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Summary

To maintain membrane proteins soluble in aqueous solution, amphipathic compounds
are used to shield the hydrophobic patch of their membrane insertion, which forms a
belt around the protein. This amphipathic belt is seldom looked at due to the difficulty to
visualize it. Cryo-EM is now offering this possibility, where belts are visible in 3D
reconstructions. We investigated membrane proteins solved in nanodiscs, amphipols or
detergents to analyze whether the nature of the amphipathic compound influences the
belt size in 3D reconstructions. We identified belt boundaries in map-density
distributions and measured distances for every reconstruction. We showed that all the
belts create on average similar reconstructions, whether they originate from the same
protein, or from protein from different shapes and structures. There is no difference
among detergents or types of nanodisc used. These observations illustrate that the belt
observed in 3D reconstructions corresponds to the minimum ordered layer around
membrane proteins.
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1. Introduction

Membrane protein structure determination has taken a giant leap forward with
the recent development of single particle electron microscopy in cryogenic conditions
(Cryo-EM). Much more membrane protein structures become available [1, 2] (SFig. 1)
improving our knowledge of many biological processes. In order to achieve this grail of a
nice quality structure, it is necessary to extract the protein from the native membrane,
and purify it to homogeneity so it can be applied on a grid and imaged on a microscope.
And there lies the specificity of membrane proteins: they display a part of their structure
that spans the membrane, abundant in hydrophobic residues, rendering them insoluble
in water. There is thus a need for some amphipathic compound to shield this trans-
membrane region from water and from other hydrophobic molecule or even other
proteins around, else the result will be aggregation and loss of the precious sample.

Many recipes are available today to maintain membrane proteins in solution. The
historical way, still very much used today, is to use detergents to extract membrane
proteins from the membrane and then purify them in detergent solutions. Detergents
are small molecules that display a hydrophilic head and a hydrophobic tail. Both
moieties vary in nature, length and size allowing a large panel of possible screening for
good conditions, and they are also sometimes used in mixtures[3]. By nature, detergents
are very mobile and form a dynamic belt wrapping around the trans-membrane part of
the protein[4]. Due to this dynamic property, detergents can have sometimes negative
impacts on membrane proteins structure and function. Therefore, detergents with
increased stabilizing properties have been more recently conceived for limiting such
mobility either by having a design close to lipids (LMNG)[3, 5-7] or by generating
specific interactions[8]. Also, their amphipathic nature is unique to stabilize given
conformations. For example, the well-studied Lactose permease from E. coli (LacY) has
been proven to be stabilized in the outward-facing conformation when purified in
LMNG, while being in an occluded or inward-facing conformation in DMNG or DDM[9].

Other tools have been developed to forgo the need for detergents. Among them
the derivation of the lipid A apolipoprotein engineered as a series of Membrane Scaffold
Proteins (MSP), that together with lipids and the membrane protein will form a lipidic
nanodisc is a real success. It allows to reconstitute a more native environment and/or to
vary the type of lipids around the membrane protein[10]. In the same vein, amphipols
are polymers that wrap around purified membrane proteins and stabilize them without
the need for detergents and lipids[11, 12]. All these tools have been used for membrane
protein structure determination by Cryo-EM. More recently, new polymers have been
designed to directly extract membrane proteins from native membranes, allowing their
purification without detergents [13]. Also, several types of “lipid nanodiscs” originating
from proteins, peptides or polymers have been described [14-17]. All these tools present
advantages and limitations in their use, with extensive literature on each specific case
(for example [18, 19]).

All these compounds generate a local amphipathic environment around the
membrane region of membrane proteins that maintains them in aqueous solutions. This
layer is a belt from which membrane proteins are indissociable. Importantly, all these
environments bear intrinsic variability in size and shape as measured by various
methods, alone or in complex with membrane proteins [18, 20-22]. Also, some
environments like detergents are thought to be more fluid and displaying intrinsic
variability [4] than more rigid ones like amphipols, know to stabilize membrane
proteins for example [13]. Nonetheless, this solvent belt is seldom looked at despite its
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huge influence on the protein function, due to the difficulty to visualize it. Cryo-EM now
allows for the visualization of a layer wrapping around the transmembrane region of
membrane proteins. We have taken this opportunity to investigate if there is an
influence of these different amphipathic belts on their visualization after 3D
reconstructions. We identified the position of the hydrophobic solvent belt in map-
density distributions and measured the belts for many different proteins solved in
nanodiscs, amphipols and detergents. We showed that all the belts create on average
similar reconstructions, whether they originate from the same protein, or from protein
from different shapes and structures. There is no difference amongst detergents or type
of nanodisc used. These observations illustrate that the averaging procedure of CryoEM
reconstructions returns a belt corresponding to a common minimum ordered solvent
layer amongst all the membrane proteins particles selected for this reconstruction. This
solvation layer is however smaller than the total amount of amphipathic compound
embarked around membrane proteins.

2. Results

2.1. Selection and investigation of 3D reconstructions of membrane proteins structures
solved by cryo-EM in several amphipathic belts

In order to discriminate whether there is an influence of the type of amphipathic belt on
the 3D reconstructions used to image membrane proteins by cryo-EM, we have screened
the whole Protein Data Bank to select for comparison the membrane proteins that have
been solved only in multiple hydrophobic environments: nanodiscs, amphipols or
detergents (Fig. 1A. and STable 1.). The idea behind this selection is to keep the protein
fold constant in order to normalize its influence on the reconstruction, and to be able to
focus on the solvent belts alone. For small membrane proteins like the ones selected in
this study, trans-membrane helices dominate the reconstructions [23]. These
reconstructions for proteins of similar folds will thus not be affected by protein’s local
structural changes, and warrants evaluating the effect of amphipathic belts on
reconstructions. The identification of the belt is obvious to a trained eye, capable of
detecting the trans-membrane parts of a protein in a structure. The hydrophobic belt is
characterized by an expansion of lower-level density in the vicinity of the membrane
region as a decrease in the map density. After the observation of map-density
distributions of each structure of this dataset, an apparent feature was observable to
identify the belt and is exemplified in Figure 1B. At high density levels, the very ordered
parts of the structure are visible, on which reconstruction was anchored. Typically,
trans-membrane helices are key features used in 3D reconstructions of membrane
proteins and are visible at this level. With decreasing density levels, the number of
voxels increases with the map-density distribution curve showing a concave shape
(level 0). The higher ordered layers of the belt start to appear when the curve becomes
convex (level 1, dotted arrow). The belt becomes more and more apparent over the
course of about one log when the curve inflexes concavely (level 2) before a sharp
increase in number of voxels leading to appearance of low-level noise throughout the
box (level 3). Across all reconstructions, it is apparent that the more visible the
hydrophobic belt, the clearer and sharper the transition is between levels 1 and 2.
Notably, the hydrophobic belt inflates further away from the trans-membrane region as
the map density decreases (transition from level 1 to level 2 in SFig. 2), which denotes
different accuracy of belt visualization during reconstructions. The further away from
the protein, the less homogeneous the belt is during the 3D reconstruction across a
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particle dataset. We chose to measure distances at level 2 as it shows the full range of
the belt (SFig. 3).

Importantly, most, if not all, published cryo-EM maps have been subjected to masking,
and/or sharpening, and reconstructions could have been created with symmetry
enforced, leading to slight distortions of the belt (STable 1). All these parameters, along
with the type of software used, will have influence on the reconstruction and the size of
the belt. Nevertheless, the final reconstruction is the one under scrutiny and subjected to
analysis and comparison by outside investigators. With these restrictions in mind, the
current analysis is still worth to get a grasp of amphipathic belt sizes across various
reconstructions.

Purification
| ! |
Nanodisc Amphipol Detergent

g Ry s

|
Cryo-EM analysis
3D reconstruction
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Fig. 1. Visualization of the different types of hydrophobic belts surrounding membrane proteins. A/
General scheme of membrane protein purification from the membrane, kept in detergent (blue) or
reconstituted in nanodisc (red) or amphipol (green), and imaged by cryo-EM to obtain a 3D
reconstruction. The channel TRPV1 is used as an example of reconstruction (EMD-8117, PDB:5irx), with
belts colored accordingly. B/ Typical map-density distribution and representative density levels of
reconstructions, using the muscarinic acetylcholine receptor/G-protein complex as an example (EMD-
20079, PDB:60ik). Level 0 corresponds to parts of the structure with strong density; the red bar shows the
trans-membrane domain. Level 1 corresponds to the appearance of high density for the belt, depicted by
the dotted arrow. Level 2 represents the maximum density observed at low-level density, depicted by the
solid arrow. Level 3 corresponds to low density noise.

2.2. 3D reconstructions of membrane proteins in nanodiscs or detergents yield similar
average belt sizes

Using the map-density histogram, we measured for each entry the belt size by
determining the distance between the protein edge and the solvent boundaries at level 2
(SFig. 4 to 18., STable 2.). Belt reconstructions are not completely spherical but rather
follow the protein shape. We could thus identify long and short distances of the
hydrophobic solvent belt, which we separated in two categories for further processing.
Figure 2 displays the distance distribution plot of all proteins separated by hydrophobic
environments: nanodiscs, amphipols and detergents. For each type of belt, there is an
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apparent spread of distances, with 95% of total distances comprised between 14 and 36
A, and no distances bellow 10 A around the protein. Statistical analysis of long distances
observed in detergents and nanodiscs show that they follow the same distribution, as
well as small distances for these two categories. Considering the means for these two
categories of amphipathic compound, the solvent belt is visible around the protein for
21 to 28 A. The smaller number of structures solved using amphipols precludes the
statistical analysis on means using parametric statistics. Non-parametric statistics on
ranks reveals first an ambiguity about long amphipol distances where the current data
set cannot distinguish whether the distances are different or similar to the nanodiscs or
detergents ones (more measurements on more structures are needed to solve the
debate). Second, it unambiguously state that short distances measured in amphipols
follow the same distribution as the nanodiscs or detergents ones. Put together, these
results point to a common average distance distribution of solvent belts surrounding
membrane proteins observed after 3D reconstruction of cryo-EM data.

In order to distinguish if there is some inter-family of inter-solvent specificities
hidden within the global distribution, we further separated proteins for individual
analysis.

A B/ Fig. 2. Distance distributions between
so- so- the protein edge and the belt boundary.
| ns, p>0.999 ‘ A/ Distances separeted by type of
T solvent. Nanodiscs (red), amphipols

e ns, p>0.999 ‘ (green) and detergents (blue). Each dot

ad : 40 T corresponds to a distance, the horizontal

bar is the mean with the error bar
displaying the 95% confidence interval
of the mean (reported in brackets

*ee .

I 3" _;&:_ S = “..".:’... <3 bellow). Long and short distances are
E Ve = = b [N p— separated for clarity. Nanodiscs, long 28
_f_: WY s = e .§ A [27-30] and short 21 A [20-22].
= O™ ek~ - Amphipols, long 24 A [22-26] and short
HEoom ot _.I.. o= 18 A [16-20]. Detergents, long 27 A [26-
oA S S 28] and short 21 A [20-22]. B/ All
IR e distances represented by a grey dot. The
10+ : * 104 box corresponds to the 25t% (19 A) and
75t (29 A) percentile with an equal
mean and median of 24 A. 95% of total
o N distaonces are comprised between 14 and
N : ALL 36 A. P-values displayed are derived

N N N o from an ANOVA test.

Nanodiscs Amphipols Detergents

2.3. The TRPV family

The Transient Receptor Potential Vanilloid (TRPV) family consists of six ion
channels, varying in ion-selectivity according to the sub-family. Despite being
functionally distinct, they share a highly conserved fold, being active as a tetramer
formed around 6 trans-membrane helices per monomer[24]. In the present dataset, we
identified structures of TRPV1 in nanodiscs and amphipols, TRPV2 in nanodiscs,
amphipols and detergents (LMNG and DMNG), TRPV3 in Nanodiscs, detergents and
MSA-derived lipidic nanodiscs, and TRPV5 in nanodiscs and DMNG (STable 1.). The fact
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that TRPV proteins share a conserved fold gives a unique opportunity to compare
varying hydrophobic solvent belts. To these proteins, we also included structures of
TRPV6 that were solved only in amphipols, benefiting from the fact that they share the
same fold.

The signal of the hydrophobic belt varies in intensity among the different 3D
reconstructions, for unclear reasons (Fig. 3A., SFig. 4-7.). For example, the nanodisc belt
of TRPV1 and 2 appears with a strong signal in these five reconstructions, while its
intensity is much milder in the two reconstructions of TRPV5. Similar trends can be seen
in amphipols or detergents across the various reconstructions. Nevertheless, belt
boundaries are clearly visible and were measured for all thirty proteins (Fig. 3BC.)
Distance distributions follow a similar trend as the global one (Fig. 2A.), where
differences amongst belts are undistinguishable. The same ambiguity remains between
long distances of nanodiscs and amphipols, but it is challenged by the lack of difference
this time between amphipols and detergents. More measures on more reconstructions
would help to differentiate the trend. Nevertheless, the fact that short distances show
the same distributions across the three types of solvent and the undistinguishable long
distances for nanodiscs and detergents suggest a similar average size for solvent belts
around TRPV proteins.
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Fig. 3. Belts surrounding TRPV proteins. A/ Example of the TRPV1 proteins solved in nanodisc or
amphipols. The EMD accession codes are listed and each structure and are colored in grey, red or green,
and overlaid. Top and side views are depicted, the solid arrow points to the position of the solvent belt. B/
Map-density distribution for each entry. On each distribution, the dotted arrow shows the belt appearance
at level 1, and the solid arrow at level 2. C/ Distance distributions for all TRPV proteins, with the same
color-coding as Fig.2. Statistical analysis was carried out using ANOVA and Kruskal-Wallis. Printed p-
values are derived from Kruskal-Wallis analysis on ranks.

2.4. Similar average belts length across multiple protein types solved using different
amphipathic solvents

We have identified in the dataset multiple protein structures that have been
solved only a few times in different hydrophobic belts. This limited number of structures
prevents a statistical analysis on each protein. Instead, these proteins were evaluated in
a group, thereby offering the opportunity to compare proteins with completely distinct
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folds, and originating from various sources and amphipathic environments (Fig. 4.,
STable 1., SFig. 8-13.). Within each protein, the hydrophobic belt distances cluster rather
well, showing a narrow distribution of distances, sampling apparently randomly across
the distribution of all proteins shown in Fig. 2. Comparison of all these proteins reveals
that their means group in similar ranges, with overlapping confidence interval of the
mean, invoking a comparable hydrophobic belt around all these proteins.

A/ B/ C/ D/ E/ F/
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Fig. 4. Distance distributions between the protein edge and the belt boundary for several types of
proteins. Given the limited number of structures in each family, nanodiscs, amphipols and detergents have
been reported together. Each dot corresponds to a distance, the horizontal bar is the mean with the error
bar displaying the 95% confidence interval of the mean (also in brackets below). Long and short distances
are separated for clarity. A/ PDK-TRP family, long 21 A [18-24] and short 15 A [13-18]. B/ V-ATPase, long
20 A [18-22] and short 16 A [14-18]. C/ OTP3, long 27 A [22-31] and short 22 A [17-28]. D/ OSCA, long 31
A [27-35] and short 26 A [21-31]. E/ LRRC8A, long 28 A [24-33] and short 25 A [20-30]. F/ TMEM16, long
33 A [28-38] and short 21 & [12-29].

2.5. The superfamily of ABC transporters

ATP-binding Cassette (ABC) transporters are a large superfamily of transporters,
harnessing the energy of ATP-binding and hydrolysis to translocate a wide range of
substrate across many biological membranes. They are ubiquitous, and involved in
many important cell-homeostasis functions[25]. While no single ABC transporter has
been solved by cryo-EM in different hydrophobic environment, these proteins display a
common fold and all together have been solved in nanodiscs, amphipols and detergents.
They also offer the advantage that there is a large amount of structures, solved by
several groups around the world using their own methodologies, and that their
structures have been solved in multiple conformations offering a unique view of the
solvent distribution around proteins in motion. Type I (or Type-V exporter, ABCB1-like)
and type II (or Type-VI exporter, ABCG2-like) have been separated for clearer analysis
(Fig. 5AB., SFig. 14-16.). Within the type [, no difference is detected between the distance
distributions. Between type I and II, the distances are also inseparable, claiming that the
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hydrophobic belt around ABC transporters is always of similar size, regardless of the
conformation or the arrangement of trans-membrane helices.
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Fig. 5. Distance distributions around ABC transporters and GPCRs. A/ Type V ABC transporter (ABCB1-
like). Nanodiscs, long 30 A [24-35] and short 25 A [19-29]. Amphipols, long 37 A [29-44] and short 34 A
[28-39]. Detergents, long 30 A [29-32] and short 24 A [22-25]. B/ Type VI ABC transporter (ABCG2-like).
Nanodiscs, long 27 A [25-28] and short 23 A [21-24]. Detergents, long 26 A [18-33] and short 21 A [15-
27].C/ GPCR, all structures, in detergents: long 27 A [25-28] and short 22 A [20-23]. For structures solved
in the mixture LMNG/CHS: long 25 A [22-29] and short 19 A [16-21]; LMNG/GDN: long 29 A [26-31] and
short 24 A [22-26], and for the complex mixture of LMNG/CHS/GDN with or without digitonin: long 33 A
[30-36] and short 27 A [24-30].

2.6. Similar detergent belt reconstructions around GPCRs

Twenty one unique structures of GPCR were found in the present database,
belonging to the A, B, C or F classes (or G, R, F or S, respectively, according to the GRAFS
nomenclature[26]), all solved in detergents. The vast majority used LMNG as a base,
alone or in combination with other cholesterol-like detergents such as CHS, GDN or
digitonin. All structures have been solved in complex with their cognate G proteins,
and/or [-arrestin, in various flavors. Like for ABC transporters, all these GPCR
structures share an overall fold that grants the direct comparison of their associated
belts, with local differences between structures making it more worthwhile to analyze
differences in the detergent belt measurements. The detergent belt distance distribution
(Fig. 5., SFig. 17-18.) is inseparable from the ABC transporter ones, or from the global
distance distribution of all membrane proteins solved by cryo-EM (Fig. 2.). Following
this trend, the popular detergent mixes, for these GPCR structures, between LMNG and
CHS, GDN or digitonin yield similar detergent belt reconstructions, on average.

10
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2.7. Different types of nanodiscs yield similar reconstructions; detergent belts are all of
equivalent sizes.

We checked whether a difference in distance distribution can be observed among
the type of hydrophobic solvent. For instance, different flavors of Membrane Scaffold
Proteins (MSP) are available to form nanodiscs, varying the length of a helical fragment
within the MSP to make it longer or shorter[10]. In the current dataset, proteins have
been solved with 3 types of MSP, the short MSP1D1 and its longest version MSP1E3D1
comprising 3 helical insertion. MSP2N2 is formed by the fusion of two MSP1D1. Figure
6A shows the distance distribution of the nanodisc belts sorted by nanodisc type,
revealing that they are undistinguishable after reconstruction. Long and short distances
of two types of nanodiscs formed by MSP1D1 and MSP2N2 follow the same distribution,
with means equivalent to the mean obtained for all measurements in Fig. 2. Following
this observation, distances were also separated by type of detergent to distinguish if a
detergent or a detergent mixture can give rise to distinct belt sizes (Fig. 6B). Distances
measured from different types of detergents are all virtually indissociable, and
distribute in the same range as distances observed for nanodiscs and all other
measurements together (Fig. 2.).
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20 A [18-22]. MSP1E3D1, long 19 A [15-22] and short 14 A [9-20]. B/ Distances measured for the most
represented detergents in this dataset. LMNG (Lauryl Maltose Neopentyl Glycol), long 25 A [22-28] and
short 17 A [15-19]. DMNG (Decyl Maltose Neopentyl Glycol), long 23 A [20-25] and short 16 A [14-18].
Digit. (Digitonin), long 29 A [27-30] and short 23 A [22-25]. GDN (Glyco-diosgenin), long 23 A [17-28] and
short 19 A [17-20]. UDM (Undecyl-p-p-galactopyranoside), long 22 A [17-28] and short 18 A [15-21]. DM
(Decyl-B-D-galactopyranoside), long 21 A [19-24] and short 17 A [12-22]. C12E8 (Octaethylene Glycol
Monododecyl Ether), long 24 A [22-27] and short 19 A [16-22]. LMNG-CHS (CHS: Cholesteryl-
hemisuccinate), long 26 A [20-31] and short 21 A [15-28]. LMNG-GDN, long 29 A [26-31] and short 24 A
[22-26]. DDM-CHS (DDM: Dodecyl-B-D-galactopyranoside), long 29 A [26-31] and short 26 A [22-29].
UDM-CHS, long 34 A [31-38] and short 30 A [29-32]. Numbers are the mean followed by the 95%
confidence interval of the mean in brackets. Statistical analysis was carried out using ANOVA and Kruskal-
Wallis. Printed p-values are derived from Kruskal-Wallis analysis on ranks.
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3. Discussion

In order to discriminate if the compounds used to shield the membrane region of
a membrane proteins have an influence on the observation of the corresponding belt by
cryo-EM, we performed a statistical analysis of a curated database of selected membrane
proteins solved in several hydrophobic environments. By visualizing every structure, we
were able to identify in map-density distributions a signature of hydrophobic belt
appearance (levels 1 & 2 in Fig. 1B.). We further identified its boundaries for every
protein and measured its size for statistical analysis. 95% of all measured lengths
distribute between 14 and 36 A around the surface of trans-membrane segments, and
half of the belts are comprised between 19 and 29 A. Importantly, the distance
distribution of amphipathic solvent belts varies significantly within the current data set,
which is why the use of statistical tools to evaluate differences between populations is
so important. We also only focused on protein from the same family to diminish the
impact of proteins on reconstructions. It should be noted that the shape of the
membrane protein, or the presence of a protein-protein complex, will have an influence
on the reconstruction (which part of the particle dominate the reconstruction [23]),
which will have an impact on the size of amphipathic belts, and can be seen as
exceptions.

The hydrophobic belts were further separated by type of solvent to probe
whether nanodiscs, amphipols or detergents can yield tighter or larger belts. The results
presented in Figure 2 show that these three types of solvent were following the same
distributions, and were therefore statistically indistinguishable on average.

This result correlates well with other types of measurements of the same
solvents by other methods. Molecular dynamics simulations of membrane proteins
embedded in amphipols or detergents show a belt around the transmembrane regions,
with some degree of flexibility[4, 27-29]. Indeed, the belt formed by these amphipathic
compounds is very fluid, revealing local clusters of individual molecules, forming and
deforming with time. When measured using neutron diffraction of membrane protein
crystals[30], an averaging technique like cryo-EM, the detergent belt appears as a
homogeneous belt around the protein. The size of the belt observed was then highly
dependent on the type of crystal as the detergent could merge between belts of
symmetric molecules[31]. All these techniques have been limited to the size of the
system for molecular dynamic simulations, or “neutron-diffraction quality” crystals
combined with deuterated detergents; here, cryo-EM allows for the visualization of any
amphipathic compound, with belt measurements matching other measuring methods.

Since the hydrophobic belt has intrinsic properties to diffract electrons, it has a
strong influence on the reconstructions. For example, for a 130 kDa ABC transporter, the
DDM belt (400 monomers) accounts for an additional 200 kDa[4]. It is thus
understandable that even if this detergent belt is not ordered, it still influences electron
diffraction around the membrane protein, nicely exemplified with 3D variability of the
detergent belt visualized in cryo-EM[32].

Nanodiscs formation is achieved by mixing three ingredients (Membrane Scaffold
Protein, lipids and membrane protein) and detergents removed using biobeads[10]. The
membrane protein embedded into nanodiscs are then separated from empty nanodiscs
using affinity chromatography and/or size exclusion chromatography. The object
comprising the membrane protein of interest is in reality quite heterogeneous,
containing a mixture of large and small nanodiscs, with more or less lipids embarked,
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and varying in all dimensions according to the type of MSP used and the ratio lipid:MSP,
etc... [33-36]. In some cases, contacts are made between the protein and the MSP that
stabilize it and makes the MSP visible in 3D reconstruction, as exemplified recently[37,
38]. Most of the time however, the embarked membrane protein can move from side to
side within the nanodisc, and does not always stay in the middle. The absence of a stable
position makes it hard to visualize MSP positions by cryo-EM.

We next explored if we could identify within a set of protein, or type of
amphipathic compound, a combination that could influenc