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Abstract—We describe the preparation and properties of lipodisc nanoparticles — lipid membrane fragments
with a diameter of about 10 nm, stabilized by amphiphilic synthetic polymer molecules. We used the lipodisc
nanoparticles made of Escherichia coli polar lipids and compared lipodisc nanoparticles that contained the
photosensitive protein complex of the sensory rhodopsin with its cognate transducer from the halobacterium
Natronomonas pharaonis with empty lipodisc nanoparticles that contained no protein. The lipodisc nanopar-
ticles were characterized by dynamic light scattering, transmission electron microscopy and atomic force
microscopy. We found that the diameter of lipodisc nanoparticles was not affected by incorporation of the
protein complexes, which makes them a prospective platform for single-molecule studies of membrane pro-

teins.
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INTRODUCTION

In recent years, new methods of structure analysis
have emerged, including the X-ray free electron lasers
(XFEL) based techniques [1—4] and novel approaches
of hydrophobic structure crystallization [5, 6]. The
development of these methods and approaches is
complicated and involves aspects associated with sam-
ple preparation, structure stabilization, conducting
the experiments, as well as processing of X-ray scatter-
ing patterns to obtain information about the spatial
structure of the macromolecules [7—10]. The choice
of the optimal molecular or supramolecular composi-
tion for structural and dynamic experiments also
becomes relevant. Lipid nanoparticles (nanodiscs and
lipodiscs) are potent containers (carriers) for single
molecule experiments with membrane proteins.

Traditionally, membrane proteins are stabilized in
detergent solution or liposomes; in some cases,
bicelles (particles consisting of two types of lipids with
different curvature) [11] and planar lipid layers are
used [12]. Both nanodiscs and lipodisc nanoparticles

! The article was translated by the authors.

contain patches of a lipid bilayer with a diameter of
~10 nm. In nanodiscs, the lipid bilayer is encircled by
amphiphilic proteins [13, 14], in lipodisc nanoparti-
cles it is held together by amphiphilic synthetic poly-
mers [15—23]. The amphiphilic protein of nanodiscs is
usually the membrane scaffold protein (MSP), a
recombinant analogue of lipoprotein A [14], whereas
the amphiphilic polymer of the lipodisc nanoparticles
is the styrene maleic acid (SMA) copolymer [23]. The
MSP and SMA molecules protect the hydrophobic
edges of the discs from contact with water. Thereby
the central part of the disc, which is stable in an aque-
ous environment, can host a membrane protein. Thus,
lipodisc nanoparticles and nanodiscs are regarded as
prospective containers for individual (single) mem-
brane proteins.

Nanodiscs are widely used to keep membrane pro-
teins water-soluble during experimental structure
studies by NMR [24—26], cryo-electron microscopy
[27], or EPR [28]. Lipodisc nanoparticles containing
individual protein molecules are less popular and rela-
tively poorly understood. However, the advantage of
the lipodisc nanoparticles is that they require no
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detergents during assembly and thus preserve natural
lipid microenvironment, which in some cases may be
important to maintain the native conformation of a
protein [21].

In this paper we studied the lipodisc nanoparticles
consisting of the polar lipid membranes from Esche-
richia coli and stabilized by SMA copolymer. We
inserted a photoactive membrane protein into the
lipodisc nanoparticles and compared the size of the
loaded and the empty nanoparticles.

We have chosen the membrane-embedded photo-
active sensory rhodopsin II (NpSRII) from the
archaeal halobacterium Natronomonas pharaonis. The
protein, which is structurally and functionally related
to the light-driven ion pumps bacteriorhodopsin and
halorhodopsin, mediates the photophobic response of
halobacteria to harmful blue light [29—31]. In mem-
branes, NpSRII forms a tightly associated complex
with a cognate transducer protein NpHtrll (halobac-
terial transducer of rhodopsins) [32] with a stoichiom-
etry of 2 : 2 [33]. After light activation of NpSRII, the
signal is transferred to NpHtrlI that transmits the sig-
nal further to the intracellular signaling pathway which
modulates the swimming behavior of the cell. The pre-
vious studies of the photoreceptor/transducer com-
plex, NpSRII/NpHtrll, in the lipid model system were
mostly performed using mesoscopic purple mem-
brane lipid (PML) patches. Thereby, the possible clus-
tering of NpSRII/NpHtrll complexes in PML [34]
made it virtually impossible to explore the functional
properties of a single NpSRII1/NpHtrIl complex.

In this paper, we studied the properties of lipodisc
nanoparticles that contained membrane polar lipids
from Escherichia coli and were stabilized by SMA
copolymer. We inserted a NpSRI1/NpHtrll 5, protein
complex with the transducer truncated at position 157
and compared the size and shape of protein-loaded
lipodisc nanoparticles with those of empty lipodisc
nanoparticles. The lipoprotein nanoparticles were
characterized by dynamic light scattering (DLS),
transmission electron microscopy (TEM), and atomic
force microscopy (AFM).

MATERIALS AND METHODS

NpSRIIl/NpHtril,s, Expression and Purification

For purification purposes, all proteins had a C-ter-
minal 6xHis-tag. The NpSRII-His and NpHtrll,s—
His (transducer construct that was truncated at posi-
tion 157) were expressed in E. coli BL21 (DE3)
according to [35—37] with minor modifications.
Briefly, cells were grown in LB medium (with
50 mg/mL kanamycin, at 37°C) to an optical density
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ODysg, of 0.8—1.0, and overexpression was induced by
0.5 mM IPTG. After induction, the cells were incu-
bated for 3 h at 37°C. The cells were harvested (15 min,
3000 g, SLA-3000), washed and then resuspended in
the cell wash buffer (150 mM NaCl, 25 mM NaP,,
2mM EDTA, pH 8.0; 1/100 culture volume), and dis-
rupted by sonication (Branson Sonifier 250).
The membrane fraction was isolated by centrifugation
(50000 g, 1 h, 4°C) and membrane proteins were solu-
bilized overnight (4°C) in buffer A that
contained 300 mM NaCl, 50 mM NaP,, pH 8.0, 2%
(w/v) n-dodecyl-B-D-maltoside (DDM). The solubi-
lized membrane proteins were isolated by centrifuga-
tion (50000 g, 1 h, 4°C) and incubated (2 h) with the
equilibrated (buffer B: 300 mM NaCl, 50 mM NaP;,
pH 8.0, 0.05% (w/v) DDM) Ni-NTA superflow
(Quiagen) material in the presence of 15 mM imidaz-
ole. Unspecifically bound proteins were removed by
washing with buffer B containing 30 mM imidazole.
The His-tagged proteins were eluted with buffer B
containing 200 mM imidazole. From the fractions
containing the desired protein, imidazole was
removed by dialysis against 500 mM NacCl, 10 mM
Tris pH 8.0, 0.05% (w/v) DDM. If not used directly
for reconstitution, protein solutions were stored at
—80°C.

SMA Copolymer Preparation

SMA copolymer with a styrene/maleic acid ratio of
3:1(Mw 9500 Da, supplied as an aqueous sodium salt
solution SMA 3000 HNa) was kindly provided as a gift
by Cray Valley (Exton, PA). A 5% (w/v) solution of
SMA, which was extensively dialysed against buffer C
(10 mM Tris-HCI pH 8, 150 mM NaCl), was used for
reconstitution studies.

Preparation of Liposomes and Proteoliposomes

The polar lipid extract of Escherichia coli mem-
branes in chloroform was purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). Lipids were quan-
titatively transferred to a glass flask, and chloroform
was removed by drying under nitrogen flow. After
evaporation of chloroform, the lipid film was dried
under vacuum for at least 1 h, then hydrated in buffer
C by stirring for about 30 min. The hydrated lipid sus-
pension was then subjected to 5 freeze/thaw cycles
and, if not used directly, stored as aliquots at —80°C.
Subsequently, before reconstitution, the lipid suspen-
sion obtained was passed at least 11 times through the
Mini-Extruder (Avanti Polar Lipids, Inc.) using poly-
carbonate membranes (Whatman) with a pore size
diameter of 400 or 200 nm.
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The reconstitution of the complex of NpSRII and
NpHtrll5; into liposomes was performed by using
SM-2 Bio-Beads (Bio-Rad Laboratories, Miinchen,
Germany). Firstly, NpSRII and NpHtrll,5; were
mixed at a 1 : 1 molar ratio and incubated for 1 h at
room temperature. Subsequently, membrane proteins
were mixed with liposomes at a molar protein/lipid
ratio of 1 : 172. For extracting DDM, the assembly
mixture was incubated with Bio-Beads (50 mg of
beads/mg of detergent) for 16 h at 4°C. Bio-Beads
were prewashed extensively with methanol and water.
Proteoliposomes were pelleted by centrifugation
(15 min, 15800 g, 4°C) and then resuspended in
buffer C.

Preparation of the Empty
and Loaded Lipodisc Nanoparticles

To form the lipodisc nanoparticles, with and with-
out NpSRII/NpHtrlls;, a 5% (w/v) solution of SMA
copolymer in buffer C was added dropwise to a prote-
oliposome suspension or a liposome suspension,
respectively, to get a final lipid-to-SMA ratio of 1 : 2.5
(w/w); after that the assembly mixture was allowed to
equilibrate for 1 h at room temperature and then for
16 h at 4°C. The resulting samples, which contained
NpSRI1/NpHtrll,s;—lipodisc nanoparticles or empty
lipodisc nanoparticles, respectively, were centrifuged
(50000 g; 30 min; 4°C) to remove non-solubilized
material.

Dynamic Light Scattering (DLS) Measurements

DLS measurements were performed on a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire,
United Kingdom) at 25°C. Data represent the average
of three sets of 14 subruns of 10 s each. The particle
size distribution was obtained by using ZETASIZER
software package Ver. 7.02. under the assumption that
lipodisc nanoparticles were spherically shaped.

Size Measurements by Transmission Electron
Microscopy (TEM)

For TEM imaging, a solution of the lipodisc
nanoparticles (either empty or with the
NpSRII/NpHtrll,;s;; complex) was deposited on
Ted Pella grids treated with a glow discharge device
Emitech K100X. A drop of solution was incubated for
1-2 min, then treated with 1% uranyl acetate for 1 min
and dried. Images were obtained on JEM-2100 (Jeol,
Japan) transmission electron microscope operated at
200 kV. The lipodisc nanoparticles were analyzed with
Imagel software [38].
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Fig. 1. The general scheme of the experiments.

Size Measurements by Atomic Force Microscopy (AFM)

For AFM imaging, a solution of the lipodisc
nanoparticles  (either empty or with the
NpSRI1/NpHtrll,s; complex) was diluted by the buffer
containing 10 mM TrisHCI, pH 8, 150 mM NacCl,
10 mM MgCl, and deposited on freshly cleaved mica.
The solution was incubated for 5 min, then mica was
washed with 1 mL of buffer and transferred to the
AFM liquid cell. The measurements were carried out
on a Solver PRO microscope (NT-MDT, Russian
Federation) operating in semicontact mode in buffer.
We used MSCT-AUHW cantilevers, the obtained
images were processed with FemtoScan Online soft-
ware.

RESULTS AND DISCUSSION

The general scheme of the experiments carried out
in this article, is presented in Fig. 1. The experiments
included the isolation and purification of the protein
complex NpSRII/NpHtrlls;, the formation of lipo-
somes and proteoliposomes, the formation of
two types of the lipodisc nanoparticles:
the empty (control) ones and the ones containing
NpSRII/NpHtrll157, and the investigation of the pro-
duced lipodisc nanoparticles by the three analytical
methods.

Proteins NpSRII and NpHtrlls; from N. pharaonis
were purified using a heterologous expression in E. coli
cells followed by purification by affinity chromatogra-
phy which was performed on a metal-chelate Ni-NTA
sorbent (see Materials and Methods). The complex
NpSRII/NpHtrll,s; (at a molar ratio of 1 : 1) was
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Fig. 2. Absorption spectrum of NpSRII/NpHtrll;5; com-
plex in lipodisc nanoparticles.

inserted into the liposomes from E. coli membrane
polar lipids, and the resulting proteoliposomes were
exposed to the SMA copolymer at a weight lipid-to-
polymer ratio of 1 : 2.5.

Figure 2 shows the absorption spectrum of the
solution of lipodisc nanoparticles containing the
NpSRII/NpHtrll,s; complex. The absorption maxi-
mum at 500 nm, being due to the absorption of the
chromophore group, retinal, in the NpSRII, indicates
the presence of the protein in the sample. The dissoci-
ation constant K; of the heterogeneous complex
NpSRI1/NpHtrll,s; was shown to be 240 nM [39]. The
concentration of sensory rhodopsin in the sample was
about 9 uM; its volume concentration in the lipid
phase had to be several orders of magnitude higher.
Accordingly, the NpSRII and NpHtrlls; should be
present in the lipodisc nanoparticles as a complex.

We used TEM to measure the size distributions of
the lipodisc nanoparticles. Figure 3 shows the images
of empty lipodisc nanoparticles and lipodisc nanopar-
ticles with the NpSRII/NpHtrll,s; complex. The size
distributions are plotted in Fig. 4. Each of the distribu-
tions was obtained by measuring 200 lipodisc
nanoparticles, each particle was measured twice
(amount of sampling N = 400). The distributions have
single maxima but are not Gaussian. According to the
Mann-Whitney test they are not significantly differ-
ent, meaning that the empty lipodisc nanoparticles
and the lipodisc nanoparticles containing the
NpSRII/NpHtrll,s; complex have the same average
size of 15 = 3 nm. The majority of lipodisc nanoparti-
cles are 12.8—13 nm in diameter. This value is in per-
fect agreement with the results obtained by the other
authors [15, 23]. We did not observe a bimodal size
distribution [23].

Lipodisc nanoparticle preparations were analysed
by dynamic light scattering (DLS) measurements. We
obtained the intensity distributions of particle sizes for
the NpSRII/NpHtrll s;-loaded and the empty
lipodisc nanoparticles. Both distributions had two
peaks (Fig. 5). The intensity-based mean diameter was
approximately 10 nm for both types of nanoparticles.
The peak near 150—220 nm was attributed to aggre-
gates of lipid and SMA. They are larger than single
lipodisc nanoparticles so they caused more intense
scattering. However, they are relatively few in num-
bers, as they were difficult to find by TEM. A similar
distribution was shown in [15]. The DLS-obtained
values were smaller than those obtained with the TEM
technique (1543 nm). The difference might be
attributed to the different physical properties that were
actually measured, namely the hydrodynamic diame-

Fig. 3. TEM images of the empty lipodisc nanoparticles (left) and the lipodisc nanoparticles containing the NpSRII/NpHtrll,5;

complex (right).
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Fig. 6. AFM image of the lipodisc nanoparticles. A section profile is shown on the right.

ter of nanoparticles in solution versus the size of the
projected area of the surface-adsorbed nanoparticles.

AFM was used to measure the thickness of the
lipodisc nanoparticles according to a protocol which
was shown to be suitable for nanodiscs [40—42]. An
AFM image of the lipodisc nanoparticles is shown in
Fig. 6. The mean height of the empty lipodisc
nanoparticles was 3.3+0.3 nm. This value is less than
the expected lipid bilayer thickness (4—5 nm). Seem-
ingly, the lipodisc nanoparticles were either flattened
at the surface and/or compressed by the tip-sample
interaction force. Both effects would decrease the
measured height.

The height of some lipodisc nanoparticles was
twice as large as others, an example of such object is
shown in Fig. 6 together with a section profile. Pre-
sumably, it is a pair of stacked lipodisc nanoparticles.

The lateral size of the lipodisc nanoparticles mea-
sured by AFM exceeded 23 nm, which was due to the
well-known tip broadening effect. We used silicon
nitride cantilevers with the curvature radius of up to
20 nm, according to the manufacturer. The tip broad-
ening can be decreased by using supersharp tips with
1—3 nm radius.

We failed to obtain reproducible AFM images of
NpSRII/NpHtr,s; in lipodisc nanoparticles because
the lipodisc nanoparticles were severely dragged by the
No. 6 2016
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cantilever. This problem can be solved in future by
optimisation of the buffer composition (pH and ionic
strength) and the substrate modification to optimize
the tip-sample interaction.

We may estimate the number of lipid molecules
that make up a lipodisc nanoparticle. The copolymer
has to shield the side surface of the hydrophobic lipid
tails from contact with water molecules in order to sta-
bilize the lipodisc nanoparticles. The thickness of the
hydrophobic part of the membrane is less than the
total thickness of a lipid bilayer. In this work we used
the polar lipid extract of Escherichia coli membranes,
which is mostly composed of lipids containing satu-
rated fatty acid with 16 carbon atoms in the hydrocar-
bon section [43]. The thickness of the hydrophobic
part of the membrane constructed of such lipids 4, is
2.6 = 0.1 nm [44].

Let us regard a lipodisc nanoparticle as a disc of a
lipid bilayer surrounded by the copolymer. In this
model we can estimate the copolymer volume as

2 2
Vsma = TR phyy, — TR} Ay,

where R;p is the radius of the lipodisc nanoparticle,
Ry, is the radius of the lipid part. In this study we used
a copolymer with a number average molecular weight
of 3800, corresponding to ~27 units of styrene and
9 units of maleic acid (molar ratio 3 : 1). Van der Waals
volume of this copolymer is Vypy ~ 3.7 nm? calculated
with the Molinspiration Property Calculation Service
(www.molinspiration.com). However, the actual
amount of space occupied by the polymer should be
greater due to loose packaging and hydration of the
copolymer:

Vsma = aNWVypy,

where N is the number of copolymer molecules per one
lipodisc nanoparticle, o is the volume coefficient
describing the differences between the actual and VDW
volume. On this basis the number of lipid molecules in a
single lipodisc nanoparticle can be estimated as

MR, 20NVypw
Nlip - - 5
Slip Sliphhp
where S, = 0.66 nm? is the area per one lipid [44].
This formula takes into account that a lipodisc
nanoparticle has two sides.

According to the TEM measurements the aver-
age radius of a lipodisc nanoparticle is 7.5 nm. The
contour length of used SMA copolymer molecule is
approximately 9.3 nm (in the approximation of bond
lengths and angles of alkanes), which is shorter than
the lipodisc nanoparticle circumference (~47 nm).
Thus we assume that lipodisc nanoparticles comprise
5 or more SMA molecules per particle.

We can estimate the variation of the amount of
lipid molecules per lipodisc nanoparticle with R;, =
7.5 nm from the amount of SMA molecules, given the
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coefficient oo = 1.5 : Ny, = 502 at N =5, Ny, = 470 at
N =10, Ny, = 406 at N = 20. Comparison of these
numbers with the literature data (180—200 lipid mole-
cules per DMPC lipodisc nanoparticle with R, =
6 nm [18]) confirms the assumption that several SMA
molecules are needed to stabilize a single lipodisc
nanoparticle. For comparison, a nanodisc formation
requires two apolipoprotein A (or its recombinant
analog MSP) molecules [13, 14]. Contrary to the nan-
odiscs, there is no reason to expect that the number of
SMA molecules in a lipodisc nanoparticle is constant.

Comparison of our results with the available pub-
lished data is shown in the Table. As noted above,
AFM has not been used previously to investigate lipo-
disc nanoparticles. As follows from the Table, TEM
and DLS, when both are used to measure the size of
lipodisc nanoparticles, usually provided compatible
size values.

The data presented show that lipodisc nanoparti-
cles can be used as monodisperse nanosized carriers
for membrane proteins. In the XFEL experiments the
information about the size of the studied objects is
inevitably lost [45]. In the diffraction experiments, this
information corresponds to X-ray photons that have
small diffraction angles. In XFEL experiments they
are almost impossible to detect near the main beam. It
is essential to know this information about the particle
size and shape for initial model building. Thus, when
the nanodiscs or lipodisc nanoparticles are used as
carriers for proteins in structural experiments by
XFEL, the information about their size should be
obtained by some independent analytical techniques,
such as dynamic light scattering, TEM and AFM. The
first of these methods is the fastest one, it is used
mainly to control the assembly of the lipodisc
nanoparticles. TEM is the most flexible of these
methods; furthermore, both TEM with negative stain-
ing and cryo-TEM can be used not only to measure
the size, but also for the construction of the three-
dimensional electron density distributions for the
analysis of protein structure stabilized in lipodisc
nanoparticles [46, 47].

In this paper we used lipodisc nanoparticles to sta-
bilize the photosensitive  protein  complex
NpSRII/NpHtrll,s;. According to TEM, both empty
lipodisc nanoparticles and the lipodisc nanoparticles
containing the complex NpSRII/NpHtrll,s;, have the
same average size 15 = 3 nm, with distribution mode
in the range of 12.8—13 nm. It is close to the value
obtained by dynamic light scattering (~10 nm).

We have shown that lipodisc nanoparticles can be
investigated by AFM, by analogy to nanodiscs [40, 48,
49]. However, the measured thickness of the lipodisc
nanoparticles (3.3 £ 0.3 nm) was smaller than the
expected thickness of the lipid bilayer (4—5 nm),
which could be due to the deformation of the lipodisc
nanoparticles by the compressive force executed by the
cantilever.
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As shown in the Table, so far the lipodisc nanopar-
ticles have been used for the stabilization of only a few
membrane proteins. At the same time, nanodiscs and
lipodisc nanoparticles are recognized as valuable tools
for structural biology, so we expect that their popular-
ity will grow.

The estimation of the molecular dimensions of the
SMA copolymer and the lipids shows that each lipo-
disc nanoparticle should involve several SMA mole-
cules. This should be further confirmed by experi-
ments and molecular dynamics simulations which are
currently on the way.

The reported study was funded by RFBR (research
project no. 15-54-12385) and DFG (STE640/14).
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