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Summary 

Membrane proteins possess numerous vital roles in cell, pose as the gateway to their 

intracellular milieu, and therefore, are of high pharmacological interest. Structural 

studies have proven to be of tremendous aid to the field of pharmaceutical research, 

as high-resolution protein structures can help identify new targets and serve as a 

starting point for the development and screening of pharmacological substances. Since 

the resolution revolution, cryo-electron microscopy (cryo-EM) has drastically aided in 

advancing the elucidation of membrane proteins, which is reflected in a considerable 

increase of deposited structures of membrane proteins in the protein data base utilizing 

cryo-EM. However, it was not only the advancements in the field of cryo-EM, but also 

the improvements made on membrane mimetic systems: Among the membrane 

mimetic systems, amphiphilic copolymers such as styrene/maleic acid (SMA) and 

diisobutylene/maleic acid (DIBMA) received great attention over the last decade, as 

they solubilize membrane proteins along with their surrounding lipids providing an 

environment close to the native membrane. The so formed particles are called 

nanodiscs and consist of a membrane patch, in which the protein is embedded, that is 

surrounded by a belt of amphiphilic copolymer. 

Herein, the structure of the formate channel A (FocA), stabilized in n-dodecyl-β-D-

maltoside (DDM) micelles, was resolved to 3.1 Å with the aid of cryo-EM. This allowed 

for the unambiguous modelling of the full-length pentameric assembly. The modelled 

structure enabled the characterization of its pore, revealing a compartmentalized 

polarity distribution across which is mirrored against a two-fold axis of the important 

histidine residue 209 (H209). Additionally, detergent densities were identified inside 

the pentameric assembly that are hypothesized to be a substitute to phospholipids in 

a cellular context. The revealed detergent densities highlight the drawbacks of 

detergents as a membrane mimetic system, namely being potentially detrimental 

interactions of detergents with the hydrophobic moieties of membrane proteins. 

Although the FocA structure provided insights into its function as a formate transporter, 

usage of detergent as membrane mimetic systems, in other cases, can lead to the loss 

of molecular structure and thus function. 

In a pharmacological context, an incorrectly folded protein could give a wrong 

estimation for the initial steps of the drug development process. Therefore, a 

membrane mimetic system that provides a closer-to-native environment would be of 
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big advantage in the research field of membrane proteins. To this extent, recently 

developed amphiphilic copolymers were tested for their ability to solubilize artificial 

multi-component vesicles that mimic the lipid composition of inner mitochondrial 

membranes. Subsequently, the formed nanodiscs were characterized for their 

morphology and size by dynamic light scattering and negative stain electron 

microscopy (NS-EM). This solubilization revealed a high polydispersity which was 

reflected in the high heterogeneity that was observed in NS-EM. All polymers were 

able to solubilize the membranes, with sulfobetaine diisobutylene/maleic acid (Sulfo-

DIBMA) showing the best overall performance. 

As Sulfo-DIBMA revealed the best performance, it was tested to solubilize artificial 

vesicles that mimic the lipid composition of a thermophilic fungus. After it was shown 

that Sulfo-DIBMA successfully solubilizes the artificial thermophilic membranes, native 

membranes from the thermophilic fungus Chaetomium thermophilum were used for 

membrane protein extraction. The isolated membrane proteins were then purified by 

size exclusion chromatography and subsequently used for the 3D reconstruction and 

identification by cryo-EM and mass spectrometry. Among the identified proteins, a 

soluble protein, which is known to transiently associate with membranes, myo-inositol-

1-phosphate (MIPS), was reconstructed at 4.73 Å. The reconstruction allowed for 

fitting the molecular model of MIPS and revealed previously un-observed densities. 

Additionally, an unidentified nanodisc-embedded protein was reconstructed at ~18 Å. 

Mass spectrometry, cryo-EM, and the homology-based identification algorithm gave 

rise to a promising candidate (UniProt-ID: G0SI00), an uncharacterized protein in 

Chaetomium thermophilum. Based on homologous annotated proteins this protein 

could represent a potassium channel. Subsequent fitting of multiple downloaded 

voltage gated potassium channel structures revealed a reasonable overall fit to the 

map. However, due to the low resolution it was not possible to unambiguously identify 

the endogenous and native, nanodisc-embedded protein complex. 

As a concluding remark, this thesis reveals the efficient solubilization of artificial multi-

component as well as natural membranes with functionalized amphiphilic copolymers 

and their effective usage in structural biology. The so-resolved structures could hold 

further insights into native structures of membrane protein complexes that could further 

be used for the structure-based drug development. 
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Zusammenfassung 

Membranproteine haben zahlreiche lebenswichtige Funktionen in der Zelle und stellen 

das Tor zum intrazellulären und interorganellen Milieu dar. Deshalb sind sie von 

großem pharmakologischem Interesse. Strukturbiologische Studien haben sich für die 

pharmazeutische Forschung als äußerst hilfreich erwiesen, da hochaufgelöste 

Proteinstrukturen die Grundlage des rationalen Wirkstoffentwurfs darstellen und daher 

den Ausgangspunkt für die Entwicklung und das Screening pharmakologischer 

Substanzen darstellen. Seit der „resolution revolution“ hat die Kryo-

Elektronenmikroskopie (Kryo-EM) die Aufklärung von Membranproteinen drastisch 

vorangebracht was deutlich an der Zunahme der hinterlegten kryo-EM Strukturen von 

Membranproteinen in der Proteindatenbank zu erkennen ist. Es waren jedoch nicht nur 

die Fortschritte auf dem Gebiet der Kryo-EM, sondern auch die Verbesserungen, die 

an membranmimetischen Systemen vorgenommen wurden. Unter diesen Systemen 

haben amphiphile Copolymere wie Styrol/Maleinsäure (SMA) und 

diisobutylen/Maleinsäure (DIBMA) in den letzten zehn Jahren große Aufmerksamkeit 

erregt, da sie Membranproteine zusammen mit den sie umgebenden Lipiden 

solubilisieren und so eine Umgebung schaffen, die der natürlichen Membran 

nahekommt. Die resultierenden Partikel werden als Nanodiscs beschrieben und 

bestehen aus einer Membranscheibe, in der das Protein integriert ist, und die umgeben 

ist von einem Gürtel aus Polymer. 

In dieser Arbeit wurde die Struktur des Formiat-Kanals A (FocA), der in n-Dodecyl-β-

D-maltosid (DDM)-Mizellen stabilisiert ist, mit Hilfe von Kryo-EM mit einer Auflösung 

von 3.1 Å aufgeklärt. Dies ermöglichte die eindeutige Modellierung der nativen 

Quartärstruktur eines Homopentamers. Diese Struktur ermöglichte die 

Charakterisierung der Membranpore und zeigte eine kompartimentierte 

Polaritätsverteilung, die sich an einer zweifachen Achse der wichtigen 

Histidinseitenkette 209 (H209) spiegelt. Darüber hinaus wurden Detergenzdichten 

innerhalb der pentameren Struktur identifiziert, von denen angenommen wird, dass sie 

im zellulären Kontext durch Phospholipide ersetzt werden. Die aufgelösten 

Detergenzien-Dichten verdeutlichen die Nachteile von Detergenzien als 

membranmimetisches System, nämlich potentiell schädliche Wechselwirkung der 

Detergenzien mit den hydrophoben Anteilen von Membranproteinen. Obwohl die 

FocA-Struktur Einblicke in seine Funktion als Formiat-Transporter lieferte, kann die 
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Verwendung von Detergenzien als membranmimetische Systeme in anderen Fällen 

zum Verlust der nativen Struktur und damit der Funktion führen. 

In einem pharmakologischen Kontext stellt ein artifizielle Proteinstruktur eine potentiell 

fehlerhafte Grundvoraussetzung für die ersten Schritte der Arzneimittelentwicklung 

dar. Daher ist ein membranmimetisches System, das die native Umgebung erhält, für 

die Erforschung von Membranproteinen von großem Vorteil. Zu diesem Zweck wurden 

kürzlich entwickelte amphiphile Copolymere im Rahmen dieser Arbeit auf ihre 

Fähigkeit getestet, künstliche Mehrkomponenten-Vesikel zu solubilisieren, die die 

Lipidzusammensetzung innerer mitochondrialer Membranen nachahmen. 

Anschließend wurden die gebildeten Nanodiscs mittels dynamischer Lichtstreuung 

und Elektronenmikroskopie an negativ kontrastierten Proben (NS-EM) hinsichtlich 

ihrer Morphologie und Größe charakterisiert. Die Solubilisierung ergab eine hohe 

Polydispersität, die sich in der hohen strukturellen Heterogenität widerspiegelte. Alle 

Polymere waren in der Lage, die Membranen zu solubilisieren, wobei Sulfobetain-

Diisobutylen/Maleinsäure (Sulfo-DIBMA) die beste Gesamtleistung zeigte.  

Da Sulfo-DIBMA die beste Solubilisierungsrate zeigte, wurde es verwendet um 

künstliche Vesikel zu solubilisieren, welche die Lipidzusammensetzung eines 

thermophilen Pilzes nachahmen. Nachdem gezeigt wurde, dass Sulfo-DIBMA die 

künstlichen thermophilen Membranen erfolgreich löst, wurden native Membranen aus 

dem thermophilen Pilz Chaetomium thermophilum für die Membranproteinextraktion 

verwendet. Die isolierten Membranproteine wurden dann durch 

Größenausschlusschromatographie angereichert und anschließend mittels Kryo-EM 

und Massenspektrometrie analysiert. Unter den detektierten Proteinen wurde Myo-

Inositol-1-Phosphat (MIPS), ein lösliches Protein von dem bekannt ist, dass es 

vorübergehend mit Membranen assoziiert, identifiziert und die Proteinstruktur mit einer 

Auflösung von 4.73 Å rekonstruiert. Diese Rekonstruktion ermöglichte die Optimierung 

des molekularen Modells von MIPS und offenbarte zuvor strukturell unbekannte 

Proteinstrukturen. Darüber hinaus wurde ein nicht identifiziertes, in eine Nanodisc 

eingebettetes Protein mit einer Auflösung von ~18 Å rekonstruiert. 

Massenspektrometrie, Kryo-EM und der auf Homologie basierende 

Identifizierungsalgorithmus ergaben einen vielversprechenden Kandidaten (UniProt-

ID: G0SI00), ein bisher uncharakterisiertes Protein aus Chaetomium thermophilum. 

Auf der Grundlage annotierter homologer Proteine könnte dieses Protein einen 

Kaliumkanal darstellen. Die anschließende Anpassung mehrerer publizierter 
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spannungsgesteuerter Kaliumkanalstrukturen ergab eine rationale Gesamtanpassung 

an die Kryo-EM Dichtekarte. Aufgrund der geringen Auflösung war es jedoch nicht 

möglich, den endogenen und nativen, in die Nanodisc eingebetteten Proteinkomplex 

zweifelsfrei zu identifizieren. 

Zusammenfassend lässt sich feststellen, dass diese Studie die wirksame 

Solubilisierung künstlicher Mehrkomponenten- und natürlicher Membranen mittels 

funktionalisierten amphiphilen Copolymeren sowie deren erfolgreiche Anwendung in 

der Strukturbiologie demonstriert. Die so aufgelösten 

Membranproteinkomplexstrukturen können dann Erkenntnisse über deren native 

Strukturen liefern. Dieses Wissen könnte dann, z.B., in der strukturbasierten 

Entwicklung von Wirkstoffen einen erheblichen Beitrag leisten. 
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1. Introduction 

1.1 Biological membranes 

All living cells are separated by biological membranes, shielding their interior from the 

environment and aid as a mechanical support in the cellular assembly and its 

organelles.1 Biological membranes are intricate complex assemblies that consist of 

different lipids, proteins, and sugars (Figure 1).2,3 This complex assembly participates 

in a multitude of cellular processes, such as controlled differentiation of new cells, 

build-up of concentration gradients, serving as a diffusion barrier, cell-cell recognition, 

regulation of metabolite transport, and even cell death.4-7 

  
Figure 1: Schematic depiction of the cross section of a eukaryotic biological membrane. 
Depicted is a biological membrane that consists of a lipid bilayer in which various proteins are 
embedded or associated to. The lipid bilayers are made of various different lipids, indicated by 
a colored headgroup, and sterols in their stick representation. 

Each component of any biological membrane, contributes to its physico-chemical 

properties in a non-linear and non-additive manner, allowing for highly-specialized 

individualizations of the various membranes in a cell.8-14 Additionally, these properties 

are carefully regulated and maintained for by various proteins, adjusting the cellular 

metabolism if needed.2,3,15 The current biological model, the fluid mosaic model,1 

describes the biological membrane as a crowded, intricate, two-dimensional, fluid 

bilayer that interacts, via membrane proteins, with the cytoskeleton as well as the 

extracellular matrix and is composed of two asymmetric layers of lipids with different 

domains in which membrane proteins are embedded or associated to.1,3 Under 

physiological conditions, biological membranes are in the liquid-crystalline state.2 In 

this state lipids and membrane proteins are relatively free to laterally diffuse, given the 

restraints of the membrane. Furthermore, lipids are able to translocate from the inner 
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to the outer leaflet and vice-versa; however, this process is thermodynamically rather 

unfavorable and requires the action of special transport proteins, so-called flipases, 

and flopases.16 

 

1.1.1 Membrane lipids 

Lipids that are involved in the formation of a biological membrane, are amphiphilic 

molecules that consist of a hydrophilic head and a hydrophobic tail. Their physico-

chemical properties depend on the length and the degree of saturation of the aliphatic 

hydrocarbon chain, which makes up the hydrophobic tail of the lipids, and the neutral, 

zwitterionic or negatively charged hydrophilic headgroup.17,18  

The biological membranes of many bacteria, animals, and fungi consist mainly of three 

different classes of lipids: phospholipids, glycolipids, and sterols.19 In detail, the group 

of phospholipids can be separated into the class of glycerophospholipids and the 

phosphosphingolipids. The glycerophospholipids consist of a glycerol backbone which 

is connected by ester linkage to a phosphate group and two fatty-acid chains 

(Figure 2), whereas the class of phosphosphingolipids consists of a sphingoid 

backbone which is connected by an amide-bond to a fatty-acid chain and a phosphate 

group.20 In general, glycerophospholipids typically make up the bulk of the lipids in 

biological membranes.21 A common example of a glycerophospholipid is 

phosphatidylcholine which has an additional choline group attached to its phosphate 

group.22 

Glycolipids are a group of lipids that carry, instead of a phosphate headgroup, a mono- 

or oligosaccharide headgroup. They mainly reside in the outer leaflet of the biological 

membranes and are involved in multiple processes such as membrane stabilization, 

cell–cell interactions,23 or immune response.24 

Sterols, such as cholesterol and ergosterol, are a subgroup of steroids and are derived 

from gonane, but instead of a hydrogen have a hydroxyl group at the C3 position. 

Naturally, sterols occur in most of the eukaryotes and in some bacteria. Functionally, 

sterols are involved in cell signalling,25 substrate presentation,26 in the modulation of 

the membrane properties,27 and serve as a chemical precursor.28,29 

These lipids can further be split into three groups namely bulk-, annular, and structural 

lipids.21 Bulk lipids are lipids that make up the majority of the lipids in a membrane 
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without interacting specifically with proteins.30 Annular lipids are lipids that surround 

the proteins that are embedded or anchored in the membrane and interact, generally, 

non-specifically with them.31 Structural lipids are lipids that are specifically bound or 

buried inside the proteins and are relevant for their proper structure and function.32 

In an aqueous solution these amphiphilic molecules, mainly driven by the hydrophobic 

effect, form aggregates minimizing unfavorable interactions between the hydrophobic 

acyl chains and the aqueous solvent.33 The form of the aggregates that are assembled 

is dictated by the shape of the lipids that are involved and is known as lipid 

polymorphism. The shape of the lipids is defined by their geometry which is described 

by the so-called packing parameter (P) and can be calculated as:34 

P =
v

 ao ∙ lc
 

where v is the volume occupied by the acyl chains, a0 is the cross-sectional area of the 

headgroup, and lc is the critical length (Figure 2A). 

 
Figure 2 Graphical depiction of a lipid and its packing parameter. (A) Schematic 
representation of a lipid with the headgroup area (a0), acyl chain volume (v), and length of the 
acyl chains lc indicated. (B) Geometrical shapes that are used to describe the lipid shape 
according to their packing parameter. 

Their shape can further be influenced by pH, temperature, salt concentrations, and 

hydration.35 Glycerophospholipids such as phosphatidylcholine (PC), 

phosphatidylinositol (PI), and phosphatidylglycerol (PG) resemble a more or less 

cylindrical shape and a P ≈ 1. Whereas glycerophospholipids, such as cardiolipin (CL) 

or phosphatidylethanolamine (PE), have a small headgroup area and a large tail 

volume resembling the structure of an inverted truncated cone with a P > 1.36 On the 

contrary, lyso lipids or detergents resemble the structure of a cone with P < 1/3. 

Depending on their shape, lipids can form various aggregates, such as micelles, 

bilayers, or hexagonal phases.35 

The cellular membranes are complex mixtures of proteins, sugars, and lipids which are 

organized in the form of lipid bilayers. Furthermore, each of the various lipid bilayers 

in a cell has a different composition, resulting in various membranes with different 
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physico-chemical properties regarding their fluidity, charge, asymmetry, and 

curvature.2 

The fluidity of a lipid bilayer refers to its viscosity and determines the degree to which 

proteins and lipids diffuse laterally in the lipid bilayer. The fluidity of a membrane is 

influenced by all of its components and their interactions.37,38 On a lipid basis, the 

fluidity is affected by the length and degree of saturation of the acyl chains, lipid 

composition, and temperature.39,40 Lipids with shorter acyl chains occupy a smaller 

area, resulting in fewer hydrocarbon atoms that participate in stabilizing van der Waals 

interactions with the adjacent hydrophobic acyl chains, thus increasing the fluidity of 

the lipid bilayer.41 Fully saturated carbon chains affect the fluidity by increasing the van 

der Waals interactions with the adjacent hydrophobic acyl chains, thus making the 

membrane more rigid.40 On the other hand, unsaturated carbon-carbon bonds in the 

acyl chains of the lipids create a “kink”, making the lipid itself more rigid but increasing 

in the same turn, the fluidity of the membrane as it impairs the packing-ability of the 

surrounding lipids, causing a decrease in stabilizing van der Waals interactions.42,43 An 

increase or decrease in the temperature allows for an increase or decrease in the 

fluidity of the lipid bilayer, respectively. Furthermore, changing the temperature above 

or below a lipid mixture specific temperature, the so-called melting temperature (Tm), 

membranes undergo a phase transition from the liquid crystalline phase (Lα) to the gel 

phase (Lβ).44,45 In the liquid crystalline phase, lipids are “loosely” packed inside the lipid 

bilayer. In this phase many of the lipids are in gauche conformation, allowing for a 

greater area per molecule and greater rotational freedom of the lipids. On the contrary, 

in the gel phase, lipids are in the all-trans conformation, therefore, are packed tightly, 

resulting in a more rigid membrane that has a lower area per molecule, greatly 

impairing rotational and lateral movement.38 In terms of lipid composition, certain lipids, 

such as sterols, can have drastic effects on the membrane properties. Sterols can alter 

the lipid phase behavior, or the fluidity, rigidity, and permeability of the lipid 

bilayer.27,41,43 

Biological membranes in a cell are not uniform but asymmetric, meaning that the 

composition of the inner leaflet differs from the composition of the outer leaflet, even 

showing specific domains inside the lipid bilayer (e.g., annular lipids and structural 

lipids around a membrane protein).3,21,30-32,38 This results in two completely different 

leaflets with different physico-chemical properties.3,46 The asymmetry of the lipid 

bilayer is maintained by various proteins, and a loss of asymmetry often results in cell 
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death.46 The asymmetry and the thereby caused non-uniform distribution of lipids 

induces global and local curvatures creating this way various forms of membranes 

inside a cell. Prominent examples are the cristae of mitochondria, the endoplasmic 

reticulum, or the Golgi apparatus which have dramatically distinct structure and 

curvatures to serve their corresponding functions. Additionally, the curvature of the 

membrane can also be altered through different proteins, creating local curvature shifts 

or even form completely different structures.47-50  

 

1.1.2 Membrane proteins 

Membrane proteins make up ~25% of the cellular proteome and are crucial for all living 

cells, as being involved in processes such as cell-cell signaling,51 signal transduction,52 

transport of ions and metabolites,53,54 enzymatic reactions,55 and cell motility.56 

Therefore, without membrane proteins, biological membranes would, solely, be a 

diffusional barrier separating the cell from its environment.57 Additionally, ~60% of the 

current drug targets are membrane proteins.58 The new discovery and development of 

drugs to treat any disease is a tedious process, often involving high-throughput 

screening of chemical compound libraries that could inhibit or modulate the target’s 

function in order to find potential lead compounds.59 During the last two decades, 

structure-based approaches paired with computational methods to identify potential 

new drug targets have become a tremendous help in identifying new potential drug 

targets.60,61 Thus, a precise structural elucidation of membrane proteins would 

immensely aid the drug discovery against membrane protein target.62 

Membrane proteins can be separated into two categories: peripheral membrane 

proteins and integral membrane proteins, with further subgroups among them.63 The 

first category consists of proteins close to the membrane that interact mostly with the 

lipid headgroups or are either anchored in the cellular membrane by, e.g., an 

amphipathic helix or an hydrophobic loop. The latter category are membrane proteins 

that are fully- or partly embedded into the membrane, burying their hydrophilic 

sidechains into the hydrophobic region of the membrane. Specific protein–lipid 

interactions are essential for membrane proteins, governing their organization in the 

membrane, as well as their structure, and function.31,64 In terms of their structure, the 

majority of transmembrane proteins are alpha-helical proteins– 27% of all human 

proteins are estimated to be alpha-helical membrane proteins.56 Beta-barrels, so-far, 
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have only been found in the outer membranes of bacteria, chloroplasts and 

mitochondria.65 

Despite their biological and pharmacological importance, membrane proteins are still 

underrepresented in functional and structural studies.66 Currently, there are ~1550 

unique membrane-protein structures and ~61000 total protein structure entries in the 

PDB (from a total redundant set of ~10000 membrane proteins out of 195000 in total), 

making up to ~2.5% of membrane proteins out of all structures deposited in the PDB, 

highlighting how much membrane protein structure research is lagging behind. 

(https://blanco.biomol.uci.edu/mpstruc/ accessed on 28.01.2023). This is mainly due 

to the inherent challenge membrane proteins bring with them. The study of membrane 

proteins requires their extraction from their complex hydrophobic membrane 

environment. Due to their amphiphilic nature, they need to be stabilized outside of the 

membrane in the aqueous solution.67 The exposure to the aqueous solution, without a 

suitable system to harbor membrane proteins, would be detrimental to them, as their 

hydrophobic domains would be exposed to the aqueous environment, leading, in most 

cases, to loss of their structure and function.67 To prevent the exposure of the 

hydrophobic domains of membrane proteins to the aqueous solvent, they are 

harbored, after their extraction from the membranes, in membrane-mimetic systems.68 

These systems imitate the hydrophobic environment that the lipid bilayer was 

providing, thus stabilizing them in the aqueous solution.69 However, as mentioned 

above, biological membranes are complex, heterogeneous structures providing a 

unique environment for membrane proteins, enabling crucial protein–protein, protein–

lipid, and in general, macromolecular interactions.32,70 Thus, stripping away the lipid 

bilayer and harboring membrane proteins in any membrane-mimetic system is a 

delicate matter, as it potentially removes interaction partners that may be decisive for 

the structure and function of membrane proteins and are not sufficiently compensated 

for by the membrane-mimetic system.47,70 Thus, it is crucial to provide a membrane-

mimetic system that offers similar physicochemical properties of the membrane to the 

protein of interest. 

 

1.2 Membrane-mimetic systems 

Some amphiphilic molecules can provide a suitable hydrophobic environment for 

membrane proteins, while shielding them from the aqueous solution, after the 
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extraction from the membrane. Over the last decades, a multitude of different 

membrane-mimetic systems have been developed, to be compatible with the 

methodological approach, while preserving the structural properties of the membrane 

proteins.68 

 

1.2.1 Detergent-mediated membrane mimetic systems 

In the following chapter the most prominent detergent-mediated membrane mimetic 

systems are presented. However, a more comprehensive list of all membrane-mimetic 

systems are available in the literature.68 

 

1.2.1.1 Detergent micelles 

Detergents are a class of amphiphilic, surface-active agents, so-called surfactants, that 

structurally consist of a hydrophilic headgroup and a hydrophobic tail group. Generally, 

most detergents exhibit a conical shape, where the flexible hydrophobic tail chain 

occupies a smaller cross-sectional area than the hydrophilic group (Figure 2B).71 

Driven by the hydrophobic effect, and given their geometrical structure, detergents self-

assemble into detergent micelles in an aqueous solution.33 There the hydrophilic 

headgroups are exposed to the aqueous environment, thus shielding the hydrophobic 

carbon chains that are buried inside the micelles. The self-assembly process of 

detergents is termed micellization and happens above a detergent-specific 

concentration threshold, the so-called critical micellization concentration (CMC).72 In 

detail, addition of detergents to the solution linearly increases the detergent monomer 

concentration. Upon reaching the CMC, the number of monomers stays constant and 

the formation of micelles begins. Further addition of detergent only increases the 

number of micelles in the solution. The CMC is one of the key properties of a detergent 

and should be accounted for when working with detergents.73 

When mixed with a lipid bilayer, detergents can disrupt the lipid bilayer and extract the 

membrane proteins within, thereby stabilizing them in small protein/detergent 

complexes in the aqueous solution (Figure 3).72,73 This allows for the biochemical and 

biophysical investigation of membrane proteins that would not have been possible in 

their native environment.71,74 The stability of those detergent/protein complexes is 
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governed by the interactions between protein 

and detergent and the cohesion interactions 

among detergent molecules. Noteworthy, 

detergent micelles lack some key properties 

of the lipid bilayer such as lateral pressure, 

thus only mimicking the lipid bilayers to a 

certain extent.75 Furthermore, the extraction 

from the membranes often disrupts native 

protein–lipid interactions, thus reducing, if not 

completely abolishing, their function even if 

they still retain an overall 3D structure. 

Moreover, the solubilization and complex 

formation behavior happen in an unselective manner, thus sometimes disrupting the 

higher-order structure of membrane-protein complexes. 76 

However, the majority of structural studies on membrane proteins are still done with 

the aid of detergents.66 More specifically in the last decade, maltosides have proven to 

be the detergents of choice for structural investigations. Within this group, the most 

prominent one was DDM, which is considered to be the gold standard due to its low 

CMC and its mild solubilization properties. Nevertheless, more options of different 

detergents are being investigated in the last decade such as fluorinated surfactants 

and branched detergents broadening the toolbox of solubilization agents that 

researchers can choose from.77,78 

 

1.2.1.2 Vesicles 

Vesicles or liposomes are 

spherical lipid bilayer systems that 

enclose an inner aqueous 

environment. These systems are 

often consisting out of synthetic 

phospholipids, thus representing a 

simplified model system that 

allows in vitro studies of 

membrane proteins in a native-like 

Figure 4 Illustration of a vesicle-embedded outer 
membrane protein. Cross section of membrane 
proteins embedded into a LUV. PDB:1QD6 

Figure 3: Illustration of a conventional 
head-and-tail detergent-stabilized 
membrane protein. The membrane 
protein is harbored inside the detergent 
micelle (yellow molecules). PDB:1QD6 
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environment (Figure 4).79 When formed in an aqueous environment these systems 

spontaneously form multilamellar vesicles (MLVs) of various sizes. However, there are 

various preparation methods, for instance, extrusion80 or sonication81 that alter their 

size. Furthermore, when working with these systems, it is important to be aware of the 

thermotropic phase transition from the physiological relevant fluid liquid phase to the 

solid gel phase.82 In general, the physical bilayer properties can be tuned by the choice 

of headgroup chemistry, degree of acyl chain saturation, and length of the acyl chains, 

making them a sophisticated membrane-mimetic system in the research field of 

membrane proteins.83 

 

1.2.1.3 Bilayered micelles 

Bilayered micelles (bicelles) are nanosized 

lipid bilayers that are stabilized by a rim of 

short-chained lipids, such as 1,2-dihexanoyl-

sn-glycero-3-phosphocholine (DHPC) 

(Figure 5). Noteworthy, these short-chained 

lipids are unable to extract membrane 

proteins from the membranes by 

themselves.84 Therefore, bicelles have to be 

assembled by mixing lipids, membrane 

proteins, and the rim-forming agent. However, 

bicelle formation is only feasible under 

specific conditions and requires certain lipid 

combinations, rendering bicelles a challenging mimetic system to work with.85 

 

Figure 5 Illustration of a bicelle-
embedded membrane protein. Short 
chained detergents, such as DHPC 
(green), stabilize a lipid patch (grey) in 
which a membrane protein is incorporated. 
PDB:1QD6 
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1.2.1.4 Short amphiphilic polymers (amphipols) 

Amphipols, are short amphiphilic polymers that are designed to bind to membrane 

proteins, thus, stabilizing them in a detergent-free aqueous solution (Figure 6).86,87 An 

advantage of amphipols is the improved 

stabilization of fragile membrane proteins, 

caused by their high hydrophobicity and slow 

dynamic allowing them to wrap tightly around 

the hydrophobic cores of membrane 

proteins.86 Furthermore, amphipols pose an 

attractive option for the study of membrane 

proteins in cryo-electron microscopy (cryo-

EM) as they allow for the removal of 

excessive detergent monomers and micelles 

in the sample, thus decreasing the 

background noise imposed by such 

molecules.88 However, amphipols display a poor solubilization and extraction 

efficiency; therefore the conventional practice is to solubilize membrane proteins with 

the aid of detergents and, subsequently, exchange the detergents with amphipols.87 

This poses an issue for fragile membrane proteins, as their exposure to detergents can 

be detrimental to the stability and architecture of their native structure. 

 

1.2.1.5 Protein-bounded nanodiscs 

Protein-bounded nanodiscs are lipid bilayer patches that are surrounded by 

amphipathic α-helical proteins, so-called membrane scaffold proteins (MSP), and are 

based on the class of apolipoprotein A1 proteins (Figure 7).89 Generally, MSP-based 

nanodiscs show a narrow size distribution of around 10 nm but can be altered by 

adjusting their protein sequence, resulting in MSP nanodiscs of up to 90 nm.90 To 

assemble these nanodiscs, MSPs are incubated in the presence of a 

detergent/phospholipid mixture. Upon removal of the detergent, the MSPs self-

Figure 6: Illustration of an amphipol 
stabilized membrane protein. The 
amphipol (purple) wraps tightly around the 
hydrophobic moieties of the membrane 
protein. PDB:1QD6 
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assemble with the phospholipids into 

discoidal lipid bilayers. The so-formed 

nanodiscs allow for the incorporation of a 

broad range of membrane proteins and 

have proven in the past as an effective tool 

for the investigation of membrane 

proteins.91,92 However, these nanodiscs 

bear a specific disadvantage as the MSPs 

that encircle lipid bilayer impede with the 

UV detection of the encapsulated proteins. 

Additionally, these nanodiscs still require 

the usage of detergents to solubilize the 

membrane proteins, thus disrupting the biological membrane, often leading to the 

destabilization of the targeted membrane protein. 

 

1.2.2 Detergent-free polymer-bound nanodiscs 

In the following chapter a promising detergent-free membrane mimetic system, 

polymer-bound nanodiscs is presented.93 

Polymer-bound nanodiscs are lipid bilayer patches that are stabilized in solution with 

a belt of amphiphilic copolymers (Figure 8). Generally, amphiphilic copolymers consist 

of alternating hydrophobic and hydrophilic moieties. The most prominent 

representatives are styrene/maleic acid 

(SMA) and diisobutylene/maleic acid 

(DIBMA).94,95 SMA(2:1) is a randomly 

distributed amphiphilic copolymer, 

available at different styrene to maleic 

acid molar ratios, whereas DIBMA is a 1:1 

alternating polymer consisting of 

diisobutylene and maleic acid. Of all the 

different blends of SMA(2:1), only two of 

those, SMA(2:1) and SMA(3:1) are widely 

used.96 Although their structural 

difference, aromatic styrene for SMA(2:1) 

Figure 7: Illustration of a protein-bounded 
MSP nanodisc. The MSP (grey-white) wraps 
around a lipid patch in which a membrane 
protein is incorporated. PDB:1QD6 

Figure 8: Illustration of a protein-embedded 
polymer-bound nanodisc. The polymer 
(cyan) wraps around a lipid patch in which the 
membrane protein is embedded. PDB:1QD6 
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and aliphatic diisobutylene for DIBMA, both are able to solubilize lipid bilayers and form 

stable discoidal aggregates so-called nanodiscs.94,95 The current nanodisc formation 

model suggests the binding and insertion of the hydrophobic group of the polymer to 

the membrane, mainly driven by the hydrophobic effect. By this insertion the polymer 

disrupts and bends the lipid bilayer, leading to the formation of a transmembrane pore 

and finally to the assembly of nanodiscs.97,98 The efficiency of the nanodisc assembly 

can be monitored and thermodynamically characterized by DLS and 31P-NMR.99 

Over the last decade, SMA(2:1) and DIBMA have obtained increased attention which 

originates from their ability to directly solubilize lipid bilayers. By applying these onto 

cellular membranes, amphiphilic polymers are able to extract and stabilize membrane 

proteins together with a patch of their annular lipids, in so-called nanodiscs.100 This 

solubilization approach is independent of detergents, thus, vital protein–protein or 

protein–lipid interactions are preserved, allowing in this manner for the investigation of 

the membrane proteins in a native-like environment.94 This is an unrivaled advantage 

when compared to other purification methods, which can be seen in the superior 

stability,94,101-105 the preservation of bound ligands, and a more native-like activity of 

membrane proteins.106-109 Moreover, polymer nanodiscs were able to extract and retain 

the structure of membrane protein oligomers and higher-ordered complexes, so-called 

metabolons, with their bound co-factors.94,110-114 This was a remarkable achievement 

as previous experiments with detergents could disrupt their higher-order structure.76 

Furthermore, polymer-encapsulated nanodiscs are subjectable to subsequent 

purification methods16,101 that usually follow after the solubilization. The purified 

protein-embedded nanodiscs are then amenable to an array of biochemical, structural, 

and biophysical techniques, allowing a thorough investigation directly in the nanodisc. 

100,102,115 Taken such investigations, in a near-native environment, stoichiometries of 

complete enzymatic complexes,114 full oligomerization states,116 as well as high-

resolution structures102 were resolved. Additionally, this allowed for the investigation of 

vital protein–lipid interactions that could be identified and quantified.94,108 

Moreover, the investigation of membrane proteins in a near-native state is not just 

beneficial for academic but also for pharmaceutical research.61 This is highlighted by 

the binding of antibodies in vivo and in vitro, making the protein-embedded nanodisc 

amenable to investigations of surface plasmon resonance and fluorescence-activated 

cell sorting.103 These approaches combined with structural biology allows for optimized 

development of new potential drugs.117,118  
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Nevertheless, amphiphilic polymers, like SMA(2:1) and DIBMA, are not ideal tools and 

as all the other available membrane mimetic systems they have few drawbacks as 

well. Given their high content of maleic acid, SMA(2:1) and DIBMA carry a high charge 

density with them. This can result in a strong Coulombic repulsion between the 

polymer–polymer or polymer–membranes.95,119-121 Furthermore, it was reported that 

this high charge density can possibly lead to unwanted and unspecific interactions 

between the polymer and the protein hindering such a way the functional study of the 

protein.122 Another issue that arises with the high charge state is the interference with 

certain experimental techniques, e.g., cell-free protein translation or sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE).16,103 Additionally, SMA(2:1) 

and DIBMA display a weak compatibility with divalent cations, which can lead to their 

precipitation and thus to the aggregation of the embedded membrane proteins.121,123 

Furthermore, an increasing number of studies report on how lipid composition, lipid 

charge as well as phase state, affect the solubilization.95,96,124,125 To overcome these 

pitfalls and improve the solubilization efficiency of amphiphilic polymers towards 

specific lipid compositions, tremendous efforts have been undertaken by many groups 

to functionalize those polymers.126-130 

One of the approaches to functionalize SMA was performed by the addition of a thiol 

group (SMA-SH). This allowed the purification of the nanodiscs through an affinity 

chromatography.129 Another approach was to incorporate phosphocholine pendant 

groups to SMA (zSMA) and by this create a zwitterionic polymer that does not cause 

unspecific, charge-related, interactions between polymers and proteins.126 It is worth 

mentioning that zSMA was synthesized completely de novo, hindering the broader 

application throughout the field. However, due to the research presented in this thesis 

paired with an increased demand for zwitterionic alternatives from other groups, the 

group of Prof. Dr. Sandro Keller, in collaboration with Glycon chemicals, made the 

zwitterionic polymer alternatives Sulfo-DIBMA and Sulfo-SMA more accessible to the 

scientific community by making them commercially availabile.131 

As a concluding remark, besides their short presence in the field of membrane-protein 

research, amphiphilic polymers have been proven as versatile tools that aid in the 

understanding of the membrane proteome. 
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1.3 Biophysical analysis methods of vesicles and nanodiscs 

1.3.1 Dynamic light scattering 

Dynamic light scattering (DLS), also known as quasi-electron light scattering or photon 

correlation spectroscopy, is a non-invasive technique used to derive the size 

distribution of particles in a solvent.132 

To this extent, DLS measures the rate at which the intensity of the scattered light 

fluctuates in a time-dependent manner with the aid of a single-photon counting module. 

The fluctuations of the scattered light are directly related to the Brownian motion of 

particles which is affected by the temperature and viscosity of the solvent.133 There, 

larger particles that diffuse slower show less fluctuations in the intensity trace, thus 

showing broader amplitudes, whereas smaller particles diffuse faster and show higher 

fluctuations, therefore sharper peaks.134 This intensity trace is then used to calculate 

the correlation function of the second order. In simple terms, the correlation function is 

a mathematical description of the scattered light fluctuations that is plotted against the 

time and yields information about the diffusional behavior of the particles.134,135 Thus, 

given a particle's diffusional coefficient, DT, the hydrodynamic diameter can be 

calculated with the aid of the Stokes-Einstein equation.136 

Primarily two approaches are being used to analyze the correlation function, which 

yields the distribution of the diffusion coefficients. The first approach is the cumulant 

analysis, a monomodal distribution method. 137 This analysis is an ISO-standardized 

procedure (ISO13321) that fits a mono-exponential fit to the correlation function, 

providing the mean values and a hypothetical gaussian distribution and not a 

distribution of the diffusion coefficient.138 This mean and the distribution allow the 

calculation of the mean size of the particles in solution and give an estimate for the 

distribution width as polydispersity index (PDI).139 The second approach is the non-

negative least squares (NNLS) method or CONTIN algorithm, which are non-

monomodal distribution methods.134,140 These try to calculate a multi-exponential 

function to the correlation function, obtaining a distribution of the particle diffusion 

coefficients in this manner. The difference between the two approaches is that the 

cumulant analysis considers a single population of particles, and the output is the mean 

value of the distribution (z-average) with a hypothetical gaussian distribution where the 

polydispersity index (PDI) is the assumed variance assumed of the distribution. In 
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contrast to the cumulant analysis, the NNLS method does not assume any diffusion or 

distribution properties and is adequate for poly-disperse samples.132,133  

The so-obtained diffusion coefficient distributions are then calculated, assuming 

spherical molecules, into intensity-weighted particle size distributions. In accordance 

with the Rayleigh approximation, the scattering intensity distribution is proportional to 

the particle size to the power of six (d6), therefore bigger particles contribute to a 

greater extent to the intensity-weighted size distribution.141 In a multimodal distribution 

or a distribution with a substantial tail, taking advantage of the Mie theory, the intensity-

weighted distribution can be converted into a volume-weighted distribution.142 This 

distribution represents a relative proportion of multiple sizes based on their volume or 

size, reducing, according to the Rayleigh approximation, the contribution of the particle 

sizes to the distribution to d3 instead of d6, which is for the intensity-weighted size 

distribution.135,143 

 

1.3.2 Transmission electron microscopy 

Electron microscopy can be discerned in two main techniques, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). While TEM allows 

the formation of a direct image by transmitting a beam of accelerated electrons through 

the sample, SEM is forming an image by scanning the sample using a focused electron 

beam.144,145 The optical path, even in modern electron microscopes, still resembles the 

setup of light microscopes. The first electron microscope was developed by Ernst 

Ruska and Max Knoll at the university in Berlin in 1931.146 Subsequently, in 1986 

Ruska was awarded the Nobel prize for his “fundamental work in electron optics and 

the design of the first electron microscope”. In the ongoing years, several specialized 

fields have developed, such as single particle analysis of cryo-TEM data, cryo-electron 

tomography, electron crystallography or micro electron diffraction. In cryo-TEM, single 

particles from different orientations in vitreous ice are being averaged to determine 

their structure.147 In the case of cryo-electron tomography, a sample is tilted and 

imaged at different angles to produce a three-dimensional view, often accompanied 

with subtomogram averaging which employs analogous principles to single-particle 

averaging.148-150 Electron crystallography acquires diffraction data from 2D crystals at 

different tilt angles which are combined and used for the structural determination.151 

Micro electron diffraction is a form of electron crystallography, using 3D crystals to 
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determine the structure of the crystallized particle through electron diffraction.152 

However, electron microscopy, and especially TEM, has vastly influenced the scientific 

community, e.g., in biology with the first TEM image of a virus,153 a sectioned 

eukaryotic cell,154 or with images of the separation of the nervous system and the 

communication via neurotransmitter.155,156 

The key components of a TEM are an 

electron gun, electromagnetic lenses, a 

specimen stage, and an imaging system 

(Figure 9). Briefly, the electron gun 

provides the electrons that are accelerated 

and guided through the column. Three 

types of electron guns are available in the 

commercially available electron 

microscopes namely being the LaB6 

cathodes, the tungsten filaments, and the 

field emission guns (FEG).157 Out of them, 

FEGs provide the most coherent electron 

beam.158 This type of gun is connected to 

a high-voltage generator that applies an 

electrical field which accelerates the 

electrons. Once the kinetic energy of the 

electrons matches the energy of the 

applied field, electrons are emitted from 

the gun.157 The wavelength of the emitted 

electrons depends on the applied 

acceleration voltage. The electromagnetic 

lenses are not physical lenses, but act in a 

matter of such for electrons. 

Electromagnetic lenses are strong 

electromagnets that create a magnetic 

field, thus exerting a force (Lorentz force) 

onto electrons, as they pass through the 

electromagnetic lens system and are focused to a focal point.159 However, it has to be 

noted that electromagnetic lenses are prone to suffer from aberrations such as 

Figure 9: Schematic illustration of a 
transmission electron microscope. 
Annotated are the electron gun (FEG), the 
electromagnetic lenses (Condenser lens, 
Objective lens), the sample holder, an image 
corrector, the projection system, projection 
chamber, an energy filter, and the cameras. 



 17 

spherical aberration (Cs), chromatic aberration, astigmatism, and coma. These are 

caused by, e.g., physical imperfections of the coils or temperature fluctuations.160,161 

The specimen stage is located at a focal point along the optical axis and holds the 

sample. For the detector or imaging system, different approaches were developed over 

the years such as sheet films, phosphor screens, charge-coupled device cameras 

(CCD), and direct electron devices (DED). The most advanced, and recent, detectors 

are DEDs, as they are able to directly detect electrons, and by this improve the 

recording speed and avoid blurring during detection.162 These key components are 

assisted by important support systems, such as a high-vacuum pump system. This 

system generates a high-vacuum inside the TEM, preventing the collision of electrons 

with other molecules, except the sample, on their way. 

A TEM image is the result of the interactions of the electrons with the sample (and 

microscope parts) while passing through the sample. As electrons travel through the 

sample, they interact with the sample through Coulomb forces and are primarily 

scattered elastically or inelastically and are, subsequently, captured by the imaging 

system.163 During the event of inelastic scattering, electrons interact with the nuclei of 

the sample atoms, transferring some of their kinetic energy and momentum and by this 

altering their direction and causing in organic specimens irreversible radiation 

damage.163 In the event of elastic scattering electrons are electrostatically deflected by 

the nuclei of the atoms, introducing a phase shift and changing slightly their direction 

while conserving their kinetic energy. These electrons are preferred, as they do not 

cause damage to the sample and contain the “high-resolution” information. 

Depending on the interactions with the sample, there can be distinguished two sources 

of contrast in TEM: amplitude and phase contrast. The amplitude contrast originates 

from the attenuation of the electron beam intensity, while travelling through the sample. 

This can be due to, e.g., the absorption of electron of the specimen or an energy filter. 

The phase contrast relies on the interference of the elastically and inelastically 

scattered electrons.164 In the case of vitrified biological samples, the main source of 

contrast originates from the phase contrast, while the amplitude contrast has only a 

minor contribution. This is due to the composition of biological matter as it mainly 

consist of very light atoms, C, N, O, H, resulting in a density of ~1.33 g/cm3, compared 

to the density of vitreous ice ~0.93 g/cm3.165 However, a phase contrast needs to be 

magnified, else in an focused and aberration free microscope nothing, besides noise, 

would be visible. By imposing an additional phase shift to the electrons, the difference 
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between the scattered and unscattered electrons is magnified. This phase shift is 

introduced by a manipulation of the Fourier pattern in the back focal plane and can be 

achieved either through a defocus or the introduction of a physical object (phase 

plate).164,166 The so-introduced phase shift in the back focal plane can be calculated by 

the (phase) contrast transfer function (CTF) (PhCTF): 

𝑃ℎ𝐶𝑇𝐹(𝑓) = sin(
2
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With f as the spatial frequency, z as the defocus,  as the wavelength of the electrons, 

Cs as the spherical aberration.167 A closer investigation of the formula shows that the 

defocus affects the phase shift to a greater extent than the spherical aberration. Thus, 

imaging high-resolution data with a TEM is a compromise between contrast and high-

resolution information.157,168 

TEM is widely used among the scientific communities and excels in imaging soft 

materials at higher magnifications. However, two aspects should be taken into 

consideration, especially when working with soft materials.169 First, samples are 

imaged in vacuum and second, radiation damage from the electron beam. To prevent 

the sample from degradation and to protect it from the vacuum, preparation 

procedures, such as shadowing,170 negative stain,171 and cryo-fixation (vitrification),147 

were developed and improved over time to allow for the imaging of materials that do 

not withstand the harsh conditions of the electron microscope. In the case of 

shadowing, a heavy metal source is placed at an inclining angle, towards the sample, 

and evaporated onto it, subsequently, covering the sample with heavy metal atoms 

creating a “shadow”, resembling the particle, on the grid.172 In the case of the negative 

stain preparation, samples are covered by a heavy atom salt, usually uranyl acetate, 

coating in this way the sample enhancing its contrast and protecting it from radiation 

damage. In another approach termed vitrification, a better preservation of a biological 

sample in its native state is attempted. In this case, an aqueous sample is plunge-

frozen in liquid ethane, instantly immobilizing it in vitreous (glass-like) ice.147 This 

freezing procedure is so fast that the water molecules are not able to form crystalline 

structures but rather retain their liquid amorphous nature, allowing the imaging of the 

particle in its native state. However, vitrified soft-matter does not offer enough 

amplitude contrast, thus the contrast, for such samples, relies on the above explained 

phase contrast.173 
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1.4 Cryo-electron microscopy (cryo-EM) 

Over the recent years cryo-electron microscopy (cryo-EM) is enjoying an increased 

popularity among the scientific community, especially in structural biology and material 

science but also other fields show increased interest in the technique. A main reason 

for this is the so-called resolution revolution in 2014 which is considered to be the start 

of a new era in the history of cryo-EM.174,175 The development of the new direct electron 

detector cameras combined with the availability of sophisticated and advanced 

computational routines, and the means to produce samples in vitreous ice allowed this 

major breakthrough.176-178 This presented cryo-EM as an extremely attractive 

technique for the whole scientific community, especially for soft matter samples, large 

complexes, and fragile or flexible proteins that are generally difficult to crystalize or to 

deal with in X-ray crystallography or nuclear magnetic resonance spectroscopy, such 

as membrane proteins.174,179 This breakthrough is reflected in the yearly increasing 

numbers of reported and deposited structures in the protein data bank (PDB) over the 

recent years for soluble complexes180-183 as well as membrane-bound 

complexes.184,185  

 

1.4.1 High-resolution cryo-EM of membrane proteins 

The field of structural characterization of membrane proteins was accelerated, as over 

the last couple of years an increasing number of cryo-EM structures of membrane 

proteins were reported.66 A statistical analysis in 2021, from Choy et al., pointed out 

that cryo-EM is now rivaling X-ray crystallography and is on its way to be the method 

of choice to structurally investigate membrane proteins.66 However, this increase in 

reported membrane-protein structures cannot solely be attributed to the advancements 

in cryo-EM but also to the increased development and improvements of membrane-

mimetic systems, such as amphipol-nanodiscs, membrane scaffold protein nanodiscs, 

and polymer-nanodiscs.87,91,94 Pairing these developments with the cryo-EM 

advancements, for example the lower requirement in protein concentration, enabled 

this growth in reported membrane protein structures by cryo-EM. Moreover, these 

developments enabled the investigation of membrane proteins below <200 kDA.186-188 
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1.4.2 Single particle analysis workflow 

The reconstruction of the 3D protein structures from 2D cryo-EM micrographs has 

come a long way since the first reconstructed structure in 1968 from De Rosier and 

Kluge.189 Since then, image analysis algorithms were continuously improved over the 

years with the first major breakthrough being the cross-correlation algorithms that 

facilitated the grouping of single particles to 2D classes, thus increasing the signal to 

noise ratio.190 Further improvements were then made by Sigworth and later Scheres 

advancing the alignment and classification of single particles by introducing the 

maximum likelihood algorithm.191,192 The maximum likelihood algorithm surmounted 

the problem of particle alignment, which previously existed in the principal component 

analysis of Van Heel & Frank, by aligning and grouping the particles through iterative 

calculations of model parameters. Later on, Scheres introduced then an expectation-

maximization algorithm which optimized the probability of the model to properly 

represent the 2D data - in this manner, achieving optimally projected 2D images and 

3D reconstructions.193,194 

Nowadays the single particle cryo-EM image analysis workflow became a more-or-less 

standardized pipeline, with certain specialized reconstruction methods, e.g. helical 

reconstruction.195 However, the single-particle image analysis workflow is not the only 

way to reconstruct the 3D structure of a protein with the help of an electron microscope. 

Methods such as sub tomogram averaging and micro electron diffraction are other 

suitable ways to achieve the 3D structure of a protein and were mentioned above 

(cf. chapter 1.3.2). However, in this thesis only the single particle cryo-EM image 

analysis was utilized and will be the further focus of this chapter. 

After image acquisition, acquired micrographs are corrected for any beam-induced 

motion that occurs while imaging. This beam-induced motion is due to the modern 

imaging technique of micrographs, or movies. There the electron dose is spread over 

multiple frames, rather than exposing the sample to the full dose at once, reducing, in 

this manner, the visible damage of the electron beam on the sample during acquisition. 

During this process the electron beam can drift, thus causing a slight displacement of 

the imaged location causing a blur over the single frames. This blur is corrected by 

averaging the movie’s frames to a single micrograph.196 Moreover, as the electron dose 

is spread over the frames, later frames will have a higher contrast but also a greater 

extent of beam damage. By simultaneously dose-weighing the frames, the areas with 
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the highest beam damage are excluded, while retaining the highest amount of high-

resolution information.197 Thereafter, the contrast transfer function (CTF) parameters 

of the micrographs are estimated, producing their power spectrum which is also known 

as Thon rings.198 The CTF is an oscillatory function that describes how the contrast 

(information) is transferred to an image in terms of spatial frequencies. There, each 

frequency component, low or high, represents lower or higher resolution, reflected in 

brighter and darker areas, respectively, in the power spectrum. Depicted at the edges 

of the power spectrum is the Nyquist limit–based on the Nyquist-Shannon sampling 

theorem– which describes in the context of cryo-EM the maximum theoretical 

achievable resolution and is imposed by the pixel size and refers to a value that is 2x 

the recorded pixel size. Moreover, the CTF mathematically describes how the obtained 

image is modified through aberrations. Furthermore, the obtained power spectrum can 

be used to judge the quality of the micrograph, thus helping to curate the dataset of 

bad micrographs.198 

Thereafter, the micrographs are ready for the particle picking and their subsequent 

extraction. Particles can either be picked manually, or automatically through an 

algorithm which can rely on either a fed template or just picking any density found on 

the micrograph, given the diameter of the particle, or even newer functions employing 

artificial intelligence-based algorithms.199 The step that follows is termed particle 

extraction, at which the picked particles are extracted. The box size that is used should 

big enough to include part of the surrounding space around the particles. As a rule of 

thumb, the extraction box size should have roughly 150% of the size of the picked 

particles. The so included “background”, surrounding the particle, aids later in the 

distinction of signal-to-noise in the 2D classification.200 

Once picked and extracted the particles are being classified based on their similarities 

through a maximum-likelihood algorithm into different 2D classes, based on the x,y-

translation of their rotation and the CTF of the particle image. Due to the averaging of 

many similar particles into 2D classes, the signal to noise ratio improves, in comparison 

to single particles, revealing this way prominent structural features. The so classified 

2D classes can then be inspected to filter out junk classes, such as classified noise or 

damaged particles, improving the dataset that is further used in the analysis. This is 

usually performed in an iterative manner, repeating the steps of 2D classification and 

the subsequent curation of the dataset until only good classes remain. 
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The so far cleaned dataset can then be used for a 3D reconstruction, as each particle 

is a projection of the 3D particle. One issue that arises here is the orientation of the 2D 

projected particle into the 3D space. Therefore, reference models can help to 

overcome this issue by matching the 2D projection to the reference model, but 

availability is still a limiting factor of such an approach. Careful utilization of reference 

models in any step of image processing, should, in general, be employed due to 

probable Einstein-from-noise effects.201 In cases where there is no reference model 

available the iterative maximum-likelihood and expectation-maximization algorithms 

projects the 2D particle projections into an 3D ab-initio model. Thereafter this model is 

used for the next cycle, optimizing the projection assignment of the 2D projections to 

the 3D model and improve by this its resolution. Once the algorithm reaches a point 

where the next iteration is not resulting in a significant improvement of the resolution 

of the 3D reconstruction, the algorithm stops and produces a reconstructed 3D electron 

density map. The so-obtained 3D electron density map can then further be improved 

the by various operations such as, symmetry expansion, local particle motion 

correction, per-particle CTF refinement, etc., or through parameters that are specific 

towards the microscope such as the cameras modular transfer function. The final step 

of the workflow is the visual inspection of the reconstructed 3D electron density map 

and its Fourier Shell Correlation (FSC). The FSC is a well-established criterion in 

structural biology and has become the standard quality measure of the reconstructed 

model. It measures the cross-correlation coefficient between two 3D volumes, which 

were independently determined, over corresponding shells in the Fourier space.202 

 

1.5 Model proteins 

1.5.1 Formate channel A – FocA 

Formate is a characteristic metabolite in the anaerobic metabolism of enterobacteria 

and can be used as an energy source. Moreover, formate is involved in a multitude of 

different metabolic processes, thus, being a major component of the cellular carbon 

flux in enterobacteria.203 One protein that is involved in the translocation of formate is 

the formate channel A (FocA). FocA is a homo-pentameric ion channel and belongs to 

the family of formate-nitrate transporters (FNT) which is widespread in bacteria, some 

archaea, and fungi.204-207 Each of the FNT protomers possesses a pore through which 

small monovalent anions, such as formate, hydrosulfide or nitrate are translocated 
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across biological membranes.206 The tertiary structure of the FocA protomer resembles 

that of the tetrameric aquaglyceroporin channels,205,206 with the central part of the 

approximately 20 Å wide pore connecting the cytoplasm and periplasm by funnel-like 

vestibules. The hydrophobic core of the pores is bound by two narrow constriction sites 

that restrict anion access from the vestibules. In the cell, FocA passively exports 

metabolized format out of the cytoplasm, however, once the pH of the surrounding 

changes to below 6.8, FocA is able to switch from exporting the formate to importing it 

back into the cell.208 In the past, several studies tried to elucidate the different 

mechanisms that control the direction of the flow throughout the pore, however, the 

precisely controlled mechanisms remain unclear and require further experimental 

validation.209 

 

1.5.1 1L-myo-inositol-1-phosphate synthase – MIPS 

The enzyme 1L-myo-inositol-1-phosphate synthase (MIPS) is a homo-tetramer and 

occupies a pivotal role in the inositol pathway. It catalyzes an internal cyclization of D-

glucose-6-phosphate (Glu6-P) to the direct precursor of inositol, 1L-myo-inositol-1-

phosphate.210 This reaction consists of a tightly coupled reduction and oxidization and 

is the limiting step in the inositol pathway with MIPS being the only known enzyme 

catalyzing this specific reaction.211 Inositol and its precursor are essential in the 

development of many animals, microorganisms, and plants, where it is involved in a 

multitude of cellular processes, such as stress response, signal transduction, and 

membrane formation, including the biosynthesis of phosphatidylinositol (PIP) and 

glycosylphosphatidylinositol (GPI).212 Interestingly, MIPS can be found in procaryotic 

as well as eukaryotic organisms, where it is localized in the cytoplasm, organelles, and 

at cellular membranes.210,213,214 Furthermore, a sequence alignment across multiple 

different organisms, including S. cerevisiae, Phaseolus vulgaris, and Entamoeba 

histolytica revealed considerable conservation of the primary structures of MIPS, 

highlighting the importance of this enzyme and its catalyzed reaction.212,215 Although 

the enzyme has been observed to be membrane-associated in specific conditions,213 

its biochemical and structural characterization in a membrane extract has not been yet 

performed. 
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2 Aim of this thesis 

The aim of this thesis was the evaluation of different membrane mimetic systems for 

the investigation of membrane proteins by cryo-EM with the focus on polymer 

nanodiscs of different charge. The focus was set on polymer nanodiscs to identify their 

applicability in cryo-EM to observe membrane proteins in a close-to-native state.  

In the first part, the conventionally detergent-purified membrane protein FocA was 

structurally characterized using cryo-EM. The resolved structure was used to identify 

and characterize the active pore of a protomer from FocA. These findings aid to update 

the previously resolved structure of a N-terminal truncated version of FocA and further 

aid in the understanding of its import/export mechanism. 

In the next part, amphiphilic polymers of different charge were used to solubilize multi-

component vesicles to probe their solubilization efficiency and behavior on membranes 

that mimic the inner mitochondrial membrane composition of pig heart, 

Saccharomyces cerevisiae and Myceliophthora thermophila—as analogue for 

Chaetomium thermophilum. To this extent, multi-component vesicles that mimic the 

inner mitochondrial lipid composition and the membrane composition of a thermophilic 

fungus were formed, from artificial and natural lipids and were, subsequently, 

characterized. Thereafter, the so-formed vesicles were solubilized by polymers of 

different charge. As the solubilization of membranes is a complex mechanism, which 

is, yet, not fully understood, the solubilization of these different membranes was 

investigated. The so-formed nanodiscs were morphologically characterized through 

DLS, negative stain electron microscopy (NS-EM), and cryo-EM. 

The best solubilizing polymer, from the previous experiments, will be taken for 

subsequent solubilization experiments of membranes from the eukaryotic organism 

C. thermophilum to extract and stabilize membrane proteins in a close-to-native 

environment. The so-purified membrane proteins will be investigated through size 

exclusion chromatography (SEC), sodium dodecyl sulfate polyacryl amide gel 

electrophoresis (SDS-PAGE), NS-EM, cryo-EM, and mass spectrometry, developing 

this way new workflows for further applications. 
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3 Materials and methods 

3.1 Materials 

This chapter lists all chemicals, buffers, cellular sources, lipids, polymers, and proteins 

that were used in this thesis. 

 

3.1.1 Chemicals 

Table 1: All chemicals that were used in this thesis. 

Chemicals and enzymes Source Identifier 

1,4-Dithiothreit, min. 99 %, p.a. Carl Roth 6908.4 

Acrylamide/Bis solution, 37.5:1 Serva 10688.01 

Agar-Agar, bacteriological highly pure Carl Roth 2266.3 

Aprotinin from bovine lung 
Sigma-
Aldrich A1153-1MG 

Bestatin, 10 mg 
Sigma-
Aldrich 10874515001 

Chloroform Carl Roth 67-66-3 

D-Sucrose, ≥99,5%, p.a. Carl Roth 4621.1 

D (+)-Glucose p. a., ACS, anhydrous Carl Roth X997.2 

Dextrin for microbiology (from potato starch) Carl Roth 3488.1 

di-Potassium hydrogen phosphate trihydrate Carl Roth 6878.1 

di-Potassium hydrogen phosphate, ≥99%, p.a., anhydrous Carl Roth P749.1 

DNAse I 
Sigma-
Aldrich 10104159001 

E-64 
Sigma-
Aldrich E3132-1MG 

ECL fluorescent mixture BIO-RAD 1705062 

EDTA disodium salt dihydrate, min. 99%, p.a., ACS Carl Roth 8043.2 

Glycine Serva 23391.02 
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HEPES PUFFERAN®, min. 99.5 %, p.-1 kg Carl Roth 9105.3 

Iron (III) sulphate hydrate, 80 %, pure Carl Roth 0492.1 

Isopropanol Carl Roth CP41.1 

Leupeptin 
Sigma-
Aldrich L2884-1MG 

Magnesium chloride hexahydrate, min. 99%, p.a., ACS Carl Roth 2189.1 

Magnesium sulphate heptahydrate, ≥99%, p.a., ACS Carl Roth P027.1 

Methanol Carl Roth 4627.6 

Pefabloc 
Sigma-
Aldrich 11585916001 

Pepstatin A 
Sigma-
Aldrich 77170-5MG 

Peptone ex casein Carl Roth 8986.1 

Phosphate buffered saline tablets (PBS) 
Sigma-
Aldrich P4417 

Potassium chloride min. 99.5%, 1 kg Carl Roth 6781.1 

Potassium dihydrogen phosphate, ≥99%, p.a., ACS Carl Roth 3904.2 

Precision plus protein all blue standards (marker) BIO-RAD 161-0373 

Sodium chloride 99,5%, p.a., ACS, ISO Carl Roth 3957.2 

Sodium dodecyl sulfate (SDS) Carl Roth 0183.2 

Sodium nitrate, ≥99 %, p.a., ACS, ISO Carl Roth A136.1 

TEMED Carl Roth 2367.3 

Tris Carl Roth AE15.2 

Tris hydrochloride Carl Roth 9090.2 

Tween 20 Carl Roth 9127.1 

Tryptone 
Sigma-
Aldrich T7293 

Yeast extract, micro-granulated Carl Roth 2904.3 
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β-mercaptoethanol 
Sigma-
Aldrich 

444203-
250ML 

 

3.1.2 Buffers 

Table 2: List of all buffers with their components that were used in this thesis. 

Buffer Ingredients pH 

1 L CCM-media 
3 g Sucrose, 0.50 g NaCl, 0.65 g K2HPO4 x 3 H2O, 0.50 g 
MgSO4 x 7 H2O, 0.01 g Fe2(SO4) x 3 H2O, 5 g tryptone, 1 g 
peptone, 1 g yeast extract, 15 g dextrin 

7.4 

CCM-agar plates 3 g Sucrose, 0.50 g NaCl, 0.65 g K2HPO4 x 3 H2O, 0.50 g 
MgSO4 x 7 H2O, 0.01 g Fe2(SO4) x 3 H2O, 5 g tryptone, 1 g 
peptone, 1 g yeast extract, 15 g dextrin 

7.4 

Lysis buffer 
100 mM HEPES, 95 mM NaCl, 5 mM KCl, 1 mM MgCl2, 
0.5 mM EDTA, 5% Glycerol 

7.4 

Solubilization buffer 50 mM Tris, 200/500 mM NaCl 7.4 

Protease inhibitor 
cocktail 

1 mM DTT, 10 μg/mL DNase, 2 mM Pefabloc, 40 μM E-64, 
130 μM Bestatin, 0.5 μM Aprotinin, 1 μM Leupeptin, 60 μM 
Pepstatin A 

- 

4x SDS sample buffer 
250 mM Tris-HCL, 8% (w/v) SDS, 0.2% (w/v) bromphenol 
blue, 40% (v/v) Glycerol, 20% (w/v) β-mercaptoethanol 

6.8 

1 L SDS running 
buffer 

3.03 g Tris, 14.4 g glycine, 0.1% (w/v) SDS 
8.3 

 

3.1.3 Cellular sources 

The model organism Chaetomium thermophilum var. thermophilum La Touche 1950 

(Thermochaetoides thermophila216) was purchased from DSMZ (Leibniz Institute 

DSMZ-German Collection of Microorganisms and Cell Cultures, Germany). The spores 

were cultivated as recommended by the company guidelines. 

 

3.1.4 Lipids, polymers, and proteins 

Table 3: List of all lipids, polymers, and proteins used in this thesis. A precise composition 
of the lipids from the respective compositions can be found in the appendix. 

1 Type Company 

Sokalan 9, DIBMA Polymer Kind gift from BASF 

SMA(2:1) Polymer Polyscope 
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Sulfo-DIBMA Polymer Kindly provided by 
Prof. Dr. Sandro Keller 

Glyco-DIBMA Polymer Kindly provided by 
Prof. Dr. Sandro Keller 

QA1-SMA Polymer Kindly provided by Dr. 
Adrian Kopf 

QA2-SMA Polymer Kindly provided by Dr. 
Adrian Kopf 

Cardiolipin (CL) Lipid Avanti Polar Lipids 

Bovine heart cardiolipin, sodium salt (Heart-
CL) 

Lipida Avanti Polar Lipids 

Bovine liver L-α-Phosphatidylinositol, sodium 
salt (Liver-PI) 

Lipida Avanti Polar Lipids 

Bovine heart L-α-Phosphatidyethanolamin 
(Heart-PE) 

Lipida Avanti Polar lipids 

Bovine heart L-α-Phosphatidylcholin (Heart-
PC) 

Lipida Avanti Polar lipids 

Soy L-α-phosphatidylglycerol sodium salt 
(PG) 

Lipida Avanti Polar Lipids 

1-Palmitoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (PC) 

Lipid Avanti Polar Lipids 

1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (PE) 

Lipid Avanti Polar Lipids 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (PG) 

Lipid Avanti Polar Lipids 

1-Palmitoyl-2- oleoyl-sn-glycero-3-
phosphoinositol (ammonium salt) (PI) 

Lipid Avanti Polar Lipids 

1-palmi- toyl-2-oleoyl-sn-glycero-3-phospho-
L-serine (sodium salt) (PS) 

Lipid Avanti Polar Lipids 

1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphate (sodium salt) (PA) 

Lipid Avanti Polar Lipids 

Ergosterol (ERG) Lipid Avanti Polar Lipids 

a Alcyl chain saturation of the natural lipids is described in Figure S2 

3.1.5 Instruments, consumables, and software 

 

Table 4: List of all instruments that were used in this thesis. 

Instrument Type Company 
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Incubator Heracell 150i  Thermo Fisher Scientific 

Tabletop Centrifuge Heraeus Megafuge 40 R Thermo Fisher Scientific 

Bead beater FastPrep-24™ 5G MP Biomedicals™ 

Ultracentrifuge OPTIMATM MAX-XP (TLA110) Beckman Coulter 

FPLC system ÄKTA pure 25 M Cytiva (GE Healthcare) 

Plate reader Epoch 2 Microplate 
Spectrophotometer 

Agilent (BioTek) 

Gel imaging system ChemiDoc™ MP Imaging Systems Bio-Rad 

Thermomixer ThermoMixer C Eppendorf 

Glow discharge 
cleaning system 

PELCO easiGlow™ Ted Pella, Inc. 

Microbalance XPR56 Microbalance Mettler Toledo 

Particle measurement 
device 

Litesizer 500 Anton Paar 

Refractometer Abbemat 3200 Anton Paar 

Vitrification instrument Vitrobot Mark IV System Thermo Fisher Scientific 

Microscope 1 (120 kV) EM 900 transmission electron 
microscope 

Carl Zeiss 

Camera (Microscope 
1) 

SM-1k-120 slow-scan charge-coupled 
device (slow-scan CCD) camera 

TRS 

Microscope 2 (200 kV) Glacios Cryo Transmission Electron 
Microscope (Cryo-TEM) 

Thermo Fisher Scientific 

Camera (Microscope 
2) 

Falcon 3EC Direct Electron Detector Thermo Fisher Scientific 

Microscope 3 JEM-3200FS Field Emission Energy 
Filter Electron Microscope 

JEOL 

Camera (Microscope 
3) 

K2 IS Direct Detection Camera for low 
dose imaging 

Amtek (Gatan) 

 
Table 5: List of all software that was used in this thesis. 

Software Source Identifier 
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3DFSC  https://3dfsc.salk.edu/ 

COOT 217 https://www2.mrc-
lmb.cam.ac.uk/personal/pemsley/coot/ 

cryoSPARC Structura 
Biotechnology 

https://cryosparc.com/ 

EMAN 2.0  https://blake.bcm.edu/emanwiki/EMAN2 

EPU Thermo Fisher 
Scientific 

https://www.thermofisher.com/de/de/home/e
lectron-microscopy/products/software-em-
3d-vis/epu-software.html 

Fiji 218 https://imagej.net/Fiji 

Gctf 198 https://www.mrc-lmb.cam.ac.uk/kzhang/ 

Gen5™ BioTek 
Instruments 

https://www.biotek.com/products/software-
robotics-software/gen5-microplate-reader-
and-imager-software/ 

Image Lab Software 6.1 BIO-RAD https://www.bio-rad.com/de-
de/product/image-lab-software 

MaxQuant 1.6.1 219 https://www.maxquant.org/ 

MotionCor2 220 https://emcore.ucsf.edu/ucsf-motioncor2 

MS Excel Microsoft 
Corporation 

https://www.microsoft.com/en-ww/microsoft-
365/excel 

Phenix 221 https://www.phenix-online.org 

PyMOL Schrödinger inc https://pymol.org/ 

Python & Pandas 222, 223 https://www.python.org 

https://pandas.pydata.org 

Relion 3.0 224 https://github.com/3dem/relion 

UCSF ChimeraX 225 https://www.rbvi.ucsf.edu/chimerax 

UNICORN 7 
Workstation for ÄKTA 
pure, pilot, process, 
Ready to Process 
WAVE 25 

GE Healthcare 
Europe GmbH 

https://www.gelifesciences.com/en/us/shop/
chromatography/software/unicorn-7-p-
05649 
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3.2 Methods 

3.2.1 Molecular biology methods 

3.2.1.1 Cell culture 

The fungus, Chaetomium thermophilum, was grown and maintained on CCM-Agar 

plates in an incubator at 52°C with 10% CO2. For liquid cultures, an initial pre-culture 

was started. To this end, a 500 ml Erlenmeyer flask was filled with 250 mL of CCM 

media and inoculated from small cut-out pieces from a freshly grown agar plate, and 

cultivated in the incubator at 52°C with 10% CO2 and 100 rpm. Once the pre-culture 

produced small spherical shaped colonies, 5 mL of the pre-culture was used to 

inoculate 300 mL of CCM media, which was filled into 1 L Baffled flasks, for the main 

culture and was grown at 54°C with 10% CO2 and 110 rpm until the flask was at the 

level where the spherical shaped colonies of the organism reached 90% confluence. 

 

3.2.1.2 Cell lysis and membrane preparation 

The grown mycelium was gathered and drained through a metal sieve with 180-µM 

pore size and was 3x washed with PBS and centrifuged with 2200 g at 4°C for 5 min. 

Washed mycelium was snap-frozen in liquid nitrogen and grinded down in a pre-chilled 

mortar to ~0.5-cm sized pieces. Subsequently, ~8 g of mycelium was taken and lysed 

by adding 20 mL of lysis buffer and subjected to three rounds of mechanical bead 

beating with a shaking speed of 6.5 mps for 25 s and 3 min rest on ice in-between the 

rounds in a FastPrep Tissue Homogenizer (MP Biomedical, Irvine, California, USA). 

The crude cell extract was centrifuged for 5 min at 4000 g, pelleting the major cell wall 

debris and any non-lysed cells. The supernatant was then ultracentrifuged at 100000 g 

for 60 min at 4°C to separate the membrane from the soluble cell extract. Afterwards, 

the supernatant was discarded and the membrane pellet was used for the solubilization 

experiments. 
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3.2.2 Biochemical methods 

3.2.2.1 Preparation of polymer stock solutions 

Sulfo-DIBMA, Glyco-DIBMA, QA1-SMA, and QA2-SMA stock solution was prepared 

by weighing an appropriate amount of polymer on a high-precision XPR56 

microbalance (Mettler Toledo, Gießen, Germany) and resuspended in an appropriate 

amount of solubilization buffer to be able to create the highest polymer (P) to lipid (L) 

ratio mP/mL = 10. The so-obtained suspension was sonicated in an ultrasonic bath at 

70°C until the solution appeared to be clear and was subsequently filtered through a 

220-nm cellulose filter (Carl Roth, Karlsruhe, Germany) and stored at room 

temperature. 

Commercially obtained DIBMA and SMA(2:1) were dialyzed against 1 L of 

solubilization buffer for 24 h with a buffer exchange after 16 h. Once dialyzed the 

polymer solution was filtered through 200-nm cellulose filter. The molar and mass 

concentration were determined by measuring the refractive index of the polymer 

solution on an Abbemat 3200 instrument (Anton Paar, Graz, Austria) and calculated 

by using the molar and mass refractive increments, dn/dc, as previously described in 

the literature. 

 

3.2.2.2 Protein precipitation 

All samples required protein precipitation before measuring them in mass 

spectrometry, SDS-Page, and BCA assay. To this extent, a chloroform/methanol 

precipitation protocol from Wessel et. al was adapted and employed.226 Briefly, all 

solvents and samples were kept on ice and have only been used ice-cold. The sample 

was mixed with 4x the sample volume of methanol and got vortexed thoroughly for 

10 s. Thereafter, 2x the initial sample volume of chloroform was added and vortexed 

for 10 s. Subsequently, 3x the initial sample of ddH2O was added and vortexed 

thoroughly for 15 s and is followed by a 3 min centrifugation at 14000 g at 4°C. After 

centrifugation, the upper aqueous phase is removed without disturbing the layer in 

between the two phases, and 4x the initial sample volume of methanol is added and 

vortexed thoroughly for 10 s. Once vortexed, the sample is centrifugated at 5000 g at 

4°C for 1 min followed by a 20000 g centrifugation at 4°C for 4 min. The supernatant 

is then discarded, and the precipitate was left to air-dry overnight at room temperature 
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in a chemical hood. The morning after, samples that are used for BCA assay and SDS-

Page were resuspended in a 2% SDS solution. 

 

3.2.2.3 Bichonic acid assay 

Determination of the protein concentration in all samples was measured with the aid of 

a bichonic acid assay (BCA) kit from ThermoFisher (PierceTM GOLD BCA Protein 

assay Kit) (ThermoFisher Scientific Inc., Massachusetts) and was performed according 

to the manufacturer's instructions. Briefly, 10-20 µL of sample was pipetted into a 

96-well plate and mixed with 200 µL of the component A+B solution (50:1) that was 

freshly prepared. After 5 min incubation at 25°C the absorption at 562 nm was 

measured in a plate reader (Plate Reader specifications). 

 

3.2.2.4 Gel electrophoresis – SDS-PAGE 

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 10 µL of 

4x concentrated SDS loading buffer was mixed with 30 µL of sample and incubated at 

95°C for 5 min. After incubation, the sample was centrifuged at 20000 g for 1 min at 

room temperature. Subsequently, 10 µL of sample and 5 µL of marker were applied 

onto a freshly prepared 12 % polyacrylamide gel that was suspended in SDS buffer in 

the gel camber. The loaded chambers were then connected to a power supply and 

electrophorized at a constant charge of 100 V for ~90 min. Once finished, gels were 

stained and fixated for 60 min with Coomassie staining solution. After staining the gels 

were destained in ddH2O until they appeared to have a clear background and, 

subsequently, imaged. 

 

3.2.2.5 Size exclusion chromatography 

In order to enrich the sample with the desired particles—nanodisc-embedded 

proteins—and decrease the overall sample complexity, size exclusion chromatography 

(SEC) was performed. To this extent, 2 column volumes (CV) of pre-cooled 

solubilization buffer were used to equilibrate a BioSep 5 µm SEC-S4000 500 Å, LC 

Column 600 x 7.8 mm (Phenomenex, Torrance, California) column. Once equilibrated, 

500 µL of 250 mg/mL C. thermophilum membranes with 1.25 mg/mL Sulfo-DIBMA 

were injected into a 500 µL sample loop with a flushing volume of 1 mL and an elution 
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volume of 1.5 CV. The injected material was fractionated with a flow rate of 150 µL/min 

into fractions of a 250 µL volume. The fractionation was monitored by measuring the 

absorbance at 280 nm (A280). Subsequently, eluted fractions of two simultaneous 

experiments were pooled together and renamed as following: fraction 1–14 as high 

molecular weight (hMW), fraction 27–35 as medium molecular weight (mMW), and 

fraction 36–45 as low molecular weight (lMW). Freshly pooled samples were 

concentrated to a final volume of ~100 µL with a 100-kDA cut-off Amicon filter at 3000 g 

and 4°C. 

 

3.2.2.6 In-solution digestion in the presence of RapiGest 

The protocol described here was performed by Dr. Marie Alfes and is included in her 

courtesy. 

The protein pellet obtained from precipitation was dissolved in 10 μl of 1% (m/v) 

RapiGest (waters) in 25 mM ammonium bicarbonate, pH 8.5 and incubated for 5 min 

at 100°C. For reduction of disulfide bridges, 10 μl of 50 mM dithiothreitol in 25 mM 

ammonium bicarbonate, pH 8.5 were added and followed by incubation at 60°C for 

30 min. Alkylation by addition of 10 μl 100 mM iodoacetamide in 25 mM ammonium 

bicarbonate, pH 8.5, and incubation at 37°C for 30 min was then performed. RapiGest 

was diluted to 0.1% (m/v) with 25 mM ammonium bicarbonate, pH 8.5, and 

chymotrypsin (Roche) was added at a 1:50 enzyme:protein ratio followed by incubation 

at 24°C for 3 h. Trypsin (Promega) was added at a 1:50 enzyme:protein ratio followed 

by incubation at 37°C overnight. RapiGest was hydrolyzed by addition of 20 μl 5% (v/v) 

trifluoroacetic acid and incubation at 37°C for 2 h. The samples were then centrifuged 

at 16200 g for 30 min. The supernatant was collected and peptides were dried in a 

vacuum centrifuge. The obtained peptides were stored at −20°C. 

 

3.2.2.7 Liquid chromatography-coupled mass spectrometry 

The protocol described here was performed by Dr. Marie Alfes and included in her 

courtesy. 

Peptides were analyzed by nano-flow reversed-phase liquid chromatography on a 

DionexUltiMate 3000 RSLCnano System coupled with a Q Exactive Plus Hybrid 

Quadrupole-Orbitrap mass spectrometer. Peptides were dissolved in 2% (v/v) 
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acetonitrile/ 0.1% (v/v) formic acid. For liquid chromatography 0.1% (v/v) formic acid 

was used as mobile phase A and 80% (v/v) acetonitrile/ 0.1% (v/v) formic acid was 

used as mobile phase B. Peptides were loaded onto a trap column (μ-Precolumn C18 

Acclaim™ PepMap™ 100, C18, 300 μm I.D., particle size 5 μm) with a flow rate of 10 

µl/min. The peptides were then separated on an analytical C18 capillary column 

(50 cm, HPLC column Acclaim™ PepMap™ 100, C18, 75 μm I.D., particle size 3 μm) 

with a flow rate of 300 nl/min and a gradient of 4 – 90% (v/v) mobile phase B over 90 

min was applied. Following chromatographic separation, the peptides were directly 

eluted into the mass spectrometer. Typical mass spectrometric conditions were: data 

depended mode; capillary voltage, 2.8 kV; capillary temperature, 275°C and polarity, 

positive. Survey full scan MS spectra were acquired in a mass range of 

350 – 1600 m/z, with a resolution of 70000 and an automatic gain control (AGC) target 

at 3e6. The maximum injection time was set to 80 ms. The 20 most intense peaks were 

selected for fragmentation in the HCD cell with an AGC target of 1e5, a fixed first mass 

of 105 m/z and a normalized collisional energy of 30%. The maximum injection time 

for MS2 spectra was 150 ms and the resolution of MS2 spectra was 17,500. Ions with 

a charge of 1 and > 8 were excluded from fragmentation and previously selected ions 

were dynamically excluded for 30 s. For internal mass calibration the lock mass option 

was enabled using the lock mass m/z 445.120025 

 

3.2.2.8 Data analysis of mass spectrometry data 

Mass spectrometry data were analyzed using the software MaxQuant219 (version 

1.6.17.0) and performing a database search against the C. thermophilum UniProt 

database (UniProt, Proteome ID: UP000008066, version data: 9th September 2021). 

In the analysis, the following standard parameters were used: variable modifications, 

oxidization (methionine) and acetylation (protein N-terminus); fixed modification, 

carbamidomethyl (cysteine); max missed cleavage sites, 2; min peptide length, 7; max 

peptide mass 6000 Da; peptide FDR, 0.01; protein FDR, 0.01 and enzyme, trypsin/P 

(cleavage C-terminal of lysine or arginine also when the C-terminal amino acid is 

proline) and chymotrypsin. Additionally, the MaxQuant LFQ as well as the iBAQ options 

were enabled. Thereafter, the LFQ values were isolated from the “proteinGroups.txt” 

result file and user for the Proteome wide Blastp analysis and the identification of 

membrane proteins. 
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3.2.3 Biophysical methods 

3.2.3.1 Preparation of vesicles 

All lipid mixtures were prepared by dissolving the purchased lipid powders in 

chloroform and combining the appropriate volumes of each lipid. Once mixed, the lipid 

mixtures were split into smaller aliquots. The organic solvent was evaporated from the 

lipid containing solution under a constant stream of N2 and was, subsequently, placed 

in a vacuum for 8 h to remove any residual solvent. Lipid films were stored under an 

argon environment at −80°C, until further usage. Before usage, the dried lipid films 

were rehydrated by adding buffer consisting of 50 mM Tris at pH 7.4 containing either 

200 mM or 500 mM NaCl to a final volume of 1 mg/mL. The lipid suspension was 

subsequently vortexed for 5 min at 22°C and subjected to an 11-fold extrusion through 

a polycarbonate membrane with a pore diameter of 100 nm in a Mini Extruder (Avanti, 

Alabama, USA). Large unilamellar vesicle (LUV) formation was confirmed by DLS, and 

a hydrodynamic diameter of ~160 nm for the LUVs was observed. 

 

3.2.3.2 Preparation of protein-free polymer-bound nanodiscs 

Preparation of nanodiscs, from artificial membranes, was done by adding the 

appropriate amount of the respective polymer solution to vesicles to achieve the 

desired mass ratio of polymer (P) to lipid (L) mP/mL = 0.25–10. Once mixed, the 

suspension was incubated for 16 h at 35°C at 700 rpm and directly used for further 

experiments.  

 

3.2.3.3 Preparation of protein-containing polymer-bound nanodiscs 

The isolated native C. thermophilum membrane pellet was solubilized by adding Sulfo-

DIBMA to the pellet to a final concentration of 250 mg/mL of C. thermophilum 

membranes and 1.25 mg/mL of Sulfo-DIBMA, resulting in a mP/mL = 0.005 and 

supplemented with a protease inhibitor cocktail (Table 2). The solution was 

homogenized by subjecting it to approximately 20x strokes in a Potter-Elvjeheim tissue 

grinder (Corning, New York, USA). The homogenized solution was incubated on a 

rotary shaker at 37°C at 700 rpm for 16 h and, subsequently, ultracentrifuged for 

100000 g at 4°C for 80 min. The supernatant was used for further experiments, and 

the pellet was rehydrated in an equal volume to the supernatant of 2% SDS. 
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3.2.3.4 Dynamic light scattering 

All dynamic light scattering (DLS) experiments were performed on a Litesizer 500 

instrument (Anton Paar, Graz, Austria), which is equipped with a 633-nm He-Ne laser 

and the signal was detected in a 90° detection angle. Samples containing nanodiscs 

from C. thermophilum membranes were measured in a 3 mm x 3 mm quartz glass 

cuvette (Hellma, Munich, Germany), whereas samples containing vesicles or 

nanodiscs from artificial lipid compositions were measured in 1.5-mL disposable 

cuvettes with a cross-section of 12.5 mm x 12.5 mm (Brand, Wertheim, Germany). 

Prior to measurements, samples were thermally equilibrated at 25°C for 2 min and 

subsequently measured 6 times. During the data analysis, any effects of the buffer 

components and their concentration, affecting the refractive index (RI) and the 

viscosity, were accounted for. A non-negatively constrained least-squares function, 

further regularized by a so-called Tikhonov regularization227 was applied, using the 

Kalliope software (Anton Paar, Graz, Austria) to fit the autocorrelation function,134 

yielding the intensity-weighted particle size distribution and by a cumulant analysis the 

z-average particle diameter as well as their associated polydispersity indices (PDIs). 

The distribution width of the z-average diameter, σ, was calculated according to 

σ = (PDI)1/2 z.228 For multimodal distributions, the position of the first peak, 

corresponding to the smallest particle size, was connected to the hydrodynamic 

particle diameter, which is substantiated by the strong correlation of light scattering 

intensity and particle size. 

 

3.2.3.5 Proteome wide blastp and membrane protein identification 

First, a local installation of the blast suite (NCBI blast 2.113.0+) was performed and all 

entries of the UniProt proteome (UP000008066) were downloaded and subsequently 

blasted against the Swiss-Prot database (downloaded 06.04.2022) by executing the 

following command: 

“blastp -db SwissProt -query <input fasta> -out <result txt file>” 

This resulted in a text file from which the top 10 blast hits were selected and their 

corresponding uniport information file was downloaded. Subsequently, the information, 

if available, of the organism as well as the subcellular localization was isolated from 
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these files. In order to be considered a membrane protein and filter out false positive 

hits, at least 50% of the top 10 blast hits required to have the tag “membrane” in the 

subcellular localization field. 

 

3.2.3.6 Negative stain EM sample preparation 

Negative stain samples were prepared by applying 10 µL of protein-free polymer-

encapsulated nanodiscs (0.05 mg/mL lipid) onto continuous 10–12 nm carbon coated 

grids with a 300 mesh size (Quantifoil, Micro Tools, Großlöbichau, Germany). Prior to 

usage, grids were glow discharged with 15 mA, grid negative, at 0.4 mbar, and 25 s 

glowing time using a PELCO easiGlow™ (Ted Pella Inc, Redding, California). After 

1 min, any excessive liquid was blotted off with ash-free filter papers and subsequently, 

two times washed with 15 µL distilled water. Afterwards, 5 µL of 2% (w/v) aqueous 

uranyl acetate solution (UO2(CH3COO)22H2O) was applied and subsequently blotted 

off after 1 min. Grids were then covered and left to air-dry overnight. 

 

3.2.3.7 Image processing of negative-stain data and size calculations 

A total of 660 micrographs were collected for the dataset that was used for the 

statistical size analysis of protein-free nanodiscs from an artificial lipid mixture. 

Micrographs were recorded as movies with 15 fraction movies with a dose of 30 e−/Å2 

at a pixel size of 0.9612 Å and were subsequently imported into Relion 3.0.224 There 

the movies were motion corrected, averaged and, dose weighted using the MotionCor2 

software.220 Quality of the contrast transfer function (CTF) and estimation of the 

defocus and astigmatism were evaluated by GCTF.198 For the 2D classification 

37623 particles were picked manually, and subsequently, 2D classified into 100 

classes. Obvious junk classes were discarded, resulting in 39 classes, containing 

83.46% (31401 particles) that were selected for the further analysis. The 

measurements of the particle sizes were performed in FIJI.218 There, the minor and the 

major axis was measured and used to calculate the average diameter of the particles.  

 

3.2.3.8 Cryo-EM sample preparation 

Cryo-EM samples were prepared by applying 3.5 µL of the sample on holey carbon 

support films, type R2/1 on 200 mesh copper grids (Quantifoil, Großlöbichau, 
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Germany). Before usage, the grids were glow-discharged with 15 mA, grid negative, 

at 0.4 mbar, and 25 s of glowing time, using a Pelco easiGlow™ apparatus (Ted Pella 

Inc, Redding, California). Once the sample was applied, excessive liquid was blotted 

away from the grids with Vitrobot Filter Paper (Grade 595 ash-free filter paper 

ø55/20 mm) and subsequently plunge frozen in liquid ethane using a Vitrobot Mark IV 

System (Thermo Fisher Scientific, Hillsboro, Oregon, USA). During the whole 

procedure, a constant temperature of 4°C and 95% humidity was maintained in the 

chamber. Subsequently, vitrified grids were clipped and loaded onto a Glacios 200 kV 

cryo-electron transmission microscope (Thermo Fisher Scientific, Eindhoven, 

Germany). Image acquisition was performed using a Falcon 3EC direct electron 

detector. Prior to imaging, the electron beam was aligned to be parallel and in the 

perpendicular to the sample and confined to a diameter of 2.5 μm using a 70 μm 

condenser aperture. Also, the numerical aperture of the objective lens was restricted 

to 14.7 mRad using a 100 μm objective aperture. 

 

3.2.3.9 Size analysis of native nanodiscs in cryo-EM 

The size analysis of native nanodiscs in cryo-EM was performed using the 2D classes. 

There the minor and major axis of the nanodiscs was measured in Fiji. The measured 

axis was then weighted by the particles in each class. Overall, the best 2D classes 

containing, 64827 particles, were taken and their minor and major axis was measured 

and used to calculate the weighted average diameter of the particles. 

 

3.2.3.10 Image analysis and modelling of cryo-EM Data 

FocA 

Image analysis was performed in cryoSPARC v3.1.0.229 Collected movies were aligned 

and corrected for beam-induced motion and drift with MotionCor2.220 Contrast transfer 

function (CTF) was estimated using gCTF in cryoSPARC 3.1.0. Particles were 

automatically picked with the template picker in cryoSPARC, where clear templates 

from a previous acquisition were used. The resulting 1767285 particles were extracted 

and subsequently subjected to an iterative reference-free 2D classification. The best 

resulting classes, containing 236209 particles, were chosen and used for another 

round of iterative reference-free 2D classification. 
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Particles that did not meet the quality required for 2D class averaging were eliminated, 

resulting in a total of 192440 particles, which were used for homogenous refinement 

with an imposed C5 symmetry that produced a map of 3.88 Å. The PDB ID: 3KCU was 

downloaded, low-pass filtered to 40 Å, and used as an initial reference for this 

refinement. These same particles underwent local CTF refinement in cryoSPARC and 

were subsequently used for two more rounds of homogenous refinement, resulting in 

an overall resolution of 3.11 Å.230 

The initial model (PDB ID: 3KCU) was fitted into the final map using Chimera231 and 

was subsequently real-space refined in PHENIX.232 The real space refined model was 

manually assessed in COOT.217 After further refinement, C5 symmetry was manually 

applied to generate the final complete model. 

Analysis of the channel was performed with MoleOnline. The mode was switched to 

pore mode and the parameters used for the analysis were as follows: probe radius 

13 Å; interior threshold 0.8 Å. Residue-based polarity values were also calculated 

using build-in a build-in scale in MoleOnline. 

 

Myo-inositol-phosphate synthase (MIPS) 

Image analysis was performed in cryoSPARC v3.1.0. Collected movies were aligned 

and corrected for beam-induced motion and drift with Patch Motion (Multi). Contrast 

transfer function (CTF) was estimated using Patch CTF (Multi) cryoSPARC 3.1.0. 

Particles were picked automatically with in a reference-free manner, employing the 

Blob Picker algorithm of cryoSPARC which resulted in a total of 1720004 picked 

particles and was followed by their subsequent extraction and 2D classification into 

200 classes. Junk classes were discarded and the left-over particles were re-classified. 

This process was repeated until clear 2D classes were obtained. After the last iteration 

of 2D classification, a distinctive looking group of 2D classes, containing 

11836 particles, was used for ab-initio classification. The obtained reconstruction, was 

later identified as the myo-inositol-1-phosphate synthase complex, and got further 

refined by the Homogenous Refinement (new) method, built-in in cryoSPARC resulting 

a 6.62 Å cryo-EM map. Further refinement was performed by a D2 symmetry 

expansion that resulted in a total stack of 38628 particles. The so-obtained particles 

were used the local refinement operation in cryoSPARC, finally, resulting in a cryo-EM 

map with a resolution of 4.73 Å (FSC = 0.143). 
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Unknown nanodisc-embedded membrane protein 

Image analysis was performed in cryoSPARC v3.1.0. Collected movies were aligned 

and corrected for beam-induced motion and drift with Patch Motion (Multi). Micrograph 

CTF was estimated using Patch CTF (Multi) in cryoSPARC 3.1.0. Particles were picked 

automatically in a reference-free manner, employing the Blob Picker algorithm of 

cryoSPARC which resulted in a total of 1720004 picked particles and was followed by 

their subsequent extraction and 2D classification into 200 classes. Junk classes were 

discarded and the left-over particles were re-classified. This process was repeated until 

clear 2D classes were obtained. A group of 2D classes, containing 7253 particles, was 

taken for ab-initio reconstruction. The so-obtained reconstruction was then processed 

for a non-uniform refinement operation in cryoSPARC, resulting in a cryo-EM map with 

a resolution of ~18.59 Å (FSC = 0.5). 
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4 Results and Discussion 

4.1 Detergent-mediated membrane mimetic system: The membrane 

protein FocA in detergent micelles 

4.1.1 Structural analysis of FocA by single-particle cryo-EM 

Imaging of purified FocA by negative stain electron microscopy (NS-EM) allowed for 

the investigation of the sample and its particle distribution on an electron microscopy 

grid. A typical micrograph can be seen in Figure 10A. There, a homogenous, white, 

and round in shape looking particle, distributed over the whole grid, was observed 

(Figure 10A, black arrow). However, only top and bottom views of the particle were 

observed and no side views, pointing out an issue with a preferential orientation in 

negative stain. As this sample consisted only of the purified protein FocA in DDM 

micelles and the particles had a diameter of about ≈10 nm, the particles were identified 

as FocA. To gain more insight on the structural features of FocA, negatively stained 

particles were picked (Figure 10B) and subsequently 2D classified (Figure 10C). 

Indeed, 2D class averages revealed structural features, resembling the architecture of 

FocA that are comparable to previously published results, e.g., pentameric assembly 

of FocA subunits.206 Based on the quality of the initial screening data obtained with 

NS-EM, the sample was judged suitable for vitrification and subsequent cryo-EM data 

collection and analysis. 

 
Figure 10 Micrograph, picked particles and 2D classification of negatively stained FocA. 
(A) Representative micrograph of negative stained FocA. Micrograph reveals top and bottom 
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orientations of FocA that are annotated with black arrows. Scale bar = 20 nm. (B) 
Representative particle picks of FocA that went into the 2D classification. Scale bar = 10 nm 
and accounts for panel B and C. (C) Representative 2D classes of negatively stained FocA. 
Denoted below is the number of particles that went into the classification of the respective 
class. Annotated with red arrows are visible monomers. 

In order to obtain the complete structure of the pore of FocA, including the identification 

of all amino acid residues lining the pore, an enriched sample that was used in NS-EM 

was prepared. This sample was subsequently vitrified and imaged with cryo-EM. In 

total 3665 micrographs were collected which were used for subsequent image 

processing steps. A representative micrograph of vitrified FocA can be seen in 

Figure 11. 

 
Figure 11: Micrograph, picked particles and 2D classification of vitrified FocA. (A) 
Representative micrograph of vitrified FocA. The micrograph reveals top, bottom, and side 
views of FocA. Scale bar = 20 nm. (B) Representative particle picks of FocA that went into the 
2D classification. Scale bar = 10 nm and accounts for panel B and C. (C) Representative 2D 
classes of FocA. Denoted below is the number of particles that went into the classification of 
the respective class. Surrounding detergent densities are indicated by blue arrows and 
structural features are indicated by red arrows.  

Unlike in the micrograph of negative stained FocA, no preferential orientation could be 

observed. After particle picking (Figure 11B) and 2D classification, an inspection of the 

individual 2D classes (Figure 11C) verified the initially observed pentameric assembly 

of FocA. There high-resolution structural features were retrieved. Additionally, 

surrounding the particles, a diffuse density attributed to DDM used to extract and 

stabilize the membrane protein FocA was observed. 
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The final FocA cryo-EM reconstruction included 192440 single-particles, which were 

obtained from refined 2D class averages, and had a resolution of ~3.1 Å (Figure 12A) 

(Fourier shell correlation, FSC=0.143, Figure S4). The 3D reconstruction verified the 

initial observation, of both NS- and cryo-EM 2D class averages, displaying the 

pentameric assembly of the FocA. The N-terminus (residues 1-7) of each protomer 

was flexible, with the first clearly resolved residue being D8, located at the cytoplasmic 

side of the central pore of each protomer (Figure 12A). A comparison with the 

previously resolved crystal structure of the Escherichia coli (E. coli) FocA channel, 

which lacks the first 21 N-terminal amino acid residues, reveals specific, large-scale 

rearrangements (Figure 12A, B). The missing N-terminus is clearly resolved 

(Figure 12C), and now assembles the complete cytoplasmic-exposed vestibule. This 

allowed for the assignment of all relevant amino acid residues that form both the 

vestibule and the central hydrophobic core of the pore. 
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Figure 12: Cryo-EM model of FocA channel resolved to 3.1 Å. The structure is compared 
with the previously resolved FocA channel from E. coli lacking the N-terminal helix (residues 
1–21).206 (A) The overall architecture shows that both structures are highly similar, and are 
composed of 5 protomers. Localized changes are highlighted inside the dashed squares and 
labelled I, II and III. (B) Annotation of conformational changes observed for the cryo-EM-
resolved structure compared to the X-ray-derived counterpart (PDB ID 3KCU).206 (C) N-
terminal capping of the cytoplasmic portion of the channel and the structural changes induced 
by the presence of this structural element (V83–F119 segment) are highlighted. 

Furthermore, densities stemming from the detergent micelles were observed in 

proximity to the outer surfaces of the transmembrane helices (Figure 13A, colored in 

purple). In general, the low resolution of the detergents can be attributed to their 

flexibility, averaging of the particles and/or non-specific interactions with the 

hydrophobic moieties of FocA. Interestingly, the central core on the extracellular side 

of the pentamer contained five tube-like electron densities, which turned out to be DDM 

detergent densities (Figure 13B, C). These detergent densities, presumably, 

contribute to the stabilization of the pentameric complex, as previously observed by 
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Wang et al.206 In a cellular complex, these detergent molecules are most-likely 

exchanged for lipid molecules that stabilize or even aid in governing the higher-order 

assembly. 

 

Figure 13 Cryo-EM map of the FocA channel resolved to 3.1 Å with highlighted detergent 
densities. (A) The channel (shown in cyan, with the adjacent atomic model shown in 
grayscale) is surrounded by low-resolution densities (shown in magenta). The structure reveals 
a pentamer and each monomer is color-coded in a step-wise grayscale gradient (from white 
to gray). (B) On the cytoplasmic (intracellular) side of the channel, density appears at a lower 
resolution for the initial 7 N-terminal amino acid residues, and the high-quality model building 
begins from residue D8. (C) The densities of five detergent molecules are clearly resolved at 
the periplasmic (extracellular) side of the channel and are localized at the centre of the 
pentameric complex. 

Resolving the complete FocA structure reveals that H209 resides centrally within the 

membrane interface (Figure 14A), its pros-nitrogen (N-1) faces the pore and is tightly 

packed with its surrounding amino acids. It establishes non-covalent van der Waals 

interactions with vicinal residues within the core of the pore (Figure 14B). These 

include interactions between H209 and N262 (dvdw = 2.9 Å), but also with F202 

(dvdw = 3.3 Å), I45 (dvdw = 3.5 Å), V175 (dvdw = 3.6 Å), T91 and A212 (dvdw = 4.0 Å, with 
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the closest atom-atom distance being 2.4 Å). Interestingly, a network of π-π stacks is 

also observed between F75, F202, and H209 (Figure 14C). H209 is further stabilized 

by a hydrogen-bond between its main-chain oxygen atom and the nitrogen of N262 

(dhb = 3.0 Å). This interaction network highlights an extensive, localized polar 

environment around H209, manifested by the vicinal polar T91, the extended van der 

Waals interactions and the π-π stacking.  

 
Figure 14: Identification and characterization of the complete FocA channel. (A) 
Calculated pore within a FocA protomer. Extracellular and cytoplasmic sides are indicated, as 
well as the central channel, and key residues at the core of the pore are shown. (B) Detailed 
view of the residues structuring the pore, with the lower portion of the figure depicting the 
cytoplasmic side, and the upper portion showing the periplasmic side, of the channel. FocA is 
illustrated in ribbon representation and residues in stick representation show only the side 
chains of these residues. (C) The local non-covalent interaction network maintained by H209 
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(see text) is revealed. (D) Calculated polarity across the channel (x axis shows the pore length 
in Å) with the diameter as function of channel length/position (y axis in Å). Diameter is 
calculated after multiplying the radius of a sphere within channel by 2 and is limited by the 
three closest atoms. (E) Calculated hydropathy across the channel (x axis shows pore length 
in Å) with the diameter as function of channel length/position (y axis in Å). The free diameter 
is calculated in a similar way to D, but a sphere radius within the channel that is limited by the 
three closest main-chain atoms is taken into account to allow side-chain flexibility. 

The structure determination allowed calculation of the polarity and hydropathy of the 

protomer’s pore (Figure 14D, E), including the unambiguous annotation of all residues 

structuring the pore and its vestibules (Figure 14B). It is notable that both vestibules 

have a high density of positive charges with the two lysines, K26 and K29, in the 

cytoplasmic vestibule being clearly defined, both of which face inwards (Figure 14B). 

The conserved K156 has a prominent location at the boundary of the periplasmic 

vestibule and hydrophobic core (Figure 14B), in agreement with its suggested role in 

electrostatic attraction of formate.207,233 As expected, the hydrophobic pore is narrow 

and is in its presumed closed conformation (Figure 14B, C), with the -loop, including 

T91205, close to H209. Calculation of known polarity values for amino acids reveals a 

symmetrical polarity distribution across the pore, including the vestibules and 

constriction sites (Figure 14D). The channel is highly polar on its rims, and at 

equidistance from the periplasmic and cytoplasmic rim regions; however, polarity 

decreases to a depth of ~20 Å within the central pore around H209 (Figure 14D). This 

region of high polarity disrupts the otherwise non-polar pore, and is promoted by H209 

(Figure 14D). Protonation of H209 will alter the charge-balance further, leading to an 

electrostatic potential that could play a role in the efflux directionality of the channel. 

Calculation of the pore diameter using a sphere radius limited by the three closest 

main-chain atoms, and taking into account side-chain flexibility, reveals that the overall 

pore diameter increases, across the channel, but not proportionally (Figure 14E). The 

largest conformational changes are expected to occur in the core of the channel 

towards the vestibules (Figure 14E), where H209 and its network of interacting 

residues, including T91 and N262, are present (Figure 14C). This potentially extensive 

conformational flexibility within the channel would allow increased side-chain dynamics 

and, therefore, increased plasticity in the non-covalent forces organized by H209. It 

should also be considered that acidification of the periplasm might influence 

protonation of the periplasmic rim residues, allowing a charge-transfer along the 

hydrophobic helix due to a macro-dipole effect234, which could result in protonation of 

H209. Taken together, the central location of H209 within the pore, coupled with 
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protonation of the imidazole side-chain and inherent increase in polarity, would 

introduce an asymmetric electrostatic funnel for anion attraction. It is therefore 

conceivable that a protonation/deprotonation switch could play an important role in the 

directionality of the formate translocation across the pore, augmented by local 

conformational changes within the channel’s pore and vestibules.235,236 Moreover, 

these conformational changes could further be facilitated upon the interaction of the N-

terminal helix of FocA with pyruvate formate lyase, which is also essential for the 

bidirectional passage of formate through FocA and could provide additional 

conformational constraints to help impose the directionality of the anion transport.236 

However, the precise mechanism, concerning how the directionality of anion transport 

is gated still remains elusive and further experiments are required. 

The here shown structural investigation of a detergent-solubilized membrane protein 

highlights cryo-EM as a powerful tool in the research field of membrane proteins. 

However, the interaction of detergents in the inner core of the pentameric assembly of 

FocA, points out concerns for detergents as a membrane mimetic system. Here, 

detergent monomers stabilize the higher-order assembly of the FocA pentamer while 

they also displace phospholipids.206 Nevertheless, multiple studies reported a 

detrimental outcome while using detergents as a membrane mimetic system to 

stabilize membrane proteins. 

 

4.2 Detergent-free membrane mimetic systems: Protein-free and 

protein-containing polymer-bound nanodiscs 

In chapter 4.1 a membrane protein—isolated and stabilized with the help of 

detergents—was structurally investigated. There, unspecific hydrophobic interactions 

of DDM (Figure 13) in the pentameric assembly of FocA were observed. As mentioned 

above, lipids are present instead of detergents in a cellular context.67 Several studies 

have shown how the removal of the structural and annular lipids, and their replacement 

by detergents, can be detrimental to the membrane protein structure and 

function.71,76,237 Additionally, in a pharmacological context a distortion of the structure 

can hamper the development of potential inhibitors against these proteins, making the 

initial process of drug development more difficult.117 These flaws urge for a more 

conserving approach to membrane protein isolation, one that preserves structurally 
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important lipids around the membrane protein during solubilization and purification, 

facilitating the investigation of membrane proteins in a more close-to-native state. 

 

4.2.1 Protein-free polymer-bound nanodiscs 

Over the recent years, numerous studies described the use of amphiphilic polymers 

instead of detergents to solubilize artificial and cellular membranes.94 These studies 

investigated how the charge, and phase state of the polymer through changes in its 

backbone and side chain affect the solubilization.128,131,238 However, not just the 

polymer properties affect the solubilization, but also the properties of the lipids and the 

lipid composition, ion concentration in the buffer, and the pH.96,239 Only recently, 

polymers with zwitterionic and hydrophobic side chains revealed improved 

solubilization properties in contrast to the polymers SMA(2:1) and DIBMA.126,131 

Solubilization of membranes by polymers is not fully understood, but models have been 

proposed to explain the mechanism.98,240 Especially, lipids such as cardiolipin pose, 

due to its effect on the flexibility and mobility in the lipid bilayer, a difficulty for 

conventional polymers such as SMA(2:1) and DIBMA to solubilize.241,242 In the 

following chapter, artificial model membranes that mimic the native inner mitochondrial 

membrane of pig hearts243 and Saccharomyces cerevisiae244 as well as the native 

membrane of the thermophilic fungus Myceliophthora thermophila245—as analogue for 

C. thermophilum membranes—were prepared, solubilized, and analyzed to 

understand the factors influencing the solubilization behavior of polymers. 

 

4.2.1.1 Multi-component lipid vesicles 

First, vesicles from an artificial inner mitochondrial lipid mixture (IMLM) that mimic the 

inner mitochondrial lipid composition of pig hearts were prepared (Table 6).243,246 The 

lipids for these compositions were obtained from natural sources, thus, the obtained 

lipids varied in their acyl chain length (C16–C20) and in their degree of saturation 

(C18:1, C18:2, and 20:4 (Figure S2, Table S1)). Moreover, pig heart IMLM vesicles 

were prepared in multiple compositions: without cardiolipin (CL) (IMLM) and with CL 

(IMLMCL), with phosphatidylglycerol (PG), as a substitute for CL, (IMLMPG), and a 

neutral variant, without the negatively charged lipids PG, CL, and phosphatidylinositol 

(PI) (IMLMneut.) (Table 6). These different mixtures were used to investigate the effect 

of lipid charge and shape on the solubilization efficiency of various polymers.  
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Table 6: Lipid headgroup distribution of pig heart inner mitochondrial membranes243 
and IMLM artificial inner mitochondrial lipid mixtures.a, ϯ 

Lipid 
headgroup 

Pig heart inner 
mitochondrial 
membraneb 

 IMLMCL IMLMPG IMLM IMLMneut. 

PC 26.5 Heart-PC 28.0 17.65 38.35 41.2 

PE 38.0 Heart-PE 40.0 25.2 54.8 58.8 

PI 3.4 Liver-PI 5.0 3.15 6.85 - 

CL/PA 25.4 Heart-CL 27.0 Soy-PG: 54.0 - - 

a all values are given in mol% 
b Includes 2% Lyso-PC/PE and 4.7% unknown components 

 
Additionally, vesicles that mimic the inner mitochondrial lipid composition of 

S. cervisiea244, were prepared (Table 7). Different organism-specific mitochondrial 

membranes were used to investigate a potential difference in the solubilization 

efficiency. Even though both compositions mimic the same organelle their composition 

differs. IMLMyeast has compared to IMLM a higher content of PC a decreased amount 

of CL and PE but an increased amount of PI and furthermore contains PS.  

Table 7: Lipid headgroup distribution of S. cerevisiae inner mitochondrial membranes244 
and IMLMyeast artificial inner mitochondrial lipid mixture.a, ϯ 

Lipid headgroup 
S. cerevisiae inner 

mitochondrial membranes 
 IMLMyeast 

PC 38.4 POPC 38.0 

PE 24.0 POPE 24.0 

PI 16.2 POPI 16.0 

PS 3.8 POPS 4.0 

CL/PA 17.6 CL 18.0 

a all values are given in mol% 

 

In general, the shape of the vesicles that are formed by a lipid composition depends 

on the packing properties of the lipids (cf. chapter 1.1.1). In their unsaturated state and 

with their relatively large headgroup, PC, PG, and PI have a packaging parameter of 

~1 indicating a cylindrical shape (Figure 2), thus favoring the formation of large vesicles 

with a low curvature or flat bilayer sheets.34 Whereas, PE and CL with unsaturated 

lipids have a P < 1 indicating the shape of an inverted truncated cone (Figure 2A) and 

thus are preferentially located in the inner bilayer leaflet of highly curved vesicles.34 

Furthermore, at high concentrations PE favors the formation of multilamellar vesicles, 

due to its zwitterionic headgroup being capable to be donor- and acceptor, allowing for 

intra- and intermolecular hydrogen bonds between the bilayers.247 On the contrary, due 

to the high negative charge, which is present in the IMLM membranes, the electrostatic 
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repulsion, between the bilayers, would repel each other, thus preventing the formation 

of multilamellar vesicles. Thus, a high amount of negatively charged lipids (CL and PI) 

as well as zwitterionic lipids are present, a coexistence of uni- and multilamellar 

vesicles is expected. Figure 15 depicts cryo-EM micrographs of extruded IMLM 

vesicles. The diameter of the vesicles were ranging from 80–200 nm and no preference 

for uni- or multilamellar vesicles was observed, as expected. A closer inspection of the 

morphology of the vesicles revealed smooth spherical vesicles without any facets, 

suggesting that the vesicles are in the liquid-crystalline state.248 Additionally, the size 

distribution of the vesicles was probed by DLS (Figure 15F). Their hydrodynamic 

diameter was (162 ± 3) nm for IMLMCL, (170 ± 10) nm for (IMLMPG), (158 ± 10) nm for 

IMLM, (156 ± 5) nm IMLMneut., and (135 ± 35) nm for IMLMyeast. Even though the 

vesicles were extruded through a 100 nm polycarbonate membrane, their diameter 

was considerably larger than the utilized membrane. The larger size of the vesicles 

might be due to the lipid composition, as e.g., ~33% of lipids from IMLMCL and ~75% 

from IMLMPG have P values being equal or close to ~1, thus favoring a low curvature. 

Therefore, during extrusion vesicles are deformed but maintain their large diameter.34 
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Figure 15: Artificial vesicles mimicking the inner mitochondrial lipid composition of pig 
heart and S. cerevisiae. Cryo-EM micrographs of (A) IMLMCL, (B) IMLMPG, (C) IMLM, 
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(D)IMLMneut., and (E) IMLMyeast vesicles. Scale bar = 100 nm. (F) DLS intensity-weighted size 
distribution of IMLMCL, IMLMPG, IMLM, IMLMneut., and IMLMyeast vesicles. ϯ 

As the model organism used in this thesis, C. thermophilum, is a thermophilic fungus, 

and thermophilic organisms have a considerably different chemical composition 

compared to their mesophilic counterparts, vesicles mimicking the membrane 

composition of a thermophilic fungus, here M. thermophilia245, a thermophilic fungus 

lipid mixture (TFLM) was prepared (Table 8).  

Table 8 Lipid headgroup distribution of the M. thermophilia245 membranes and TFLM 
artificial thermophilic fungus lipid mixture.a, ϯ 

Lipid headgroup M. thermophilia membranes  TFLM 

PC 14.0 16:0-18:2 PC 15.0 

PE 13.0 16:0-18:1 PE 14.0 

PA 25.0 16:0-18:2 PA 27.0 

CL 13.0 Heart-CL 14 

ERG 27.0 Ergosterol 30.0 
a all values are given in mol% 

 

Recent studies found a high phosphatidic acid and ergosterol (ERG) content in 

membranes of thermophilic fungi, which is further upregulated as a response to heat 

stress, while downregulating PC and PE contents.245 Due to the increased amount of 

phosphatidic acid the membranes possess a higher negative charge than the IMLM 

membranes, however, due to ~30% of zwitterionic lipids (PC/PE) the coexistence of 

uni-and multilamellar vesicles is expected. Figure 16 depicts cryo-EM micrographs of 

TFLM vesicles and DLS data. 
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Figure 16: Artificial TFLM vesicles mimicking thermophilic fungus lipid mixture of 
M. thermophilia.245 (A) Cryo-EM micrograph of TFLM vesicles. Scale bar = 100 nm. (B) 
Intensity-weighted particle size distribution of TFLM vesicles.Ϯ 

In the cryo-EM micrographs the majority of observed vesicles were unilamellar and 

were ranging from 90–150 nm; however, due to the size of the acquired dataset, a 

clear preference for uni- over multilamellar vesicles could not be identified. The 

hydrodynamic diameter of the TFLM vesicles was (135 ± 40) nm and is in a good 

agreement with the observed sizes through cryo-EM. However, the size of the vesicles 

is considerably larger than the size of the membrane pores that were used for extrusion 

(100 nm). This might be explained by the same phenomenon that was described above 

that the larger diameter of the TFLM vesicles is due to 30% of lipids possessing a P 

value being close or equal to ~1, thus favoring a low curvature and therefore larger 

vesicles.34 Additionally, the observed TFLM vesicles showed smooth spherical surface 

without any facets, suggesting that these vesicles are also in the liquid-crystalline state. 

The results presented above, showed that the lipid mixtures successfully self-

assembled into vesicles in the liquid-crystalline state and are amenable to be used for 

solubilization experiments to form lipid-bilayer nanodiscs. 

4.2.1.2 Solubilization and characterization of multi-component lipid 

vesicles 

4.2.1.2.1 Solubilization of vesicles mimicking pig heart inner 

mitochondrial membranes by diisobutylene/maleic acid 

The ability to solubilize the prepared IMLM vesicles, which mimic the lipid composition 

of pig heart inner mitochondrial membranes, by polymers, was first tested with the 
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polymer DIBMA. To this extent, IMLMCL, IMLMPG, IMLM, and IMLMneut vesicles were 

subjected to increasing concentrations of DIBMA in the presence of 200 mM and 

500 mM NaCl. The increased salt concentration was chosen because a previous study 

showed an improved solubilization yield at a higher ionic strengths.239 Solubilization 

was monitored by negative-stain EM (NS-EM) and DLS and is summarized for the 

mass ratios of polymer to lipid mP/mL = 1.5, 3.5, 5, 7, and 10 in Table 9. 

 
Figure 17: DIBMA-nanodiscs mimicking inner mitochondrial lipid composition of pig 
heart at 200 mM NaCl. NS-EM micrographs of (A) IMLMCL (mP/mL = 10), (B) IMLM (10), and 
(C) IMLMneut. (10). Scale bar = 100 nm. (D) Intensity-weighted size distribution of DIBMA-
nanodiscs originating from artificial IMLMs, as obtained from DLS.ϯ 
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Figure 18 DIBMA-nanodiscs mimicking inner mitochondrial lipid composition of pig 
heart at 500 mM NaCl. NS-EM micrographs of (A) IMLMCL (mP/mL = 10), (B) IMLMPG (10), (C, 
D) IMLMneut. (1.5, 10), (E, F) IMLMneut. (1.5, 10). Scale bar = 100 nm. (G) Intensity-weighted 
size distribution of DIBMA-nanodiscs originating from artificial IMLMs, as obtained from DLS.ϯ 

An inspection of the intensity-weighted particle size distributions (Figure 17, Figure 18) 

reveals multimodal distributions suggesting the coexistence of nanodiscs and vesicles 

alike in the solubilization experiments. For a better overview the solubilization 

experiments are summarized in Table 9. Thus, DIBMA was not able to completely 

solubilize the artificial pig heart vesicles at the tested mP/mL. The first peak from the 

intensity-weighted particle size distributions, corresponding to the smallest particle 

size, was taken as the hydrodynamic particle diameter. This is justified by the strong 

dependency of light scattering intensity towards the particle size (cf. chapter 1.3.2), 

resulting in z-average hydrodynamic diameters between dz = (8  3) nm for IMLMPG at 

mP/mL = 10 and dz = (11  6) nm for IMLMneut. at mP/mL = 1.5.142 Interestingly, the size 
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of the nanodiscs, reported here, are smaller than those reported for DIBMA-solubilized 

DMPC membranes.249 

Table 9: Solubilization of artificial vesicles mimicking inner mitochondrial membrane 
composition of pig heart with DIBMA at different polymer to lipid mass ratios. Crosses 
indicate ND formation based on DLS and NS-EM.ϯ 

Lipid mix IMLMCL IMLMPG IMLM IMLMneut. 

mP/mL (g/g) cNaCl (mM) 

 200 500 200 500 200 500 200 500 

1.5      x  x 
3.5      x  x 
5      x  x 
7      x  x 

10 x x  x x x x x 

 

This can be attributed to the differences in the lipid composition, notably the use of 

naturally unsaturated, charged lipids or the use of much higher concentrations of 

DIBMA. A detailed analysis of the nanodisc size is impaired due to high polydispersity 

observed in the sample which is caused by residual unsolubilized vesicles. 

(Figure 17C, D). The observed polydispersity, is reflected in the NS-EM micrographs, 

showing vesicles as well as nanodiscs (Figure 17C, D). 

The combined results of DLS and NS-EM show that DIBMA is able to solubilize 

IMLMCL, IMLMPG, IMLM, and IMLMneut. at 200 mM or 500 mM NaCl. The solubilization 

of IMLMCL, IMLM, and IMLMneut. at 200 mM NaCl was only observed at high polymer 

concentrations (mP/mL = 10). Interestingly, after an exchange of CL (IMLMCL) to PG 

(IMLMPG) no solubilization was observed at 200 mM NaCl. This changed by increasing 

the NaCl concentrations to 500 mM. Due to the increase of NaCl concentration, DIBMA 

was able to solubilize IMLM and IMLMneut. at all investigated mP/mL, whereas, IMLMPG 

and IMLMCL were only solubilized at high polymer concentrations (mP/mL =10) 

(Table 9).239,250 The reason why DIBMA was able to solubilize the negative lipid 

mixtures at high polymer concentrations is complex and depends on a multitude of 

factors.239 For IMLMCL all lipids possess a great amount of poly-unsaturated acyl 

chains (Table S1) that interfere with the solubilization process, as they increase lateral 

pressure of the membrane. Additionally, the lipids PE and CL possess an intrinsic 

negative curvature, further increasing the lateral pressure of the membrane.250 The 

increase in lateral pressure makes it difficult for DIBMA to insert into the membrane, 

thus affecting the solubilization.240,251 Further, the charge of the anionic lipids CL and 

PI cause electrostatic repulsion, repelling the negatively charged polymer DIBMA 

(cf. chapter 1.2.2), thus decreasing the efficiency and rate of solubilization. 
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Interestingly, Scheidelaar et al. reported a similar observation with the harsher polymer 

SMA(2:1).240 There, difficulties were reported for the solubilization of vesicles that are 

composed of a total polar lipid extract, composed of PE, PG, and CL. The results of 

the solubilization of IMLMCL vesicles at high mP/mL, highlights the lipid shape and 

saturation as important factors during solubilization, even at low and high levels of 

coulombic screening. As mentioned above an exchange of CL to PG led to the result 

that DIBMA could not solubilize IMLMPG vesicles at 200 mM NaCl and only at 

mP/mL = 10 at 500 mM NaCl (Table 9, Figure 17). A plausible explanation could be the 

lipid distribution inside the membrane, as the preferential location of CL is the inner 

bilayer leaflet, whereas PG is equally distributed.247 This results in a higher surface 

charge of IMLMPG vesicles, thus require a higher salt concentration to screen the 

charges to allow for solubilization of vesicles. Vesicles that have no CL content, such 

as IMLM and IMLMneut. only 7% or none of the lipids are negatively charged, 

respectively. These lipid mixtures were solubilized at considerably lower mP/mL at 

500 mM NaCl, when compared to IMLMCL and IMLMPG (Table 9, Figure 18). However, 

at 200 mM NaCl a solubilization of IMLM and IMLMneut. is only possible at mP/mL = 10. 

In conclusion, the shape of the lipids and their degree of saturation as well as the 

charge state of the membrane considerably affect the solubilization of membranes and 

should be carefully taken into consideration. 

 

4.2.1.2.2 Solubilization of pig heart IMLMCL vesicles by polymers of 

different charge 

IMLMCL mimics the lipid composition of pig heart inner mitochondrial membranes the 

closest, therefore, this lipid composition was used to probe the solubilization efficiency 

of amphiphilic polymers of different charge. The different polymers that were used can 

be seen in Figure 19. 



 60 ϯAdapted with permission from Pu.3 (cf. chapter 10), Copyright 2023 Elsevier. 

 
Figure 19: Chemical Structure of amphiphilic polymers used to solubilize vesicles that 
mimic the lipid composition of pig heart inner mitochondrial membranes. The 
amphiphilic polymers SMA(2:1), DIBMA, and Glyco-DIBMA have an overall negative charge, 
whereas Sulfo-DIBMA is of zwitterionic nature and QA1-SMA and QA2-SMA possess an 
overall positive charge. The red and blue colour, indicate a negative or positive charge, 
respectively.ϯ 

SMA(2:1) and DIBMA are the conventional polymers and possess two negative 

charges per subunit and are commonly used as the basis to derive new polymers.128 

Glyco-DIBMA is a glycosylated derivative of DIBMA and possess a greater 

hydrophobicity and a decreased charge density in comparison with DIBMA and 

SMA(2:1).238 Sulfo-DIBMA is a zwitterionic derivative of DIBMA with a sulfobetaine 

group attached to it.131 Whereas the previous introduced polymers are negatively 

charged or zwitterionic, QA1-SMA and QA2-SMA are positively charged and are 

derivatives from styrene malmeide polymers with the addition of a quaternary 

ammonium to it.252 In order to test the solubilization efficiency of the polymers, each 

polymer was incubated with IMLMCL vesicles at increasing mP/mL (mP/mL = 0.25, 0.5, 

1, 1.5, 5, 10) at 200 mM and 500 mM NaCl. The formation of nanodiscs was monitored 

by DLS and NS-EM and can be seen in Figure 20 and Figure 21, respectively. As seen 

in the chapter above (cf. chapter 4.2.1.2), IMLMCL was only solubilized by DIBMA at 

high mP/mL irrespective of the NaCl. An inspection of Table 10 shows a comparable 

trend for SMA(2:1) with the difference that SMA(2:1) solubilized IMLMCL at mP/mL = 5 

at 500 mM NaCl, which was not observed for DIBMA. In contrast, the positively 

charged polymers QA1-SMA and QA2-SMA were only able to solubilize IMLMCL at 

mP/mL = 10 at 500 mM NaCl. Glyco-DIBMA, independently of the NaCl concentration, 

was able to solubilize IMLMCL at low mP/mL = 1. Interestingly, Sulfo-DIBMA showed 

successful solubilization with 200 mM at mP/mL = 1 and at 500 mM NaCl at 
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mP/mL = 0.25, making Sulfo-DIBMA the polymer with the highest solubilization 

efficiency.  

 
Figure 20: Polymer/IMLMCL-nanodiscs of different charge at 200 mM NaCl. NS-EM 
micrographs of (A) SMA(2:1) (mP/mL = 10), (B) DIBMA (10), (C, D) Glyco-DIBMA (1, 10), and 
(E, F) Sulfo-DIBMA (1, 10). Scale bar = 100 nm. (G) Intensity-weighted size distribution of 
various polymer/IMLMCL- nanodiscs originating from artificial, as obtained from DLS.ϯ 

In the samples containing 200 mM NaCl, the intensity-weighted size distribution 

revealed for the negatively charged polymers SMA(2:1) and DIBMA a dz = (6 ± 3) nm 

and dz = (6 ± 3) nm, respectively. Whereas the zwitterionic polymers Glyco-DIBMA 

showed a dz = (13 ± 5) nm up to dz = (19 ± 9), depending on the mP/mL, and Sulfo-

DIBMA showed sizes around dz = (7 ± 3) nm. 
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Figure 21: Polymer/IMLMCL-nanodiscs of 
different charge at at 500 mM NaCl. NS-
EM micrographs of (A, B) SMA(2:1) 
(mP/mL = 5, 10), (C, D) Glyco-DIBMA (1, 10), 
(E, F) Sulfo-DIBMA (0.25, 10), (G) QA1-SMA 
(10), and (H) QA2-SMA. Scale 
bar = 100 nm. (I) Intensity-weighted size 
distribution of polymer/IMLMCL-nanodiscs, 
as obtained from DLS.ϯ 
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At 500 mM NaCl the positively charged QA1 and QA2-SMA revealed a size distribution 

of dz = (6 ± 3) nm, whereas the negatively charged DIBMA was between 

dz = (10 ± 4) nm and SMA(2:1) was ranging from dz = (9 ± 4) nm to dz = (7 ± 3) nm, 

depending on the mP/mL. The results of the solubilization are summarized in Table 10. 

Table 10: Solubilization of artificial vesicles mimicking inner mitochondrial membrane 
composition of pig heart using polymers of various charge at different mP/mL. Indicated 
with a cross are successful nanodisc formations that were observed by NS-EM and DLS.ϯ 

Polymer SMA(2:1) DIBMA 
Glyco-
DIBMA 

Sulfo-
DIBMA 

QA1-
SMA 

QA2-
SMA 

Polymer 
subunit 
charge 

-2 -2 -1 0 +1 +1 

mP/mL (g/g) cNaCl (mM) 
 200 500 200 500 200 500 200 500 200 500 200 500 

0.25        x     
0.5        x     
1     x x x x     

1.5     x x x x     
5  x   x x x x     
10 x x x x x x x x  x  x 

 

Glyco-DIBMA ranged from dz = (19 ± 6) nm to dz = (10 ± 1) nm. The successful 

solubilization by Glyco-DIBMA and Sulfo-DIBMA, at the low mP/mL could be explained 

by their lower or completely absent negative net charge, as this results in a decreased 

charge related repulsion from the negatively charged IMLMCL membrane to the 

polymer. Additionally, a closer inspection of the DLS data (Figure 21) revealed the 

presence of larger particles in all samples, even at high mP/mL, indicating that no 

polymer was able to fully solubilize the IMLMCL vesicles. Owed to the high 

polydispersity a detailed discussion of the observed sizes is hindered. To complement 

and confirm the observed hydrodynamic diameters through DLS measurements, a 

dataset of 660 micrographs from negatively stained Sulfo-DIBMA nanodiscs from 

IMLMCL vesicles at mP/mL = 1 was acquired, and quantitively analyzed through image 

analysis. Sulfo-DIBMA was chosen as it was the polymer that showed the highest 
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solubilization efficiency for 

IMLMCL vesicles. 

Representative micrographs of 

the acquired dataset can be 

seen in Figure 22A, B. In these 

micrographs, the high 

polydispersity is clearly visible, 

as nanodiscs (red arrows) and 

greater unsolubilized membrane 

patches were revealed (black 

arrow) (Figure 22). A 2D 

classification of 37623 

nanodiscs and the subsequent 

statistical analysis of those 

classes, revealed their broad 

size distribution which was 

previously measured through 

DLS. Representable 2D classes can be seen in Figure 22C (Figure S3). The sizes of 

the nanodiscs were in a good agreement with the DLS data. Interestingly, due to the 

higher spatial resolution of the electron microscope, the NS-EM data revealed a 

bimodal distribution of the nanodiscs at ~8 nm and ~13 nm which was not visible in the 

DLS data before (Figure 23A). Additionally, it is noteworthy that the NS-EM revealed a 

not perfectly circular shape of the nanodiscs, shown by measuring their minimal and 

maximal axis in the 2D classes (Figure 23B). Here, the minimal axis was ~10 nm and 

the maximum axis ~12 nm.  

Figure 22: Exemplary NS-EM micrograph and 2D 
class averages of Sulfo-DIBMA/IMLMCL-nanodiscs. 
(A, B) Selected NS-EM micrographs from the dataset 
that was used for the 2D classification and the 
subsequent statistical size analysis. Indicated by red 
arrows are nanodiscs and by black arrows unsolubilized 
membrane patches. Scale bar = 100 nm (C) 
Representative 2D classes with the number of particles 
per class denoted below. Scale bar = 10 nm.ϯ 
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Figure 23: Size distribution of Sulfo-DIBMA nanodiscs from solubilized IMLMCL vesicles. 
(A) number of particles per binned averaged particle size in nm. Illustrated in the upper right 
corner is a nanodisc that got annotated with the minor (blue) and major (red) axis, which were 
measured to calculate the average diameter. (B) Depicted are the weighted average of the 
minor and major axis of the observed nanodiscs in the 2D classes from NS-EM. The dotted 
line represents the averaged particle size.ϯ 

Interestingly, a closer inspection of the 2D classes revealed that nanodiscs with a 

higher diameter are frequently showing side-by-side interactions between two 

nanodiscs (Figure 24). The interactions span from long ranged interactions, incidental 

colocalization of nanodiscs, to short ranged interactions (Figure 24A from left to right, 

respectively). Such side-by-side interactions have been previously observed for the 

polymer SMA(2:1).253 

 

Figure 24: Side-by-side nanodisc interactions and statistical distribution of monomers 
and dimers. (A) Class averages showing side-by-side nanodisc interactions as function of 
nanodisc proximity. (B) Distribution of monomers (light gray) and dimers (dark gray) among 
the 2D classes (83.5% of the 37623 nanodiscs ended up in the analyzed classes). Scale 
bar = 10 nm.ϯ 

Additionally, a statistical evaluation of these interactions revealed that these 

interactions make up >30% of the averaged single particles (Figure 24B). Furthermore, 

these interacting particles account for a substantial fraction of the larger particles in the 

bimodal size distribution (Figure 23, Figure 24). The NS-EM data reflected not just the 

complexity of the whole sample but also the complexity of the nanodiscs, which is not 

possible by measuring the size distribution by batch methods such as DLS. The here 
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observed interactions can either be attributed to the incidental co-localization of 

nanodiscs or, more likely, to the charge neutrality of the zwitterionic polymer. In the 

case of the latter, it seems reasonable that due to the absence of a negative charge 

on the polymer and thus the absence of electrostatic repulsive forces, nanodiscs 

formed by net neutral polymers could interact in such a manner.120 Moreover, previous 

studies of SMA(2:1)- and DIBMA-nanodiscs reported that upon collision with another 

nanodisc, a rapid exchange of lipid molecules between the nanodiscs was observed. 

This exchange is facilitated by the flexible nature of the polymer rim of the 

nanodiscs.120,254 The results shown here support previously observed data of the 

collisional interaction of nanodiscs. 254 Further, electron microscopy aided in the 

clarification of how frequently nanodiscs, with a net neutral charge, can engage in side-

by-side interactions.  

 

4.2.1.2.3 ....... Solubilization of IMLMyeast vesicles by DIBMA and SMA(2:1) 

The solubilization of vesicles mimicking the inner mitochondrial lipid composition of 

S. cerevisae was performed to investigate the solubilization behaviour of SMA(2:1) and 

DIBMA to organism-specific mitochondria. More specifically to investigate the effect of 

cardiolipin and membranes with a high negative charge towards the solubilization. As 

mentioned above, the IMLMyeast lipid mixture has less CL but higher contents of PI and 

additionally contains PS (Table 6, Table 7). Furthermore, the acyl chain lengths and 

the degree of saturation are different compared to pig heart IMLM. IMLMyeast were 

solubilized with DIBMA and SMA(2:1). The formation of nanodiscs was monitored by 

DLS and NS-EM and are illustrated in Figure 25. The results of the solubilization are 

summarized in Table 11. 
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An inspection of Table 11 shows that DIBMA was not able to solubilize IMLMyeast at 

any given mP/mL even at 500 mM NaCl. In contrast, SMA(2:1) was able to solubilize 

IMLMyeast vesicles and form nanodiscs at 200 mM NaCl at mP/mL = 10 and at 500 mM 

at mP/mL as low as 0.25, underlining the harsher solubilization character than DIBMA. 

The nanodiscs, formed by SMA(2:1), had diameters ranging from dz = (5 ± 3) nm up to 

dz = (8 ± 3) nm. This highlights that the lipid composition has a great influence on the 

solubilization efficiency, even though they are mimicking the same organelle. 

Especially, lipids such as CL, can have a considerable effect on the solubilization 

efficiency due their effect on the lateral pressure of a membrane. A similar behavior 

was seen for the solubilization of vesicles that mimicked the composition of myelin 

sheets, which have a high cholesterol content.255 

 

Figure 25: SMA/IMLMyeast-nanodiscs at 
200 mM and 500 mM NaCl. NS-EM 
micrographs of (A) IMLMyeast (mP/mL = 10) 
at 200 mM NaCl, (B) IMLMyeast (10) at 
500 mM NaCl. Scale bars = 100 nm. (C) 
Intensity-weighted size distribution of 
SMA/IMLMyeast-nanodiscs, as obtained 
from DLS.ϯ 
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Table 11: Solubilization of artificial vesicles mimicking inner mitochondrial membrane 
composition of S. cerevisae using polymers of various charge at different mP/mL. 
Indicated with a cross are successful nanodisc formations that were observed by NS-EM and 
DLS.ϯ 

 

Cholesterol, similarly to cardiolipin, exerts an increase on the lateral pressure of 

membranes.256 An investigation of the lipid content of polymer/myelin-sheath-

nanodiscs revealed a ~10% decrease in cholesterol content in them.241 However, in 

case of the solubilization of IMLMyeast the decreased content of CL and a high salt 

concentration (500 mM) still allowed SMA at mP/mL = 0.25 to solubilize the 

membranes. 

 

4.2.1.2.4 Solubilization of thermophilic fungus lipid mixture by 

Sulfo-DIBMA 

The solubilization of vesicles mimicking the lipid composition of a thermophilic fungus 

(M. thermophilia) was performed to probe the solubilization efficiency of Sulfo-DIBMA 

on a membrane composition that is similar to the model organism C. thermophilum.245 

Sulfo-DIBMA was chosen as the only polymer tested, as it showed the highest 

solubilization efficiency for IMLMCL vesicles, which additionally was the closest model 

membrane of eukaryotic mitochondria that were tested. The formation of nanodiscs 

was monitored by DLS and NS-EM (Figure 26) and an overview of the solubilization 

results can be seen in Table 12. 

Polymer  SMA(2:1) DIBMA 

mP/mL  cNaCl 

  200 500 200 500 

0.25   x   
0.5   x   
1   x   

1.5   x   
5   x   

10  x x   
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Figure 26: Architecture and morphology of Sulfo-DIBMA nanodiscs from solubilized 
TFLM vesicles. (A) Intensity-weighted particle size distribution of Sulfo-DIBMA nanodiscs 
from solubilized TFLM vesicles at different mP/mL. (B) Micrograph of negatively stained Sulfo-
DIBMA nanodiscs with special positions encircled with a dotted line and annotated with 
asterisks. Scale bar = 100 nm (C) Highlighted areas from (B). Black arrows annotated left-over 
vesicles and membrane patches, whereas red arrows annotate the nanodiscs. Upper left 
image scale bar = 100 nm, other scale bars = 50 nm.Ϯ 

Sulfo-DIBMA was able to solubilize the TFLM vesicles (cf. chapter 4.2.1.1) at high 

mP/mL = 5, whereas for IMLMCL (cf. chapter 4.2.2.3) solubilization was observed at 

mP/mL = 1. Further inspecting the DLS data reveals 

an additional peak at ~120 nm, and in general a high 

polydispersity of the samples, indicating that Sulfo-

DIBMA was not able to fully solubilize the TFLM 

vesicles, however, an increase in mP/mL increased 

the signal of the 10 nm while simultaneously 

decreasing the peak at ~120 nm. These findings were 

further substantiated by NS-EM (Figure 26B, C), 

where nanodiscs and unsolubilized vesicles could be 

observed alike. The observed particles in the NS-EM 

resembled the structure of nanodiscs with sizes of ~7–10 nm. A possible explanation 

for the lower solubilization efficiency of TFLM membranes might be due to the high 

content of ERG (~30%). Sterols are known to increase the lateral pressure in the 

membrane and could even induce the formation of ordered domains, thus causing 

issues for the polymers to solubilize the membranes.27,95,100,257 This is further 

corroborated by a previous study, where the lipid content of liposomes and the formed 

nanodiscs were analyzed and compared to each other. There sterols revealed to be 

considerably more difficult to solubilize than other lipids, as they had a decreased 

content in the nanodiscs than in the liposomes.241  

 

Polymer Sulfo-DIBMA 

mP/mL  

1.5  
5 x 
10 x 

Table 12: Solubilization of 
artificial vesicles mimicking 
a the thermophilic fungus 
lipid mixture of 
M. thermophilia using Sulfo-
DIBMA at different mP/mL. 
Indicated with a cross are 
successful nanodisc 
formations that were observed 
by NS-EM and DLS. 
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4.2.2 Protein-containing polymer-bound nanodiscs 

The most polymer that showed the best solubilization efficiency of the multi-component 

vesicles in chapter 4.2.1.2, Sulfo-DIBMA previous chapter of the solubilization of 

artificial multi-component lipid mixtures was used to solubilize native membranes from 

the thermophilic eukaryote C. thermophilum. 

 

4.2.2.1 Isolation and solubilization of cellular membranes from 

Chaetomium thermophilum 

The complete protocol for the growth of C. thermophilum and the isolation of 

membranes can be found in the materials and methods part of this thesis 

(cf. chapter 3.2.1.2, 3.2.3.3) and is depicted as a schematic in Figure 27. 

 

Figure 27: Schematic illustration of the experimental workflow from cell culture to 
nanodisc. The liquid culture is drained of media, and washed with PBS. Washed cells are 
lysed by mechanical bead beating. The obtained extract is centrifuged by 4000 g to separate 
the crude cell extract (S1) from bigger cell debris or non-lysed cells (P1). Thereafter, S1 is 
ultracentrifuged with 100000 g at 4°C for 80 min, separating the crude cell extract into the 
soluble cell extract (S2) and the membrane pellet of the cell extract (P2). S2 is discarded and 
the pellet P2 is being taken further for the solubilization. P2 is rehydrated with buffer and 
supplemented with a polymer solution in the selected concentration. Moreover, a protease 
inhibitors cocktail is added (c.f. chapter 3.1.2). The resulting solution is placed into a rotary 
shaker at 37°C at 700 rpm and incubated over-night. The incubated solution is objected to an 
ultracentrifugation at 100000 g at 4°C for 80 min, resulting in the nanodisc containing 
supernatant (S3/SN) and the unsolubilized membranes and aggregates (P3).Ϯ 

Briefly, C. thermophilum was cultivated at 52°C with 10% CO2 supply until the flask 

was grown at the level where the spherical shaped colonies of the organism reached 

90% confluence. Subsequently, the grown hyphae of the fungus were harvested and 

lysed through mechanical bead beating. The lysed cells were centrifuged at 4000 g to 

precipitate larger debris and any non-lysed cells (P1) of the crude cell extract (S1). The 

remaining crude cell extract was ultracentrifuged at 100000 g for 60 min at 4°C to 

separate the soluble extract (S2) from the cellular membranes (P2). S2 was discarded 

and P2 was mixed with the polymer Sulfo-DIBMA. The addition of the polymer solution 

was followed by a complete homogenization of the suspension to allow for the best 

accessibility of the polymer towards the membranes. After the homogenization the 



 71 ϮAdapted with permission from Pu.1 (cf. chapter 10), Copyright 2023 American Chemical Society. 

membrane-polymer suspension was incubated on a rotary shaker with 700 rpm at 

37°C for ~16 h to allow for a complete solubilization and it was subsequently submitted 

to another round of ultracentrifugation at 100000 g for 80 min at 4°C. The 

ultracentrifugation achieved the separation of the nanodisc containing fraction (S3) 

from the unsolubilized material (P3). The results shown here were achieved by 

solubilizing 250 mg/mL C. thermophilum membranes with 1.25 mg/mL Sulfo-DIBMA 

resulting in a mP/mL of 0.005. This low mP/mL was chosen in order to improve the 

parameters for the subsequent vitrification. 

 

4.2.2.2 Biochemical analysis of protein-containing polymer-bound 

nanodiscs 

The last ultracentrifugation step in the membrane solubilization protocol yielded the 

crude membrane solubilized part S3 and the unsolubilized membrane patches and 

aggregates P3. The solubilized membrane part, S3, was injected into a HPLC column 

with the goal to decrease the sample complexity and enrich the nanodisc population in 

the eluting fractions. The complete SEC profile can be observed in Figure 28, and 

depicts the absorbance at the wavelength of 280 nm, A280, across all the eluting 

fractions. 

 
Figure 28: Size exclusion chromatography of Sulfo-DIBMA nanodiscs originating from 
native C. thermophilum membranes. 500 µL containing 250 mg/mL C. thermophilum 
membranes and 1.25 mg/mL Sulfo-DIBMA. Absorbance at 280 nm (A280) is plotted against the 
elution volume (Ve) and the corresponding apparent molecular weight (MWapp). The colored 
areas indicate the fractions that were used to create the pooled samples, hMW (blue, fractions 
1–14), mMW (red, fractions 27–35), and lMW (yellow, fractions 36–44).Ϯ 
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The highest absorption was observed in the fractions 27–35 (850–260 kDa), 

resembling particles with a size of ~10 nm or higher. This particle size is slightly bigger 

than the nanodisc size that was previously observed by DLS, NS-EM, and cryo-EM 

(cf. chapter 4.2.1.2.5). However, the elution of nanodiscs in earlier fractions can be 

explained by the additional weight and shape of the nanodisc surrounding the 

extracted membrane protein.131 Thus, an elution of nanodiscs at higher molecular 

weight can be expected, as observed here. For further analysis, the fractions were 

merged into 3 separate samples, based on the A280 during elution because the peaks 

are rather broad and protein complexes are not eluting in a single fraction, but rather 

over multiple ones. These merged fractions are as following: high-molecular weight 

fractions 1–14 (hMW), medium-molecular weight fraction 27–35 (mMW), and low-

molecular weight fraction 36–44 (lMW) with their expected molecular weight ranging 

from 20000–4000 kDa, 850–260 kDa, and 239–60 kDa, respectively. Additionally, 

pooling of the fractions was performed to increase the protein concentrations in order 

to reach a sufficient concentration for cryo-EM analysis. 

 

In order to estimate the protein concentration and the variety of proteins in the pooled 

samples a bicinchonic acid assay (BCA) and SDS-PAGE were performed and can be 

seen in Figure 29A, B. First, looking upon the samples P3 and S3 in the BCA assay, a 

summation of their determined protein concentration gives the approximate protein 

concentration, determined in P2. Upon an inspection of the SDS-PAGE, clear bands 

of various proteins, which are also present in P2 and P3, are visible (Figure 29). All 

protein bands that are observed in the fractions are also visible in P3, thus no protein 

got completely solubilized from the pellet. This came to no surprise as the amount of 

polymer, was considerably lower than the concentration of the membranes, meaning 

that there was more material amenable for further solubilization. Taking a closer look 

Figure 29: Bichonic acid assay and SDS-PAGE of the pooled samples hMW, mMW, and 
lMW and experimental intermediates P2, P3, and S3.Ϯ 
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onto the individual samples hMW, mMW, and lMW in the BCA, the highest protein 

concentration in the fractions was found in the mMW with ~1.84 mg/mL which is 

followed by the lMW with ~0.61 mg/mL and then hMW with ~0.36 mg/mL. Furthermore, 

the later the fraction eluted the lower is the MW of the protein bands that are present 

in the SDS-PAGE (Figure 29B). Furthermore, in the SDS-Page the sample mMW does 

not just show the highest intensity but also revealed the greatest variety in bands, 

indicating the greatest variety in proteins among the samples. The particle size 

distribution of S3, and the pooled samples was measured to determine the particles 

sizes, which are present in the samples (Figure 30A). The greatest sample 

polydispersity was observed in the injected material S3, which is reflected in three 

defined peaks at ~10 nm, ~100 nm, and ~1000 nm. The observed peak at ~10 nm 

indicates the formed nanodisc in the sample whereas the peaks at ~100 nm suggest 

the presence of vesicles, even after the ultracentrifugation. A peak at ~1000 nm was 

surprising as before injection, S3 was filtered through a 220 nm PVD membrane, 

supposedly removing any bigger particles. A possible explanation could be that his 

peak could originate from the formation of bigger lipid/lipid or polymer/lipid aggregates 

during SEC. Upon further inspection of the DLS data, a decreasing trend in particle 

sizes was revealed in the fractions. The biggest particles were found in the sample 

hMW and the smaller ones in mMW and lMW. This result was expected and got further 

corroborated by the DLS results. After SEC and DLS hMW, mMW, and lMW were 

negatively stained and subsequently imaged by NS-EM (Figure 30B, C). 
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Figure 30: DLS data and NS-EM micrographs stained S3 and the fractions hMW, mMW, 
and lMW. (A) Intensity-weighted particle size distribution of the fractions S3, hMW, mMW, and 
lMW. NS-EM micrographs of (B) hMW, (C) mMW, and (D) lMW. Scale bar = 100 nm. 

The presence of the peak at ~100 nm in mMW and lMW suggested the co-elution of 

smaller membrane patches that later reformed into bigger vesicles, however, these 

~100 nm particles could not be observed by NS-EM. However, membrane patches and 

bigger particles were clearly visible in the hMW fraction but no particle of a size of 

~1000 nm. In the micrographs of mMW, mainly smaller particles resembling nanodiscs 

could be observed. This highlights the effective enrichment of nanodiscs while 

decreasing the sample complexity by SEC (Figure 30B, C). In the lMW fraction, even 

smaller particles were observed. In comparison with the nanodiscs that were observed 

in mMW (Figure 30C) the particles in lMW seemed to be smaller and have various 
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structure, indicating that these particles are either polymer aggregates or small 

proteins that eluted.88,258  

As it could be shown that nanodiscs were formed and proteins were found in the 

samples, the sample mMW, which contained the highest protein content as well as the 

clearest nanodisc resembling signals in the NS-EM, was vitrified and loaded onto the 

electron microscope to structurally investigate the membrane proteins. 

 

4.2.2.3 Cryo-EM and mass spectrometry of protein-containing 

polymer-bound nanodisc 

From the vitrified mMW sample a representative micrograph can be seen in Figure 31. 

At a first look circular/elliptically shaped particles, with a higher inner electron density, 

were identified. Upon further inspection of the micrograph, it is apparent that majorly 

top views of the nanodiscs were captured.  

 
Figure 31: Architecture and morphology of native C. thermophilum Sulfo-DIBMA 
nanodiscs. (A) Representative micrograph of vitrified mMW fraction of thin ice. 
Scale bar = 50 nm. (B) Representative particle picks that went into the 2D classification. Blue 
arrows indicate the inner densities attributed to proteins embedded within the nanodiscs, 
whereas red arrows indicate the edges of the nanodisc. Scale bar = 10 nm and accounts for 
panel B and C. (C) Representative 2D classes of native C. thermophilum Sulfo-DIBMA 
nanodiscs. Denoted below is the number of particles that went into the classification of the 
respective class. (D) Weighted size distribution of the nanodiscs from panel C. Plotted are the 
lengths of the minor axis (blue) and major axis (red) that were observed in the 2D classes in 
panel C and indicated at the top with a schematic nanodisc.Ϯ 

The preferred orientation of the nanodiscs can be explained by the ice thickness. The 

produced vitreous ice was thin, therefore the mobility of the nanodiscs inside the 
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amorphous ice was limited, and thus favoring the top or bottom orientation. This was 

most likely caused by the increased blotting time that was applied in order to obtain a 

stronger contrast of the nanodiscs, being very challenging particles to visualize with 

cryo-EM due to their size. However, this sample allowed for the investigation of the 

morphology of the protein-embedded nanodiscs. To this extent, 1206 movies were 

acquired and subsequently analyzed. From a representative dataset of 10 2D classes 

that together contained 64827 particles, a statistical size analysis was performed 

yielding the minor and major axis as well as the average nanodisc size. The observed 

sizes in the NS-EM were in a good agreement with the previously observed size 

distributions using DLS and had a similar size as the Sulfo-DIBMA/TFLM-nanodiscs 

originating from artificial multi-component lipid mixtures (cf. chapter 4.2.1.1, Table 8). 

Furthermore, the 2D classes (Figure 31C) revealed a stronger inner density that is 

most likely originating from the nanodisc-embedded proteins. Moreover, an inspection 

of the nanodiscs and their embedded inner density suggests an inherently flexible 

shape of the nanodiscs that could be determined by the shape of the embedded 

membrane protein. This indicated that the shape and size of the nanodiscs is also 

affected by the membrane protein, which is embedded. However, in this vitrification no 

clear or distinct protein densities could be observed via further classification efforts.  

This could be explained by the inherent challenges of the 2D classification of 

heterogenous nanodisc samples, as the Sulfo-DIBMA nanodiscs have only a small 

variety/deviation in their overall size and morphology but contain various different 

proteins (Figure 31). This makes the 2D classification of nanodiscs a challenging task, 

This is further exemplified in comparison to the case of purified FocA, where clear and 

distinct structural elements were visible in the 2D classes (Figure 10, Figure 11). 

Furthermore, the small deviation in overall size of nanodiscs at high and low mP/mL 

highlights how Sulfo-DIBMA-nanodiscs are not altered in size due to the polymer/lipid 

ratio, in contrast to SMA- or DIBMA-nanodiscs where their size highly depends on the 

mP/mL. This could probably be an additional property of zwitterionic polymers and their 

formed nanodiscs. 
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As the first vitrification attempt yielded only top and bottom views of the nanodiscs an 

adjustment in the blotting time was done in order to achieve a thicker ice layer and by 

this a greater coverage of particle orientations in the ice. Figure 32A depicts a 

representative micrograph of this vitrification experiment. In this micrograph a great 

variety of proteins and nanodiscs in different orientations are captured, compared to 

the previous attempt. The majority of the characterized proteins were small in size, all 

at ~150–250 kDa in the SDS-PAGE and ~10 nm in 2D classes, which fits to the 

experimentally determined size of the particles by DLS and also the size of the 

observed nanodiscs. In the cryo-EM data, higher-order membrane assemblies are 

captured, such as the square tetrameric signature (lower left 2D class) that could 

potentially represent a channel-like molecule or the lightbulb signature that is inserted 

into a bilayer density (top right 2D class) (Figure 32). 

Figure 32: Representative cryo-EM micrograph and 2D classes from mMW vitrification 
with a decreased blotting time. (A) Cryo-EM micrograph of mMW with decreased blotting 
time, thus a thicker ice was achieved. Scale bar = 20 nm (B) 2D classes of potentially 
membrane embedded or associated proteins in the mMW sample. Blue arrows indicate the 
inner densities attributed to proteins embedded within the nanodiscs, whereas red arrows 
indicate the edges of the nanodisc. Scale bar = 10 nm.Ϯ 
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Thereafter, to obtain an idea of proteomic content in the sample, mass spectrometry 

of the fractions hMW, mMW, and lMW as well as the injected material S3 were 

measured. The subsequent identification of the proteins, especially the identification of 

membrane proteins from C. thermophilum, posed a difficult task, as the proteome of 

C. thermophilum is limited in its annotation. To overcome this issue a homology-based 

algorithm, to identify membrane proteins, was developed. A schematic description of 

the workflow can be seen in Figure 33A and a concise description can be found in the 

materials and methods section. The analyzed sample content for hMW, mMW, and 

lMW can be found in Figure 33B. Mass spectrometry identified 204 unique membrane 

proteins and 912 unique soluble proteins in S3, 80 unique membrane proteins and 218 

unique soluble proteins in hMW, 83 unique membrane proteins and 536 soluble 

proteins in mMW, and 109 unique membrane proteins and 660 unique soluble proteins 

in lMW. Surprisingly, the highest number of unique membrane proteins was detected 

in lMW, however, NS-EM revealed in this fraction mainly smaller particles that did not 

resemble any protein or nanodisc structure. This may suggest that membrane proteins 

could be fragmented and possibly co-elute with the polymer aggregates as well. This 

could be possible due to the long duration of the solubilization protocol combined with 

the dilution of the sample through SEC. Even though most of the protease inhibitors 

Figure 33: Computational workflow of membrane protein identification and mass 
spectrometry of nanodisc-embedded membrane proteins. (A) Depicts a schematic 
workflow that was developed and applied to the MS data to identify potential membrane 
proteins. (B) Depicts the relative percentage of the unique proteins that were identified in each 
fraction.Ϯ 
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are stable and active for a certain time, their activity-span could not be enough or their 

required concentration is decreased through dilution over the course of the experiment. 

Thus a constant protection against the degradation by all proteases through-out the 

complete protocol might not be guaranteed.259 Therefore, further adjustments, such as 

a decrease in solubilization time could be performed in the future to improve the quality 

of the samples.94 This was already done in other research groups – membranes were 

successfully solubilized after 1 h, instead of solubilizing over 16 h as it was done 

here.260 However, a defined solubilization time should be tested individually for the 

specific membranes that are to be solubilized to achieve the best result. For example, 

thermophilic membranes should pose a greater difficulty to be solubilized due to their 

higher stability. 

Additionally, the great number of soluble proteins in the fraction could be explained by 

the preparation method of the membranes. There, the first ultracentrifugation step 

separates the soluble (S1) from the membrane (P1) part in the crude cell extract. 

During this step the liposomes, which reformed after the cell lysis, have enveloped 

parts of the soluble fraction together with proteins of the soluble fraction. These 

proteins are then carried over, during solubilization, with the membrane fraction 

through-out the complete workflow and are thus co-purified. Moreover, the 

mP/mL = 0.005 which was used is considerably low, meaning that a surplus of 

membranes will be unsolubilized, thus a great fraction of membrane proteins will not 

come into solution.131,239 

 

4.2.2.4 Structural analysis of protein-containing polymer-bound 

nanodiscs 

Among the identified proteins in the MS, MIPS, a transiently membrane-associated 

protein was found. Transiently membrane-associated proteins are not stably anchored 

in a membrane through transmembrane domains, or membrane anchors e.g. 

myristoylated termini,261 but are transiently located at the membrane through 

secondary effects e.g. protein-protein or protein-lipid interactions.262 MIPS is involved 

in the synthesis of phospholipids,212 and has been localized in proximity to 

membranes.213 In this thesis, MIPS was identified in the membrane fractions of 

C. thermophilum, which were solubilized by the zwitterionic copolymer Sulfo-DIBMA. 

This result confirms the previous observation that polymer-treated native membranes 



 80 ϮAdapted with permission from Pu.1 (cf. chapter 10), Copyright 2023 American Chemical Society. 

indeed recover possible membrane-associated proteins and complexes, such as 

MIPS, and allows for the structural elucidation of such without the need of 

overexpression. Due to MIPS symmetrical structure and relative abundance in the 

pooled fraction, a 4.73 Å (FSC=0.143, Figure S5) reconstruction of the complex was 

achieved (Figure 34). 

 
Figure 34: 3D reconstruction of MIPS with highlighted structural features. Highlighted are 
clearly defined alpha-helical bundles (left side) and a beta-sheet interface (right side). Indicated 
with a star are densities that were observed in cryo-EM but not in the X-ray structure.Ϯ 

The cryo-EM map at this resolution, combined with the MS-data allowed for the 

unambiguous identification of this protein. The secondary structure is clearly 

discernable in the density, and the previously published X-ray structure from another 

species could fit, while additional densities are recovered (Figure 34, asterisk 

annotated field).263 Even though, the atomic model could be expanded, multiple 

regions remain unseen in the density map. This indicates either high flexibility or the 

existence of an intrinsic disordered region (IDR).264 These structural elements play an 

important role in biological processes, including but not limited to protein-protein 

interactions,265 gene regulation,266 and substrate shuttling.182 

Additional to the transiently membrane-associated protein complexes, an integral 

membrane protein, embedded in nanodiscs could be reconstructed from the cryo-EM 

data (Figure 35). In a recently published large-scale proteomic analysis, a library of 

nanodisc-embedded membrane proteins was generated.131 As expected, full 

membrane protein complexes in different oligomeric states, folds and sizes eluted in 
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well-defined peaks.131 The results 

reported there are corroborated by 

the cryo-EM data that is presented in 

this thesis, where potential higher-

order membrane protein assemblies 

are captured and structurally 

investigated (Figure 32B, 

Figure 35). Furthermore, the 

observed shape of the nanodisc 

does not seem to be round but more 

elliptical, thus supporting the 

hypotheses in chapter 4.2.2.3 that the shape of the nanodiscs can be influenced by 

the shape of the embedded protein. A combination of the mass spectrometry results 

and the homology-based identification algorithm gave rise to potential hits towards the 

identification the extracted protein. Among them, the most promising candidate was an 

uncharacterized protein (UniProt-ID: G0SI00) in C. thermophilum, which is, based on 

homologous and annotated protein sequences, a putative voltage-gated potassium 

channel. Multiple structures of published voltage gated potassium channels were 

downloaded and fitted, supervised and unsupervised, into the density. The overall 

shape of the models fitted well to the reconstructed electron density map. However, 

due to the low-resolution of the reconstruction (~18 Å) (FSC=0.5, Figure S6), an 

unambiguous identification of the nanodisc-embedded protein complex was not 

possible. 

As a concluding remark, the MS and cryo-EM data from this specimen of native 

membrane complexes from a thermophilic eukaryote comprises a first and important 

step in the most native-like large-scale recapitulation of membrane complexes to date. 

Future work must include higher starting quantities of C. thermophilum material and 

polymer, to eventually resolve membrane complexes in a parallel and large-scale 

fashion. Another solution would be the purification of specific organelles to decrease 

sample complexity.267 If the polymer does indeed confine the recovered complexes to 

nanodiscs with a diameter of 10 nm, a polymer with different properties must be applied 

in order to study larger complexes in their native, endogenous state. 

 

Figure 35: Reconstructed electron density map 
of an unidentified potential nanodisc-embedded 
native membrane protein with a schematic 
nanodisc in the same color aside. Annotated are 
the soluble domain(cyan), transmembrane domain 
(yellow), and the nanodisc (transparent/grey). Scale 
bar = 5 nm.Ϯ 
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5 Conclusion and outlook 

The findings of this thesis highlight how invaluable cryo-EM has become as a tool in 

the field of structural biology of membrane proteins, which is reflected in the rising 

amount of deposited protein structures by cryo-EM over the recent years.66 Cryo-EM 

and the usage of DDM allowed the reconstruction and the structural analysis of the 

full-length version of FocA—previously studied with X-ray crystallography but with a 

truncated N-terminus—and the subsequent analysis of its bi-directional formate 

translocating channel. There, a vertical two-fold symmetry of polarity across the pore 

was revealed, which is centered around the important residue H209 inside this pore. 

A combination of previously reported in vivo results,268 paired with the structural 

findings in this thesis demonstrate the importance of H209 and its protonation state in 

the directionality of the FocA channel. In such a way, the effectiveness of cryo-EM as 

a tool to investigate membrane proteins is being highlighted, revealing simultaneously 

insights that were previously not observable through other structural analysis methods, 

such as the channel properties and the full-length protein FocA (cf. chapter 4.1). 

However, the diversity and the difficulties of such systems, e.g., the incorporation of 

detergent molecules in the pentameric assembly of FocA, led to approaches in which 

the membrane mimetic systems in use interferes less with the extracted membrane 

protein while maintaining an environment that is as close to the native environment as 

possible. In the same direction, cryo-EM with all advances that took place in this field 

the last decade stands as an advantageous tool that can bring the study of such 

mimetic systems one step further.66,174 

To this extent, well-established and recently developed copolymers of different charge 

were tested for their solubilization efficiency as an alternative to the conventional 

detergents.131,238 The copolymers were first used to solubilize lipid vesicles, which 

mimic the inner mitochondrial lipid mixtures from organisms such as pig heart and 

S. cerevisiae. Different compositions were tested to investigate the effect of cardiolipin, 

charged lipids and different salt concentrations on the solubilization efficiency of the 

copolymers. Although, the used vesicles mimicked the same organelle, the physical-

chemical properties of the lipid mixtures were different enough to impact the 

solubilization efficiency of the tested polymers. The solubilization experiments on 

artificial multi-component lipid mixtures revealed Sulfo-DIBMA, a zwitterionic 

copolymer, as the copolymer with the highest solubilization efficiency on the IMLM 

vesicles, as it required the least amount of polymer to solubilize the high negatively 



 83 

membranes. Moreover, the investigation of the zwitterionic Sulfo-DIBMA nanodiscs 

revealed various interactions spanning from incidental co-localizations to closer 

interactions, where two nanodiscs could possibly fuse, showing that nanodiscs are 

highly dynamic assemblies. This result corroborates the previous reported results of 

the rapid lipid exchange among nanodiscs.119,120,251 

Due to the shown effectiveness of the zwitterionic polymer Sulfo-DIBMA artificial 

vesicles mimicking the membrane of a thermophilic fungus as well as native 

membranes of C. thermophilum were subsequently tested for solubilization. There, 

Sulfo-DIBMA was able to solubilize at a surprisingly low mP/mL, 0.005. Furthermore, 

SEC and NS-EM experiments followed showing the possibility to effectively enrich 

nanodiscs in the fractions while decreasing the sample complexity. The purified 

samples, although still highly heterogenous, were amenable to structural elucidation of 

membrane proteins, which was shown through the sub 5 Å reconstruction of MIPS, a 

cellular protein that is transiently membrane associated. 

This thesis highlights the possibility for copolymers, such as SMA, DIBMA, Glyco-

DIBMA or Sulfo-DIBMA, to be a suitable membrane mimetic system that can find a 

widespread of application. Moreover, the effectiveness of the polymer derivatives 

Glyco-DIBMA and Sulfo-DIBMA revealed the importance to optimize polymers for 

specific targets. Finally, it was shown how the combined power of polymer nanodiscs 

and cryo-EM was able to structurally characterize membrane proteins in a near native 

state with minimal purification efforts. 

 

Outlook  

The copolymers SMA and DIBMA are not applicable to all experimental conditions and 

depending on the target not able to solubilize certain membranes—as shown in this 

thesis—or possess properties that would interfere with subsequent measurement 

techniques.95 Therefore, over the last decade the scientific community strived to design 

novel copolymers that overcome these deficiencies and improve them even further. 

On this direction, examples of those copolymers such as styrene/maleic acid 

sulfhydrils SMA-SH, Sulfo-SMA, Sulfo-DIBMA, AASTY or zSMA were 

developed.126,131,269 As an example SMA-SH is a SMA derivative with a sulfohydril 

group bound to a reactive thiol-group, making it ideal to bind to functionalized surfaces 

or to the addition of fluorophores.128,129,131 However, areas such as the purification of 

nanodiscs or the solubilization protocols improved over this last decade, constantly 
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developing e.g., the yield of membrane proteins or a specific purification approach. 

However, there is still room for improvements and many challenges still need to be 

addressed. Recently, a new proteomic profiling approach of Glueck et al. has been 

performed.131 There, a large-scale proteomic library was collected, revealing the 

coelution of preserved membrane protein complexes by mass spectrometry. A similar 

approach has also been established by the group of Jun.-Prof. Dr. Panagiotis Kastritis 

in the case of soluble cell extracts,182 which was introduced in 2017.270 There, a 

minimal purification approach in order to retain as much protein–protein interactions 

as possible revealing important co-binders of proteins is attempted. Therefore, 

combining the nanodisc technology with the current advancements of cryo-EM and 

biochemical approaches with minimal sample perturbation, enhances the possibility to 

identify and structurally characterize a plethora of previously uncharacterized 

membrane proteins. Additionally, with the currently available lipidomic techniques and 

an increasing availability of mass spectrometry analyses and 

approaches/improvements, the identification of the lipidome of many organisms is 

being achieved. Thus, knowing the lipidome of the target organism/organelle makes it 

easier to choose for the polymer or membrane mimetic system that would increase the 

chances to optimally solubilize the membrane protein of interest.  

Overall, the future perspective for the research field of membrane proteins and the use 

of polymer nanodiscs is bright. This is mainly due to the interest and the progress that 

has been made to understand the structure and function of membrane proteins in 

general. Furthermore, the advances in deriving and improving specific copolymers, 

make them applicable to a broader range. Additionally, the deeper understanding of 

membrane proteins itself, gives hope to develop possible treatments for a wide range 

of diseases and obtain further insights on crucial biological processes previously 

unexplored. 
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7 Appendix 

1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PC) 

 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE) 

 
1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphate (sodium salt) (PA) 

 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol (ammonium salt) (PI) 

 
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (PG) 

 
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (PS) 

 
Cardiolipin (Heart, Bovine) (sodium salt) (CL) 

 
Ergosterol (ERG) 

 
Figure S1: Chemical structure of all lipid components that were used to form the 
thermophilic fungus lipid mixture or the inner mitochondrial lipid mixtures. 
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L--phosphatidylcholine,    L--phosphatidylethanolamine, 
bovine heart (PC)      bovine heart (PE) 

   
 

L--phosphatidylinositol,    Cardiolipin, 
bovine liver, sodium salt (PI)   bovine heart, sodium salt (CL) 

   
 

L--phosphatidylglycerol, 
soy, sodium salt (PG) 

 
Figure S2: Fatty acid distribution of the lipid components of IMLM. Natural lipids are 

mixtures, and each of the structures shown is representative of one particular lipid present in 

the mixture. 
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Figure S3: Analysis of EM micrographs of Sulfo-DIBMA nanodiscs from IMLMCL vesicles 
(mP/mL = 1 at 200 mM NaCl). 39 2D class averages, with their particle numbers, that were 
used for further analysis. The last image shows a 10 nm scale bar. 
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Figure S4: Fourier shell correlation (FSC0.143) of the formate channel A in Figure 10. 
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Figure S5: Fourier shell correlation (FSC0.143) of the myo-inositol-1-phosphate synthase 
in Figure 33. 
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Figure S6: Fourier shell correlation (FSC0.5) of the unidentified membrane protein in 
Figure 34. 
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Table S1: Fatty acid distribution of IMLMCL. The natural inner mitochondrial fatty acid 

composition is given for comparison in italics.* 

Lipid 
headgroup 

PC PE CL PI 

C14:0  2.4  1.7  1.4  1.7 

C15:0  5.6  1.8  0  3.2 

C16:0 23 27.6 1.4 9.1  9  23.2 

C16:1  1.6  3.8  2.4  2.2 

C17:0  0.8  2.0  1.6  1.5 

C18:0 7 9.4 29.2 19.7  6.3 46 32.3 

C18:1 11 16.4 3.1 8.6 5 11.5 8 9.3 

C18:2 43 29.0 20.1 22.1 90 65.2 6 13.0 

C18:3  1.3  2.3  0  4.3 

C20:1  0  2.1  0  2.2 

C20:2   0.5      

C20:3   3.6    13  

C20:4 6 1.8 36.2 20.5  0 17 2.8 

C20:6   1.8      

unknown 10    5  10  

*all values are given in mol % 
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Table S2: List of the vitrification parameters that were used in the in the cryo-

EM sample preparation. 

Parameter Formate channel A Thin ice 

acquisition 

Thick ice 

acquisition 

Blotforce 0 -1 -1 

Blot time (s) 6 12 9 
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Table S3: Acquisition and reconstruction parameters of the cryo-EM datasets. 
Listed are all acquisition parameters. 

 Acquisition 
FocA 

Figure 12 

Acquisition 
Thin-ice 

Figure 30 

Acquisition 
MIPS 

Figure 33 

Acquisition 
Nanodisc 
Figure 34 

Data collection and 
processing 

    

Magnification 240000X 150000X 240000X 240000X 

Voltage (kV) 200 200 200 200 

Microscope model TFS 
Glacios 

TFS Glacios TFS Glacios TFS Glacios 

Camera model TFS 
Falcon 
IIIEC 

TFS Falcon 
IIIEC 

TFS Falcon IIIEC TFS Falcon 
IIIEC 

Number of frames 30 60 60 60 

Electron exposure (e−) 51.78 64.72 64.72 64.72 

Defocus range (μm) −0.8 to -
2.0 

−0.8 to -2.0 −0.8 to −2.0 −0.8 to −2.0 

Pixel size (Å) 0.59 0.96 0.59 0.59 

Images acquired (no.) 3665 1206 5912 5912 

Acquisition software TFS EPU 
2 

TFS EPU 2 TFS EPU 2 TFS EPU 2 

Symmetry imposed C5  C1 D2 

Initial particle images 
(no.) 

1767285 1394990 1720004 1720004 

Final particle images 
(no.) 

192440 - 7253 38628 

Map resolution (Å) 

FSC threshold 

3.11 

0.143 

- 

- 

18.59 

0.5 

4.73 

0.143 

Map B-factor 178.7 - 794.0 213.2 

Fitted model (PDB 
code) 

3KCU - - 1p1f 

Refinement     

Initial model used 
(PDB code) 

3KCU - - - 

Map sharpening B 
factor (Å2) 

0 (not 
modified) 

- - - 

Mode composition     



 x 

Non-hydrogen atoms 2178 - - - 

Protein residues 275 - - - 

R.m.s. deviations     

Bond lengths (Å) 0.002 -  - 

Bond angles (°) 0.438 -  - 

Validation     

MolProbity score 1.78 -  - 

Clashscore 18.97 -  - 

Poor rotamers (%) 0 -  - 

Ramachandran plot     

Favored (%) 98.17 - - - 

Allowed (%) 1.83 - - - 

Outliers(%) 0 - - - 

Mao-CC 0.83 - - - 
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