights into central molecular interactions and their modulations by
temperature and aescin content. Using the membrane protein bacteriorhodopsin, we additionally demonstrate
that, under defined conditions, aescin-lipid discs can accommodate medium-sized transmembrane proteins. Our
data reveal the general capability of this fascinating system to generate size-tuneable aescin-lipid-protein par-
ticles, opening the road for further applications in biochemical, biophysical and structural studies.

1. Introduction

Aescin, also called escin, is an isomeric mixture of a- and p-triterpene
saponins obtained from the extract of the seeds of the horse chestnut tree
Aesculus hippocastanum [1-4]. It was reported that p-aescin has
anti-inflammatory, anti-oedematous, and venotonic properties, as well
as antifungal and antibacterial activity. Therefore, it has emerged as an
active component in the treatment of heart failure, varicose veins,
haemorrhoids, diarrhea, fever, cancer, and rheumatism [4-10]. Part of
the biological activity of p-aescin may involve its interaction with bio-
logical membranes, which in turn is related to its molecular structure

comprising a hydrophilic head group composed of two glucose mole-
cules and a glucuronic acid attached to a hydrophobic triterpenic
backbone (see Fig. 1a) [7,11]. This amphiphilic structure leads to sur-
face activity and formation of -aescin micelles above a critical micelle
concentration [11]. Moreover, its molecular structure is the reason for
the interaction of aescin with lipid membranes, which, at low aescin
content, induces a change of the membrane elasticity due to aescin
incorporation into the lipid matrix [12]. With increasing aescin content
this incorporation further leads to aggregation of either intact vesicles or
large membrane fragments and ultimately to complete membrane sol-
ubilisation into disc-like nanoparticles [4,13-15]. Nanoparticle
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Fig. 1. ’H NMR spectra and NMR-temperature profiles of individual components. a) Chemical structure of p-aescin and its NMR spectrum. b) Chemical structure
and NMR spectrum of DMPC SUVs. Respective NMR resonance assignments are indicated for dominant peaks. NMR-temperature profiles of aescin (c) and DMPC SUVs
(d) measured between 10 °C and 50 °C under stepwise increasing temperatures followed by stepwise decreasing temperatures. NMR spectra in a) and b) reflect

respective spectra recorded at 40 °C (during the heating period).

formation of aescin with lipids has so far been investigated particularly
with regard to the zwitterionic phospholipid 1,2-dimyristoyl-sn-glycer-
o0-3-phosphocholine (DMPC). In these particles, the hydrophobic outer
edge of a circular-shaped DMPC membrane fragment is stabilized by a
layer of amphipathic aescin molecules. The resulting discoidal lipid
structures are known as bicelles or nanodiscs [12,16], which were not
found for DMPC alone at the respective temperatures [14].

Previous NMR studies using bicelles formed with DMPC lipids and
heterogeneous mixtures of saponins extracted from Quillaja Molina trees
have provided initial insights into the effects of saponins on the lipids,
and could further demonstrate that the system can be used to conve-
niently produce large bicelles that align in the magnetic field, enabling
specific NMR-based readouts such as residual dipolar couplings [17].
For the more homogenous and better-defined f-aescin system, previous
studies, predominantly using neutron, X-ray and light scattering, have
also revealed that aescin-lipid particle shape, stability and size are
correlated with the aescin:phospholipid ratio; likewise, it was found that
the interaction of p-aescin with lipid bilayers is highly dependent on the
lipid phase state and thus is temperature-dependent [4,12,14,15]. These
characteristics make p-aescin a promising candidate for the stabilization
of hydrophobic molecules, such as integral membrane proteins, within
the lipid membrane. Furthermore, aescin-lipid particles might also be of
interest in the context of drug delivery. While previous studies have used
scattering methods to obtain detailed insights into structural parameters
such as the global size and thickness of lipid and p-aescin layers [4,14,
15], information about the size-adaptation processes and the
aescin-lipid interactions on a molecular level is sparse.

Here, we provide a NMR-based characterization of p-aescin-lipid
mixtures and their complex temperature- and concentration-dependent
interactions to better understand the system on a molecular level. Using
bacteriorhodopsin (BR) as an established model system for

transmembrane proteins, we furthermore explore the possibilities of
using aescin-DMPC discoidal nanoparticles as a membrane-mimicking
environment. Our data demonstrate that aescin-DMPC discs are
indeed well-capable of stabilizing BR, while maintaining their general
features such as size-tunability and solubility; thus, highlighting the
potential of this intriguing system as an alternative platform to stabilize
membrane proteins.

2. Material & methods
2.1. Sample preparation

DMPC in chloroform stock (Avanti Polar Lipids. Inc (Alabaster, AL))
were dried under nitrogen flow to obtain a thin lipid film and subse-
quently stored under vacuum overnight for complete chloroform
removal. Then, the dry film was hydrated by a previously prepared
B-aescin solution at the desired f-aescin concentration dissolved in
50 mM phosphate buffer at pH 7.4. All prepared samples had the final
DMPC mass concentration of w(DMPC) = 15 g/L, while the p-aescin
content ranges from 0 to 30 mol% with respect to DMPC. The saponin
B-aescin was obtained from Sigma Aldrich (>95 %, CAS-number
6805-41-0, Munich, Germany). The samples were exposed to five
freeze-thaw cycles in liquid nitrogen and warm water (well above Ty,
pmpc = 24 °C). DMPC small unilamellar vesicles (SUVs) were prepared
by extrusion through 100 nm pore diameter membranes (Avanti Polar
Lipids, Inc.) at 35 °C and the aescin-DMPC bicelles were formed by self-
assembly when the p-aescin content exceeds 7 mol%.

2.2. Dynamic light scattering

The bicelles’ hydrodynamic diameters were analysed by dynamic
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Fig. 2. NMR-temperature profiles showing complex transitions and asymmetric features for different aescin-DMPC mixtures. Spectra were recorded as in
Fig. 1c,d, but using aescin-DMPC mixtures at indicated molar fractions of aescin. Selected features are highlighted with different colours including the occurrence of a
distinct state only present at 7 mol% aescin (purple area), (exchange) processes leading to signal intensity losses (green areas), and asymmetric features indicative of

energetically trapped states (dotted green lines, see text for more details).

light scattering (DLS) using a Zetasizer Nano-ZS device (Malvern Sys-
tems, Worcestershire, UK) equipped with a laser source of wavelength 1
= 633 nm. All samples were measured in 10 mm diameter polystyrene
cuvettes at 25 °C. The number-average diameter results were obtained
and processed in Zetasizer Software v8.02. All samples were centrifuged
for 25 min at 12500x g prior to measurements to remove precipitates.
Aescin-DMPC-BR particles assembled at a ratio of 7 mol% f-aescin
showed noticeable turbidity even after centrifugation rendering DLS
data for this ratio less reliable.

2.3. NMR analysis

All 1D and 2D 'H spectra were recorded on a 600 MHz Bruker
Avance ITI HD" spectrometer. All nanoparticle samples were measured
in the same buffer (50 mM sodium phosphate pH 7.4 90 % H>0/10 %
D»0). 1D spectra were recorded in a temperature range from 10 °C to 50
°C with two-degree increments and continuous NMR acquisitions with a
duration of approx. 2.5 min for each temperature step. 2D NOESY
spectra were recorded with 128 scans at 10 °C and 40 °C. All peaks were
assigned by comparing with previous assignments and the Spectral
Database for Organic Compounds for DMPC and f-aescin. All NMR data
were processed using the TopSpin 3.5 software (Bruker) and analysed
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using Sparky [18].

The DMPC’s 'H chemical shift perturbation (CSP) values were
calculated as the difference from the respective frequency in the absence
of aescin and otherwise identical experimental conditions.

2.4. Bacterioopsin expression

The protein bacterioopsin (BO) was expressed as a fusion construct
inserted into the expression vector pIVEX2.4d. The fusion construct of
BO comprises a 10x N-terminal His tag, a factor Xa cleavage site, and the
BO sequence. The BO cell-free protein expression was carried out using
an E. coli-based system following published procedures [19,20]. The
resulting protein pellet was washed with S30 buffer to remove impu-
rities and either directly refolded or stored at — 20 °C.

2.5. Folding and incorporation of bacteriorhodopsin (BR) into aescin-
DMPC particles

The refolding of BO into n-dodecyl-p-D-maltoside (DDM) micelles
was performed following published protocols [20]. In short, the washed
protein pellet was resuspended with DDM-refolding buffer, which con-
sisted of 50 mM sodium phosphate (pH 7), 1 M NaCl, 5 % (w/v) DDM,
and 100 pM retinal. Refolding of BO in presence of retinal leads to for-
mation of intact bacteriorhodopsin (BR) as validated by a characteristic
colour change of the sample within minutes. The refolded BR-DDM
micelles were then combined with a previously prepared aescin-DMPC
mixture at the desired concentration of p-aescin.

The removal of DDM was performed using two strategies. In the first
setup, we carried out a stepwise buffer exchange to substitute DDM
micelles by centrifugal filters (20 kDa cutoff). After the sample volume
of BR-DDM was reduced from 10 ml to 0.5 ml, DDM-free aescin-DMPC
buffer was added and the procedure was repeated 6-times. In the second
setup, we used Ni-NTA agarose beads to remove DDM from immobilized
BR, which enabled better control of the level of empty aescin-DMPC
particles. 200 pL of BR (with 10xHis-tag) in DDM micelles at a con-
centration of 50 pM was incubated with 0.3 ml of the Ni-NTA agarose
beads for 30 min. Subsequently, the sample was washed 5 times with
one column volume of transfer buffer (50 mM NaP; pH 7.4, 20 mM
imidazole) containing the respective concentrations of B-aescin and
DMPC. The sample was eluted using 3 column volumes of elution buffer
(50 mM NaP; pH 7.4, 300 mM imidazole). For each aescin:DMPC ratio,
two different elution protocols were applied using an elution buffer that
was either supplemented with the same aescin-DMPC concentrations or
did not contain additional aescin-DMPC. Visual inspection of all
included preparations showed clearly visible purple colour after DDM
removal, characteristic of folded BR.

3. Results
3.1. Characterization of aescin-DMPC particles

For our study, we focused exclusively on p-aescin, whose structural
composition was clarified before [11]. For simplicity, we refer to this
variant in the following as “aescin”. To obtain site-resolved insights into
the aescin-lipid interaction within the nanoparticle structures we carried
out a set of NMR experiments. Initially, we recorded 1D 'H spectra of the
individual components, i.e., buffer solubilized aescin (Fig. 1a,c) and
DMPC prepared in the form of SUVs (Fig. 1b,d). Albeit partly over-
lapping peaks of DMPC and aescin complicate data analysis, distin-
guishable peaks between aescin and DMPC also enable NMR-based
analysis of aescin-DMPC mixtures with molecule-specific resolution (see
Fig. S1 for more details).

Previous studies revealed that aescin-DMPC interactions are strongly
influenced by the respective molar ratios as well as by temperature ef-
fects [4,14,15]. Using a constant DMPC mass concentration of 15 g/L, it
has been reported that aescin contents in the range between 10 — 30 mol
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% (surpassing the critical micelle concentration of aescin) are particu-
larly successful in forming monodisperse aescin-DMPC particles, while
7 mol% aescin represents a condition at the border between formation of
bicelles and (aggregated) larger membrane fragments [12,15].

To investigate the temperature effects in more detail, we recorded a
series of 'H NMR spectra with increasing temperatures from 10 °C to 50
°C. Temperatures were initially increased in steps of 2 °C, followed by
decreasing temperatures after reaching 50 °C. In general, increasing
temperatures will lead to an increased molecular tumbling resulting in
increased NMR intensities. Similarly, the temperature-induced transi-
tion of an ordered L /-conformation into a more fluid L,-phase, as pre-
sent for the DMPC lipid-phase transition occurring at ~ 24 °C, will lead
to an (additional) increase in the detected 'H signal intensity. Note-
worthy, the phase transition temperature of the DMPC lipids is increased
by approx. 4 °C in the presence of the applied aescin concentrations,
which should be considered when using the system [21]. First,
temperature-dependent reference spectra of the respective isolated
compounds were recorded (Fig. 1c,d). The data show that the NMR
spectrum of aescin is only slightly affected by temperature (Fig. 1c). The
most pronounced effect is a moderate broadening of the NMR signals at
higher temperatures indicative of conformational exchange processes in
the ps to ms regime, which is in line with the previously observed
transition from cylindrical to elliptical micelles [11]. As expected, the
respective data for DMPC SUVs show a stronger temperature depen-
dence (Fig. 1d). The observed behaviour is in line with a strong increase
in peak intensities due to a more fluid lipid matrix after the gel-to-fluid
phase transition of the DMPC bilayer. Noteworthy, for both isolated
compounds the heating and cooling periods have very similar effects
resulting in a symmetric appearance of the shown data.

Subsequently, we recorded a set of NMR spectra in the temperature
regime between 10 and 50 °C as well as at aescin:DMPC molar ratios
spanning from 7 — 30 mol% aescin at constant concentration of DMPC
(22.15mM, i.e., 15 g/L). The data reveal a complex behaviour of the
mixtures that is not only strongly dependent on the applied temperature
but also varies considerably with the molar ratio of aescin:DMPC
(Fig. 2). In general, as also concluded from prior scattering data, the
structural reorganization appears completely reversible for samples
containing aescin contents above 10 mol% aescin. For the sample con-
taining 7 mol% aescin, located at the border between bicelle and lipid
sheet formation, this does not seem to be the case.

One notable feature of the different temperature profiles is a species
with a distinct spectral appearance only found at 7 mol% aescin after the
sample was heated up to above 44 °C (Fig. 2, 7 mol% aescin, purple
area). Noteworthy, this state remains the dominant species even after
the temperature is lowered well below the initial transition temperature,
inducing highly asymmetric features in the temperature profile that
report the occurrence of an energetically trapped state. The NMR signals
of this state neither show obvious overlap with the NMR-characteristics
of aescin nor of DMPC. In addition, the phase transition effects of the
DMPC matrix, which are well observable during the heating period, are
not observed during the cooling down period. The data highlight an
additional temperature-induced transition above 42 °C that consider-
ably and, on the detected time-scale, irreversibly modifies the properties
of aescin-DMPC particles. While other explanations are possible, this
behaviour would be well in line with a perturbation of the DMPC matrix
by aescin molecules and a temperature-induced rearrangement into
stacked membrane layers as reported before [12,14].

Besides full reversibility, an additional feature is found in the tem-
perature profiles of the samples with 10 — 20 mol% aescin. These sam-
ples experience a prominent drop of the DMPC’s NMR signals with
increasing temperature in the range between 30 — 40 °C, i.e., after the
lipid phase transition (Fig. 2, filled green areas). In general, it would be
expected that the NMR intensities of the respective peaks increase with
temperature, as also seen for the pure DMPC sample (Fig. 1d). The
observed decreasing NMR intensity would be in line with chemical ex-
change processes induced by fast fluctuations of aescin in the DMPC
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Fig. 3. Site-specific insights into aescin’s interactions with DMPC show
intermolecular contacts and a gradual increase from the DMPC’s mem-
brane interior to the solvent-exposed head groups. a) 2D 'H-'H NOESY
spectrum of aescin-DMPC particles (30 mol% aescin, 40 °C) showing clear
intermolecular contacts between aescin and DMPC. b) 1D slices extracted from
spectrum in a) showing NOE correlations from the indicated spin to nearby 'H
atoms. Extraction frequencies are indicated by matching arrows in a) and
autocorrelation (diagonal) peak is labelled. c¢) Spectral overlay and magnifica-
tion of an aescin-specific region of spectra shown in b). d) Spectral overlay and
magnification of spectral extract from a) corresponding to the indicated aescin
H spins. Note that in b-d) only the dominant spin of potentially overlapping
frequencies is labelled. e) CSPs induced on DMPC by increasing concentrations
of aescin. The DMPC’s 'H atoms are sorted according to their position along the
Tembrane orthogonal.

<

matrix as well as with a temperature-induced increase in particle size.
The latter would be consistent with temperature-induced fusion of the
mixed nanoparticles that has also been observed via SAXS [14]. Note-
worthy, the observed process also introduces an asymmetry in the
temperature profiles, as for example seen by considerably reduced phase
transition effects in the cooling down period (Fig. 2, green dotted areas,
in the heating and cooling periods). This observation would also be in
line with a mixing of aescin and DMPC leading to reduced cooperative
effects in the DMPC bilayer during phase transition. In this view a fast
incorporation of aescin into the DMPC matrix would be initially pro-
moted by increasing temperatures and a more fluid bilayer, which in the
cooling down period will only slowly release the incorporated aescin,
trapping a fraction of the aescin molecules in the bilayer.

Looking at the behaviour of the samples with higher molar per-
centages of aescin (i.e., 25 mol% and 30 mol%) the data show a sym-
metric appearance indicative of a single state or interconvertible states
with low energy barriers. Our data indicate that the temperature-
induced size-variations observed via scattering methods for these
“high-aescin” particles (25-30 mol% aescin) [14] are driven by fast
processes such as rearrangements of the rim and/or dissolved aescin
molecules within individual bicelles, while at lower aescin content
slower processes such as the reassembly of molecules between different
bicelles is more pronounced causing the asymmetric features in the NMR
temperature profiles.

3.2. Mixing behaviour of aescin with the DMPC

To better characterize the molecular interactions between aescin and
DMPC molecules we recorded a set of 2D NOESY spectra. These spectra
allow the detection of close intermolecular contacts in the range be-
tween approx. 1 — 7 i\, referred to as nuclear Overhauser effect (NOE)
contacts. Due to considerable signal overlap in larger spectral regions, it
is not possible to derive an exact binding mode between the aescin and
DMPC. However, distinct NOE contacts can still be identified confirming
direct interactions of aescin with the lipid.

A cross-section through the 2D NOESY spectrum at the frequency of
the DMPC’s H10 (Fig. 3a, black arrow; Fig. 3b, black), reveals NOE
contacts with at least two distinct aescin 'H spins (Fig. 3c, black).
Similarly, the cross-section at the frequency of DMPC’s H1 (Fig. 3a, red
arrow; Fig. 3b, red), shows a comparable pattern (Fig. 3c, red). Note-
worthy, the spectral comparisons in Figs. 3b and 3c were scaled to match
autocorrelation (diagonal) peak intensities. Consequently, the shown
relative peak intensities of the NOE contacts allow an initial estimate of
the strength of the interaction (reporting on different distances and/or
populations). In this respect, the data suggest that DMPC’s H10 shows a
stronger interaction with aescin as compared to H1. By contrast, our
data do not show interactions of DMPC’s H6 with aescin (Fig. 3a-c,
grey). Looking at the extracted cross-sections from the respective aescin-
specific frequencies (Fig. 3a, blue and purple), the matching NOE con-
tacts with the DMPC’s H10 are found (Fig. 3d). Interestingly, the two
aescin 'H atoms show considerably different intermolecular NOE



F. Escobedo et al.

a
aescin-DMPC

BR-aescin-DMPC

Colloids and Surfaces B: Biointerfaces 242 (2024) 114071

b Mw BR

BR-DDM kDa
35

BR-aescin-DMPC

-
o

Abs. (norm.)
o
N

475 550 625 700

o
o

DDM wavelenght /nm
c d
40 aescin )
— 7mol% Mw aescin mol% )
30 — 10mol%  ypg 30 25 20 15 10 7 DDM
o — 15 mol%
= 20mol% 35w
—3 20 — 25 mol% 3 _?;R
> — 30mol% 25 ms
X
(=)
10
15 88
04 10 100
hydrodynamic diameter /nm
e
1.0 1.0 1.0
30 mol% aescin 25 mol% aescin 20 mol% aescin
0.8 0.8 0.8
2 0.6 2 0.6 b 0.6
<04 <04 <04
0.2 0.2 0.2
0.0 0.0 0.0
400 460 520 580 640 700 400 460 520 580 640 700 400 460 520 580 640 700
wavelength /nm wavelength /nm wavelength /nm
1. 1.0 .
e 15 mol% aescin 10 mol% aescin %0
0.8
0.4 10
0.2 7 mol% aescin

0.0
400 460 520 580 640 700
wavelength /nm

0.0
400 460 520 580 640 700
wavelength /nm

0.0
400 460 520 580 640 700
wavelength /nm

Fig. 4. Aescin-DMPC discs are a suitable platform to stabilize transmembrane proteins. a) Schematic illustration of the transfer of BR from DDM micelles into
aescin-DMPC discs using centrifugal filters. b) Normalized absorption spectrum of BR before (red) and after transfer from DDM micelles into aescin-DMPC particles
(25 mol% aescin, black). The absorption peak at 550 nm confirms the presence of folded BR. The inset shows SDS PAGE results of the DDM-refolded BR used as
starting material. Effective removal of DDM after the transfer into aescin-DMPC discs was validated by NMR (Fig. S2). ¢) DLS data of resulting particles using
indicated aescin:DMPC ratios. d) SDS PAGE analysis after transfer of BR into aescin-DMPC discs using the indicated different molar ratios of aescin. Only the soluble
fractions after centrifugation are shown. An increasing yield of soluble BR-containing aescin-DMPC particles is observed with increasing content of aescin. e) Ab-

sorption spectra of BR in respective aescin-DMPC particles.

pattern indicative of a rather defined orientation of the aescin in respect
to the hydrophobic part of the DMPC bilayer. Overall, the observed NOE
correlations would be in line with a rather defined aescin belt formation
in which the aescin shows the weakest contacts to the solvent-exposed
DMPC ends (H6) and orients in a preferred orientation to the hydro-
phobic region of the lipids (H9, H10).

Complementary to the detection of direct intermolecular NOE con-
tacts, chemical shift perturbations (CSPs) induced by changes in the
molecular environment can be used as probes of molecular interactions.
For example, replacing DMPC-DMPC packing with aescin-DMPC in-
teractions will lead to changes in the resonance frequency of the spins
that experience a different neighbour. Fig. 3e shows the CSPs induced in

different positions of the DMPC molecules by increasing concentrations
of aescin. The data corroborate distinct effects of the presence of aescin
on the different parts of the DMPC lipids. In this regard two features are
visible, i.e. (i) the spins towards the membrane interior experience
considerably stronger CSPs than the ones in the lipid head group,
especially at lower aescin concentrations, and (ii) increasing the aescin
concentration also has a clear effect on the head group’s CSPs. These
observations are in line with a preferential interaction of the aescin with
the lipid’s hydrocarbon chains, as for example present during belt for-
mation as well as mixing, and a lower affinity interaction with the lipid’s
head groups that may become more relevant for increasing DMPC-aescin
interfaces present in smaller discs that are expected at higher molar
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Table 1
Particle sizes of different BR-aescin-DMPC preparations.
mol% hydrodynamic diameter / nm (via DLS)
aescin
Prep 1: Prep 2: Prep 3: Prep 4:
Centrifugal On-column (w/ On-column (w/o  Prep 3 +
filter” aescin)® aescin)® aescin-
DMPC!
7 (19.6)° (24.2)° (18.4)°
10 13.5 13.5 21.0 12.5
15 6.9 10.8 23.1 12.2
20 5.6 10.8 18.0 11.2
25 4.2 11.9 15.6 8.6
30 3.6 8.1 10.6 8.3

@ DDM was removed via centrifugal filter (s. Fig. 4a).

b DDM was removed on Ni-NTA column (s. Fig. 5a) and eluted with buffer
containing respective aescin-DMPC concentrations.

¢ DDM was removed on Ni-NTA column and eluted with buffer containing no
additional aescin-DMPC.

4 Samples from prep 3 were supplemented with defined aescin-DMPC levels
after elution from Ni-NTA column.

¢ Aescin-DMPC-BR particles assembled at ratios of 7 mol% aescin showed
noticeable turbidity rendering DLS data less reliable.

ratios of aescin.

Overall, our data confirm the attractive properties of the aescin-
DMPC system to tune the formation of distinct lipid-containing parti-
cles via temperature and/or varying the aescin:lipid ratio and may help
to better understand the underlying mechanism and identify most suit-
able conditions for various applications.

3.3. Using aescin-DMPC nanoparticles as a platform to stabilize
transmembrane proteins

One promising application of the aescin-lipid system is its potential
capability to stabilize integral membrane proteins in size-tuneable par-
ticles. However, so far, no successful incorporation of a transmembrane
protein into aescin-lipid particles has been reported. Therefore, we set
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out to investigate the potential of the nanoparticles as membrane-
mimicking environment using the established test protein bacteriorho-
dopsin (BR). BR contains seven transmembrane helices and its retinal
cofactor exhibits a characteristic absorbance spectrum that can serve as
a sensor of the BR’s 3-dimensional structure [20,22,23]. In general, BR is
known for its high stability and tolerance of different environments [20,
23,241, and paired with its directly accessible sensor of 3D structure,
provides an excellent test system to assess whether medium-sized
transmembrane proteins can be incorporated in aescin-lipid nano-
particles with intact 3D structure.

Following our previous strategies, cofactor-free bacterioopsin (BO)
was expressed in a cell-free setup to ensure that no coordinated lipids
would be transferred from the expressing organism [20,25]. The
resulting BO pellet was simultaneously solubilized and refolded using
retinal and DDM micelles containing buffer.

We applied two strategies to transfer the BR from DDM into aescin-
DMPC particles. In a first setup, we carried out a stepwise buffer ex-
change to substitute DDM micelles via centrifugal filters (20 kDa cut-off)
by adding (DDM-free) aescin-DMPC buffer (Fig. 4a). The resulting
sample still contains soluble BR that exhibits the characteristic absorp-
tion spectrum (Fig. 4b). While H NMR analysis shows that DDM has
been effectively removed by this procedure (Fig. S2), the absorbance
spectrum is identical to the one obtained in DDM (Fig. 4b, red), con-
firming that the BR structure is effectively maintained in the aescin-
DMPC discs.

Due to the above-characterized importance of the applied aescin:
DMPC ratios, we next varied this central parameter to evaluate the
resulting capability to support protein solubilization and integrity as
well as to assess the overall particle sizes of the respective aescin-DMPC-
protein mixtures. For the latter DLS was used to determine the hydro-
dynamic diameter. As expected, the particle size decreases with
increasing aescin content (Fig. 4c, Table 1), which coincides with the
size dependence of the pure aescin-DMPC particles [15].

While here the initial DMPC concentration was kept constant at
15 g/L to enable a direct comparison with previously obtained scat-
tering data [14,15], it should be noted that variations in DMPC

a b
301 aescin
— 7 mol%
. BR-aescin-DMPC — 10 mol%
aescin-DMPC — 15 mol%
o 20
IS 20 mol%
3 — 25mol%
= — 30 mol%
=10
elution
01 10 100
DDM hydrodynamic diameter /nm
FT/vash
c d
30r aescin 30r aescin
— 7 mol% — 10 mol%
— 10 mol% — 15 mol%
— 15 mol% 20 mol%
€ 29— 20 mol% 2 201 — 25 mol%
3 — 25mol% 3 — 30 mol%
2 — 30 mol% =
=10 X 10
01 10 100 01 10 100

hydrodynamic diameter /nm

hydrodynamic diameter /nm

Fig. 5. BR-aescin-DMPC particles are size-tuneable. a) Schematic illustration of the on-column transfer of BR from DDM micelles into aescin-DMPC discs of
different sizes. b-d) DLS profiles of resulting particles using different aescin:DMPC ratios and preparations. b) DLS data of samples prepared with indicated aescin
amount in the transfer and elution buffer. ¢) DLS data of samples prepared with indicated aescin:DMPC ratios in the transfer buffer and using elution buffer not
containing aescin-DMPC. d) DLS data of samples shown in c) after addition of empty aescin-DMPC discs prepared with the same aescin:DMPC ratios.
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concentrations may impact the formation and geometric features of
aescin-lipid particles, similar to systems composed of zwitterionic lipids
and different detergents [26]. In particular, when using low molar ratios
of aescin (e.g., 7 mol%), lowering the DMPC concentration may lead to
increased particle sizes and aggregation effects. Similarly, dilution of
aescin-DMPC particles may induce particle rearrangements and aggre-
gation. When using higher DMPC concentrations or when concentrating
preformed aescin-DMPC particles dynamic rearrangements of the sys-
tem may also be induced. These effects should be considered when using
the system; particularly, when low molar ratios of aescin are present or
when proteins are incorporated.

Our polyacrylamide gel electrophoresis (PAGE) data reveal
increased BR content for samples with higher aescin concentrations,
suggesting that successful BR incorporation into soluble aescin-DMPC
particles is facilitated by higher aescin ratios (Fig. 4d). Note that the
soluble fractions after centrifugation (15 min at 12.500x g) are shown.
Absorbance spectra show that functional BR is found for all ratios;
excluding 7 mol% aescin, which did not enable detection due to
increased level of precipitation and low solubility (Fig. 4e). More
quantitative analysis of PAGE and absorbance data, and including data
recorded also at 50 mol% aescin, suggest that BR incorporation yield is
best in the range between 15 and 30 mol% aescin with strongly reduced
yields at or below 10 mol% and at or above 50 mol% aescin (see Sup-
plementary Figure S3 for details). While the applied sample preparation
method appears to be successful for most tested conditions, it generally
affects the effective aescin:DMPC ratio in the resulting sample due to the
different and not fully deductible effects of the centrifugal filter mem-
brane on the dynamic exchange of the aescin-DMPC particles. In addi-
tion, the preparation will lead to large access of empty (i.e., not BR-
containing) particles perturbing the DLS data.

We therefore applied a second procedure to transfer BR from DDM
micelles into aescin-lipid discs. We immobilized the BR in DDM micelles
on Ni-NTA agarose beads to enable a more accurate exchange of the
applied conditions and not accumulate empty bicelles (Fig. 5a). In a first
set we eluted the BR-aescin-DMPC particles with buffer containing the
same concentrations of aescin and DMPC as used during the BR transfer
step (Fig. 5b). The resulting particles show increased sizes as compared
to the same mixtures used with a centrifugal filter setup (Table 1, prep
2). Since the on-column method should provide better-defined sample
conditions, the resulting sizes are expected to be more representative for
the corresponding input conditions. Still, the used elution buffer con-
tains also a considerable fraction of not-BR-containing particles, which
may lead to averaging effects in the DLS measurements. We therefore
repeated the same procedure but using an elution buffer without aescin
or DMPC. The resulting particles show a further increased particle size
(Fig. 5¢, Table 1, prep 3). This observation can be explained either by
predominantly isolating only BR-containing discs and/or by reassembly
of the aescin-lipid particles due to reduction of the total aescin
concentration.

To test a possible reassembly of BR-aescin-lipid particles, we added
4-fold excess of empty aescin-lipid particles to the respective prepara-
tions. DLS analysis shows a noticeable decrease in particle size for all
tested conditions, indicating either a rearrangement of the particles or
an averaging effect of the DLS measurement between empty and BR-
containing discs (Fig. 5d, Table 1, prep 4).

Overall, our data demonstrate that nearly all tested conditions allow
production of BR-aescin-DMPC particles that can effectively stabilize the
transmembrane protein BR and point to convenient ways to tune the size
of the aescin-lipid-protein particles. It should be stated that the term
‘stabilized’ is used here to illustrate the formation of a stable, i.e., intact
protein structure. In comparison to other membrane-mimicking systems,
we anticipate that the thermal stability is not necessarily increased due
to the inherent dynamic nature of the aescin-DMPC system. However,
experimental characterizations of the thermal stability are limited by the
hydrophobic feature of the aescin system interfering with thermoflour
assays and the absorbance of aescin at 280 nm (Fig. S3a) interfering with
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intrinsic fluorescence detection.

While here our aim was to demonstrate the general feasibility to use
aescin-lipid particles as membrane mimetics and it is too early to eval-
uate the full advantages of the aescin-lipid particles as new general
platform for membrane protein stabilization, we speculate that inherent
favorable features of the system include: (i) direct availability of large
aescin quantities at low costs and without need for protein/peptide
production or purification, (ii) as food extract (from the chestnut), its
usage in therapeutic applications is facilitated, and (iii) it offers
convenient ways to adjust particle size and shape. Unfavorable features
will include a limited thermal stability and heterogeneities associated
with the heterogenous aescin extracts.

4. Conclusion

Our data provide new insights into the interaction of the saponin
aescin and the phospholipid DMPC when present in the form of mixed
nanoparticles on a molecular level and thus significantly expand the
structural view that was previously obtained exclusively from scattering
experiments. The observed strong dependence of aescin-DMPC mixing
and disc formation on the temperature and aescin:DMPC ratio is
generally well in line with the previous scattering results. An unex-
pectedly large number of NMR-spectroscopic distinct states could be
discovered. In particular, our data show a general reversibility of the
temperature-dependent structural reorganization in a wide range of
aescin contents (10 — 30 mol%). However, only at very high aescin
content (> 25 mol%) the transition occurs without hysteresis effects.
This observation suggests that at very high aescin contents slower pro-
cesses such as inter-particle rearrangements are less pronounced,
whereas at lower aescin contents inter-particle interactions (fusion,
disintegration and/or resorting) may constitute a rate-limiting process
in size-adaptation. This effect also leads to an energetically trapped state
at very low aescin contents (7 mol%). In addition, we showed that
structure formation in aescin-DMPC mixtures is mainly controlled by
interactions with the hydrophobic part of the lipid, pointing to a plau-
sible entropy-driven link between temperature-dependence and struc-
ture formation. Moreover, our data reveal that aescin-lipid particles
allow to stabilize transmembrane proteins while still maintaining their
intriguing properties of changing the particle size by changing the aes-
cin:lipid ratio. This may open up exciting new avenues of the aescin
system as a size-tuneable platform for future structural and functional
studies of (trans-)membrane proteins.
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