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3. Abstract 

Mitochondria are renowned for their vital role as cellular powerhouses because 
they provide ATP via cellular respiration. Additionally, these organelles also play 
an important role in other physiological processes, such as apoptosis. Apoptosis, 
or regulated cell death, is an important mechanism that regulates, for example, 
tissue homeostasis and embryonic development. Malfunctioning apoptosis can 
cause severe diseases such as various types of cancer and neurodegenerative 
diseases. The significance of mitochondria for apoptosis is that mitochondria host 
a variety of apoptogenic factors, such as cytochrome c. The release of these factors 
after the formation of an apoptotic pore can be regarded as a point of no return 
in the onset of apoptosis as these factors trigger the activation of caspases and 
consequently nuclear fragmentation. 

The mitochondrial outer membrane (MOM) is essential for deciding the cell’s 
fate, since the MOM provides an interaction surface for the pro- and anti-
apoptotic proteins of the Bcl-2 protein family. Further, oxidized phospholipids 
(OxPls) within the MOM that are generated under oxidative stress conditions (a 
potent pro-apoptotic stimulus) can directly affect the equilibrium between pro- 
and anti-apoptotic proteins at the MOM surface, hence influencing the formation 
of apoptotic pores. 

To characterize the impact of different OxPls on membrane dynamics and 
organization, several MOM-mimicking systems were studied by solid-state magic 
angle spinning nuclear magnetic resonance spectroscopy (MAS NMR). These 
main experiments were accompanied by fluorescence spectroscopy and 
differential scanning calorimetry (DSC) studies to investigate the impact of OxPls 
and their interactions with the pro-apoptotic Bax protein at both the macroscopic 
and molecular levels. By combining several orthogonal methods, we were able to 
obtain a detailed description of the changes in MOM-mimicking vesicles induced 
by several types of OxPls. Moreover, we demonstrated how these changes impact 
the interaction between liposomes and the pro-apoptotic Bax protein. 

By using DSC, we were able to determine not only the macroscopic effect of two 
OxPls – PazePC and PoxnoPC – but also a concentration threshold. Both OxPls 
disrupted the membrane order such that the melting behavior of the MOM-
mimicking vesicles became less cooperative. A decrease in cooperativity was 
detectable for OxPl concentrations of up to 5 mol%, after which the cooperativity 
remained constant. The addition of Bax resulted in an observable ordering effect, 
as some of the membrane disorder was negated by Bax and the melting process 
became more cooperative again. The ordering effect of Bax was subsequently 
confirmed by 31P MAS NMR experiments and cross polarization (CP) buildup 
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curves. Analysis of the buildup curves revealed that at the molecular level, Bax 
enabled more efficient CP transfer, which indicated rigidification of the 
membranes after Bax insertion. Furthermore, the 31P NMR experiments provided 
the first molecular evidence of the importance of cardiolipin as a membrane 
contact site for Bax. 

Despite having similar disordering effects when studied with DSC, PoxnoPC and 
PazePC exhibited opposing effects on the pore formation ability of Bax. In studies 
with fluorescent dye-based leakage assays, Bax was able to form long-lived, stable 
pores in PazePC-containing giant unilamellar vesicles (GUVs). However, the 
observed leakage mechanism in PoxnoPC-containing GUVs could no longer be 
explained by an all-or-none leakage mechanism due to the brevity of the formed 
pores, leading to partially leaked vesicles, indicating a graded leakage mechanism 
instead. 

To investigate the possible reasons for the different leakage activities and to 
obtain mechanistic insights, we conducted 13C MAS NMR experiments. These 
experiments enabled us to pinpoint specific carbon sites in the different MOM-
mimicking systems and to study their dynamic profile as a function of 
temperature. Though the OxPl-containing multilamellar vesicles (MLVs), 
compared with non-oxidized systems, also showed drastic dynamic changes, the 
molecular differences between PazePC- and PoxnoPC-containing vesicles were 
not significant enough to constitute a structural reason for the opposing leakage 
activities. 

In addition to investigating membrane dynamics, we were able to establish a 
novel strategy for producing cytotoxic Bax protein. This novel expression and 
purification strategy increased the obtained yields by an order of magnitude. By 
deploying a double fusion approach, we were able to inhibit both termini of the 
protein from exhibiting their disruptive, yield-diminishing interactions with the 
host cell membranes. 

In conclusion, over the course of this thesis we were able to develop fast, yet 
powerful tools to investigate the dynamic changes of MOM-mimicking vesicles 
under the influence of OxPls and pro-apoptotic Bax. In the future, these tools 
could be used to characterize the underlying protein-lipid interactions that are 
responsible for the opposing leakage activities. Due to the development of a novel 
Bax production strategy, future research could shift to protein-focused studies 
with the primary goal of determining the structure of the apoptotic Bax pore. 
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4. Sammanfattning på svenska 

Mitokondrierna är kända för sin viktiga roll som cellens energikälla då de 
levererar ATP genom cellandning. Denna organell har även en viktig funktion i 
andra fysiologiska processer, till exempel apoptos. Apoptos, eller reglerad 
celldöd, är en viktig mekanism som styr till exempel homeostas i vävnad samt 
fostrets utveckling under graviditeten. Uppstår problem i denna process så kan 
detta leda till allvarliga sjukdomar, till exempel olika former av cancer, och även 
neurodegenerativa sjukdomar. Mitokondriens viktiga roll för apoptos beror på 
att den är värd för en stor del apoptosregulerande faktorer såsom cytokrom c. 
Frigörande av dessa faktorer efter permeabilisering av mitokondriens membran 
anses vara ett tillstånd då cellen är dömd att genomgå apoptos eftersom detta 
även aktiverar andra enzymer såsom caspaser, vilket leder slutligen till 
fragmentering av hela cellen.  

Mitokondriens yttermembran (MOM) spelar en ytterst viktig roll för kontroll av 
apoptos eftersom det tillhandahåller en interaktionsyta för både antiapoptotiska 
och apoptotiska proteiner, tillhörande en proteinfamilj kallad Bcl-2. Även 
oxiderade fosfolipider (OxPl) inom MOM som genereras under oxidativ stress 
(som är ett kraftfullt stimuli för apoptos) kan direkt påverka jämvikten mellan de 
anti- och apoptotiska proteinerna, som i sin tur då påverkar hela 
apoptosmekanismen. 

För att karaktärisera betydelsen av oxiderade lipiders dynamik och organisation 
har vi använt ett modellsystem som efterliknar MOM och undersökt detta med 
kärnmagnetisk resonansspektroskopi i fast fas (MAS-NMR). Vi kompletterade 
dessa experiment med fluorescensspektroskopi och differentialkalorimetri (DSC) 
för att undersöka betydelsen av OxPl och tittade även på interaktionen mellan det 
apoptosinducerade proteinet Bax och OxPl på både makroskopisk och molekylär 
nivå. Genom att kombinera flera olika metoder ger detta en detaljerad 
beskrivning över de processer som sker hos vesiklar som påverkas av olika typer 
av OxPl. Vi kunde också visa hur dessa förändringar påverkar interaktionen 
mellan liposomer och proteinet Bax.   

Vi undersökte även den makroskopiska effekten av två OxPl – PacePC och 
PoxnoPC med DSC, samt bestämde den lägsta koncentration då dessa fortfarande 
påverkar membranets struktur. Vi upptäckte att båda dessa OxPl förändrade 
strukturen hos MOM så att vesiklarnas termiska egenskaper förändrades. En 
reducering av kooperativiteten kunde observeras upp till en koncentration av fem 
mol-procent OxPl, därefter var minskningen försumbar. När vi tillsatte Bax så 
strukturerades MOM, och även smälttemperaturen blev mer kooperativ. Denna 
observation bekräftades ytterligare med hjälp av NMR-tekniker som 31P MAS och 
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korspolariserings experiment. Tillsats av Bax gav en effektivare signalöverföring, 
vilket indikerar att membranet är mer kompakt i närvaro av Bax. Dessa 
experiment ger en indikation att kardiolipin kan vara en första bindningskontakt 
för Bax.  

Trots både PoxnoPC och PazePC hade en effekt på membranets strukur då de 
studerades med DSC så hade de olika effekt i närvaro av Bax. Med 
fluorescensspektroskopi undersökte vi dess förmåga att skapa hål i MOM, och det 
visade sig att Bax skapade stabila porer (monolamella vesiklar) i närvaro av 
PazePC. Däremot med PoxnoPC så fann vi att dess mekanism ej är identisk då 
porerna skapades långsammare. För att fördjupa oss i mekanismen hos apoptos 
så använde vi oss också av NMR kombinerat med 13C MAS. Dessa experiment gör 
det möjligt att titta på specifika kolatomer i ett modellsystem (MLVs) där vi 
imiterat MOM, och även studera hur temperaturen styr dess dess dynamik. OxPl 
visade här än en gång stora dynamiska förändringar i jämförelse med icke-
oxiderade system. Skillnaderna i data mellan PazePC och PoxnoPC-innehållande 
vesiklar var dock ej stora nog för att förklara vad som händer på strukturell nivå.  

Sammanfattningsvis så har vi utvecklat nya snabba och kraftfulla verktyg för att 
undersöka vesiklar som efterliknar MOM samt tittat på dynamiska förändringar 
i närvaro av OxPl och Bax. Dessa observationer öppnar nya möjligheter för att 
studera de protein-lipid-interaktioner som leder till permiabilisering av 
mitokontriens membran. Slutligen, genom att även ha utvecklat en ny och 
effektivare produktion av Bax har vi också skapat grund för framtida forskning 
där fokus ligger på att studera strukturen av mitokontriens membran i närvaro 
av Bax; studier som kan ge värdefull insikt i hur apoptos sker. 

 

 

 

 

 

 

 

 



xiv 

 



1 

5. Introduction 

5.1. Biological background 

5.1.1. Apoptosis 

The process of apoptosis, along with its wide-ranging impact, was described as 
early as 1972 and its name was based on the ancient Greek word ἀπόπτωσις for 
“falling off” [5]. Apoptosis was the first type of programmed cell death to be 
described as such based on the high accuracy of the underlying control 
mechanism, which vastly differs from necrosis – uncontrolled cell death [6]. First 
described as a cell homeostasis maintenance mechanism to control the turnover 
of tissue, apoptosis has since been linked to several defensive mechanisms, such 
as removal of damaged and potentially harmful cells, which are created by 
diseases, radiation or harmful substances [7]. It is no surprise that the 
malfunctioning of a process tightly regulated by the interplay of several proteins 
and both internal and external stimuli causes severe diseases such as 
neurodegenerative disorders and cancer [8,9].  

With light and electron microscopy, the process of apoptotic cell death has been 
described at the cellular and subcellular levels. In the early stage, dying cells are 
identifiable by their shrinkage and chromatin condensation (pyknosis) [10]. 
Eventually, the cell membrane starts to form protrusions (blebbing) while the 
chromatin condensation continues, ultimately leading to nuclear fragmentation 
(karyorrhexis) (Figure 1). 

 
Figure 1 – Representation of the cell’s apoptotic morphology. From left to right the cell 
forms apoptotic bodies through ever-increasing cell membrane blebbing. Apoptotic bodies 
are ultimately phagocytosed quickly to suppress any inflammatory response (adapted 
from [11]). 

Cell blebbing increases until cell fragments are separated and form so-called 
apoptotic bodies (budding). These apoptotic bodies, which consist of cell 
organelles and nuclear fragments within an intact cell membrane gradually 
become phagocytosed [5,10,12–14]. Apoptosis does not trigger an inflammatory 
response because the cellular contents are not released from the apoptotic bodies. 
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Additionally, the phagocytosis of apoptotic bodies occurs rapidly and does not 
produce inflammatory cytokines, thus preventing secondary necrosis [15,16]. 

The mechanisms that regulate and trigger apoptosis, hence deciding the fate of a 
cell, have been and still are the focus of intensive research. Two major signaling 
pathways have been identified to date – the extrinsic and intrinsic 
pathways (Figure 2). Formerly considered independent pathways, new evidence 
for potential cross-communication between both mechanisms has been provided 
[17–20]. In later years, a third perforin/granzyme-dependent, signaling pathway 
was identified that can induce apoptosis via either granzyme A or B.  

In granzyme B-mediated apoptosis, cell death occurs in a similar fashion as for 
the intrinsic and extrinsic pathways by activation of caspase-3 and caspase-7 and 
the resulting DNA fragmentation [21], cross-linking of proteins [22] and 
formation of apoptotic bodies [23]. The granzyme A-mediated pathway is caspase 
independent, with cell death occurring via single-stranded DNA damage [24]. 
The aforementioned caspase-dependent pathways activate cell death with 
pathway-specific “activator” caspases (caspase-8 – extrinsic pathway; 
caspase-9 – intrinsic pathway; caspase-10 – granzyme B pathway) that all 
activate caspase-3 and caspase-7 [25,26]. As mentioned before, one of the reasons 
apoptosis does not trigger any inflammatory response is the rapid occurrence of 
phagocytosis. To enable fast recognition of apoptotic cells by macrophages, 
phosphatidylserine, a lipid normally only present at the cytosol-facing layer of 
cell membranes, migrates to the external membrane layer [27] (calcium-
mediated flip-flop), where phosphatidylserine acts in combination with 
calreticulin as a phagocytic signal for engulfing cells [28]. 

Prior to caspase activation, the extrinsic pathway involves extracellular death 
receptors (e.g. TNFR1 or FasR), which share a common death domain [29,30]. 
The extracellular binding of homologous, trimeric ligands (e.g. TNF-α or FasL) 
triggers the recruitment of adaptor proteins to the cytoplasmic part of the death 
receptor (e.g. TRADD and/or FADD) [31,32]. Recruited FADD forms a dimer that 
initiates further recruitment of procaspase-8 and the formation of the so-called 
death-inducing signaling complex (DISC). This complex initiates autocatalytic 
activation of procaspase-8 [33], leading to the mentioned triggering of the 
caspase cascade with all its consequences. 

The perforin pathway is mediated by T-cells that secrete granules containing 
granzyme A and B. Perforin is able to form plasma membrane pores through 
which the cytotoxic granules can enter the target cell [34]. Once inside the cell, 
granzyme B can induce apoptosis in various ways. Being a serine protease, 
granzyme B is able to cleave proteins at aspartate residues, hence triggering the 
caspase cascade by cleaving procaspase-10 [35]. Furthermore, it has been shown 
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that granzyme B is able to circumvent upstream signaling pathways by direct 
activation of caspase-3 [36]. Lastly, granzyme B can amplify the death signal by 
high-jacking the intrinsic apoptotic pathway via cleavage of Bid protein, leading 
to the caspase-9 activation of cytochrome c (Cyt c) that is release from 
mitochondria [37]. Granzyme A-mediated cell death is caspase independent and 
will not be further discussed here. The pathway is described in detail by 
Liebermann and Fan [38]. 

 
Figure 2 – Schematic overview of the three apoptosis signaling pathways (extrinsic, 
intrinsic and perforin-granzyme pathway), each eventually leading to caspase-3/7 
activation and the execution of cell death via its respective signaling chain (adapted from 
[13]). 

The intrinsic or mitochondrial pathway is mediated by intracellular signals 
created by internal and/or external stimuli that can be categorized as negative 
and positive signals. Negative stimuli, such as the lack of certain growth factors 
or hormones, result in the malfunctioning suppression of cell death, while 
positive stimuli, such as radiation, free radicals, reactive oxygen species (ROS) or 
toxins, promote activation of apoptotic processes directly. Independent of the 
stimulus type, these stimuli all lead to alterations in the inner and outer 
mitochondrial membrane, such as the formation of apoptotic pores and the loss 
of mitochondrial membrane potential. These changes eventually result in the 
release of apoptogenic factors, such as Cyt c [39], AIF [40], Smac/DIABLO 
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[41,42], HtrA2 [43] and endonuclease G [44], from within the mitochondria, 
ultimately leading to the activation of caspase-9 [45,46]. In more detail, the 
released Cyt c binds to Apaf-1, inducing conformational changes that enable 
oligomerization of Apaf-1. This process is dATP-dependent and leads to the 
formation of the heptameric apoptosome, a cartwheel-resembling structure that 
recruits and activates pro-caspase-9, thus inducing downstream activation of 
caspase-3 and caspase-7 [47–50]. The release of both Smac/DIABLO and HtrA2 
negates the inhibitory effect of IAP on caspase-3, caspase-7 and caspase-9, 
enabling the dying cell to transduce and execute apoptosis [41–43,51–53]. AIF 
and endonuclease G can promote caspase-independent DNA fragmentation [54], 
and AIF can facilitate chromatin condensation [40]. The gatekeepers and key 
regulators of these apoptotic processes at the mitochondrial membranes are 
proteins of the Bcl-2 family, which act in a pro- or anti-apoptotic fashion in a 
sophisticated signaling network [55]. Chapter 5.1.4. will focus on their role and 
the regulating mechanisms in more detail. 

5.1.2. The mitochondrion 

Mitochondria are cell organelles found in most eukaryotic cells and are best 
known as the cellular powerhouse, referring to their role in ATP synthesis 
through cellular respiration. In addition to providing the cell with energy in the 
form of ATP, mitochondria are involved in several other crucial processes, such 
as the β-oxidation of fatty acids, lipid and amino acid synthesis [56], the citric 
acid cycle [57], Ca2+ homeostasis [58] and apoptosis [59]. 

The endosymbiotic theory [60] describes the evolution of certain cell organelles 
from prokaryotic ancestors (e.g. bacteria). Only applied to chloroplasts [61] at 
first, this theory was quickly expanded to include mitochondria [62]. The theory 
is strongly supported by the physiological and biochemical similarities between 
the respective organelles and the prokaryotic ancestors [63], as well as the fact 
that the organelles still maintain a nucleus-independent genome. In the case of 
mitochondria, this genome can, depending on the tissue type, encode up to 63 
proteins relevant to various biochemical pathways [64]. However, thousands of 
proteins [65] are necessary for the function of these pathways, which were already 
relevant to the prokaryotic ancestors. The vast difference in the number of 
proteins mitochondria encode on their own compared to the thousands required 
in these pathways is generally explained by endosymbiotic gene transfer to the 
nuclear genome [66]. Mitochondrial DNA is inherited almost exclusively from 
oocytes. 

The mitochondrion itself (Figure 3) is composed of two bilayer membranes, the 
mitochondrial outer membrane (MOM) and the mitochondrial inner membrane 
(MIM), which contains the mitochondrial matrix – home to the majority of the 
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previously mentioned biological processes. Both membranes are generally 
separated by the intermembrane space (IMS), though specific contact sites exist. 
These contact sites contain large amounts of cardiolipin (CL) [67], a 
mitochondria-specific lipid that is important for the binding and release of Cyt c. 
Oxidation of CL plays a major role in breaking the loose association of Cyt c with 
the MIM [68], a prerequisite for the apoptotic release of Cyt c, along with other 
apoptogenic factors, into the cytosol. Other lipids and lipid peroxidation are 
involved in this process as well [69,70]. In non-apoptotic cells, Cyt c functions as 
an electron carrier within the electron transport chain, helping to create the 
electron gradient required for the synthesis of ATP. The whole ATP synthesis and 
electron transfer machinery is located within the MIM. An increased surface area 
of the MIM leads to higher levels of ATP production, which explains the 
numerous invaginations (cristae) within the MIM. In addition to an electron 
gradient, ATP synthase requires an oxygen-rich environment, since ATP is 
produced by the oxidative phosphorylation of ADP. This oxidative milieu can 
potentially be harmful through the generation of ROS (e.g. oxygen radicals and 
hydrogen peroxide), which act as a positive apoptotic stimulus [71,72]. 

 
Figure 3 – Depiction of the mitochondrion’s structural features (adapted from [73]). 

Lastly, it is worth mentioning that mitochondria are by no means static cell 
organelles but instead undergo constant fusion and fission [74,75]. The primary 
function of this permanent change in shape and size is to maintain a healthy 
mitochondrial population within a cell [76]. Additionally, several other biological 
functions have been associated with mitochondrial dynamics, for instance, 
fulfilling the cellular bioenergetic demand (predominantly in neurons) [77,78], 
enabling lymphocyte chemotaxis [79], participating in organism development 
[80–82] and ultimately regulating apoptosis [83]. In the early stages of 
apoptosis, mitochondria show increased fission activity, leading to several 
structural changes in the organelle [84,85]. Sophisticated methods for precise 
determination of mitochondrial parameters, such as dynamics (fusion fission, 
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motion) and morphology, are crucial and have emerged in the last decade [86–
88]. 

The most relevant structural change for propagating apoptosis is the remodeling 
of the cristae, resulting in the opening of cristae junctions and combining of 
cristae compartments with the IMS (Figure 4). As mentioned above, Cyt c is 
loosely associated with the outer leaflet of the MIM and has its highest 
concentration within the cristae compartments, thus the release of the cristae 
compartment Cyt c into the IMS and eventually into the cytosol accelerates 
apoptotic signaling and the triggering of the caspase cascade [89]. The causality 
and chronology of the mitochondrial events leading to the release of apoptogenic 
factors into the cytosol – namely, mitochondria fission, cristae remodeling and 
MOM permeabilization – are still not completely determined [90–92]. 

 
Figure 4 – Schematic overview of mitochondrial fission and its impact on apoptosis. 
Healthy mitochondria (left) possess high amounts of Cyt c in their cristae compartments. 
Upon apoptotic stimuli, increased fission activity leads to the opening of cristae junctions 
and therefore to the release of Cyt c first into the IMS and eventually through the 
permeabilized MOM (dashed outline) into the cytosol (adapted from [75]). 

5.1.3. Biomembranes and their lipids 

Biomembranes, such as the cell membrane or the previously mentioned 
mitochondrial inner and outer membranes, are crucial building blocks for every 
organism by creating cellular compartments and spatial separation. Within the 
last two decades, the perception of lipids and biomembranes has shifted from 
passive, structural units to highly dynamic, important regulatory entities on par 
with proteins [93]. In fact, the ever-growing field of lipidomics [94,95] considers 
more than 100 000 different lipids. This variety is also on par with that of 
proteins [96,97], whereas the synthesis of these lipids in a eukaryotic cell is 
regulated by approximately 5% of the eukaryotic genome [98].  
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While triacylglycerol and steryl esters do exist and serve as energy storage for 
organisms, they are lacking the hydrophilicity of biomembrane forming lipids 
and thus are excluded from this chapter. Membrane-forming lipids are 
amphipathic, sharing the general architecture of a hydrophilic headgroup and 
lipophilic fatty acid chains. In a process entropically driven by the surrounding 
water, lipophilic moieties have a tendency to associate with themselves, whereas 
the hydrophilic headgroups share a tendency to interact with the surrounding 
water and each other. Both tendencies provide the biophysical basis for the 
spontaneous formation of membranes in an aqueous environment (Figure 5).  

 

Figure 5 – Schematic representation of a characteristic biomembrane. The fluid-like lipid 
bilayer (grey) incorporates integral (red) and peripheral proteins (light red), as well as 
rigidity providing sterols (yellow) (Reproduced with permission from an original drawing 
by Vanessa Kunkel©). 

This behavior is valid for all amphipathic lipids and the reason for the formation 
of the first cells via the separation of internal features from the environment. 
Additional membrane formation and further compartmentalization is a 
reoccurring process during the consequential formation of cell organelles [98].  

The most common amphipathic lipids belong to the group of 
glycerophospholipids, which are further classified by their headgroups: 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS), phosphatidylinositol (PI) and phosphatic acid (PA). The headgroups are 
connected to a diacylglycerol unit at the sn-3 position, while various 
combinations of saturated and unsaturated fatty acids are connected to the 
central glycerol backbone at the sn-1 and sn-2 positions via ester bonds, 
completing the amphipathic lipid (Figure 6). Unsaturated fatty acids are mainly 
present at the sn-2 position, supposedly due to the higher degree of disorder 
introduced to the membranes, creating a more fluid-like and hence 
physiologically active bilayer [99]. The previously mentioned mitochondria-
specific phospholipid CL is special in the sense that it connects two amphipathic 
lipid units via a third glycerol moiety, bridging the phosphates of the lipid 
subunits at the sn-1 and sn-3 positions. The interactions between the lipids in 
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each leaflet are quite weak, allowing the relatively free movement and high 
mobility of individual lipids within the leaflet plane, as well as rotational freedom 
along the axis perpendicular to the bilayer at physiological temperatures. 
Additionally, rapid alkyl chain trans-gauche bond rotations introduce further 
conformational flexibility to the fluid-like bilayer [100].   

 
Figure 6 – Schematic overview of the general architecture of a glycerophospholipid with 
its hydrophilic headgroup (green) and the lipophilic fatty acid chains (grey) (adapted from 
[101]). 

This active and fluid-like phase of biomembranes is known as the liquid-
crystalline or Lα phase. At lower temperatures, biomembranes adopt the Lβ or 
solid gel phase. The membrane loses much of its flexibility in this phase, as the 
lateral mobility of individual lipids is almost completely lost and the fatty acid 
chains exist in a highly ordered structure. Only the rotational movement of 
individual lipids along their own axes remains mostly unaffected [102]. 

As seen in Figure 5, amphipathic lipids are the major, but not the sole, building 
unit of biomembranes, which also incorporate nonpolar lipids (sterols), such as 
cholesterol. Interestingly, sterols are not able to form bilayers by themselves due 
to their physical properties but they enable biomembranes to adopt the LO 
(liquid-ordered) phase, which combines the high lateral mobility of the Lα phase 
with the highly ordered alkyl chains of the Lβ phase [103]. Additionally, integral 
membrane proteins can be present at local protein-to-lipid ratios of up to 1:1 
[104], and due to their electrostatic and/or hydrophobic interactions with various 
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lipids, these proteins, together with peripheral membrane-associated proteins, 
amplify the lateral heterogeneity of biomembranes. The combination of the 
heterogeneity of both membrane leaflets, the high lipid mobility in the 
physiological Lα phase and the specific interactions between membrane proteins 
and lipids can lead to the formation of highly dynamic microdomains [105,106] 
that can even assume a mechanistic role [107]. 

The large amount of lipids and the even larger number of possible membrane 
compositions ultimately verify the conclusion that membranes are not passive 
building blocks but possess regulatory functions as well. The properties of 
biomembranes, such as rigidity, curvature, surface-tension, permeability and 
fluidity are dependent on the membrane-composing lipids [108–111]. 
Increasingly, modulations of these membrane properties have been linked to 
regulatory functions of cellular processes, such as membrane receptor signaling, 
solute permeability, vesicle fusion and carrier-mediated transport [112–115]. 

5.1.4. Oxidation of mitochondrial membranes during apoptosis 

Connecting to the content of all previous chapters, the oxidation of phospholipids 
within mitochondrial membranes has been shown to be an apoptotic stimulus 
and to have a regulatory role [116–118]. As mentioned in 5.1.2., the oxidative 
milieu at the MIM makes the mitochondrion one of the most important sources 
of cellular ROS [119,120]. Although they can be formed through enzymatic 
reactions [121,122], the vast majority of oxidized phospholipids (OxPls) are 
created via non-enzymatic reactions in vivo [70,123]. During oxidative stress, 
unsaturated and polyunsaturated phospholipids are truncated at their sn-2 
chain, forming aldehyde or carboxyl moieties at the end of the chain [124]. 
Regardless of the degree of oxidation, membranes containing OxPls undergo 
severe structural changes that are induced by polar moieties created within the 
membrane’s hydrophobic core [125]. As a result, the truncated, now polar sn-2 
chains seek contact with the hydrophilic headgroup region, resulting in a 
complete reversal of the fatty acid chain conformation [126]. Further, these 
drastic changes in membrane structure have far-reaching consequences. The 
conformational change of oxidized sn-2 chains has been shown to reduce the 
bilayer thickness by increasing the average area per lipid [127]. Additionally, 
increasing amounts of OxPls within membranes facilitate the formation of 
cholesterol-rich micro-domains, which remain in the Lo phase, while the areas 
that have lost cholesterol undergo a transition to the Lα phase. Since these 
domains coexist in different phases, the membrane disorder and fluidity increase 
significantly [128]. Both the higher area per lipid and the increased membrane 
disorder can be connected to the observed higher level of water penetration into 
the bilayer, which is driven by the local formation of polar moieties [127]. 
Eventually, the combined effects of OxPls on membrane properties result in an 
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accelerated transfer of lipids between both membrane leaflets without the aid of 
scramblase [129]. 

Although lipid peroxidation causes massive disruption of membrane integrity, 
cells and mitochondria, in particular, are not completely defenseless against lipid 
peroxidation [130]. Due to the far-reaching consequences and importance of 
mitochondrial OxPls in apoptosis, countermeasures against the oxidation of 
mitochondrial membranes have been studied extensively. Membrane damage 
and its impact is controlled by phospholipases A2 (PLA2s) and mitochondrial 
glutathione peroxidase 4 (mGPx4), among others. PLA2s can release damaged 
and/or oxidized fatty acid chains from the sn-2 carbon of the glycerol moiety, 
while mGPx4 is able to reduce fatty acid chain hydroperoxides [131]. Therefore, 
the lipid composition of mitochondrial membranes is altered, which has been 
shown to increase membrane permeability [132,133]. 

Before focusing on the role of OxPls in apoptosis, it seems worthwhile to note that 
OxPls have been shown to perform important roles in various physiological 
processes and diseases, such as diabetes, Alzheimer’s disease, anti-inflammatory 
responses and general aging [70,134]. As mentioned earlier, the oxidation of the 
mitochondria-specific lipid CL is seen as an early apoptotic event necessary for 
the release of Cyt c [68,135]. During apoptosis, the loosely associated Cyt c-CL 
complexes [136] show peroxidase activity towards CL itself [135,137]. Oxidation 
of CL can explain the dissociation of Cyt c from CL and the migration of CL from 
the MIM to the MOM via the membrane contact sites [67,138,139]. In the outer 
leaflet of the MOM, CL can interact with pro-apoptotic proteins of the Bcl-2 
family [68,140–143]. Since CL is mitochondria-specific and is involved in the 
apoptotic release of Cyt c, it is a logical first candidate for investigating the role of 
OxPls in apoptosis, and any interest it has received is justified.  

Nevertheless, the most abundant lipids in the MIM and MOM carry PC 
headgroups, though other OxPls and their role in apoptosis have attracted 
interest in recent years [69]. The formation of other OxPls from PS, PE and PC 
through the ROS generated by NADPH oxidase has been shown to induce and 
facilitate apoptosis in endothelial cells [144]. In addition, OxPls carry out 
activation of sphingomyelinases, facilitating the formation of ceramides, which 
have been shown to be able to introduce MOM pore formation and hence trigger 
apoptosis [145,146]. In several other studies, apoptosis in cells and isolated 
mitochondria could be induced by the exclusive addition of various OxPls, most 
of which contain an azelaolyl fragment or a derivative thereof. The azelaoyl 
moiety found in PazePC cannot be generated through β-oxidation and has 
therefore been a useful marker to determine oxidative damage [147]. In more 
detail, it was shown that PoxnoPC – containing the aldehyde derivate of the 
azelaoyl fragment – can induce apoptosis in epithelial cells [148]. HAzPC, a 
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homologue of PazePC differing only by carrying an alkyl-ether moiety instead of 
an ester-moiety at the sn-1 position, can induce apoptosis via triggering the 
intrinsic signaling pathway in both cells and isolated mitochondria. Moreover, 
HAzPC has displayed the strongest impact among various OxPls upon inducing 
apoptosis [147]. HAzPC is the most common alkyl-acyl glycerophospholipid, 
which are generally much less abundant than di-acyl glycerophospholipids [149]. 
In addition to azelaoyl-based OxPls, lipids with shorter truncated, oxidized fatty 
acid chains, such as POVPC and PGPC, have also shown apoptogenic activity 
[150]. A common denominator from all these apoptosis-triggering OxPls is their 
ability to affect and alter mitochondrial membrane structure and dynamics 
[1,2,151].  

Lastly, it is worth mentioning that it has been shown that OxPls are not only 
involved in the early stages of apoptosis at the mitochondria but also during the 
late stages of phagocytosis of the apoptotic bodies. Previous research has shown 
that PS and its migration to the extracellular leaflet of the cell membrane serve as 
a signal for phagocytosis of apoptotic bodies through macrophages [16]. Recent 
studies identified oxidized PS at the surface of apoptotic bodies, speculating 
about a potential OxPl concentration-dependent prioritization mechanism in 
phagocytosis [152,153]. 

5.1.5. Bcl-2 family proteins within the intrinsic apoptotic pathway 

As introduced in 5.1.1., proteins of the Bcl-2 protein family (Figure 7) are key 
players in the intrinsic apoptotic signaling pathway [55]. Before discussing the 
role of Bcl-2 family proteins within the intrinsic apoptotic pathway, it is worth 
mentioning briefly that these proteins also have several non-apoptotic cellular 
functions [154–156]. In recent years, these “day jobs” gave rise to a new field of 
research on the Bcl-2 protein family, and several studies showed that, 
independent of their pro- or anti-apoptotic function, Bcl-2 family proteins can 
affect the cell death or survival decision through their regular cellular functions 
as well [157–159]. Although the non-apoptotic roles of Bcl-2 family proteins and 
their cross-connections with their apoptotic functions, in particular, are certainly 
very interesting, the remainder of this chapter is focused only on their roles 
within the intrinsic apoptotic pathway.  
The crucial step, which occurs early in the signaling pathway, is the 
permeabilization of the MOM, which eventually promotes pore formation and the 
secretion of apoptogenic factors, such as Cyt c, from the IMS into the cytosol. The 
mechanism of MOM permeabilization is not entirely understood yet, but it is 
apparent that the pro-apoptotic multi-domain proteins are essential for the pore 
formation required for the release of apoptogenic factors [160]. Bak and Bax are 
the most studied representatives of the pro-apoptotic subclass of Bcl-2 family 
proteins that also includes other, less studied Bax homologues, such as Bok. 
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While Bak is an integral membrane protein located in the MOM, along with the 
vast majority of anti-apoptotic Bcl-2 family proteins [161], Bax is mainly 
cytosolic, with only a small membrane-associated protein population in healthy 
cells. Nevertheless, relocation towards the MOM occurs in response to apoptotic 
stimuli [162,163]. 

 
Figure 7 – Schematic depiction of selected, representative Bcl-2 family proteins. The 
protein family is divided into multidomain proteins and historically into BH3-only 
proteins. While all BH3-only proteins have pro-apoptotic functionality, the multidomain 
Bcl-2 proteins are further categorized into pro- and anti-apoptotic proteins regarding their 
opposing roles. The Bcl-2 homology domains are indicated by BH1-4 and respective 
transmembrane domains are shown as TM. Dashed outlines indicate putative domains. 

With the exception of the cytosolic Bcl-xL [162], members of the anti-apoptotic 
subclass of Bcl-2 family proteins, including the eponymous Bcl-2 are situated at 
the MOM, where they inhibit MOM permeabilization. The secondary structures 
of the pro- and anti-apoptotic multi-domain proteins are, despite of their 
opposing functionalities, very similar and are composed of mostly α-helices [164]. 
Though their global sequence homology is rather poor, both subclasses contain 
up to 4 conserved Bcl-2 homology (BH) domains. While proteins in the anti-
apoptotic subclass generally contain all 4 BH domains, the pro-apoptotic multi-
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domain proteins have been considered to carry only 3 BH domains. A preceding 
bioinformatics study suggests the existence of a BH4 domain in Bok, Bak and Bax 
based on a structure-based sequence alignments [165]. Nevertheless, the existing 
dogma can only be challenged in the case of Bok [166–169].  

The Bcl-2 family includes more than 25 members, and so far, structural 
determination was only successful for a few [170–179]. Nevertheless, the solved 
structures reveal conspicuous similarities in their three-dimensional fold, which 
resembles bacterial pore-forming exotoxins, such as diphtheria toxin and 
colicin [180]. Generally, two central, mostly hydrophobic α-helices are 
surrounded by either six or seven amphipathic helices (Figure 8) [180,181]. 
Further, the BH1 and BH3 motifs form a hydrophobic groove that is engaged by 
the protein’s own transmembrane (TM) domain in an inactive state. In the active 
state, the TM domain is displaced and the hydrophobic groove functions as an 
interaction surface for other Bcl-2 proteins, which can insert their BH3 motif – 
located on α-helix 2 – into the groove [178,180–182]. It is intriguing that even 
though Bcl-2 family proteins share a common fold, they are able to exhibit 
completely opposite functions. This capability indicates that the overall tertiary 
structure of the proteins is generally necessary to engage mitochondrial 
membranes, regardless of their functional role in apoptosis. Their actual pro- or 
anti-apoptotic functionality is decided by only small differences in structural 
features. Identifying these features is a difficult task, but new studies suggest a 
correlation between the apoptosis-triggering activity of Bcl-2 proteins and the 
membrane-binding potential of their core α-helix 5/α helix 6 hairpin, the 
electrostatic surface at the ends of that hairpin and the presence of an inhibiting 
N-terminus [183]. Further evidence is clearly necessary, but the fact that anti-
apoptotic family members can be transformed into strong pro-apoptotic proteins 
through truncation of their N-termini [184,185] supports these results. 
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Figure 8 – Overview of secondary and tertiary structural features of multidomain Bcl-2 
family proteins by the representative example of Bax. A: Secondary structure overview of 
Bax, where the positions and lengths of the α-helices are indicated by multicolored bars 
(blue (N-terminal) to red (C-terminal)). The position and size of the TM and BH domains 
are indicated and color-coded as in Figure 7.  The position and length of the hydrophobic 
groove (pale blue) and the ”rear groove” (burgundy) are indicated as colored bars as well. 
B: Tertiary structure representation of Bax, where all α-helices are highlighted in the same 
color-gradient as previously (B1) and with highlighted TM and BH domains, color-coded 
as previously (B2). C: Tertiary structure of Bax with protein surface representation. 
Surface representation for TM domain (grey) not delineated to highlight pocket like 
structure of the hydrophobic groove (pale blue, C1). The additional allosteric interaction 
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site for Bax and BH3-only proteins, the ”rear groove”, is shown in burgundy (C2) and is a 
unique feature that – to this date – has only been identified in Bax, but it is speculated to 
also be present in other pro-apoptotic multidomain Bcl-2 proteins [186]. 

The remaining subclass of the Bcl-2 protein family comprises the BH3-only 
proteins. As the name suggests, these proteins carry only the BH3 motif. Although 
these proteins were historically classified as a subclass of the Bcl-2 protein family, 
it became increasingly apparent in recent years that they form a phylogenetically 
independent class of proteins that has developed through convergent and 
divergent evolution [187,188]. Regardless of whether these proteins are 
considered a part of the Bcl-2 family or a separate protein family, all BH3-only 
proteins, apart from Bid, exist in the cytosol as intrinsically disordered proteins. 
Bid itself needs to be activated through protease cleavage, forming tBid, which 
unfolds at the MOM to adopt its active form [189]. All BH3-only proteins are able 
to interact with the hydrophobic groove of the multi-domain Bcl-2 family 
proteins, upon which they adopt an α-helical structure [187]. This insertion 
follows the same mechanism as the BH3 motif-mediated interaction between 
pro- and anti-apoptotic multi-domain Bcl-2 proteins [190,191]. Additionally, a 
second interaction site between Bax and tBid, the so-called “rear groove”, has 
been identified and proven to be crucial for Bax activation and oligomerization 
[186]. Binding to this allosteric interaction site is transient but leads to 
conformational changes in Bax α-helices 1 and 6. These changes eventually result 
in the release of the C-terminal TM domain (α-helix 9), potentially priming Bax 
molecules already in the cytosol for MOM penetration. As the BH3-only proteins 
can interact and regulate both pro- and anti-apoptotic Bcl-2 family members, 
they have become valuable templates for the development of BH3-mimicking 
peptides or chemical probes for clinical applications [180,192]. Especially in 
cancer therapy, BH3 mimetics have proven to be beneficial, where they are 
designed to target and inhibit Bcl-2, hence fostering the cell death of cancerous 
cells. Venetoclax is the first of hopefully many FDA-approved BH3 mimetics for 
cancer treatment [193]. 

It is evident that a highly sophisticated network of regulation, activation and 
inhibition of apoptosis is established around the MOM by the fact that all 
involved proteins carry the BH3 domain necessary to interact with the 
hydrophobic groove of other Bcl-2 family proteins. This regulatory network has 
the sole aim of either initiating (in an apoptotic cell) or preventing activation of 
Bax, Bak and Bax-like proteins (in healthy cells). BH3-only proteins promote the 
activation of pro-apoptotic proteins, which are of vital importance for a cell to 
execute apoptosis [194–196]. In the past, two contradicting models of Bax/Bak 
activation emerged from the scientific community (Figure 9) [55]. Both models 
agree on the role of the BH3-only proteins as initiators of activation and Bak/Bax-
mediated MOM permeabilization. The direct activation model splits the BH3-
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only proteins into two classes, activators (tBid, Bim and Puma) [197,198] and 
sensitizers (all remaining BH3-only proteins) [199,200]. The activator proteins 
directly engage proteins such as Bax and Bak to promote their pro-apoptotic 
purpose. 

 
Figure 9 – Comparison of the two different models for activation of pro-apoptotic 
proteins (e.g. Bax and Bak). A: The direct activation model divides the BH3-only proteins 
into sensitizers (e.g. Bad) and activators (e.g. Bim and tBid). The activator proteins can 
directly activate Bax/Bak but are sequestered by anti-apoptotic Bcl-2 proteins and 
therefore inhibited. Sensitizer proteins on the other hand inhibit Bcl-2 proteins, triggering 
the release of bound activator proteins that will engage in Bax/Bak activation. B: In the 
indirect activation model the BH3-only proteins are split into selective (e.g. Bad) and 
promiscuous inhibitors (e.g. Bim and tBid). This model suggests that pro-apoptotic 
proteins (e.g. Bax and Bak) exist in a permanently active state and must be sequestered by 
respective anti-apoptotic Bcl-2 proteins. Selective BH 3-only inhibitors displace Bax/Bak 
from a corresponding Bcl-2 protein interaction partner, while the promiscuous can 
dislodge active Bax/Bak from several different Bcl-2 proteins (adapted from [55,201]). 

This activation is inhibited by the comprehensive group of anti-apoptotic Bcl-2 
proteins through interaction with the BH3 motif. Sensitizer BH3-only proteins, 
however, are able to interact with the anti-apoptotic proteins. The sensitizers 
either displace activators or prevent the binding of the activator proteins 
altogether, enabling them to bind to and activate Bax and Bak. The indirect 
activation model assumes that Bax and Bak adopt a permanently active 
conformation and hence must be constantly bound by anti-apoptotic proteins to 
prevent the induction of apoptosis. In this model the BH3-only proteins are again 
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divided into two categories: promiscuous inhibitors (tBid, Bim, Puma) and 
selective inhibitors (all remaining BH3-only proteins). The selective inhibitors 
can displace active effector proteins from a specific anti-apoptotic protein only 
[202,203], whereas the promiscuous inhibitors can displace Bax and Bak from 
several different anti-apoptotic Bcl-2 proteins [204,205].  

A vast array of studies has tried to provide supporting evidence for one or the 
other model, resulting in a lack of agreement among the scientific community 
[55,206]. The main reason for the missing scientific consensus lies within the 
difficult nature of working with integral membrane proteins. Several studies lack 
biological relevance because of their inability to recreate an in vivo-like in vitro 
system. Additionally, the utilization of truncated proteins or even peptides in 
biophysical studies provided the first insights into the complex regulation of 
apoptosis but failed to draw a coherent picture, contributing to the disagreement 
in the field. In the cases where studies were conducted using tissue samples or 
cell cultures, the dominant method of proving interaction between Bcl-2 family 
proteins was Co-IP (Co-immunoprecipitation). More often than not, Co-IP is not 
able to detect weak protein binding. As mentioned, the inability to provide a 
physiological environment for integral membrane proteins in several studies can 
be regarded as the most important reason for the contradicting activation models. 
The realization of these flaws has led to the emergence of a third activation model; 
the embedded together model [206–209]. This model is the first one to not only 
consider lipid bilayers, which are the native environment of all integral 
membrane proteins, but also ascribe them a crucial mechanistic role in the 
activation process of Bcl-2 family proteins and their protein-protein and protein-
lipid interactions [196,210–212]. The model has been expanded to the so-called 
unified model, which no longer regards the activation mechanisms introduced by 
the direct and the indirect activation models as independent solutions to the same 
puzzle but instead considers them as coexisting activation/inhibition modes that 
are dependent on conformational changes within the proteins in their 
membrane-associated or membrane-dissociated state (Figure 10). The unified 
model, like the embedded together model, assigns a pivotal role to the 
mitochondrial membrane. Equally crucial are the anti-apoptotic Bcl-2 proteins 
that either inhibit Bax/Bak activation by binding activator BH3-only proteins, 
such as tBid and Bim (Mode 1) or directly sequester the active apoptosis 
promoting effector proteins, such as Bax and Bak (Mode 2) [213]. Mode 2 
inhibition is significantly more effective and less susceptible to depression. 
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Figure 10 – A: Schematic overview of the unified activation model for pro-apoptotic 
effector proteins (e.g. Bax and Bak). The unified model consolidates the direct and indirect 
activation models (Figure 9). BH3-only proteins are again separated into sensitizers (e.g. 
Bad) and activators (e.g. Bim and tBid), though it is recognized that their interactions can 
be either selective or promiscuous as it is described in the indirect activation model. 
B: Illustration of the two inhibition modes within the unified activation model and the 
activation mechanism for pro-apoptotic effector proteins. In the unified model it is vital 
for the pro-survival proteins (e.g. Bcl-2) to both sequester BH3-only activator proteins 
(Mode 1) as well as active pro-apoptotic proteins (Mode 2). Sensitizer BH3-only proteins 
can inhibit both inhibition modes by binding competitively to anti-apoptotic Bcl-2 
proteins and releasing either active Bax/Bak or BH3-only activator proteins that 
consequently activate the effector proteins. The mitochondrial membrane plays a crucial 
role in this model as it provides an interaction surface for all described processes that 
therefore become accelerated (adapted from [201,214]). 

Support for the unified model has been provided in more recent years. By 
incorporating liposomes, several studies showed that tBid is able to induce MOM 
permeabilization by interacting with Bax [189,215–217], while there is no 
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detectable interaction between tBid and Bax [189] and Bcl-xL [218] in a liposome 
free solution. Additionally, the unified model is the only model that can 
accommodate and acknowledge the importance of lipids and the MOM itself 
during apoptosis (chapters 5.1.3. and 5.1.4.). Hence, it has become the most 
widely used model to describe attenuation and onset of apoptosis that both are 
regulated at the MOM surface.  

As established previously under 5.1.4., CL is another crucial player during the 
intrinsic apoptosis pathway because of its ability to release Cyt c from the outer 
leaflet of the MIM and its migration towards the contact sites and ultimately to 
the MOM, where CL can interact with Bcl-2 family proteins [135,137–141]. 
Despite not directly activating Bax, CL is still required for the activation and 
cleavage of Bid. CL functions as an interaction surface for caspase-8, leading to 
the formation of tBid, which consequently can activate Bax [219,220]. Although 
Bax is able to interact with charged and uncharged liposomes in the absence of 
CL and tBid through the aforementioned structural changes in the N-terminus, 
these interactions are too weak to activate and trigger the insertion of Bax [217]. 
Similarly, no Bax activation was observed with isolated mitochondrial 
membranes containing degraded CL [221], even in the presence of tBid, 
suggesting a necessary symbiosis of both tBid and CL for activating Bax and 
inducing MOM permeabilization [2,189,216,217,221,222]. Nevertheless, the 
activating cleavage of Bid is performed by caspases activated downstream of 
Apaf-1 [223], indicating that early in the process, Cyt c release is predominantly 
mediated through other BH3-only proteins, namely Bim and Puma 
[186,211,224,225]. 

5.1.6. Bax protein and its pore formation mechanism 

Due to its central importance for this thesis, the following paragraphs will focus 
on pro-apoptotic Bax protein, its activation and its pore formation in more detail. 
After recent studies, it has been suggested that Bax exists in three different states 
within the cell. The largest population of Bax is generally cytosolic and is recruited 
towards the MOM under apoptotic stress conditions [162,163]. Membrane-
associated Bax potentially exists in two different states. With the help of 
fluorescence loss and recovery after photobleaching, it was possible to follow the 
cellular movement of Bax, showing that Bax is in a constant equilibrium between 
the cytosol and the MOM [226–228]. The retrotranslocation of Bax back into the 
cytosol within this dynamic equilibrium is assisted by Bcl-xL – the only cytosolic, 
anti-apoptotic Bcl-2 family protein [226,227] – though it can also occur 
unassisted [228]. This population of Bax that can be displaced from the MOM is 
considered transiently associated, while the second, membrane-associated state 
of Bax is fully inserted into the membrane through its transmembrane domain, 
located on α-helix 9. Once in this state, Bax can no longer retrotranslocate into 



20 

the cytosol, since the extraction of α-helix 9 is energetically hindered [229]; hence 
Bax must be bound by anti-apoptotic integral membrane proteins, such as Bcl-2, 
to secure cell survival. 

Inevitably, Bax has to undergo a series of severe conformational changes while 
transitioning from its cytosolic to its membrane-inserted state, eventually leading 
to the formation of MOM pores. Several crucial steps of this process have been 
identified, but the order, let alone the mechanism, of Bax membrane insertion is 
not understood in its entirety. Early structural changes during the translocation 
of Bax from the cytosol to the MOM involve both termini of the protein [160]. The 
N-terminus has been shown to be involved in early contacts between Bax and the 
MOM through a specific targeting sequence located on α-helix 1 [230,231]. 
Displacement of the flexible N-terminus and α-helix 1 exposes this mitochondria-
targeting sequence as well as residues 13 to 19, which form the 6A7 epitope. 
Binding of antibody 6A7 has only been shown for membrane-bound, active Bax 
protein [232,233], confirming the necessity of the structural changes in the N-
terminus for membrane association. The C-terminus of Bax, including the 
hydrophobic TM domain of α-helix 9, is not primarily involved in the Bax-MOM 
interaction but is crucial for anchoring Bax at the membrane [234]. In its 
cytosolic state, the transmembrane domain occupies the hydrophobic groove 
formed by the BH domains and is displaced upon transient interaction with BH3-
only proteins such as tBid and Bim. The release mechanism of α-helix 9 remains 
contentious. It involves direct displacement of the C-terminal TM domain from 
the hydrophobic groove by competitive binding of BH3-only proteins. 
Furthermore, a transient interaction of tBid and Bim with a non-competitive 
binding site of Bax (“rear groove”) induces structural changes in the N-terminus. 
The structural rearrangement in the N-terminus leads to Bax membrane 
association, where the TM domain is ultimately inserted into the MOM 
[178,186,189,231,235–238].  

Once inserted into the MOM, Bax interacts with other Bax molecules to form 
homo-oligomers [239] that are ultimately able to form mitochondrial apoptotic 
pores [240,241]. Bax has been shown to form pores on its own in mitochondria-
mimicking membranes [1,2,26,143,209,242–246], though these pores are too 
small to release Cyt c from the IMS, suggesting a necessary involvement of BH3-
only proteins for the ultimate apoptotic pore formation [1,2]. Monomeric, 
membrane-inserted Bax possesses two interaction surfaces that are relevant for 
oligomerization. Bax is able to interact with other Bax molecules in liposomes by 
inserting its BH3 domain, located on α-helix 2, into the empty hydrophobic 
groove of another Bax molecule, forming symmetric homodimers [216,247]. 
Further, these dimers can interact in a pore-widening fashion via their inserted 
α-helices 9 [248,249]. Eventually, these dimers form higher order oligomers 
through a second interaction site located at α-helix 6 [247,250]. Previously, α-
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helix 6 and α-helix 5 were shown to form apoptotic pores on their own [251]. 
During apoptosis, these helices penetrate the MOM as a hairpin that is part of 
full-length Bax, suggesting proteinaceous pore formation [252]. The insertion 
process of α-helices 6 and 5 remains an unsolved problem, as is the question of 
whether the insertion happens prior or after oligomerization. To further 
complicate matters, recent findings suggest a different model for the insertion of 
α-helix 6 and 5, deviating from the hair-pin model and suggesting a shallow, in-
plane insertion of α-helix 6 [238]. In this model, the secondary interaction site at 
α-helix 6 is moved from the hydrophobic core of the membrane towards the 
cytosolic interface at the headgroup region of the membrane, raising the question 
of whether Bax can potentially form transient oligomers in its cytosolic state prior 
to membrane insertion [238]. Accompanying the uncertainties regarding the 
insertion mechanism, various models exist for the actual structure of the MOM 
pore. Currently, it is not clear how many Bax proteins are involved in creating the 
pore structure.  

In addition, the type of membrane pore is still somewhat debated, with the 
models ranging from a purely lipidic pore stabilized by two clasp-like 
homodimers  [253], toroidal pores [254] to purely proteinaceous pores consisting 
of α-helix 6-connected oligomers [252]. In very recent studies that take advantage 
of the technological advancements in super-resolution microscopy, the various 
pore models and their associated Bax structures can be seen as stages of a single 
pore formation process [255,256]. This process starts with linear, arc-like Bax 
oligomer structures that do not perforate the MOM but increase its permeability. 
The accumulation of additional Bax molecules increases the arching of the 
superstructure, eventually rupturing [257] the MOM and further accelerating Bax 
oligomerization towards a complete ring-like proteinaceous pore [256]. The field 
is slowly converging towards a unified pore formation process following the 
mechanistic steps described above, as this process incorporates both old and very 
recent results into a unified, consistent model (Figure 11), although the exact 
molecular details of the mechanism remain unclear [258,259]. 
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Figure 11 – The pore formation process of Bax protein A: A more detailed schematic 
representation of pro-apoptotic Bax protein with all its domains (color coded as 
previously) and indication for the positions of its α-helices. B: Mechanistic scheme for the 
oligomerization and pore formation process of Bax. Cytosolic Bax is recruited towards the 



23 

MOM through activation of BH3-only proteins such as tBid and Bim. These activator BH3-
only proteins are able to transiently bind to the “rear groove” of Bax and displace the TM 
domain of Bax (1a). At the membrane, pro-survival members of the Bcl-2 protein family 
such as Bcl-xL can retrotranslocate Bax back into the cytosol (1b). Loosely membrane-
associated Bax is further activated through BH3-only proteins such as PUMA and Bad by 
fully displacing the TM domain from the hydrophobic pocket, leading to a stronger 
membrane bound population of Bax protein and an exposed BH3-domain (2). In a drastic 
rearrangement of its C-terminal helices, Bax partially unfolds on the membrane, 
separating its latch domain, which is binding transiently to the membrane, from its core 
(3). This significant rearrangement of domains leads to the release of the bound BH3-only 
proteins and complete exposition of Bax’ own BH3-domain (4). In this state, removal of 
Bax back into the cytosol is energetically hindered and does not occur. Nevertheless, the 
fate of the cell is not decided yet as pro-survival integral membrane proteins, such as Bcl-2, 
can sequester and inactivate Bax in this state to ensure the cell’s survival (5a). If too many 
anti-apoptotic Bcl-2 family proteins are inhibited by BH3-only proteins or if the 
membrane-bound population of Bax is too large; however, the cell will not survive and the 
onset of apoptosis via the permeabilization of the MOM will occur. Bax will first form 
homodimers through mutual interaction of the BH3-domain with the respective 
hydrophobic groove (5b). These homodimers are able to further oligomerize and form 
pores within the MOM, which will lead to the release of Cyt c and the onset of apoptosis (6). 
To this date, neither the exact oligomerization and pore formation mechanism, nor the 
structure of the apoptotic pore are entirely clear. C: Top down representation of various 
stages of Bax oligomerization. Schematic depiction of actual images of in vivo Bax 
structures, acquired with single molecule localization microscopy (SMLM) and atomic 
force microscopy (AFM) [256]. Smaller oligomers first form linear complexes that start to 
slightly arc with the addition of more monomers. Fully developed arcs can completely 
perforate the MOM, presumably through exhibiting high levels of surface tension. Once 
the MOM is ruptured the oligomerization process is accelerated until a proteinaceous pore 
is established (adapted from [201,256,258,260]). 
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5.2. Theoretical background 

5.2.1. Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy has its roots in 1946, when 
nuclear induction [261] and resonance absorption by nuclear magnetic moments 
[262] were described for the first time, laying the foundation for turning a 
physical phenomenon into a modern spectroscopic method of near unrivaled 
versatility. The areas of application for NMR spectroscopy are wide-ranging, and 
the constant development of the method itself has been awarded with 4 Nobel 
Prizes. Most commonly used as a quick, precise and noninvasive analytical 
method in organic synthesis, NMR can be used to obtain information about 
molecular dynamics, kinetics and even to determine the structure of 
biomolecules in both native and aggregated states. In the last decades, NMR 
spectroscopy also found its way into medical diagnosis in the form of magnetic 
resonance imaging (MRI), where it gained massive popularity for not exposing 
patients to potentially harmful radiation (e.g. X-rays in radiography and 
computed tomography). Adding to its versatility is the fact that NMR 
spectroscopy can be applied to liquid, semisolid, liquid crystalline, amorphous 
solid and even gaseous [263] samples, without changing the fundamental 
principles underlying the technique. In the following, the most fundamental 
principles and terminologies of NMR spectroscopy will be introduced, while 
focusing on providing sufficient information to put the work encompassed in this 
thesis into proper context. A depiction of NMR spectroscopy in its entirety lies 
well beyond the scope of this thesis, but extensive and thorough descriptions of 
the matter can be found in [264–267].  

NMR spectroscopy takes advantage of an inherent quantum mechanical property 
of atomic nuclei – the nuclear spin, which is the total angular momentum of the 
nucleus and is generally represented by the quantum number I. Consequently, 
the nuclear spin is composed of the individual angular momenta of its nucleons 
(protons and neutrons) and can therefore be a half-integer for an odd sum of 
nucleons (e.g.	 ,  or ), an integer for an even sum of nucleons through 
odd numbers of protons and neutrons (e.g. ) or zero for an even sum of 
nucleons through even numbers of protons and neutrons (e.g. ). As spinning 
charge carriers, nuclei with a nuclear spin of 0 have an associated magnetic 
moment µ. Nuclei with a nuclear spin of zero do not possess a magnetic moment, 
as the individual magnetic moments of their nucleons are paired in such a fashion 
that they cancel each other out, making these nuclei undetectable by NMR 
spectroscopy. However, the magnetic moments of nuclei that are detectable by 
NMR spectroscopy cannot take arbitrary orientations in an external magnetic 
field B0. The laws of quantum mechanics are followed, since the discrete 
orientations of the nuclear magnetic moments are quantized and dictated by the 
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multiplicity of the magnetic quantum number mI. The multiplicity is connected 
to the nuclear angular momentum quantum number I by 2 1. Applied to 
the example of hydrogen 1H ( ½ , this leads to two discrete orientations, also 
called spin states ½ and ½; these states are often referred to as α 
and β for their parallel and antiparallel orientations, respectively, along the 
external B0 field. Consequently, different energy levels are associated with each 
spin state ( ) as it is energetically more favorable to align parallel to B0. 

This effect is called the Zeeman effect (Figure 12) and is not observable without 
an external magnetic field. Since the different mI states are degenerate without 
an external magnetic field, the Zeeman effect makes a B0 field a necessity for 
NMR spectroscopy. 

 
Figure 12 – A: Zeeman splitting for a nucleus with ½. The energy difference between 
the two spin states increases linearly with an increasing B0 field. The spins states are 
degenerate when no external magnetic field is present for the spins to align to.  
B: Depiction of a precessing nuclear spin I around an external magnetic field B0. The 
precession frequency ω0 is isotope-dependent and referred to as the Larmor frequency. 

As can be derived from Figure 12, the energy difference between two Zeeman 
levels, also called Zeeman splitting, is proportional to the strength of the external 
magnetic field. Additionally, the splitting is also dependent on the respective 
nucleus’ gyromagnetic ratio – the ratio between the nucleus’ magnetic moment 
and angular momentum – and can be described as follows:  
∆E γB ω , where  is the reduced Planck’s constant, γ is the 
gyromagnetic ratio, B0 is the strength of the magnetic field and ω0 is the Larmor 
or resonance frequency. The Larmor frequency represents the frequency required 
by an electromagnetic wave to induce transitions between an α- and a β-state. 
Typically, these frequencies coincide with the radio wave spectrum; hence, radio-
frequency (RF) pulses are used in NMR spectroscopy to perturb the aligned spin 
system in equilibrium. Furthermore, the Larmor frequency is the frequency with 
which the magnetic moment of a nucleus precesses around the Bo field that is 
aligned along the z-axis by convention (Figure 12).  
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In NMR spectroscopy, however, it is not possible to observe a single nuclear spin 
of a single atom; instead a spin ensemble is observed. In the case of an ½ 
nucleus, such as 1H, this ensemble contains the previously described parallel and 
anti-parallel (α and β) spin states. These states are populated according to the 
Boltzmann distribution. Thus, for the example of 1H at room temperature, 
approximately 50.002 % of the proton spins will be aligned along the Bo field of a 
400 MHz instrument, whereas 49.998 % will be aligned in an antiparallel fashion. 
This near-equal distribution makes NMR spectroscopy a rather inherently 
insensitive method. Two factors can increase the population difference, hence 
increasing the sensitivity of the method in general: 1) a larger Zeeman splitting, 
which can be achieved through a higher Bo field, and 2) lower temperatures. The 
usage of superconducting magnets in NMR spectroscopy with ever increasing 
field strengths has greatly improved the sensitivity, as has the development of so-
called cryoprobes. Cryoprobes are not meant to increase the population 
difference by lowering the temperature of an NMR experiment but are rather 
meant to increase the sensitivity by increasing the signal-to-noise ratio. This 
increase is commonly achieved by reducing the amount of thermal electronic 
noise generated in the probe itself by cooling the probe to approximately 20 K 
with helium gas [268]. 

Regardless of how small or big the population difference is, it always gives rise to 
a net magnetization, since more individual spins are aligned parallel to B0 than 
antiparallel. This net magnetization, or sometimes called bulk magnetization, is 
aligned perfectly along the z-axis with the external magnetic field, because the 
precession of the ensemble’s individual nuclear spins around the Bo field is 
random (no coherence between spin states). This incoherence leads to the x- and 
y-components of the individual magnetic moments to cancel each other out, 
leaving only the z-component (Figure 13). The net magnetization in thermal 
equilibrium is often abbreviated by Mz as it is entirely aligned along the z-axis or 
M0 as it is the starting point and requirement for all NMR experiments to follow. 

 
Figure 13 – Depiction of how the magnetization Mo is composed of individual nuclear 
spins for an ½ nucleus. The α-spin state ½ is higher populated than the β-spin 
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state ½ as it is energetically more favorable to align parallel to B0 ( ). The x- 
and y-components of each individual nuclear spin and the associated magnetic moment 
are incoherent. Only the z-component remains, because of the population difference 
between the spin states, leading to a net magnetization that is perfectly aligned along Bo. 

As mentioned previously, this thermal equilibrium can be perturbed with 
electromagnetic pulses in the frequency range of radio-frequencies to match the 
Zeeman splitting and induce transitions and coherences between spin states. This 
excitation is achieved through generating a secondary magnetic field, the B1 field 
(also known as the RF field), which oscillates perpendicular to the B0 field with 
the Larmor frequency to achieve a resonance condition with the probed nucleus. 
In fact, the linearly polarized B1 field can be further described by two circularly 
polarized fields that rotate clockwise and counterclockwise with the Larmor 
frequency within the xy-plane of the laboratory frame. The laboratory frame is 
the cartesian coordinate system in which B0 is aligned along the z-axis and the B1 

field is rotating with ω0 in the xy-plane. For a better understanding of the fate of 
a perturbed net magnetization, it can be beneficial to describe processes from 
within the rotating frame. In this point of view the B1 field is static, while the z-
axes of both frames are aligned. 

By applying an RF pulse to an NMR sample in thermal equilibrium, the net 
magnetization M0 will rotate in the y’z’-plane (Figure 14). The degree of this flip 
angle is determined by the duration of the pulse and the strength of the B1 field. 
Typically, NMR pulses are named by their flip angle, and 90° and 180° pulses are 
by far the most commonly used pulses in NMR experiments.  

 
Figure 14 – Vector model representation of a B1 field (RF pulse) affecting the net 
magnetization M0. Following a right-hand rule, the net magnetization is flipped by an 
angle β dependent on duration and strength of the RF field. Common values for the flip 
angle β are 90° and 180°, so that for instance a 90° pulse along x’ would align the 
magnetization along y’ in the x’y’-plane of the rotating frame for a nucleus with a positive 
gyromagnetic ratio. 
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Two things happen to the net magnetization within the x’y’-plane after a 90° 
pulse: 1) it becomes coherent (in phase), as the disordered orientations of 
individual nuclear spins precessing around Bo in thermal equilibrium become 
focused along B1 during the excitation pulse and 2) the α- and β-spin states 
become equalized, meaning there is no detectable difference between the 
populations of the high and low energy spin states. Both properties are required 
for signal detection in NMR spectroscopy. NMR signals are detected as free 
induction decays (FIDs) that are observed after the B1 pulse. The in-phase net 
magnetization starts precessing around B0 again as soon as the B1 field is turned 
off, meaning that the individual nuclear spins start oscillating perpendicular to 
the external magnetic field at their Larmor frequencies. This oscillation induces 
an electrical current within an induction coil (often the same that was used to 
emit the B1 pulse), since a moving magnetic moment generates an electrical field. 
The measured FID is a time domain signal containing the sum of the oscillating 
and decaying signals for each nucleus. Through a Fourier transform of the FID 
(time domain), the data can be translated into the frequency domain, showing 
the resonance frequency of a nucleus as peak. The Fourier transform has been 
applied to optical spectroscopy previously [269] and made a huge impact in 
pulsed NMR spectroscopy as well [270]. An excellent visual introduction to the 
Fourier transform can be found in Grant Sanderson’s video essay [271]. After RF 
pulse perturbation, the NMR signal decays over time, and the bulk magnetization 
is re-established along the z-axis. These changes are dominated by two relaxation 
processes that are called spin-lattice relaxation or T1 relaxation and spin-spin 
relaxation or T2 relaxation. 

T1 relaxation is simply the process of re-establishing the population difference 
between the high and the low energy spin states according to the Boltzmann 
distribution. Often, this relaxation process is called longitudinal relaxation as 
well, since it leads to a restored net magnetization along the z-axis. Because a 
restored net magnetization is required prior to disturbing the equilibrium again 
via a new RF pulse, T1 relaxation times define the inter-scan delay in NMR 
spectroscopy. T2 relaxation is also called transverse relaxation, as the signal decay 
can be described by the loss of coherence between the individual precessing 
nuclear magnetic moments in the xy-plane. T2 relaxation is the only relaxation 
mechanism that is responsible for the decay of the NMR signal, since the NMR 
signal is only detectable in the xy-plane. The loss of coherence due to T2 relaxation 
mechanisms is entropy driven and can occur for numerous reasons. The loss of 
coherence due to the nuclei experiencing local inhomogeneities in the magnetic 
field that are usually caused by the chemical environment or poor shimming is 
called T2*. However, even in an ideal, perfectly homogeneous system, T2 
relaxation processes such as “flip-flop” energy migration between coupled spin 
states would still occur. The effect of T2 relaxation times can be observed in  
NMR spectra as both homogeneous (T2 mechanisms) and inhomogeneous 
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(T2* mechanisms) line broadening. The longer spin coherence occurs, the larger 
is T2 and the sharper are the spectral lines in general. The fact that the precession 
frequency of a nucleus is impacted by the chemical environment may lead to T2 
relaxation, but this fact is also what ultimately makes NMR spectroscopy a useful 
tool.  

If all nuclei of the same isotope experiencing the same applied magnetic field 
would resonate at an identical frequency, NMR spectroscopy could only identify 
if a sample contains a certain isotope or not. The direct environment of a nucleus 
includes the electrons that surround the nucleus, and these electrons in fact have 
their own magnetic moment associated with their electron spin state. This 
magnetic moment is opposing the B0 field and hence lowering the field strength 
experienced by the nucleus, a phenomenon called shielding. The higher the 
electron density around a certain nucleus is, the stronger is the shielding effect, 
meaning the nucleus experiences less of B0 and therefore resonates at a lower 
frequency. The effect in which nuclei of the same isotope will resonate at different 
frequencies depending on their chemical surroundings is called the chemical 
shift. Fluctuations in the electron density around a nucleus leading to that shift 
can have several causes, but the most common are inductive effects, conjugation 
and magnetic anisotropy. The chemical shift is the feature that makes NMR 
spectroscopy an outstanding tool to identify functional groups in molecules and 
has facilitated the development of large spectral databases for organic molecules. 
Two criteria need to be fulfilled to make comparing NMR spectra from different 
instruments and hence the utilization of such databases a valid approach: 1) the 
spectra need to be calibrated similarly, and 2) the frequency domains of Fourier-
transformed spectra need to be independent of the strength of the external 
magnetic field under which they were acquired. The first requirement can be 
realized by agreeing on a commonly used external reference for a certain nucleus. 
For instance, in the case of 1H NMR spectroscopy, the most common external 
standard is tetramethylsilane (TMS), which is calibrated to a chemical shift of 
0.00 ppm (parts per million). Ppm is the unit used for chemical shifts to achieve 
the second criteria: having comparable spectra independent of the B0 field 
strength, i.e., a nucleus resonating at 400 000 400 Hz in a 400 MHz instrument 
would resonate at 600 000 600 Hz in a 600 MHz instrument. In both cases, the 
resonance condition appears at 1 ppm of the reference frequency (400 and 600 
MHz respectively), which is usually the approximate Larmor frequency of the 
isotope. 

In addition to experiencing varying B0 fields due to the electron shielding, the 
nuclei are also able to directly interact with the magnetic dipole moments of other 
nuclei and electrons, a process called coupling. Depending on the nuclei between 
which the coupling occurs, this process cannot only be divided into homonuclear 
(coupling between two nuclei of the same isotope) and heteronuclear coupling 
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(coupling between two different isotopes) but also can take place between nuclei 
and unpaired electrons in paramagnetic substances. Further, coupling can be 
divided into direct interactions and indirect interactions. Direct interactions, or 
dipole-dipole couplings, occur through space and can therefore be inter- and 
intramolecular. The relative orientation of the coupled dipole moments towards 
each other and the external magnetic field, as well as the relative distance 
between the coupled nuclei, tremendously affect the strength of this interaction. 
In liquid-state samples, however, these dipole-dipole interactions are commonly 
averaged out as the individual molecules diffuse on a faster time scale than that 
of the dipole-dipole interactions. This fast Brownian motion enables each 
molecule to experience the same environment on average. Nevertheless, dipole-
dipole interactions play an important role in liquid-state NMR, as they largely 
contribute to the T1 and T2 relaxation mechanisms. Additionally, these direct 
dipole couplings and the corresponding relaxation mechanisms can be used to 
probe distances within a molecule and even between molecules due to their 
r-6 distance dependency. The underlying principle is called the Nuclear 
Overhauser Effect (NOE), which has been first described in 1953 [272]. A detailed 
description would go beyond the scope of this thesis, however. 

Indirect interactions between nuclei are called J-couplings. These interactions 
are usually several orders of magnitude weaker than the direct dipole-dipole 
couplings, though they are not averaged out in liquid samples and give rise to 
what is known as the fine structure of NMR spectra. Furthermore, in contrast to 
direct coupling, J-coupling cannot occur through space but can occur only 
through chemical bonds. The reason is that the magnetic moment of a nucleus is 
able to polarize the electrons of a covalent bond, which in turn is able to perturb 
the neighboring nucleus. This perturbation of polarized electrons effectively 
increases or decreases the energy level of the spin states of the neighboring 
nucleus, leading to the splitting of a single NMR peak into a multiplet. The 
coupling is mutual, meaning that both coupled nuclei will affect each other. As 
mentioned, the interaction is mediated by the polarized electrons in chemical 
bonds, and the magnitude of the J-coupling decreases with distance. Typically, 
the fine structure of an NMR spectrum is dominated by J-couplings over one to 
three bonds, though coupling over up to five bonds is commonly observed, 
especially when delocalized electron systems (π-bonds) are involved. The 
coupling is constant and field-independent; hence, J-coupling constants are 
commonly given in Hz. Both J-coupling and dipole-dipole coupling can be 
decoupled through the application of specific RF pulses before and during the 
acquisition of the FID. Heteronuclear J-couplings are usually refocused with the 
application of a 180° pulse on both nuclei channels halfway before acquiring the 
FID. This centered 180° pulse, which is commonly called a spin echo, refocuses 
not only heteronuclear J-couplings but also the chemical shift. Dipole-dipole 
interactions are decoupled by a decoupling sequence during the FID; the simplest 
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of these sequences is a continuous wave (CW) pulse that is able to constantly 
invert and saturate the net magnetization of an isotope, making its magnetic 
moment invisible to the surrounding nuclei. 

The influences of molecular dynamics on the coupling strength and the resulting 
obtainable information about distances, angles, orientations and the dynamics 
themselves make NMR spectroscopy much more than just a useful tool for 
identifying organic compounds. Most notable is the application of NMR 
spectroscopy to biomolecules, as it is possible to not only obtain kinetic and 
dynamic data for these large molecules but also to determine their complete 
structures in a more native environment than crystallography can ever achieve. 
Lastly, it is worth mentioning that the vector representation of nuclear spin 
angular momentum and magnetic moments is a great way to introduce NMR 
spectroscopy; however, this model does not suffice to describe more advanced 
pulse sequences and polarization transfers between different isotopes. For a full 
and exact analysis of modern liquid-state NMR experiments and their pulse 
sequences, the utilization of product operators is beneficial [273]. Again, to stay 
within the scope of this thesis, product operators will not be discussed further but 
a good introduction to the topic can be found in [274]. 

5.2.2. Solid-state NMR spectroscopy & magic angle spinning 

As described in the previous chapter, many effects, for instance, dipolar 
couplings, average out due to the fast Brownian motion of molecules in liquid-
state NMR samples. In solid samples, however, these interactions between nuclei 
are no longer averaged by fast tumbling due to the very limited mobility of the 
molecules. Hence, some of these interactions will no longer appear to be isotropic 
but instead appear anisotropic, meaning the orientation of each individual 
molecule in the sample with respect to the external magnetic field matters. The 
most notable effects of this anisotropy are effects on the chemical shift and the 
dipole-dipole interactions, leading to a severe line broadening in solid-state NMR 
spectra compared to liquid-state NMR spectra.  

Symmetries within a molecule have a large impact on how pronounced the 
observed broadening is, since higher degrees of symmetry make the molecule 
appear more isotropic. In the case of the chemical shift anisotropy (CSA), it is no 
longer feasible to view the chemical shift as a scalar; instead the chemical shift 
must be described as a second rank tensor. By taking molecular symmetries into 
account and placing the principal axis of the chemical shift tensor δ (or the 
shielding tensor σ) along the symmetry axis of the molecule, it is possible to 
diagonalize the shielding tensor. Per convention (Herzfeld-Berger convention), 
δ33 is aligned along the most shielded symmetry axis of a molecule, leading to 
three general cases of CSA tensors based on symmetries as seen in Figure 15. As 
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it can be seen, spherical symmetries lead to a single isotropic, liquid-like 
spectrum. As a side note for a better understanding of these spectra, it should be 
mentioned that the fast molecular motions in liquid-state samples make any 
shielding tensor appear spherical on the NMR time scale, thus yielding an 
isotropic Larmor frequency for any atom. 

 
Figure 15 – Depiction of the chemical shift tensor and its implication for line shapes 
(powder spectra) in solid-state NMR spectroscopy. In the Herzfeld-Berger convention, δ33 

is the principal axis along the most shielded axis within a molecule and δ11 along the least 
shielded. δiso represents the isotropic chemical shift and σiso represents the isotropic 
chemical shielding. Ω measures the width of the powder spectrum in ppm and is often 
referred to as the span. The skew or κ is a measure for the asymmetry of the spectra. The 
symmetry of the shielding tensor has a huge impact on the line shape of the solid-state 
powder spectra as illustrated on the right side. Hence, the skew can provide valuable 
insights into the organization of the probed sample. 

In the cases of non-axial and axial symmetries, the generated spectra have very 
distinct features and are referred to as powder spectra, where the orientation of 
each molecule in respect to B0 matters. The population difference seen for the two 
examples of axial symmetry strongly depends on the general architecture of the 
molecule and its orientation with respect to the external magnetic field. The 
broad but very characteristic spectral shapes can contain information about 
macromolecular assemblies due to their molecular symmetry relations. As an 
example, line shapes of powder spectra are commonly used to study phase 
behavior of phospholipids as they proved to be a useful tool to distinguish 
between, for example, liquid-crystalline and hexagonal lipid phases due the 
different symmetries of the two phases in respect to the B0 field. A more thorough 
discussion about the applications of line shape analysis can be found in [275–
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277], whereas a great introduction into the implications of chemical shift 
anisotropy, especially for modern studies of large biomolecules, can be found in 
[278]. 

The second physical phenomenon having a severe line broadening effect on solid-
state NMR spectra is, as mentioned already, direct dipole coupling. This effect 
can be even more drastic than the line broadening that is caused by CSA. Taking 
1H NMR as an example again, typical liquid-state spectra have a spectral width of 
several kHz, whereas the dipolar coupling between two protons in close proximity 
can be as large as 40 kHz. Although these interactions are averaged out due to the 
fast tumbling of molecules in liquid-state samples, the dipole-dipole interactions 
observed in solid-state NMR and the associated line broadening render the 
obtained spectra almost useless. Similar to the CSA the dipole-dipole interactions 
in solids are also dependent on their orientation relative to the external magnetic 
field and hence must be described by a second rank tensor also. This tensor can 
again be diagonalized by introducing a principal axis system, where per 
convention, the z-axis is parallel to the internuclear vector between the two 
coupled nuclei. The tensor is symmetric and traceless, implying a symmetric 
interaction between the coupled nuclei. Since the most severe line broadening is 
caused by hydrogen nuclei in heteronuclear couplings due to their large magnetic 
moment, one way of eliminating the observed line broadening is through high 
power decoupling. As in liquid-state NMR spectroscopy, the direct interactions 
can be decoupled by specific decoupling pulses. However, since the direct dipolar 
interactions are orders of magnitude stronger than the scalar couplings, much 
higher powers are necessary to achieve effective decoupling in solid-state NMR 
spectroscopy. The spectral features after proton decoupling are often still affected 
by dipole-dipole interactions between other nuclei, but these interactions are 
commonly very dilute and occur over larger distances, making the interactions 
orders of magnitude weaker than the dipolar couplings to hydrogen. 

Though the line shapes of solid-state NMR spectra contain a decent amount of 
information, they are not comparable to liquid-state spectra. In an attempt to 
make both techniques equal, it should be obvious that the CSA needs to be 
eliminated, and a liquid-like mobility somehow needs to be emulated to achieve 
isotropic peaks. In an effort to realize liquid-like spectra with solid samples, a 
technique called magic angle spinning (MAS) was developed and was first 
described in 1958 and 1959 [279,280]. In this specific and nowadays very 
commonly used application of solid-state NMR spectroscopy, the sample is 
packed into a rotor whose axis is oriented at a 54.74° angle with respect to the B0 
field, meaning that the z-axis of rotor frame (not to be confused with the rotating 
frame) is not parallel to the z-axis of the laboratory frame but is rotated by the 
same angle (Figure 16). 
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Figure 16 – Illustration of magic angle spinning (MAS). A solid-state sample is rotated 
by 54.74° with respect to the B0 field and spun around the new z-axis of the rotor frame. 
The rotation happens at MAS frequencies of several kHz. The individual CSA tensors 
(illustrated as small ellipsoids in the MAS rotor) are projected onto the z-axis of the rotor 
frame and become axially symmetric (illustrated by the large tensor). The CSA is 
eventually averaged when the rotor frame tensor is projected onto the z-axis of the 
laboratory frame at an angle of 54.74 °. This rotational transformation between frames has 
a 	 3	 	 1  dependency regarding the anisotropic contributions. If θ equals 54.74 ° 
the anisotropic projections onto the z-axis of the laboratory frame become zero. 

When the sample is spun around the z-axis of the rotor frame, the individual 
interaction tensors, such as the CSA, are projected onto this new z-axis. If the 
rotation frequency (MAS frequency) is higher than the interaction frequencies, 
the projected tensors are averaged and appear to be uniaxially symmetric 
regarding the z-axis of the rotor frame. These residual uniaxial interactions are 
transformed to the z-axis of the laboratory frame by a rotational transformation 

(multiplication with a rotation matrix). This transformation has a 1
2
	 3	cos2	θ 1  

dependency for the anisotropic parts of the interaction, where θ is the angle 
between the z-axes of the rotor and the laboratory frame. Therefore, it is crucial 
for the rotor to be aligned at the magic angle of 54.74 °, since the anisotropic 
contributions will be equal to zero at this angle only. Similar to the CSA, the direct 
dipole interactions also become averaged through magic angle spinning. 
Nevertheless, decoupling is still required to collect liquid-like NMR spectra 
because of the magnitude of the hydrogen dipole couplings, which lies beyond the 
rotating speeds that are achieved by modern MAS probes. However, since the 
isotropy is only emulated by spinning, it is possible to selectively reintroduce 
(recouple) certain components of the spin interactions and thus surpass and 
extract more information than from liquid-state NMR spectroscopy. These rotor-
synchronized sequences are very sophisticated but provide an extraordinary tool 
to selectively extract the desired information with NMR spectroscopy while still 
averaging unwanted interactions through spinning. An extensive overview of 
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these pulse sequences can be found in [281]. In addition to removing line 
broadening effects by spinning the sample, spinning sidebands are introduced 
into the spectrum. These sidebands occur on both sides of the isotropic signal 
with an offset equal to the MAS frequency and are caused by rotor echoes during 
the acquisition of the FID. If these sidebands do not overlap with other peaks 
within the actual spectrum, the sidebands can contain additional information and 
can be used to determine the CSA of the probed isotope, as they do not contain 
any isotropic information. The faster the MAS frequency is, the farther apart the 
sidebands are. Additionally, the CSA is diminished more at higher spinning 
speeds; hence, the intensity of the sidebands decreases. 

Lastly, it is worth mentioning that, in addition to CSA and dipole-dipole 
interactions, quadrupolar interactions play a large role and can contribute 
significantly to line broadening in solid-state NMR for isotopes with nuclear spins 
of ½. None of these nuclei were examined by NMR spectroscopy for this 
thesis, making an introduction to quadrupolar interactions somewhat redundant. 
However, a good discussion along with a general in-depth introduction into the 
field of static and MAS solid-state NMR spectroscopy can be found in [282]. 

5.2.3. Cross polarization 

Like liquid-state NMR spectroscopy, solid-state experiments must overcome the 
issue of insensitivity for certain nuclei due to their low gyromagnetic ratio. 
Especially when studying biomolecules such as proteins and lipids, 13C, 15N and 
31P are all isotopes of interest and are rather insensitive compared to 1H. 
Additionally, solid-state NMR experiments suffer from inefficient spin-lattice 
relaxation for these dilute isotopes, making the attempt of transferring 
polarization from a sensitive isotope with fast T1 relaxation rates, such as 1H, 
doubly rewarding. Such polarization transfers will increase the sensitivity of 
dilute isotopes not only by yielding more signal per scan but also by making a 
faster scan rate possible as the inter-scan delay can be adjusted to the spin-lattice 
relaxation of 1H. While liquid-state techniques such as INEPT (insensitive nuclei 
enhancement by polarization transfer) – discussed in .2.4. below – can also be 
applied to solid-state experiments, there are polarization transfer mechanisms 
that are unique to solid-state NMR spectroscopy. The most commonly used 
method to increase the sensitivity for dilute isotopes in solid samples is cross 
polarization (CP). CP was first described in 1972 [283] and exploits the presence 
of a strong dipole-dipole network in solids that contain hydrogen, i.e., biosolids. 
In the subsequent decades, CP has somewhat become the bread and butter of a 
solid-state NMR spectroscopist. A typical CP pulse sequence can be seen in 
Figure 17. 
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Figure 17 – Depiction of a standard cross polarization (CP) pulse sequence. The 
polarization transfer occurs during the spin lock period if the Hartmann-Hahn condition 
is fulfilled. The contact time duration can be optimized for different samples, in general, 
and for individual chemical sites within a given sample, in particular. 

The crucial step within the pulse sequence is the spin lock, during which the 
polarization is transferred from 1H to the insensitive isotope of choice (e.g. 13C or 
31P).  As the name indicates, during a spin lock, none of the net magnetization 
vectors can evolve but instead precess around the respective B1 field, which is 
depicted as being aligned along the y’-axis of the rotating frame (Figure 18). 

 
Figure 18 – Representation of the spin lock condition during a standard CP experiment. 
For as long as the respective B1 field is active, the net magnetization of neither nucleus is 
starting to evolve in the x’y’-plane of the rotating frame, but rather precess around the B1 
field with an angular frequency of ω1. During this spin lock state, it is possible to fulfill the 
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Hartmann-Hahn condition of  ( ) and polarization is transferred 
from protons to the insensitive nucleus. 

By adjusting the strength of the B1 field applied to the respective isotope, it is 
possible to fulfil the so-called Hartmann-Hahn condition, . Under 
this condition, it is feasible to increase the population difference of the insensitive 
isotope’s spin states via polarization transfer. The reason is that under 
Hartmann-Hahn conditions, the isotopes’ population differences are not 
saturated, and the energy differences between α- and β-spin states become 
matched between nuclei and smaller than they are in the laboratory frame 
(Figure 18). This matching allows further energy absorption of the protons and 
progress towards spin population equalization (saturation). The only allowed 
transition under Hartmann-Hahn conditions is that for each hydrogen atom that 
is changing its spin state from α to β, a dilute isotope in close proximity must 
change its spin state from β to α. Thus, the population difference and 
consequently the sensitivity of the dilute isotope are increased. This process has 
been referred to as spin pumping in the past, and within the vector model, this 
process can be thought of as a lengthening of the net magnetization vector of the 
insensitive isotope in the xy-plane. 

As described under 5.2.2., MAS averages dipole-dipole interactions, so one 
might think that CP is not applicable to MAS NMR experiments. However, the 
direct dipolar coupling has no isotropic component and therefore does not 
average to zero all the time; instead, the coupling oscillates around zero and 
becomes time averaged by MAS. Therefore, CP is indeed applicable to MAS NMR 
spectroscopy, as the Hartmann-Hahn condition is further expanded to rotational 
sidebands (rotor echoes), under which polarization transfer is possible. This fact 
is exploited by the so-called ramped CP (Figure 19) that can further increase the 
sensitivity compared to that for standard CP. 

 
Figure 19 – Depiction of a standard ramped CP pulse sequence. Instead of applying a 
constant B1H field during the spin lock condition the B1 field is ramped on the proton 
channel (typically from 50% to 100% amplitude). 
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In ramped CP, the B1 field of the proton channel is gradually increased (or 
decreased) during the spin lock step, which improves the sensitivity of the pulse 
sequence for two reasons: 1) The Hartmann-Hahn condition differs slightly 
depending on the environment of each nucleus, making a static spin lock 
potentially inefficient for a diverse sample with a wide range of chemical shifts. 
2) The width of the ramp can be adjusted in a way to cover not only the 
approximate Hartmann-Hahn condition but also the spinning side bands, 
improving the sensitivity of the method and making it more efficient at high MAS 
frequencies. The effects of a ramped B1H field can be visualized by the net 
magnetization M1H precessing around B1H with an ever-increasing speed 
compared to that for the constant ω1H precession frequency under standard CP. 

Ramped CP was utilized ubiquitously during this thesis, as it can provide great 
insights into the dynamics of the probed system. The contact time (spin lock 
duration) is a crucial parameter here and requires optimization for the maximum 
signal intensity. Each individual nucleus in a molecule has its own optimal 
contact time, and a compromise for a consistently good signal must be found. The 
signal intensity is always a trade-off between two underlying processes and their 
time scales, which can vary greatly based on the chemical environment and 
temperature. The first process is the heteronuclear dipolar coupling that benefits 
from ever longer contact times, whereas the second process is the spin-lattice 
relaxation within the rotating frame, also called T1ρ, and favors shorter contact 
times (Figure 20). 

 

Figure 20 – Simulated CP buildup curves to demonstrate the effect of the two underlying 
processes T1ρ and TDD – spin-lattice relaxation in the rotating frame and the time constant 
of the dipole-dipole interactions, respectively. The left panel shows how the CP signal 
(black) is affected by T1ρ (blue), which would benefit from short contact times and TDD 
(red), which would benefit from long contact times. The interplay of both timescales 
dictates the optimal contact time for each sample. Optimal contact times vary per chemical 
site within a molecule and typically contact times are selected to provide the most signal 
on average. The middle and right panel show the effect of T1ρ times (green to brown 
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gradient, 1 to 29 ms, in 2 ms increments) for two different TDD times (0.5 ms, middle; 5 
ms, right). The fact that regardless of the selected contact time a sample with slow/weak 
dipole-dipole interactions (right panel) will never reach a signal as intense as a sample 
with fast/strong dipole-dipole interactions (middle panel), allows the use of CP 
experiments to probe a sample’s rigidity. The more rigid a sample the stronger/faster are 
its dipolar couplings (adapted from Phil Williamson, University of Southampton [284]). 

Both processes are heavily influenced by dynamics, and for semi-solid samples, 
such as the liposomes studied in this thesis, the CP signal intensity can become a 
measure of the sample rigidity and degree of disorder. Compared to proper solid 
samples, the liposomes studied in this thesis possess a relatively large amount of 
mobility, making the dipole-dipole interactions relatively slow compared to those 
of more rigid systems. CP signal buildup curves provide good insight into the 
impact and magnitude of both processes - T1ρ and the time constant of the dipolar 
interactions (TDD) – in solid samples. 

5.2.4. Insensitive nuclei enhancement by polarization transfer 

Another commonly used method to enhance the sensitivity of dilute isotopes in 
NMR spectroscopy is the INEPT (insensitive nuclei enhancement by polarization 
transfer) pulse sequence (Figure 21). The method was first described in 1979 
[285] and is most often applied in liquid-state NMR spectroscopy, where it can 
be used on its own or as a general building block in more complex and n-
dimensional pulse programs as a tool to increase sensitivity. 

 
Figure 21 – Depiction of a standard INEPT pulse sequence. The symmetric free 
precession time periods τ before and after the centered 180° proton pulse refocus any 
sample inhomogeneities and the chemical shift prior to signal acquisition on the X 
channel. As illustrated, the INEPT sequence is composed of an interconnected spin echo 
and a selective population inversion (SPI) building block. 

Furthermore, INEPT pulse sequences, especially the refocused version, have 
proven to be a useful tool in solid-state NMR spectroscopy of biomolecules in 
particular. Proper solids, however, perform poorly under the INEPT sequence 
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due to their restricted mobility, leading to very short T2 relaxation times and 
consequently to severe line broadening. Compared to proper solids, most 
biomolecules possess higher mobility when studied by solid-state NMR 
spectroscopy as they usually contain some degree of hydration to provide a more 
native-like environment. Primarily used for 13C- and 15N-labeled proteins, the 
INEPT sequence found application for studies of biomembranes and lipid-
protein assemblies also. The strength of the INEPT sequence is that due to its 
relatively long evolution times, τ, it can function as a T2 filter, thus only revealing 
the chemical sites of a molecule that have longer T2 relaxation times and therefore 
identifying the mobile and flexible parts of a molecule. The INEPT sequence 
works well in conjunction with CP experiments with biomolecules, since both can 
provide insight into the dynamics of a sample and their combination probes both 
ends of the dynamics range – rigidity through CP and flexibility through INEPT. 
Due to the small J-coupling constants for 31P the comparison of INEPT vs. CP 
spectra found only application in the presented 13C study [3].  

The INEPT pulse sequence as shown in Figure 21 is composed of two intertwined 
building blocks: 1) a spin echo and 2) a selective polarization inversion. While the 
spin echo is simply meant to refocus the chemical shifts and only allow for the 
development of J-couplings under τ, the polarization inversion is what actually 
leads to an increase in sensitivity (Figure 22). 

 
Figure 22 – Schematic representation of a selective polarization inversion in a coupled 
heteronuclear spin system. The proton populations are indicated by Δ and the populations 
of the insensitive nucleus by δ. Higher populated states (lower energy states in thermal 
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equilibrium, α-spin states) are indicated by + while the - represents lower populated states 
(β-spin states, higher energy states in thermal equilibrium). Proton transitions are 
indicated by dotted lines and transitions for the insensitive nucleus by dashed lines. A: In 
thermal equilibrium the differences between the Boltzmann populations can be expressed 
by 2Δ and 2δ, respectively. The difference of 2δ is detectable for both possible transitions 
of the insensitive nucleus B: A selective 180° proton pulse inverts the populations of one 
transition (I-III illustrated) and though the detectable signal for the dilute isotope 
becomes asymmetric, its intensity is greatly improved. C: Representation of the net gain 
in intensity (±2Δ) for the transitions of the insensitive nucleus due to the selective 
polarization inversion (adapted from [286]).

The Boltzmann populations of protons are indicated by Δ (+ for α-state and – for 
β-state in thermal equilibrium) and have a general population difference of 2Δ 
between the possible proton transitions (I-III and II-IV) within this two-spin 
system. Similarly, the population difference of the insensitive nucleus is 
expressed as 2δ for the possible I-II and III-IV transitions. In principle, an 
applied 180° proton pulse can selectively invert the proton populations of one of 
the possible transitions. This inversion effectively elevates the population 
differences between the two possible insensitive spin transitions from 2δ 
to -2Δ+2δ and +2Δ+2δ, respectively, resulting in a net gain of |±2Δ| per 
transition. Since the differences in Boltzmann distributions are dependent on the 
gyromagnetic ratio, the extent of signal enhancement is given by ∆⁄ ⁄ . 
Hence, 13C experiments can be enhanced by a factor of 4 ( 4 ), whereas 15N 
experiments can be enhanced by a factor of 10 ( 10 ). 

Operating with narrow and selective pulses that resonate only with a small range 
of the proton band width is a bothersome and tedious endeavor that requires 
careful optimization to yield the desired results. The INEPT sequence, however, 
achieves a selective polarization transfer-like state for all proton spins by 
preparing the proton spins in an anti-phase fashion prior to detection on the 
insensitive isotope’s channel (Figure 23). Moreover, the INEPT sequence 
achieves the enhancement by only using hard 90° and 180° pulses, making it a 
fast method to set up that doesn’t require much optimization. 

The vector model is sufficient to illustrate how the signal enhancement is 
achieved by population inversion, yet it is not optimal to convey where the 
asymmetry of the enhanced signal as seen in Figure 22B originates. For a 
complete description of the INEPT pulse sequence, a description with product 
operators is arguably more suitable. Nevertheless, the vector model can illustrate 
the underlying, most fundamental principles of the INEPT pulse sequence in a 
more intuitive fashion as it is illustrated in Figure 23.  
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Figure 23 – Depiction of proton spin states development under the INEPT sequence to 
achieve selective population inversion-like conditions to enhance the signal of an 
insensitive nucleus. The labels α and β indicate the spin states of the insensitive nucleus 
that is coupled to the proton spin. A: The 90° pulse on the proton channel aligns the net 
magnetization along the y’-axis of the rotating frame. B: The free precession for the time 
period τ (length based on the J-coupling constant) allows for the proton spin states to 
evolve. C: The 180° pulse on the proton channel along the x’-axis mirrors the spins along 
the x’z’-plane of the rotating frame. D: The 180° pulse on the X channel of the insensitive 
isotope effectively transposes the spin states of the insensitive nucleus. E: After another 
free precession period of τ, the two proton spin states are in antiphase. The chemical shift 
dephasing and refocusing has not been shown in order to maintain simplicity but is 
refocused along -y' at this time (after 2τ) in the pulse sequence. F: The final 90° proton 
pulse creates the population inversion condition for the entirety of the proton spins. This 
leads to the signal enhancement for the insensitive isotope that is detected after a 
simultaneous 90° pulse on the X channel as shown in Figure 21 (adapted from [286]). 

As mentioned, the INEPT sequence can function as a 1D experiment on its own 
or can be used in n-dimensional, more complex experiments as a simple way of 
enhancing sensitivity. To avoid the asymmetry of the anti-phase signals, phase 
cycling is commonly applied to the pair of final 90° pulses in both channels. Due 
to the anti-phase signal shape, decoupling cannot be used without any additional 
preparation, as the signals would interfere destructively without the J-coupling 
separation. Adding a second refocusing step, provides signal enhancement by the 
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sequence not only in form of increased signal integrals but also in the form of 
peak height (Figure 24). A second spin echo in the refocused INEPT experiment 
also increases the T2 filter capabilities of the sequence as the total time of the 
experiment is expanded to 1/J. Typically, this expansion corresponds to around 
7 ms for 13C, 10 ms for 15N and 70 ms for 31P. Similar to CP experiments, INEPT 
experiments can benefit from an increased scan rate because only the much faster 
T1 relaxation rates for protons dictate the inter-scan delay. Therefore, an 
additional improvement in sensitivity is achieved by simply being able to acquire 
more scans in the same time compared to the number of scans acquired in a direct 
polarization experiment. 

 
Figure 24 – Pulse program of a refocused INEPT showing a second spin echo building 
block that eliminates the anti-phase characteristics produced by a regular INEPT 
sequence. Bottom panel illustrates the signal enhancement of various INEPT sequences 
(adapted from Glenn Facey, University of Ottawa [287]). 
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6. Materials and methods  

6.1. Protein expression and purification 

6.1.1. E. coli strains and plasmids 

Human Bax protein encoding pTYB1 (New England Biolabs) pGEX-4T1 and 
pGEX-6P2 (both GE Healthcare) plasmids were extracted from BL21 cells (New 
England Biolabs and Novagen) present in the lab, using standard DNA extraction 
methods (Qiagen). The isolated plasmids were transformed into BL21(DE3), 
BL21(DE3) pLysS, Rosetta™, Rosetta™ pLysS, Rosetta2™ (all Novagen) or 
ArcticExpress™ (Agilent) cell for recombinant protein expression. For DNA 
amplification, the plasmids were transformed into DH5α cells (Novagen). The 
transformed sequences were validated by DNA sequencing services (Eurofins). 

6.1.2. Bax protein 

First generation Bax protein: Rosetta™ cells containing a pTYB1(hBAX) plasmid 
were cultivated at 37 °C in minimal medium to a cell density of around  
OD600 = 2.0, before inducing with 0.5 mM IPTG for 3 hours. High cell density and 
short expression time prevent the protein from forming insoluble protein-lipid 
assemblies while maintaining sufficient yields. Following standard protein 
overexpression protocols, the cells were harvested via ultracentrifugation, 
resuspended in lysis buffer (TEN buffer: 20 mM TRIS, 1 mM EDTA, 500 mM 
NaCl, pH 7.4) and lysed via sonication. Cell debris was pelleted via 
ultracentrifugation accordingly, while the supernatant was filtered and loaded 
onto a self-packed chitin resin (New England Biolabs) column (HiScale™ 16/20, 
GE Healthcare) using an ÄKTApurifier™ FPLC system (GE Healthcare). 
Following the IMPACT™ (New England Biolabs) protein purification protocol 
the column was flushed with a column volume of 50 mM DTT containing TEN 
buffer, before the flow was stopped to induce cleavage of the IMPACT™-tag for 
24 to 36 hours. Cleaved Bax protein was eluted with TEN buffer, Bax containing 
fractions were identified using SDS-PAGE, unified and concentrated. The 
concentrate was further purified by using a size exclusion Superdex™ 200 
Increase 5/150 GL column (GE Healthcare), of which Bax elutes as a single peak. 
Simultaneously the gel filtration step was used to exchange TEN buffer for PPB 
(25 mM PPB, 100 mM KCl, pH 7.4).  Bax containing fractions were identified and 
its purity confirmed via SDS-PAGE prior to pooling. The protein solution was 
concentrated before the final concentration was determined via UV absorption 
using a NanoVue Plus spectrometer (GE Healthcare) and the sequence-based 
extinction coefficient ε0 = 36000 M-1 cm-1 (ProtParam, Expasy). Pure Bax protein 
was stored at -80 °C after adding 20% (v/v) glycerol for cryoprotection. 
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Uniformly 13C-15N-labeled protein was produced in an identical manner using 13C-
glucose and 15NH4Cl in the minimal medium. 

Third generation Bax protein: Rosetta™ cells containing pGEX-6P2(hBax-
MxeGyrA-BciCBD-His6) plasmids were cultivated at 37 °C in LB medium with 
1 % (w/v) glucose to a cell density of around OD600 = 1.0. The temperature was 
then lowered to 20 °C before target gene expression was induced overnight with 
0.5 mM IPTG. Following standard protein overexpression protocols, the cells 
were harvested via ultracentrifugation, resuspended in lysis buffer (1x PBS, 
pH 7.4, 1 % (v/v) Triton X-100) and lysed via sonication. Cell debris was pelleted 
via ultracentrifugation accordingly, while the supernatant was loaded onto a GST 
affinity gravity flow column (GST GraviTrap, GE Healthcare). The sample was 
eluted with GST elution buffer (100 mM TRIS, 100 mM NaCl, 20 mM reduced 
glutathione). Elution fractions were pooled and PreScission™ protease (GE 
Healthcare) was added in a ratio of 1:100 to remove the GST-tag. After overnight 
protease cleavage at 4 °C, the sample was rebuffered to IMAC binding buffer (50 
mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 8.0) and loaded 
onto a IMAC gravity flow column (His GraviTrap, GE Healthcare). Elution 
fractions (50 mM sodium phosphate, 300 mM NaCl, 300 mM imidazole, pH 8.0) 
were pooled and the buffer was exchanged (1x PBS, pH 7.4). Subsequently, DTT 
was added to a final concentration of 50 to 100 mM to induce intein-cleavage and 
removal of the C-terminal affinity tag. The cleavage was performed at 4 °C for 5 
to 10 days. Subsequently, the buffer was exchanged to IMAC binding buffer in 
order to remove high concentrations of DTT and to enable binding of the cleaved 
tag to the column. The purified full-length protein was collected in the flow 
through of the second IMAC step. Purity of the protein and the completeness of 
the preceding cleavage steps were confirmed via SDS-PAGE analysis. Protein 
concentration was determined via UV absorption as described above. Pure Bax 
protein was again stored in -80 °C after the addition of 20 % (v/v) glycerol for 
cryoprotection. 

6.2. Mitochondrial membrane-mimicking liposomes 

6.2.1. Preparation of model membrane mixtures 

Pure, amorphous lipids were mixed together according to the desired molar ratio 
of each respective model membrane before dissolving them in 
chloroform/methanol (2:1, v/v). Adhesive phospholipids such as PoxnoPC and 
PazePC were dissolved in chloroform/methanol (2:1, v/v) before amorphous 
lipids were added subsequently to the solution to obtain the desired membrane 
composition. The solvent was afterwards evaporated using a rotary evaporator 
(Büchi). The amorphous lipid mixtures were resuspended in Milli-Q water 
(MerckMillipore) and frozen in liquid nitrogen, before they were thawed in an 
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ultrasonic bath (OptiLab) to increase the sample’s homogeneity. This freeze-thaw 
cycle was repeated four times, followed by a final liquid nitrogen freeze after 
which the sample was lyophilized (Edwards) for 48 hours. The dry stock mixtures 
were stored at -20 °C in a dehydrating environment. 

6.2.2. NMR sample preparation of membranes without Bax 

Stock lipid mixtures were rehydrated with heavy water to a final water-to-lipid 
ratio of 60:1. To ensure a sufficient homogeneous hydration, the samples were 
centrifuged multiple times regularly and inverted (Eppendorf, Hettich) before the 
MLVs were individually loaded into a 4.0 mm or 3.2 mm MAS rotor (Bruker) by 
using centrifugation and a homemade setup of 15 ml Falcon tubes and 5 ml-
pipette tips that functioned as a funnel to accommodate for the sample’s adhesive 
and semi-solid morphology.  

6.2.3. NMR sample preparation of Bax-membrane assemblies 

Stock lipid mixtures were rehydrated with protein stock solution that has been 
gel filtrated to remove the cryoprotectant and concentrated to reduce the volume 
prior to adding lipids. The volume of protein solution was adjusted to obtain a 
final lipid-to-protein ratio of 200:1 to 100:1, which generally resulted in volumes 
of 50 – 300 µl. The sample was frozen in liquid nitrogen and lyophilized 
(Edwards) for 48 hours, after which it was rehydrated with heavy water to a final 
water-to-lipid ratio of 120:1 to ensure a spacious enough hydration layer for the 
protein to be membrane-associated or not, depending on its affinity towards the 
respective model membrane. Homogeneous sample hydration as well as rotor 
packing was performed as described under 6.2.2. 

6.3. Solid-state MAS NMR experiments 

6.3.1. Pre-experimental setup and spectral calibration 

Lipid experiments were performed using a 4.0 mm MAS rotor in a 500 MHz 
Avance III NMR spectrometer with a double resonance MAS probe at MAS 
frequencies of 3, 5 or 10 kHz. Protein and lipid experiments were performed with 
a 3.2 mm MAS rotor and an 850 MHz Avance III HD NMR spectrometer with an 
HCN triple resonance MAS probe at MAS frequencies of 15 kHz. 1H-spectra were 
externally referenced using a DMPC sample by calibrating the chemical shift of 
its methyl group in the Lα phase to 0.9 ppm. 13C-spectra were internally 
referenced by calibrating the chemical shift of the lipids methyl groups in the Lα 
phase to 14.0 ppm. 31P-spectra were externally referenced using a DMPC sample 
by calibrating the chemical shift of its PC headgroup in the Lα phase to -0.8 ppm 
at 308 K. 
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6.3.2. Lipid NMR 

6.3.2.1. Direct polarization experiments 

 
Figure 25 – Schematic overview of the onepulse pulse program by Bruker.  

1D 1H spectra were acquired using the Bruker onepulse pulse program 
(Figure 25). 90° pulses (P1) were calibrated for each sample and had a usual pulse 
length of 4.5 to 5.4 µs at 144t W. Experiments were performed in the temperature 
range of 278 to 318 K. 

 
Figure 26 – Schematic overview of the Hpdec pulse program by Bruker. Hetero nuclei 
represented by X. 

1D 13C and 31P spectra were acquired using the Bruker HPdec pulse program 
(Figure 26). 90° pulses (P1) were calibrated for each sample and had a usual pulse 
length of 7.0 to 7.2 µs at 55 W or 4.9 to 5.3 µs at 109 W for 13C and 10.0 µs at 42 
W for 31P. In both cases proton decoupling during acquisition was executed using 
TPPM/SPINAL64 decoupling at 33 kHz or CW decoupling at 40 kHz. 
Experiments were performed in the temperature range of 278 to 318 K. 
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6.3.2.2. Cross-polarization experiments 

 
Figure 27 – Schematic overview of the cp pulse program by Bruker. Hetero nuclei 
represented by X. 

1D 13C and 31P cross polarization spectra were acquired using the Bruker cp pulse 
program (Figure 27). 90° pulse lengths were obtained from 6.3.2.1 for the 
respective sample. CP mixing times of 5.0 ms (P15) were used in regular CP 
experiments for 31P and 1.5 to 2.5 ms for 13C, while this parameter was varied (0.5 
to 5.0 ms) for the CP buildup experiments on 31P and optimized for each sample 
in the 13C CP versus INEPT study at 278 K. Proton decoupling during acquisition 
was executed using SPINAL64 decoupling at 23 kHz or CW decoupling at 40 kHz. 
Experiments were performed in the temperature range of 278 to 318 K. 

6.3.2.3. Recoupled INEPT experiments 

 
Figure 28 – Schematic overview of the ineptrd pulse program by Bruker. Hetero nuclei 
represented by X.  

1D 13C INEPT spectra were acquired using the Bruker ineptrd pulse program 
(Figure 28). 90° pulse lengths (P3 and P1) were obtained from 6.3.2.1. and used 
to calculate 180° pulse lengths (P4 and P2). Proton decoupling during acquisition 
was executed using CW decoupling at 40 kHz. Experiments were performed in 
the temperature range of 278 K and 318 K.  
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6.3.3. Protein NMR 

6.3.3.1. Direct polarization experiments 

1D 1H and 13C spectra were acquired using the Bruker onepulse (Figure 25 for 1H) 
and HPdec (Figure 26 for 13C) pulse program. 90° pulses (P1) were calibrated for 
each sample and had a usual pulse length of 4.2 µs at 135 W for 1H and 3.6 µs at 
210 W for 13C. Proton decoupling during acquisition of the 13C spectra was 
executed using SPINAL64 decoupling at 79 kHz. Experiments were carried out at 
293 and 308 K. 

6.3.3.2. Cross polarization experiments 

1D 13C and 15N cross polarization spectra were acquired using the Bruker cp pulse 
program (Figure 27). 90° pulse lengths were obtained from 6.3.3.1. for the 
respective sample. CP mixing times (P15) of 1.2 ms for 13C and 0.6 ms for 15N were 
obtained after optimization and utilized for data acquisition. Proton decoupling 
during acquisition was executed using SPINAL64 decoupling at 79 kHz for 13C 
and SWf-TPPM decoupling at 79 kHz for 15N. Experiments were carried out at 
293 K and 308 K. 

6.3.3.3. Recoupled INEPT experiments 

1D 15N INEPT spectra were acquired using the Bruker ineptrd pulse program 
(Figure 28). 90° pulse lengths (P3 and P1) were obtained from 6.3.3.1. and used 
to calculate 180° pulse lengths (P4 and P2). Proton decoupling during acquisition 
was executed using SWf-TPPM decoupling at 61 kHz. Experiments were carried 
out at 293 K and 308 K.  
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6.3.3.4. Double cross-polarization experiments 

 
Figure 29 – Schematic overview of the doublecp pulse program by Bruker. 

1D 13C double CP spectra were acquired using the Bruker doublecp pulse program 
(Figure 29). 90° pulse lengths were obtained from 6.3.3.1., while cross 
polarization settings from 6.3.3.2. were applied to the first CP transfer from 1H to 
15N (P15). 13C was decoupled with a 180° refocusing pulse (P2, calculated from the 
respective 90° pulse) during this first transfer step. For the second CP transfer 
from 15N to 13C mixing times of 0.6 ms for polarization transfer to Cα and 0.8 ms 
for polarization transfer to carbonyl moieties were used (P16). To perform 
selective polarization transfer to either of the neighboring carbon moieties, the 
spectral position of the 13C carrier frequency during the transfer step was adjusted 
to 55.0 ppm for transfer to Cα and to 172.0 ppm for transfer to carbonyl groups, 
respectively. The carrier frequency for 13C detection remained at 100.0 ppm for 
both sets of experiments. Proton decoupling during acquisition was executed 
using SPINAL64 decoupling at 79 kHz. Experiments were carried out at 293 K 
and 308 K. 
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6.3.3.5. Dipolar assisted rotational resonance experiments (DARR) 

 
Figure 30 – Schematic overview of the cpSPINDIFF pulse program by Bruker. 

2D 13C-13C DARR spectra were acquired using the Bruker cpSPINDIFF pulse 
program (Figure 30). 90° pulse lengths (P3 and P1) were obtained from 6.3.3.1., 
while cross polarization settings from 6.3.3.2. were applied for the initial CP 
transfer from 1H to 13C (P15). Proton decoupling during development of the first 
dimension (t1) and acquisition of the second dimension (t2) was executed using 
SPINAL64 decoupling at 81 kHz. Power and length of the DARR pulse were 
calculated based on the spinning speed of 15 kHz and the respective mixing time. 
DARR mixing times of 25 ms and 100 ms have been used to selectively 
reintroduce dipolar couplings between 1H and 13C to various degrees. 
Experiments were carried out at 293 K and 308 K. 

6.4. Suppliers for chemicals, disposables and software 

The following lists contain companies and their purchased products and/or 
services that have not been mentioned before, in alphabetical order. 

6.4.1. Chemicals and disposables 

Avanti Polar Lipids – Lipids 
BD – Syringes and neeldes 
Biorad – Electrophoresis apparatus, buffers, markers and precast gels 
Bruker – 4 mm and 3.2 mm MAS rotors (regular, thin-wall, HR) 
Fluka - Chemicals 
GE Healthcare – His and GST GraviTrap columns, pre-made buffers 
Invitrogen – SimplyBlue™ Safe stain 
Kimtech – Nitrile gloves 
Larodan – D2O, 13C-glucose, 15NH4Cl 
Macherey & Nagel – Glutathione Agarose 4B 
MerckMillipore – Milli-Q water, Amicon™ Centrifuge Filters 
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Nalgene – RapidFlow™ filters 
Sarstedt – Cuvettes, disposable pipettes 
Sigma Aldrich – Chemicals 
ThermoFisher Scientific – Zebaspin™ Desalting Columns 
VWR – Signature™ Pipettors, pipette tips, eppendorf tubes 

6.4.2. Software 

Bruker – TopSpin 3.2, TopSpin 3.5 
CCPN – CcpNmr Analysis 
Elsevier – Mendeley 
GIMP – GIMP 2.0 
iChemLabs – ChemDoodle 
Microsoft – Office 2016 
OriginLab – OriginPro 8.5, Origin 2017 
Schrödinger – PyMOL 
Serial Basics Software – Serial Cloner 2.6 
Software Freedom Conservancy – Inkscape 0.91 
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7. Results and discussion 

7.1. Published results 

In the following chapter results will be summarized and presented in the 
following fashion: Aim of the study, Results, Conclusions. The complete 
publications and manuscripts can be found in the appendix. 

7.1.1. PazePC promotes membrane permeabilization by Bax [1] 

7.1.1.1. Aim of the study 

The activation of Bax is a crucial step in the early stages of the intrinsic apoptotic 
pathway. The formation of BH3-only protein-assisted apoptotic pores in the 
mitochondrial outer membrane is often regarded as a point of no return. Previous 
results from our group have shown that Bax exists in an equilibrium between a 
cytosolic and a membrane-associated state. Further, our investigations revealed 
a significantly shifted equilibrium towards the protein’s membrane-bound state 
under oxidative stress conditions. Recently published results suggested that Bax 
activation by tBid takes place at the MOM and not in the cytosol as earlier 
research concluded. This change makes a relocation of Bax from its cytosolic state 
to the MOM a necessity that is possibly accompanied by a switched equilibrium. 
Three main questions were raised and examined during this study: 1) Is it 
possible for Bax to form pores without prior activation by tBid? 2) Is there a 
certain threshold concentration of OxPls required to induce Bax pore formation? 
3) What is the impact of PazePC on the Bax-membrane interaction? 

7.1.1.2. Results 

Solid-state NMR experiments accompanied by DSC experiments were used for a 
fundamental characterization of the protein-lipid interactions between Bax 
protein and model membranes. Increasing amounts of PazePC within the model 
membranes impact its melting behavior by facilitating the uncooperative nature 
of the melting process, as seen by the membranes’ broadened phase transitions 
(Figure 1 in [1]). Further, increasing amounts of PazePC shift the melting point to 
higher temperatures, reaching a maximum at 5 mol% with no further progression 
at higher amounts of OxPls. The addition of Bax protein to membranes with 
various amounts of PazePC results in a more cooperative melting process with an 
increased excess heat capacity and higher melting points, suggesting that the 
incorporation of Bax into the membranes counteracts the disorder introduced by 
PazePC. This ordering effect of Bax can already be seen in membranes with as 
little as 2 mol% PazePC. 
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Based on these macroscopic DSC results, further NMR experiments were 
conducted with MLVs with and without 10 mol% PazePC to observe the described 
impact of OxPls on the membranes’ melting behavior at the molecular level. With 
the aid of the DSC thermograms, temperature points for the NMR experiments 
were selected to observe both membranes in the gel phase (278K) and the liquid-
crystalline phase (308 K), as well as partially melted PazePC-free membranes and 
entirely transitioned PazePC-containing membranes (298 K). In addition to the 
macroscopic observations obtained from the DSC thermograms, the phase 
transition of both model membrane mixtures could be characterized at the 
molecular level by these NMR experiments. The characterization of the melting 
process includes the buildup and shift of various peaks observed in the acyl region 
of the 1H spectra, as well as the phase-dependent chemical shifts of fatty acid 
methylene group signals and dynamics-dependent broadening of carbonyl 
signals in 13C CP spectra (Figure 2 & 3 in [1]). 

The interaction between protein and lipids, which is mainly the partial insertion 
into the membrane, was also studied to characterize Bax. We used 15N-labeled 
Bax, model membranes with 10 mol% PazePC and solid-state MAS NMR 
spectroscopy; the acquisition and comparison of 15N CP and INEPT NMR spectra 
made it possible to observe the flexible (INEPT) and rigid (CP) parts of the 
protein. Hence, the ordering effect that was observed macroscopically by DSC 
experiments (Figure 8 in [1]) was confirmed by these membrane-Bax interaction-
probing 15N NMR experiments. 

To examine Bax pore formation and its dependence on PazePC and protein 
concentrations, fluorescence leakage assays were conducted. Bax-induced 
leakage was monitored in LUVs by measuring the dequenching of calcein, which 
is observable at concentrations above 1 mM. Faster leakage was observed with 
increasing Bax concentrations, as well as a linear increase in calcein release and 
a nonlinear increase in the flux across the membrane. At constant Bax 
concentrations, the flux across the membrane was four times higher in LUVs 
containing 10 mol% PazePC than in LUVs without PazePC, whereas the total 
amount of leaked calcein remained constant (Figure 4 in [1]). This finding is 
explained by the slightly larger pores in PazePC-containing LUVs compared to 
those in PazePC-free LUVs, as well as the formation of new pores in vesicles that 
had already leaked. For further investigations, fluorescence leakage assays were 
performed on GUVs with the same composition as the previously examined 
LUVs. GUVs are large enough to be studied individually under a conventional 
microscope during the entire leakage process. The obtained leakage data are 
consistent with the results from the leakage assays using LUVs and show 
increased flux with higher amounts of PazePC, as well as faster occurring leakage. 
The final fluorescence leakage was constant at approximately 80% for vesicles of 
all sizes and compositions. An additional important insight from the GUV 
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experiments was that the pores showed high longevity, resulting in vesicles that 
either had completely leaked their content or had not leaked at all (Figure 31). 

 
Figure 31 – Figures 6 & 7a in [1]. Left panel: Fluorescence microscopy image of PazePC-
containing GUVs (8 mol%) after 60 min incubation with Bax protein. Black circles are 
intact vesicles, whereas the green circles show perforated vesicles that the fluorescent dye 
was able to leak into. Right panel: Histogram comparison between PazePC-containing  
(8 mol%) GUVs (cyan) and PazePC-free vesicles (black) regarding the measured 
fluorescence intensity inside the vesicles before (light pattern) and 60 min after (dark 
pattern) Bax addition. 

By using fluorescently labeled dextran molecules, it was possible to estimate the 
size of the GUV pores. Dextran molecules with molecular weights of 3 kDa and 10 
kDa were used and the latter can be regarded as a probe for Cyt c (12 kDa) release. 
The leakage dropped to 50% with the small dextran molecules, whereas no 
leakage occurred for the larger ones, suggesting the pores formed by Bax without 
tBid activation are not sufficiently large to promote Cyt c release in vivo. 

7.1.1.3. Conclusions 

The fluorescence leakage assays revealed a strong correlation between Bax pore 
formation in MOM-mimicking membranes and PazePC concentrations, as well 
as Bax concentration itself. However, no evident threshold for either of these 
concentrations was observed. In fact, even PazePC-free vesicles showed leakage 
as a result of pore formation. Thus, Bax is indeed able to form membrane pores 
without activation by tBid, although these pores are too small for apoptotic Cyt c 
release in vivo. Regarding the decreasing cooperativity as a function of OxPl 
concentration, we were able to determine a threshold of 5 mol% OxPl, after which 
the uncooperativity of the liposome phase transitions did not become further 
elevated. 

The mechanism underlying Bax pore formation and its insertion into the 
membrane is still not clearly understood. Our orthogonal DSC-NMR approach 
could identify increased disorder in the membranes with higher amounts of 
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PazePC that became apparent with the increased uncooperative melting 
behavior. The addition of Bax revealed an ordering effect that – regarding the 
protein NMR results – is most likely promoted by the insertion of Bax into the 
membranes. This process supposedly becomes more favorable with an increased 
amount of disorder, as introduced by high levels of PazePC. Furthermore, the CP 
and INEPT NMR data can be put into context with recent models that suggest 
only a partial insertion of Bax, causing a loss in flexibility and degrees of freedom 
and hence enabling better dipole-dipole interactions that become visible in CP 
experiments. The non-inserted parts of Bax maintain most of their mobility in the 
membrane-associated state and remain observable with INEPT experiments. The 
fact that Bax protein is observable with both methods supports recent research.  

7.1.2. The ordering effect of Bax at the molecular level [2] 

7.1.2.1. Aim of the study 

OxPls play a pivotal role during the onset of early stages of apoptosis. Generated 
under oxidative stress, these phospholipids have emerged as crucial stimuli in the 
onset of apoptosis, not only by increasing membrane permeability but also by 
interacting with pro-apoptotic Bcl-2 family proteins. As became apparent from 
our previous studies, Bax can form pores within MOM-mimicking model 
membranes; however, the created pores are too small to enable Cyt c release in 
vivo. Based on our previous results, new questions were raised regarding the 
interaction of Bax and our model membranes that mimic the mitochondrial state 
during and prior to apoptosis. Three of these questions were investigated during 
this study: 1) Does the species of OxPl generated under oxidative stress impact 
the pore formation of Bax? 2) How does the ordering effect of Bax look at the 
molecular level? 3) What impact does the ordering effect of Bax have on 
membrane dynamics? 

7.1.2.2. Results 

During this study, a combined approach of 31P solid-state MAS NMR 
spectroscopy and DSC experiments was applied to three membrane systems. 
MLVs lacking any OxPls were used as a control to mimic non-apoptotic cellular 
conditions, while membranes containing the OxPl PoxnoPC (10 mol%) were used 
to simulate oxidative stress. The third system was composed of the oxidatively 
damaged model membrane and Bax protein (200:1 ratio). An overview of the 
samples and their spectral features under direct polarization (DP) and cross 
polarization (CP) conditions is shown in Figure 1 in [2]. The ordering effect of Bax 
becomes apparent by the increased line broadening compared with that of the 
unoxidized sample. The overall mobility of the lipid headgroups become 
attenuated through the interaction with Bax, leading to broadened line shapes in 
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the DP spectra. Although increasing the temperature has no drastic impact in DP 
experiments, it significantly affects the spectra under CP conditions. As a general 
trend, the spectral intensity of all systems decreases drastically with increasing 
temperature to the point where the signals are abolished entirely. Since CP can 
be used as a measure for the system’s rigidity, the loss of CP signal at higher 
temperatures agrees with the increasing lipid mobility in the Lα phase. 
Nevertheless, it is noteworthy that in simpler single lipid systems, the attenuation 
of the CP signal is less severe, making this observation unique to more complex 
liposomes. Interestingly, the addition of Bax protein stabilizes the oxidized 
membrane system enough to maintain a residual CP signal at high temperatures 
(Figures 1 & 3A in [2]). This finding is a direct observation of the ordering effect 
of Bax at the molecular level, indicating that through the protein-membrane 
interaction, CP transfer becomes more efficient than it is without protein. The 
differences observed in both protein-free systems are insignificant at the 
molecular level (Figures 1 & 3A in [2]) when investigated with 31P NMR; however, 
they differ greatly when studied on a macromolecular scale by DSC (Figure 2 in 
[2]). 

Comparable to the results obtained from the previous study with PazePC, 
PoxnoPC widens the phase transition observed in the DSC thermograms, 
indicating a very uncooperative melting behavior. In that regard, the species of 
OxPls does not seem to have an impact on the membrane system, as both OxPls 
cause increased amounts of disorder within the bilayers, which leads to the 
observed uncooperative melting behavior. Similar to PazePC-containing vesicles, 
Bax increases the cooperativity of the phase transition in PoxnoPC-containing 
vesicles as well. Further, to not only describe the increased cooperativity 
phenomenologically but also to prove its statistical significance, the cooperativity 
was quantified through cumulative integration (Figure 2B & Table 1 in [2]). 

As mentioned previously, the loss of CP signal at higher temperatures is unusually 
large. For a better understanding of the underlying membrane dynamics that 
affect the CP signal, buildup curves were acquired by 31P CP MAS NMR 
spectroscopy. Because the CP signals were largely abolished at 318 K 
(corresponding to Lα phase), buildup curves were only acquired for MLVs at 278 
K (Lβ phase) and 298 K (mid phase transition) as seen in Figure 32. To compare 
the different systems in our analysis, the total 31P CP integral was normalized for 
the spectra acquired at 278 K with a contact time of 5 ms. The obtained scaling 
factor was applied to all integrals with shorter contact times at both temperatures 
for the individual samples. 

Again, at the molecular level, the unoxidized and oxidized model membranes 
exhibit very similar dynamics. The buildup for both systems is very comparable, 
and the attenuation of the signal due to increasing temperature is almost 
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identical. However, the addition of Bax drastically changes the buildup curves, 
suggesting large changes in the membrane dynamics. The slope of the buildup 
curve is correlated with the strength of the dipole-dipole interactions within a 
sample. The steeper slope that is observed at low temperatures indicates stronger 
dipole-dipole interactions in the protein-containing sample. Further, Bax almost 
entirely negates the severe temperature effect observed in Bax-free membrane 
systems. The alleviation of the temperature effect is indicative of longer T1ρ 
relaxation rates and can be explained yet again by the ordering effect of Bax that 
prevents CP-disrupting processes by increasing the lipid organization within the 
MOM-mimicking model membranes. 

 
Figure 32 – Figure 4 in [2]. Left and middle panel: 31P CP buildup curves of the total 
integral for PoxnoPC-containing (blue) and PoxnoPC-free (grey) as well as Bax-containing 
oxidized MLVs (red) at 278 K (dark) and 298 K (light). Right panel: Comparison of 31P CP 
MAS NMR spectra of Bax-free and Bax-containing PoxnoPC-containing vesicles at 278 K 
and 298 K (color-coded as previously). Spectra were acquired with a 5 kHz MAS frequency 
and 5 ms contact time to demonstrate Bax’ negation of the previously visible spectral 
impact of increased temperature. 

Another feature that was observed only in Bax-containing samples, is the 
presence of a previously CP-invisible CL signal. CL itself, especially its migration 
from the MIM to the MOM, plays a crucial role in apoptosis. The CL headgroup 
exhibits a high degree of mobility, making CP transfer mechanisms less efficient 
in Bax-free samples when studied with 31P NMR spectroscopy. The occurrence of 
a CL signal in Bax-containing samples supports the importance of CL as a contact 
site for pro-apoptotic proteins that enables their translocation from the cytosol to 
the MOM. The mobility of the CL headgroup is strongly reduced by the associated 
Bax protein, facilitating a more efficient CP transfer. 

Lastly, the capabilities of PoxnoPC regarding the pore formation of Bax were 
examined with a similar dye-leakage approach as for the previously studied 
PazePC. Interestingly, PoxnoPC and PazePC have opposite effects on the pore 
formation processes (Figure 5 in [2]). Although, the presence of PazePC greatly 
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increases calcein release from Bax-containing LUVs, this leakage is alleviated in 
PoxnoPC-containing vesicles. Both pore formation processes are described by 
two different mechanisms: 1) The pores in PazePC vesicles are long-lived and 
stable; an all-or-none leakage mechanism can describe the process. 2) PoxnoPC-
containing vesicles are not stable and are observed as short-lived membrane 
defects instead. The presence of larger amounts of partially leaked vesicles in 
these PoxnoPC samples is consistent with a graded leakage mechanism that 
describes the pore formation in PoxnoPC-containing LUVs and opposes the all-
or-none mechanism of PazePC-containing vesicles. 

7.1.2.3. Conclusions 

The changes in impact of different OxPls on the model membranes’ dynamics are 
neither directly apparent at the atomic level studied by 31P MAS NMR 
spectroscopy, nor apparent at the macromolecular level studied by DSC. 
However, larger vesicles studied by fluorescence spectroscopy show different 
pore formation mechanisms and pore stabilities for PazePC and PoxnoPC. The 
reason for the opposing effects is not clear yet but must involve the different 
modes of protein-lipid interactions for these OxPls. 

Though no significant changes between PoxnoPC-containing and PoxnoPC-free 
samples could be observed at a dynamic, molecular level, the ordering effect of 
Bax is very apparent. The broader line shapes in DP MAS NMR spectra, the 
steeper slope during CP buildup, the residual CP signal at high temperatures and 
the negation of the temperature effect on CP buildup are all indications of the 
ordering effect of Bax. All the spectral effects described above are explained by 
and benefit from a less mobile and more ordered system. The insertion of Bax 
into MOM-mimicking membranes explains the more rigid system. This insertion 
is comparable to the insertion of cholesterol into phospholipid bilayers that leads 
to increased rigidity in these membranes as well. 

Lastly, the study provided direct evidence of the importance of CL as a contact 
site for pro-apoptotic proteins at the atomic level. The association of Bax with 
MOM-mimicking vesicles leads to better dipole-dipole interactions for the CL 
headgroup. The stronger dipole-dipole interactions increase the efficiency of the 
CP transfer mechanism and give rise to a signal. To the best of our knowledge, 
this is the first description of the importance of CL in the recruitment of pro-
apoptotic proteins to the MOM at the molecular level. 
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7.1.3. Changes in membrane dynamics caused by oxidation [3] 

7.1.3.1. Aim of the study 

An oxidative stress condition inside a cell is a strong apoptotic stimulus that can 
promote the onset of apoptosis via the intrinsic pathway. Oxidation of the MOM 
severely changes the dynamics and permeabilization of the membrane. Both 
factors contribute to the formation of an apoptotic pore by Bax and BH3-only 
proteins. From our previous studies, we gained a good understanding of the 
macroscopic organization of membranes and how they are impacted by the 
incorporation of different OxPls. MOM-mimicking vesicles containing OxPls, 
which are used in order to simulate the effects of oxidative stress, differ greatly in 
their phase transition behavior from OxPl-free vesicles. Differences between 
various types of OxPls were not apparent at the macroscopic level when studied 
with DSC. However, when performing studies using fluorescence spectroscopy, 
we determined that the type of OxPl can have a significant impact on the pore 
formation process of Bax. Based on these previous observations, we wanted to 
answer two questions during this study: 1) Are the macroscopic differences in 
dynamics between OxPl-free and OxPl-containing vesicles based on local changes 
in the lipid molecules, or are they observed globally? 2) Are there structural 
and/or dynamic differences between PazePC- and PoxnoPC-containing MLVs 
that can explain the opposing fluorescent dye-leakage activities? 

7.1.3.2. Results 

By utilizing 13C MAS NMR spectroscopy, we were able to investigate all carbon 
sites in our MOM-mimicking vesicles and could follow changes in dynamics along 
the molecule axis of the lipids. We could not only identify and assign all chemical 
sites in our samples but also distinguish the headgroup signals for the individual 
lipids (Figure 1 in [3], Table 1). Sufficient resolution and a good signal-to-noise 
ratio for each signal were crucial to study the changes in intensity and line shape 
of the individual peaks as a function of temperature. 

Three different types of solid-state MAS NMR experiments were deployed during 
this study: 1) Direct polarization (DP), 2) Cross polarization (CP) and 3) 
Recoupled insensitive nuclei enhancement by polarization transfer (INEPT). 
Since the DP experiment is the least affected by changes in dynamics that occur 
with increasing temperature, we were able to identify and assign the individual 
carbon signals using direct polarization. A summary of the individual chemical 
shifts for the various carbon species extracted from DP experiments can be seen 
in Table 1 in [3]. 
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Type of carbon 

POPC 
Paze/Poxno 

(ppm) 

 
POPE 
(ppm) 

 
TMCL 
(ppm) 

Polar headgroup Headgroup Cα 54.5 - - 
 Headgroup Cβ 66.5 40.6 69.9 (G’2) 
 Headgroup Cγ 59.9 59.9 62.2 (G’1) 
Interface region Glycerol C1 (G1) 64.1 64.1 64.1 
 Glycerol C2 (G2) 71.0 71.0 71.0 
 Glycerol C3 (G3) 63.3 63.3 63.3 
 Ester (Chain C1) 173.5 173.5 173.5 
Fatty acyl chains Chain C2 34.3 34.3 34.3 
 Chain C3 25.3 25.3 25.3 
 Palmitoyl chain C4-13 30.3 30.3 - 
 Myristoyl chain C4-11 - - 30.3 
 Oleolyl chain C4-7, C12-15 30.3 30.3 - 
 Oleolyl chain C8, C11 27.5 27.5 - 
 Vinylene (Oleolyl chain C9-10) 129.8 129.8 - 
 Chain Cω-3 22.9 22.9 22.9 
 Chain Cω-2 32.3 32.3 32.3 
 Methyl (chain Cω-1) 14.0 14.0 14.0 

Table 1 – Table I in [3]. Summary of all assigned chemical shifts for all carbon species in 
MOM-mimicking vesicles and lipid-specific signals. Sorted along the lipid axis from 
hydrophilic headgroup region at the top to lipophilic membrane core at the bottom. 

INEPT and CP experiments, especially comparisons of signal and integral 
intensities between both methods, are most commonly applied in structural 
solid-state NMR experiments for proteins. Both experiments are sensitive to 
molecular dynamics and can be deployed to probe both ends of the dynamics 
range. The INEPT sequence is usually used to probe the flexible parts of solids 
that possess high mobility and larger dynamics. More rigid and less dynamic 
parts become diminished or even invisible in INEPT experiments due to the 
sequence’s T2 filter effect. CP experiments in semisolid samples such as the lipid 
mixtures used in this study can be utilized to probe the rigidity and intrinsic order 
of a sample. The signal enhancement in CP is based on the strength of the dipole-
dipole interactions within the sample, which benefits from slow dynamics and 
low flexibility. We applied both sequences in the temperature range of 278 K to 
318 K. 

In our analysis, we integrated the peaks for each carbon species in CP and INEPT 
spectra and normalized the INEPT integrals at 318 K for each carbon species. All 
integrals (INEPT and CP) of the respective carbon species were normalized with 
the same scaling factor and plotted versus temperature (Figure 3 in [3]). This 
figure shows a representative overview of three different carbon sites in three 
different membrane systems and how the CP and INEPT integral sizes change 
with increasing temperature as well as in respect to each other. 

By analyzing each carbon site along the lipid axis in this fashion, we were able to 
obtain a detailed description of the changes in dynamics not only along the axis 
of lipid molecules but also as a function of lipid composition in different samples. 
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Once again, the impact of OxPls on membrane organization is apparent. Every 
carbon site demonstrates higher flexibility in the OxPl-containing vesicles than 
in the OxPl-free model membrane, as indicated by the INEPT integrals reaching 
a plateau at lower temperatures (Figures 4 & 5 in [3], representative carbon sites 
in headgroup, interface and fatty acyl chain region). This INEPT plateau is 
commonly reached at 298 K for OxPl-containing vesicles, whereas OxPl-free 
vesicles reach a maximal INEPT integral only at 318 K, which indicates a global 
increase of lipid dynamics and a larger membrane disorder. An exception to this 
observation is the γ-carbon of the choline headgroup in all studied samples, since 
it demonstrates its maximal flexibility when studied with INEPT experiments 
already at low temperatures. Similarly, the INEPT integral of the α-carbon of the 
PC/PE headgroup remains constant over the entire temperature range in OxPl-
containing vesicles. 

In general, the carbon sites in OxPl-containing MLVs can be classified into three 
categories. The first class of carbon sites exhibits a strong increase in the INEPT 
integral size prior to reaching the INEPT plateau at 298 K along with a moderate 
decrease in the CP integral size over the complete temperature range. Carbon 
species such as the ω-1 carbon and vinylene cabons in all unoxidized fatty acid 
chains and the β-carbon in the PE headgroup can be described in this fashion. 
Increasing dynamics, as indicated by the strong increase of INEPT integral size, 
lead to a disruption of the dipole network, eventually diminishing the CP intensity 
of the carbon moieties in this group. An entire overview and the complete data 
for all carbon sites and the respective CP and INEPT integrals along with similar 
data for a simple DMPC system can be found in the supplementary information 
in [3]. 

The second category of carbon species, such as the α-, β- and γ-carbons of the PC 
headgroup, demonstrates a moderate or near-constant increase in INEPT 
integral size with increasing temperature, before reaching the INEPT plateau at 
298 K, while the CP integral size is only slightly attenuated or remains almost 
constant. These carbon sites possess comparatively high dynamics already at 278 
K, where the CP experiments were optimized. High dynamics at 278 K mean that 
the slight increases in lipid dynamics with increasing temperature, as observed in 
the INEPT spectra, does not disrupt the CP transfer mechanisms as much as for 
carbon sites with comparatively low dynamics at 278 K. Interestingly, the carbon 
moieties comprising this second class are limited to the headgroup region of the 
lipids that naturally possesses higher dynamics compared to the interface region 
and the hydrophobic core membranes. 

The last group of carbon species is comprised of mostly glycerol carbons from the 
interface region of all lipids (G1, G2, G3) and the glycerol carbons present in the 
CL headgroup (G’1 and G’2). Together with the methylene carbons from the fatty 
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acid chains of all lipids, these carbon sites demonstrate a strong increase in 
INEPT integral size similar to the carbons in group one and also reach the INEPT 
plateau at 298 K. However, the CP integral size is comparable to the integral 
behavior observed for the second group of carbons and is nearly constant, which 
is surprising for a system that increased that much in dynamics with increasing 
temperature. A summarizing depiction of the features of this third group of 
carbon species can be seen in Figure 33. Again, the similarities between the 
PoxnoPC-containing vesicles and the PazePC-containing vesicles are striking as 
not only is the increase of the INEPT integrals very comparable but also are the 
levels of the CP integral bands for the different carbon species similar above 
298 K. 

 
Figure 33 – Figure 6 in [3]. Depiction of INEPT and CP integral bands for carbon sites 
that exhibit a strong increase in INEPT integral size and near-constant CP integrals with 
increasing temperature after OxPls are introduced to the membranes. These carbon sites 
are indicated with roman numerals I: methylene groups in the fatty acid chains; II: 
glycerol carbons in the interface backbone of all lipids (G1, G2, G3); III: G’1 glycerol 
carbon in the CL headgroup; IV: G’2 glycerol carbon in the CL headgroup. A: PCPECL 
model membrane (grey gradient) only shows the combined INEPT integral band for the 
respective carbon sites, since the INEPT plateau is only reached at 318 K in the unoxidized 
system. B: PCPECLPaze model membrane (green gradient) that reaches the INEPT 
plateau for the selected carbon sites at 298 K. The INEPT integral range is shown left of 
the dashed line for all four different carbon sites combined. Right of the dashed line, the 
CP integrals of the four carbon sites (I-IV) are shown individually to better illustrate the 
differences in CP levels. C: PCPECLPox model membrane (blue gradient) that reaches 
the INEPT plateau for the selected carbon sites at 298 K. The combined INEPT integral 
range is shown left of the dashed line. Right of the dashed line, the CP integrals of the 
four carbon sites (I-IV) are shown individually to better illustrate the differences in CP 
levels. 

Even though a strong increase in lipid dynamics, as indicated by the increase of 
the INEPT integrals, for the respective carbon species is detected, the dipole-
dipole network of these moieities is not affected as it can be concluded from the 
constant CP integral bands. This observation can be accredited to the overall 
geometry of the glycerol carbons both in the lipid backbone and the CL headgroup 
alike. These moieties are very restricted in their general motions and therefore 
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are not able to decouple as much of their dipolar interactions as other, more 
mobile carbon sites. A comparison with a much simpler membrane system, such 
as DMPC (supplementary information in [3]), is helpful at this point, as it can be 
seen in the simpler system that the CP integrals for the glycerol moieties of the 
lipid backbone are not only constant with increasing temperature but are even 
increasing in size. Thus, the constant CP band that is observed in the complex 
OxPl-containing MLVs can still be regarded as a result of increasing lipid 
dynamics disrupting the CP transfer mechanism and attenuating the CP integral 
increase (as seen in DMPC) to a constant level. 

Whereas restricted motions and limited mobility due to steric hindrance can 
explain the CP integrals for the studied glycerol moieties, it does not necessarily 
suffice to describe the constant CP integral band for the methylene moieties of 
the fatty acid chains. These carbon sites are sterically less hindered and can 
perform fast trans-gauche bond rotations compared to the glycerol moieties. 
Nevertheless, a comparison with a simpler membrane system, such as DMPC, can 
provide further insight again. The comparison of relative integral sizes for the 
methylene carbons of the myristoyl chains in DMPC (supplementary information 
in [3]) reveals much larger CP integrals relative to the INEPT integrals of these 
carbon sites, again substantiating the observation of higher membrane dynamics 
in OxPl-containing MLVs. Interestingly, the CP bands identified in this third class 
of carbon species delineate a gradient of increasingly disrupted dipolar 
interactions along the membrane axis from the hydrophobic core to the 
headgroup region. 

7.1.3.3. Conclusions 

Investigating the impact of OxPls on membrane organization and dynamics at a 
detailed molecular level, confirmed earlier macroscopic observations and 
provided additional insights. Following the dynamics changes of the 
multilamellar vesicles as a function of temperature for individual carbon species, 
it was evident that the disruptive impact of OxPls on membrane order was not 
localized to a specific lipid region. Instead, the effect was visible throughout the 
whole system. Moreover, the impact of the OxPls also affected the headgroup 
dynamics of non-oxidized lipids (PE and CL) within the system.  

However, we could not identify and characterize significant structural and 
dynamic differences between PazePC- and PoxnoPC-containing model 
membranes. Hence, the previously observed similarities in macroscopic 
membrane organization and melting behavior were further confirmed at the 
atomic level. The stark similarities between PoxnoPC- and PazePC-containing 
systems strongly suggest that lipid dynamics and membrane organization alone 
cannot be the reason for the opposing Bax-induced leakage activities observed in 



65 

fluorescence spectroscopy. In addition, these similarities indicate that the 
underlying protein-lipid interaction between Bax and the different OxPl-
containing membrane systems must be responsible for the different pore 
formation mechanisms. Nevertheless, more experiments are required for 
confirmation. The set of experiments that was utilized in this comparative study 
could additionally be applied to Bax-containing systems. These experiments 
could not only characterize the potential protein-lipid interaction but also 
identify the specific lipid carbon sites that are involved in that interaction.  

7.1.4. A novel expression strategy for Bax protein [4] 

7.1.4.1. Aim of the study 

Bax is arguably the most important pro-apoptotic multi-domain protein within 
the Bcl-2 protein family. Even though it is the most studied pro-apoptotic protein 
and much is known about the pore formation of the protein, the actual structure 
of Bax oligomers or the pore itself is currently not known. The cytosolic structure 
of Bax has been solved by liquid-state NMR spectroscopy, and the used protein 
expression method has been the gold standard within the field ever since. 
However, the performance of said protocol is not necessarily satisfactory for 
structural studies of protein-lipid assemblies, as larger amounts of expensively 
13C-15N-labeled Bax protein are required for these experiments. Therefore, the 
goal of this study was to develop a recombinant protein expression strategy that 
would provide higher Bax protein yields and consequently reduce the time and 
cost demands for producing the protein. 

7.1.4.2. Results 

While chapter 7.2. focusses more on the lessons learned and obstacles overcome 
during the development of a new Bax production protocol, this section will only 
provide a brief overview of the results encompassed in [4]. 

Bax is inherently a cytosolic protein, making its problematic expression not 
blatantly obvious. However, both termini of the protein prove to be problematic 
when expressed in E. coli cells. Although not favorable regarding isotope labeling, 
deploying two fusion tags on both termini of the protein greatly improves the 
soluble fraction of expressed protein after cell lysis. Complicating things further, 
the C-terminus is crucial for the functionality of Bax, which makes the utilization 
of a fusion tag that does not leave any artificial residues after cleavage a necessity. 
To the best of our knowledge, this requirement can be achieved only with Intein-
CBD-tags that have been made popular by the IMPACT™ systems. We selected 
the pGEX vector series to provide an N-terminal GST-tag that is removable 
through enzymatic proteolysis. We additionally engineered a His6-tag to the C-
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terminus of the Intein-CBD-tag to increase the robustness of the affinity 
chromatography mediated via the C-terminus (IMAC preferable and more robust 
in comparison to chitin-resin). Having two strong and well described affinity tag 
systems available as purification handles on both sides of the target protein 
minimizes the number of buffer exchange/dialysis steps, which in turn also 
minimizes the protein loss during purification. A schematic representation of the 
conceived purification strategy can be seen in Figure 1 in [4]. 

 
Figure 34 – Figure 3 in [4]. SDS-PAGE gel for the last two IMAC steps to obtain pure, 
full-length Bax protein. Lanes from left to right: marker (M – molecular weights indicated 
with kD), load of Bax-CBD, 3C protease and GST tag onto IMAC column (L), IMAC flow 
through (FT) showing 3C protease (> 37 kD) and GST tag (25 kD), wash (W), elution (E) 
showing Bax-CBD (< 50 kD), buffer exchange (BE), DTT induced intein cleavage after 5 
days (5d) and 10 days (10d), second IMAC load (L2), second wash (W2), second flow 
through (FT2) showing Bax (20 kD) and final elution (E2) containing the Intein-CBD tag 
(25 kD). 

As it can be seen in Figure 34, after three purification steps (1. GST affinity, 2. 
IMAC, 3. IMAC), full-length Bax can be isolated in a pure and monomeric form. 
In comparison to the commonly used Bax synthesis protocol, the demonstrated 
new approach increases the yield by an order of magnitude. 

7.1.4.3. Conclusions 

The increased yields and associated time and cost savings can potentially provide 
a great stepping stone towards solving the structure of the apoptotic pore within 
the MOM. We believe that this novel approach for Bax production will greatly 
contribute to the field and will enable researchers to redistribute the saved 
resources towards more complex and demanding experiments in the effort of 
elucidating the countless interactions of Bcl-2 family proteins at the structural 
level. 
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7.2. Lessons learned from expressing Bax protein 

The following chapter serves several purposes. At first, it is meant to summarize 
the insights gained and observations made from changing a multitude of 
parameters, while trying to optimize the expression of Bax protein. Secondly, this 
chapter serves as a returned favor, because I personally found the missing puzzle 
piece for my expression problem in a dissertation and hope to provide the same 
service to someone else in their Bcl-2 family protein production-related endeavor 
(or struggle). 

The progress in developing the final expression and purification strategy (chapter 
7.1.4.) can be divided into three generations. An overview of the Bax constructs 
used in the respective generations can be seen in Figure 35. 

The first-generation Bax protein was identical to the construct used to solve the 
liquid-state structure of the protein (pTYB1-hBax). However, the yields at the 
beginning of the project were very low (< 0.1 mg/l), and several changes to 
expression parameters were applied to improve the yields with varying success. 
The pTYB1 construct produced Bax with an exposed N-terminus, leading to a 
significant population of membrane-associated Bax protein within the host cells. 
Even though Bax could not insert into the membranes due to the C-terminal 
Intein-CBD-tag, which prevented the necessary structural rearrangement, the 
association with the E. coli membrane was strong enough to withstand cell lysis 
and recovery attempts with soft detergents.  

Changing the host cells (BL21(DE3)) to a pLysS variant provided better control 
over the basal expression levels and led to a larger population of soluble Bax 
protein after lysis. With this information, the expression times were shortened to 
3 hours, and the cell density prior to IPTG induction was increased to 
OD600 = 1.8 – 2.0. Both changes were deployed to increase the soluble fraction of 
Bax protein and prevent large populations of membrane-associated Bax from 
forming by having more cells produce Bax for a shorter period. Changes in the 
IPTG concentration (0.1 mM – 1.0 mM), the cultivation temperature and the 
expression temperature (30 °C – 37 °C or 18 °C overnight) had insignificant 
impacts on the produced amounts of protein (> 0.1 mg/l). 
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Figure 35 – Schematic overview of the different Bax constructs tested in various 
expression tests. The constructs are divided in three chronological categories 
(generations). First generation: Bax with a C-terminal Intein-CBD-tag. Second genartion: 
Different N-terminal solubility tags with an additional His6-tag and a TEV protease 
cleavage site towards the target protein. Third generation: Double fusion constructs with 
an N-terminal GST-tag with a thrombin or 3C protease cleavage site and a C-terminal 
Intein-CBD-tag with and without a His6-tag. 

In an attempt to further increase the yields, BL21(DE3) cells were exchanged for 
Rosetta™ cells to enhance Bax expression by accommodating the rare E. coli 
codons present in the pTYB1 construct. Even though the yields were increased 
further (0.2 mg/l – 0.3 mg/l) by the utilization of Rosetta™ pLysS cells, the 
produced yields were not satisfactory for the high demands of solid-state NMR 
experiments. The expression parameters for the Rosetta™ system were also 
screened, and the approach of short expression at high cell density proved to be 
best again. Overnight expression at lower temperatures, as used for the third-
generation construct, did not prove to be valuable since the soluble fraction of 
Bax protein decreased during the long expression periods. We knew that Bax-
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membrane interactions are favorable at higher temperatures (Lα phase), and in 
an attempt to further increase the soluble fraction of protein, we opted to perform 
expression tests in ArcticExpress™ cells. By lowering the expression and growth 
temperature to 10 °C, we tried to provide a more gel phase-like membrane 
environment for Bax in order to reduce the membrane-associated protein 
population. The yields obtained from ArcticExpress™ expressions did not 
improve and therefore were not pursued further. 

The second-generation constructs of Bax all aimed to prevent the occurrence of 
N-terminus-mediated membrane-protein interactions, consequently increasing 
the amounts of soluble Bax protein. The Bax gene was cloned into a total of nine 
vectors (Figure 35) with varying sizes of N-terminal solubility and affinity tags. 
The C-terminus was exposed in all 9 constructs, which proved to be problematic. 
In fact, the disruptiveness of an exposed C-terminus became apparent already in 
the DNA amplification stage of the newly constructed vectors. We knew that Bax 
C-terminal TM domain could penetrate the MOM and MOM-mimicking vesicles; 
however, we newly discovered that recombinant protein expression of Bax with 
an exposed C-terminus was impossible due to its strong ability to interact with 
and disrupt E. coli membranes. At this point, we had identified the necessity of 
shielding both the C- and N-termini of Bax in order to prevent any membrane 
interaction from occurring inside the host cells and consequently abandoned the 
second-generation Bax constructs. 

The third-generation Bax constructs used a double fusion approach that has been 
successfully used for other Bcl-2 family proteins in the past [288]. However, 
because the C-terminus of Bax is most relevant for its functionality, it was crucial 
that the C-terminal tag was removable without introducing any artificial, possibly 
function-interfering, residues. The only group of fusion tags fulfilling this 
criterium to this date were Intein-tags, which had also been used in the first-
generation construct. The selection of the GST-tag as the N-terminal tag was not 
optimized and followed the previously described double fusion approach for 
other Bcl-2 family proteins [288]. To circumnavigate a purification with three 
GST-affinity chromatography steps, a His6-tag was added to the C-terminus of 
the construct. Though the C-terminal CBD already provided a second purification 
handle, the His6-tag is a more robust system. Using a double fusion approach to 
express Bax protein greatly improved the yields for full-length Bax (1 – 2 mg/l). 
The fusion construct was expressed well (>10 mg/l), and the vast majority of the 
protein was soluble after lysis. However, the bottleneck of this purification 
approach was the removal of the C-terminal Intein-CBD-tag. The cleavage of the 
tag is induced by the addition of high concentrations of DTT. The tag removal is 
not a redox reaction but a ring closure reaction whose equilibrium is shifted by 
the presence of an excess of thiols. The efficiency of the cleavage is largely 
determined by the C-terminal residue of the target protein, which in the case of 
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Bax is a glycine residue. The Intein-tag used in the first-generation construct (Sce 
VMA intein) benefited from the glycine residue, whereas the Intein-tag of the 
third-generation construct (Mxe GyrA intein) showed reduced cleavage efficiency 
when adjacent to a glycine residue. We selected the Mxe GyrA intein for two 
reasons: its size and its cleavage efficiency. A smaller C-terminal tag meant less 
wasted resources during isotope labeling. Though the selection of a less efficiently 
removed Intein-tag might seem counterintuitive, it also meant that the tag 
removal was slower during expression. Removal of the Intein-tag during 
expression would again expose the C-terminal TM domain of Bax and would 
allow its disruptive interactions to take place. The complete removal of the Intein-
tag during the purification process required additional time (5 to 10 days) and 
comprised the issue of protein stability. Bax oligomerization in solution is 
concentration-dependent, and the occurrence of precipitation during the removal 
step could mostly be negated by appropriate dilution. Nevertheless, the loss of 
protein at this stage was inevitable but kept to a minimum. 

It is noteworthy that regardless of the utilized Bax construct and expression 
system, all host cells clearly showed signs of cellular stress and membrane 
disintegration when expressing Bax protein. The growth rates were twice as long 
as those for regular recombinant eukaryotic proteins and some construct-host 
combinations even took four times longer to cultivate. The harvested host cells 
always had a sticky and slimy morphology when pelleted, clearly indicating 
extracellular DNA. This extracellular DNA is a sign of cell membrane 
disintegration, probably driven by the intracellular removal of the Intein-tag that 
led to the exposed Bax C-terminus during expression. 
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8. Main findings and future work 

The work encompassed in this thesis investigated the active role of OxPls in the 
regulatory process of apoptosis. Several models for the activation of pro-
apoptotic proteins such as Bax and Bak – namely the unified and the embedded-
together model – have included OxPls and the MOM itself as active factors that 
contribute to the onset of apoptosis. The results from my thesis agree with these 
models and support the importance and contribution of OxPls in terms of their 
activation potential. However, neither of these models take parameters such as 
the type of OxPl and the respective OxPl concentration into account. Two of the 
main findings of my thesis are studying and determining the effect of these 
parameters and their consequences regarding the formation of an apoptotic pore. 

Increasing amounts of OxPls within MOM-mimicking vesicles lead to broadened 
phase transitions when studied with DSC experiments. Broad phase transitions 
clearly indicate a less cooperative melting process as a consequence of increased 
membrane disorder. Via these DSC studies, a macroscopic threshold of OxPl 
concentration was determined to be approximately 5 mol%; above this 
concentration the melting behavior was not significantly impacted any further. 
Similarly, 13C MAS NMR experiments identified and characterized the 
macroscopically observed membrane disorder at the atomic level for the OxPls 
PazePC and PoxnoPC. By identifying each carbon species within the lipids, a 
temperature-dependent trend of increasing disorder and dynamics was 
characterized, and crucial chemical sites along the fatty acid chains and the 
headgroups were identified. Though the OxPl-containing systems were 
significantly different from the OxPl-free model membranes regarding their 
membrane dynamics and organization, a clear difference could not be 
distinguished between the two types of OxPls. The macroscopic DSC experiments 
identified drastic changes in melting behavior when OxPls were present in the 
vesicles, but no difference based on the type of OxPl was distinguishable by DSC 
experiments either. 

However, significant differences between the two types of OxPls – PazePC and 
PoxnoPC – were characterized by fluorescent dye-based leakage experiments. 
The results that preceded the studies conducted in this thesis showed an 
increased affinity of Bax protein for MOM-mimicking vesicles in the presence of 
OxPls and CL. It was not clear, however, if the protein was simply able to associate 
with the model membranes or if Bax was able to form pores without the presence 
of BH3-only activator proteins, such as tBid. Several novel insights were gained 
from these leakage assays. Primarily, Bax was able to form pores within MOM-
mimicking vesicles without requiring the activation of BH3-only proteins. 
Moreover, in the absence of anti-apoptotic Bcl-2 proteins, such as Bcl-2 or Bcl-xL, 
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Bax was still able to perforate OxPl-free vesicles over time allowing fluorescent 
dye to leak into the vesicles’ interior. Certainly, the most drastic difference was 
observed for the two different types of OxPls. Again, Bax was able to form pores 
in both membrane systems, whereas the type and stability of the formed pores 
varied greatly depending on the OxPl. In PazePC-containing GUVs, the Bax pores 
were very stable and long-lived, while the pores formed in PoxnoPC-containing 
vesicles were short-lived and instable. These different pore stabilities led to 
alterations in the dye leakage observed by fluorescence spectroscopy, and these 
alterations could be described by two different leakage models. 

Although unassisted pore formation occurred in our model systems, the formed 
pores would be too small to promote the in vivo release of apoptogenic factors, 
such as Cyt c and Smac, from within the IMS. This result indicates the importance 
of BH3-only proteins during the formation process of the apoptotic pore, 
especially for the pore-widening process. Nevertheless, since the pore formation 
process of Bax is driven by the oligomerization of homodimers, the protein-lipid-
systems used during this thesis are complex enough to study the structural 
features of the Bax pore while being as simple as possible. 15N MAS NMR 
experiments further confirmed the proper insertion of Bax protein in the model 
membranes, though as mentioned, the pore size was not sufficient to trigger the 
onset of apoptosis. 

Additionally, the Bax-membrane interaction was characterized at the atomic level 
using 31P MAS NMR spectroscopy. The utilization of 31P made it possible to study 
the membrane dynamics in the interface region and clearly describe the effect of 
Bax protein. Two additional major findings of this thesis emerged from the 31P 
NMR study. First, the interaction of Bax protein with membranes that simulate 
oxidative stress conditions by incorporating OxPls in the MOM-mimicking 
vesicles could be described as an ordering effect. Similar to the incorporation of 
cholesterol in phospholipid bilayers, Bax insertion into our model membranes 
made the melting behavior significantly more cooperative by negating some of 
the disorder introduced by the OxPls. This macroscopic observation was 
confirmed by 31P CP buildup curves, which showed a faster buildup, indicating 
stronger dipole-dipole interactions. These interactions are usually favored in a 
more rigid and ordered membrane system. Additionally, Bax insertion negated 
the effect of higher temperatures, as observed in Bax-free systems. Higher 
temperatures increased the mobility and dynamics in Bax-free membranes such 
that the CP transfer of magnetization was less favorable and diminished CP 
signals were observed. Bax almost entirely negated this effect, further 
substantiating its ordering effect in the membranes.  

The second major finding of this study was the occurrence of a CL signal in Bax-
containing samples. CL is a mitochondria-specific phospholipid that is crucial for 
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the interaction of Bax with mitochondrial membranes. However, we provided 
spectroscopic evidence at the atomic level supporting the previously described 
macroscopic observations on the importance of CL. The CL headgroup under 31P 
CP conditions exhibited a high degree of mobility that virtually rendered the 
signal CP-invisible. The addition of Bax protein to the membrane system gave rise 
to a newly visible CL signal, indicating a reduction in mobility and dynamics 
through the protein-lipid interactions. 

The proper insertion of Bax protein into the model membranes was mostly 
confirmed by 15N NMR experiments. Additionally, first attempts at protein 
structure-probing MAS NMR experiments were conducted during this thesis in 
the form of double CP and DARR experiments. The preliminary results 
(Figure 36) corroborated the observations from the 15N CP/INEPT comparisons, 
since the DARR spectra showed a folded protein and therefore verified the sample 
integrity. 

 
Figure 36 – 13C-13C DARR NMR experiment of 13C-15N-labeled Bax protein added to 
PazePC-containing (10 mol%) MLVs. The lipid-protein ratio was 200:1 and the sample was 
hydrated with deuterated buffer (1x PBS, 1 mM EDTA, pH 7.4) in a 120:1 buffer-lipid ratio. 
The MAS frequency was 15 kHz and spectra was acquired at 291 K. 
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In summary, the results from this thesis specified the role of OxPls and their 
interaction with the arguably most relevant pro-apoptotic protein Bax in more 
detail. Important distinctions between the different types of OxPls were identified 
and contribute to the existing activation models for Bax. Several powerful tools 
were developed to describe protein-lipid interactions via solid-state NMR 
spectroscopy for various nuclei.  

These tools are not only able to determine membrane organization and lipid 
dynamics but also can identify the impact of Bax in the respective model systems. 
In the future, these tools could be utilized to identify the protein-lipid interactions 
leading to the vastly different leakage mechanisms observed in fluorescence 
spectroscopy. Obviously, expanding the experiments conducted during this thesis 
to also encompass Bax-containing membrane systems, would be a logical first 
step to characterize the underlying protein-lipid interactions that cause the 
different leakage mechanisms. The 31P MAS NMR study is probably the strongest 
tool for determining the rigidity and organization of the MOM-mimicking 
membranes. Expanding this study to include 31P CP buildup curves for PazePC 
vesicles with and without Bax could possibly deliver great insights into the 
protein-lipid interactions and determine the potential differences between 
PoxnoPC- and PazePC-protein interactions. Similarly, an expansion of the 13C 
MAS NMR experiments to encompass protein-containing vesicles could be 
utilized to pinpoint protein interaction sites in the various model membranes. 
The ability to study these interactions in a carbon site-specific manner could 
provide the first mechanistical insights into how PazePC seemingly activates and 
PoxnoPC seemingly attenuates Bax pore formation. To quantify and characterize 
the membrane organization and the impact of Bax addition, the 13C MAS NMR 
experiments could be expanded further by the addition of dipolar-recoupling 
experiments used to determine the order parameter for each lipid carbon species. 

Alternatively, the fluorescent dye-based leakage assays could be expanded by 
studying more complex systems that contain the tBid peptide in addition to Bax 
and the MOM-mimicking LUVs and GUVs. Potential insights into the magnitude 
of the pore formation activation of PazePC could be gained. Additionally, these 
studies could show if the tBid-Bax interaction competes against the 
PazePC/PoxnoPC-Bax interactions and thereby overrules the underlying lipid-
protein interaction-based leakage mechanisms. Thus, a potential universal 
protein-protein interaction-based leakage mechanism could be identified. 

Further, the more robust protein production established during this thesis could 
be used to satisfy the requirement for substantial amounts of protein for 
structure-determining solid-state NMR spectroscopy experiments. With a more 
streamlined protein production process, the research focus could be shifted from 
the lipid side towards the protein side. This shift would hopefully lead to 
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meaningful contributions to the endeavor to determine the structural changes 
Bax has to undergo to form the apoptotic pore. Moreover, the usual array of 3D 
NMR experiments commonly used for structure determination could be 
supplemented by additional experiments involving Bax’s counterpart, the anti-
apoptotic protein Bcl-2. Expertise on the expression of Bcl-2 is already present in 
our research group, and experiments involving the isotope labeling of one or both 
proteins could deliver not only structural but also kinetic data regarding the 
formation of their hetero-complexes. 

Naturally, these experiments would not have to be solely conducted by NMR 
spectroscopy but could be (and already have been) expanded to other techniques 
such as neutron reflectometry and cryo-electron microscopy. It is my strong belief 
that only a combined approach of several state-of-the-art biophysical methods 
will provide substantial progress towards the structure determination of the 
apoptotic pore. 
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die Starthilfe und all die Infos bezüglich der schwedischen Bürokratie, für‘s 
Absinthkopfweh, für‘s Maxi-Taxi, all die gemütlichen Abende und vieles mehr! 
Ohne euch wäre der Übergang vom Studium zum Doktorandendasein sicherlich 
nicht so geschmeidig gelaufen. Wo auch immer uns es hin verschlagen wird, die 
Chancen stehen gut, dass es näher sein wird, als es momentan der Fall ist. Ich 
hoffe, dass wir uns dann öfters sehen können! 

Tobi, bester Mensch! Die gemeinsame Zeit hier in Umeå war wahrscheinlich die 
beste überhaupt. Die ganzen Geschichten gehen auf keine Kuhhaut. Tausend 
Dank für die ganzen Motorradreisen (auch die zukünftigen!), aber am 
allermeisten Danke dafür, dass immer, wenn wir uns wiedersehen es sich so 
anfühlt als wäre keine Zeit vergangen und wir würden nach wie vor Tür an Tür in 
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„Dynala“ wohnen. Trotzdem hoffe ich, dass auch wir uns in Zukunft öfters sehen 
können! 

Henke, you have been one the few constants in this ever-changing town. Thank 
you for all the great memories and evenings we had. Thanks for saving me from 
the Serbian mafia. Thanks for making sure I won’t get deported. Thanks for 
having your toilet bowl kick start our friendship! I’m not sure if I want to thank 
you for the home-made wine though… Thank you for being a great friend. I hope 
we’ll manage and see each other in the future! 

One thing that has accompanied me through my time here in Umeå, and in fact 
is something I rediscovered in this town, is music. I would like to thank all my 
bands that I had the honor and privilege to play with. Our sessions twice a week 
were a fantastic way of putting my mind at ease and using my brain in other than 
just the scientific way. The after-rehearsal sessions at Pipes or Lokal surely didn’t 
hurt either. Thanks to Pale Blue Dot, Nerd Castle, Free Fika, Goat 
Avalanche and MIXTAPE and all the great musicians from all around the globe 
that had an open-mind an dove right into these adventures with me. Putte, thank 
you for helping me and the bands wherever you could. Much of what we achieved 
would not have been possible without your help! While talking about music, 
thanks to Radiohead, Joseph, Typhoon and Snarky Puppy for making 
music that you can listen to on repeat forever. Writing this thesis was a breeze 
with your music. Also, thanks to KEXP and NPR Tiny Desk for doing what you 
do. Lastly, Tyler, Jake and Jon you guys surely deserve a special mention here 
as well. Not only did we play music together for a long time but we became close 
friends as well. It is rare that you find people that you are in synch with regarding 
all aspects of life. To put it in Evelyn Cheung’s words: “You will meet people that 
you wish you could spend the rest of your life with. But you don’t.” This was the 
hardest lesson I had to learn in Umeå and you guys don’t make this lesson any 
easier. 

The second big thing that cleared my mind and stopped my thoughts from circling 
around lipids, proteins and NMR spectroscopy were the regular Pathfinder 
sessions. Thank you, Rigor, Sam, Grom, Undis, Trulla, Wenona, Welby, 
Kenny, Nostromo, Slip, Freyja and Mercy for literally putting your fate into 
my hands. It was a pleasure being your GM and I hope I will be for a long while 
to come – or will be again soon in some cases! 

Extra dickes Dankeschön an meine Pfadfinder-Bubis Till, Johannes und 
Kalle! Für jemanden wie mich, der immer ein recht merkwürdiges Verhältnis zu 
Heimat gehabt hat, wart ihr ortsunabhängig immer ein kleines Stück Heimat hier 
im hohen Norden. Danke auch für euer Verständnis, dass die Sessions die letzten 
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Monate eher spärlich gesät waren. Das ändert sich hoffentlich in naher Zukunft 
wieder! 

Danke auch an den harten Kern der „Chemikertrottel“ Julian und Simon. 
Danke für eure Freundschaft und das Gefühl, als ob die Zeit stillgestanden sei, 
wann immer wir uns wiedersehen. Danke dafür, dass tausende Kilometer kein 
Hindernis darstellen und „aus den Augen“ nicht immer „aus dem Sinn“ bedeutet. 
Ich hoffe sehr, dass wir uns in Zukunft öfters als nur ein-, zweimal im Jahr sehen 
werden. 

Jo, vielen Dank, dass du mich immer auf den Boden der Tatsachen zurückholst 
und mich mit schöner Regelmäßigkeit daran erinnerst, dass alles auch ohne 
Promotion einwandfrei funktioniert. Danke, dass du mich verstehst wie kein 
Zweiter und genau weißt wann ein zynischer oder motivierender Kommentar 
angebracht sind. Vielen Dank auch dafür, dass du viele familiäre Pflichten 
übernommen hast, seitdem ich nach Schweden gezogen bin. Ich hoffe, dass wir 
das in der nächsten Zeit wieder ein bisschen besser gleichverteilt bekommen! 

Mama & Papa, wenn ich euch für alles danken würde, für das ihr Dank verdient 
habt, müsste ich nochmal 90 Seiten schreiben. Vielen Dank für diese Chance, die 
ihr mir ermöglicht habt und vielen Dank für euer bedingungsloses Vertrauen und 
eure Unterstützung in all meinen Entscheidungen. Danke, dass ihr mir ständig 
vorgelebt habt, was harte Arbeit wirklich bedeutet und dass man sich nur auf 
Wenige außer sich selbst verlassen kann, wenn man die Arbeit richtig erledigt 
haben will. Danke auch für diese unerschütterliche Stressresistenz, die ich euch 
zu verdanken habe! Mir wurde hier oft Teilnahmslosigkeit unterstellt, weil ich 
nicht aufgeregt und kopflos durch die Gegend gerannt bin, wenn die Dinge 
einmal nicht nach Plan liefen, aber wer einen Montag in Bad Kreuznach meistert, 
dem kann dieser Akademikerstress wenig anhaben; vielen Dank dafür! 

Kristin, ohne dich hätte das nicht geschafft. Vielen Dank für all deine 
Unterstützung und Hilfe mit den kleinen und großen Dingen. Du trägst einen 
Riesenanteil an dieser Arbeit mit all deinen hilfreichen Kommentaren und 
deinem ständig offenen Ohr. Danke, dass ich mit all meinen Ideen, Fragen, 
Sorgen und Zweifeln zu dir kommen konnte. Dass unser Schwedenabenteuer so 
enden würde, hätten wir wohl beide nicht erwartet vor 7 Jahren. Vielen Dank für 
deinen Mut und deine Liebe. Du gibst mir Ruhe und Gelassenheit, beides Dinge, 
die man gut gebrauchen kann während der Promotion. Ich freue mich sehr auf 
das wohl größte Abenteuer überhaupt, das uns noch bevorsteht! 
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“Ich bin so hoch geflogen, ich bin so weit geschwommen 

Hab mich in Einzelteile auseinandergenommen 

Habe Kriege gewonnen, hundert Berge erklommen 

In meinem Herzen starben über eintausend Sonnen 

Doch ihr Licht reicht nicht aus, um zu sehen 

Ich kann alles begreifen, aber mein Ich nicht verstehen 

Denn es scheint zu entstehen durch das gleiche System 

Von dem manche sagen, es würde aus Teilchen bestehen 

Die sich drehen um den Kern einer Kraft, namens X 

Doch X ist immer noch jedem Auge entwischt 

X ist das Ja in der Mitte des Neins 

Ihr könnt alle Zahlen haben, aber zeigt mir die Eins 

Ich will den Beweis, X reicht mir nicht 

Wenn es in jeder Zelle tanzt, warum zeigt es sich nicht? 

Wie ein Geist, der sich in tausend Keime zerbricht 

Pflanzt es doch in alle Formen nur das eine Gesicht 

Wir sind ein Gedicht, welches X leise spricht 

Wenn dem so ist, warum zur Hölle reimen wir uns nicht? 

Wir können es nicht greifen, uns fehlt der Vergleich 

Wir sind singende Augen, wir sind tanzendes Fleisch 

Manche sagen, Wahrheit kommt, wenn dein Glaube erlischt 

Du musst tausendmal sterben, denn vorher traust du dich nicht 

Denn X ist nicht das, was dein Auge erblickt 

Sondern das, was gerade durch deine Augen blickt” 

 

- Käptn Peng & Die Tentakel von Delphi 

“Im Labyrinth” 


