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Amphiphilic maleic acid-containing polymers allow for the direct extraction of membrane proteins into stable,
homogenous, water-soluble copolymer/lipid nanoparticles without the use of detergents. By adjusting the
polymer/lipid ratio, the size of the nanoparticles can be tuned at convenience for the incorporation of protein
complexes of different size. However, an increase in the size of the lipid nanoparticles may correlate with
increased sample heterogeneity, thus hampering their application to spectroscopic and structural techniques
where highly homogeneous samples are desirable. In addition, size homogeneity can be affected by low liposome
solubilization efficiency by DIBMA, which carries a negative charge, in the presence of high lipid charge density.

In this work, we apply biophysical tools to characterize the size and size heterogeneity of large (above 15 nm)
lipid nanoparticles encased by the diisobutylene/maleic acid (DIBMA) copolymer at different DIBMA/lipid ratios
and percentages of anionic lipids. Importantly, for nanoparticle preparations in the diameter range of 40 nm or
below, the size homogeneity of the DIBMA/lipid nanoparticles (DIBMALPs) remains unchanged. In addition, we
show that anionic lipids do not affect the production, size and size homogeneity of DIBMALPs. Furthermore, they
do not affect the overall lipid dynamics in the membrane, and preserve the functionality of an enclosed mem-
brane protein.

This work strengthens the suitability of DIBMALPs as universal, native-like lipid environments for functional
studies of membrane proteins and provide useful insight on the suitability of these systems for those structural
techniques requiring highly homogeneous sample preparations.

1. Introduction

Membrane proteins are central to the cellular functions, including
the activation of signaling cascades, the selective in and out passage of
ions and nutrients, and for cell-to-cell communication [1]. However,
their structural characterization lags behind that of soluble proteins due
to the challenge of extracting and handling them when isolated from the
membrane environment.

Lipid/polymer nanoparticles stabilized by amphiphilic maleic acid
(MA)-containing copolymers, such as styrene/maleic acid (SMA) or the
SMA-related diisobutylene/maleic acid (DIBMA) copolymers, represent
the latest methodological advance in the model membrane field for their

* Corresponding authors.

ability to directly extract membrane proteins from artificial or natural
membranes [2-4]. These copolymers self-insert into the lipid bilayer
and, at suitable concentrations, extract proteins, together with their
lipid surrounding, into disc-shaped MA/lipid particles (SMALPs or
DIBMALPs), without the need for detergents [5]. This represents a clear
advantage over conventional approaches (including classical nanodiscs
obtained by membrane scaffold proteins, MSP) as it preserves the native
membrane environment [3,6]. Besides, they are particularly suitable for
the extraction of membrane proteins and protein complexes whose
macromolecular architecture could be destroyed during detergent
removal or addition [7,8].

Depending on the polymer used and the protocol, this technology
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allows for the extraction of homogenous lipid particles that can be tuned
in size [9] [10]. Control over particle size allows for the incorporation of
a defined number of protein units and lipids. This approach turns
particularly advantageous for the study of membrane proteins in their
native membrane environment by all spectroscopic and structural
techniques that require water-soluble, homogeneous lipid nanoparticles
of uniform composition, such as cryo-electron microscopy [5] [11,12].

SMALPs are typically characterized by a narrow size distribution
centered around a diameter range of 10-12 nm [13-15]. DIBMA has the
advantage over SMA to enable a milder fragmentation of membranes
resulting in larger lipid particles, whose size range from 10 up to 50 nm
depending on the lipid/polymer ratio [16]. Unlike SMALPs, this striking
characteristic of DIBMALPs should allow for i) a higher degree of
freedom for protein conformational changes to occur and ii) the ac-
commodation of big proteins or even protein complexes, thus offering
great opportunities for their structural characterization in a native
membrane environment [14,17]. However, so far, not much information
is available on the size homogeneity and lipid dynamics in DIBMALPs,
likely due to the increase in size heterogeneity correlating with the
production of larger nanoparticles.

In addition, it has been shown that the size of DIBMALPs is strongly
affected by both the length and the degree of unsaturation of the lipid
chains [9]. However, it is not clear how DIBMA, which carries a negative
charge, behaves in the presence of an increasing amount of anionic
lipids, which are present at different amounts in plasma and intracel-
lular membranes and are thought to be important contributors in protein
binding, insertion and assembly in the membrane bilayer [18-20] [21].

Here, we investigate the size, size homogeneity and lipid dynamics of
DIBMALPs of large size (above 15 nm) obtained by different polymer/
lipid ratio and lipid composition (Fig. 1).

By using dynamic light scattering (DLS), transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM), we found that up
to 20% of dimyristoyl phosphatidylserine (DMPS) lipids do not affect the
size and size homogeneity of DIBMALPs of variable size compared to
pure dimyristoyl phosphatidylcholine (DMPC) lipid systems. Besides, we
observed that the homogeneity of DIBMALPs is affected only by DIBMA/
lipid ratios producing particles above 40 nm in diameter, while below
this value (corresponding to DIBMA/lipid mass ratios of 1 or higher),
nanoparticle preparations presented comparable size heterogeneity.
Under these conditions, for all analyzed DMPS concentrations, DIB-
MALPs had a size variability of +7-9 nm, which is relevant information
when designing experimental approaches that require homogeneous
samples for structural studies.

By using spin-labeled lipid electron paramagnetic resonance (EPR)
spectroscopy, we investigated the dynamics of lipids in 20% DMPS
DIBMALPs prepared using different DIBMA/lipid ratios. EPR data
showed that the mobility of spin labeled lipids in the membrane bilayer
of DIBMALPs is unaffected neither by the presence of anionic lipids nor
by the size of the nanoparticles. Furthermore, we took the light-sensitive
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membrane protein sensory rhodopsin II (NpSRII) as a case study to
investigate functional aspects of membrane proteins enclosed in DIB-
MALPs with anionic lipids. We found that the photochemical reactions
of NpSRII reconstituted in DIBMALPs are very similar to those found in
nanodiscs [22]; thus, NpSRII retains its functionality in DIBMA-
stabilized anionic-lipid nanoparticles.

2. Materials and methods
2.1. Chemicals

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was a kind
gift from Lipoid (Ludwigshafen, Germany). 1,2-Dimyristoyl-sn-glycero-
3-phospho-i-serine (DMPS), 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glyc-
ero-3-phosphocholine (16:0-5 doxyl PC), 1-palmitoyl-2-stearoyl-(12-
doxyl)-sn-glycero-3-phosphocholine (16:0-12 doxyl PC) and 1-palmi-
toyl-2-stearoyl-(16-doxyl)-sn-glycero-3-phosphocholine (16:0-16 doxyl
PC) were purchased from Sigma-Aldrich (St. Louis, MO, US). DIBMA
copolymer, commercially available under the trade name as PureCube
DIBMA 10 in TRIS (lyophilized in Tris-buffer, pH 7.5), was bought from
Cube Biotech, Germany. All other reagents were of analytical grade.

2.2. Protein purification

For purification purposes, NpSRII has a C-terminal 6xHis-tag.
NpSRII-His was expressed in E. coli BL21 (DE3) cells and purified ac-
cording to [23-25] with minor modifications. Briefly, transformed cells
were grown in Luria-Bertani (LB) medium containing 50 mg/ml kana-
mycin at 37 °C to an optical density ODsgg of 1.0. The overexpression of
the protein was induced by addition of IPTG to a final concentration of
0.5 mM. 10 pM all-trans retinal (Sigma) was also added. After an in-
duction period of 3 h at 37 °C, cells were harvested (4200 g; 15 min;
4 °C), washed and resuspended (1/100 culture volume) in 150 mM
NaCl, 25 mM NaPi (pH 8.0), 2 mM EDTA buffer containing a protease
inhibitor mix. Cells were disrupted by sonication (Branson Sonifier II W-
250, Heinemann, Germany). Membranes were isolated by centrifugation
(50,000g; 1 h; 4°C), and solubilized in buffer A (300 mM NacCl, 50 mM
NaPi (pH 8.0), 2% (w/v) DDM) overnight at 4 °C. Solubilized membrane
proteins were isolated by centrifugation (50,000g; 1 h; 4°C) followed by
chromatography using Ni-NTA superflow material which was pre-
equilibrated with buffer B (300 mM NaCl, 50 mM NaPi (NayHPO4/
NaH,PO4) pH 8.0, 0.05% (w/v) DDM). Non-specifically bound proteins
were removed by washing extensively with buffer B containing 30 mM
imidazole. His-tagged protein was eluted with buffer B containing 200
mM imidazole. Fractions containing the desired protein were pooled and
dialyzed against buffer C (500 mM NaCl, 10 mM Tris (pH 8.0), 0.05%
(w/v) DDM)) to remove imidazole. If not used directly for reconstitu-
tion, protein samples were flash frozen and stored at —80 °C. Protein
concentrations were determined using an UV-VIS spectrophotometer
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Fig. 1. Scheme of preparation of DIBMALPs with and without incorporated proteins. Large unilamellar vesicles (LUVs, 100 nm) at defined lipid composition of
DMPC/DMPS (mol%) were incubated overnight (O/N) with DIBMA copolymer resulting in the assembly of DIBMALPs. When specified, nanoparticles containing a
protein of interest (POI) were produced by incorporating the POI in the LUVs before DIBMA addition. Nanoparticles containing the POIs were purified to isolate them

from the empty ones.
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(UV-2450, Shimadzu Corporation, Kyoto, Japan). The concentration of
NpSRII was determined by using the known extinction coefficient of
50,000 M~! em™ at A = 280 nm.

2.3. Vesicle preparation

Large unilamellar vesicles (LUVs) composed of either DMPC or
DMPC and DMPS at defined DMPC/DMPS ratio (mol%) were prepared
by suspending dry lipid powders in chloroform to a final lipid concen-
tration of 7.37 mM and, if necessary, mixing with 1 mol% of lipid spin
labels (5-, 12- or 16- doxyl PC). Chloroform was evaporated under a
stream of nitrogen gas. The resulting lipid film was dried under vacuum
for at least 2 h. The dried lipids were suspended in 50 mM Tris (pH 7.5),
200 mM NacCl buffer (Buffer D) and vortexed. Subsequently, the multi-
lamellar liposome suspension underwent five freeze-thaw cycles (No/
water bath at 37 °C), and, if not used directly, was stored in aliquots at
—80 °C. Before reconstitution, the suspension of liposomes was extruded
31 x through polycarbonate membranes (Whatman) of 100 nm pore size
using a Mini-Extruder Set (Avanti Polar Lipids, Alabaster, AL, USA) to
get unilamellar vesicles.

2.4. Proteoliposome preparation

Proteoliposomes were prepared as published before [22] with minor
modifications. Briefly, preformed 100 nm liposomes were equilibrated
by stirring for 3 h with n-dodecyl-p-D-maltopyranoside (DDM) at room
temperature with a lipid to detergent mixing ratio of 1: 1 (mol/mol).
Before adding the protein solution, the lipid-detergent mixture was
placed in an ultrasonic bath at room temperature for 10 min. Then
NpSRII was mixed with the equilibrated DDM-lipid mixture at a molar
protein to lipid ratio of 1:172 (equivalent to 5:1 (w/w)) and incubated
for 30 min with gentle shaking. To remove the detergent, the reconsti-
tution of the NpSRII into liposomes was carried out using hydrophobic
polystyrene beads SM-2 Bio-Beads (Bio-Rad Laboratories; Munich;
Germany). These hydrophobic polystyrene beads were washed thor-
oughly beforehand with methanol and water followed by buffer D. The
Bio-Beads were added to the protein-lipid detergent solution at a ratio of
10: 1 (w/w) of the wet Bio-Beads to detergent. The samples were
incubated for 1 h at room temperature. A new portion of Bio-Beads was
then added, and the samples were incubated at 4 °C overnight with
gentle shaking. After removing Bio-Beads, the proteoliposomes were
collected by centrifugation (126,000g; 30 min; 4 °C). Finally, they were
resuspended in buffer D to a final lipid concentration of 7.37 mM.

2.5. Preparation of DIBMALPs

Preparation of DIBMALPs was performed as published before [15].
Briefly, to form DIBMA/lipid particles, a 4% (w/v) aqueous solution of
DIBMA copolymer was added dropwise to the liposome suspension to
get a required final lipid-to-copolymer mass ratio of 2:1, 1:1 and 1:2 at a
defined lipid composition of DMPC/DMPS. The assembly mixture was
allowed to equilibrate for 1 h at room temperature and then for 16 h at
4 °C. The resulting samples were centrifuged (15,800g; 30 min; 4 °C) to
remove insoluble aggregates. If necessary, the samples were concen-
trated using 3 kDa MWCO Vivaspin 500 ultrafiltration devices (Sarto-
rius, UK).

2.6. Thin-layer chromatography (TLC)

In order to verify the composition of lipids in the DIBMALPs, lipids
were extracted after nanoparticle formation. Briefly, 200 pl chloroform
and 100 pl methanol were added to 100 pl of each DIBMALP preparation
and mixed extensively. The samples were then centrifuged (20,000g; 10
min; 4 °C) to achieve phase separation. After water phase removal, 8 pl
of the chloroform/methanol phase were added to a TLC silica gel plate.
DMPS and DMPC were separated upon migration in the mobile phase
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chloroform: methanol: ammonium hydroxide (65:25:4 v:v:v) by capil-
lary forces in a developing glass jar. The separations were visualized
after iodine staining. The separated spots were compared to reference
DMPS and DMPC spots. Relative migration Rf values for DMPC and
DMPS were then determined.

2.7. Preparation of DIBMALPs containing NpSRII

To form DIBMALPs containing NpSRII (in the following abbreviated
as NpSRII-DIBMALPs), a 4% (w/v) aqueous solution of the DIBMA
copolymer was added dropwise to the suspension of proteoliposomes in
order to obtain a final copolymer/lipid mass ratio of 1. The mixture was
then equilibrated for 1 h at room temperature and then at 4 °C for 16 h.
The samples were centrifuged (15,800g 30 min; 4 °C) to remove
insoluble aggregates. The resulting samples were then incubated for 1 h
at room temperature with gentle agitation with Ni>'-NTA agarose
(Qiagen), which had previously been equilibrated with buffer E (300
mM NaCl, 50 mM NaPi (NaaHPO4/NaH2PO4), pH 8.0). Atypically bound
material was removed by washing with 40 mM imidazole in buffer E.
DIBMALPs containing His-tagged NpSRII were eluted with 200 mM
imidazole in buffer E and if necessary dialyzed against buffer D.

2.8. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed on a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) at 550 nm
and 25 °C. Data represent the average of three sets of 14 runs of 10 s
each. The particle size distribution was obtained by using the ZETA-
SIZER software package Ver. 7.02. under the assumption that lipid
nanoparticles were spherically shaped.

2.9. Transmission electron microscopy

DIBMALPs (2 mg lipid/ml) was diluted 1:100 in buffer D and 4 pl
were applied onto negatively glow- discharged carbon-coated 400 mesh
copper grids for 1 min. Excess liquid was removed by blotting with filter
paper. The grid was washed twice shortly with buffer and stained 4 min
with 2% uranyl acetate and blotted. Digital micrographs were collected
using a JEM2100Plus Transmission Electron Microscope (JEOL, Japan)
operated at 200 kV equipped with a XAROSA CMOS 20 Megapixel
Camera (EMSIS GmbH, Germany). The size of DIBMALPs was estimated
using the Fiji software [26]. The size corresponds to the diameter of
particles, and in case of elliptical shape, to the major axis.

2.10. Atomic force microscopy

For AFM imaging, 250 pl of a solution of DIBMALPs was put in
contact with freshly cleaved mica, previously glued to a coverslip, and
diluted with additional 250 pl of buffer D. The DIBMALP sample was
incubated for 10 min, then mica was washed 3 times with 500 pl of the
buffer and then allowed to equilibrate at room temperature before
analysis.

DIBMALPs were imaged using a JPK NanoWizard II system (JPK
Instruments, Berlin, Germany) mounted on an Olympus IX71 Inverted
Microscope (Olympus). Intermittent contact (IC or tapping) mode im-
ages were taken using an SNL-10 V-shaped silicon nitride cantilevers
(Bruker) with a typical spring constant of 0.06 N/m. The cantilever
oscillation was tuned to a frequency between 3 and 10 kHz, and the
amplitude was set between 0.3 and 0.7 V. The amplitude was varied
during the experiment to minimize the force of the tip on the particles.
The scan rate was set to 0.3-0.7 Hz. Images were processed by the JPK
processing software, applying a smoothing function. Lipid nanoparticles
thickness was measured based on the height profiles from the mica
(taken as 0 nm). The size of DIBMALPs was estimated by the JPK pro-
cessing software. The size corresponds to the diameter of particles, and
in case of elliptical shape, to the major axis.
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2.11. Statistics

Statistical significance for experiments in Figs. 3 and 4 was obtained
with unpaired t-test. P values (P < 0.001) were calculated with Prism 5.0
from GraphPad. Data were obtained from at least two independent
measurements.

2.12. Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance (EPR) measurements were per-
formed as described previously [27]. Briefly, room temperature
continuous wave (cw) EPR spectra were recorded on a home-built EPR
spectrometer equipped with a dielectric resonator (Bruker Biospin,
Germany). Glass capillaries of 0.9 mm inner diameter were filled with
sample volumes of ~20 pl. The measurements were recorded at 9.686 +
0.005 GHz in a B-field range from 3400 G to 3520 G using a B-field
modulation amplitude of 0.2 mT. The temperature during the mea-
surements was 295 K.

2.13. Transient optical absorption spectroscopy

Transient optical absorption experiments were carried out as
described previously [28]. A 50 W halogen lamp with an infrared cutoff
filter (KG-2) and either 400 nm, 500 or 550 nm interference filters
illuminated the sample-filled quartz cuvette inside a sample holder,
which was temperature-controlled to 298 K. The transmitted light was
passed through an interference filter and detected using a photodiode,
while a flashlight with a flash duration of 80 ps equipped with a 475 nm
edge filter provided excitation perpendicular to the transmission beam.
The amplified signal was recorded with an analog-to-digital converter
connected to a standard PC. For the transitions between the late pho-
tocycle intermediates (t > 2 ms) studied here, the kinetics determined
by flashlight excitation were indistinguishable from those determined
by pulsed laser excitation [27]. The transient absorption changes were
recorded on samples buffered in 50 mM Tris, pH 7.50, 200 mM NacCl at
concentrations of approximately 5 pM.

3. Results

3.1. Increasing concentrations of anionic lipids do not disturb DIBMALPs
production

Due to electrostatic repulsion, high lipid charge density might lead to
low liposome solubilization efficiency by DIBMA. To test whether the
increasing amount of anionic lipids affects DIBMALPs production, size
and size homogeneity, we prepared large unilamellar vesicles (LUVs)

A
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with increasing concentrations of the negatively-charged lipid DMPS, in
the physiological range of 0-20% (mol%), and solubilized them with
DIBMA copolymers at different DIBMA/lipid ratios (Fig. 1). The
different ratios produced lipid nanoparticles of different size, as
measured by dynamic light scattering (Fig. 2A), in agreement with
previous findings [16]. At the selected DIBMA/lipid ratios, we obtained
lipid nanoparticles from 20 up to 60 nm in diameter, confirming the
ability of DIBMA to produce bigger lipid nanoparticles than SMA, which
can be instrumental for the accommodation of big molecules and protein
complexes in their native environment.

For all lipid compositions tested, we could successfully produce
DIBMALPs, although in some samples we noticed the presence of big
lipid nanoparticles aggregates (see also TEM and AFM results below).
Also, for all lipid compositions, the size of the lipid nanoparticles
decreased with increasing the amount of DIBMA (Fig. 2A and C), indi-
cating that, even when electrostatic repulsion in our setting was maxi-
mized (highest DIBMA and DMPS concentrations), DIBMA was still able
to solubilize the LUVs. Therefore, we concluded that the DIBMA
copolymer is suitable for the production of lipid nanoparticles contain-
ing variable anionic lipid concentrations mimicking the physiological
negative charge density of biological membranes.

3.2. The homogeneity of DIBMALP preparations is not affected by
increasing concentrations of anionic lipids and DIBMA/lipid ratios

Using the DLS data alone, we could not observe any difference in the
size and size heterogeneity (provided by the polydispersity index, PDI)
of DIBMALPs with increasing DMPS concentrations (Fig. 2A and B). Of
note, we observed that solubilized DIBMALP samples presented 3- to 4-
fold higher polydispersity index (PDI) compared to the narrow size
distribution observed for the LUV samples from which they were
generated (Fig. 2B and C). This increase was particularly enhanced for
the samples at 0.5 DIBMA/lipid ratio, while the 1 and 2 DIBMA/lipid
ratio samples presented comparable PDI (Fig. 2B). This indicates that,
below a size threshold of 40 nm, nanoparticle preparations have com-
parable size homogeneity despite their different sizes. Size homogeneity
of lipid nanoparticles is a highly relevant parameter for the successful
investigation of samples by several spectroscopic and structural tech-
niques. To further investigate the extent of this heterogeneity, the shape
of the DIBMALPs and the presence of aggregates, we employed TEM on
the DIBMALP samples which showed lower PDI in the DLS measure-
ments, namely at 1 and 2 DIBMA/lipid ratio (Fig. 3A). TEM images of
negatively stained DIBMALP samples showed isolated and, to a lesser
extent, aggregated disc-shaped lipid nanoparticles, with no significant
difference in shape amongst the analyzed lipid compositions (Fig. 3A).
In agreement with the DLS data, increasing concentrations of DMPS had
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no effect on the size and size homogeneity of DIBMALPS (Fig. 3B-I). At
all analyzed DMPS concentrations, DIBMALPs had an average diameter
of 25-27 nm and 17-21 nm for 1 and 2 DIBMA/lipid ratio, respectively
(Fig. 3J). Although TEM data provided smaller diameter values than
DLS, they are consistent with the DLS data in that the size heterogeneity
did not significantly increase for the larger DIBMALPs, varying +7-9 nm

in diameter for both analyzed DIBMA/lipid ratios (Fig. 3K). These
findings are in agreement with other studies describing the size het-
erogeneity of DIBMALPs and seems to be independent of the lipid
composition [15,29].

To further characterize the lipid nanoparticles of bigger dimensions,
we employed atomic force microscopy (AFM) for DIBMALPs with a
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DIBMA/lipid ratio of 1 and compared DMPC with DMPC/DMPS (80:20
mol%), presenting the highest tested percentage of DMPS (Fig. 4).
Similar to the TEM micrographs, AFM images in solution showed indi-
vidual and aggregated disc-shaped lipid nanoparticles. Aggregates,
similar to disc piles, occurred more repeatedly in the DMPC samples,
while the DMPC/DMPS (80:20 mol%) nanoparticles looked more ho-
mogeneously distributed on the glass support, likely due to charge
repulsion between interacting bilayers (Fig. 4A and C). For both lipid
compositions, the height of DIBMALPs ranged between 3 and 4 nm
above the glass support (Fig. 4B and D), demonstrating that, at the tested
lipid nanoparticle size, the DIBMA belt does not alter, but retains, the
typical lipid-bilayer thickness (~4 nm). Average DIBMALPs diameters
were 28.63 + 11.74 nm and 27.28 + 15.60 nm for DMPC and DMPC:
DMPS (80:20 mol%) lipid composition, respectively (Fig. 4E-G). This
data are consistent with the TEM results of a DIBMALPs size distribution
varying in a range of £10 nm and confirm that the lipid charge does not
affect the size of DIBMA/lipid nanoparticles.
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3.3. The dynamics of spin-labeled lipids in DIBMALPs is hardly affected
by the presence of negatively charged lipids

Using EPR spectroscopy we determined the mobility of spin labeled
lipids for DIBMALPs with DMPC/DMPS (80:20 mol%), prepared from
different DIBMA/lipid ratios, and compared the results with those ob-
tained using nanoparticles without charged lipids [15]. The EPR line
shape directly reflects the mobility of the nitroxide bound either to the
5th, 12th or 16th carbon atoms of the host phosphatidylcholine chain, 5-
, 12-; and 16-doxyl PC (in the following abbreviated 5-doxyl PC, 12-
doxyl PC and 16-doxyl PC) (Fig. SA). Reorientational correlation times
in the ps regime typical for unrestricted reorientational motion of a
nitroxide in low viscous media result in three equally spaced sharp lines
of similar amplitude. Reorientational correlation times in the ns time
scale or spatial restriction of the nitroxide reorientational motion reveal
spectra with increased linewidth and apparent hyperfine splitting. For
both DMPC and DMPC/DMPS (80:20 mol%) lipid nanoparticles, the EPR
spectra showed a gradual decrease of the line broadening and hyperfine
splitting when comparing 5-, 12-, and 16-doxyl PC (Fig. 5B).

The apparent hyperfine splitting and, thus, motional restriction is
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Fig. 4. AFM structural analysis of DIBMALPs with negatively charged lipids. A) Representative AFM images, at different magnification, of DMPC lipid nanoparticles
at 1:1 DIBMA/Lipid (w/w) ratio. Scale bar 1 pm (left) and 50 nm (right). The green arrowhead indicates the presence of lipid nanoparticle stacks. B) Height profile
corresponding to the green line in the 2D image in A) crossing individual lipid nanoparticles. The height of the nanoparticles (with respect to the mica support)
corresponds to the thickness of a typical lipid bilayer (4 nm). C) Representative AFM images, at different magnification, of DMPC/DMPS 80:20 (mol %) lipid
nanoparticles at 1:1 DIBMA/Lipid (w/w) ratio. Scale bar 1 um (left) and 50 nm (right). D) Height profile corresponding to the green line in the 2D image in A)
crossing an individual lipid nanoparticle. E-F) Representative size distribution (diameter) of DIBMALPs (DIBMA/Lipid (w/w) = 1) for DMPC (E) and DMPC/DMPS
80:20 (mol %) (F) based on AFM data. G) Average diameter of DIBMALPs from size distributions like in E-F. Horizontal lines in the box plot are the average from at
least two independent experiments (dots). Images and size distributions are representative of at least two independent experiments. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Dynamics of lipids in DIBMALPs of different composition and size. A)
The structures of the spin labeled lipids 5-doxyl PC, 12-doxyl PC and 16-doxyl
PC display the positions of the bound nitroxides. B) The corresponding EPR
spectra measured in DIBMALPs prepared with different lipid:DIBMA ratios
(colored) reveals that, in the given range, lipid dynamics is not influenced by
nanoparticle size. The comparison with the spectra recorded from DMPC only
DIBMALPs (black) shows that only 12-doxyl PC reports a very slight impact of
the charge on the dynamics.

largest for 5-doxyl PC with the nitroxides located close to the lipid head
groups and smallest for 16-doxyl PC with the nitroxide located close to
the center of the bilayer. The superimposed spectra are nearly indis-
tinguishable revealing that the dynamics at both sites is not significantly
influenced by the presence of charged lipids. The spectra of 12-doxyl PC

BBA - Biomembranes 1863 (2021) 183588

with the nitroxide located close to the center of the lipid monolayer
reports slightly increased lipid dynamics in the presence of DMPS. A
similar result was reported for 12-doxyl PC in POPC DIBMALPs [15],
however, the influence of DMPS is much less pronounced. Therefore, we
conclude that for the analyzed lipid nanoparticle sizes, the presence of
negatively charged lipids does not have any significant impact on the
dynamics of lipids in the membrane bilayer.

3.4. The photocycle of NpSRII reveals its function in DIBMALPs with
charged lipids

The light-induced reaction cycle, the so-called photocycle of NpSRII,
triggers signal transduction in the photoreceptor/transducer complex,
NpSRII/NpHtrll, of Natronomonas pharaonis [30] (Fig. 6A). The photo-
cycle kinetics is susceptible to changes of environmental conditions like
lipid composition, temperature and pH [7,30,31] and is therefore a
sensitive tool for probing protein function. Here, we performed flash-
photolysis to study the influence of the DIBMA-lipid (1:1 ratio) envi-
ronment on the receptor. The light-induced transient absorption
changes with the corresponding global multi-exponential fits are shown
for three characteristic wavelengths (400, 500 and 550 nm, Fig. 6B). The
decay of intermediate M is monitored at 400 nm, the formation and
decay of the O-state are followed at 550 nm, and the transients moni-
tored at 500 nm represent the recovery of the NpSRII initial state. The
time constants from the multi-exponential fits are given in Table 1 in
comparison to the corresponding values found for NpSRII in nano-
lipoprotein particles (NLPs) made of E.coli lipid extract using MSP1E3D1
as a scaffold protein [22]. Considering error margins, the corresponding
values are very similar for these samples, as is already obvious from the
comparison of the optical density traces compared in Fig. 6B.

It has been shown that the decay of intermediate M for NpSRII in
NLPs made of E.coli lipid extract is governed by time constants 77 and tg,
also the decay of intermediate O and the recovery of the initial state are
determined by these two-time constants [22]. In comparison with the
data of NLPs, the decay of intermediate M is slightly accelerated for
NpSRII in DIBMALPs with 20% DMPS (cf. Fig. 6B), reflected also in a
smaller value of t7, which is shifted into the direction of the behavior of
NpSRII in purple membrane lipids (cf. [22]). The present data show that
the photocycle kinetics of NpSRII, reconstituted in DIBMALPs in the
presence of 20% DMPS, is very similar to that found in NLPs, and thus
NpSRII retains its functionality in DIBMA stabilized lipid nanoparticles.

4. Discussion

Here, we combine several biophysical approaches to compare the
size, particle homogeneity and lipid dynamics of DIBMA lipid nano-
particles of tuned size containing negatively charged lipids to evaluate
their suitability as a platform for the structural studies of membrane
proteins. Previously, nanodiscs of controlled size, in the 6-8 nm diam-
eter range, were obtained by truncated versions of membrane scaffold
proteins and characterized for the study of membrane proteins by NMR
[33]. The DIBMALPs investigated here present two striking character-
istics that make them appealing as a universal platform for membrane
protein structural studies: i) a bigger size compared to widely employed
nanodiscs and SMALPs, which allows for the integration of big proteins
and protein complexes, and ii) the presence of anionic lipids, which is
often a requirement for the membrane binding of positively charged
proteins through electrostatic attraction. We used different percentages
of the anionic lipid DMPS in a range of 0-20% (mol%) to mimic the
composition of the plasma membrane and intracellular membrane of
different mammalian cells [20] [21].

Previous studies showed the ability of DIBMA copolymers to extract
natural membranes [4,16,34] [35], however, they were pointing to
enrichment in neutral lipids [35], suggesting that DIBMA may be se-
lective for specific lipids. Although we have no direct evidence that
DMPS molecules are evenly distributed in the DIBMALPs, we obtained
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Fig. 6. NpSRII receptor retains its functionality in DIBMALPs with negatively charged lipids. A) NpSRII photocycle characterized by transient changes in the optical
absorption spectrum of the retinal chromophore. Subscripts indicate the wavelength of maximum absorption of the intermediates in nm (adapted from [30]). Time
constants for the transitions between these intermediates are given according to the values for NpSRII reconstituted in purple membrane lipids [32]. B) The transient
optical absorption changes of NpSRII in DIBMALPs (DIBMA/lipid ratio 1:1) containing 20% DMPS (red) were recorded at 400 nm (M-intermediate), 500 nm (initial
state) and 550 nm (O-state). The three-exponential fits are depicted in solid black. For comparison the corresponding traces of NpSRII in NLPs made of E.coli lipid
extract (data taken from [22]) are given (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 1
Photocycle time constants® of NpSRII reconstituted in different nanoparticles.
NpSRII reconstituted in Te/MS T7/8 Tg/S
DIBMALPs (80% DMPC: 20% DMPS) 270 £ 7 0.69 + 0.04 2.00 £0.16
NpSRII:DIBMA:lipid = 1:5:5
NLPs (E.coli lipid extract) [22] 172+ 7 0.83 + 0.07 2.87 +0.14

# Time constants were averages determined from three preparations of DIB-
MALPs which contained in addition 1 mol% of either 5-, 12-, or 16-doxyl PC.

high solubilization of the liposomes by DIBMA at all tested lipid com-
positions, as stated by DLS measurements, where no or little residual
peaks corresponding to non-solubilized liposomes were observed for the
DIBMA/Lipid (w/w) ratios of 1 and 2 (Fig. 2C). In addition, thin-layer
chromatography (TLC) analysis confirmed the presence of DMPS in
the DIBMALPs (Supplementary Fig. 1). This suggests that DIBMA does
not select zwitterionic over anionic lipids, at least for the investigated
percentages of anionic lipids. Rather, the presence of anionic lipids in
DIBMALPs supposedly reduces particle aggregation compared to DMPC
samples, as verified by both TEM and AFM measurements (Figs. 3 and
4). Our DLS, TEM and AFM analysis indicate that the presence of
negatively charged phospholipid headgroups leaves the size and size
homogeneity of DIBMALPs unaffected compared to DMPC-only samples.
This information adds on to previous findings comparing DMPC and
POPC DIBMALP samples [15], highlighting that the acyl chain unsatu-
ration, rather than the lipid charge, affects DIBMALP size. It would be
interesting to test the effect of lipid geometry, such as conical phos-
phatidylethanolamine (PE) or the anionic cardiolipin (CL) on DIBMALP
size.

Taking advantage of the ability of DIBMA over SMA copolymers to
allow for milder fragmentation, we tested how increasing the size of
DIBMALPs affects the heterogeneity of particles of large dimensions
(above 15 nm in diameter). We observed that for particle preparations
below 40 nm in size, the size homogeneity of DIBMALPs as measured by
DLS and TEM, was comparable at all tested conditions (Figs. 2b and 3K).
At the light of previous studies showing similar polydispersity for DMPC-
only DIBMALPs of smaller size (14 nm in diameter) [15], we conclude
that the size of DIBMALPs has a minor or no effect on the size hetero-
geneity of particles.

Our EPR experiments provided relevant insights into the dynamics of
lipids in large DIBMALPs in the presence of anionic lipids. Compared to

liposomes, doxyl PCs in polymer-stabilized lipid nanoparticles of small
dimensions (below 15 nm) reveal slightly increased motional re-
strictions [15]. Especially nitroxide positions close to the center of the
lipid monolayer report higher-ordered nitroxides as monitored by 10-
doxyl PC [36], 11-doxyl PC [37] and 12-doxyl PC [15,38]. This effect
is more pronounced in SMALPs than in DIBMALPs. Molecular dynamics
simulations provided evidence that spin-labeled lipids tend to relocate
to the polymer belt and that the nitroxide moieties of 12-doxyl PC
intercalate between the aromatic rings of SMA [15]. Generally, experi-
mental order parameter and reorientational correlation time values of
doxyl-PCs in DIBMALPs closely resemble those of doxyl PCs in liposomes
more than SMALPs [15]. The presence of charged lipids (Fig. 5) in
DIBMALPs does not show any significant influence on the lipid dynamics
for the headgroup region or the center of the bilayer. A slight increase of
nitroxide dynamics is obvious only for lipid chain position 12 indicating
a decreased strength of interaction of this site with the polymer belt.
Finally, the presence of anionic lipids in DIBMALPs does not influ-
ence the functionality of the membrane protein NpSRII. Recently, it has
been shown an additional role of negatively charged lipid DIBMALPS in
stabilizing the structure of a-synuclein protein [29]. Overall, these data
highlight the very relevant aspect of large DIBMALPs to allow complete
protein conformational freedom and lipid dynamics. Of course, this
implies tuning the DIBMALPs size based on the size of the target protein
or protein complex. From our analysis, DIBMALPs between 20 and 40
nm size can be controllably obtained while keeping a size heterogeneity
in the range of 7-9 nm in diameter. In comparison to the narrow size
distributions for SMALPs or MSP nanodiscs reported in the literature
(with a size variability of around 2-3 nm) [15,39], DIBMALPs result
quite heterogeneous in particle size. Whether this size variability can be
considered negligible for structural studies of membrane protein com-
plexes where highly homogeneous samples are required, is largely
dependent on the specific investigative method as well as on the char-
acteristics of the target protein or protein complex. Considering that a
single transmembrane helix has a surface area of about 80 A? [33], asize
variability of about 10 nm in the DIBMALPs diameter would result in a
variable number of accommodated proteins in the order of several tens
of protein units, significantly contributing to sample heterogeneity.
However, a fine adjustment of the nanoparticle/membrane protein ratio
may allow to gain control over the average number of inserted (non-
oligomeric) membrane proteins per nanoparticle thus helping reducing
sample heterogeneity, as recently highlighted in a study on MSP
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nanodiscs [42]. Furthermore, for large protein complexes, this size
variability might be not sufficient for the accommodation of an addi-
tional complex. For example, in the case of pore-forming protein com-
plexes, the overall size of the protein pore structure might reach several
tens of nanometers [40].

In case of very large protein complexes, tuning the lipid nanoparticle
size can additionally turn useful to limit the accommodation of complex
units, thus helping to dissect the structural and functional characteristics
of individual components [41].

Overall, our study provides relevant insight into the physical prop-
erties of DIBMALPs containing negatively charged lipids and on the
fluidity of its belt-delimited lipid bilayer. This work reinforces the
suitability of DIBMALPs for manifold applications in functional studies
of membrane proteins, including single units up to bigger complexes,
and provide useful insight on the adaptability of these systems for
structural techniques, like cryo-EM, which require highly homogeneous
samples.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamem.2021.183588.
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