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Zusammenfassung 

Membranproteine sind ein essentieller Bestandteil von biologischen Membranen. Sie tragen 

maßgeblich zur Regulierung von physiologischen Prozessen bei und bilden deshalb einen wichtigen 

Anhaltspunkt bei der Entwicklung von neuen Medikamenten. Verschiedene biophysikalische 

Methoden wurden entwickelt, um die dreidimensionale Struktur von Membranproteinen zu 

untersuchen. In diesem Zusammenhang haben Detergenzien eine besondere Bedeutung, denn sie 

können dabei helfen Membranproteine unter Erhalt ihrer nativen Struktur zu isolieren. In den 

vergangenen Jahren wuchs das Interesse an der Strukturuntersuchung von isolierten 

Membranproteinen mittels nativer Massenspektrometrie (MS). Diese Technik liefert Informationen 

über Masse und Zusammensetzung von komplexen Membranproteinen und ermöglicht die 

Untersuchung von Wechselwirkungen zu wichtigen Liganden, wie z. B. Medikamenten, Nukleotiden 

oder Lipiden. Die in diesem Zusammenhang bisher untersuchten Detergenzien bieten entweder 

vorteilhafte Eigenschaften für die Isolierung von Membranproteinen oder für deren Untersuchungen 

mittels nativer MS. 

In der vorliegenden Arbeit wurde die Fragestellung adressiert, ob es möglich ist die molekulare 

Struktur von Detergenzien für beide Anwendungsgebiete zu optimieren. Dafür wurde erstmalig das 

Potential von dendritischen Oligoglycerol-Detergenzien (OGDs) evaluiert. Für diesen Zweck wurde 

eine Substanzbibliothek aufgebaut, indem einzelne Strukturparameter der OGDs systematisch variiert 

wurden. Um die generelle Anwendbarkeit von OGDs für die MS-Analyse von Proteinen zu evaluieren, 

wurden im nächsten Schritt Mischungen von löslichen Proteinen und OGDs mittels MS untersucht. 

Beobachtungen führten zu der Hypothese, dass sich Ladungszustände von Proteinen durch die 

Basizität der OGDs steuern lassen. Weiterführende Studien mit dem trimeren Membranprotein OmpF 

untermauerten diese Hypothese und bestätigten darüber hinaus die Anwendbarkeit von OGDs für die 

Analyse von Membranproteinen mittels nativer MS. In einer weiteren Studie wurde mit Hilfe von fünf 

verschiedenen OGDs und vier verschiedenen Membranproteinen gezeigt, wie sich durch Variationen 

in der OGD-Struktur wichtige Aspekte individuell steuern lassen, z. B. die Isolierung von Membran-

proteinen, Ladungsreduktion und die Möglichkeit Komplexe zwischen Membranproteinen und Lipiden 

zu detektieren. Darüber hinaus ermöglichten OGDs die einfache MS-Analyse von einem G-Protein-

gekoppelten Rezeptor, welche derzeit eine der am schwierigsten zu untersuchenden Proteinfamilien 

ist und dessen Struktur von außerordentlicher pharmakologischer Bedeutung ist. 

Die vorliegenden Ergebnisse zeigen, wie sich die molekulare Struktur von OGDs für die Isolierung 

von Membranproteinen und nativer MS-Anwendungen optimieren lässt. Darauf aufbauend lassen sich 

neue Detergenzien entwickeln, welche in Zukunft die Untersuchungen von Membranproteinen 

erleichtern können. 
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Abstract 

Membrane proteins are associated with biological membranes and fulfill functions that are vital for all 

living organisms. They mediate many physiological processes and are therefore important targets for 

the development of new pharmaceutical drugs. Numerous biophysical approaches have been 

developed that address the elucidation of their three-dimensional structure upon isolation. In this 

context, detergents are important tools, because they can isolate and stabilize membrane proteins 

apart from their native host. In recent years there has been a growing interest in studying the structure 

and dynamics of isolated membrane protein complexes by native mass spectrometry (MS). This 

technique can provide information about the mass and composition of a membrane protein complex 

and allows one to study interactions with structurally relevant ligands, such as drugs, nucleotides, or 

lipids. Detergents that are suitable for native MS do not only require solution conditions appropriate for 

membrane protein isolation but also gas-phase properties that help to retain native protein structures 

and their non-covalent interactions in the vacuum of a MS instrument. However, detergent families 

that are currently available can facilitate either the isolation of membrane proteins or their analysis by 

native MS. 

This thesis addresses the question, how one can optimize the molecular structure of a detergent 

family for membrane protein isolation and individual applications in native MS. With this regard, the 

utility of dendritic oligoglycerol detergents (OGDs) was evaluated, which have not yet been used in 

membrane protein research. For this purpose, a highly systematic OGD library was constructed by 

systematically changing the structure of these detergents. In order to prove their general utility for 

protein MS, mixtures between soluble proteins and OGDs were analyzed by native MS. Data obtained 

from the soluble protein ß-lactoglobulin (BLG) indicated that protein charge states can be manipulated 

by tuning the basicity of these detergents. A comparative study between BLG and the membrane 

protein OmpF revealed the validity of this design criterion and demonstrated for the first time the utility 

of OGDs for native MS of membrane proteins. Moreover, with a set of five different OGDs and four 

membrane proteins it was examined, how crucial aspects, such as membrane protein isolation, charge 

states, and the ability to detect binding with structurally relevant membrane lipids could be 

independently optimized by altering the OGDs’ molecular structure. Furthermore, these detergents 

enabled the easy MS analysis of a G protein-coupled receptor protein (GPCR), which is one of the 

most challenging and most important protein families in pharmacology.  

The obtained results open new avenues for the future development of detergents that cover 

optimal properties for membrane protein isolation and native MS applications. 
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1. Introduction 

Membrane proteins are one of the most fascinating classes of proteins in biology. They are located at 

the interface between two opposing environments, such as lipid membranes and their aqueous 

surrounding, and fulfill functions that are crucial for life of every organism.
[1]

 Most membrane proteins 

function as communication gates or transport systems. In particular, they mediate signaling pathways 

across biological membranes and enable the interconversion between different forms of energy, which 

enables, for example, the provision of adenosine triphosphate (ATP) – the universal energy source in 

living cells.
[2]

 Furthermore, membrane proteins are targets for more than 50% of all modern drugs.
[3]

 

Elucidating the membrane proteome is therefore of enormous interest in structural biology and 

medicinal chemistry. 

Approximately 26% of human protein-coding genes correspond to membrane proteins and more 

than 800 unique membrane protein structures have been reported until today.
[4, 5]

 Nuclear magnetic 

resonance (NMR),
[6]

 X-ray crystallography,
[7]

 small-angle neutron scattering (SANS),
[8]

 electron 

microscopy (EM) techniques,
[9]

 and gel-filtration techniques
[10]

 are traditionally used for the structural 

investigation of membrane proteins and provide information about their three-dimensional structure 

and dynamics. All here-mentioned techniques require the use of membrane mimetica that keep the 

membrane protein ideally in a native and soluble state upon extraction from biological membranes. 

The isolation of membrane proteins is traditionally achieved with detergents, whose aggregates can 

preserve the native protein structure apart from its native host environment. The detergent’s capability 

of preserving native protein structures remains protein specific and suitable detergents are identified 

empirically. Conventional condensed phase techniques, however, require comparatively large sample 

amounts, provide long measuring cycles and are not yet suitable for efficient high-throughput 

screenings. 

An emerging technique that has the potential to overcome these limitations is native mass 

spectrometry (MS).
[11]

 As such, MS techniques provide fast acquisition cycles, are very sensitive and 

therefore low sample consuming.
[12]

 Protein-detergent mixtures can be ionized and transferred into the 

vacuum of a MS instrument, where the controlled removal of the detergent environment ideally leads 

to the release of intact membrane protein complexes.
[13]

 The chemical nature of detergents influences 

the ease of the detergent removal and the charge states of the released protein ions.
[14]

 Gentle 

activation conditions and low protein charge states are highly desired, because they reduce the impact 

of Coulomb-driven protein unfolding and support the preservation of natively folded states.
[15-17]

 So-

obtained mass spectra can provide information about the mass of a membrane protein complex, its 

subunit composition, or interactions with structurally relevant ligands, such as drugs, nucleotides, and 

lipids.
[11, 13, 18] 

A more recent breakthrough came with the demonstration that the impact of co-purified 

membrane lipids on the structure and function of membrane proteins can be studied by MS 

techniques.
[18, 19]

 The choice of the detergent alters the extent of lipid co-purification during protein 

isolation and can therefore dictate the success of the intended native MS application.
[20]

 Furthermore, 

native MS allows one to estimate the compatibility between membrane proteins and detergents.
[13] 

The 

valuable set of information, which can be gained from native MS experiments, can usefully 

complement the structural investigation of membrane proteins with other biophysical techniques.
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1.1 Motivation 

The emerging importance of native MS as a complementary tool for the structural elucidation of 

membrane proteins has raised the demand for new detergents.
[21]

 Detergents that are suitable for 

native MS meet high expectations. They ideally need to provide not only favorable solution properties, 

which allow one to preserve native protein structures in solution, but also gas-phase properties that 

allow one to transfer and release native membrane proteins into the vacuum of a MS instrument. 

Favorable solution properties include the ability to extract membrane proteins from membranes under 

non-denaturing conditions and the ability to control lipid co-purification from biological membranes.
[20]

 

On the other hand, gas-phase properties that facilitate the structural analysis of membrane proteins 

include charge reduction and gentle release conditions for the detergent removal.
[14-17]

 Available 

guidelines that help to estimate solution and gas-phase parameters of detergents regarding their 

molecular structure are kept very general.
[14, 20]

 The ability to adjust the structure of a detergent to the 

scope of the experiment would clearly facilitate the investigation of the membrane proteome. 

During the past 20 years, a new family of dendritic oligoglycerol detergents (OGDs) has been 

developed, which has not yet been considered for membrane protein research.
[22]

 These detergents 

consist of a dendritic triglycerol head group and a variable hydrophobic tail, which are held together by 

a linker (Figure 1.1). The molecular architecture of OGDs is highly modular and today’s available 

synthetic protocols allow one to systematically exchange individual detergent building blocks, which is 

a valuable perquisite for structure-property studies. The potential of OGDs for the application-oriented 

optimization of their molecular structure has been successfully demonstrated in the cases of surface 

coatings against bioadhesion,
[23-25]

 dye labels for optical imaging on biological samples,
[26, 27]

 and 

various drug delivery applications.
[28, 29]

 

1.2 Outline 

This thesis evaluates the potential of OGDs for the analysis of membrane proteins by native MS and if 

the modular architecture of these detergents can be optimized for the isolation and native MS analysis 

of membrane proteins. In particular, this thesis addresses the structural optimization of OGDs for 

membrane protein isolation, charge reduction and the ability to detect protein complexes formed with 

co-purified membrane lipids by MS. 

The first part of Chapter 2 gives an overview about the general utility of detergents for isolating 

membrane proteins. It summarizes the present knowledge about how the detergent’s protein 

compatibility in solution can be estimated in relation to its molecular structure, different detergents 

classes, and alternative membrane mimetica. In the second part of this chapter, an introduction into 

native MS of membrane proteins is given and relevant detergent parameters are discussed. Finally, 

the family of OGDs is introduced, which has not yet been considered for membrane protein research 

and whose potential for membrane protein purification and individual native MS applications is 

evaluated throughout this thesis. 
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The utility of detergents for native MS experiments on membrane proteins depends on the chemical 

properties of the detergent’s head group, hydrophobic tail, and linker. To explore if OGDs would allow 

one to adjust the detergent structure for a range of native MS experiments, a bottom-up strategy was 

applied. For this purpose, in Chapter 3, the synthesis of a new modular OGD library is presented, 

which covers systematic structural variations in head group, linker, and tail (Figure 1.1). Furthermore, 

a new synthesis concept is introduced that leads to the obtainment of OGD regioisomer mixtures. 

Chapter 4 discusses the general utility of OGDs for the native MS analysis of proteins. With a set 

of six OGDs and four proteins, it is shown how the propensity of OGDs to promote protein charge 

reduction can be controlled by tuning the molecular structure of these detergents (Figure 1.1). 

Chapter 5 evaluates whether OGDs can extract membrane proteins from biological membranes 

and control lipid co-purification. The results presented in this chapter show how protein isolation, 

charge reduction, and the ability to detect protein complexes formed with co-purified membrane lipids 

by native MS can be independently controlled by tuning the molecular structure of OGDs (Figure 1.1). 

Furthermore, the benefit of using OGD regioisomer mixtures over individual OGD regioisomers for 

membrane protein extraction is discussed. Furthermore, it is discussed if OGDs can enable the easy 

native MS analysis of G protein-coupled receptors (GPCRs) – a membrane protein family that 

accounts for nearly 40% of current drugs.
[30]

 The data obtained during the last two chapters underline 

the enormous potential of OGDs for the isolation and native MS analysis of membrane proteins. 

 

Figure 1.1: Evaluating the utility of OGDs for optimizing membrane protein purification and individual 

native MS applications. In the first project, the synthesis of a new OGD library is presented, which 

covers systematic structural variations with respect to the head group, linker and tail. In the other two 

projects, it is discussed how one can optimize protein isolation, charge reduction and lipid binding on-

demand by tuning the molecular structure of these detergents. 
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2. Fundamentals 

2.1. Detergents for Isolating Membrane Proteins 

Detergents are indispensable tools for the structural investigation of membrane proteins and are 

traditionally used for their isolation from biological membranes. The general structure of detergents is 

reminiscent of lipids, which consist of a polar (water soluble) head group and a non-polar (water 

insoluble) tail that are held together by a linker group (Figure 2.1). In contrast to lipids, detergents 

have comparatively large hydrophilic head groups, small hydrophobic tails, and are therefore soluble 

in aqueous systems. Driven by the hydrophobic effect,
[31, 32]

 detergents tend to aggregate in aqueous 

solution when a certain concentration threshold is exceeded – the so-called critical aggregation 

concentration (cac).
[33] 

Depending on their molecular structure, concentration, solution environment, 

and temperature, detergents self-assemble into a variety of nanostructures, including micelles, rods, 

worm-like micelles, vesicles, tubes, and lamellae structures.
[22, 34] 

Using this knowledge, 

Isrealachvili et al. developed a model-based theory that helps to explain the aggregate morphology by 

considering the geometrical considerations of the detergent’s hydrophobic and hydrophilic building 

blocks.
[35] 

The amphiphilic nature of detergent aggregates is reminiscent of self-assembled lipid 

bilayers, which is an important requirement for the detergent’s utility to solubilize membrane proteins in 

the absence of biological membranes (Figure 2.1).
[36]

 

 

Figure 2.1: The structure of lipids, detergents, and their aggregates formed with membrane proteins. 

a) The molecular structure of lipids and detergents consist of a polar head group and a non-polar tail, 

which are hold together by a linker. b) – c) Membrane proteins are either embedded within water-

insoluble cellular membranes or can be obtained in a water-soluble state upon encapsulation into 

detergent aggregates. 
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The transfer of membrane proteins from lipid membranes into detergent aggregates is generally 

referred to as protein extraction (Figure 2.2). Purified membrane proteins that are encapsulated in 

detergent aggregates are soluble in aqueous media and can be analyzed by common biophysical 

techniques, such as NMR spectroscopy, X-ray crystallography, SANS, EM, or native MS.
[6-9, 13]

 

However, no universal detergent is available that is capable to preserve the native structure of every 

membrane protein and that is compatible to every biophysical technique at once. This requires testing 

of different detergents, which can be readily achieved by gel-filtration experiments (Figure 2.2).
[10]

 It is 

thereby important to mention that a detergent that is suitable to solubilize a protein upon detergent 

exchange must not be suitable for membrane protein extraction. The same is true for the detergent’s 

compatibility to individual biophysical techniques. For example, a detergent that is suitable for X-ray 

crystallography must not be suitable for native MS applications. Therefore, when choosing a detergent 

one needs to consider not only the compatibility between membrane protein and detergent, but also 

the scope of the experiment (Figure 2.2).
[37]

 

 

Figure 2.2: The utility of detergents for isolating and analyzing membrane proteins. (I) Detergents are 

used for dissolving membranes and extracting membrane proteins. The detergent environment 

increases the solubility of membrane proteins in aqueous solution. (II) The structure of solubilized 

membrane proteins can be analyzed by different biophysical techniques. (III) Unsuitable detergent 

environment is exchanged and the new sample is analyzed again. 

2.2.1 Dissolution of Biological Membranes 

Biological membranes are insoluble in water and comprise a diverse content of lipids and proteins. 

The heterogeneity of biological membranes usually hampers the structural investigation of membrane 

proteins within their native environment.
[38, 39]

 Many biophysical tools are tailored for the investigation 

of purified membrane proteins.
[21]

 In this context, detergents have significantly driven membrane 

protein research. They are used for membrane protein extraction and solubilization, which is a 

perquisite for the application of many biophysical techniques.
[20, 40, 41]

 Many detergents effectively 

dissolve lipid membranes and solubilize membrane proteins during extraction; not all of them preserve 

the native structure of membrane proteins.
[20, 40, 41]

 A detergent that can prevent a membrane protein 

from losing its structure and function is generally denoted as “non-denaturing” to a respective protein. 

The compatibility between a protein and a detergent, however, remains protein specific and needs to 

be evaluated for every detergent that has not been tested before. 
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Because detergents are important for the isolation of membrane proteins, the detailed mode of 

interaction with biological membranes has been extensively studied.
[42-46] 

Primary work on this 

research area was focused on investigating the dissolution of lipid vesicles in solution as a function of 

the detergent concentration (Figure 2.3). For the detergent-induced dissolution of lipid vesicles a 

three-stage hypothesis was proposed:
[42-45] 

First, detergent molecules are taken up at low 

concentrations by the lipid bilayer. Second, the saturation of the lipid bilayer with detergent molecules 

at higher concentrations creates a phase transition resulting in a transformation of lipid-detergent 

vesicles to lipid-detergent micelles. Third, the phase transition reaches an end point and the 

solubilization of the lipid vesicle is completed.  

Kragh-Hansen et al. finally confirmed the validity of the three-stage hypothesis for describing the 

solubilization of protein-containing membranes.
[46]

 The three-stage hypothesis was complemented by 

four transition phases (a – d, Figure 2.3): In the first phase (a), the protein-containing lipid bilayer 

takes up the detergent and they are randomly distributed across the membrane. In phase (b), the 

detergent concentration within the membrane reaches a critical point at which the detergents begin to 

interact cooperatively. As a consequence, large membrane fragments are formed, which are sealed at 

the edges by detergent assemblies, but no solubilization occurs at this point. In phase (c), above a 

detergent concentration which is called the critical solubilization concentration (csc), lipid- and protein-

containing membrane units become solubilized in form of mixed aggregates, for example, micelles 

composed of lipids, proteins, and detergents. In phase (d), only mixed aggregates are present. Kragh-

Hansen et al. confirmed that the solubilization of membrane proteins can be achieved at detergent 

concentrations below the detergent’s cac (Figure 2.3).
[46]

 Detergent concentrations that are nowadays 

practically applied for membrane protein extraction, however, lay typically above the detergent’s cac 

and even higher detergent concentrations (~ 1w%) are used for the dissolution of biological 

membranes.
[13, 14]

 

 

Figure 2.3: Overview of different states (I – III) and transition phases (a – d) that are encountered in 

solubilizing protein-containing membranes at different detergent concentrations. Further explanations 

can be found in the text above. The image was adapted from reference
[46]

 with the permission of the 

American Chemical Society (Copyright 1993). 
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2.1.2 Classification of Detergents  

Membrane proteins are prone to denaturation during the dissolution of biological membranes when 

high detergent concentrations are used. The perturbation of the native membrane protein structure 

has several causes: Detergents have a known propensity to substitute the natural lipid belt of 

membrane proteins, when high detergent concentrations are applied.
[20, 40, 41]

 Lipids are key regulators 

for the oligomerization of membrane protein subunits. Furthermore, interactions between lipids and 

surface-exposed amino acids can significantly stabilize the three-dimensional structure of membrane 

protein complexes.
[19, 47]

 The detergent’s propensity to delipidate membrane proteins is therefore 

proposed as a major drawback for maintaining the native protein structure during extraction from 

biological membranes.
[40, 41]

 Moreover, detergents can disturb hydrophobic and hydrophilic inter- and 

intramolecular protein interactions, which can destabilize the three-dimensional structure of a protein. 

In particular, ionic and zwitter-ionic detergents exhibit an enhanced propensity to disturb structurally 

relevant salt bridges.
[48]

 Moreover, the lateral pressure, water content, and alkyl chain packing of 

native membranes are poorly duplicated in a detergent-solubilized state.
[21]

 

Although it is generally well understood how the molecular structure of detergents causes protein 

denaturation, no precise design criteria are available yet that allow manipulating the detergent’s 

protein compatibility on-demand. The number of different detergent structures published in literature is 

huge and overviews are given in different review articles.
[20, 37, 40, 41] 

Throughout the following 

paragraphs, only a small selection of these detergents will be briefly introduced and discussed 

concerning their utility for membrane protein research. 

Detergents can be generally classified according to the charge of their head group and are divided 

into four classes, such as non-ionic, cationic, anionic, and zwitterionic (Figure 2.4). Non-ionic 

detergents, such as saccharide or polyethylene glycol detergents, are most commonly used for protein 

purification (Figure 2.4). 

 

Figure 2.4: Overview of detergent classes that have been utilized for the purification and structural 

analysis of membrane proteins. The detergents are classified according to the charge of their head 

group as non-ionic, cationic, anionic, or zwitterionic detergents. 
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The popularity of saccharide detergents relies on the fact that they are effective in protein extraction 

and that they are non-denaturing enough to maintain functional states of many proteins.
[20, 40, 41] 

Prominent examples are n-octyl ß-D-glucoside (OG) and n-dodecyl ß-D-maltoside (DDM). The 

majority of available membrane protein crystal structures has been solved with these detergents.
[20] 

Other non-ionic polyethylene detergents, for example, C8E4, Brij®, Nonidet®, Triton®, or 

Tween X-100®, do not usually denature membrane proteins as well.
[37, 49, 50] 

Except for C8E4, the main 

drawback of these detergents relies on their absorption properties in the UV range, which can interfere 

with protein concentration analysis by UV/VIS spectroscopy.
[37]

 Furthermore, divalent cations, such as 

Fe
2+

, Ca
2+

, and Co
2+

, can promote precipitation of these detergents.
[37, 51]

 

Secondly, anionic and cationic detergents, for example, sodium dodecyl sulphate (SDS) and 

hexadecyltrimethylammonium bromide (CTAB), usually denature proteins (Figure 2.4). Their 

aggregation properties and solubility strongly depend on the salt content in solution and these 

detergents disturb salt bridges within the protein backbone that are crucial for membrane protein’s 

structure and function.
[48]

 Only a few membrane proteins have been successfully investigated with 

these detergents and they are less commonly used for the purification of membrane proteins.
[52]

 

Thirdly, zwitterionic detergents, such as lauryldimethylamine oxide (LDAO), n-dodecyl phoscholine 

(Fos-Choline 12), or 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), contain 

both a positive and a negative charge in their head group and exhibit intermediate denaturing 

properties (Figure 2.4).
[37, 41]

 Michel et al. estimated that approximately 20% of all membrane proteins 

are stable enough to resist against the denaturing effects of LDAO.
[20, 52] 

Phospholipid-like detergents, 

such as n-dodecylphoscholine (Fos-Cholin 12), have attracted much attention in recent years, 

because they can help to maintain functional states of GPCRs,
[53-55]

 which is a challenging membrane 

protein family that accounts for nearly 40% of all current drugs.
[30] 

Zwitterionic detergents are most 

successfully used for structural investigation of a few membrane proteins by NMR spectroscopy and 

X-ray crystallography.
[20, 40, 41]

 

Gilbert G. Privé compared the protein compatibility behavior of the individual detergent classes and 

concluded general guidelines that help to estimate the denaturing properties of a particular detergent 

in relation to its molecular structure (Figure 2.5).
[20]

 The general tendency of a detergent to denature 

membrane proteins can be understood by considering the structure of the polar head group and the 

length of the alkyl spacer.
[20, 40]

 Non-ionic detergents, for example, that comprise a large head group 

and long alkyl spacers are non-denaturing (mild), while ionic detergents with a small head group and a 

short alkyl spacer are denaturing (harsh, Figure 2.5). The optimal length of linear alkyl spacers was 

thereby proposed to be 12 – 14 carbon atoms long.
[20, 40]

 However, no general specifications for 

alternative hydrophobic motives, like cholesterol or branched chain architectures or specific head 

group structures, are available so far. The qualitative estimations made by Gilbert G. Privé fit very well 

to the behavior of detergent families that are most commonly applied in membrane protein research 

(Figure 2.5). He also stated that the estimations drawn from these detergent guidelines might not 

apply for all protein-detergent combinations and that exceptions to these estimations might be found in 

particular cases.
[20]
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Figure 2.5: General design considerations proposed by Gilbert G. Privé that help to estimate the 

detergent’s denaturing properties in relation to its molecular structure. The image was adapted from 

reference
[20]

 with the permission of Elsevier (Copyright 2007). 

2.1.3 Alternatives to Detergents 

To overcome the general limitations that are associated with the use of detergents for the structural 

investigation of membrane proteins, many different alternative systems have been explored. An 

emerging class of molecules whose potential for membrane purification has been explored during the 

last decades are hemifluorinated surfactants (HFSs), which contain a hydrophilic head group and a 

(partially) fluorinated hydrophobic tail (Figure 2.6).
[56]

 Fluorinated hydrocarbon chains exhibit a low 

miscibility with hydrocarbons, in line with their low propensity to dissolve biological membranes.
 

However, HFSs are well suited for detergent exchange experiments and can be used as alternatives 

to classic detergents for the solubilization of membrane proteins, as confirmed for bacteriorhodopsin, 

cytochrome b6f, and the bacterial outer membrane protein A (OmpA).
[57-59] 

Compared to classic 

detergents, the use of HFSs can enhance the protein stability in solution. Cytochrome b6f, for example, 

was found to be more stable when it was transferred from saccharide detergents to a HFS called C2-

H5C6F12C2H4-S-poly-tris-(hydroxymethyl)-aminomethane (HF-TAC, Figure 2.6).
[58] 

Due to the low 

miscibility between fluorinated chains and hydrocarbons, HFSs most likely exhibit a lower propensity 

to delipidate membrane proteins. They are therefore suggested to promote a better retention of 

structurally relevant lipids on protein surfaces, which in turn can stabilize the native structure of 

membrane proteins.
[58]

 The synthesis of HFSs is very expensive. Their limited availability together with 

the high synthetic costs hampers the preparation of large HFS batches, which are required for 

detergent exchange experiments.
[56, 60]

 

Another class of molecules that make it possible to handle membrane proteins in a detergent-free 

environment are amphipols (Figure 2.6).
[60-62]

 These systems are hydrophilic polymers that are grafted 

with hydrophobic chains, which introduces amphiphilic character into their molecular structure. They 

can form stable complexes with a broad range of more than 30 different membrane proteins in 

solution.
[60]

 Membrane protein that have been solubilized with amphipols comprise molecular masses 

of more than 1 MDa.
[60-62]
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Contrary to detergents, amphipols disperse membranes into large lipid-polymer aggregates.
[63]

 Their 

propensity to delipidate membrane proteins is therefore lower than that of detergents, which can 

improve membrane protein stability upon isolation. They have been explored for NMR, EM, and native 

MS experiments, but are not well-suited yet for membrane protein crystallization.
[60, 62] 

Another alternative are lipopeptides (LPD), which were designed to mimic the lipid environment. 

LPDs consist of a 25-amino-acid-long alpha helical peptide monomer and their ends are functionalized 

with fatty acid moieties.
[64, 65]

 The length of LPDs is akin to the thickness of biological membranes 

(Figure 2.6).
[64]

 The alpha helix exhibits facial amphiphilic character, because it comprises a 

hydrophobic inner side consisting of alanines and a hydrophilic outer side made of polar amino 

acids.
[64]

 Like HFSs, LPDs are expensive to produce and are not suitable for protein extraction.
[65] 

They 

are effective in protein solubilization and their potential for NMR studies and X-ray crystallography is 

still under investigation.
[65]

 

Another alternative system that has attracted attention for the structural investigation of membrane 

proteins are bicelles.
[66]

 They consist of a lipid bilayer segment that is surrounded by a belt of 

detergents. Bicelles can be readily formed by adding detergents to protein-containing lipid bilayers. 

Their structure is similar to lipid membranes, which makes them to promising tools for studying lipid-

protein interactions. However, not all proteins are able to self-assemble into stable bicelles. Therefore, 

membrane scaffold proteins (MSPs) were developed,
 
which enable the reconstitution of membrane 

proteins into stable nanodiscs.
[67, 68]

 Compared to bicelles, nanodiscs consist of a phospholipid bilayer 

core that is stabilized at its edges by a MSP. Bicelles and nanodiscs are used for studying membrane 

proteins by EM, NMR, X-ray crystallography, and native MS.
[21, 66-71] 

However, they still require the use 

of detergents as they cannot be directly applied for extracting membrane proteins. 

 

Figure 2.6: An overview about alternatives to detergents, which can be used for the structural 

investigation of membrane proteins. 
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2.2 Analysis of Membrane Proteins by Native Mass Spectrometry 

Over the past 30 years, native mass spectrometry (MS) has contributed to the foundation of new 

research fields, including proteomics and metabolomics, and provided new tools that are 

complementary to condensed phase techniques. In native MS, molecules are ionized and transferred 

into the vacuum with the aim to maintain non-covalent interactions from native solution species. In 

particular, native MS on membrane proteins allows one not only to investigate the protein structure 

itself but also interactions with small molecules, such as drugs, nucleotides and lipids.
[11]

 The dielectric 

constant of hydrophobic lipid bilayer compartments is close to that of vacuum. In the 1990s, it was 

therefore discussed if vacuum could be a good mimic for the native host environment of membrane 

proteins.
[72]

 Experiments of Ilag et al. and Lengqvist et al. confirmed that membrane proteins can 

indeed be transferred and analyzed in the vacuum of a MS instrument.
[73, 74]

 However, there was still a 

question if solution interactions between protein subunits or to small molecules can be maintained.
 

A breakthrough came in 2008 with the first demonstration that a heteromeric adenosine 

5´-triphosphate (ATP)–binding cassette transporter (BtuC2D2) could be transferred intact into the 

vacuum of a MS instrument.
[75]

 The results obtained by Barrera et al. revealed for the first time that 

interactions of transmembrane subunits, cytoplasmic subunits, and also non-covalent interactions of 

membrane proteins to small molecules, such as ATP or lipids, could be analyzed by MS. Mass spectra 

of membrane proteins report on molecular masses, oligomeric states, the composition of native 

subunits, and binding events to structurally relevant ligands,
[13, 18]

 which make native MS a valuable 

and complementary technique for applications in proteomics and metabolomics. Amongst other 

factors, these first remarkable results were enabled by the use of detergents.
[73-75]

 Their aggregates 

turned out to be able to protect the structure of membrane protein complexes not only in solution but 

also during their transport into the vacuum and ionization.
[75]

 The following sub-chapters summarize 

instrumental backgrounds, opportunities, and limitations that arise from native MS on membrane 

proteins as well as the properties of detergents classes that have driven this emerging research field. 

2.2.1 Electrospray Ionization 

A typical MS instrument consists at least of three parts: (1) ion source, (2) mass analyzer, and 

(3) detector (Figure 2.7).
[76]

 The transport of membrane proteins into the vacuum of a MS instrument is 

commonly achieved by an ionization source. Apart from less common methods, such as laser-induced 

liquid bead ion desorption (LILBID)
[77]

 or desorption electrospray ionization (DESI),
[78]

 techniques 

based on electrospray ionization (ESI) are today most commonly used for native MS experiments on 

membrane proteins.
[11]  

 

Figure 2.7: Schematic overview about the basic parts of a MS instrument.  
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An ESI source requires a conductive capillary with a diameter of 0.1 – 0.2 mm (Figure 2.8). The 

capillary is connected to a syringe that is loaded with liquid analyte. Driven by a syringe pump, the 

liquid is pressed through the capillary with flow rates of about 1 – 20 µL/min. The capillary exit is 

placed towards the entrance of the MS instrument and a high voltage of about 1 – 6 kV is applied. The 

strong electric field causes charge separation inside the liquid.
[79]

 According to the polarity shown in 

Figure 2.8, negatively charged ions travel to the wall of the capillary, while positively charged ions 

travel to the exit of the capillary. Due to accumulation of charges at the capillary exit, a so-called 

Taylor cone is formed,
[80] 

from which charged droplets with sizes in the micrometer range are emitted. 

They traverse to the entrance of the MS instrument, solvent evaporates until the surface charge 

density reaches the Rayleigh-limit, and the droplets undergo Coulomb fissions.
[79]

 This leads to the 

formation of smaller electrospray (ES) droplets. The miniaturized version of ESI is nanoelectrospray 

ionization (nESI).
[81]

 Instead of the above-described conductive capillaries, metal-coated borosilicate 

capillaries are used with tip openings of about 1 – 5 µm. As a result, smaller sample amounts of about 

1 – 2 µL can be sufficient for sample analysis. Furthermore, smaller initial ES droplets are formed and 

as a consequence, nESI can be more tolerable to salt and buffer additives.
[79]

 

 

Figure 2.8: Schematic overview of an electrospray ionization (ESI) source. 

Three different mechanisms are described for the formation of ions out of small and charged ES 

droplets (Figure 2.9). According to the ion evaporation model (IEM),
[82-84]

 small ions are released from 

charged ESI droplets. For larger analytes, such as compactly folded globular proteins, it is more likely 

that analyte and charges of the analyte-containing droplet are desolvated together. According to the 

charge residue model (CRM),
[82-84]

 it is assumed that solvent evaporates from the small ES droplets 

until the analyte molecule plus the charge of the droplet are left. So-obtained ionized species are also 

referred to as quasi-molecular ions. For unfolded proteins, the ion formation is assumed to occur 

according to the chain ejection model (CEM).
[82-84]

 Unfolded proteins exhibit a large content of solvent-

accessible non-polar side chains. These side chains are assumed to interact preferentially with the 

interface of ES droplet, which is in direct contact with the non-polar air phase. Charge-repulsive 

interactions may promote the stepwise ejection of the unfolded protein out of the ES droplet. For 

membrane proteins, the CRM and CEM are the most relevant mechanisms for the description of their 

ionization by ESI. 
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Figure 2.9: Schematic overview about different ion release mechanisms in ESI: a) ion evaporation 

model (IEM), b) charge residue model (CRM), and c) chain ejection model (CEM). 

2.2.2 Q-ToF and Orbitrap Mass Spectrometers 

Until today, most of the ESI-MS experiments on membrane proteins have been conducted with 

quadrupole-time-of-flight (Q-Tof) instruments.
 
A schematic presentation of a relevant instrument setup 

is shown in the Figure below (Figure 2.10).
[11, 13]

 Briefly, ions that are generated by nESI travel through 

the entrance of the mass spectrometer and are focused by ion guides to facilitate their transmission to 

the quadrupole region. Here, specific ion populations can be selected according to their mass-to-

charge ratio (m/z). The ions are subsequently injected into the collision cell by means of an injection 

voltage (collision voltage), where they undergo collisions with neutral gas molecules, such as argon. 

A second ion guide to the time-of-flight (ToF) analyzer transfers the ions, which finally enables the 

determination of their m/z values. The molecular mass of membrane proteins can range from several 

kilo daltons up to mega daltons. In comparison to small molecules, the ions formed by large 

membrane protein complexes exhibit therefore an enormous kinetic energy and the ion beam is 

defocused upon nESI.
[85] 

They travel among inappropriate trajectories, which can hamper their 

transmission to the ToF analyzer. To overcome these limitations, MS instruments that are optimized 

for the analysis of large membrane protein complexes are operated at elevated pressures.
[85]
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This includes an increase in pressure of the source region and collision cell (Figure 2.10).
[85, 86] 

By doing so, membrane protein ions undergo not only more collisions with neutral gas molecules 

within the collision cell but also directly upon entering the MS instrument. The kinetic energy of the 

ions can dissipate into the surrounding gas, which lowers their kinetic energy and facilitates the 

appropriate back-focusing of their trajectories using the ion guides. This effect is also referred to as 

“collisional cooling” or “collisional focusing” and has been discovered for large soluble protein 

complexes, such as for the 20S proteasome (692 kDa) and tetrameric ADH (~ 147 kDa),
[85, 86]

 and 

membrane proteins.
[87]

  

 

Figure 2.10: Schematic overview of a quadrupole-time-of-flight (Q-ToF) mass spectrometer used for 

the nESI-MS analysis of intact membrane protein complexes. The image was taken from reference
[13]

 

with the permission of Nature Springer (Copyright 2013). 

Furthermore, conventional quadrupoles support the acquisition of ions with m/z values up to 4000. 

For the analysis of larger biomolecules, quadrupoles can be operated at lower radio frequencies, 

which helps to increase the available m/z range up to 32000.
[88, 89]

 In addition, different mass analyzer 

setups have been explored for the MS analysis of membrane proteins, which include Orbitrap- and 

Fourier transform-ion cyclotron resonance (FT-ICR) mass analyzers.
[90-93] 

The main advantage of both 

setups over Q-ToF systems is that they can acquire mass spectra with very high resolution by using 

only seconds of acquisition time. High resolution is very important for the qualitative and quantitative 

analysis of ligand-bound states. In the case of lipids, for example, m/z differences between a free 

protein and its protein-lipid-complex are very small. Using the Orbitrap technology it was recently 

demonstrated that one can resolve even multiple binding events in protein complexes formed with 

lipids that differ only in the length of their alkyl chains.
[92]

 For the soluble protein complex GroEL 

(~ 800 kDa), for example, it was also recently shown that molecular weight differences below 1% of 

the total complex mass could be easily resolved, which enables one to distinguish between GroEL 

complexes formed with ADP and ATP.
[91]
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The Q Exactive hybrid quadrupole-Orbitrap mass spectrometer has been recently explored for 

investigating membrane protein complexes (Figure 2.11).
[92, 94] 

Ions generated by nESI are guided by 

complex ion optics to a quadrupole. Analogues to Q-ToF systems, the quadrupole can be operated at 

low radio frequencies to support the transmission of large membrane protein complexes. The ions are 

then guided into the higher-energy collisional dissociation (HCD) cell, where ion activation can be 

achieved through collisions with neutral gas molecules. The ions are subsequently subjected into the 

C-trap, where the ion packages are focused prior to their injection to the Orbitrap mass analyzer. The 

ions traverse around a central, spindle-shaped electrode, whereby the image current of the axial 

motion of the ions is picked up by a detector. Similarly to FT-ICR, the detected rotational frequency of 

the ions can be Fourier-transformed to yield high resolution mass spectra. Elevated collision gas 

pressure (~ 10
-9

 mbar) can be applied within the HCD cell to optimize the transmission of large ions.
[92]

 

 

Figure 2.11. Schematic overview of a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer used 

for the nESI-MS analysis of intact membrane protein complexes. The image was taken from 

reference
[92]

 with the permission of Nature Springer (Copyright 2016). 

2.2.3 The Protective Role of the Detergent 

The ability to maintain and analyze non-covalent interactions of complex membrane protein 

assemblies by MS is not only supported by the development of new instruments, but also by the use 

of detergents. Several studies point to the fact that detergents can act as a key player for the 

preservation of native membrane protein structures during their transfer from solution into the vacuum 

of a MS instrument by nESI.
[21]

 This sub-chapter discusses the general role of detergents for the 

structural preservation and analysis of membrane proteins by native MS. The acquisition of well-

resolved membrane protein mass spectra requires the removal of the detergent environment upon 

nESI of protein-detergent mixtures. This can be achieved, for example, by laser-induced heating or by
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raising the injection voltage that accelerates the ions into the collision cell.
[13, 18, 95]

 At low collision 

voltages, weakly resolved and very broad signals appear (Figure 2.12), which indicate that the 

membrane protein is still trapped within the detergent environment.
[18]

 Once the collision voltage is 

enhanced the loss of detergent molecules occurs, which is reflected by an increase in resolution of the 

protein mass spectrum (Figure 2.12). Further increase in collision voltage can lead to the disruption of 

the membrane protein complex. As shown in case of the ELIC pentamer, an asymmetric charge state 

distribution can be observed upon collision-induced dissociation (CID, Figure 2.12). This is commonly 

observed for large protein complexes and can be attributed to partial unfolding of monomeric 

subunits.
[96, 97]

 They can take up a disproportionally large amount of charges during nESI and repulsive 

Coulomb interactions subsequently facilitate their dissociation from the protein complex.  

In 2009, Friemann et al. investigated the protective role of detergent aggregates for membrane 

proteins during the transport into the vacuum.
[98] 

Molecular dynamics (MD) simulations were performed 

with the outer membrane protein A (OmpA) from E. coli embedded in a dodecylphosphocholine (DPC) 

detergent micelle (80 DPC molecules) that was surrounded by a thin water layer.
 
The results obtained 

under vacuum conditions indicated that the majority of structural changes occurred within the 

detergent aggregate that surrounded the membrane protein, while the structure of the protein within 

the detergent complex was not very sensitive to the evaporation process. 

 

Figure 2.12: Mass spectra of the pentameric ligand-gated ion channel (ELIC) encapsulated in DDM 

acquired at different collision voltages upon nESI. Increasing the collision voltage (120 V – 140 V) 

leads to the removal of the detergent environment, as indicated by the increase in resolution of the 

protein signals. At higher collision voltages (180 V) the disruption of the membrane protein complex is 

obtained. The image was taken from reference
[18]

 with the permission of the American Chemical 

Society (Copyright 2015). 
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This led to the conclusion that water and surfactant molecules could act as a safeguard by protecting 

the membrane protein from dehydration-related conformational changes,
[98] 

which is in line with the 

results obtained from native MS experiments.
[13, 18, 21]

 

The protective role of the detergents was further investigated by Borysik et al. who studied the 

effect of nESI on the structure of empty detergent aggregates and membrane protein-detergent 

complexes with MS techniques.
[15, 16, 99]

 MS-based experiments on a series of n-trimethylammonium 

bromide detergents revealed that large detergent clusters were formed during nESI of detergent 

solutions.
[99] 

The size of the formed clusters increased with the charge state of the cluster and 

decreased with the length of the detergent’s alkyl spacer. Moreover, the size of the detergent cluster 

was independent from the detergent concentration in solution. These results are in strong contrast to 

the thermodynamics of micelles formed in solution and indicated that the structure of detergent 

aggregates underwent a pronounced structural transition during nESI. More importantly, CID 

experiments that were performed on individual cluster ion populations revealed that asymmetric 

charge separation and neutral loss of detergents occured from precursor ions.
[15, 99]

 This implied two 

possible mechanisms that can explain the protective role of detergents for membrane protein MS 

(Figure 2.13): 1.) The energy taken up by the membrane protein-detergent complex through collisions 

with neutral gas molecules can dissipate through the loss of neutral detergent molecules or clusters. 

2.) The dissociation of charged detergent clusters reduces the impact of repulsive Coulomb 

interactions, which prevents the protein structure from Coulomb-driven unfolding. A mechanistic study 

on the bacterial outer membrane protein (PagP) finally confirmed that that the release of bound 

detergents is central to the survival of native-like protein conformations in vacuum (Figure 2.13).
[16]

 

With completing the detergent removal the structural collapse or dissociation of the protein becomes 

the dominant pathway.
[15, 16] 

Further results presented by Reading and Liko et al. suggest that 

membrane proteins with greater detergent-encapsulated areas are better able to tolerate collisional 

activation without unfolding than those in which this area is proportionally smaller.
[14]

 

 

Figure 2.13: Suggested effect of internal energy rate and bound detergent amounts on protein 

disruption. a) Three different protein populations are suggested. In population A, the internal energy is 

low and the amount of bound detergent is high, which results in featureless mass spectra. In 

population C, the internal energy is high, bound detergents are removed, and protein disruption 

occurs. In-between, the detergent-free protein population B is observed, which can be characterized 

by MS techniques. b) Detergent release prevents the protein structure from collapsing. The images 

were taken from reference
[15]

 (left) and reference
[16]

 (right) with the permissions of the Royal Society of 

Chemistry (Copyright 2012) and the American Chemical Society (Copyright 2013), respectively 
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2.2.4 Charge Reduction 

A central aspect in the vacuum chemistry of detergents is their propensity to remove charges from 

membrane proteins.
[14]

 As mentioned above, charge reduction can lower the effect of Coulomb-driven 

protein unfolding and is therefore of general interest for the analysis of compact protein structures by 

mass spectrometry. Different charge-reducing strategies have been developed for proteins, which 

include the use of ammonium acetate buffer,
[100] 

crown-ethers,
[96]

 bipolar buffer gas,
[101] 

acetonitrile 

vapor,
[17]

 or basic solution additives that compete either with charging of the protein during nESI or 

removing the charge from the protein by CID.
[17, 102, 103] 

For membrane proteins, however, the charging mechanism might be more complex than for 

soluble proteins, because the protein is surrounded by detergents at the moment when charging 

occurs. To explore the relationship between detergent chemistry and membrane protein charge states, 

Reading and Liko et al. investigated a dataset of 49 combinations of membrane proteins and 

detergents.
[14]

 The authors found that nESI-MS experiments with saccharide detergents consistently 

gave higher membrane protein charge states than C8E4 or LDAO (Figure 2.14). The charge-reducing 

nature of LDAO was not further declared, while the authors suggested that clusters formed by C8E4 

served as low-molecular-mass charge carriers that reduced the charge in nESI droplets and therefore 

the charge of membrane proteins.
[14]

 This is also in line with the strong propensity of polyethylene 

glycols to complex cations and can explain why C8E4 can also promote charge reduction of soluble 

proteins.
[14, 104]

 The comparative analysis of DDM, C8E4, and LDAO indicated that the charge reducing 

properties of these detergents relied on the chemical properties of the detergent head group rather 

than on the properties of the hydrophobic tail.
[14] 

The main challenge arising from the use of charge-reducing detergents relies on the fact that they 

often denature membrane proteins.
[17, 102] 

Therefore, alternative charge reduction methods have been 

examined, which involve the use of non-denaturing and non-charge-reducing saccharide detergents 

together with acetonitrile vapor and charge-reducing solution additives, such as imidazole.
[17]

 The 

mass spectrum of OmpF released from OG, for example, showed a most abundant charge state of 

22+ (Figure 2.14). When adding acetonitrile vapor to the ESI plume, the protein charge states shifted 

to lower values. Similar charge reduction was observed upon addition of imidazole. Moreover, charge 

reduction was most pronounced when both strategies were applied simultaneously (Figure 2.14). By 

doing so, compactly folded states of OmpF and a P-glycoprotein could be maintained, which was not 

possible before without adding charge-reducing agents or detergents. This highlights the great 

importance of methods that enable membrane protein charge reduction on-demand. 
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Figure 2.14: Detergent families and alternative methods that modulate charge states of membrane 

proteins. a) Mass spectra of aquaporin channel (AqpZ) from E. coli upon removal of different detergent 

environments. Lower charge states are obtained from polyethylene glycol and amine oxide detergents. 

b) Mass spectra of the outer membrane protein F (OmpF) from E. coli released from OG with different 

ESI source conditions and solution additives. Lower charge states were obtained, when the ES plume 

was treated with acetonitrile (ACN) vapor or when imidazole was added to solution. When both 

strategies were used simultaneously, the charge was reduced even further. The images were taken 

from reference
[14]

 (left) and reference
[17]

 (right) with permissions of John Wiley and Sons 

(Copyright 2015) and the American Chemical Society (Copyright 2014), respectively. 

2.2.5 Detergent Screening for Membrane Protein Purification 

Detergents that are suitable for native MS ideally transfer membrane proteins intact into the vacuum of 

MS instruments, are removed at low activations conditions, and promote charge reduction. Structural 

biologists are furthermore interested in the identification of detergents that are suitable for membrane 

protein purification, which is traditionally evaluated by means of gel-filtration chromatography.
[10]

 Gel-

filtration columns are packed with porous material, for example, dextran polymer beads, and aqueous 

buffers can be used as eluent. Larger analytes can pass the column faster than smaller analytes, 

because they interact less efficiently with the pores of the stationary phase. Although the data 

obtained from gel-filtration chromatography are of low resolution, this technique allows one to follow 

changes in membrane protein’s monodispersity upon solubilization with different detergents.
[10]

 

The state-of-the-art of detergent-screening methodologies was recently complemented by a 

protocol from Laganowsky et al. that summarized opportunities and limitations of native MS in terms of 

detergent-oriented membrane protein purification.
[13]

 According to this protocol, membrane proteins 

can be routinely expressed with protease-cleavable fusions, such as a green-fluorescent protein 

(GFP) and a N-terminal His-tag, which allows one to validate the expression level by optical methods 

and, which facilitates the isolation of the targeted protein by immobilized metal ion affinity 

chromatography (IMAC).
[105, 106]

 The proteins can be directly isolated with a detergent of choice and 

subsequently solubilized in different detergents by using gel-filtration chromatography. To evaluate 

how the individual detergents affect the membrane protein structure, the samples are subjected to 

nESI-MS analysis (Figure 2.15). 
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Figure 2.15: Identification of detergents that are suitable for membrane protein purification by means 

of native MS. (a) Membrane protein can be purified by protein extraction and immobilized metal ion 

chromatography (IMAC) with a detergent of interest. (b) Detergent can be screened by starting with a 

purified membrane protein. To do so, the detergent environment can be exchanged by gel-filtration 

chromatography. (c) So-obtained membrane protein samples are transferred into MS-compatible 

buffer. (d) nESI-MS analysis can provide directly information about sample homogeneity, oligomeric 

state, and molecular mass of the membrane protein. The image was taken from reference
[13]

 with the 

permission of Nature Springer (Copyright 2013). 

In contrast to gel-filtration chromatography, a diverse set of information can be gained from 

so-obtained membrane protein mass spectra (Figure 2.15).
[13]

 The spectra give information on the 

molecular mass of a membrane protein complex and can also identify associated adducts (if present). 

Collision-induced dissociation can be used to disrupt the complex, which allows one to unravel the 

subunit composition of membrane protein assemblies. In addition, the impact of the detergent, 

temperature, and small ligands, such as drugs, nucleotides or lipids, on the oligomerization and 

stability of membrane protein complexes can be investigated.
[13, 19, 47, 75, 94, 107-109] 

Complex
 
instability is 

readily recognized, for example, when the membrane protein complex is not observable in the mass 

spectrum. Moreover, the spectral homogeneity and resolution of protein signals increase as a function 

of purification.
[13]

 

More remarkably, native MS enables the identification of co-purified lipids in form of protein-lipid 

complexes and one can classify them into three different binding modes (Figure 2.16):
[18]

 (1) Co-

purified membrane lipids can be detected in the form of non-specific nESI adducts upon protein 

isolation.
[75]

 They can either stabilize the structure of membrane proteins or act as substrate, which 

regulates the structure and function of a membrane protein.
 
(2) Endogenously-bound lipids that are 

embedded within the membrane protein complexes can be identified upon dissociating them into 

individual subunits. 
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These lipids mediate the structure and interplay of sub-units interactions like in the cases of 

ATPases/synthases.
[108]

 (3) Also interfacial lipids, which mediate the oligomerization of membrane 

proteins, can be distinguished.
[47, 94]

 The ability to capture co-purified membrane depends on the 

chemical nature of the detergent. The use of high detergent concentrations (1w%) during the 

extraction of membranes may be the critical step at which significant delipidation takes place 

(Figure 2.16).
[20] 

The detergent’s potential to delipidate membrane proteins can thereby be evaluated 

by applying protein extraction and native MS analysis in combination (Figure 2.15). 

 

Figure 2.16: Lipid-binding modes and concentration dependency of membrane protein delipidation in 

the presence of detergents. a) Overview about protein-lipid interactions, such as (1) endogenously 

bound lipids as part of the protein structure, (2) binding of membrane lipids to the outer surface of 

membrane proteins, and (3) binding of interfacial lipids between protein-protein contacts. b) Protein 

delipidation occurs most significantly during protein extraction (detergent concentration ~ 1w%) and to 

a much lesser extent when lower detergent concentrations are applied, for example, the critical 

solubilization concentration (csc) or critical aggregation concentration (cac). The image a) was taken 

from reference
[18]

 with the permission of the American Chemical Society (Copyright 2015). 

Systematic native MS experiments of Reading and Liko et al. revealed that saccharide detergents 

exhibit a lower propensity to delipidate membrane proteins during protein extraction than polyethylene 

glycol and amino oxide detergents (Figure 2.17).
[14]

 This is in line with the finding that saccharide 

detergents denature membrane proteins to a lesser extent than the other two detergent families, 

because lipids are essential for stabilizing membrane protein structures. When comparing the gas-

phase properties of these detergent families, it becomes apparent that the delipidating properties of a 

detergents are inversely correlated to its charge-reducing properties (Figure 2.17).
[14]

 Akin to 

condensed phase applications,
[37]

 the choice of the detergents consequently needs be adjusted to the 

scope of the native MS experiment.
[13]

 While non-charge-reducing saccharide detergents are more 

desirable for lipid-identification experiments, charge-reducing detergent families facilitate the nESI-MS 

analysis of membrane proteins under more gentle CID conditions and may reduce the impact of 

Coulomb-induced protein unfolding. As discussed before in Chapter 2.2.5, one can also apply 

saccharide detergents in combination with alternative charge-reducing methods, for example, by 

treating the ES plume with acetonitrile vapor or by using basic solution additions.
[17, 102]

 



2.2 Analysis of Membrane Proteins by Native Mass Spectrometry 

 

23 
 

 

Figure 2.17: Solution and gas-phase parameters of DDM, C8E4, and LDAO which are important for 

the native MS analysis of membrane proteins. Charge-reducing detergents are more delipidating and 

denaturing to membrane proteins than non-charge-reducing detergents. Favorable features of 

individual detergents are highlighted in bold. 

To yield general guidelines that allow one to estimate the properties of detergents for native MS 

applications, one would need to complement the molecular understanding of the detergent’s solution 

properties (Gilbert G. Privé)
[20]

 with the molecular understanding of their gas-phase properties 

(Reading and Liko).
[14] 

By doing so, the following contradiction becomes apparent: Detergents that 

cover ideal properties for nESI-MS, for example, soft release conditions and charge-reducing 

properties, are more delipidating and are more denaturing to membrane proteins than detergents that 

are less suitable for nESI-MS (Figure 2.18). However, the estimations drawn from these guidelines 

may not apply to all proteins and exceptions to these estimations may be found in particular cases. 

 

Figure 2.18: General design considerations that help to estimate the detergent’s solution and 

gas-phase parameters in relation to the molecular structure. 
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2.2.6 Limitations and Further Opportunities 

Despite all the above-mentioned opportunities that are provided by the investigation of membrane 

proteins with detergents and native MS, several general limitations related to the following features 

of MS were reported by Hernandez and Robinson:
[110] 

(i) As the mass and heterogeneity of a 

membrane protein complex increases, the transmission, desolvation, and detection of ions becomes 

more challenging. Moreover, heterogeneous complex mixtures can contain multiple complexes that 

are close in mass and m/z, which can complicate the unique identification of the subunit composition. 

The currently on-going development of high resolution FT-ICR and Orbitrap mass analyzers can help 

to overcome these limitations.
[90-93] 

However, accurate sample characterization may require not only 

testing of different sample conditions but also on different MS instruments, which are expensive and 

often only available in a few specialized labs. (ii) Membrane protein complexes and subunits cover a 

broad range of different m/z values. Due to differences in their ionization efficiency, the obtained 

intensity ratios or relative signal abundances are not quantitative. This aspect dictates also the ability 

to detect (iii) solution-phase species by MS. As the solvent environment is removed during the transfer 

into the vacuum of a MS instrument, the permittivity coefficient (Ɛ) of the environment decreases 

dramatically, for example, Ɛwater ~ 80 and Ɛvacuum ~ 1. Compared to hydrophobic interactions, 

electrostatic interactions become significantly stronger upon desolvation.
[111]

 It can be therefore difficult 

to detect a complex by nESI-MS, if its subunits are primarily held together by hydrophobic 

interactions.
[110]

 (iv) ESI techniques require the transfer of protein complexes into a ESI-compatible 

buffer, which differs from purification and storage buffers. Changes in the structure of membrane 

proteins that might be associated with a change of the buffer environment are often overlooked. 

Further challenges are associated with the use of detergents for native MS applications. This 

includes the detergent’s ability to denature membrane proteins in solution and unfavorable MS 

properties (Figure 2.18). Although detergents facilitate the analysis of protein-lipid interactions by MS, 

they can compete with lipids for lipid-binding sides and therefore only a reduced number of protein-

lipid interactions may be observed upon protein extraction.
[18, 21, 112] 

Laganowsky et al. found that 

protein-lipid complexes can be also detected upon nESI of protein-detergent mixtures to which lipids 

were exogenously added.
[19] 

Gas-phase unfolding protocols can be used to monitor the resistance of 

membrane protein ions against collision-induced unfolding as a function of lipids (Figure 2.19).
[19, 113] 

This allows one to rank lipids according to their relevance for the structure and function of a particular 

membrane protein.
[19] 

The applied detergent concentrations are thereby about the detergent’s cac and 

are therefore below a concentration level at which protein delipidation predominantly occurs 

(Figure 2.16). In addition, different alternative carrier systems have been explored, which include 

amphiphols and nanodiscs.
[21] 

Amphiphols can be more effective than DDM in maintaining native 

membrane protein structures and interactions during nESI and therefore present a valuable alternative 

to detergents.
[114]

 More recently it was shown that membrane protein-nanodisc complexes can be 

used to study the stoichiometry and dissociation behavior of large lipid shells that surround membrane 

proteins (> 60 lipids per protein ion, Figure 2.19).
[115]

 Marty et al. suggested that the MS analysis of 

these nanodisc complexes will facilitate studies on the interface between membrane proteins and their 

lipid environment.
[115] 

More information about this research area is provided elsewhere.
[21]
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Figure 2.19: Investigating stabilizing effects of lipids (left) and probing the lipid annular belt of 

membrane protein complexes formed with nanodiscs (right) by MS techniques. a) Lipids that are 

exogenously added to protein-detergent mixtures can be detected and analyzed in the form of protein-

lipid complexes by IM-MS (top). Monitoring the gas-phase unfolding of different AmtB-lipid complexes 

(charge state 15+) revealed stabilizing effects of lipids on AmtB. b) Spectrum of AmtB-nanodisc 

complexes that are composed of DMCP lipids and a scaffold protein. Zooming into the most abundant 

charge states revealed multiple lipid-bound states and the number of DMCPs bound to AmtB is 

annotated in grey. Deconvolted charge states from 12+ to 20+ are shown below. The images were 

taken from reference
[19]

 (left) and reference
[115]

 (right) with the permissions of Springer Nature 

(Copyright 2014) and John Wiley and Sons (Copyright 2015), respectively. 

2.3 The Family of Oligoglycerol Detergents 

The desire to synthesize detergents, which cover optimal properties for membrane protein research, 

has driven the development of new detergent scaffolds.
[116-122] 

A detergent family which has attracted 

attention in recent years for biomedical applications are oligoglycerol detergents (OGDs).
[22, 28, 29]

 Their 

molecular architecture consists of a non-ionic, dendritic, triglycerol head group, a hydrophobic tail, and 

both elements are held together by a connecting linker (Figure 2.20). Their modular architecture is 

very close to those of mono- or diglycerol ethers, specifically the monoalkylated ones, which have 

found various applications in industry, for example, as emulsifiers or additives in cosmetics, 

pharmaceuticals, printing inks, etc.
[123-125]

 Although more than 80 different OGD structures have been 

published during the last 20 years, the family of OGDs has not yet been considered for membrane 

protein research.
[23-27, 29, 126-143]
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Apart from mono- and diglycerol, OGD head groups are made of triglycerol derivatives, which are 

considered to be dendritic molecules or dendrons (Figure 2.20).
[144]

 They exhibit a single chemically 

addressable group at the core position (focal point) and are classified by generations, which refer to 

the number of repeated branching cycles that are introduced during its synthesis (Figure 2.20). 

Dendrons are perfect molecules, monodisperse, and highly symmetrical.
 
The functional properties of a 

dendron are dominated by the number of functional groups at the periphery and the size of the 

backbone structure. Moreover, the focal point allows one to couple the dendron to a residue of choice. 

This includes not only hydrophobic residues but also biomolecules or synthetic polymers.
[22]

 

 

Figure 2.20: Different glycerol-based architectures: a) Principal structure of oligoglycerol detergents 

(OGDs), which comprise a head group, linker, and tail. a) – b) Amphiphilic mono- and diglycerol 

ethers, which have been developed between the early 1930s and 1980s, respectively. c) First- and 

second-generation triglycerol dendrons [G1] – [G2] have been developed by Wyszogrodzka et al. in 

2008. First-generation triglycerol [G1] is used as primary material for the synthesis of dendritic OGDs. 

2.3.1 Synthesis and Modification of Acetal-protected Oligoglycerol Dendrons 

Dendritic OGDs are in many ways very promising for membrane protein applications. Some of the 

reasons are that the required oligoglycerol starting material is non-ionic, highly water soluble, and 

straightforward in its production.
[126, 127] 

Buhleier et al. published the very first dendron structures 

in 1978,
[145] 

while Haag and co-workers reported the first triglycerol dendrons 30 years later.
[126, 127, 146]

 

Today, first-generation triglycerol [G1] is used as the primary starting material for the synthesis of 

OGDs, which can be synthesized on laboratory scales with multiple strategies.
[123, 147-149] 

In industry, 

triglycerol is obtained from the oligomerization of glycerol or epichlorohydrin (Figure 2.21).
[123, 149, 150]

 

Glycerol is a very attractive material, because it is widely available as a byproduct of the vegetable oil 

industry and only a small part is obtained from fossil chemistry.
[123] 

The oligomerization of glycerol or 

epichlorohydrin not only produces triglycerols with 1,3-substituted core structures but also other 

triglycerol regioisomers (Figure 2.21). Meulenaer et al.
 
and Sayoud et al. showed that individual 

regioisomer abundances can be readily followed by liquid and gas chromatographic methods.
[151, 152]
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Figure 2.21: Synthesis of oligoglycerol and regioisomers of triglycerol. a) The synthesis of 

oligoglycerol mixtures starts from glycerol or epichlorohydrin and is accompanied by the formation of 

different oligoglycerol regioisomers. b) The structures of seven triglycerol regioisomers are shown. The 

upper left two triglycerol regioisomers abundantly form during industrial oligoglycerol synthesis. 

Acetal protecting the peripheral hydroxyl groups of triglycerol allows one to independently address the 

hydroxyl group at the focal point.
[127]

 The acetal-protected form of triglycerol ([pG1]-OH) was first 

mentioned in literature in 1974
[153]

 but Wyszogrodzka et al. reported the probably most straightforward 

approach for its synthesis in 2008 (Figure 2.22).
[127] 

Conveniently, triglycerol can be easily isolated 

upon acetal protection of oligoglycerol mixtures by normal phase column purification.
 
By doing so, the 

desired product is obtained in form of acetal-protected triglycerol ([pG1]-OH, Figure 2.22). 

Interestingly, a co-purification of other actetal-protected triglycerol regioisomers has not been reported 

to date. Furthermore, two alternative routes have now been established for the preparation of 

[pG1]-OH, which either include a convergent or a divergent strategy.
[126, 127]

 When using the 

convergent way,
[127]

 methallyl dichloride is reacted with two equivalents of DL-1,2-isopropylidene-

glycerol.
 
The resulting [pG1]-ene is then further converted into [pG1]-OH by ozonolysis and reduction 

(Figure 2.22). According to the divergent way,
[126]

 a glycerol derivative is used, whose secondary 

hydroxyl group is protected,
 
for example, with a benzyl group. Allylation of the primary hydroxyl groups 

and dihydroxylation of the double bonds gives [pG1]-OBn. Subsequent acetal protection of the 

peripheral hydroxyl groups and removal of the benzyl-protecting group gives [pG1]-OH (Figure 2.22). 

The methallyl chloride route is used to produce higher generations of actetal-protected triglycerol 

dendrons.
[127]

 For the synthesis of [pG2]-OH, for example, one needs to react two equivalents of 

[pG1]-OH with methallyl dichloride under basic conditions (Figure 2.22). Ozonolysis of the resulting 

product followed by a reductive work up gives the desired [pG2]-OH. Multiple repetitions of this 

process result in higher generations of acetal-protected dendron, such as [pG3]-OH and [pG4]-OH. 
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Figure 2.22: Main synthetic routes that lead to first- and second-generation, acetal-protected 

triglycerol dendron, [pG1]-OH and [pG2]-OH. 

The hydroxyl group at the focal point of acetal-protected triglycerol dendrons can be converted to 

various functional groups. This process is called focal point transformation and allows one to connect 

the dendron with a moiety of choice via different coupling strategies (Figure 2.23). Hydrophobic 

moieties, i.e., for detergents, can be readily attached to the hydroxyl group of [pG1]-OH via ether 

coupling or esterification.
[143] 

Other functional groups that can be introduced include, for example, 

mesylate, allyl- or propargyl moieties, an azide or an amine group (Figure 2.23).
[143]

 Mesylates are 

good leaving groups for ether coupling reactions.
[132] 

Allylation of the hydroxyl group enables coupling 

of hydrophobic residues via thiols.
[133]

 The attachment of azidated hydrophobic residues can be 

afforded via “click-chemistry” with proparglylated dendrons.
[140]

 The same is true for azidated 

dendrons, which requires hydrophobic moieties with alkyne groups.
[127] 

Azides can be further 

converted to amine groups, which gives full access to amide coupling strategies.
[27]

 

 

Figure 2.23: Different focal point groups of acetal-protected triglycerol and related coupling reactions. 
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2.3.1 Modular Detergent Design and Applications 

The first detergents that can probably be referred to as OGDs were monoalkylated diglycerol ethers 

(Figure 2.24). These detergents were patented by B. R. Harris in 1938 in his effort to develop new 

emulsifiers that would improve the stability of suspensions between oil and water.
[124] 

Driven by the 

same motivation, other monoalkylated and acylated oligoglycerol derivatives were developed in the 

following decades (Figure 2.24).
[125, 154, 155] 

The application of dendritic OGDs has particularly attracted much attention as the aid to increase 

the solubility of hydrophobic drugs.
[146]

 Dendritic glycerols turned out to be biocompatible and could 

significantly increase the water solubility of hydrophobic cancer drugs, i.e., paclitaxel.
[156] 

Similar 

results were obtained from glycerol polymers.
[157]

 On the other hand, the main benefit in using 

dendritic glycerols arises from their perfectly defined structure, which facilitates the implementation of 

structure-property studies.
[127]

 The first studies that targeted the structure-based understanding of the 

dendritic OGD’s propensity to solubilize hydrophobic drugs were conducted with triglycerol-based 

biphenyl structures (Figure 2.24).
[126]

 A modular echange of the OGD head group size revealed how 

tuning the structure of these detergents could control the solubilization of hydrophobic Nile Red. 

Similar experiments were performed with core-multishell OGDs that were obtained from oligoacetylen 

cores.
[127] 

Compared to the biphenyl structures, the capability of core-multishell OGDs to solubilize Nile 

Red increased by a factor of 200.
 
Both papers demonstrated the great potential of the modular OGD 

concept for structure-property studies and paved the way for the application-oriented optimization of 

numerous OGD scaffolds.
[23-27, 29, 126-143]

 

 

Figure 2.24: Molecular structure of OGDs that have been explored as a) emulsifiers for applications in 

cosmetic and food industry or b) for the solubilization of hydrophobic drugs. 
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After this, the aggregation behavior of monoalkylated, dendritic OGDs was studied in solution. 

Trappmann et al. published a set of seven OGDs, which were made of different dendron generations, 

[G1] – [G3], two sorts of alkyl spacers, C11 or C16, and a mono- or biaromatic spacers 

(Figure 2.25).
[131]

 Depending on the size of the OGD head group, the self-assembly of these molecules 

produced worm-like micelles or micelles with cac values in the micromolar range (Figure 2.25). In 

addition, increasing the size of the OGD head group decreased the aggregation number and alkyl 

spacer packing density of the aggregates. Similarly to the above-mentioned core-multishell structures, 

the solubilization of hydrophobic Nile Red and pyrene could be controlled by tuning not only the size of 

the OGD head group and aromatic linker but also by tuning the length of the hydrophobic tail.
[126, 127, 

131] 
The uptake of hydrophobic guests did not affect the geometry of the aggregates, which was the 

first example of a shape-persistent aggregate from a non-ionic detergent.
[131, 137] 

Subsequently, 

different dendritic OGD architectures were developed and their modular structures were optimized for 

individual drug delivery application as well as for the solubilization of carbon nanotubes.
[28]

 More 

recently it was shown how the morphology of self-assembled nanostructures can be controlled by 

tuning the molecular structure of OGDs.
[140]

 

 

Figure 2.25: Head-tail OGDs exhibit unique self-assembly and solubilization properties for 

hydrophobic compounds in aqueous solution. a) Exemplary structure of a [G2] OGD published by 

Trappmann et al. b) Dendron generation-dependent change in self-assembly. c) 3D reconstruction of 

shape persistent micelles with different orientations. c) Structural arrangement of [G2] OGDs within the 

reconstructed micelle. The images b), c), and d) were redrawn from reference
[131]

 with the permission 

of the American Chemical Society (Copyright 2010). 
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Owing to the ability of tuning the size and hydrophylicity of dendritic OGD head groups in a 

generation-dependent manner, these substituents have been explored for tuning the optical properties 

of fluorescent dyes, for example, perylenebisimides (PBIs).
[27, 129, 135, 136]

 This particular system is very 

hydrophobic and its aggregation in water is accompanied by a decrease in fluorescence intensity, 

which can be a limiting factor for optical imaging applications.
[129]

 Müllen and coworkers demonstrated 

that one can reduce the aggregation of PBI in water by functionalizing its core with bulky, water-

soluble substituents.
[158]

 With this regard, the first core-unsubstituted, triglycerol-based PBIs have 

been synthesized by Heek et al.
[129]

 The authors showed that attaching [G4] triglycerol dendrons on 

each flank of a PBI was necessary for enabling the complete suppression of PBI aggregation in water 

(Figure 2.26). This concept could be also transferred to core-unsubstituted, dendronized PBIs with a 

monofunctional PEG chain, which were successfully applied as fluorescence labels upon 

bioconjugation to the antibody cetuximab (Figure 2.26).
[27]

 Similar trends in aggregation suppression 

were confirmed in the case of hydrophobic cyanine dyes upon modification with [G1] triglycerol 

dendrons.
[26] 

The concept was further refined with the modification of triglycerol dendrons by sulfate 

groups. Due to additional electrostatic repulsion forces, sulfated trigylcerol dendrons turned out to 

more efficient in suppressing the aggregation of hydrophobic substituents than non-ionic ones.
[141]

 This 

enabled, for example, increasing the PBIs’ fluorescence quantum yields in water to 100% by reducing 

the dendron generation from non-ionic [G3] to sulfated [G2] (Figure 2.26).
[27]

 

 

Figure 2.26: The size of the OGD head group affects the optical properties of amphiphilic, core-

unsubstituted perylenebisimides (PBIs). a) Large non-ionic OGD head groups reduced the 

aggregation and improved the fluorescence quantum yields (FQYs) of PBIs in water. b) Structure-

property study on dendronized PBIs with a monofunctional PEG chain confirmed that electrostatic 

repulsion forces, which arise from sulfated OGD head groups, can suppress PBI aggregation more 

efficiently than non-ionic ones. The image shown in a) (bottom) was redrawn from reference
[129]

 with 

the permission of the Royal Society of Chemistry (Copyright 2010). 
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In addition, the potential of dendritic, monoalkylated OGDs to be used as antifouling agents for 

surfaces has been evaluated.
[23-25] 

First, different generations of triglycerol dendron were functionalized 

with alkanethiols and so-obtained OGDs were immobilized on gold surfaces (Figure 2.27).
[23]

 The best 

protein resistance was found for surfaces that were functionalized with [G1] OGDs. The authors 

suggested that decreasing the size of the OGD head group enhanced the OGD packing density on 

gold surfaces, which possibly resulted in a better prevention from protein adsorption. Further attempts 

to control bioadhesion by changing the hydrophobicity of surfaces were examined with azobenzene-

based OGDs.
[25]

 Changing the isomeric state of azobenzene between trans and cis can be triggered 

by light or heat and is accompanied by a change in geometry and polarity.
[159]

 Azobenzene-based 

OGDs alone could not be readily switched on gold surfaces, which was most likely a result of the high 

molecular packing density.
[160]

 This led to the development of a supramolecular host-guest approach 

with OGDs based on azobenzene and adamantane, which formed complexes with surface-

immobilized ß-cyclodextrin receptors (Figure 2.27).
[25]

 In contrast to pure azobenzene-based OGD 

monolayers, the new supramolecular OGDs could be readily switched in solution and on surfaces. 

This led to the obtainment of surfaces whose hydrophobicity could be reversibly changed by irradiation 

with light. Among a series of OGDs with different dendron generations, the most promising results in 

terms of light-induced hydrophobicity changes on surfaces were obtained from [G2] OGDs.
[25]

 

 

Figure 2.27: Exploring the potential of OGDs to be used as antifouling agents for gold surfaces. a) 

Among a series of alkanethiol OGDs, best antifouling properties were found for [G1] OGDs.
 
b) Light-

induced changes in surface hydrophobicity could be obtained with OGDs based on azobenzene and 

adamantate, which were immobilized on gold surfaces by complex formation with surface-immobilized 

ß-cyclodextrin receptors. A clear switching behavior of the contact angle and hence the hydrophobicity 

of the surface could be demonstrated. In particular, changes of the contact angle around 65° have 

been discussed as transition between fouling and non-fouling surfaces.
[161]

 The image shown in b) was 

taken from reference
[25]

 with the permission of John Wiley and Sons (Copyright 2014). 
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Further attempts to control the self-assembly of detergents in solution by light resulted in the 

development of different azobenzene-based OGDs. Studying the aggregation behavior of 

azobenzene-based, head-tail OGDs revealed that assembly and disassembly of micelle formation 

could be controlled by irradiation with light.
[132]

 Further results showed that the light-induced changes 

in micelle formation dramatically influenced their potential to solubilize hydrophobic guest molecules 

(Figure 2.28).
[132, 162]

 More recently, a photoresponsive dendritic bolaamphiphile was developed 

containing an azobenzene, which was on each flank functionalized with an alkyl chain and a dendron 

(Figure 2.28).
[139]

 This new amphiphile readily self-assembled into twisted tape morphologies when 

azobenzene was in the trans state. Photoirradiation of the solution resulted in trans to cis 

isomerization and the complete disappearance of the tape-like aggregates was obtained. These 

results emphasized the application of photoswitchable OGDs for the development of responsive drug 

delivery systems. 

 

Figure 2.28: The photoresponsive self-assembly of azobenzene-based OGDs was investigated in 

solution. a) The micelle formation of aobenzene-based, head-tail OGDs could be controlled by 

changing the isomeric state from trans to cis. b) Azobenzene-based bolaamphiphile self-assembled 

into to tape-like aggregates, when the azobenzene moiety was in the trans state. Isomerization to cis 

led to the complete break-up of the tape-like structures. The images were redrawn from reference
[132]

 

(left) and reference
[139]

 (right) with the permission of the Royal Society of Chemistry (Copyright 2011 

and 2015, respectively). 
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In summary, the architecture of OGDs has proven to be highly modular. Today available synthetic 

protocols allow one to rapidly exchange individual OGD building blocks, which include the structure of 

the head group, linker, and tail. With more than 10 different amphiphilic OGD architectures and more 

than 80 individual OGD structures that have been published between 1938 and today, it has been 

demonstrated how the structure of OGDs can be tailored for individual applications. This includes 

drug-delivery applications, surface modifications, and the development of dye labels for optical 

imaging in biological samples. Taken together, the here-mentioned advantages of OGDs therefore 

emphasize the application of this detergent family in the development of new detergents with tailor-

made properties for native MS applications on membrane proteins.
[23-27, 29, 126-143]

 



 

35 
 

3. Aims 

The overall aim of this thesis is dedicated to evaluate the potential of dendritic OGDs for the 

purification and native MS analysis of membrane proteins. In particular, it will be investigated if the 

modular architecture of OGDs allows one to adjust their molecular structure to the scope of individual 

native MS applications, such as protein extraction, charge reduction, and the ability to detect protein 

complexes formed with co-purified membrane lipids. 

In the first part of this thesis, therefore, the design concept and synthesis of a novel and highly 

modular OGD library is presented. In the next step, it will be evaluated how far the modular 

architecture of OGDs allows one to tailor membrane protein charge states on-demand. Because 

membrane proteins are very expensive and difficult to handle, it will be also discussed if inexpensive 

soluble proteins can be used to identify charge-reducing detergents in advance. Furthermore, the 

potential of OGDs for the isolation of membrane proteins from biological membranes will be tested. 

Subsequent native MS experiments will be conducted to unravel how protein charge reduction and the 

detection of protein complexes formed with co-purified membrane lipids can be optimized by tuning 

the molecular structure of OGDs. In this context, it will be also examined if OGDs can facilitate the 

structural analysis of challenging membrane proteins with pharmaceutical relevance, such as GPCRs, 

which would be of great interest for structural biology and medicinal chemistry. 
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4. Chapter I – A New Library of Oligoglycerol Detergents 

4.1 Introduction 

Detergent engineering is a major challenge to all aspects of membrane protein research and 

especially to those that involve the use of native MS. Suitable detergents not only preserve the native 

structure of proteins in solution, they also support the transport and release of membrane proteins 

from solution into the vacuum of a mass spectrometer. Gaining insights about how chemical tuning of 

detergents can lead to the protection membrane protein structures in both environments adds a new 

dimension in complexity to the development of new detergents and is of enormous interest for 

structural biology. 

Reading and Liko et al. evaluated recently the utility of three detergent families that are most 

commonly used for the native MS analysis of membrane proteins, e.g., saccharide, polyethylene 

glycol, and amine oxide detergents.
[14] 

Saccharide detergents are able to protect the native structure of 

many different membrane proteins in solution.
[20]

 Native MS experiments with these detergents, 

however, suffer from the harsh activation conditions required for detergent removal and high protein 

charge states that are obtained upon protein release.
[14]

 Their low propensity to delipidate membrane 

proteins during isolation from biological membranes facilitates the identification and ranking of 

structurally relevant lipids by means of MS techniques.
[13, 19]

 Amine oxide- or polyethylene glycol 

detergents, on the other hand, exhibit a greater propensity to denature membrane proteins in solution, 

because they are effective in delipidation.
[20]

 However, upon nESI they can be removed under gentle 

activation conditions and provide low protein charge states.
[14]

 This led to the conclusion that most 

available detergent families are suitable either for protein purification, promoting protein charge 

reduction, or for detecting lipid bound states, but rarely cover all aspects. 

In this thesis the current state of the art of detergent engineering is complemented by investigating 

the family of OGDs. These detergents exhibit a modular architecture which comprises an oligoglycerol 

head group, a hydrophobic tail, and a connecting linker group (Figure 4.1). Synthetic procedures allow 

one to systematically exchange individual building blocks, which is a valuable perquisite for structure-

property studies.
[127, 128, 131]

 Previous investigations were focused on the molecular understanding of 

the OGD’s aggregation behavior and the utility of their aggregates to be used as nanocarriers for the 

solubilization of hydrophobic drugs.
[22, 28] 

This thesis evaluates now, if the modular architecture of 

OGDs can be used to optimize the purification and native MS analysis of membrane proteins on-

demand. For this purpose, a new library of OGD regioisomer mixtures 1 – 8 is presented, whose 

design concept and synthesis are discussed in this chapter (Figure 4.1). 
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Figure 4.1: A new library of OGD regioisomer mixtures 1 – 8, whose design and synthesis are 

described in this chapter. The [G1] OGD mixtures 1 – 3 consist of two detergent regioisomers, while 

the [G2] OGD mixtures 4 – 8 consist of three detergent regioisomers. These regioisomers differ with 

respect to the structure of the head group (blue) and exhibit similar linkers (violet) and tails (orange). 

4.2 Experimental Details 

General Information about Synthesis, Purification, and Characterization 

Synthetic procedures that were used for the preparation of OGD regioisomer mixtures 1 – 8 are 

summarized in Chapter 8.1 (Appendix). OGD structures that are discussed throughout this thesis are 

abbreviated by the following formula: “D-L-H.” The letter “D” represents the head group either in its 

acetal-protected state [pGX] or unprotected state [GX]. The letter “X” represents the generation of 

triglycerol dendron. The letter “L” represents the functional group at the focal point and the letter “H” 

represents the hydrophobic tail. Synthetic procedures that were used for the preparation of 

[G2]-carbamate-Chol 7 were provided by Svenja C. Ehrmann. With the exception of 

[G1]-ether-C12 1a
[125]

 and [G2]-triazole-DC12 8aa,
[140]

 the here presented OGDs and OGD mixtures 

have not been published before (Figure 4.1). 

Chemicals were purchased from Sigma-Aldrich (Germany), Acros Organics (Germany), Alfa Aesar 

(Germany), Fluka (Germany), Fischer Scientific (Deutschland), Merk (Germany), TCI (Germany), and 

were used as supplied. Ethyl acetate (EtOAc) and (n-hexane) were distilled before they were used. 
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Other solvents were used without purification. Technical oligoglycerol was purchased from Fluka 

(product number: 17782) or Sigma-Aldrich (product number: 17782 Aldrich). Technical oligoglycerol 

from Solvay (product number: TM4516) was a gift from Dr. Monika Wyszogrodzka. Dry solvents were 

purchased in bottles sealed with a septum or tapped from a solvent purification system (MS-SPS-800) 

that was purchased from M. Braun (Germany). Deionized water (H2O) used for synthesis was used 

from the tap and was provided by a deionization system installed in the Freie Universität’s Institute of 

Chemistry and Biochemistry. Argon and oxygen were purchased from Linde (Germany) and used as 

supplied. Ion exchange residues, such as Amberlite® IR-120(H) and Lewatit K 6267, were washed 

with methanol (MeOH) and dried for 12 hours in the open air prior to their use. 

For working under dry and oxygen-free reactions conditions, chemicals and solvents were handled 

under argon atmosphere. To support dry and oxygen-free reaction conditions the glassware was 

evacuated, baked out at 300 °C with a heat gun, and filled with argon. Solvents that were used in the 

absence of oxygen were degassed prior to their use by repeated introduction of argon gas.  

For reaction monitoring and purification procedures normal phase (NP) thin-layer chromatography 

(TLC) analysis was applied. NP TLC plates (DC-Fertigfolien ALUGRAM® Xtra SIL G/UV254) based on 

silica (SiO2) were purchased from Macherey-Nagel (Germany). Silica gel (60 M) for preparative normal 

phase column chromatography was purchased from Macherey-Nagel. For NP TLC analysis and 

manual NP column purification mixtures of organic solvents (v:v) were prepared. If necessary, MeOH 

was added in percent per volume to the prepared mixtures (v:v + v%). TLC plates were either 

analyzed under UV irradiation (254 nm) using a lamp from CAMAG (Germany) or by staining the TLC 

plates either with cerium reagent (940 mL H2O, 60 mL H2SO4, 25 g molybdic acid, 10 g cerium(IV) 

sulfate) or a potassium permanganate solution (250 mL H2O, 2.5 g potassium permanganate). The 

respective staining reagents were prepared by Katharina Goltsche. For the staining process, the TLC 

plates were fully submerged into the staining solution, excess of staining reagent was wiped off with 

cellulose, and the plate was heated up to 300 °C with a heat gun until staining was completed.  

The final detergent batches 1 – 8 were purified by preparative reversed phase (RP) high pressure 

liquid chromatography (HPLC). The samples obtained upon acetal deprotection were dissolved in 

mixtures of deionized H2O and MeOH (v:v, 1:1) and passed through an syringe filter (RC, 0.2 µM) prior 

to purification. For preparative RP HPLC purification, a home-built HPLC system was used which was 

equipped with a LC-8A pump from Shimadzu (Germany), a UV variable wavelength monitor, and a 

differential refractometer from Knauer (Germany). As stationary phase a pre-packed Kinetex EVO C18 

column was used (pore size: 100 Å, particle size: 5 µm, length: 250 mm, diameter: 21.2 mm), 

purchased from phenomenex (Germany). Degassed mixtures of H2O and MeOH were used (v:v) and 

thermally equilibrated upon mixing for at least 16 h prior to use. Data processing and analysis was 

performed with an analog recorder L250E from Knauer. The RP HPLC system was designed and 

constructed by Dr. Carlo Fasting. 

Mass spectra were acquired on an Agilent 6210 ESI-TOF (ESI-ToF) from Agilent Technologies 

(Santa Clara, CA, USA). The solvent flow rate was adjusted to 4 μL/min and the spray voltage was set 

to 4 kV. Drying gas flow rate was set to 15 psi (1 bar). All other parameters were adjusted for a 

maximum abundance of the relative [M+H]
+
. The instrument was operated by the Core Facility 

BioSupraMol of the Freie Universität Berlin.  
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1
H NMR, 

13
C NMR and DEPT135 spectra were acquired using the following NMR instruments: Bruker 

DPX400 (
1
H NMR: 400 MHz, 

13
C NMR: 100 MHz), Jeol ECX400 (

1
H NMR: 400 MHz, 

13
C NMR: 

100 MHz), Jeol ECP 500 (
1
H NMR: 500 MHz, 

13
C NMR: 125 MHz), Bruker AVANCEIII500 (

1
H NMR: 

500 MHz, 
13

C NMR: 125 MHz) or Bruker AVANCEIII700 (
1
H NMR: 700 MHz, 

13
C NMR: 175 MHz). All 

instruments were operated by the Core Facility BioSupraMol of the Freie Universität Berlin. Data 

processing was performed with MestReNova (v6.0.2-5475). 

Analyzing Oligoglycerol Regioisomer Proportions 

Relative regioisomer proportions of [pG1]-OH, e.g., (a:b), were analyzed by means of analytical 

normal phase (NP) HPLC. For NP HPLC analysis, a Nucleosil column from Macherey Nagel was used 

as stationary phase (pore size: 50 Å, particle size: 5 µm, length: 250 mm, diameter: 4 mm), while 

mixtures of n-hexane and isopropanol were used (v:v) as mobile phase. The NP HPLC system was 

equipped with a smartline pump 1050, a smartline UV detector 2550, and a smartline RI detector 

2300, which were purchased from Knauer. Data processing and analysis was performed with 

ChromeGate Client Viewer (v.3.3.2) from Knauer. The NP HPLC system was operated by Marleen 

Selent. Regioisomer proportions of other [pG1]-based mixtures were characterized by 
1
H or 

13
C NMR. 

To determine their relative regioisomer proportions the relative intensities of the focal point signals 

were extracted from the NMR spectra. For this purpose, relevant 
13

C NMR spectra were acquired 

using the inverse-gated mode and the sample concentrations were about 180 mg/mL. Regioisomer 

mixtures of [G1] OGD mixtures 1 – 3 were analyzed by analytical RP HPLC. Experiments were 

performed in isocratic mode with a system from Knauer, equipped with two Smartline 1000 pumps, 

variable wavelength UV detector 2500, and an Autosampler  3950. As stationary phase a pre-packed 

Kinetex EVO C18 column was used (pore size: 100 Å, particle size: 5 µm, length: 250 mm, diameter: 

4.6 mm), purchased from phenomenex. Degassed mixtures of H2O and MeOH were used (v:v) and 

thermally equilibrated upon mixing for at least 12 hours prior to use. Data processing and analysis was 

performed with ChromeGate Client Viewer (v.3.3.2) from Knauer. 

Relative regioisomer proportions of [pG2]-based derivatives and [G2] OGD mixtures 4 – 8, e.g., 

(aa:ab:bb), were analyzed by 
13

C NMR as described above. The sample concentrations were about 

200 – 300 mg/mL. Relevant NMR spectra of intermediates and final products as well as HPLC 

chromatograms are shown in the Chapters 8.2 and 8.3 (Appendix). 

4.3 Results and Discussion 

4.3.1 Design Concept 

The suitability of a detergent to be used for the isolation and native MS analysis of membrane proteins 

depends on the chemical nature of the head group, linker, and tail.
[14, 20, 113] 

To investigate the impact 

of all three structural OGD parameters, a bottom-up approach was pursued, which involved the 

systematic testing of different OGD building block combinations. For this purpose, two sets of [G1] and 

[G2] triglycerol regioisomer mixtures were prepared, 1 – 3 and 4 – 8 (Figure 4.1). The OGD mixtures 

1 – 3 and 4 – 6 consisted of [G1] and [G2] triglycerol regioisomers, which were connected to linear 

alkyl spacers via different linker units, such as ether, amide, or triazole groups. 
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The lengths of the chosen alkyl spacer, e.g., C12 or C18, provided sufficient amphiphilic character, but 

kept the detergent mixtures soluble in water. The OGD mixtures 1 – 6 allowed one to investigate the 

structural impact of the OGD head group, linker, and tail on the OGDs’ ability to solubilize and extract 

membrane proteins from biological membranes. Due to the outstanding solubility of the [G2] head 

group, also a very hydrophobic double chain motive and cholesterol moiety could be used to obtain 

water-soluble detergent mixtures 7 and 8, respectively. 

Detergent parameters that are important for the native MS analysis of membrane proteins include 

protein charge reduction and the ability to detect protein-lipid complexes upon protein extraction from 

biological membranes.
[14, 17]

 Literature data point to the fact that charge reduction can be achieved by 

using basic solution additives.
[17, 102] 

To account for the utility of OGDs for tuning charge states of 

membrane proteins, therefore, linker groups with different basicities were introduced between head 

group and tail (1 – 3, 4 – 6; Figure 4.1). Furthermore, the library of OGDs 1 – 8 exhibited great 

potential to evaluate the impact of the detergent structure on the utility to facilitate the detection of 

protein-lipid complexes. In addition, the here-presented OGD library 1 – 8 offered for the first time the 

possibility to compare the potential of OGD regioisomer mixtures over individual OGD regioisomers for 

protein purification and native MS applications on membrane proteins. 

4.3.2 Synthesis and Characterization of [pG1]-OH Regioisomer Mixtures 

The synthesis of OGD detergent mixtures 1 – 8 started from the isolation of [pG1]-OH. The required 

starting material for [pG1]-OH was technical oligoglycerol, which contained variable amounts of 

different glycerol oligomers, such as mono-, di-, tri-, and tetraglycerol. To obtain [pG1]-OH from this 

heterogeneous material,
 
technical oligoglycerol was reacted with 2,2´-dimethoxypropane under acidic 

conditions using para toluenesulfonic acid monohydrate (PTSA*H2O).
[127]

 The desired [pG1]-OH 

product fraction was subsequently isolated by means of column chromatography (Figure 4.2). 

Analytical NP HPLC revealed two fractions which belonged to individual regioisomers of [pG1]-OH. 

They exhibited similar molecular masses, but differed in the connectivity between individual glycerol 

units (a, b, Figure 4.2). The two triglycerol regioisomers that are known to be most frequently formed 

during the production of technical oligoglycerol were related to the [pG1]-OH regioisomers found here 

(a, b, Figure 4.2).
[152]

 This led to the conclusion that both triglycerol regioisomers were simultaneously 

acetal protected and co-purified under the employed experimental conditions. 

Their relative proportions (a:b) as well as the overall yield of [pG1]-OH strongly depended on the 

commercial oligoglycerol source (Figure 4.2). This is expected since it is known that the regioisomer 

composition within technical oligoglycerol can vary with the manufacturing process.
[151, 152]

 Excluding 

oligoglycerol mixtures from Solvay or Sigma-Aldrich, the oligoglycerol mixture from Fluka provided 

significant proportions of both regioisomers and was therefore used for the preparation of the OGD 

regioisomer mixtures 1 – 8 (Figure 4.2). In order to confirm the structural identity of both [pG1]-OH 

regioisomers, their 
1
H/

13
C NMR spectra were compared with NMR reference data (Figure 4.3). 

Because NMR reference data were only available for [pG1]-OH (a),
[127]

 a short reaction sequence was 

explored that led to the obtainment of [pG1]-OH (b) within six synthetic steps.  
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Figure 4.2: Synthesis and NP HPLC analysis of [pG1]-OH. a) Applied procedure for the isolation of 

[pG1]-OH (a,b) from technical oligoglycerol. b) Chromatogram of [pG1]-OH upon isolation from Fluka 

oligoglycerol revealed significant proportions of two regioisomers. c) Regioisomer proportions (a:b) 

and overall yields (%) obtained from different oligoglycerol sources.  

The synthesis of [pG1]-OH (b) started from DL-1,2-isopropylideneglycerol (Scheme 4.1). This material 

was benzylated under SN2 conditions in DMF and the acetal protecting group of the obtained product 

[pG0]-OBn was removed under acidic conditions. The free hydroxyl groups of so-obtained [G0]-OBn 

were reacted with allyl bromide under basic conditions and the product [G0diallyl]-OBn was isolated by 

column chromatography.
[26]

 The double bonds of this intermediate product were further dihydroxylated 

with potassium osmate dihydrat (K2Os4*2H2O), trimethylamine N-oxide (TMANO), and citric acid using 

a procedure of Paulus et al.
[163] 

Potassium osmate was removed upon complete dihydroxylation with 

an ion exchange resin (Lewatit K 6267) and the desired product [G1]-OBn was obtained upon column 

chromatography. The free hydroxyl groups of [G1]-OBn were subsequently acetal protected under 

acidic conditions using 2,2´-dimethoxypropane and PTSA*H2O, and column purification gave [pG1]-

OBn. To obtain the final product [pG1]-OH (b), the benzy-protecting group of [pG1]-OBn was removed 

under reductive conditions (Scheme 4.1). The first attempt to achieve the reductive removal of the 

benzyl-protecting group of [pG1]-OBn was performed by means of hydrogen gas (H2) and palladium 

on carbon (Pd/C) in MeOH. TLC analysis revealed the complete consumption of the starting material 

upon 12 h, however, multiple by-products and only low product yields of about 20% for the desired 

[pG1]-OH (b) were observed upon column purification. This is not surprising since it is known that 

commercially available Pd/C catalysts can contain noticeable amounts of palladium(II) chloride.
[164]

 

This impurity can lead to the release of hydrochloric acid (HCl) when Pd/C is added to solvents, such 

as water or MeOH. 
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Scheme 4.1: Synthesis of individual [pG1]-OH regioisomers a) [pG1]-OH (b) and b) [pG1]-OH (a). 

The release of hydrochloric acid in the presence of such protic solvents can trigger unintended side 

reactions, for example, the cleavage of acetal protecting groups.
 
To circumvent this problem, the 

solvent conditions were changed to a mixture of THF and cyclohexane. As a consequence, the 

intensity of by-products noticed by TLC analysis was drastically reduced and the desired product 

[pG1]-OH (b) could be finally obtained upon column chromatography with good yields of about 85% 

(Scheme 4.1). 

For the sake of completeness, also the individual regioisomer [pG1]-OH (a) was synthesized by 

using the so-called methallyl dichloride route (Scheme 4.1).
[127] 

To do so, methallyl dichloride was 

reacted with two equivalents of DL-1,2-isopropylideneglycerol under basic conditions and the product 

[pG1]-ene was isolated by column chromatography.  
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The double bond of [pG1]-ene was then converted into an hydroxyl group via ozonolysis followed by a 

reductive work up using an excess of sodium borohydride. Purification by column chromatography 

gave the desired product [pG1]-OH (a) in good yields. Having synthesized both [pG1]-OH 

regioisomers (a, b), their 
1
H/

13
C NMR data were finally compared to those obtained from the 

regioisomers obtained upon HPLC separation. 

The 
1
H NMR spectrum of the individually synthesized derivative [pG1]-OH (a) showed five 

distinguishable signals between 4.5 – 3.2 ppm (Figure 4.3a). This was expected, because the aliphatic 

backbone consisted of two different methanetriyl groups (>CH-) and three methylene groups 

(-CH2-).
[127]

 This is also in line with the finding that five clearly separated signals were obtained in the 

13
C NMR spectrum between 82 – 82 ppm.

[127]
 The NMR data obtained from the reference compound 

[pG1]-OH (a) perfectly matched with those obtained from the first HPLC fraction (Figure 4.3a). Signals 

that arose from acetal-protecting groups are not considered in this discussion, because no 

pronounced differences between the two regioisomers were found. 

 

Figure 4.3: Comparison of 
1
H/

13
C NMR data between individually synthesized reference regioisomers 

[pG1]-OH (a, b) and the individual product fractions received from NP HPLC separation. Signals 

arising from [D4] MeOH are labeled with an s. 
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On the other hand, the backbone of [pG1]-OH (b) comprised three different methanetriyl 

groups (>CH-) and six different methylene groups (-CH2-). Compared to [pG1]-OH (a), the 
13

C NMR 

spectrum of [pG1]-OH (b) showed therefore a larger number of virtually distinguishable signals 

(Figure 4.3b). Due to strong overlapping signals, no useful conclusions concerning the structure of 

[pG1]-OH (b) could be drawn from the 
1
H NMR spectrum (Figure 4.3b). However, the 

1
H/

13
C NMR 

data obtained from [pG1]-OH (b) perfectly matched with those obtained from the second HPLC 

fraction (Figure 4.3b). Taken together, the comparative fingerprint NMR analysis therefore confirmed 

the structural identity of both [pG1] OH (a,b) regioisomers, which were obtained upon acetal protection 

of technical oligoglycerol. Furthermore, splitting of individual 
13

C NMR signals was observable 

(Figure 4.3). This indicated that the respective regioisomer batches contained different stereoisomers, 

which differed with respect to the orientation of the secondary hydroxyl groups. Previous studies on 

OGD stereoisomers showed that the orientation of hydroxyl groups within the head group could affect 

the aggregate morphology, which was formed by the self-assembly of OGDs.
[142]

 For reasons of 

simplicity, this aspect was not further pursued during this work. 

4.3.3 Synthesis of [G1] Oligoglycerol Detergents 

For the preparation of the proposed [G1] OGD mixtures 1 – 3, the free hydroxyl group at the focal 

points of the [pG1]-OH regioisomers (a, b) were either directly alkylated,
[125]

 propargylated,
[140]

 or 

converted into an amino group via three steps, which included mesylation,
[127]

 azidation,
[127]

 and 

reductive amination (Scheme 4.2).
[27]

 For the preparation of the [G1] OGD mixture 1, the regioisomer 

mixture [pG1]-OH (a:b, 6:4) was alkylated under SN2 conditions at room temperature (RT) in 

dimethylformamide (DMF, Scheme 4.2a). Sodium hydride (NaH) was used as base and 

1-bromododecane as alkylation reagent.
 
The so-obtained product [pG1]-ether C12 (a:b) was purified 

by column chromatography. Subsequent cleavage of the acetal protecting groups using catalytic 

amounts of HCl and MeOH gave the final product mixture [G1]-ether-C12 (a:b, 6:4) 1. The final 

regioisomer proportions were similar to those of the starting material, which indicated that they 

retained during synthesis and purification. 

To obtain the [G1] OGD mixture 2 the focal points of the [pG1]-OH (a:b, 6:4) regioisomers were 

reacted with methanesulfonyl chloride (MsCl) in toluene and a slight excess of triethylamine (NEt3) 

(Scheme 4.2b).
[127] 

The product mixture obtained from this reaction was reacted with sodium azide 

(NaN3) in DMF, which gave [pG1]-N3 (a:b, 6:4). The reduction of the azide groups to amines was 

achieved by hydrogenation with H2 and Pd/C in MeOH.
[27]

 The so-obtained product [pG1]-NH2 (a:b, 

6:4) was reacted with dodecanoic acid by using a N-hydroxysuccinimide (NHS)-activated coupling 

strategy.
[165] 

Dodecanoic acid and NHS were dissolved in dry DCM, the mixture was cooled down to 

5 °C, and N,N'-dicyclohexylcarbodiimide (DCC) was added. [pG1]-NH2 (a:b, 6:4) was added after one 

hour and the mixture was stirred overnight at RT. Column chromatography led to the obtainment of the 

desired [pG1]-amide-C12 (a:b) mixture. The final [G1]-amide-C12 (a:b, 6:4) 2 product mixture was 

obtained upon removal of the acetal protecting groups under acidic conditions. Similarly to the 

synthesis of [G1] ether-C12 (a:b, 6:4) 1, the initial regioisomer proportions of [pG1]-OH (a:b, 6:4) 

retained over the individual synthesis and purification steps. 
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Scheme 4.2: Utilized reaction sequences that led to the obtainment of a) – c) different [G1] OGD 

regioisomer mixtures 1 – 3. Regioisomer proportions that were not determined are labeled with (a:b). 

The general structures of the acetal-protected [pG1]-R regioisomers are shown exemplarily (top). The 

structures of the final products are shown in Figure 4.1. 
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The [G1] OGD mixture 3 was prepared by reacting [pG1]-OH (a:b, 6:4) with propargyl bromide under 

SN2 conditions in DMF (Scheme 4.2c).
[140] 

The obtained product mixture [pG1]-O-propargyl (a:b, 6:4) 

was purified by column chromatography and reacted subsequently with 1-azidododecane by using a 

modified procedure of Sharpless et al.
[127, 140]  

To do so, the [pG1]-O-propargyl (a:b, 6:4) mixture and 

1-azidododecane were suspended in THF and H2O followed by the addition of N,N-diisopropyl-

ethylamine (DIPEA), sodium ascorbate, and copper(II) sulfate penta-hydrate (Cu(II)SO4*5H2O). The 

desired [pG1]-triazole-C12 (a:b) was finally converted to [G1]-triazole-C12 (a:b, 6:4) 3 by cleaving the 

acetal protecting groups. The continuous HPLC or NMR analysis of almost all intermediates and final 

products indicated that the regioisomer proportions of [pG1]-OH (a:b, 6:4) retained during all 

functionalization and purification steps (Scheme 4.2). The obtained results demonstrated the great 

robustness of the regioisomer proportions against the applied synthesis and purifications procedures 

and that the here-mentioned literature procedures can be utilized for the synthesis of OGD 

regioisomer mixtures. 

4.3.4 Synthesis and Characterization of [pG2]-OH Regioisomer Mixtures 

The synthesis of the next higher generation of acetal-protected triglycerol [pG2]-OH was achieved in a 

convergent way (Scheme 4.3).
[127]

 To do so, two equivalents of the [pG1]-OH (a:b, 6:4) regioisomer 

mixture were reacted with methallyl dichloride in THF and NaH was used as base. The resulting 

[pG2]-ene (aa:ab:bb, 4:4:1) regioisomer mixture was isolated by column chromatography and the 

double bond of [pG2]-ene was converted into a hydroxyl group by ozonolysis and reduction with 

sodium borohydride.
[127]

 The product mixture [pG2]-OH (aa:ab:bb, 4:4:1) was subsequently isolated by 

column purification. The three suggested regioisomers of [pG2]-ene and [pG2]-OH exhibited similar 

focal point structures, respectively, and differed with respect to the structure of their triglycerol side 

chains (aa, ab, bb, Scheme 4.3).The individual regioisomers were first characterized for [pG2]-OH 

(aa, ab, bb). To do so, individual reference isomers [pG2]-OH (aa and bb) were prepared and the 

three [pG2]-OH samples were analyzed by automated NP HPLC and 
1
H/

13
C NMR. The 

chromatograms obtained from [pG2]-OH (aa, ab, bb) and [pG2]-OH (aa) looked very similar and a 

quantification of the regioisomer content by analytical NP HPLC was therefore hampered under the 

employed experimental conditions (Figure 8.22, Appendix). 

The three samples [pG2]-OH (aa), [pG2]-OH (bb), and [pG2]-OH (aa, ab, bb) were subsequently 

analyzed by NMR spectroscopy. The 
1
H NMR signals observed between 4.3 – 4.0 ppm exhibited 

similar chemical shifts and were similarly shaped (Figure 4.4a-c). Furthermore, strong overlapping 

signals were obtained between 3.9 – 3.5 ppm. Although each signal pattern exhibited an individual 

shape, it was very difficult to draw meaningful conclusions concerning the structural identity of each 

sample. Signals that arose from acetal protecting groups are again not considered in this discussion, 

because no pronounced differences between the three regioisomers could be found. 

On the other hand, the 
13

C NMR spectra looked remarkably different (Figure 4.4a-c). For example, 

the spectrum obtained from [pG2]-OH (aa) showed seven different signals, while the spectrum of 

[pG2]-OH (bb) showed eleven virtually distinguishable signals. The number of individual signals was in 

line with the number of different -CH- and -CH2- groups of their individual glycerol backbones.  
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The spectrum obtained from the proposed [pG2]-OH (aa, ab, bb) regioisomer mixture reflected 

spectral features of both isomers (Figure 4.4c). This provided first evidence that the two reference 

isomers [pG2]-OH (aa, bb) were part of the [pG2]-OH (aa, ab, bb) mixture. Interestingly, 
13

C NMR 

signals that arose from their focal points appeared between 71.2 – 70.4 ppm. Comparing the 
13

C NMR 

spectrum of [pG2]-OH (aa) with that of [pG2] OH (bb) revealed a small shift of the focal point signal of 

about one ppm (Figure 4.4a-b). This showed that both regioisomers can be differentiated by 
13

C NMR, 

particularly, by analyzing the chemical shifts their focal point signals. The focal point signals of both 

reference isomers appeared also in the spectrum of the proposed [pG2]-OH (aa, ab, bb) mixture. 

Interestingly, a third signal appeared between those of [pG2]-OH (aa) and [pG2]-OH (bb), which could 

be explained by the presence of the third regioisomer [pG2]-OH (ab, Figure 4.4c). 

The regioisomer proportions [pG2]-OH (aa:ab:bb, 4:4:1) calculated from the relative focal point 

signal intensities showed that the sample mainly contained [pG2]-OH (aa) and [pG2]-OH (ab) and only 

minor amounts of [pG2]-OH (bb). The focal point analysis of the precursor [pG2]-ene revealed a 

similar intensity pattern, which indicated that three regioisomers [pG2]-ene (aa, ab, bb) were formed 

during the reaction between [pG1]-OH (a:b, 6:4) and methallyl dichloride (Figure 8.10, Appendix). 

During the course of the reaction, mainly [pG2]-ene (aa) and [pG2]-ene (ab) and only minor amounts 

of [pG2]-ene (bb) were formed. Furthermore, the data indicated that the regioisomer proportions of 

[pG2]-ene fully retained during conversion to [pG2]-OH and purification. 

 

Scheme 4.3: Synthesis of a [pG2]-OH (aa:ab:bb) regioisomer mixture. Three regioisomers of 

[pG2]-ene were obtained (aa:ab:bb), which differ with respect to the structure of their side chains. The 

regioisomer proportions retained during conversion to [pG2]-OH. The mixed isomers [pG2]-ene (ab) 

and [pG2]-OH (ab) are shown exemplarily. 
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Figure 4.4: 
1
H/

13
C NMR spectra obtained from a) [pG2]-OH (aa), b) [pG2]-OH (bb), and c) the 

regioisomer mixture [pG2]-OH (aa, ab, bb). Regioisomers could be differentiated by their 
13

C focal 

point signals, e.g., C(aa), C(ab), or C(bb). Signals of [D4] MeOH are labeled with s. 
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At least two explanations are available that help to explain the asymmetric distribution among the 

different regioisomers of [pG2]-ene (aa:ab:bb, 4:4:1): First, the focal points of the two [pG1]-OH 

regioisomers exhibited either a secondary hydroxyl group (a) or a primary hydroxyl group (b). The 

secondary alkoxyde of [pG1]-OH (a) that was formed upon deprotonation with NaH was possibly more 

nucleophilic than the alkoxyde formed by [pG1]-OH (b). This may facilitated the formation of [pG2]-ene 

(aa, ab) under the chosen conditions. Second, the amount of [pG1]-OH (a) within the starting material 

was higher than that of [pG1]-OH (b), which possibly promoted the formation of the regioisomers 

[pG2]-ene (aa) and [pG2]-ene (ab), too. 

4.3.5 Synthesis of [G2] Oligoglycerol Detergents 

In the penultimate part of this chapter, synthetic procedures that lead to obtaining the [G2] detergent 

mixtures 4 – 8 are described. Having established the synthesis of [pG2]-OH (aa, ab, bb), the free 

hydroxyl groups at the focal points of the [pG2]-OH regioisomers were first connected to C18 chains 

via ether, amide or, triazole groups to obtain 4 – 6 (Scheme 4.4). For this purpose, the regioisomer 

mixture of [pG2]-OH (aa:ab:bb, 4:4:1) was either alkylated,
[125]

 propargylated,
[140]

 or converted into an 

amino group by using the before-mentioned literature procedures.
[27, 127]

 

For the synthesis of the [G2] OGD mixture 4, the regioisomer mixture [pG2]-OH (aa:ab:bb, 4:4:1) 

was deprotonated with NaH in DMF and subsequently reacted with 18-bromooctadecane 

(Scheme 4.4a). First, the reaction was run at RT for 16 hours, which led to the product 

[pG2]-ether-C18 only with low yields (<10%). Significantly better results were obtained when the 

reaction was performed at 80 °C. Here, the product [pG2]-ether-C18 (aa:ab:bb) could be isolated by 

column purification with a yield of 68%. The acetal protecting groups were subsequently removed 

under acidic conditions to obtain the product [G2]-ether-C18 (aa:ab:bb, 4:4:1) 4. Similarly to the 

before-described synthesis of [G1]-ether-C12 (a:b, 6:4) 1, the initial regioisomer proportions retained. 

The synthesis of the [G2] OGD 5 was afforded within four steps (Scheme 4.4b). First, the [pG2]-OH 

(aa:ab:bb, 4:4:1) regioisomer mixture was reacted with MsCl and a slight excess of NEt3 in toluene.
[127]

 

The obtained product was dissolved in DMF and reacted with NaN3. The product mixture obtained 

from this reaction [pG2]-N3 (aa:ab:bb, 3:4:1) was further converted to [pG2]-NH2 (aa:ab:bb, 4:4:1) 

under reductive conditions using H2 and Pd/C.
[27]

 The latter was reacted with stearoyl chloride under 

basic conditions in dichloromethane (DCM). The resulting product [pG2]-amide-C18 (aa:ab:bb) was 

isolated and cleavage of the acetal protecting groups under acidic conditions gave the desired product 

mixture [G2]-amide-C18 (aa:ab:bb, 4:4:1) 5. 

After this, the [G2] OGD mixture 6 was prepared (Scheme 4.4c). First, the [pG2]-OH 

(aa:ab:bb, 4:4:1) regioisomer mixture was reacted with propargyl bromide in DMF under basic 

conditions. The product mixture [pG2]-O-propargyl (aa:ab:bb, 4:4:1) was coupled with 1-azido-

octadecane using a modified procedure of Sharpless et al.
[127, 140] 

[pG2]-triazole-C18 (aa:ab:bb) was 

then deprotected under acidic conditions to give the final [G2] OGD mixture [G2]-triazole-C18 

(aa:ab:bb, 1:2:1) 6. Here, a significant deviation from the initial regioisomer proportions was obtained. 

Similarly to the other OGD mixtures, the product 6 was purified by RP HPLC. The shapes of the eluted 

peaks were usually very broad for [G2] OGDs and differences during the manual peak fractioning 

procedures could have affected the regioisomer proportions. 
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Scheme 4.4: Utilized reaction sequences that led to the obtainment of a) – c) different [G2] OGD 

regioisomer mixtures 4 – 6. Regioisomer proportions that were not determined are labeled with 

(aa:ab:bb). The general structure of an acetal-protected regioisomer [pG2]-R (ab) is shown 

exemplarily. The structures of the final products are shown in Figure 4.1. 
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The next [G2] OGD mixture 7 was obtained from a reaction of the [pG2]-NH2 (aa:ab:bb, 4:4:1) mixture 

with cholesterol chloroformate (Scheme 4.5). To do so, cholesterol chloroformate was dissolved in dry 

DCM and NEt3 was added. The [pG2]-NH2 (aa:ab:bb, 4:4:1) mixture was subsequently added and the 

mixture was stirred for 16 hours at RT. The reaction mixture was directly subjected to column 

purification, which gave the desired product [pG2]-carbamate-Chol (aa:ab:bb). Removal of the acetal 

protecting groups led to the desired product [G2]-carbamate-Chol (aa:ab:bb, 9:5:1) 7. 

Finally, the [G2] detergent mixture 8 was synthesized according to a procedure of Thota el at. 

(Scheme 4.5).
[140]

 For this purpose, the [pG2]-O-propargyl (aa:ab:bb, 4:4:1) mixture was suspended 

with dodecanoic acid, 2-azido-1,3-propanediyl ester in THF and H2O followed by the addition of 

DIPEA, sodium ascorbate and Cu(II)SO4*5H2O. The product [pG2]-triazole-DC12 (aa:ab:bb) was 

isolated by means of column chromatography. The acetal protecting groups were removed under 

acidic conditions with Amberlite® IR-120(H) and MeOH. The desired product [G2]-triazole-DC12 

(aa:ab:bb, 9:5:1) was obtained upon RP HPLC purification. The regioisomer proportions of 7 and 8 

were different to that of the respective starting material and were most likely affected by preparative 

RP HPLC purification. 

 

Scheme 4.5: Utilized reaction sequences that were applied for the preparation of [G2] OGD mixtures 

a) 7 and b) 8. Regioisomer proportions that were not determined are labeled with (aa:ab:bb). The 

general structure of an acetal-protected regioisomer [pG2]-R (ab) is shown exemplarily (top). The 

structures of the final products are shown in Figure 4.1. 
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4.4 Conclusions 

In summary, the synthesis of a new library of OGDs was introduced, which consisted of [G1] and [G2] 

OGD head group regioisomer mixtures, different linker groups, and hydrophobic tails. The data 

showed that literature procedures that were available for the synthesis of individual OGD regioisomers 

could be also utilized for the synthesis of OGD regioisomer mixtures. The required starting material for 

OGD synthesis, e.g., regioisomer mixtures of [pG1]-OH, could be obtained in one step by acetal 

protection of technical oligoglycerol. The obtained regioisomer proportions depended significantly on 

the commercial oligoglycerol source and could fluctuate along the synthesis of [G2] OGDs. Liquid 

chromatography methods and NMR data that were developed in this thesis can help to validate the 

regioisomer proportions during all stages of synthesis. This will facilitate the quality control of OGD 

synthesis in future. 

The enormous potential of the here-presented OGD library relies on its modular design, which will 

allow one to systematically investigate the impact of the molecular detergent structure on the OGDs’ 

utility to purify membrane proteins and to facilitate their analysis by native MS. Furthermore, the here 

presented OGD library provides the unique ability to evaluate the benefit of OGD regioisomer mixtures 

over individual OGD regioisomers for protein purification and native MS applications. 
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5. Chapter II – The Potential of Oligoglycerol Detergents for Protein 

Mass Spectrometry 

5.1 Introduction 

Nanoelectrospray ionization-mass spectrometry (nESI-MS) is a valuable tool for the structural 

investigation of membrane proteins. Mixtures of membrane proteins and detergent aggregates can be 

transferred into the vacuum of a mass spectrometer by means of nESI, where the excess of the 

detergent is subsequently removed via thermal activation.
[75] 

The increase in internal energy in 

complexes formed between membrane proteins and detergents mainly dissipates through the loss of 

detergent molecules, which can protect the protein structure from perturbation even under very harsh 

MS instrument conditions.
[15, 16]

 The ability to gently transfer membrane protein complexes to the 

vacuum of a MS instrument is useful not only for the elucidation of unknown subunit stoichiometry, but 

also for the assessment of the structural impact of small non-covalently bound ligands, such as 

nucleotides, drugs, or lipids.
[11, 13]

 The activation conditions required for detergent removal and the 

charge state of the released protein are important parameters for the preservation of native-like 

protein structures.
[14]

 High protein charge states together with high collisional activation promote 

Coulomb-driven unfolding of the protein, whereas low charge states in combination with soft release 

conditions are more likely to yield compact structures and to maintain a native membrane protein 

subunit stoichiometry.
[17] 

Recent results showed that the chemical nature of detergents altered the charge states of 

membrane proteins significantly.
[14] 

 Membrane proteins that are released from saccharide detergents, 

for example, exhibit high charge states that are close to the Rayleigh-limit of charged nESI droplets.
 

Detergents based on tetraethylene glycol or amine N-oxide, on the other hand, exhibit strong charge-

reducing properties and are removed in vacuum under gentle activation conditions.
 
Furthermore, 

literature data provide strong evidence that membrane protein charge states can be reduced by the 

addition of basic solution additives or organic solvents, such as imidazole and acetonitrile.
[17, 102]

 

In this chapter, it is investigated if membrane protein charge reduction can be enabled by tuning 

the structure of OGDs. For this purpose, a diverse set of OGD regioisomer mixtures 1 – 6 was chosen, 

which comprised regioisomer mixtures derived from first [G1] and second [G2] generation oligoglycerol 

dendron, linker groups with different basicities (ether, amide, and triazole), and two different alkyl 

spacers (C12 and C18, Figure 5.1). The structural diversity of 1 – 6 relied mainly on the size of their 

dendritic oligoglycerol head groups and hydrophobic tail and the chemical nature of the linker that was 

embedded in-between. 

Membrane proteins, however, present an exceptionally challenging class of biomolecules which 

are occasionally difficult to handle and expensive to manufacture. The size of a new detergent library 

can be a limiting factor for the fast and efficient flow of detergent screenings. To allow one to identify 

charge-reducing detergents in advance, a tandem mass spectrometry (MS/MS) approach was 

introduced that helps to evaluate the charge-reducing properties of OGDs without the consumption of 

expensive membrane protein samples. 
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For this purpose, three soluble proteins were assessed as model systems for the investigation of 

defined protein-detergent complexes (PDCs) by MS/MS: two hydrophilic proteins, ubiquitin (8.5 kDa) 

and myoglobin (16.9 kDa) which are known to not bind detergents in solution under native conditions, 

and ß-lactoglobulin (BLG, 18.4 kDa), a more amphiphilic protein that is suggested to play an important 

role in the transport of amphiphilic molecules.
[166]

 In line with this suggestion, it was found that BLG 

exhibits a greater propensity to form PDCs upon nESI than ubiquitin or myoglobin. Systematic MS/MS 

experiments on singly bound PDCs formed between BLG and 1 – 6 revealed how the distinct building 

blocks or functional groups of OGDs mediate the removal of sodium ions and protons from protein 

ions during PDC dissociation. Finally, it is discussed how far the results received from the MS/MS 

approach are transferable to membrane proteins. 

 

Figure 5.1: Library of a) [G1] and b) [G2] OGD regioisomer mixtures 1 – 6 to be explored for tuning of 

protein charge states and the solubilization of membrane proteins. The [G1] OGD mixtures 1 – 3 and 

[G2] OGD mixtures 4 – 6 comprise different head group regioisomers, hydrophobic tails, and different 

connecting linkers, such as ether-, amide, and triazole groups. 



5.2 Experimental Details 

 

57 
 

5.2 Experimental Details 

Materials and Reagents 

All chemicals, solvents and buffers were purchased from Merck (Germany), Sigma Aldrich (Germany), 

Alfa Aesar (Germany) and Fluka (Germany). The OGDs 1 – 6 were synthesized as discussed before 

in Chapter 4.3. 

Preparation of Mixtures between Soluble Proteins and Detergents 

Soluble proteins, e.g., ubiquitin, myoglobin, and BLG, were dissolved in ammonium acetate (10 mM) 

buffer to a final concentration of 1 mg/mL. The protein samples (500 µL) were then loaded into 

Amicon-Ultra 0.5 mL centrifugal devices (Merck Millipore, Germany). The molecular weight cut-off 

(MWCOs) of the centrifugal devices was adjusted to the molecular weight of ubiquitin 

(MWCO = 3 kDa), myoglobin, and BLG (MWCO = 10 kDa). The samples were concentrated 

(14000 x g, 10 min) using a Heraeus Pico 17 centrifuge (Thermo-Scientific, USA), diluted with 

ammonium acetate buffer (10 mM) to a final volume of 500 µL, and concentrated again. This 

procedure was repeated five times. The protein concentration was determined upon the final 

centrifugation step by means of UV/VIS spectroscopy using the molar extinction coefficients at 280 nm 

of ubiquitin (1490 M
-1

·cm
-1

), myoglobin (holo form) (13940 M
-1

·cm
-1

), and BLG (17600 M
-1

·cm
-1

).
[167-169] 

Equimolar protein detergent mixtures (1:1, 50 µM) were prepared by appropriate dilution to generate a 

1:1 complex stoichiometry and the samples were subjected to nESI-MS analysis. The sample 

conditions, including protein concentration, buffer concentration, and concentration of the amphiphilic 

molecule, were adapted from Seo et al.
[170] 

Nanoelectrospray Ionisation Mass Spectrometry 

Mass spectra were measured in positive ion mode using a modified Ultima high-mass quadrupole-time 

of flight (Q-ToF) mass spectrometer (Waters Micromass, Manchester, UK) equipped with a Z-spray 

nanoflow nESI ionization source.
[13] 

The required borosilicate capillaries were prepared according to a 

previously described procedure.
[171] 

Data acquisition and analysis were performed by means of 

MassLynx (V4.1). Capillary voltage (1.2 kV), cone voltage (35 V), RF lens (50 V), collision gas 

pressure (Pargon ~ 5·10
-3

 mbar), and collision voltage (2 V) were adjusted to optimize the intensity of 

singly bound protein-detergent complexes (PDCs) in the m/z range between 200 and 5000. The 

sample conditions and instrumental parameters are summarized in Scheme 5.1. External m/z 

calibration was performed by means of CsI solutions (20 mg/mL, H2O:isopropanol, v:v, 1:1). The 

intensities obtained from the individual protein signals (apo form) were extracted from the mass 

spectra and plotted as a function of the protein charge state. The data were fitted to a Gaussian 

function and the charge state (x-value) at maximum intensity was taken as the average charge state 

(zave). Supplementary data are provided in Chapter 8.5 (Appendix). 
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Scheme 5.1: Sample conditions and instrument settings applied for the investigation of PDCs in the 

vacuum of a MS instrument. Argon was used as collision gas (5x10
-3

 mbar).  

Detergent Exchange and nESI-MS Experiments with Membrane Proteins 

Detergent exchange experiments were performed with OmpF which was purified before in the 

reference detergent octyl β-D-glucopyranoside (OG). The purified OmpF sample was a gift from 

PhD Joseph Gault. Detergent exchange from OG to 1 – 6 was performed by means of gel filtration 

chromatography. As stationary phase a pre-packed Superdex 200 10/300 GL column (GE Healthcare, 

product number: 17-5175-01) was used, which was operated with a ÄKTA setup. Detergent-containing 

ammonium acetate buffer (200 mM) with OGD concentrations of about one or two times of its cac 

were used as the mobile phase (Table 5.1). The eluted protein samples were concentrated using 

Amicon-Ultra 0.5 mL centrifugal devices (MWCO = 150 kDa) prior to their nESI-MS analysis using a 

modified Q Exactive nESI-MS instrument (Thermo-Scientific).
[92, 172] 

This instrument was operated by 

Idlir Liko. Data analysis and processing was performed with Xcalibur (v2.2) and OriginPro (v9.1). The 

zave values were calculated as described above for soluble proteins. 

Critical Aggregation Concentration of OGDs 

The cac values of the OGDs 1 – 6 were determined by means of dynamic light scattering (DLS) 

according to a procedure of Skhiri et al.
[173]

 Serial dilutions with OGD concentrations between 10
-8

 and 

10
-2

 M were prepared in MilliQ water. The samples were filtered (RC, 0.2 µm) and equilibrated for 

16 hours at RT prior to their analysis. The samples were transferred into a quartz cuvette (material: 

Quarz Suprasil, width x length: 2 mm x 10 mm) and analyzed with a Zetasizer Nano-ZS ZEN3600 

(Malvern, UK). The instrument was operated with the Zetasizer Software (v7.11) and the following 

acquisition parameters were used:  

Material: Polystyrene Latex 

Dispersant: Water  

Sample viscosity parameters: Use dispersant viscosity as sample viscosity 

Temperature: 22.5 °C 

Equilibration time: 120 seconds 

Cell type: Quarz cuvettes 

Measurement angle: 173° Backscatter  
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Measurement duration: Manual 

Number of runs: 11 

Run duration: 10 seconds 

Number of measurements: 3 

Delay between the measurements: 0 seconds 

Data processing: General purpose (normal resolution). 

The derived count rate values obtained from three measurements (per concentration) were averaged 

and the logarithm of the derived count rate average was plotted against the logarithm of the 

concentration (Figure 5.2).
[173] 

The double logarithmic plots showed two characteristic regions: a) at flat 

regions with low count rates at lower OGD concentrations and b) a linear growth in the derived count 

rate at higher OGD concentrations (Figure 5.2).
 
The individual regions were fitted to linear functions 

and the cac value was calculated from their intersection (x-value). These values are summarized in 

Table 5.1. Supplementary data are provided in Chapter 8.4 (Appendix).  

 

Figure 5.2: Double logarithmic plot of the derived count rate average against the concentration 

obtained from the OGD mixture [G1]-ether-C12 (a:b, 6:4) 1. The derived count rate average was 

determined by dynamic light scattering (DLS). The intersection between the linear fit and the baseline 

was taken as the cac. 

Table 5.1: Summary of cac values of the OGD batches 1 – 6 that were determined by DLS. 

[G1] OGD mixture cac (mM) [G2] OGD mixture cac (mM) 

[G1]-ether-C12 (a:b, 6:4) 1 0.70 [G2]-ether-C18 (aa:ab:bb, 4:4:1) 4 0.30 

[G1]-amide-C12 (a:b, 6:4) 2 0.30 [G2]-amide-C18 (aa:ab:bb, 4:4:1) 5 0.32 

[G1]-triazole-C12 (a:b, 6:4) 3 0.55 [G2]-triazole-C18 (aa:ab:bb, 1:2:1) 6 0.28 

[G1]-triazole-C12 (a) 3a 0.47   

[G1]-triazole-C12 (b) 3b 0.39   
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5.3 Results and Discussion 

5.3.1 Mass Spectra of Mixtures between OGDs and Soluble Proteins 

In order to evaluate the charge reducing-properties of OGDs without consuming expensive membrane 

protein samples, the dissociation behavior of PDCs formed with soluble proteins was investigated. For 

this purpose, it was first necessary to identify a soluble protein that showed sufficient binding to 

detergent molecules upon nESI. Therefore, equimolar mixtures of the non-ionic [G1] OGD mixture 1 

with ubiquitin, myoglobin, and BLG were analyzed by nESI-MS. The mixtures were transferred into the 

vacuum by nESI from ammonium acetate buffer (10 mM) under instrumental conditions chosen to 

optimize the intensity of PDC signals (Scheme 5.1, Experimental Details). First, ubiquitin and 

myoglobin were tested. The mass spectra revealed low average charge states (zave) for ubiquitin (5+) 

and myoglobin (8+, Figure 5.3a-b, respectively), which is commonly observed for both proteins under 

native MS conditions.
[170, 171] 

Because only minor amounts of PDCs were observed, the mass spectra 

looked remarkably similar to previously reported data from detergent-free protein samples.
[174, 175]

 In 

contrast to the data obtained from ubiquitin and myoglobin, the mass spectrum of BLG showed three 

monomeric protein species that corresponded to BLG bearing either no, one, or two covalently 

attached lactose moieties.
[176]

 For all monomeric forms of BLG, the formation of PDCs was obtained 

(Figure 5.3c).
 
The zave of BLG (7+) was equally low as in the cases of ubiqutin and myoglobin.

[170]
 

For myoglobin and ubiquitin, no complex formation with non-ionic detergents in solution has been 

reported to date. Due to the high analyte concentration (50 µM) it is very likely that the obtained PDCs 

originated simply from non-specific adduct formation during the nESI process.
[85]

 This implies that 

simply higher detergent concentrations are needed to maximize the PDC intensity, which is in line with 

previous observations.
[177, 178] 

The outstanding propensity of BLG to show PDCs, on the other hand, is 

likely a result of its amphipilic properties. The barrel-like protein structure exhibits a hydrophobic core 

that is capable of forming inclusion complexes with amphiphilic molecules in solution,
[166, 179]

 which can 

be also transferred into the gas phase by nESI.
[180, 181] 

To test in addition the capability of BLG to form 

PDCs via non-specific nESI contacts with detergents, mass spectra at higher detergent concentrations 

were recorded (500 µM). The intensity pattern observed among free BLG and its PDCs at high 

detergent concentrations can be perfectly described by a Poisson distribution (Figure 8.26, Appendix). 

This clearly confirmed that the PDC formation at high detergent concentration can be triggered by 

enhancing the propability of randomly occuring contacts between protein and detergent molecules 

during nESI.
[14]

 Considering the results for ubiquitin and myoglobin, it could therefore be concluded 

that at lower detergent concentrations (50 µM) also non-specific adduct formation during the nESI 

process contributed to the PDC intensity of BLG, but clearly only to a small extent (Figure 5.3a-c). 

Taken together, BLG was found to be the most suitable soluble protein for providing intense PDC 

signals under the employed experimental conditions. 
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Figure 5.3: Mass spectra (nESI, positive 

mode) of three model proteins that were 

dissolved in NH4OAc buffer (10 mM) and in 

the presence of equimolar amounts of the 

[G1] OGD mixture 1: a) ubiquitin, b) myo-

globin (holo form) and c) ß-lactoglobulin 

(BLG). BLG dimers are labeled with d and 

lactosylated forms of BLG are labeled with 

an asterisk. 

5.3.2 Dissociation Behavior of PDCs - Impact of Ion Adducts and OGD Structure 

Once BLG was identified as suitable model protein to obtain intense PDC signals upon nESI of 

equimolar protein-detergent mixtures, the dissociation behavior of the PDCs was studied by means of 

MS/MS experiments. In order to take into account that the gas-phase dissociation of protein 

complexes is dependent on the protein charge states,
[96]

 the MS/MS experiments were focused 

systematically on the most abundant protein charge state 8+ (Figure 5.4).  
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The mass spectrum of singly-bound PDC ions obtained for BLG and 1 showed one intense peak for 

the fully protonated PDC and further signals of minor intensity that correspond to mixed sodiated 

forms (Figure 5.4a). To examine the impact of sodium and proton binding, different quadrupole 

settings were used to enable the isolation of i) mainly fully protonated- or ii) mixtures of protonated and 

mixed sodiated PDC ions (Figure 5.4b-c, respectively). To enhance the intensity of the mixed sodiated 

ions, sodium chloride (500 µM) was added to the samples (Figure 5.4a). The selected ion populations 

were then thermally activated by increasing the collision voltage (Scheme 5.1). Upon full dissociation 

of the PDC, the appearance of three new ion populations was observed which corresponded to BLG 

of two different charge states (8+ and 7+) and singly sodiated detergent ions (Figure 5.4b-c). 

Interestingly, the extent in BLG charge reduction was proportional to the amount of singly sodiated 

detergent ions that were released from the PDC. This showed that the charge reducing properties of 1 

relied exclusively on the detergent’s ability to remove sodium cations from the PDC. Detergent 

molecules of 1 that did not capture a sodium cation were consequently dissociated from the complex 

as neutral species. Similar results were obtained for the individual [G1] OGD regioisomers of 1, which 

revealed that the ability to remove sodium cations did not change with the structure of the triglycerol 

head group regioisomers (Figure 8.27 and Figure  8.28, Appendix). 

 

Figure 5.4: Tandem mass spectrometry (MS/MS) experiments revealed the influence of proton and 

sodium binding on the dissociation behavior of PDCs formed by BLG and 1. a) Zoom into MS 

spectrum of the PDC at charge state (z = 8+) when analyzed in the absence (black) or presence of 

NaCl (500 µM, grey). b-c) MS/MS spectra obtained from different quadrupole settings (top) and 

MS/MS spectra before and after collision-induced dissociation (CID, collision voltage range: 2 - 30 V) 

of the parent ion populations. d) For comparison, the results obtained for PDCs formed by BLG and 

DDM at low resolution settings are shown. Lactosylated forms of BLG are labeled with an asterisk. 
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The origin of this behavior possibly lies in the structural similarity between trigylcerol and 18-crown-6, 

which is known to have a high binding affinity to smaller alkali cations.
[182]

 For comparison, the 

performance of the detergent DDM was tested, which is an important standard in structural biology 

and one of the most widely used detergents in native MS (Figure 5.4). DDM and 1 exhibited similar 

alkyl spacers and linker groups but differed in the structure of their head groups. The comparatively 

rigid disaccharide structure of DDM, for example, was less similar to that of crown ethers and, as a 

consequence, no charge reduction of BLG was observed, irrespective of the sodium adduct intensity 

(Figure 5.4). This implied that the triglycerol head groups of 1 are indeed the major coordination sites 

for sodium ions. 

To assess the impact of the linker between head group and tail, MS/MS experiments on fully 

protonated PDCs were performed (without the addition of sodium chloride) (Figure 5.5). In agreement 

with the results discussed above, no charge reduction of BLG was observed in the case of 1, which 

indicated that the detergent molecules dissociated as neutral species in the absence of sodium 

adducts. Surprisingly, when exchanging the ether linkage between the detergent’s head group and tail 

for an amide bond 2 or triazole group 3, an increase in protein charge reduction was observed 

(Figure 5.5). The extent of protein charge reduction observed among 1 – 3 was thereby proportional to 

the loss of protonated detergent molecules. 

 

Figure 5.5: MS/MS spectra before and after full dissociation of PDCs (z = 8+, collision voltage range: 

2 - 30 V) obtained from BLG and a) – c) [G1] OGD mixtures 1 – 3 (top) or d) – f) [G2] OGD mixtures 

4 – 6 (bottom). High resolution quadrupole settings were optimized to obtain maximum intensity of fully 

protonated PDCs prior to CID. Lactosylated forms of BLG are labeled with an asterisk, detergent 

fragments are labeled with F. 
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Similar trends in charge reduction were observed for the [G2] detergent mixtures 4 – 6, which gave 

clear evidence that the detergent’s ability to pick up a proton from the PDC is related to the chemical 

properties of the linker between head group and tail (Figure 5.5). This trend is expected because the 

affinity of the linkages to abstract a proton is directly correlated to their gas phase basicity, e.g., ether 

(~ 790 kJ/mol), amide (~ 820 kJ/mol) and triazole group (~ 900 kJ/mol).
[183] 

In other words, the greater 

the basicity of the detergent, the more likely it is for a detergent to pick up a proton from the protein 

during PDC dissociation. This is also consistent with the difference in charge-reducing properties 

between DDM (790 kJ/mol) and LDAO (950 kJ/mol) observed during nESI-MS analysis of membrane 

proteins.
[14]

 Taken together, the MS/MS data indicate that the dissociation behavior is significantly 

influenced by the protonation/sodiation ratio of the PDC, but also by the structural properties of the 

detergent, including the chemical properties of the head group and linker. 

5.3.3 Impact of OGD Structure on Membrane Protein Charge States 

To examine if the trends in protein charge reduction observed from the soluble protein BLG and 1 – 6 

are transferable to membrane proteins, nESI-MS experiments were performed with OmpF. This 

membrane protein was purified before in the reference detergent OG and detergent exchange 

experiments from OG to 1 – 6 were performed by means of gel filtration chromatography. Stable 

membrane protein solutions were obtained only for [G1] OGDs 1, 3 and for [G2] OGDs 4, 6, which 

indicated that these detergents are suitable for the solubilization of OmpF. In case of 2 and 5, 

precipitation of OmpF was observed, which indicated that OGDs, which exhibit an amide linkage were 

less suitable for membrane protein solubilization. Various amphiphiles are available for membrane 

protein solubilization, which consist of amide groups.
[59, 64, 114] 

 It can therefore not be conlcuded that 

detergents with amide bonds are generally not suited for the fabrication of protein-compatible 

detergents. However, OmpF is a comparatively robust membrane protein, which is compatible to a 

broad spectrum of different detergent families.
[184] 

This led to the suggestion that the OGD mixtures 2 

and 5 are possibly also less suitable for the solubilization of other membrane proteins. 

Upon successful exchange of the detergent environment from OG to 1, 3, 4, and 6, the samples 

were transferred into the vacuum of a modified Q Exactive MS instrument using nESI. The detergent 

environment was removed upon nESI by collisional activation, which enabled the acquisition of 

membrane protein mass spectra in case of 1, 3, and 4 (Figure 5.6). Even under harshest instrument 

conditions, however, no protein mass spectrum could be obtained in case of 6, which indicated that 

the combination of a [G2] head group, a linear C18 alkyl spacer, and a connecting triazole group is 

less suitable for the nESI-MS analysis of membrane proteins. In contrast, the mass spectra obtained 

from the OGD mixtures 1, 3, and 4 revealed highly resolved and intense signals of OmpF in its native 

trimeric state (Figure 5.6). This showed that the three OGD mixtures 1, 3, and 4 are able to preserve 

the native oligomeric state of OmpF in solution. 

The zave values of OmpF obtained from 1 (18+) and 4 (18+) were similar to that observed from 

OG (19+), which has been classified as a non-charge reducing detergent (Figure 5.6).
[14]

 The data 

obtained from 1 and 4 showed that varying the size of the dendritic head group and hydrophobic tail 

did not alter their charge-reducing properties. This was in good agreement with results reported for the 

reference detergents OG and n-dodecyl ß-D-maltoside (DDM), which both differ with respect to the 
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size of the head group (mono- or disaccharide) and hydrophobic tail (C8 or C12) and do not exhibit 

charge-reducing properties.
[14]

 In contrast, a significant reduction in charge state was found when the 

ether linkage of 1 (18+) was substituted for a triazole unit 3 (15+, Figure 5.6a-c). As discussed above, 

this trend was expected, because the ability of the OGD linker to abstract protons from the protein ion 

can be directly related to its gas-phase basicity. Further experiments on the individual OGD 

regioisomers of 3 revealed that the ability to abstract charges did not depend on the structure of the 

triglycerol head group (Figure 8.29, Appendix). This underlined that the triazole linker of 3 was the key 

element responsible for charge reduction and led to the conclusion that membrane protein charge 

states could simply be tuned by adjusting the detergent’s basicity. 

 

 

Figure 5.6: nESI-MS analysis of trimeric OmpF upon detergent exchange from detergent octyl β-D-

glucopyranoside (OG) to OGD mixtures a) 1, b) 4, and c) 3. d) For comparison the mass spectrum 

taken from the reference OG is shown. Increasing the size of the OGD head group and tail from 1 to 4 

did not lead to a change in protein charge states. A substitution of the ether moiety in 1 by the more 

basic triazole in 3 led to a substantial charge reduction of OmpF. 
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5.4 Conclusions 

In summary, it was shown how protein charge states could be on-demand tailored by tuning the 

molecular structure of OGDs. First, the applicability of ubiquitin, myoglobin, BLG and a set of six 

tailored OGD mixtures 1 - 6 was evaluated for the investigation of PDCs in the vacuum of a MS 

instrument. Due to its outstanding propensity to show intense PDC signals upon nESI of protein-

detergent mixtures, the soluble protein BLG was found to be most suitable for evaluating the gas-

phase properties of detergents under the employed experimental conditions. Tandem MS experiments 

on PDCs formed by BLG and 1 - 6 revealed how the detergent’s propensity to remove charges from 

protein ions could be modulated by tuning the structure of OGDs. The data indicated that the structural 

similarity of the OGD head group to crown ethers enabled the efficient removal of sodium cations from 

protein ions during PDC dissociation. In addition, the detergent’s propensity to remove protons from 

protein ions could be addressed by tuning the basicity of the OGD structure. 

More remarkably, it was for the first time demonstrated that OGDs can be used for the 

solubilization and native MS analysis of the membrane protein OmpF. Comparing the data obtained 

from BLG and OmpF confirmed that the detergent’s ability to promote charge reduction was not 

necessarily coupled to the fact, that the targeted protein is a membrane protein, which is in line with 

results obtained from Reading and Liko et al.
[14]

 This led to the conclusion that charge-reducing 

properties of detergents can be examined either by studying the dissociation behavior of PDCs formed 

with soluble proteins or by direct nESI-MS analysis of membrane proteins. 

The ability to probe charge-reducing properties of detergents with soluble proteins can help to 

identify detergents for native MS applications that need to exhibit charge-reducing properties on-

demand. Analyzing the dissociation behavior of PDCs formed with soluble proteins can thereby solve 

the qualitative question whether a detergent exhibits charge-reducing properties or not. The 

here-presented workflow will therefore help to pre-select charge-reducing detergents from new 

detergent libraries without consuming expensive membrane protein samples. The data presented in 

this chapter also revealed that charge-reducing detergents were not necessarily suitable for the 

solubilization or native MS analysis of membrane proteins. Therefore, more effort will be invested on 

the understanding about how the compatibility of detergents to membrane proteins can be modulated 

by tuning the structure of detergents. 
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6. Chapter III – Detergent Design for Native Mass Spectrometry of 

Membrane Proteins 

6.1 Introduction 

Membrane proteins are located in cellular membranes and fulfill functions that are vital for life of all 

organisms. Investigating the membrane proteome is consequently of great interest for medicinal 

chemistry and structural biology. However, cellular membranes are very heterogeneous and highly 

dynamic, which represents a major challenge for application of common biophysical techniques. 

Biological membranes are therefore traditionally dissolved with detergents, whose aggregates allow 

one to stabilize native protein structures in aqueous solution apart from its native host environment. 

A breakthrough came with the first demonstration that detergent aggregates can protect native 

membrane protein structures during transport from solution into the vacuum of a mass 

spectrometer.
[75]

 Protein-detergent mixtures can be transferred into the vacuum of a MS instrument by 

nanoelectrospray ionization (nESI), where subsequent removal of the detergent environment ideally 

leads to the release of intact membrane protein complexes. The chemical properties of detergents 

dictate the activation energies required for detergent removal and also affect the charge states of so-

obtained membrane protein ions.
[14]

 Acquired protein mass spectra provide information on oligomeric 

states of membrane protein assemblies, and their gas-phase dissociation pattern allows unraveling 

their native subunit connectivity and stoichiometry.
[11, 13]

 Furthermore, the purification of membrane 

proteins by detergents leads to co-purification of lipids.
[20]

 The choice of the detergent alters the extent 

of co-purification and enables the detection of protein complexes formed with structurally relevant 

lipids.
[18]

 MS techniques allow one to distinguish between endogenously bound membrane lipids and 

those that are embedded within the protein structure.
[18]

 Also lipids that are exogenously added to the 

sample can be ranked by MS techniques according to their relevance for structure and function of 

membrane proteins.
[19]

 

Detergents that are suitable for native MS applications on membrane proteins need to cover a 

balance of appropriate solution and gas-phase properties. Currently available detergent families, 

however, are either suited for isolating proteins, promoting charge reduction, or the ability to detect 

protein complexes formed with co-purified membrane lipids.
[14, 20]

 The present chapter evaluates 

whether one can overcome these limitations by exploring the family of non-ionic OGDs. A set of five 

OGD regioisomer mixtures 1, 3, 4, 7, and 8 was chosen, which comprised different building block 

combinations, such as first- [G1] and second-generation [G2] oligoglycerol regioisomers, different 

linker groups and hydrophobic tails (Figure 6.1). To explore the potential of these OGDs for extracting 

membrane proteins from biological membranes, two membrane proteins were selected E.coli: a) a 

green fluorescent protein (GFP) construct of the aquaporine channel (AqpZ) and b) a maltose binding 

protein (MBP) construct of the ammonia channel (AmtB). Aquaporins are channel proteins that 

facilitate the diffusion of water through lipid membranes. Their role as water transport system was first 

directly proven by Peter C. Agre and colleagues, who received the Nobel Prize in Chemistry for their 

discovery in 2003.
[185]

 On the other hand, ammonia channel proteins mediate the transport of 

ammoniac (NH3) or ammonium ions (NH4
+
).

[186, 187]
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At the time of its publication in 2004, the crystal structure of AmtB from E. coli could be looked at with 

the highest resolution of any integral membrane protein.
[188]

 Both membrane proteins are compatible 

to a broad range of detergent families, have been extensively studied by native MS, and were 

therefore considered as ideal model proteins.
[13, 14] 

Furthermore, the utility of OGDs for the analysis of 

pharmaceutically relevant membrane proteins was discovered, such as for the multidrug and toxic 

compound extrusion protein (MATE)
[189, 190]

 and the neurotensin receptor 1 (NTSR1)
[172]

 – a member of 

the challenging GPCR protein family.
[30, 172]

 Native MS experiments with these five membrane proteins 

revealed how the molecular architecture of OGDs can be used for optimizing protein extraction, 

charge reduction, and the ability to detect binding with co-purified membrane lipids on-demand. 

 

 
Figure 6.1: Library of a) [G1] and b) [G2] OGD mixtures 1, 3, 4, 7, and 8 to be explored for isolating 

membrane proteins, tuning charge states, and supporting the ability to detect protein complexes 

formed with co-purified membrane lipids by nESI-MS. The [G1] OGD mixtures 1 and 3, and [G2] OGD 

mixtures 4, 7 and 8 comprise different head group regioisomers, hydrophobic tails, and different 

connecting linkers, such as ether-, carbamate, and triazole groups. 
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6.2 Experimental Details 

Membrane Preparation and Protein Extraction 

The following steps were performed using a procedure of Laganowsky et al.
[19]

 Gene vectors for 

overexpression of the His-tagged (6 x His) membrane protein constructs AqpZ-GFP, AmtB-MBP, and 

MATE-GFP were provided by Idlir Liko. The protein plasmids of AqpZ-GFP, AmtB-MBP, and MATE-

GFP were transformed into E. coli BL21 (DE3) Gold (Agilent). Several colonies were incubated in 

medium (LB Broth, 50 mL of 5 g/L yeast extract, 10 g/L peptone from casein, and 10 g/L sodium 

chloride) and grown overnight at 37 °C. One liter of medium was subsequently incubated with 

overnight culture (7 mL) and grown at 37 °C until the culture reached an optical density value 

(OD600nm) of 0.6 – 0.8. Next, isopropyl b-D-1-thiogalactopyranoside (IPTG) was added to the culture at 

a final concentration of 0.5 mM and the cultures were grown for another three hours at 37 °C. The 

cells were subsequently collected by centrifugation (5000 x g, 10 min, 4 °C). 

Protein-containing membranes for membrane protein extraction were prepared upon protein 

expression. To do so, the harvested cell pellets were resuspended in lysis buffer (20 mM Tris, 300 mM 

NaCl, pH = 7.4) and supplemented with a protease inhibitor tablet (Roche). The cell suspension was 

homogenized by passing it several times through an M-110 PS microfluidizer (Microfluidics). Insoluble 

material was removed by centrifugation (20000 x g, 20 min, 4 °C) and the supernatant was again 

centrifuged (100000 x g, 2 h, 4 °C). The yielded membranes were resuspended in ice-cold 

resuspension buffer (20 mM Tris, 100 mM NaCl, 0.2 v/v glycerol) and homogenized using a Potter-

Elvehjem Teflon pestle and glass tube. 

Membranes were subsequently solubilized with detergents and the targeted membrane proteins 

were purified by IMAC. Membrane aliquots (0.5 mL) were treated with a mixture of resuspension buffer 

(3.5 mL) and an aqueous solution, which contained a detergent of choice (1 mL, 5w%). The mixtures 

were agitated gently overnight at a temperature of 4 °C and subsequently centrifuged (21000 x g, 

40 min, 4 °C). The pellets were discarded and the supernatants were subjected to IMAC purification. 

IMAC columns were packed by loading 500 µL Ni-Agarose suspension (Quiagen) into a 1000 µL 

empty column (Bio-spin chromatography columns, Bio-Rad). The suspensions were settled down by a 

short centrifugation step (1000 x g, 1 min). The columns were opened on the bottom and washed with 

water (3 x 500 µL), IMAC wash buffer (1 x 500 µL, 50 mM Tris, 200 mM NaCl, 20 mM imidazole, 

0.1 v/v glycerol, detergent of choice – Table 6.1), IMAC elution buffer (1x 500µL, 50 mM Tris, 100 mM 

NaCl, 500 mM imidazole, 0.1 v/v glycerol, detergent of choice – Table 6.1), and IMAC wash buffer 

(5 x 500 µL). The supernatant obtained upon centrifugation of the solubilized membranes was loaded 

on the IMAC columns and every column was washed with IMAC wash buffer (5 x 500 µL), and IMAC 

buffer mixture (2 x 500 µL of wash buffer/elution buffer mixture, v:v, 9:1). The wash solutions were 

discarded and the proteins were finally eluted using IMAC elution buffer (1 x 550 µL). The protein 

solutions of AqpZ-GFG and AmtB-MBP were analyzed by SDS Page (Figure 6.2). Pre-packed 

NuPage™ 4 – 12% Bis-Tris gels from Invitrogen (Thermo-Scientific) were used and SeeBlue® Plus2 

Pre-Stained Standard was used as molecular weight marker. 
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Figure 6.2: SDS Page analysis of membrane proteins samples a) AqpZ-GFP (52.7 kDa) and b) AmtB-

MBP (86.3 kDa) upon extraction from biological membranes and IMAC purification. The comet-like 

appearance of individual bands reflected the heterogeneity of the isolated protein-detergent 

mixtures.
[191]

 

 

Table 6.1: Detergent concentrations applied for membrane solubilization, IMAC purification, and 

buffer exchange into nESI-MS Buffer. Further information about cac values is given in Chapter 4.2. 

Detergent Abbreviation cac 
(mM) 

Membrane 
Solubilization 
(1w%) 

IMAC 
Wash 
Buffer 

IMAC 
Elution 
Buffer 

nESI-
MS   
Buffer 

[G1]-ether-C12 (a:b, 6:4) 1 0.70 36xcac 2xcac 2xcac 1xcac 

[G1]-triazole-C12 (a:b, 6:4) 3 0.55 39xcac 2xcac 2xcac 2xcac 

[G1]-triazole-C12 (a) 3a 0.47 44xcac 2xcac 2xcac 2xcac 

[G1]-triazole-C12 (b) 3b 0.39 53xcac 2xcac 2xcac 2xcac 

[G2]-ether-C18 (aa:ab:bb, 4:4:1) 4 0.30 44xcac 2xcac 2xcac 2xcac 

[G2]-carbamate-Chol (aa:ab:bb, 9:5:1) 7 0.16 67xcac 2xcac 2xcac 2xcac 

[G2]-triazole-DC12 (aa:ab:bb, 9:5:1) 8 0.06 167xcac 2xcac 2xcac 2xcac 

DDM 0.11 156xcac 2xcac 2xcac 2xcac 
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Analyzing the Membrane Protein Concentration upon Extraction 

UV/VIS analysis was applied to determine the relative protein concentration upon IMAC. The freshly 

eluted protein solutions were concentrated in Amicon-Ultra 0.5 mL centrifugal devices (MWCO = 

150 kDa), diluted with IMAC wash buffer (500 µL) and concentrated again by centrifugation. Buffer 

exchange into nESI-MS Buffer (200 mM NH4OAc and detergent of choice – Table 6.1) was performed 

with a centrifugal buffer exchange device (Micro Bio-Spin 6. Bio-Rad). All protein samples were 

concentrated to equal volumes and the relative protein concentrations were determined by UV/VIS 

spectroscopy using a NanoDrop photospectrometer (DeNovix). The obtained absorbance values 

(A485 for AqpZ-GFP and A280 for AmtB-MBP) were normalized to the values obtained from DDM and 

plotted against the respective detergent abbreviation (Figure 6.3, Results and Discussion). 

nESI-MS analysis of Extracted Membrane Protein Samples 

The membrane protein samples in nESI-MS buffer were delivered to a modified Q extractive MS 

instrument that was operated in positive ion mode with a nESI source. Typical instrument parameters 

were as follows: injection flatapole (7.9 V), inter-flatapole (6.9 V), bent flatapole (5.9 V), transfer 

multipole (4 V), and voltage applied to the higher-energy collisional dissociation (HCD) cell for 

detergent (200 V).
 
Spectra were acquired with ten microscans and averaged with a noise level 

parameter of three. The nESI-MS instrument was operated by PhD Idlir Liko. Data were analyzed with 

Xcalibur (v2.2) and data processing was performed with OriginPro (v9.1). The zave values of 

membrane proteins were calculated as described before in Chapter 4.2. The lipid masses (ligand 

bound states) were calculated by subtracting the mass-to-charge ratios “m/z” of two neighboring 

protein signals of the same charge state “z,” for example, apo form “n” and protein plus one ligand 

attached to it “n+1.” The calculated difference “∆(m/z)” was multiplied with the charge state value “z” to 

obtain the respective ligand mass: 

              (   )    |(   )  (   )   |    

The mass of every ligand was determined between five and six times from different signals. The 

obtained values were averaged and the standard deviation (SD) was calculated. The ligands were 

assigned by comparing their masses (±SD) with those of relevant membrane lipids. The molecular 

masses of the membrane lipids were taken from literature.
[19]

 The zave values and lipid data are 

summarized in Table 6.2. Supplementary data are provided in Chapter 8.5 (Appendix). 

Detergent Exchange and nESI-MS Analysis of NTSR1 

The membrane protein neurotensin receptor 1 (NTSR1) was provided by Hsin-Yung Yen and was 

solubilized in a mixed detergent system, that contained n-dodecyl ß-D-maltoside (DDM), cholesterol, 

and foscholine.
[172] 

The mixed detergent environment was exchanged to OGD mixtures 1 and 7, as 

described before in Chapter 4.2. The protein-detergent mixtures were analyzed by nESI-MS using the 

above-described procedure. PhD Hsin-Yung Yen operated the nESI-MS instrument and designed the 

experiments that were used to estimate proportions of functional NTSR1 upon detergent exchange. 
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Table 6.2: Summary of native MS data obtained for AqpZ-GFP, AmtB-MBP, MATE-GFP, and NTSR1. 

The data include protein abbreviations, OGD abbreviations, average charge states (zave), calculated 

lipid masses, abbreviations of assigned lipids, molecular masses of the assigned lipids,
[19]

 and 

molecular masses of OGDs. 

Protein OGD zave 
(Ligand Mass ± SD) 
[Da] 

Assigned 
Lipid 

Lipid Mass 
[Da] 

OGD 
Mass 
[Da] 

AqpZ-GFP 1 30+ - - - - 

 3 25+ - - - - 

 3a - - - - - 

 3b - - - - - 

 4 29+ - - - - 

 7 30+ (901 ± 2), (1414 ± 3) DEPC, CDL 898.3, 1430.0 947.6 

 8 28+ (1372 ± 4) CDL 1430.0 1055.6 

 DDM - - - - - 

AmtB-MBP 1 43+/32+ - - - - 

 3 38+/29+ - - - - 

 3a 38+/27+ - - - - 

 3b 38+/27+ - - - - 

 4 - - - - - 

 7 48+ (983 ± 3), (1400 ± 1) PI, CDL 977.1, 1430.0 947.6 

 8 40+/30+ (1394 ± 1) CDL 1430.0 1055.6 

 DDM - - - - - 

MATE-GFP 1 16+ (1407 ± 1) CDL 1430.0 408.3 

 7 16+ (1407 ± 1) CDL 1430.0 947.6 

NTSR1 1 10+ - - - - 

 7 10+ - - - - 
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6.3 Results and Discussion 

6.3.1 Expression and Purification of Membrane Proteins 

The two proteins AqpZ-GFP and AmtB-MBP were overexpressed in E. coli and isolated with different 

OGD mixtures 1, 3, 4, 7, and 8 by membrane solubilization and IMAC. The relative protein quantities 

were subsequently determined by UV/VIS spectroscopy and plotted against the detergent 

abbreviations (Figure 6.3). To discuss the results obtained from the OGD mixtures in a more general 

context, the relative protein quantities were compared to those obtained from the reference detergent 

n-dodecyl ß-D-maltoside (DDM), which is a current standard in structural biology.
[192]

 

The amounts of AqpZ-GFP obtained from the [G1] OGD mixtures 1 and 3 were about two times 

higher than DDM, which indicated their great potential for the isolation of large protein quantities from 

biological membranes (Figure 6.3a). Interestingly, the protein amounts received from 3 were higher 

than that of the individual regioisomers 3a and 3b. Mixtures of different amphiphilic molecules, such as 

detergent/lipid or detergent/polymer formulations, are known alternatives to classic detergents and can 

help to improve the isolation of membrane proteins.
[41] 

However, such a pronounced synergistic 

increase in protein quantity arising from a mixture of detergent regioisomers has remarkably not been 

reported before. The protein amounts obtained from the [G2] OGDs 4, 7, and 8, on the other hand, 

were up to ten times lower than for DDM, which indicated that synergistic effects that may have arisen 

from regioisomer mixtures were of minor relevance for the larger [G2] detergents (Figure 6.3). This is 

expected since it is known that detergents with bulky head groups are less effective in membrane 

solubilization, which consequently can limit the isolation of large protein quantities.
[40] 

Taken together, 

the data show that the protein quantities received from protein extraction can be significantly 

controlled by changing the structure of the OGD head group and tail. Similar trends in protein 

concentration obtained upon IMAC were obtained for AmtB-MBP, which showed that the utility of the 

chosen OGD mixtures to extract membrane proteins from biological membranes could be transferred 

to other membrane proteins (Figure 6.3b). 

 

Figure 6.3: Relative protein quantities obtained for the membrane protein a) AqpZ-GFP and 

b) AmtB-MBP upon membrane solubilization and IMAC purification with the reference detergent DDM, 

[G1] OGDs and [G2] OGDs. Higher protein quantities were obtained, when [G1] OGD mixtures were 

used. The [G1] OGD regioisomer mixture 3 led to higher protein quantities than the individual 

regioisomers 3a and 3b. 
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6.3.2 Structural Analysis of Isolated Membrane Proteins 

To probe the structural integrity of the protein-detergent mixtures obtained upon extraction from 

biological membranes, nESI-MS experiments were performed. The membrane protein AqpZ-GFP 

forms native tetramers in biological membranes with a molecular mass of about 210 kDa.
[14] 

The mass 

spectra obtained from 1 and 3 revealed well-resolved signals of the tetrameric apo form of AqpZ-GFP, 

which showed that both OGD mixtures could preserve the native oligomeric state of AqpZ-GFP during 

membrane solubilization, IMAC purification, and nESI-MS (Figure 6.4a). The pronounced shift in zave 

of AqpZ-GFP between 1 (30+) and 3 (25+) is in line with the results observed for OmpF before in 

Chapter 4.3. The data confirmed that membrane protein charge states could be tuned by changing the 

basicity of the linker between the OGD head group and tail. Furthermore, the mass spectra showed 

predominantly the apo form of AqpZ-GFP, which indicated that the protein-detergent mixtures carried 

only minor amounts of co-purified membrane lipids (Figure 6.4a).
[18, 19]

 From the individual [G1] OGD 

regioisomers 3a and 3b, however, weakly resolved and broad charge state distributions were 

obtained, which indicated that the protein structure became heavily perturbed during the isolation 

process (Figure 8.30, Appendix). A possible explanation is that the [G1] OGD mixture 3 caused less 

protein denaturation during the employed isolation procedure than the individual OGD regioisomers 3a 

and 3b, which would be in line with the different protein quantities obtained upon isolation (Figure 6.4). 

For the [G2] OGD mixture 4, similarly poor spectra were obtained, which indicated that the 

combination of a linear C18 alkyl chain and a [G2] head group was less suitable for protein isolation 

(Figure 8.31, Appendix). In strong contrast, much better results were found for the combination of the 

[G2] head group and more lipid-like hydrophobic tails. The mass spectra obtained using the [G2] 

OGDs 7 and 8 revealed not only signals for tetrameric apo form of AqpZ-GFP, but also those of 

ligand-bound states (Figure 6.4b). The ligand masses agreed very well with those of cardiolipid (CDL) 

and 1,2-dierucoyl-sn-glycero-3-phosphocholine (DEPC), which are highly relevant for the structure 

and function of AqpZ (Table 6.2).
[19]

 The appearance of intense lipid-bound states upon extraction and 

purification of AqpZ-GFP with 7 and 8 indicated that the respective [G2] OGD mixtures carried larger 

amounts of co-purified membrane lipids than those of the [G1] OGDs 1 and 3. The data therefore 

provided indirect evidence for the extent of membrane lipid co-purification from biological membranes. 

Furthermore, the ability to detect protein complexes formed with membrane lipids could be tuned by 

the structure of the detergent’s head group and tail (Figure 6.4a-b). The differences in zave between the 

OGD mixtures 1 (30+), 3 (25+), 7 (30+), and 8 (28+) provided first evidence that protein charge 

reduction and lipid binding could be individually addressed, by tuning either the basicity of the linker or 

the structure of the OGD head group and tail, respectively (Figure 6.4a-b). 
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Figure 6.4: Mass spectra obtained upon isolation of tetrameric AqpZ-GFP from biological membranes 

(CID voltage = 200 V). a) [G1] OGDs facilitated the extraction of large protein amounts and protein 

charge reduction (bottom), but no protein-lipid complexes were detected, which pointed to a low 

concentration of co-purified membrane lipids. b) Using a [G2] head group and a lipid-like hydrophobic 

tail enabled the detection of protein-lipid complexes with structurally relevant membrane lipids. 

Increasing the basicity of the linker led to charge reduction, irrespective of head group and tail. 

Similar trends in protein charge reduction and lipid binding were observed for AmtB-MBP (Figure 6.5). 

The mass spectra obtained from [G1] OGDs revealed bimodal charge state distributions and a 

systematic down-shift in both zave values was obtained between 1 (43+/32+) and 3 (38+/29+). From 

the individual [G1] OGD regioisomers 3a and 3b, well-resolved protein mass spectra were obtained 

(Figure 8.31, Appendix). Contrary to the results obtained from AqpZ-GFP, this indicated that the 

protein structure of AmtB-MBP became less denatured during isolation with the individual 

regioisomers. This was in line with the high amounts of AmtB-MBP obtained upon isolation with the 

regioisomers 3a and 3b. The mass spectra obtained from AmtB-MBP upon isolation with the [G2] 

OGDs 7 and 8 revealed not only signals for tetrameric apo form of AmtB-MBP but also for those of 

ligand-bound states (Figure 6.5b). Here, the ligand masses matched to the ones from cardiolipid 

(CDL) and 1,2-dioleoyl-sn-glycero-3-phospho-(1´-myo-inositol-3´-phosphate) (PI, Table 6.2).  



6. Chapter III – Detergent Design for Native Mass Spectrometry of Membrane Proteins 

 

76 
 

Moreover, the differences in zave between the OGD mixtures 1 (43+/32+), 3 (38+/29+), 7 (48+), and 

8 (40+/30+) confirmed that the ability to tune protein charge reduction and the ability to detect lipid-

bound states could be addressed individually, either by tuning the basicity of the linker or the structure 

of the OGD head group and tail, respectively. The ability to gain free control over protein purification, 

charge reduction, and lipid co-purification has not been reported so far for other detergent families. 

This highlights the great potential of the modular OGD architecture to be tuned for individual native MS 

applications. Furthermore, the appearance of the bimodal charge state distributions of AmtB-MBP was 

investigated. To do so, membrane protein mass spectra with 1 and 3 were acquired at different 

activation conditions (Figure 6.6). The spectra revealed that the relative intensity of the individual 

charge state distributions changed with the applied collision voltage (Figure 6.6). Intense signals of 

highly charged protein ions (low m/z) were obtained at low collision voltages (100 V), whereby at 

elevated collision voltages (≥ 150 V) a significant increase in intensity for charge-reduced protein ions 

was observed (high m/z). 

 

Figure 6.5: Mass spectra obtained upon isolation of trimeric AmtB-MBP from biological membranes 

(CID voltage = 200 V). a) [G1] OGDs facilitated again the extraction of large protein amounts, but no 

protein-lipid complexes were detected, which pointed to a low concentration of co-purified membrane 

lipids. b) Using a [G2] head group and a lipid-like hydrophobic tail enabled the detection of protein-lipid 

complexes with structurally relevant membrane lipids. Increasing the basicity of the linker promoted 

protein charge reduction, irrespective of head group and tail. 
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At least two explanations were available for the appearance of bimodal charge state distributions: 

First, the protein-detergent mixtures carried additional basic impurities, such as imidazole. According 

to Reading and Liko et al., the removal of basic impurities may occurred subsequently to the detergent 

removal, which would be in agreement with the formation of a charge-reduced ion population, when 

elevated collision energies were applied (Figure 6.6).
[14] 

Second, charge state distributions could be 

affected by the compactness of the protein structure.
[193]

 Unfolded protein structures can exhibit larger 

solvent-assessable surface areas than compact protein conformations and can therefore pick up 

larger amount of charges during the nESI process.
[193-195]

 Different folding states of AmtB-MBP in 

solution could therefore explain the appearance of multimodal charge state distributions.
[195] 

Furthermore, the amount of energy that is transferred to the protein ions during CID commonly 

increases with the protein charge state. At comparable CID and sample conditions, the detergent 

removal for a highly charged membrane protein could occur more readily than for a more charge-

reduced membrane protein, which would be in line with the here-obtained results (Figure 6.6).
 

 

Figure 6.6: Mass spectra of AmtB-MBP released from the OGD mixtures 1 and 3 at different collision 

voltages. The intensity of charge-reduced protein signals increased at elevated collision voltages. 
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In strong contrast to the results obtained from the OGD mixtures 1, 3, 4, 7, and 8, the reference 

detergent DDM did not lead to interpretable mass spectra for AqpZ-GFP and AmtB-MBP (Figure 6.7). 

Even when employing highest collision voltages (240 V), only insufficient detergent removal and 

poorly resolved spectra were obtained. The here-mentioned challenge to acquire membrane protein 

mass spectra by means of DDM is commonly reported in literature.
[14] 

Due to its capability to preserve 

the native structure of many membrane proteins upon isolation, however, DDM is still indispensable 

for membrane protein research.
[20, 40, 41]

 In comparison, membrane proteins are easily released from 

the OGD environment by CID, which highlights the great potential of the OGD family to be used for the 

direct native MS analysis of membrane proteins upon extraction from biological membranes. 

 

Figure 6.7: Mass spectra of AqpZ-GFP and AmtB-MBP released from the reference detergent DDM. 

Even at highest collision voltages (240 V) only insufficient detergent removal and poorly resolved 

spectra were obtained. 

6.3.3 Towards Membrane Proteins with Pharmaceutical Relevance 

Once it was confirmed that OGD mixtures can facilitate the purification and native MS analysis of 

AqpZ-GFP and AmtB-MBP, their utility for the nESI-MS analysis of pharmaceutically relevant 

membrane proteins was tested, such as MATE and NTSR1. Akin to AqpZ and AmtB, MATE is 

compatible to a broad range of detergents and has been intensively investigated by native MS 

before.
[14] 

On the other hand, only one detergent mixture has yet been reported for the membrane 

protein NTSR1 that comprises ideal properties for its purification and native MS analysis, which 

consists of DDM, cholesterol, and foscholine.
[172] 

 Despite their pharmaceutical relevance, MATE-GFP 

and NTSR1 are present as monomers in biological membranes with molecular masses of 78.2 kDa 

and 37.3 kDa, respectively.
[14, 172]

 

MATE-GFP was overexpressed in E. coli and the protein was purified as described above using 

the OGD mixtures 1 and 7. Subsequent nESI-MS analysis of the isolated samples revealed highly 

resolved mass spectra of monomeric MATE-GFP (Figure 6.8a). No significant shifts in zave were 

obtained between 1 (16+) and 7 (16+), which confirmed that both OGD mixtures comprised no charge 

reducing properties. In case of 1, lipid-bound states of minor intensity between MATE-GFP and CDL 

were obtained (Figure 6.8a).  
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In contrast, the intensity of lipid-bound states was significantly enhanced in case of 7, which was 

similar to the results obtained for AqpZ-GFP and AmtB-MBP before. The results obtained from MATE-

GFP therefore reconfirmed that the ability to detect protein complexes with membrane lipids upon 

extraction could be tuned by changing the structure of the OGD head group and tail. 

More remarkably, detergent exchange experiments revealed that the respective OGD mixtures can 

be also utilized for the solubilization of NTSR1. No protein precipitation occurred visibly upon 

transferring NTSR1 from the trimeric detergent mixture (DDM, cholesterol, foscholine) to the OGD 

mixtures 1 and 7. The nESI-MS analysis of both samples revealed highly resolved mass spectra of 

NTSR1 with similar zave values for 1 (10+) and 7 (10+, Figure 6.8). The narrow and unimodal charge 

state distributions obtained were similar to data that have been reported in literature from the nESI-MS 

analysis of functional NTSR1s.
[172]

 The data shown here therefore indicated that native folding of 

NTSR1 could be possibly preserved upon detergent exchange to OGDs 1 and 7 in solution. 

 

Figure 6.8: Mass spectra of a) MATE-GFP upon isolation from biological membranes and b) NTSR1 

upon detergent exchange from a mixture of DDM, cholesterol, and foscholine to the OGD mixtures 

1 and 7 (CID voltage = 200 V). 
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To evaluate the utility of OGDs to preserve functional states of NTSR1, a previously established 

fluorescence assay was applied.
[172, 196]

 To do so, NTSR1 was solubilized in the reference detergent 

lauryl maltose neopentyl glycol (LMNG). This detergent does not facilitate the native MS analysis of 

this protein; however, it is known to properly preserve functional states of NTSR1.
[172, 196]

 Next, NTSR1 

was solubilized in the OGD mixtures 1 and 7. To all three samples, a tenfold excess of a dye-labeled 

ligand was added – called BODIPY-NT(8-13), which is suggested to exhibit a high binding affinity 

exclusively to native NTSR1.
[196] 

Upon incubation for 60 minutes, the excess of ligand was removed by 

gel-filtration chromatography and the remaining fluorescence of the sample was measured. The 

detected fluorescence intensity was then divided by the protein concentration and the data were 

normalized to the intensity obtained from the LMNG sample (Figure 6.9). As a control, NTSR1 

solubilized in LMNG without BODIPY-NT(8-13) was analyzed, too. 

Compared to LMNG, a slight reduction in fluorescence intensity was obtained for 1 and 7 

(Figure 6.9). The intensity was found to be reduced to 80% for 1 and to 60% for 7. The control sample 

showed no fluorescence intensity, which confirmed that the obtained fluorescence intensity from the 

other samples originated from the added BODIPY-NT(8-13). By assuming that the remaining 

fluorescence intensity originated only from the NTSR1 complex formed with BODIPY-NT(8-13), it 

could be concluded that significant proportions of functional NTSR1 retained upon detergent exchange 

from LMNG to the OGD mixtures 1 and 7.  

 

Figure 6.9: Normalized fluorescence intensity (FI) obtained from mixtures between NTSR1 and the 

fluorescent dye-labeled ligand BODIPY-NT(8-13) in different detergent environments. By assuming 

that the detected FI mainly originated from complexes formed by BODIPY-NT(8-13) and functional 

NTSR1, the data indicated that significant proportions of functional NTSR1 were retained upon 

detergent exchange from lauryl maltose neopentyl glycol (LMNG) to the OGD mixtures 1 and 7. 
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6.4 Conclusions 

In summary it was demonstrated that the family of OGDs offered new opportunities for optimizing the 

purification and native MS analysis of membrane proteins. It was shown in detail how the modular 

architecture of OGDs could be used to independently optimize protein purification, charge reduction, 

and the ability to detect protein complexes formed with co-purified membrane lipids by native MS. 

Extraction experiments revealed that the membrane protein amounts that could be isolated from 

biological membranes were very sensitive to the structure of the OGD head group and tail. OGDs that 

comprised a smaller [G1] head group and a linear tail extracted membrane proteins more efficiently 

than OGDs that had a bigger [G2] head group and a linear tail. The obtained difference between [G1] 

and [G2] OGDs confirmed that the detergent’s capability to extract membrane proteins was inversely 

correlated to the size of its head group. The extraction efficiency of [G2] OGDs, however, could be 

significantly improved by changing linear alkyl spacers with more lipid-like tails. 

Further native MS experiments revealed that both structural parameters, e.g., head group and tail, 

altered the extent of membrane lipid co-purification. For [G1] OGDs, no complexes formed with 

membrane lipids were detected by nESI-MS. In strong contrast, mass spectra acquired by means of 

[G2] OGDs consistently showed intense signals of membrane proteins in complexes with structurally 

relevant membrane lipids. More remarkably, exchanging the basicity of the linker between the OGD 

head group and tail also enabled tuning of membrane protein charge states. 

Taken all together, the obtained data confirmed that protein purification could be optimized by 

tuning the structure of the OGD head group and tail. Subsequent nESI-MS analysis of the so-obtained 

protein-detergent mixtures revealed that protein charge reduction and the ability to detect binding to 

structurally relevant membrane lipids could be independently addressed by tuning either the basicity of 

the linker or the structure of the head group and hydrophobic tail, respectively. Moreover, OGDs were 

found to be suitable for the native MS analysis of membrane proteins that were of pharmaceutical 

relevance, such as MATE or NTSR1 – a member of the challenging GPCR family. Although none of 

the here-investigated OGDs covered all desired properties at once, their modular architecture allowed 

one to tailor their properties for individual native MS applications on-demand. The ability to facilitate 

the structural analysis of pharmaceutically relevant membrane proteins by OGDs makes this detergent 

family even more valuable for native MS applications. 
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7. Overall Summary and Future Perspective 

Taken together, the non-ionic family of OGDs turned out to be a promising tool-box for the structural 

investigation of membrane proteins. The modular exchange of individual detergent building blocks 

enabled for the first time the directed support of fundamental aspects in membrane protein research, 

such as membrane protein purification and native MS applications. With a set of eight different OGD 

regioisomer mixtures and five membrane proteins it was shown how protein extraction from biological 

membranes, tuning of charge states, and the ability to detect protein complexes formed with co-

purified membrane lipids could be improved on-demand by controlling the molecular structure of 

OGDs. 

7.1 Summary 

In the first part of this thesis, the synthesis of a new OGD library was presented. The obtained 

detergent batches consisted of OGD regioisomer mixtures, including first- [G1] or second-generation 

[G2] triglycerol head group regioisomers, different hydrophobic tails, and variable connecting linker 

groups. The starting materials that were used for the preparation of OGDs were regioisomer mixtrues 

of [pG1]-OH and [pG2]-OH. Two different [pG1]-OH regioisomers were obtained from acetal protection 

of technical oligoglycerol mixtures. Their molar ratio depended significantly on the commercial 

oligoglycerol source and using these mixtures for preparing the next higher dendron generation led to 

the obtainment of three [pG2]-OH regioisomers. With this regard, liquid chromatography methods and 

spectroscopic reference data were developed, which enabled validating the regioisomer content 

during almost all stages of OGD synthesis. The here-provided NMR data and liquid chromatography 

methods will help to control the regioisomer content during OGD synthesis in future. 

In the second part, the potential of the modular OGD library to be used for the directed 

manipulation of membrane protein charge states was explored. The charge-reducing properties of 

OGDs were first evaluated by tandem MS experiments on protein complexes formed with the soluble 

model protein BLG. The dissociation pattern of these complexes revealed that the crown ether-like 

structure of the OGD head group enabled the removal of sodium cations from PDCs, while the basicity 

of the linker group was important for the removal of protons. Moreover, it was for the first time proven 

that OGDs could enable the solubilization and native MS analysis of membrane proteins by means of 

the membrane protein OmpF. A comparative study with BLG and the trimeric membrane protein 

OmpF confirmed not only that membrane protein charge states could be adjusted by tuning the 

detergent’s basicity, but also that charge-reducing properties of detergents could be evaluated without 

consuming expensive membrane protein samples. 

The last part of this thesis evaluated how protein purification and their analysis by native MS could 

be optimized by tuning the molecular structure of OGDs. The protein extraction capability of OGDs 

was found to be very sensitive to the size of the OGD head group and the structure of the hydrophobic 

tail. The best performance was obtained from [G1] OGD mixtures, while the performance of 

[G2] OGDs could be improved by using lipid-like hydrophobic tails instead of long linear alkyl spacers. 
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More surprisingly, [G1] OGD regioisomer mixtures could extract higher protein amounts than individual 

ones. Certain OGD mixtures thereby outperformed the detergent DDM, which is a current standard in 

structural biology. The obtained results therefore demonstrated the enormous potential of OGDs for 

isolating large protein quantities. Subsequent analysis of so-obtained protein-detergent mixtures by 

native MS revealed that protein charge reduction and the ability to detect protein complexes formed 

with co-purified membrane lipids could be independently optimized by tuning either the basicity of the 

linker or the structure of OGD head group and tail, respectively. Highly resolved membrane protein 

mass spectra could be obtained directly upon protein extraction. In strong contrast, only insufficient 

detergent removal and poorly resolved protein spectra were obtained in case of DDM. In comparison, 

membrane proteins were easily released from OGDs, which enabled the easy native MS analysis of a 

challenging GPCR. Further results indicated that functional states of this GPCR partially retained upon 

solubilization with OGDs. The results obtained from the last part of this thesis underlined the 

enormous potential of OGDs to be used for the purification and native MS analysis of membrane 

proteins. None of the here-investigated OGDs covered all optimal properties at once. Unless to other 

detergent families, the molecular structure of OGDs can be tailored on-demand for membrane protein 

isolation and individual applications in native MS. 

7.1 Future Perspectives 

Finding the right detergent for an application in membrane protein research is currently a major 

challenge. This process can be very time and sample consuming, because the detergent’s utility is 

often difficult to predict. The ability to tailor the structure of OGDs for protein isolation and native MS 

applications is therefore a breakthrough and will facilitate the structural investigation of the membrane 

proteome. The compatibility of OGDs to the five membrane proteins investigated here indicated that 

OGDs may be widely applicable to other membrane proteins. Further experiments will be conducted to 

prove the validity of this assumption. Moreover, it would be very interesting to see if OGDs can also 

facilitate the application of other biophysical tools, such as NMR spectroscopy, X-ray crystallography, 

EM, or SANS. Similarly to the bottom-up strategy presented in this thesis, one could easily evaluate 

how changes in the OGD structure and regioisomer composition are affecting their utility for these 

biophysical tools. In subsequent stages, one could test if the design guidelines deduced from the here-

presented OGDs are transferable to other detergent families. This would open new opportunities for 

the development of designer detergents with tailor-made properties for individual applications. 

However, the structural properties of biological membranes are generally poorly duplicated in a 

detergent environment. The removal of the membrane environment by means of detergents is 

therefore often accompanied by a perturbation of the membrane protein’s structure and function. 

Having demonstrated now that heterogeneous OGD regioisomer mixtures can outperform classic 

detergents in terms of protein extraction efficiency, it would be interesting to evaluate how far they can 

improve the preservation of functional membrane protein states. With this regard, only one experiment 

was performed during this thesis, which surprisingly indicated that OGD mixtures can preserve 

functional states of a GPCR. In this context, more experiments will be conducted to underline the 

consistency of this remarkable result. 
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Furthermore, it will be investigated if the benefits that arose from [G1] OGDs regioisomer mixtures can 

be also obtained from other sorts of isomer mixtures, such as diastereoisomers. The alpha- and beta-

form of DDM, for example, can show similar membrane protein extraction efficiencies but the mixture 

of both has not been systematically evaluated yet.
[197]

 Using heterogeneous detergent mixtures as 

alternatives may help to overcome the general limitations that are associated with the usage of 

detergents as membrane mimic. 

Seen from a broader perspective, the obtained results finally demonstrated the great potential of 

bottom-up strategies for gaining a structure-based understanding about the detergent’s utility for 

membrane protein research. The implementation of this empirical approach requires simply the 

screening of diversified detergent libraries. From a synthetic point of view, however, the provision of 

large detergent libraries is very costly and also membrane proteins are expensive to manufacture. 

Native MS can help to decrease the required sample amounts and new synthetic concepts need to be 

examined that can dramatically reduce the synthetic effort, which is required for detergent synthesis.  

Pharmaceutical companies have already shown a possible solution: They demonstrated the great 

potential of combinatorial chemistry for the hit-to-lead optimization of medicinal drugs. With this regard, 

the potential of combinatorial chemistry concepts for facilitating the structure-based optimization of 

detergents in membrane protein research will be evaluated in future. 
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8. Appendix 

8.1 Synthetic Procedures 

8.1.01 [pG1]-OH Regioisomer Mixture (a, b) 

 

Technical triglycerol (Fluka, product number: 17782) was dissolved in 2,2´-dimethoxypropane (3 eq.) 

and PTSA*H2O (0.1 eq.) was added. The reaction mixture was stirred at 40 °C for 16 h. NEt3 (0.1 eq.) 

was added and the solvent was removed under reduced pressure. The raw material was purified by 

column chromatography (SiO2, n-hexane/ tO c, 2:1 → 1:6) and the product [pG1]-OH was obtained 

as pale yellow oil (a:b, 6:4, ~ 60%). 
1
H NMR (400 MHz, [D4] MeOH) δ = 4.28 - 4.20 (m, 1.9 H), 

4.06 - 3.99 (m, 1.9 H), 3.87 - 3.80 (m, 0.8 H), 3.75 - 3.44 (m, 11 H). 
13

C NMR (101 MHz, [D4] MeOH) δ 

= 110.4, 81.4, 76.3 - 76.1, 73.9, 73.4, 72.4 - 72.3, 70.6, 67.5, 62.6, 27.0, 25.6. MS (ESI): m/z = 

343.1739 C15H28O7Na1
+
 (calc.  343.1727). 

8.1.02 [pG0]-OBn 

 

DL-1,2-Isopropylideneglycerol (2.00 g, 15.1 mmol) was dissolved in DMF (50 mL) and NaH (60w%, 

2.42 g, 60.5 mmol) was added. Benzyl bromide (2.15 mL, 18.2 mmol) was added and the mixture was 

stirred for 12 h. The reaction was quenched with H2O (10 mL) and the solvent was removed under 

reduced pressure. The residue was suspended in H2O (100 mL) and Brine (200 mL). The aqueous 

layer was extracted with EtOAc (3 x 150 mL). The organic layer was dried over sodium sulfate 

(Na2SO4) and the solvent was removed under reduced pressure. Column chromatography (SiO2, 

pentane/ tO c, 10:1 → 8:1) gave the desired product [pG0]-OBn (2.10 g, 9.45 mmol, 63%). 
1
H NMR 

(400 MHz, [D4] MeOH) δ = 7.36 - 7.25 (m, 5H), 4.56 - 4.55 (s, 2H), 4.30 - 4.22 (m, 1H), 4.07 - 4.00 (m, 

1H), 3.75 - 3.68 (m, 1H), 3.55 - 3.46 (m, 2H), 1.40 - 1.29 (m, 6H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 

139.5, 129.4, 128.8, 128.7, 110.5, 76.1, 74.4, 72.1, 67.6, 27.0, 25.7. MS (ESI): m/z = 245.1139 

C13H18O3Na1
+
 (calc. 245.1148). 
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8.1.03 [G0]-OBn 

 

[pG0]-OBn (2.10 g, 9.45 mmol) was dissolved in MeOH (300 mL) and HCl (37%, 100 µL) was added. 

The mixture was stirred for 2 h at RT and the solvent was removed under reduced pressure. The 

residue was dissolved in MeOH (300 mL) and again HCl (37%, 100 µL) was added. The solvent was 

removed under reduced pressure to obtain the desired product [G0]-OBn (1.72 g, 9.43 mmol, 99%). 

1
H NMR (400 MHz, [D4] MeOH) δ = 7.36 - 7.22 (m, 5H), 4.53 (s, 2H), 3.84 - 3.77 (m, 1H), 3.64 - 3.45 

(m, 4H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 139.6, 129.3, 128.8, 128.6, 74.3, 72.7, 72.2, 64.5. MS 

(ESI): m/z = 205.0832 C10H14O3Na1
+
 (calc. 205.0835). 

8.1.04 [G0diallyl]-OBn 

 

[G0]-OBn (0.50 g, 2.74 mmol) was dissolved in THF (50 mL). NaH (60w%, 0.55 g, 13.7 mmol) and 

catalytic amounts of 15-crown-5 were added. The mixture was stirred at 50 °C for 1 h. Allyl bromide 

(712 µL, 8.32 mmol), catalytic amounts of 18-crown-6, and potassium iodide were added. The mixture 

was stirred at 80 °C for 12 h and H2O (10 mL) was added. The solvent was removed under reduced 

pressure and the residue was suspended in H2O (50 mL) and Brine (50 mL). The aqueous layer was 

extracted with DCM (5 x 50 mL), the organic layer was dried over Na2SO4, and the solvent was 

removed under reduced pressure. Column chromatography (SiO2, pentane/DCM, 1:1 → 0:1) gave 

[G0diallyl]-OBn (0.56 g, 2.13 mmol, 78%). 
1
H NMR (400 MHz, [D4] MeOH) δ = 7.36 - 7.23 (m, 5H), 

5.98 - 5.80 (m, 2H), 5.33 - 5.21 (m, 2H), 5.19 - 5.09 (m, 2H), 4.52 (s, 2H), 4.16 - 4.08 (m, 2H), 4.02 - 

3.92 (m, 2H), 3.73 - 3.66 (m, 1H), 3.61 - 3.48 (m, 4H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 139.6, 

136.4, 136.0, 129.4, 128.8, 128.7, 117.1, 78.5, 74.3, 73.2, 72.2, 71.1. MS (ESI): m/z = 285.1473 

C16H22O3Na1
+
 (calc. 285.1461). 

8.1.05 [G1]-OBn 
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[G0diallyl]-OBn (7.29 g, 29.4 mmol) was dissolved in degassed H2O (400 mL) and tBuOH (400 mL). 

TMANO (9.80 g, 130 mmol), citric acid (28.2 g, 146 mmol), and K2OsO4*2H2O (1.35 g, 3.67 mmol) 

were added. The mixture was stirred for 12 h at RT, the ion exchange resin Lewatit K 6267 (92.0 g) 

was added, and the mixture was stirred again for 1 h. The resin was filtered off, washed with H2O 

(400 mL) and the solvent was removed under reduced pressure. Column chromatography (SiO2, 

DCM/MeOH, 9:1 → 2:1) led to the desired product [G1]-OBn (3.37 g, 10.2 mmol, 35%). 
1
H NMR 

(400 MHz, [D4] MeOH) δ = 7.42 - 7.23 (m, 5H), 5.20 (s, 4H), 4.53 (s, 2H), 3.84 - 3.66 (m, 4H), 3.64 - 

3.41 (m, 11H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 139.5, 129.2, 128.8, 128.5, 79.5, 74.2, 73.9, 73.6, 

72.6, 72.2 - 72.1, 71.9, 70.9, 64.2. MS (ESI): m/z = 353.1573 C16H26O7Na1
+
 (calc. 353.1571). 

8.1.06 [pG1]-OBn 

 

[G1]-OBn (2.82 g, 8.54 mmol) was dissolved in 2,2´-dimethoxypropane (200 mL) and PTSA*H2O 

(0.30 g, 1.55 mmol) was added. The mixture was stirred for 1 h at RT and NEt3 (110 µL, 1.55 mmol) 

was added. Column chromatography (SiO2, DCM/ tO c, 1:0 → 4:1) gave the desired product 

[pG1]-OBn (3.00 g, 7.31 mmol, 86%). 
1
H NMR (400 MHz, [D4] MeOH) δ = 7.36 - 7.24 (m, 5H), 4.53 

(s, 2H), 4.26 - 4.18 (m, 2H), 4.05 - 3.99 (m, 2H), 3.77 - 3.47 (m, 11H), 1.41 - 1.28 (m, 12H). 
13

C NMR 

(101 MHz, [D4] MeOH) δ = 139.6, 129.3, 128.8, 128.6, 110.4, 79.8, 76.2 - 76.1, 74.3, 73.3, 72.5 - 72.3, 

71.0, 67.7, 67.5, 27.1, 25.6. MS (ESI): m/z = 433.2210 C22H34O7Na1
+
 (calc.433.2197). 

8.1.07 [pG1]-OH Regioisomer (b) 

 

[pG1]-OBn (0.98 g, 2.39 mmol) was dissolved in a mixture of cyclohexane (5 mL) and THF (5 mL). 

Pd/C (10w%, 50 mg) was added and the mixture was stirred under hydrogen atmosphere (5 bar) for 

12 h. The mixture was passed through a syringe filter (0.20 µm, RC) and the solvent was removed 

under reduced pressure. Column chromatography (SiO2, pentane/ tO c, 1:0 → 1:4) gave the desired 

product (0.66 g, 2.03 mmol, 85%). 
1
H NMR (400 MHz, [D4] MeOH) δ = 4.29 - 4.21 (m, 2H), 4.08 - 4.02 

(m, 2H), 3.79 - 3.48 (m, 11H), 1.42 - 1.28 (m, 12H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 110.2, 81.3, 

76.1, 75.9, 73.2, 72.3 - 72.1, 67.6, 67.4, 62.5, 27.1, 25.7. MS (ESI): m/z = 343.1739 C15H28O7Na1
+
 

(calc. 343.1727). 
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8.1.08 [pG1]-ene 

 

DL-1,2-Isopropylidenglycerol (5.62 g, 42.5 mmol) was dissolved in THF (125 mL) and NaH (60w%, 

5.10 g, 128 mmol) was added. Catalytic amounts of 15-crown-5 were added and the mixture was 

stirred at 50 °C for 1 h. Methallyl dichloride (2.65 g, 21.2 mmol), catalytic amounts of 18-crown-6, and 

potassium iodide were added and the mixture was stirred at 80 °C for 12 h. The reaction mixture was 

then allowed to cool down to RT and H2O (10 mL) was added. The solvent was removed under 

reduced pressure and the residue was suspended in H2O (200 mL) and Brine (100 mL). The aqueous 

layer was extracted with EtOAc (3 x 150 mL). The organic layer was dried over Na2SO4 and the 

solvent was removed under reduced pressure. Column chromatography (SiO2, pentane/ tO c, 8:1 → 

2:1) led to the obtainment of [pG1]-ene (3.75 g, 11.9 mmol, 56%). 
1
H NMR (400 MHz, [D4] MeOH) 

δ = 5.20 - 5.18 (m, 2H), 4.30 - 4.21 (m, 2H), 4.06 - 3.99 (m 6H), 3.75 - 3.69 (m, 2H), 3.52 - 3.43 (m, 

4H), 1.42 - 1.31 (m, 12H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 144.1, 114.7, 110.5, 76.1, 72.9, 72.1, 

67.6, 27.1, 25.7. MS (ESI): m/z = 339.1802 C16H28O6Na1
+
 (calc. 339.1778). 

8.1.09 [pG1]-OH Regioisomer (a) 

 

The compound [pG1]-ene (2.75 g, 8.69 mmol) was dissolved in MeOH (20 mL) and DCM (20 mL). The 

reaction mixture was cooled down to - 78 °C and ozone was guided through the mixture until its color 

changed to deep blue. Oxygen was then guided through the mixture for another 30 min and sodium 

borohydride was added (3.28 g, 86.9 mmol). The mixture was allowed to warm up to RT overnight (16 

h) and saturated solution of NH4Cl (35 mL) was added. The aqueous layer was extracted with DCM 

(6 x 50 mL). The organic layer was dried over Na2SO4 and the solvent was removed under reduced 

pressure. Column chromatography (SiO2, DCM/EtOAc, 97:3 + 3% MeOH) gave the desired product 

(2.20 g, 6.86 g, 79%). 
1
H NMR (400 MHz, [D4] MeOH) δ = 4.30 - 4.22 (m, 2H), 4.09 - 4.02 (m, 2H), 

3.90 - 3.82 (m, 1H), 3.76 - 3.70 (m, 2H), 3.59 - 3.46 (m, 8H), 1.42 - 1.30 (m, 12H). 
13

C NMR (101 MHz, 

[D4] MeOH) δ = 110.4, 76.1, 73.9, 73.4, 70.5, 67.5, 27.0, 25.6. MS (ESI): m/z = 343.1726 

C15H28O7Na1
+
 (calc. 343.1727). 
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8.1.10 [pG1]-ether-C12 (a, b) 

 

[pG1]-OH (8.00 g, 24.9 mmol, a:b, 6:4) was dried under reduced pressure (~ 10
-2

 mbar) and DMF 

(200 mL) was added. The flask was cooled with an ice bath and NaH (60w%, 6.24 g, 156 mmol) was 

added in small portions. The ice bath was removed and the mixture was allowed to warm up to RT. 

12-Bromododecane (31.1 g, 124 mmol) was added slowly and the mixture was stirred for 16 h. The 

mixture was again cooled with an ice bath and a saturated solution of NH4Cl (100 mL) was added 

slowly. The solvent was removed under reduced pressure. The residue was suspended with H2O 

(200 mL), Brine (200 mL), and EtOAc (200 mL). The aqueous layer was extracted with EtOAc 

(4 x 200 mL). The organic layer was dried over Na2SO4. The solvent was removed under reduced 

pressure and subsequent column chromatography (SiO2, Pentane/ tO c, 3:1 → 1:1) gave the desired 

product [pG1]-ether-C12 (12.1 g, 24.8 mmol, a:b, 99%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 4.28 - 

4.19 (m, 2H), 4.08 - 4.01 (m, 2H), 3.79 - 3.40 (m, 13H), 1.60 - 1.49 (m, 2H), 1.42 - 1.23 (m, 30H), 

0.94 - 0.87 (m, 3H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 110.4, 79.1, 76.1, 73.3, 72.4 - 72.3, 71.4, 

67.6, 31.6, 30.8 - 30.5, 27.1, 25.7, 23.7, 14.5. MS (ESI): m/z = 511.3609 C27H52O7Na1
+
 

(calc. = 511.3605). 

8.1.11 [G1]-ether-C12 (a, b) - 1 

 

[pG1]-ether-C12 (12.0 g, 24.8 mmol, a:b) was dissolved in MeOH (1 L) and HCl (37%, 100 µL) was 

added. The mixture was stirred for 12 h at RT and the solvent was removed under reduced pressure. 

The residue was again dissolved and in MeOH (1 L) and HCl (37%, 100 µL) was added. The solvent 

was removed under reduced pressure. The crude material was dissolved in a mixture of H2O and 

MeOH (1:1, 70 mL) and passed through a syringe filter (RC, 0.2 µm). Purification by RP HPLC 

(H2O/MeOH, 3:7) gave the desired product (8.00 g, 19.6 mmol, a:b , 6:4, 80%). 
1
H NMR (500 MHz, 

[D4] MeOH): δ = 3.80 - 3.71 (m, 2H), 3.64 - 3.44 (m, 15H), 1.60 - 1.53 (m, 2H), 1.41 - 1.25 (m, 18H), 

0.93 - 0.86 (m, 3H). 
13

C NMR (126 MHz, [D4] MeOH): δ = 77.8, 72.6 - 72.5, 71.3 - 70.7, 70.2 - 70.0, 

63.1 - 63.0, 31.7, 29.7 - 29.1, 25.8, 22.4, 13.3 - 13.1. MS (ESI): m/z = 431.2996 C21H44O7Na1
+
 

(calc. = 431.2979).
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8.1.12 [pG1]-N3 (a,b) 

 

[pG1]-OH (5.50 g, 17.1 mmol, a:b, 6:4) was dissolved in toluene (150 mL), NEt3 (2.66 mL, 20.6 mmol) 

was added, and MsCl (1.59 mL, 20.6 mmol) was added. The mixture was stirred for 16 h at RT, the 

precipitate was filtered off, and the solvent was removed under reduced pressure. The obtained raw 

material (7.23 g) was dissolved in DMF (100 mL), NaN3 (5.89 g, 90.7 mmol) was added, and the 

mixture was stirred for 16 h at 80 °C. The excess of NaN3 was filtered off, the solvent was removed 

under reduced pressure, and column purification (SiO2, n-hexane/isopropanol, 15:1) gave [pG1]-N3 

(4.76 g, 13.8 mmol, a:b, 6:4, 81%). 
1
H NMR (700 MHz, [D4] MeOH): δ = 4.27 - 4.22 (m, 2H), 4.08 - 

4.02 (m, 2H), 3.80 - 3.49 (m, 10.3H), 3.43 - 3.31 (m, 0.7H), 1.44 - 1.27 (m, 12H). 
13

C NMR (175 MHz, 

[D4] MeOH): δ = 110.4, 79.9, 76.0, 73.4 - 73.1, 72.3 - 72.0, 67.0 - 67.4, 61.9, 52.8, 27.1, 25.6. 

8.1.13 [pG1]-NH2 (a, b) 

 

[pG1]-N3 (2.06 g, 5.96 mmol, a:b, 6:4) was dissolved in MeOH (20 mL), Pd/C () was added, and the 

mixture was stirred under hydrogen atmosphere (5 bar) for 12 h at RT. The mixture was passed 

through a syringe filter (0.2 µm, RC). Removing the solvent under reduced pressure gave the desired 

product [pG1]-NH2 (1.56 g, 4.88 mmol, a:b, 6:4, 82%). 
1
H NMR (700 MHz, [D4] MeOH): δ = 4.97 

(s, 2H), 4.52 - 4.47 (m, 2H), 4.33 - 4.25 (m, 2H), 4.02 - 3.64 (m, 10H), 3.02 - 2.88 (m, 0.8H), 1.69 - 

1.50 (m, 12H). 
13

C NMR (175 MHz, [D4] MeOH): δ = 110.4, 81.5 - 81.4, 76.4 - 76.1, 74.0, 73.3 - 73.0, 

72.6, 72.0, 67.5, 51.7, 43.6, 27.0, 25.6. MS (ESI): m/z = 432.1881 C15H29N1O6Na1
+
 (calc. = 342.1887). 
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8.1.14 [pG1]-amide-C12 (a, b) 

 

NHS (0.86 g, 7.52 mmol) and dodecanoic acid (1.25 g, 6.26 mmol) were dissolved in dry 

DCM (30 mL). The mixture was cooled with an ice bath, DCC was added (1.55 g, 7.52 mmol), and the 

mixture was stirred for 1 h at RT. [pG1]-NH2 (2.00 g, 6.26 mmol, a:b, 6:4) was added and the mixture 

was stirred for another 16 h at RT. The precipitate was filtered off, the solvent was removed under 

reduced pressure, and column chromatography (SiO2, DCM/EtOAc, 4:1 → 4:1 + 3% MeOH) gave the 

desired product (1.52 g, 3.00 mmol, a:b, 48%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 4.86 (s, 1H), 

4.30 - 4.21 (m, 2.3H), 4.20 - 4.13 (0.7H), 4.08 - 4.01 (m, 2H), 3.77 - 3.46 (m, 10H), 2.24 - 2.16 (m, 2H), 

1.67 - 1.54 (m, 2H), 1.45 - 1.22 (m, 28H), 0.95 - 0.87 (m, 3H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 

176.0, 174.7, 110.9 - 110.4, 79.2 - 79.0, 76.3 - 76.0, 73.4 - 72.9, 72.4, 72.1 - 72.0, 71.2 - 71.4, 67.5 - 

67.4, 50.0, 41.3, 37.0, 33.0, 30.7 - 30.2, 27.1 - 27.0, 26.2, 25.6, 23.7, 14.4. MS (ESI): m/z = 524.3561 

C27H51N1O7Na1
+
 (calc. = 524.3558). 

8.1.15 [G1]-amide-C12 (a, b) - 2  

 

[pG1]-amide-C12 (1.52 g, 3.00 mmol, a:b) was dissolved in MeOH and HCl (37%, 100 µL) was added. 

The mixture was stirred for 12 h at RT and the solvent was removed under reduced pressure. The raw 

product was dissolved in in a mixture of H2O and MeOH (1:1, 20 mL) and passed through a syringe 

filter (RC, 0.2 µm). Subsequent purification by RP HPLC (H2O/MeOH, 3:7) gave the desired product 

[G1]-amide-C12 (758 mg, 1.80 mmol, a:b, 6:4, 60%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 4.21 - 4.12 

(m, 0.7H), 3.80 - 3.70 (m, 2.3H), 3.66 - 3.40 (m, 12H), 2.24 - 2.17 (m, 2H), 1.66 - 1.55 (m, 2H), 

1.40 - 1.20 (m, 16H), 0.95 - 0.85 (m, 3H). 
13

C NMR (101 MHz, [D4] MeOH) δ = 176.3 - 176.0, 79.0, 

73.7 - 73.3, 72.5 - 71.9, 71.0 - 70.9, 64.1, 50.0, 41.1 - 41.0, 36.9, 32.9, 30.6 - 30.2, 26.9, 23.6, 14.5. 

MS (ESI): m/z = 444.2944 C21H43N1O7Na1
+
 (calc. = 444.2932). 
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8.1.16 [pG1]-O-propargyl (a, b) 

 

[pG1]-OH (2.50 g, 7.80 mmol, a:b, 6:4) was first dried under reduced pressure (~ 10
-2

 mbar) and then 

dissolved in DMF (70 mL). The mixture was cooled with an ice bath and NaH (60w%, 936 mg, 39.0 

mmol) was added in small portions. The ice bath was removed and the mixture was allowed to warm 

up to RT. Catalytic amounts of 15-crown-5 and propargyl bromide (80w%, 4.35 mL, 39.0 mmol) were 

added. The mixture was stirred for 12 h and a saturated solution of NH4Cl (50 mL) was added. The 

solvent was removed under reduced pressure and the residue was treated with H2O (200 mL), EtOAc 

(150 mL), and Brine (100 mL). The aqueous layer was extracted with EtOAc (3 x 150 mL), the organic 

layer was dried over Na2SO4, and the solvent was removed under reduced pressure. Column 

chromatography (SiO2, pentane/ tO c, 9:1 → 1:1) gave the desired product (2.10 g, 5.85 mmol, 75%, 

a:b, 6:4). 
1
H NMR (400 MHz, [D4] MeOH): δ = 4.33 - 4.30 (m, 1.2H), 4.29 - 4.20 (m, 2H), 4.19 - 4.17 

(m, 0.8H), 4.07 - 4.02 (m, 2H), 3.88 - 3.48 (m, 11H), 2.89 - 2.85 (m, 1H), 1.41 - 1.31 (m, 12H). 
13

C 

NMR (101 MHz, [D4] MeOH): δ = 110.4 - 110.3, 81.1, 80.6, 79.6, 77.7, 76.1 - 76.0, 75.7, 73.3 - 73.2, 

72.4 - 72.2, 70.5, 67.7, 67.5, 59.2, 58.3 - 58.2, 27.1 - 27.0, 25.7 - 25.6. MS (ESI): m/z = 381.1890 

C18H30O7Na1
+
 (calc. = 381.1884). 

8.1.17 [pG1]-triazole-C12 (a, b) 

 

[pG1]-O-propargyl (2.00 g, 5.58 mmol, a:b, 6:4) and 1-azidododecane (1.29 g, 6.14 mmol) were 

dissolved in THF (5 mL) and H2O (2 mL) was added. DIPEA (94.9 µL, 0.56 mmol), sodium ascorbate 

(552 mg, 2.79 mmol, dissolved in 2 mL H2O), and Cu(II)SO4*5H2O (139 mg, 0.56 mmol, dissolved in 1 

mL H2O) were added. The mixture was stirred at RT for 12 h and then diluted with H2O (40 mL). A 

saturated solution of EDTA (1 mL) and Brine (10 mL) were added. The aqueous layer was extracted 

with EtOAc (3 x 40 mL) and the solvent was removed under reduced pressure. 
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Column chromatography (SiO2, DCM/ tO c, 4:1 → 4:1 + 3% MeOH) gave the desired product 

(2.22 g, 3.80 mmol, a:b, 68%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 8.03 (s, 1H), 4.80 - 4.58 (m, 2H), 

4.44 - 4.36 (m, 2H), 4.27 - 4.17 (m, 2H), 4.07 - 3.98 (m, 2H), 3.75 - 3.45 (m, 11H), 1.95 - 1.86 (m, 2H), 

1.39 - 1.24 (m, 30H), 0.93 - 0.86 (m, 3H).
13

C NMR (101 MHz, [D4] MeOH): δ = 110.5 - 110.2, 79.8 - 

79.7, 78.6 - 78.5, 76.1 - 76.0, 73.6 - 73.3, 72.5 - 72.3, 71.1, 51.3, 33.0, 31.3, 30.7 - 30.1, 27.4, 27.1, 

25.7 - 25.6, 23.7, 14.5. MS (ESI): m/z: 592.3982 C30H55N3O7Na1
+
 (calc. = 592.3932). 

8.1.18 [G1]-triazole-C12 (a, b) - 3 

 

[pG1]-triazole-C12 (2.22 g, 3.80 mmol, a:b) was dissolved in MeOH (500 mL) and HCl (37%, 100 µL) 

was added. The mixture was stirred at RT for 12 h and solvent was removed under reduced pressure. 

The material was again dissolved in MeOH (500 mL) and HCl (37%, 100 µL) was added. Upon stirring 

for 12 h at RT the solvent was removed under reduced pressure. The crude material was dissolved in 

a mixture of H2O and MeOH (1:1, 20 mL), passed through a syringe filter (RC, 0.2 µm) and purified by 

means of RP HPLC (H2O/MeOH, 3:7) to give the desired product (1.48 g, 3.04 mmol, a:b, 6:4, 

80%).
1
H NMR (400 MHz, [D4] MeOH): δ = 8.06 - 7.99 (m, 1H), 4.81 - 4.61 (m, 2H), 4.43 - 4.35 (m, 

2H), 3.87 - 3.43 (m, 15H) 1.96 - 1.83 (m, 2H), 1.41 - 1.20 (m, 18H), 0.93 - 0.85 (m, 3H). 
13

C NMR (101 

MHz, [D4] MeOH): δ = 146.1 - 145.6, 125.0 - 124.9, 73.8, 72.7, 72.3 - 72.2, 72.0, 71.1, 65.1, 64.2, 

64.1, 51.2, 32.9, 31.2, 30.6 - 30.4, 30.0, 27.4, 23.6, 14.5. MS (ESI): m/z = 512.3357 C24H47N3O7Na1
+
 

(calc. = 512.3306). 

8.1.19 [pG2]-ene (aa, ab, bb) 

 

[pG1]-OH (13.6 g, 42.5 mmol, a:b, 6:4) was dried under reduced pressure (~ 10
-2

 mbar), dissolved in 

dry THF (125 mL), and NaH (60w%, 5.10 g, 128 mmol) was added in small portions. Catalytic 

amounts of 15-crown-5 were added and the mixture was stirred for 45 min at 50 °C. Methallyl 

dichloride (2.46 mL, 21.2 mmol), catalytic amounts of potassium iodide, and catalytic amounts of 
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18-crown-6 were added. The reaction was stirred at 70 °C for 24 h. The mixture was then cooled with 

an ice bath and H2O (80 mL) was added slowly. The solvent was removed under reduced pressure 

and the crude product was mixed with Brine (200 mL) and DCM (150 mL). The aqueous layer was 

extracted with DCM (3 x 150 mL). The organic layer was dried over Na2SO4 and the solvent was 

removed under reduced pressure. Column chromatography (SiO2, Pentane/ tO c, 1:2 → 0:1) gave 

the desired product (12.2 g, 17.6 mmol, aa:ab:bb, 4:4:1, 83%).
1
H NMR (400 MHz, [D4] MeOH): δ = 

5.22 - 2.21 (m, 2H), 4.29 - 4.22 (m, 4H), 4.19 - 4.13 (m, 2H), 4.08 - 4.01 (m, 4H), 3.79 - 3.46 (m, 24 H), 

1.40 - 1.30 (m, 24H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 145.2, 144.8, 114.5, 110.4, 79.9, 78.4, 

76.1, 73.4, 72.9, 72.4 - 72.3, 71.6, 71.1, 67.7 - 67.6, 27.1, 25.7. MS (ESI): m/z = 715.3982 

C34H60O14Na1
+
 (calc. = 715.3875). 

8.1.20 [pG2]-OH (aa, ab, bb) 

 

[pG2]-ene (8.00 g, 11.5 mmol, aa:ab:bb, 4:4:1) was dried was dried under reduced pressure 

(~ 10
-2

 mbar) and dissolved in a mixture of dry DCM (35 mL) and dry MeOH (35 mL). The mixture was 

cooled down to - 78 °C and ozone was passed through the reaction mixture until its color changed to 

deep blue. Oxygen was then passed through the solution until it became colorless. Sodium 

borohydride (4.36 g, 115 mmol) was added slowly and the mixture was allowed to heat up to RT 

overnight. A saturated solution of NH4Cl (100 mL) was added and the mixture was extracted with DCM 

(5 x 50 mL). The organic layer was dried over Na2SO4 and the solvent was removed under reduced 

pressure. Column chromatography (SiO2, DCM/EtOAc, 97:3 + 3% MeOH) gave the desired product 

(6.40 g, 9.18 mmol, aa:ab:bb, 4:4:1, 80%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 4.29 - 4.21 (m, 4H), 

4.08 - 4.02 (m, 4H), 3.80 - 3.47 (m, 27H), 1.42 - 1.31 (m, 24H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 

109.1, 78.5, 74.8, 72.5 - 72.1, 71.4 - 71.1, 69.8 - 69.5, 66.2, 25.8, 24.3. MS (ESI): m/z = 719.3920 

C33H60O15Na1
+
 (calc. = 719.3824). 

8.1.21 [pG2]-ene (aa) 
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[pG1]-OH (1.00 g, 3.12 mmol, a) was dried under reduced pressure (~ 10
-2

 mbar), dissolved in dry 

THF (60 mL), and NaH (60w%, 0.18 g, 4.68 mmol) was added. Catalytic amounts of 15-crown-5 were 

added and the mixture was stirred for 1 h at 50 °C. Methallyl dichloride (0.17 mL, 1.48 mmol), catalytic 

amounts of potassium iodide, and catalytic amounts of 18-crown-6 were added. The reaction was 

stirred at 80 °C for 12 h. The reaction mixture was allowed to cool down to RT and H2O (6 mL) was 

added. The solvent was removed under reduced pressure and the crude product was mixed with 

H2O (60 mL), Brine (60 mL), and DCM (60 mL). The aqueous layer was extracted with EtOAc (6 x 50 

mL). The organic layer was dried over Na2SO4 and the solvent was removed under reduced pressure. 

Column chromatography (SiO2, pentane/ tO c, 8:1 → 4:1 + 3% MeOH) gave the desired product 

(0.81 g, 1.17 mmol, aa, 37%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 5.20 (s, 2H), 4.27 - 4.21 (m, 4H), 

4.17 (s, 4H), 4.07 - 4.02 (m, 4H) 3.76 - 3.71 (m, 4H), 3.67 - 3.47 (m, 18H), 1.58 - 1.16 (m, 24H). 

13
C NMR (101 MHz, [D4] MeOH): δ = 144.9, 114.2, 110.0, 98.9, 78.2, 75.7, 73.2, 72.2, 71.4, 67.4, 

63.1, 27.2, 25.9. MS (ESI): m/z = 715.3889 C34H60O14Na1
+
 (calc 715.3875). 

8.1.22 [pG2]-OH (aa) 

 

[pG2]-ene (0.81 g, 1.22 mmol, aa) was dried was dried under reduced pressure (~ 10
-2

 mbar) and 

dissolved in a mixture of dry DCM (40 mL) and dry MeOH (20 mL). The mixture was cooled down 

to -78 °C and ozone was passed through it until its color changed to deep blue. Ozone was then 

passed through it for another 30 min. Sodium borohydride (0.46 g, 12.2 mmol) was added slowly and 

the mixture was allowed to warm up to RT overnight. A saturated solution of NH4Cl (30 mL) was 

added and the mixture was extracted with EtOAc (6 x 30 mL). The organic layer was dried over 

Na2SO4 and the solvent was removed under reduced pressure. Column chromatography (SiO2, 

pentane/EtOAc, 1:1 + 3% MeOH) gave the desired product (140 mg, 190 µmol, bb, 15%). 
1
H NMR 

(400 MHz, [D4] MeOH): δ = 4.28 - 4.21 (m, 4H), 4.08 - 4.03 (m, 4H), 3.88 - 3.79 (m, 1H), 3.75 - 3.51 

(m, 26H), 1.49 - 1.22 (m, 24H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 110.3, 79.6, 75.9, 73.3, 72.6, 

72.3 - 72.2, 71.0, 67.5, 27.1, 25.7. MS (ESI): m/z = 719.3813 C33H60O15Na1
+
 (calc. 719.3824). 

8.1.23 [pG2]-ene (bb) 
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[pG1]-OH (0.65 g, 2.14 mmol, b) was dried under reduced pressure (~ 10
-2

 mbar), dissolved in dry 

THF (60 mL), and NaH (60w%, 0.13 g, 3.21 mmol) was added. Catalytic amounts of 15-crown-5 were 

added and the mixture was stirred for 1 h at 50 °C. Methallyl dichloride (0.11 mL, 1.02 mmol), catalytic 

amounts of potassium iodide, and catalytic amounts of 18-crown-6 were added. The reaction was 

stirred at 80 °C for 12 h. The reaction mixture was allowed to cool down to RT and H2O (10 mL) was 

added. The solvent was removed under reduced pressure and the crude product was mixed with H2O 

(60 mL), Brine (60 mL), and DCM (60 mL). The aqueous layer was extracted with EtOAc (6 x 50 mL). 

The organic layer was dried over Na2SO4 and the solvent was removed under reduced pressure. 

Column chromatography (SiO2, pentane/ tO c, 8:1 → 4:1 + 3% MeOH) gave the desired product 

(0.20 g, 0.30 mmol, bb, 14%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 5.15 (s, 2H), 4.24 - 4.16 (m, 4H), 

4.04 - 3.95 (m, 8H), 3.75 - 3.41 (m, 22H), 1.38 - 1.16 (m, 24H). 
13

C NMR (101 MHz, [D4] MeOH): 

δ = 144.3, 114.6, 110.4, 79.9, 76.1, 73.4, 72.9, 72.4, 71.2, 67.8, 67.6, 49.0, 27.2, 25.7. MS (ESI): 

m/z = 715.3857 C34H60O14Na1
+
 (calc. 715.3875). 

8.1.24 [pG2]-OH (bb) 

 

[pG2]-ene (220 mg, 0.32 mmol, bb) was dried was dried under reduced pressure (~ 10
-2

 mbar) and 

dissolved in a mixture of dry DCM (35 mL) and dry MeOH (20 mL). The mixture was cooled down 

to -78 °C and ozone was passed through it until its color changed to deep blue. Oxygen was then 

passed through it until the mixture became colorless. Sodium borohydride (0.37 g, 9.78 mmol) was 

added slowly and the mixture was allowed to warm up to RT overnight. A saturated solution of 

NH4Cl (17 mL) was added and the mixture was extracted with EtOAc (5 x 30 mL). The solvent was 

removed under reduced pressure and column chromatography (SiO2, pentane/ tO c, 1:1 → 1:1 + 3% 

MeOH) gave the desired product (150 mg, 0.22 mmol, bb, 67%). 
1
H NMR (400 MHz, [D4] MeOH): 

δ = 4.28 - 4.21 (m, 4H), 4.07 - 4.02 (m, 4H), 3.88 - 3.83 (m, 1H), 3.78 - 3.45 (m, 27H), 1.62 - 1.11 

(m, 24 H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 110.4, 79.8, 76.1, 73.9, 73.4, 72.4, 70.6, 67.7, 67.6, 

27.2, 25.7. MS (ESI): m/z = 719.3830 C33H60O15Na1
+
 (calc. 719.3824). 
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8.1.25 [pG2]-ether-C18 (aa, ab, bb) 

 

[pG2]-OH (4.80 g, 6.88 mmol, aa:ab:bb, 4:4:1) was dried under reduced pressure (~ 10
-2

 mbar) and 

dissolved in DMF (120 mL). NaH (60w%, 1.38 g, 34.4 mmol) was added in small portions and 

1-bromooctadecane (11.5 g, 34.4 mmol) was added subsequently. The mixture was stirred at 80 °C 

for 16 h. The mixture was cooled with an ice bath and a saturated solution of NH4Cl (50 mL) was 

added slowly. The solvent was removed under reduced pressure, H2O (200 mL) was added, the 

aqueous layer was extracted with EtOAc (3 x 200 mL). Column chromatography (SiO2, 

pentane/ tO c, 1:1 → 1:1 + 2% MeOH) gave the desired product (4.45 g, 4.69 mmol, aa:ab:bb, 

68%).
 1

H NMR (400MHz, [D4] MeOH): δ = 4.28 - 4.20 (m, 4H), 4.08 - 4.02 (m, 4H), 3.79 - 3.47 (m, 

29H), 1.61 - 1.52 (m, 2H), 1.44 - 1.23 (m, 54H), 0.95 - 0.88 (m, 3H). 
13

C NMR (101 MHz, [D4] MeOH): 

δ = 110.4, 79.9 - 79.8, 76.2 - 76.0, 73.4, 72.4, 71.3 - 71.1, 67.8 - 67.6, 33.1, 31.2 - 30.5, 27.3 - 27.2,. 

25.7, 23.7, 14.5. MS (ESI): m/z = 971.6591 C51H96O15Na1
+
 (calc. = 971.6641). 

8.1.26 [G2]-ether-C18 (aa, ab, bb) - 4 

 

[pG2]-ether-C18 (4.40 g, 4.63 mmol, aa:ab:bb) was dissolved in MeOH (500 mL) and three 

tablespoons full with Amberlite® IR-120(H) were added. The mixture was stirred vigorously for 16 h, 

Amberlite® IR-120(H) was filtered off, the solvent was removed under reduced pressure, and the 

procedure was repeated. The crude product was dissolved in a mixture of H2O and MeOH (1:1, 

38 mL), passed through a syringe filter (RC, 0.2 µm) and purification by means of RP HPLC 

(H2O/MeOH, 1:9) gave the desired product (3.20 g, 4.06 mmol, aa:ab:bb, 4:4:1, 88%). 
1
H NMR 

(400 MHz, [D4] MeOH): δ = 3.79 - 3.46 (m, 37H), 1.61 - 1.51 (m, 2H), 1.38 - 1.26 (m, 30H), 0.94 - 0.88 

(m, 3H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 79.8 - 79.3, 73.9, 72.9, 72.4 - 72.1, 71.4, 70.9, 

64.4 - 64.3, 33.0, 31.1, 30.8 - 30.6, 30.4, 27.2, 23.7, 14.4. MS (ESI): m/z = 811.5476 C39H80O15Na1
+
 

(calc. = 811.5389). 
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8.1.27 [pG2]-N3 (aa, ab, bb) 

 

[pG2]-OH (1.50 g, 2.15 mmol, aa:ab:bb, 4:4:1) was dissolved in toluene (100 mL), NEt3 (0.41 mL, 

3.22 mmol) was added, and MsCl (0.22 mL, 2.78 mmol) was added. The mixture was stirred for 16 h 

at RT, the precipitate was filtered off, and the solvent was removed under reduced pressure. The 

obtained raw material was dissolved in DMF (100 mL), NaN3 (0.70 g, 10.7 mmol) was added, and the 

mixture was stirred for 2 h at 120 °C. The excess of NaN3 was filtered off, the solvent was removed 

under reduced pressure, and column purification (SiO2, DCM/EtOAc, 4:1 → 3:1) gave the desired 

product (0.98 g, 1.35 mmol, aa:ab:bb, 3:4:1, 63%). 
1
H NMR (700 MHz, [D4] MeOH): δ = 4.27 - 4.22 

(m, 4H), 4.08 - 4.02 (m, 4H), 3.80 - 3.31 (m, 27H), 1.47 - 1.28 (m, 24H). 
13

C NMR (175 MHz, [D4] 

MeOH): δ = 110.4, 82.3 - 82.0, 79.9 - 79.8, 76.1 - 76.0, 73.4, 72.5 - 72.1, 71.7, 71.1, 70.6, 67.4 - 67.5, 

62.4 - 61.9, 38.1, 27.1, 25.7. 

8.1.28 [pG2]-NH2 (aa, ab, bb) 

 

[pG2]-N3 (1.30 g, 1.80 mmol, aa:ab:bb, 3:4:1) was dissolved in MeOH (10 mL) and Pd/C (100 mg) 

was added, and the mixture was stirred under hydrogen atmosphere (5 bar) for 16 h. The mixture was 

passed subsequently through a syringe filter (0.2 µm, RC) and the solvent was removed under 

reduced pressure to obtain the desired product (1.00 g, 1.43 mmol, aa:ab:bb, 4:4:1, 80%). 
1
H NMR 

(700 MHz, [D4] MeOH): δ = 4.65 (s, 2H), 4.27 - 4.21 (m, 4H), 4.06 - 4.04 (m, 4H), 3.89 - 3.77 (m, 27H), 

1.46 - 1.25 (m, 24H). 
13

C NMR (175 MHz, [D4] MeOH): δ = 110.3, 82.2, 81.9, 79.9 - 79.6, 76.1 - 76.0, 

73.8 - 73.7, 73.3, 72.7 - 72.1, 71.6 - 71.5, 70.5, 67.6 - 67.5, 52.2 - 51.6, 27.1, 25.7. 
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8.1.29 [pG2]-amide-C18 (aa, ab, bb) 

 

[pG2]-NH2 (1.90 g, 2.87 mmol, aa:ab:bb, 4:4:1) and NEt3 (1.48 mL, 11.5 mmol) were dissolved in 

DCM (10 mL). The mixture was cooled with an ice bath, stearoyl chloride (1.07 g, 3.55 mmol) was 

added, and the mixture was allowed to stir at RT for 16 h. The mixture was directly purified by column 

chromatography (SiO2, DCM/EtOAc, 4:1 → 4:1 + 4% MeOH), which led to the obtainment of the 

desired product (1.82 g, 1.90 mmol, aa:ab:bb, 66%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 4.29 - 4.20 

(m, 4H), 4.08 - 4.01 (m, 4H), 3.79 - 3.46 (m, 27H), 2.26 - 2.16 (m, 2H), 1.65 - 1.55 (m, 2H), 1.42 - 1.24 

(m, 52H), 0.95 - 0.87 (m, 3H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 175.7, 110.4 - 110.2, 79.8 - 79.6, 

76.1 - 76.0, 73.4 - 73.3, 72.5 - 72.0, 71.2 - 71.0, 70.0 - 69.8, 67.7 - 67.5, 37.1, 33.0, 30.8 - 30.3, 27.2 - 

27.0, 25.7, 23.7. MS (ESI): m/z = 984.6684 C51H95N1O15Na1
+
 (calc. = 984.6594). 

8.1.30 [G2]-amide-C18 (aa, ab, bb) - 5 

 

[pG2]-amide-C18 (1.90 g, 2.87 mmol, aa:ab:bb) was dissolved in MeOH (500 mL) and HCl 

(37%, 100 µL) was added. The mixture was stirred for 16 h at RT, the solvent was removed under 

reduced pressure and the procedure was repeated. The raw material was then dissolved in a mixture 

of H2O and MeOH (1:1, 25 mL) and passed through a syringe filter (RC, 0.2 µm). Subsequent 

purification by means of RP HPLC (H2O/MeOH, 1:4) gave the desired product (1.28 g, 1.60 mmol, 

aa:ab:bb, 4:4:1, 56%). 
1
H NMR (700 MHz, [D4] MeOH): δ = 4.19 - 4.08 (m, 1H), 3.79 - 3.74 (m, 4H), 

3.71 - 3.65 (m, 5H),  3.63 - 3.44 (m, 25H), 2.25 - 2.17 (m, 2H), 1.66 - 1.55 (m, 2H), 1.41 - 1.21 

(m, 28H), 0.94 - 0.86 (m, 3H). 
13

C NMR (175 MHz, [D4] MeOH): δ = 176.0, 79.6 - 79.5, 73.8, 72.8, 

72.2 - 72.0, 71.0, 69.8, 64.3, 50.8 - 50.0, 37.0, 32.9, 30.7 - 30.0, 27.0, 23.6, 14.5. MS (ESI): m/z = 

824.5364 C39H79N1O15Na1
+
 (calc. = 824.5342). 
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8.1.31 [pG2]-O-propargyl (aa, ab, bb) 

 

[pG2]-OH (2.00 g, 2.80 mmol, aa:ab:bb, 4:4:1) was dried under reduced pressure (~ 10
-2

 mbar) and 

dissolved in DMF (70 mL). The flask was cooled with an ice bath and NaH (60w%, 0.35 g, 14.4 mmol) 

was added in small portions. The ice bath was removed and the mixture was heated up to 60 °C for 30 

min. The temperature was reduced to 40 °C, catalytic amounts of 15-crown-5, and propargylbromide 

(80w%, 1.56 mL, 14.0 mmol) were added. The mixture was stirred at 40 °C for 12 h before a saturated 

solution of NH4Cl (50 mL) was slowly added. The solvent was removed under reduced pressure and 

the residue was mixed with H2O (200 mL), EtOAc (150 mL), and Brine (100 mL). The aqueous layer 

was extracted with EtOAc (3 x 150 mL), the organic layer was dried over Na2SO4, and the solvent was 

removed under reduced pressure. Column chromatography (SiO2, pentane/ tO c, 3:1 → 3:1 + 2% 

MeOH) gave the desired product (1.60 g, 2.17 mmol, aa:ab:bb, 4:4:1, 78%). 
1
H NMR (400 MHz, [D4] 

MeOH): δ = 4.35 - 4.31 (m, 2H), 4.28 - 4.21 (m, 4H), 4.08 - 4.02 (m, 4H), 3.79 - 3.50 (m, 27H), 2.89 - 

2.85 (m, 1H), 1.41 - 1.29 (m, 24H). 
13

C NMR (101 MHz, [D4] MeOH): δ = 110.3, 81.3 - 81.2, 79.8 - 

79.7, 78.4 - 77.7, 76.7 - 75.7, 73.3, 72.4 - 72.3, 71.1, 67.7 - 67.5, 58.2, 27.2 - 27.1, 25.7. MS (ESI): 

m/z = 757.4073 C36H62O15Na1
+
 (calc. = 757.3981). 

8.1.32 [pG2]-triazole-C18 (aa, ab, bb) 

 

[pG2]-O-propargyl (1.60 g, 2.17 mmol, aa:ab:bb, 4:4:1) and 1-azidooctadecane (0.70 g, 2.30 mmol) 

were dissolved in a mixture of THF (5 mL) and H2O (3 mL). DIPEA (37.0 µL, 0.21 mmol), sodium 

ascorbate (171 mg, 0.86 mmol, dissolved in 1 mL H2O), and Cu(II)SO4*5H2O (54.1 mg, 0.21 mmol, 

dissolved in 1 mL H2O) were added. The mixture was stirred at RT for 16 h and was then diluted with 
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H2O (60 mL). A saturated solution of EDTA (1 mL) and Brine (20 mL) were added. The aqueous layer 

was extracted with EtOAc (3 x 50 mL). The organic layer was dried over Na2SO4 and the solvent was 

removed under reduced pressure. Column chromatography (SiO2, DCM/EtOAc, 4:1 + 2% MeOH) 

gave the desired product (1.88 g, 1.82 mmol, aa:ab:bb, 84%).
1
H NMR (400 MHz, [D4] MeOH): δ = 

7.98 (m, 1H), 4.80 - 4.76 (m, 2H), 4.43 - 4.36 (m, 2H), 4.28 - 4.19 (m, 2H), 4.06 - 4.00 (m, 4H), 

3.77 - 3.47 (m, 29H),  1.96 - 1.86 (m, 2H), 1.41 - 1.26 (m, 54H), 0.93 - 0.87 (m, 3H). 
13

C NMR 

(101 MHz, [D4] MeOH): δ = 146.4, 124.8, 110.3, 79.8, 79.2, 78.9, 76.1 - 76.0, 73.4, 72.5 - 72.3, 71.2, 

67.7 - 67.5, 64.3, 61.4, 51.3, 33.0, 31.3, 30.8 - 30.4, 30.1, 27.5, 27.2 - 27.1, 25.7, 23.7, 14.5. 

MS (ESI): m/z = 1052.6990 C54H99N3O15Na1
+
 (calc. = 1052.6968). 

8.1.33 [G2]-triazole-C18 (aa, ab, bb) - 6 

 

[pG2]-triazole-C18 (1.88 g, 1.82 mmol, aa:ab:bb) was dissolved in MeOH (500 mL) and treated with 

HCl (37%, 100 µL). The mixture was stirred for 16 h at RT, the solvent was removed under reduced 

pressure, and the procedure was repeated. The crude product was then dissolved in a mixture of H2O 

and MeOH (1:1, 40 mL), passed through a syringe filter (RC, 0.2 µm), and purified by means of 

RP HPLC (H2O/MeOH, 1:9) to obtain the desired product (1.26 g, 1.44 mmol, aa:ab:bb, 1:2:1, 80%). 

1
H NMR (400MHz, [D4] MeOH): δ = 8.03 (m, 1H), 4.82 - 4.75 (m, 2H), 4.44 - 4.36 (m, 2H), 3.83 -  3.44 

(m, 35H), 1.95 - 1.86 (m, 2H), 1.39 - 1.21 (m, 30H), 0.93 - 0.86 (m, 3H). 
13

C NMR (101 MHz, 

[D4] MeOH): δ = 146.1, 125.0, 79.7, 79.1, 78.8, 73.8, 72.8, 72.3 - 72.0, 71.0, 64.3 - 64.1, 51.3, 33.0, 

31.3, 30.7 - 30.4, 30.0, 27.4, 23.6, 14.5. MS (ESI): m/z = 892.5715 C42H83N3O15Na1
+
 (calc. = 

892.5716). 
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8.1.34 [pG2]-carbamate-Chol (aa, ab, bb) 

 

[pG2]-NH2 (1.00 g, 1.44 mmol, aa:ab:bb, 4:4:1) was dried under reduced pressure (~ 10
-2

 mbar). Dry 

DCM (40 mL), NEt3 (1.00 mL, 7.18 mmol), and cholic acid chloride (2.60 g, 5.78 mmol) were added. 

The mixture was stirred at RT for 12 h. Column chromatography (SiO2, DCM/EtO c, 4:1 → 1:1) led to 

the obtainment of the desired product (1.19 g, 1.06 mmol, aa:ab:bb, 74%). 
1
H NMR (700 MHz, 

[D2] DCM): δ = 5.42 - 5.41 (m, 1H), 4.48 - 4.45 (m, 1H), 4.29 - 4.92 (m, 4H), 4.07 - 4.04 (m, 4H), 

3.75 - 3.47 (m, 27 H), 2.38 - 0.98 (m, 29H), 1.41 (s, 12H), 1.36 (s, 12H), 1.05 (s, 3H), 0.96 (m, 3H), 

0.90 (m, 6H), 0.72 (m, 3H). 
13

C NMR (176 MHz, [D2] DCM): δ = 156.0, 140.4, 122.7, 109.6, 79.3, 79.1, 

78.9, 75.3, 75.1, 75.0, 74.6, 72.9, 71.9, 71.8, 71.7, 71.5, 70.6, 70.5, 69.6, 69.4, 67.2, 67.1, 57.1, 56.5, 

50.5, 42.7, 40.2, 39.9, 39.0, 37.4, 36.9, 36.6, 36.2, 32.3, 28.6, 28.4, 26.9, 25.6, 24.6, 24.2, 22.9, 22.7, 

21.4, 19.5, 18.9, 12.0. MS (ESI): m/z = 1130.7350 C61H105N1O16Na1
+
 (calc. = 1130.7326). 
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8.1.35 [G2]-carbamate-Chol (aa, ab, bb) - 7 

 

[pG2]-carbamate-Chol (1.18 g, 1.06 mmol, aa:ab:bb) was dissolved in MeOH (50 mL) and two 

tablespoons full with Amberlite® IR-120(H) were added. The mixture was stirred at RT for 16 h and 

Amberlite® IR-120(H) was filtered off. The solvent was removed under reduced pressure, the residue 

was dissolved in a mixture of H2O and MeOH (1:1, 20 mL), and the solution was passed through a 

syringe filter (RC, 0.2 µm). Purification by RP HPLC (H2O/MeOH, 5:95) gave the desired product 

(0.70 g, 0.74 mmol, aa:ab:bb, 9:5:1, 70%). 
1
H NMR (700 MHz, [D1] CHCl3): δ = 5.38 - 5.37 (m, 1H), 

4.43 - 4.35 (m, 1H), 3.79 - 3.74 (m, 4H), 3.71 - 3.66 (m, 5H), 3.62 - 3.46 (m, 26H), 2.33 - 1.07 (m, 

29H), 1.02 (s, 3H), 0.93 (m, 3H), 0.87 (m, 6H), 0.71 (s, 3H). 
13

C NMR (126 MHz, [D1] CHCl3): δ = 

158.2, 141.2, 123.4, 101.7, 79.8, 73.9, 72.3, 72.1, 64.4, 58.1, 57.5, 51.6, 43.5, 42.3, 41.1, 40.6, 39.6, 

38.2, 37.7, 37.3, 37.1, 36.9, 33.2, 33.0, 29.3, 29.1, 27.4, 25.3, 24.9, 23.2, 22.9, 22.1, 19.8, 19.2, 12.3. 

MS (ESI): m/z = 970.6047 C49H89N1O16Na1
+
 (calc. = 970.6074). 
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8.1.36 [pG2]-triazole-DC12 (aa, ab, bb) 

 

[pG2]-O-propargyl (0.73 g, 1.00 mmol, aa:ab:bb, 4:4:1) and dodecanoic acid, 2-azido-1,3-propanediyl 

ester (0.76 g, 1.50 mmol) were dissolved in THF (3 mL) and H2O (3 mL). DIPEA (17.5 µL, 0.10 mmol), 

sodium ascorbate (99.5 mg, 0.50 mmol, dissolved in 1 mL H2O), and Cu(II)SO4*5H2O (24.9 mg, 

0.10 mmol, dissolved in 1 mL H2O) were added and the mixture was stirred at RT for 2 h. A saturated 

solution of EDTA (1 mL) and Brine (20 mL) were added. The aqueous layer was extracted with EtOAc 

(3 x 50 mL), the organic layer was dried over Na2SO4, and the solvent was removed under reduced 

pressure. Column chromatography (SiO2, pentane/isopropanol, 9:1) gave the desired product (0.88 g, 

0.72 mmol, aa:ab:bb, 72%). 
1
H NMR (400 MHz, [D4] MeOH): δ = 8.11 (m, 1H), 5.23 - 5.17 (m, 1H), 

4.82 - 4.79 (m, 2H), 4.62 - 4.53 (m, 4H), 4.27 - 4.21 (m, 4H), 4.07 - 4.00 (m, 4H), 3.79 - 3.46 (m, 27H), 

2.33 - 2.27 (m, 4H), 1.60 - 1.50 (m, 4H), 1.44 - 1.18 (m, 56H), 0.94 - 0.87 (m, 6H). 
13

C NMR (101 MHz, 

[D4] MeOH): δ = 174.3, 110.4, 79.8, 76.1, 73.4, 72.4, 67.6, 63.4, 34.6, 33.0, 30.7 - 30.4, 30.1, 27.1, 

25.8, 25.7, 23.7, 14.5. 

8.1.37 [G2]-triazole-DC12 (aa, ab, bb) - 8 
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[pG2]-triazole-DC12 (0.88 g, 0.72 mmol, aa:ab:bb) was dissolved in MeOH (30 mL), two tablespoons 

full with Amberlite® IR-120(H) were added, and the mixture was heated up to 40 °C for 6 h. 

Amberlite® IR-120(H) was filtered off and the solvent was removed under reduced pressure. The 

crude product was dissolved in a mixture of H2O and MeOH (1:1, 15 mL) and the solution was passed 

through a syringe filter (RC, 0.2 µm). Purification by RP HPLC (H2O/MeOH, 1:9) gave the desired 

product (0.45 g, 0.42 mmol, aa:ab:bb, 9:5:1, 58%). 
1
H NMR (400 MHz, [D4] MeOH): 8.16 (m, 1H), 

5.23 - 5.18 (m, 1H), 4.81 - 4.77 (m, 2H), 4.61 - 4.54 (m, 4H), 3.81 - 3.45 (m, 35H), 2.32 - 2.29 (m, 4H), 

1.59 - 1.48 (m, 4H), 1.34 - 1.22 (m, 32H), 0.93 - 0.87 (m, 6H). δ = 
13

C NMR (101 MHz, [D4] MeOH): 

δ = 174.5, 146.3, 124.9, 79.9 - 79.2, 74.0 - 73.9, 72.9, 72.4 -  72.1, 71.2, 64.4, 64.2, 63.4, 60.3, 34.6, 

33.0, 30.7 - 30.4, 30.1, 25.8, 23.7, 14.4. MS (ESI): m/z = 1078.6623 C51H97N3O19Na1
+
 

(calc. = 1078.6608).
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8.2 NMR Spectra 

Figure 8.1: NMR Spectra of [pG1]-OH (a:b, 6:4). Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.2: NMR Spectra of [pG1]-OH (b). Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.3: NMR Spectra of [pG1]-OH (a). Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.4: NMR Spectra of [G1]-ether-C12 (a:b, 6:4). Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.5: NMR Spectra of [pG1]-N3 (a:b, 6:4). The inset within the 
13

C NMR Spectrum (bottom) 

shows the signals of the focal points, which are labeled with a and b, respectively. Solvent signals 

([D4] MeOH) are labeled with s. 



8.2 NMR Spectra 

 

125 
 

 

Figure 8.6: NMR Spectra of [pG1]-NH2 (a:b, 6:4). The inset within the 
13

C NMR Spectrum (bottom) 
shows the signals of the focal points, which are labeled with a and b, respectively. Solvent signals 
([D4] MeOH) are labeled with s. 
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Figure 8.7: NMR Spectra of [G1]-amide-C12 (a:b, 6:4). Solvent signals ([D4] MeOH) are labeled 

with s. 
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Figure 8.8: NMR Spectra of [pG1]-O-propargyl (a:b, 6:4). The inset within the 
1
H NMR Spectrum (top) 

shows the signals of the focal points, which are labeled with a and b, respectively. Solvent signals 

([D4] MeOH) are labeled with s. 
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Figure 8.9: NMR Spectra of [G1]-triazole-C12 (a:b, 6:4). Solvent signals ([D4] MeOH) are labeled 

with s. 
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Figure 8.10: NMR Spectra of [pG2]-ene (aa:ab:bb, 4:4:1). The inset within the 
13

C NMR Spectrum 

(bottom) shows 
13

C signals of the focal points, which are labeled with aa, ab, and bb, respectively. 

Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.11: NMR Spectra of [pG2]-OH (aa:ab:bb, 4:4:1). The inset within the 
13

C NMR Spectrum 

(bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, and bb, 

respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.12: NMR Spectra of [pG2]-OH (aa). The inset within the 
13

C NMR Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal point, which is labeled with aa. Solvent signals ([D4] MeOH) are 

labeled with s. 



8. Appendix 

 

132 
 

 

Figure 8.13: NMR Spectra of [pG2]-OH (bb). The inset within the 
13

C NMR Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal point, which is labeled with bb. Solvent signals ([D4] MeOH) are 

labeled with s. 
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Figure 8.14: NMR Spectra of [G2]-ether-C18 (aa:ab:bb, 4:4:1). The inset within the 
13

C NMR 

Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, 

and bb, respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.15: NMR Spectra of [pG2]-N3 (aa:ab:bb, 3:4:1). The inset within the 
13

C NMR Spectrum 

(bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, and bb, 

respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.16: NMR Spectra of [pG2]-NH2 (aa:ab:bb, 4:4:1). The inset within the 
13

C NMR Spectrum 

(bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, and bb, 

respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.17: NMR Spectra of [G2]-amide-C18 (aa:ab:bb, 4:4:1). The inset within the 
13

C NMR 

Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, 

and bb, respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figur 8.18: NMR Spectra of [G2]-triazole-C18 (aa:ab:bb, 1:2:1). The inset within the 
13

C NMR 

Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, 

and bb, respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.19: NMR Spectra of [G2]-carbamate-Chol (aa:ab:bb, 9:5:1). The inset within the 
13

C NMR 

Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, 

and bb, respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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Figure 8.20: NMR Spectra of [G2]-triazole-DC12 (aa:ab:bb, 9:5:1). The inset within the 
13

C NMR 

Spectrum (bottom) shows 
13

C and DEPT135 signals of the focal points, which are labeled with aa, ab, 

and bb, respectively. Solvent signals ([D4] MeOH) are labeled with s. 
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8.3 Chromatograms 

 

Figure 8.21: NP HPLC chromatograms of [pG1]-OH regioisomer mixtures, which were obtained from 

different technical oligoglycerol sources, e.g., a) Solvay (product number: TM4516) or b) Sigma-

Aldrich (product number: 17782 Aldrich). Information about the mobile phase composition (n-hexane, 

isopropanol), detection system (refractive index – RI detector), and flow rate (mL/min) are shown. The 

injection peak is labeled with Inj. 

 

Figure 8.22: NP HPLC chromatograms taken from a) a [pG2]-OH regioisomer mixture (aa:ab:bb) and 
b) an individually synthesized regioisomer of [pG2]-OH (aa). Information about the mobile phase 
composition (n-hexane, isopropanol), detection system, and flow rate (mL/min) are shown. The 
injection peak is labeled with Inj. 
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Figure 8.23: RP HPLC chromatograms obtained from different [G1] OGD mixtures: a) 1, b) 2, and 

c) 3. The regioisomer proportions are similar in all [G1] OGD mixtures (a:b, 6:4). Information about the 

mobile phase composition (H2O, MeOH), detector system, e.g., UV detector or RI detector, and flow 

rate (mL/min) are given. The injection peak is labeled with Inj. 
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8.4 Dynamic Light Scattering Data 

 

Figure 8.24: Double logarithmic plots of the derived count rate average against the OGD 

concentration obtained from different [G1] OGD mixtures and [G1] OGDs. The intersection between 

the linear fits (x-value) was taken as the cac. 
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Figure 8.25: Double logarithmic plots of the derived count rate average against the OGD 

concentration obtained from different [G2] OGD mixtures and DDM. The intersection between the 

linear fits (x-value) was taken as the cac. 
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8.5 Average Charge States and Ligand Masses 

Table 8.1: Charge states (z) obtained from mixtures of ubiquitin, myoglobin, and BLG during nESI-MS 

analysis (positive mode) with the [G1] OGD mixture 1. Spectral intensities of the ligand-free forms 

(Iapo) were extracted from the mass spectra and normalized to the most abundant value. 

ubiquitin  myoglobin  BLG  

z Iapo z Iapo z Iapo 

6 0.40 9 0.22 10 0.10 

5 1.00 8 1.00 9 0.76 

4 0.19 7 0.43 8 0.96 

3 0.09 6 0.07 7 0.65 

- - - - 6 0.33 

 

 

Table 8.2: Charge states (z) obtained from OmpF upon detergent exchange and nESI-MS analysis 

(positive mode) with [G1] OGD mixture 1 and [G2] OGD mixture 4. Spectral intensities of the ligand-

free forms (Iapo) were extracted from the mass spectra and normalized to the most abundant value. 

[G1]-ether-C12 (a:b, 6:4) [G2]-ether-C18 (aa:ab:bb, 4:4:1) 

z Iapo z Iapo 

22 0.09 22 0.06 

21 0.42 21 0.36 

20 0.72 20 0.96 

19 1.00 19 1.00 

18 0.69 18 0.85 

17 0.50 17 0.47 

16 0.25 16 0.23 

15 0.12 15 0.06 
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Table 8.3: Charge states (z) obtained from OmpF upon detergent exchange and nESI-MS analysis 

(positive mode) with [G1] OGD mixture 3 and OG. Spectral intensities of the ligand-free forms (Iapo) 

were extracted from the mass spectra and normalized to the most abundant value. 

[G1]-triazole-C12 (a:b, 6:4) OG 

z Iapo z Iapo 

17 0.12 22 0.13 

16 0.50 21 0.70 

15 1.00 20 1.00 

14 0.16 19 0.74 

13 0.05 18 0.37 

- - 17 0.21 

- - 16 0.05 

- - 15 0.13 

 

 

Table 8.4: Charge states (z) obtained from AqpZ-GFP upon extraction and nESI-MS analysis (positive 

mode) with [G1] OGD mixtures 1 and 3. Spectral intensities of the ligand-free forms (Iapo) were 

extracted from the mass spectra and normalized to the most abundant value. 

[G1]-ether-C12 (a:b, 6:4) [G1]-triazole-C12 (a:b, 6:4) 

z Iapo z Iapo 

33 0.21 28 0.54 

32 0.53 27 0.70 

31 0.85 26 0.82 

30 1.00 25 0.85 

29 0.89 24 1.00 

28 0.67 23 0.70 

27 0.36 22 0.55 

26 0.15 21 0.53 

 

 

 

 



8. Appendix 

 

146 
 

Table 8.5: Charge states (z) obtained from AqpZ-GFP upon extraction and nESI-MS analysis (positive 

mode) with [G2] OGD mixtures 7 and 8. Spectral intensities of the ligand-free forms (Iapo) were 

extracted from the mass spectra and normalized to the most abundant value. 

[G2]-carbamate-Chol (aa:ab:bb, 9:5:1) [G2]-triazole-DC12 (aa:ab:bb, 9:5:1) 

z Iapo z Iapo 

33 0.63 30 0.57 

31 0.36 29 0.68 

30 1.00 28 1.00 

29 0.79 27 0.95 

28 0.59 26 0.72 

27 0.38 25 0.51 

- - 24 0.33 

 

 

Table 8.6: Charge states (z) obtained from AmtB-MBP upon extraction and nESI-MS analysis 

(positive mode) with [G1] OGD mixtures 1 and 3. Spectral intensities of the ligand-free forms (Iapo) 

were extracted from the mass spectra and normalized to the most abundant value. 

[G1]-ether-C12 (a:b, 6:4) [G1]-triazole-C12 (a:b, 6:4) 

z Iapo z Iapo z Iapo 

36 0.12 43 0.13 33 0.30 

35 0.23 42 0.33 32 0.24 

34 0.38 41 0.54 31 0.41 

33 0.72 40 0.73 30 0.55 

32 1.00 39 0.94 29 0.73 

31 0.82 38 1.00 28 0.74 

30 0.52 37 0.97 27 0.58 

29 0.26 36 0.81 26 0.26 

28 0.09 35 0.62 25 0.04 

- - 34 0.50   
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Table 8.7: Charge states (z) obtained from AmtB-MBP upon extraction and nESI-MS analysis 

(positive mode) with [G2] OGDs 7 and 8. Spectral intensities of the ligand-free forms (Iapo) were 

extracted from the mass spectra and normalized to the most abundant value. 

[G2]-carbamate-Chol (aa:ab:bb, 9:5:1) [G2]-triazole-DC12 (aa:ab:bb, 9:5:1) 

z Iapo z Iapo z Iapo 

52 0.32 43 0.20 33 0.36 

51 0.57 42 0.26 32 0.64 

50 0.83 41 0.33 31 0.83 

49 0.87 40 0.42 30 1.00 

48 0.93 39 0.43 29 0.80 

47 1.00 38 0.42 28 0.34 

46 0.58 37 0.36 - - 

45 0.68 36 0.26 - - 

44 0.31 35 0.23 - - 

-- - 34 0.30 - - 

 

 

Table 8.8: Charge states (z) obtained from MATE-GFP upon extraction and nESI-MS analysis 

(positive mode) with [G1] OGD mixture 1 and [G2] OGD mixture 7. Spectral intensities of the ligand-

free forms (Iapo) were extracted from the mass spectra and normalized to the most abundant value. 

[G1]-ether-C12 (a:b, 6:4) [G2]-carbamate-Chol (aa:ab:bb, 9:5:1) 

z Iapo z Iapo 

19 0.07 19 0.20 

18 0.26 18 0.39 

17 0.60 17 0.72 

16 1.00 16 1.00 

15 0.61 15 0.83 

14 0.12 14 0.66 

- - 13 0.48 

- - 12 0.42 

- - 11 0.19 
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Table 8.9: Charge states (z) obtained from NTSR1 upon detergent exchange and nESI-MS analysis 

(positive mode) with [G1] OGD mixture 1 and [G2] OGD mixture 7. Spectral intensities of the ligand-

free forms (Iapo) were extracted from the mass spectra and normalized to the most abundant value. 

[G1]-ether-C12 (a:b, 6:4) [G2]-carbamate-Chol (aa:ab:bb, 9:5:1) 

z Iapo z Iapo 

12 0.09 12 0.19 

11 0.44 11 0.34 

10 1.00 10 0.77 

9 0.52 9 1.00 

8 0.12 8 0.15 

 

 

Table 8.10: Ligand masses that were extracted from mass spectra of AqpZ-GFP upon extraction and 

nESI-MS analysis (positive mode) with [G2] OGD mixtures 7 and 8. The average masses (± SD) are 

summarized in Table 6.2. 

[G2]-carbamate-Chol (aa:ab:bb, 9:5:1) [G2]-triazole-DC12 (aa:ab:bb, 9:5:1) 

DEPC – ∆(m/z)·z  CDL – ∆(m/z)·z  CDL – ∆(m/z)·z  - 

941.16 1454.52 1307.61 - 

860.87 1362.47 1319.92 - 

896.83 1368.96 1430.46 - 

891.30 1498.85 1447.68 - 

884.70 1392.60 1351.75 - 

930.90 1426.50 - - 
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Table 8.11: Ligand masses that were extracted from mass spectra of AmtB-MBP upon extraction and 

nESI-MS analysis (positive mode) with [G2] OGD mixtures 7 and 8. The average masses (± SD) are 

summarized in Table 6.2. 

[G2]-carbamate-Chol (aa:ab:bb, 9:5:1) [G2]-triazole-DC12 (aa:ab:bb, 9:5:1) 

PI – ∆(m/z)·z  CDL – ∆(m/z)·z  CDL – ∆(m/z)·z  - 

900.99 1380.21 1401.92 - 

1016.61 1407.28 1372.52 - 

987.47 1410.17 1393.76 - 

988.08 1390.26 1403.68 - 

994.08 1413.60 1407.95 - 

1007.93 1396.01 1381.20 - 

 

Table 8.12: Ligand masses that were extracted from mass spectra of MATE-GFP upon extraction and 

nESI-MS analysis (positive mode) with [G1] OGD mixtures 1 and [G2] OGD mixture 7. The average 

masses (± SD) are summarized in Table 6.2. 

[G1]-ether-C12 (a:b, 6:4) [G2]-carbamate-Chol (aa:ab:bb, 9:5:1) 

CDL – ∆(m/z)·z - CDL – ∆(m/z)·z  - 

1414.08 - 1435.50 - 

1403.69 - 1387.00 - 

1406.72 - 1400.63 - 

1405.46 - 1395.70 - 

1402.80 - 1407.20 - 

- - 1414.14 - 
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8.6 Mass Spectra 

 

Figure 8.26: Zoom into MS spectrum of BLG at charge state 8+ is shown. The PDCs were obtained 

from mixtures between BLG and 1, which were analysed by nESI-MS using different detergent 

concentrations: a) 50 µM and b) 500 µM. The intensity profile among free BLG and its PDCs obtained 

from mixture b) can be described by a Poisson distribution, which indicates that non-specific contacts 

between BLG and OGD 1 during the nESI process contribute significantly to the formation of PDCs. 

Lactosylated forms of BLG and PDCs are labelled with an asterisk. 

 

Figure 8.27: MS/MS experiments on PDC ions formed by BLG and [G1] OGD 1 (a). a) Zoom into PDC 

spectrum at charge state (z = 8+) upon m/z selection with a) high- or b) low resolution quadrupole 

settings (top) and MS/MS spectra before and after complete dissociation of the selected parent ion 

populations (bottom, collision voltage range: 2 - 30 V). Samples were analysed by nESI-MS from 

ammonium acetate buffer (10 mM) and sodium chloride (500 µM). 
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Figure  8.28: MS/MS experiments on PDC ions formed by BLG and [G1] OGD 1 (b). a) Zoom into 

PDC spectrum at charge state (z = 8+) upon m/z selection with a) high- or b) low resolution 

quadrupole settings (top) and MS/MS spectra before and after complete dissociation of the selected 

parent ion populations (bottom, collision voltage range: 2 - 30 V). Samples were analysed by nESI-MS 

from ammonium acetate buffer (10 mM) and sodium chloride (500 µM). 

 

 

Figure 8.29: nESI-MS analysis of OmpF upon detergent exchange from OG to [G1] OGDs 3a and 3b. 
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Figure 8.30: nESI-MS analysis of AqpZ-GFP upon extraction and IMAC with [G1] OGDs 3a and 3b.  

 

Figure 8.31: nESI-MS analysis of AqpZ-GFP upon extraction and IMAC with [G2] OGD mixture 4. 

 

Figure 8.32: nESI-MS analysis of AmtB-MBP upon extraction and IMAC with [G1] OGDs 3a and 3b. 

 



 

153 
 

9. Curriculum Vitae 

Personal Details 

Name M. Sc. Leonhard Hagen Urner 
 

Address Freie Universität Berlin 

Institute of Chemistry and Biochemistry 

Takustraße 3 

14195 Berlin 

Germany 

Email leonhard.urner@fu-berlin.de 

Birthday 3
rd

 of June, 1990 
 

Place of Birth Berlin (Buch), Germany 
 

Education 

Since 05/2015 Doctoral candidate in the group of Prof. Dr. Kevin Pagel,  

Freie Universität Berlin, Institute of Chemistry and Biochemistry 

04/2013 – 03/2015 Master in Chemistry, thesis in the group of Prof. Dr. Rainer Haag,  

Freie Universität Berlin, Institute of Chemistry and Biochemistry, 

grade: 1.0 (very good) 

04/2010 – 04/2013 Bachelor in Chemistry, thesis in the group of Prof. Dr. Rainer Haag,  

Freie Universität Berlin, Institute of Chemistry and Biochemistry, 

grade: 1.0 (very good) 

2009 Abitur, Heinrich-Schliemann-Gymnasium Berlin, grade: 2.0 (good) 

Honors and Awards 

10/2017 – 10/2018 Fellowship of the Nanoscale Focus Area  

of the Freie Universität Berlin 

10/2015 – 10/2017 Fellowship of the Fonds der Chemischen Industrie (FCI) 

04/2015 – 04/2016 Research Grant of the Nanoscale Focus Area  

of the Freie Universität Berlin (30.000 €) 

2015 Teaching  ward of the Freie Universität Berlin (10.000 €) for the lecture: 

“Translation of Project- and Research-Ideas into Start-up Companies” 

2014 Poster award of the Berliner Chemie Symposium  

for the best scientific conference poster 

2009 Book award of the Deutsche Physikalische Gesellschaft (DPG)  

for excellent achievements in the subject physics 

 



9. Curriculum Vitae 

 

154 
 

Honorary Office 

02/2016 – 02/2018 Vice president of the Reichsbanner Schwarz-Rot-Gold 

(promoting democracy for general public of Germany)                         

12/2013 – 02/2018 Board member of the Reichsbanner Schwarz-Rot-Gold                          

12/2016 – 12/2017 President of the JungChemikerForum 

of the German Chemical Society (GDCh) in Berlin 

(supporting young chemists with trainings in career planning, 

soft skills, team management, and by organizing conferences)                                                                                                                  

12/2014 – 12/2017 Board member of the JungChemikerForum 

of the German Chemical Society (GDCh) in Berlin                                     

9.1 List of Publications 

Urner, L. H.; Maier, Y. B.; Haag, R.; Pagel, K.; Exploring the Potential of Dendritic Oligoglycerol 

Detergents for Protein Mass Spectrometry, JASMS 2018, accepted. 

Schröder, H. V.; Mekic, A.; Hupatz, H.; Sobottka, S.; Witte, F.; Urner, L. H.; Gaedke; M.; Pagel, K.; 

Sarkar, B.; Paulus, B.; Schalley, C. A.; A molecular friction clutch, Nanoscale 2018, submitted. 

Huth, K.; Heek, T.; Achazi, K.; Kühne, C.; Urner, L. H.; Pagel, K.; Dernedde, J.; Haag, R.; Noncharged 

and Charged Monodendronised Perylene Bisimides as Highly Fluorescent Labels and their 

Bioconjugates, Chem. Eur. J. 2017, DOI: 10.1002/chem.201605847. 

Thota, B. N. S.; Urner, L. H.; Haag, R.; Supramolecular Architectures of Dendritic Amphiphiles in 

Water, Chem. Rev. 2016, DOI: 10.1021/acs.chemrev.5b00417. 

Urner, L. H.; Thota, B. N. S.; Nachtigall, O.; Warnke, S.; von Helden, G.; Haag, R.; Pagel, K.; Online 

monitoring the isomerization of an azobenzene-based dendritic bolaamphiphile using ion mobility-

mass spectrometry, Chem. Commun. 2015, DOI: 10.1039/c5cc01488c. 

Nachtigall, O.; Kördel, C.; Urner, L. H., Haag, R.; Photoresponsive Switches at Surfaces Based on 

Supramolecular Functionalization with Azobenzene Oligoglycerol Conjugates, Angew. Chem. Int. Ed. 

2014, DOI: 10.1002/anie.201403331.



 

 
 

 


