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1. General introduction 

The proper folding of proteins ensures the correct function of a myriad of vital cellular 
processes in biological systems, ultimately also in humans. Malfunctions in these lead to 
manifold disease paĴerns such as cancer or neurodegenerative diseases. In many cases, 
their origin boils down to protein misfolding. Understanding folding, refolding and 
misfolding processes in biomolecules is thus critical in the scope of disease treatment 
and a structure-based design of effectors and drugs. Historically, manifold techniques 
were developed to assess structure analysis of mostly well-folding biomolecules. 
However, the definition of structure does not only cover discrete and well-defined 
secondary and tertiary structure elements. The lack of an unambiguous, discrete 
structure and its biological implications is of central importance in biomolecules that 
exhibit partial or full disorder. Proteins lacking discrete structuring are termed 
intrinsically disordered proteins and are crucially linked to multiple clinical pictures. 
Not only their malfunctioning is of utmost interest, also their interactions in a cellular 
context is important. Analysis of structural ambiguity in these molecules is thus of great 
interest and imposes major challenges to state-of-the-art techniques such as X-ray 
crystallography. The limited availability of techniques to study these proteins heavily 
impedes the development of deeper structural knowledge, highlighting the need for 
new spectroscopic tools. 

In the following, intrinsic disorder in two different biologically relevant systems was 
explored using both experimental and computational techniques. At first, the structural 
ensemble of alpha-synuclein based peptide fragments and the implications of disease-
related point mutations were analyzed. Alpha-synuclein is involved in the pathogenic 
course of Parkinson's disease and does not exhibit distinct structuring in solution. 
Another case of molecular disorder is imposed by the protein kinase p38α, whose 
function involves e.g. signal processing. This protein is well-structured throughout most 
of its sequence with the exception of the so-called activation loop region. This sequence 
area is fundamental to the kinase activity, despite the lack of secondary structure 
elements. 

In both of these cases, intrinsic disorder is studied by a combination of available 
spectroscopic tools to strive for deeper insights into mechanisms of folding, unfolding 
and ultimately misfolding. These findings will be key steps to understand underlying 
mechanisms and their causes that could potentially help in finding new pathways to 
prevent protein malfunctioning. 
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2. Disordered structures in biomolecules 

The investigation of the connectivity between the structure of proteins and the 
consequential effect on their biological function has been a crucial research interest in 
the past decades.1 This includes processes of folding, refolding and unfolding that are 
crucially impacting the molecular behavior of biomolecules.2-4 The large spectroscopic 
toolbox available to get insight into molecular structuring has led to an enormous 
collection of datasets available via libraries like the protein data bank PDB.5 Many protein 
structures have been resolved using powerful techniques like crystal structure analysis. 
However, these techniques rely on molecules adopting rigid and unambiguous 
structures as a prerequisite for the formation of crystals. In general, molecular flexibility 
and the presence of a multitude of structural substates lead to a loss in positioning 
precision for these methods. Molecules adopting multiple conformations are challenging 
to analyze and need other experimental approaches (as reviewed in chapter 3). 

Typically, the absence of a unique or few structural states is termed structural 
disorder.6 The classification of molecules into ordered and disordered is under debate, 
as disorder does not necessarily involve a complete lack of local structuring.7 The most 
prominent case of disorder are intrinsically disordered proteins (IDPs) that typically lack 
structural features throughout most of their amino acid sequence and are involved in a 
variety of biological functions and malfunctions including neurodegenerative diseases.8 
IDPs such as alpha-synuclein or tau or are encoded by approximately 30% of the human 
genome, depicting the importance in a biological context.9 Extensive studies on IDPs 
have been conducted and reviewed.10-11  

In contrast to this, disorder can further be found locally in a restricted part of 
otherwise well-structured proteins as seen in the activation loop of protein kinases12 or 
in protein fibrils13. This local disorder, despite lacking a clear structure, can still be 
critically involved in the biological activities by e.g. triggering a catalytic activity of 
substrate recognition. In terms of structural analysis, a locally disordered domain 
depicts a situation that reflects many of the challenges also present for fully disordered 
proteins, highlighting the broad applicability of the term disorder in a biological context. 
The assessment of the flexibility in domains is indispensable for understanding their 
biological relevance. The terms order and disorder should not be seen as binary, as even 
in flexible and ambiguous domains a certain degree of alignment or order can be found. 
Therefore, it is important to understand what disorder really implies for a protein of 
interest and techniques able to differentiate between order and disorder are necessary. 
A crucial difference between fully and partially disordered molecules is that for the 
laĴer, boundary constraints are introduced to the description of conformational 
equilibria. While IDPs can adopt large variety of different conformations, disordered 
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domains are restricted at both ends to the rigid backbone structures of the proteins they 
belong to. This renders access to more precise descriptions of these domains as 
anchoring points with well-known locations can be used to monitor structural changes. 

In this study, two prominent proteins were studied that depict either a fully 
intrinsically disordered protein or a locally disordered domain in a stable three-
dimensional structure. Alpha-synuclein (ASYN) depicts a prominent example for the 
former while p38α with its unstructured activation loop depicts a rather confined 
disordered region in a rigid structure. Both of these were studied extensively in this 
work and will be introduced briefly in the corresponding chapters 4 and 5. 
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3. Spectroscopic techniques to study structure and dynamics 
of proteins 

The interplay between structure and activity of biomolecules, in this study proteins, 
and the associated demand for structural insights led to the development of a multitude 
of experimental techniques that assess this. Crystallographic techniques have proven to 
yield structure models with atomistic precision, provided that a protein crystal can be 
prepared. Ordered proteins with a well-characterized secondary and tertiary structure 
are often feasible to crystallization while molecules incorporating flexible or even 
unstructured regions are difficult to analyze using these methods. Structure elucidation 
of disordered proteins and regions is more complicated and alternative methods to 
describe plasticity and dynamics of these regions were needed. The most prominent 
techniques are nuclear magnetic resonance (NMR), circular dichroism (CD), (single-
molecule) fluorescence energy transfer ((sm)FRET), infrared (IR) spectroscopy and 
electron paramagnetic resonance (EPR). In the following, a short overview of 
possibilities to elucidate structure and dynamics using EPR and CD will be given, for 
details on NMR, IR and FRET extensive reviews are available.10, 14-18 

With the upcoming of new experimental techniques and improving measurement 
capabilities, EPR spectroscopy has developed into a powerful tool, allowing insights into 
intrinsically disordered proteins.19 Especially in the case of broad structural equilibria 
and structural ambiguities, sparse distance restraints are often not enough to correctly 
describe the underlying ensemble. Therefore, joint measurements combining distance 
restraints from experimental datasets with molecular dynamics simulations have been 
developed and risen to a powerful tool, enabling insights into complex structural 
ensembles.20-21 

 

 Site-directed spin labeling renders access to selective structural studies 

The concept of site-directed spin labeling (SDSL) is based on the introduction of a 
paramagnetic tag to a molecule or object of interest, allowing subsequent analysis using 
magnetic resonance spectroscopy. While in this work the objects studied are proteins 
and protein-based peptides, SDSL is used in a variety of molecules including nucleic 
acids,22 lipids23 and polymer samples.24-25 Many proteins are diamagnetic and thus 
undetectable using magnetic resonance methods, exception are proteins bearing 
inherent paramagnetic centers such as flavoproteins or photosystems26-27. Therefore, a 
spin labeling step is typically needed in advance to EPR studies. This necessity is a 
significant advantage as site-specific introduction of labels allows for unambiguous and 
virtually background-free detection even in complex systems. Labeled proteins render 
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the assessment of many different physical aspects possible, these have been extensively 
studied and reviewed.28-29 Notably, not only the dynamics30-31 and distances between two 
spin labels as shown in the following can be analyzed, but also solvent accessibilities32-33 
and the polarity of microenvironment34-37 are observable via EPR techniques. 

The large amount of intrinsic sample properties rendered accessible by spin labeling 
lead to thorough development of site-directed spin labeling techniques.38-39 Thus, SDSL 
is commonly used directly aiming for structure elucidation of (bio-)macromolecules 
using EPR techniques.40 Labels used for this are for instance paramagnetic centers, 
chelated metal ions41-43 or nitroxides.44 Different label requirements depending on the 
projected measurements lead to a variety of spin labels that have been reviewed 
extensively.45-47 Important characteristics are the chemical stability of labels and linkers, 
the procedures of label introduction and flexibility of both label and linker. While the 
former is mostly important for in vivo measurements, the laĴer are relevant especially 
for studies on structure and dynamics. Notably, also the spectroscopic properties of 
labels can heavily influence their usability in EPR studies. In the scope of this work, 
nitroxide based labels were chosen as the most suitable spin moiety and will be 
discussed in more details in the following (Figure 1 shows some common nitroxide 
labels). 

Introduction of nitroxide spin labels to the target is typically done through site-
specific binding to selected amino acids such as lysine or cysteine, the available nitroxide 
moieties mostly differ in ring size, anchoring groups and steric shielding of the unpaired 
electron.48-54 An important aspect of spin labels is their rigidity. A high flexibility of the 
nitroxide moiety and/or the linker area is unlikely to introduce steric hindrance to the 
protein it is aĴached to, yet introduces additional flexibility impeding the interpretation 
of distance determinations. Rigid spin labels can, e.g., bind to His-tags 55-56 or two cysteine 
residues in spatial vicinity,57 leading to reduced structural freedom.55-56 As this will lead 
to structural perturbation of the protein in many cases, small and flexible spin labels that 
bind to single amino acids are often used,45-47 with the most abundant ones being 
methanethiosulfonate spin label (MTSSL) and 3-maleimido proxyl (Proxyl) shown in 
Figure 1.58-60 These labels have been used extensively to study protein structure and 
dynamics.61-62 

More flexibility in the label choice is achieved when the spin label is introduced into 
the amino acid sequence directly via peptide synthesis. This allows the usage of 
exceptionally rigid spin labels such as 2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic 
acid (TOAC)63-64 or 4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenyl-
glycine (TOPP)65 in a site-specific and quantitative manner. These are depicted in Figure 
1. For the synthesis of such constructs, one has to rely on solid-phase peptide synthesis 
which is limited to rather small peptides and not yet feasible for larger complexes.51 
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In addition to the choice of a suitable label, the position at which it is introduced has 
to be carefully evaluated. This process is heavily dependent on the experiments to be 
conducted, some typical factors to take into account are listed in the following. 

 Labeling reaction yields: Often a quantitative labeling can be expected for highly 
reactive spin labels. To ensure this, the amino acid chosen has to be located at the 
exposed protein surface. This can be evaluated using available crystal structures 
and scanning the residues by eye in a surface representation. In addition to this, 
a site-scan prediction of possible rotamers using e.g. MMM66 or PyMOL67 can 
exclude sterically problematic residues. 

 Perturbation of the protein: Non-perturbing positions for the spin label should be 
chosen. Positions close to active sites or binding positions have to be avoided. 

 Optimal label distance: The distance between the two spin label should be chosen 
deliberately. For distance measurements, the accessible distance range is 
between 1.5 to about 8 nm.  

 Spin label mobility at the labeled residue: Label positions where the predicted 
rotamer population is sparse and confined to a smaller volume can be beneficial 
as the distance distribution will be less broadened by spin label movements. 
However, these positions can also exhibit less efficient labeling. 

 Label location: When expected structural changes and their direction are known, 
beneficial positions can be chosen regarding the perspective of the measured 
spin-spin axis with respect to the expected molecular motion. 

 Native cysteines: If native cysteine residues are present in the protein sequence, 
they can be used if they conform to the requirements above. 

 Non-labeled cysteines: Remaining native cysteine residues have to be either 
completely removed or, preferably, retained as long as they are not expected to 
be accessible to labeling. Non-accessible cysteines can be due to these residues 
being hidden in hydrophobic pockets or deactivated in disulfide bridges. This 
reduces possibilities for protein native structure perturbation. 

 

 
Figure 1: Spin labeling using either MTSSL or Proxyl aĴached to a cysteine residue in contrast 
the unnatural amino acids TOAC and TOPP incorporated directly into the peptide backbone. 
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 Rotational dynamics 

In addition to the static observation of structural traits, the dynamics of intrinsically 
disordered proteins and protein regions are an important aspect of their structural 
ensemble. Conformational changes, as well as the degree of conformational freedom, are 
crucial indicators and thus spectroscopic techniques to assess these have been 
developed. 

EPR spectroscopy is a particularly powerful technique to capture dynamics in 
solution. This involves the aĴachment of only a single spin label into the protein in an 
area of interest. The rotational dynamics of spin labels are reflected in the EPR spectra, 
with increased rotational correlation times leading to a spectral broadening that can be 
quantified (see Figure 2). These overall dynamics can be distinguished by the dynamics 
of the spin label itself (including its linker moiety), the protein secondary structure 
elements in the vicinity of the labeled residue and the rotation of the entire protein.29, 68-

69 Therefore, dissection of the apparent mobility can help understanding changes in the 
structural dynamics of e.g. proteins. For proteins that alter their backbone flexibility in 
the direct vicinity of the spin label, the overall spin label dynamic is often altered and 
thus detectable in cwEPR experiments. This has been shown and reviewed extensively.70-

71 In the following, the analysis of spin label mobility using cwEPR will be termed 
mobility studies. 

 

The description of experimental EPR spectra involves the full description of the spin 
Hamiltonian, leading to inherent spin parameters such as the g tensor in the Zeeman 

 
Figure 2: Mobility of a nitroxide spin label. The plots correspond to the spectra simulated at 9.5 
GHz (X-Band) with rotational correlation times of 10 ps (A), 1 ns (B), 10 ns (C), 100 ns (D) in 
the fast (garlic function, A and B) or slow (chili function, C, D) regime using EasySpin.72 
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term and the hyperfine tensor describing the spliĴing of energy levels due to the 
nitrogen atom in the unpaired electron vicinity for nitroxide spin labels. 29, 73 The analysis 
of experimental spectra and dissection of the underlying physics is typically done via 
solving of stochastic Liouville’s equations readily implemented in software packages 
like EasySpin72. 

EPR has several characteristic traits that are important for studies on protein 
dynamics. A full, quantitative description of experimental data not only allows for the 
determination of e.g. rotational correlation times, but furthermore the discrimination 
between multiple spin species. If the sampled protein exhibits several conformational 
substates that differ from each other in the dynamics around the spin label, these can be 
quantified using spectral analysis methods. In addition, the temperature at which 
mobility studies are conducted is precisely adjustable in a large range including 
biological temperatures. Therefore, it is possible to use experimental conditions that 
reflect an environment closes to the native in vivo state. Especially for temperature-
dependent equilibria, this dependency can be probed over a large range of 
temperatures.74 

 

 Long-range distance restraints by EPR 

3.3.1. Pulsed EPR distance determination 

The introduction of a second spin moiety to the protein enables structural 
characterizations based on spin-spin distances. The following paragraphs provide a brief 
overview of experimental and theoretical aspects of pulsed EPR measurements while 
referring to more detailed literature.75 

The dipolar interaction between two unpaired electrons is proportional to the inverse 
cube of the distance, enabling the path to spectroscopic techniques assessing these 
distances.76 More importantly, insights are gained not only on the distance between two 
spins but on the full distribution of distances present in the samples. In typical ensemble 
methods like FRET, an average distance information for all observed molecules is 
obtained. This sets EPR distance measurement apart from these, allowing the analysis of 
distance distributions that include more than one distance. Multiple, discrete structural 
substates in e.g. proteins are thus rendered accessible. Notably, the use of small and non-
perturbing labels is beneficial for both high experimental precision as well as low 
structural disruption introduced to the target.77 The accessible range of distances 
includes short distances of around 1.2 nm78 as well as long distances up to approximately 
8 nm without the need to select suitable labels for the expected distance range. In very 
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favorable cases that include deuteration of samples and sparse spin labeling, the 
maximum measurable distances can reach 16 nm.79-80 

 

Figure 3: Left: Two frequency, four pulse DEER experiment with excitation in separated 
spectral regions (nitroxide X-Band spectrum illustrated in black). The resulting raw data trace 
is shown in the top right. After background correction (red line) and Tikhonov regularization 
(not shown) the distance distribution is obtained (boĴom right). Adapted from Hinĵe, 2011.81 

 

Typically, samples are flash-frozen in liquid nitrogen to yield a glassy state that 
inherits the structural equilibria already present in the solution.82 While distances 
measurements at room temperature have been proposed using either nitroxides83-85 or 
triarylmethyl labels86, the majority of measurements are carried out at cryogenic 
temperatures to optimize spin-relaxation kinetics and avoid reorientation of the spin-
spin vector due to molecular motions. Depending on the spin labels used and the 
experimental properties, a variety of different measurement procedures are available. 87-

88 Pulsed techniques include: double-quantum coherence (DCQ)89-90, single frequency 
technique for refocusing dipolar couplings (SIFTER)91 or RIDME92. The majority of 
distance measurements are conducted using double-electron electron resonance (DEER) 
which is also called pulsed electron-electron double resonance (PELDOR)93-98 and 
depicted in Figure 3. All of these methods share the goal of separating the dipole-dipole 
interaction from all other contributions to the spin Hamiltonian99-100 which is necessary 
for distances exceeding approximately 2 nm.87 Smaller distances can be measured using 
cwEPR as the dipole-dipole coupling leads to significant spectral broadening.101 

The extraction of distance distributions from raw experimental data is typically done 
using model-free approaches, opening the path for structural analysis that includes not 
only the determination of secondary structure changes, but also observation of large 
domain and tertiary structure movements. Notably, the distance measured between the 
two spin labels does not only include the separation by the protein backbone structure 
they are aĴached to, but also uncertainty introduced by flexibilities inherent to the label 
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and its linkage to the primary sequence. While these motions can be modeled with a 
rotamer approach suggesting possible linker dynamics and the impact on the distance 
distribution,102 this implies that a structure model is already available and the 
experimental data can be used to evaluate the proposed structure. 

De novo structure determination, i.e. without the assumption of a structural model, is 
far more challenging. The distance constraints are typically sparse and ambiguous 
because of the additional label flexibility. While the number of distance constraints 
observed can be increased, this involves large experimental effort and more labeling 
positions that might lead to perturbations in the protein structure. Therefore, de novo 
structural analyses are usually conducted as a joint approach using multiple techniques 
involving e.g. nuclear magnetic resonance methods and molecular dynamics (MD) 
simulations.103-107 

3.3.2. Multilateration 

EPR distance determinations are a powerful tool, allowing more advanced analysis 
procedures such as multilateration. The ability to measure precise distances between 
multiple label pairs renders access to determine the coordinates of a spin label based on 
distance distributions from known locations. This technique is termed multilateration, 
triangulation or localization in recent literature.66, 108-110 As the term triangulation is 
slightly misleading in that the number of distance constraints used is variable, the terms 
multilateration or localization will be used in the following. It should be noted that this 
approach distinguished itself from known techniques used in GPS in that not only the 
distance to the reference points but also the width of the distribution is included in the 
calculations. 

This technique as an EPR tool was first introduced in 2002111 and was utilized for the 
location of lipids110 and metal ions in proteins108, 112-113 as well as for the construction of 
structural models in protein complexes.109, 111, 114-115 

Experimentally, a localization is carried out by measuring a set of pairwise distances 
between the point of unknown location and different reference points that should be 
spread evenly in a three-dimensional space to achieve the best possible precision. At 
least three distance sets are needed to result in an ambiguous localization with two 
different possible positions, addition of four distance pairs results in an unambiguous 
localization. The inherent dynamics of the aĴached spin labels increases the uncertainty 
of the positioning of both the unknown position as well as for the reference points and 
is thus incorporated into the calculations.66 

 



12 
 

 Secondary structure content reported by CD spectroscopy 

An inherent property of chiral molecules and structures is the distinct difference 
between the absorption properties of left- and right handed circularly polarized light. 
This effect is termed circular dichroism (CD) and depicts a valuable tool for not only the 
identification of stereo centers in chemistry related aspects116 but also for the 
determination of secondary structure contents in protein samples since decades.117 In this 
short paragraph, only the most important aspects of CD spectroscopy necessary in the 
scope of this work will be covered, for a more detailed explanation of the underlying 
principles extensive reviews are available.117-120 Shortly, proteins feature chirality not 
only by chiral amino acids (19 out of the 20 natural occurring amino acids are chiral), but 
also through the formation of secondary structure elements such as α-helices. The 
wavelength-dependent circular dichroism can be accessed experimentally using 
alternating circularly polarized light which is typically generated using a photo-elastic 
modulator121 and subsequently guided through the diluted protein sample (typically in 
aqueous solution) in a quarĵ cuveĴe. The transmiĴed light is the analyzed by a photon-
multiplier tube, resolving the difference in absorption between left- and right handed 
polarization.  

Secondary structure elements such as α-helices and β-sheets as well as the absence of 
these elements (often misleadingly termed random coil instead of unordered) impose 
distinct chiral characteristics and thus CD signals (see Figure 4), allowing classification 
of proteins based on the presence of secondary structures. While a qualitative analysis is 
facile for samples containing exclusively one single secondary structure element, a 
quantitative analysis is impeded when the sample contains a mixture of several 
structural elements. Nevertheless, analysis tools to estimate the secondary structure 
contents of given samples are available.118-120 One prerequisite for the analysis of 
secondary structure elements is the need for precise control of temperature, path lengths 
and sample concentrations. While these can be adjusted easily for larger sample 
amounts, the usage of low concentrated samples and reduced path lengths that are often 
necessary in studies on proteins severely hinders a quantitative analysis. 
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The combination of all of the techniques shown above represents a powerful toolbox 
enabling experiments to gain insights into protein structure, folding and refolding 
processes. 

In the following chapters, this will be applied to two important proteins already 
mentioned above: ASYN and p38α, with the former representing an intrinsically 
disordered protein with virtually no stable secondary structure elements in solution and 
the laĴer a well-folding protein with only a discrete, secondary structure-lacking region 
within its sequence. Both proteins thus represent molecular disorder in different 
dimensions while both being highly important in a biological context. ASYN and p38α 
will be introduced in more detail in the beginning of each representative result chapter, 
starting with ASYN. 
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Figure 4: Simulated CD spectra for proteins in dependency of their secondary structure 
elements. Based on the theoretical description of CD signals from de Jongh et.al, 1994.122 
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4. Local features of the intrinsically disordered protein 
alpha-synuclein 

 Alpha-synuclein and its structural diversity 

The intrinsically disordered protein alpha-synuclein (ASYN) consists of 140 amino 
acids and is abundantly present in human neurons. While its physiological function is 
poorly understood,123 malfunctions are tightly linked to a variety of disorders such as 
neurodegenerative diseases.124 This imbalance is mainly caused by the ambivalent 
character of the ASYN structure that ranges between complete lack of structuring to 
well-defined fibril formation that leads to loss of neurons in neurodegenerative 
diseases.125-129 The primary sequence can be divided into three regions: The N-terminus 
ranging from residue 1 to 60, the hydrophobic non-amyloid component (NAC) and the 
acidic C-terminus. Of note is also the VATV motif located in the N-terminus, the deletion 
of this motif heavily influences aggregation kinetics.130 While most studies are focusing 
on the pathophysiological impact of ASYN, the physiological function of ASYN is 
certainly equally important, e.g. it might be an important factor in DNA repair 
processes.131 This highlights the crucial necessity of spectroscopic techniques and studies 
that allow deeper insights into ASYN function as well as malfunction. The following 
paragraphs contain a brief overview highlighting the most important structural aspects 
for the scope of this work while referring to more detailed literature when suitable. 

With regards to physiological malfunctions, aggregation of ASYN is crucially 
involved in disease symptoms. Extensive studies on this pathway have been conducted 
and reviewed.126-129, 132-133 In this study though, the focus resides on the structure of 
monomeric ASYN in solution and during interaction with membranes. 

In absence of binding partners, ASYN typically adopts a structurally undefined 
disordered conformation with high flexibility. However, a disordered state does not 
necessarily involve a complete lack of structural traits. Recent studies are debating the 
monomeric state of ASYN in solution versus an equilibrium of relatively stable 
multimers.134-136 Long-range contacts found for isolated ASYN point at local structuring 
already present in solution.137 First in-cell measurements conducted using both NMR 
and EPR techniques hint at an unordered state of ASYN that remains in a cellular 
context.138-139 These findings are especially interesting given the presence of large 
amounts of lipids and membranes in a cellular environment.140 The disordered state of 
ASYN in cells is still under debate141 and recent FRET studies suggest the presence of 
several distinct structural ensembles in cells.142 

In vitro experiments have shown various structural changes upon ASYN interaction 
with binding partners, giving important insights into possible cellular roles. As already 
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mentioned, an important interdependence has been found with lipid membranes.143 
Extensive studies on different lipid bodies have been conducted that show a structural 
shift towards an alpha-helical structure of ASYN.105, 142-146 In addition to membranes, 
other binding partners such as metal ions have been proposed, again understating the 
ambiguity and variety of molecular dependencies for ASYN.144 

Clinical studies have identified several characteristic point mutation in the ASYN 
sequence that influence disease traits and are found in the hereditary form of Parkinson’s 
disease.133, 145-146 Two of these located near the N-terminus are A30P and A53T, impacting 
the aggregation properties during fibril formation and therefore impose a great interest 
with regards to disease pathology.133, 147 Prior to this, these point mutations were further 
shown to affect the binding to membranes148-149 and the helical structuring in their direct 
vicinity upon interaction with lipids, suggesting a mechanistic impact of the point 
mutations already for non-aggregated ASYN.150-151 

In addition to disease mutations, changes in the protein structure can occur via post-
translational modifications (PTMs). These can occur during or after translation of 
proteins in cells, altering the biological function of proteins or marking them for other 
cellular processes. For ASYN, important PTMs are nitration and phosphorylation which 
can occur on serine and tyrosine residues encoded in the primary sequence.152-154 In 
addition, studies have been conducted focusing on acetylation,129 O-GlcNac 
modification128 or ubiquitination.155 

 
Figure 5: Structural variety of ASYN. Unordered fragment ensemble adopted in solution (right, 
based on PDB 2JN5), helical structuring adopted upon membrane binding (top, based on PDB 
1XQ8) and fibrils formed in ASYN aggregates (left, based on PDB 2N0A). the disease mutation 
A30P is depicted in red for helical ASYN (top). 
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The studies mentioned above focused on structural changes for ASYN in the presence 
of external influences such as binding partners or molecular crowding in cellular 
systems, assuming to origin from an unstructured ensemble. The native structure of 
ASYN under in vitro conditions and in absence of binding partners does not show 
significant secondary structure formation. In order to understand conformational 
transitions induced by external triggers, potential structuring already present in the 
native state has to be considered. This first step from complete disorder to local ordering 
is crucial for the formation of stable secondary structure elements. The formation of 
transient structures, i.e. short-lived secondary structure motifs, can be crucial factor in 
protein activities such as membrane of substrate binding. The aforementioned dynamic 
flexibility has been discussed and reviewed extensively.155-157 Indeed, recent NMR 
studies suggest a propensity for transient secondary structuring for isolated ASYN.129 
Several distinct substates were isolated for ASYN, depending on the solvent 
constitution.156 Additionally, MD simulations directly suggest transient secondary 
structure formation.157-158 These findings suggest that there might be transient or local 
ordering already present in isolated ASYN. Transient and thus short-lived structuring 
of ASYN could lead to profound impacts in substrate interactions, capturing those 
would thus be an important step towards a deeper understanding of the biological 
implications of protein disorder. These questions which will thus be assessed in chapter 
4.2. 
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 A combinatorial spectroscopic and simulation approach 

Transient ordering in an otherwise structure-deficient equilibrium is an important 
trait to assess, as this might have an impact on several biological interactions such as 
protein-protein contacts or post-translational modifications.136, 159-162  
During this study, a combinatorial approach using circular dichroism spectroscopy, 
pulsed electron paramagnetic resonance techniques and molecular dynamics 
simulations was developed to assess structural features of α-synuclein in different 
environments. The combination of spectroscopic and theoretical techniques to assess 
structural equilibria has been successfully shown to be able to ameliorate the precision 
and clearness of structural analyses.20, 163 Therefore, a very defined experimental system 
had to be found that reduces the number of experimental variables to a minimum whilst 
providing a platform that allows a direct comparison of experimental datasets with 
simulated structure pools. This necessity precludes the use of complex environments 
(such as cellular systems) as atomistic simulations are often limited to monomolecular 
solvents. With a suitable system at hand, structural traits and changes should be 
monitored while unique environmental parameters like the solvent were changed. 
While distance distributions obtained with DEER do not allow a direct allocation to 
protein structures, ensemble pools obtained with MD simulations can be used to narrow 
down the quantity of possible structures, resulting in deeper insights into local or 
transient ordering. It should be noted that a transient ordering of structure usually 
happens on timescales in the nanosecond range. This is much faster than the typical 
freeze times of hundreds of milliseconds during shock-freezing of samples during the 
preparation of DEER samples.164 Thus, transient structures that fold and unfold rapidly 
at ambient temperature will most likely not be captured in this process. However, the 
presence of transient structures at ambient temperatures likely involves equilibria that 
are also populated around the glass temperature of the solvents used, i.e. around 100-
160 K.165 These equilibria are then captured as a snapshot of populated states, enabling 
deeper insights into the underlying dynamics. 

In order to achieve unambiguous insights into structural traits, several key points 
have to be optimized carefully. From an experimental point of view, high precision in 
the determination of distance distributions is needed. This involves spin labeling 
procedures with labels that are unambiguous in their conformation. In many cases, 
approximations such as coarse-graining are used to describe structural equilibria of 
proteins. In this study, the necessity of explicit structure description excluded these and 
an approach using an atomistic level of description was developed. These aspects led to 
the development of a system using peptide fragments instead of full-length ASYN. 
Peptide fragments as a model system for the description of full-length protein have been 
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proven as a valuable tool in structural studies for ASYN in earlier studies, thus showing 
the potential of a fragment approach to study structural ensembles.166-168 

4.2.1. A peptide system as a model platform for ASYN 

The peptide fragments chosen are located in the membrane-binding N-terminus of 
ASYN and include the disease mutant position A30P that has been found in patients 
with hereditary Parkinson's disease and whose implications are of great interest.169-170 As 
noted above, peptide fragments offer several significant advantages on both 
experimental and simulation aspects; the full synthesis via solid-phase peptide synthesis 
(SPPS) techniques allows the direct control of primary sequences and thus incorporation 
of several different spin labels that differ in their aĴachment functionality and, most 
importantly, in their structural flexibility that is crucially linked to the achievable 
precision in end-to-end distance descriptions of structures. In addition, the size 
reduction to shorter peptides is crucially important for atomistic simulations. 

Ten different peptide fragments were chosen as a starting point for further studies, 
these are depicted in Figure 6. These constructs contain wild-type sequences without 
further modifications and are located around the membrane binding N-terminus of 
ASYN. As the C-terminal region has not been found to exhibit large structuring upon 
interaction with binding partners, the focus towards N-terminal areas was preferred. 
Additionally, known delete and disease mutations are located in the chosen regions (see 
below). This resulted in a library of ten different peptide fragments that were 
synthesized via SPPS (carried out by Biosyntan, Berlin): Peptides P1 and P2 that are 
starting from the ASYN N-terminus and differ in the presence or absence of the delete 
region 2-11 that is crucial for membrane binding.171 P3 and P4 are starting from residue 
19, incorporating the wild-type derived alanine or the known disease mutation A30P. P5 
is located in the same are while being shortened, facilitating MD simulations for variable 
evaluation. P6, P7, P8 and P9 are located at the end of the N-terminus and incorporate 
either the wild-type sequence, the disease mutation A53T, the deletion or doubling of 
the residues 52 to 55 (VATV, see 4.1).130 These were fully characterized to selectively 
choose a reduced amount in further studies involving a combinatorial EPR and MD 
approach. The longest peptide, P10, spans around this area to represent a larger portion 
of ASYN, bridging the gap between fragments and full-length ASYN. 
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The establishment of a model system based on peptide fragments instead of full-
length ASYN is crucially coupled with the verification that these peptides represent the 
biological functions of ASYN as good as possible. While peptide fragments have been 
used as model systems in earlier studies,166-168 the structural integrity and comparability 
to the full-length protein had to be evaluated.  
This was done mainly using CD spectroscopy, as it is a fast and reliable tool to follow 
main structural traits of proteins. As already noted above, ASYN resides in a broad, 
unordered structural state in an aqueous environment and in absence of relevant 
binding partners. Therefore, a CD signal reflecting an unordered state is expected for all 
ten peptides. Structural ordering appearing in the CD signal for some of these peptides 
in aqueous solution would exclude their applicability as model compounds.  
Measurements of all peptides were carried out in water, resulting in spectra 
representative of unordered states (see Figure 7 top). No significant aberrations were 
found for the ten model compounds, implying that the absence of clear secondary 
structure elements observed for ASYN is retained in the peptides (for details, see 8.1.1).  

 
Figure 6: Library of ten different peptide sequences used to evaluate their behavior and 
usability for further studies. The sequence of ASYN is depicted in grey, common delete 
mutations are depicted in red, sequence doubling is shown in green.  
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As the peptides showed the expected behavior in aqueous solution, the ability to 
adopt helical conformations and binding to lipids was assessed. A particularly 
interesting tool to stabilize α-helical structures in the scope of this study was the addition 
of alcohols that have been shown to support helix-formation and stabilization.172 Here, 
methanol was used as a solvent to assess the tendency of the peptide fragments to form 
helical structures. CD spectra were collected after a solvent exchange to pure MeOH (see 
Figure 8). All spectra were strongly differing from their counterpart in aqueous solution, 
which is in line with a structural change from an unordered to a more helical state. All 
spectra are representing a structural state consisting mostly of α-helical states (see Figure 
4 for reference). Several peptides show spectra that can be interpreted as a virtually full 
helical ensemble (e.g. P5, P4, Figure 7) while others seem to consist of a slightly more 
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Figure 7: Top: CD data obtained for the ten peptide fragments in aqueous solution (Milli-Q, see 
experimental details) with a concentration of 50 µM. For experimental details, see chapter 8.1.1. 
BoĴom: converted dataset to units of mean residue ellipticity (MRE). Due to experimental 
constraints as explained in chapter 8.1.1, conversion to MRE was omiĴed in further spectra. 
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mixed secondary structure content (P3, P9). This could be due to the presence of beta-
sheet contents in slightly aggregated peptides, however the difference in spectral shapes 
is too minor for a meaningful interpretation. 

The collected spectra show structural changes for all peptides upon solvent exchange, 
understating the helical tendencies also found in full-length ASYN. In a biological 
context, ASYN adopts a helical conformation upon binding to membranes. This has been 
evaluated for membrane mimics such as large unilamellar vesicles (LUVs).173 Therefore, 
all peptides have been incubated with LUVs consisting of POPG (see chapter 8.1.1) to 
assess their binding characteristics (see Appendix, Figure A. 1). All peptides, with the 
exception of P8, show significant structural changes via a CD signal shift towards an 
alpha-helical conformation. This understates that these model peptides reflect the full-
length protein in biologically relevant environments. The peptide P8 incorporates a well-
known delete mutation of a crucial binding motif VATV already studied for ASYN. 
Indeed, the CD spectrum for P8 of mostly unordered and β-sheet resembling 
characteristics, suggesting that no binding to LUVs occurs.  

Based on these results, the proposed peptide system was presumed to represent full-
length ASYN in an acceptable multitude to present this as a suitable model system. A 
choice of three peptides were chosen for further experiments (see Figure 9): 
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 P5, termed ASYN-P short. This is a short peptide consisting of the residues 30 
to 47 in the spin-labeled case and is used for the evaluation of experimental 
and simulation methods. 

 P3, termed ASYN-P WT. This is a longer peptide based on residues 21 to 37 
of wild-type (WT) ASYN. 

 P4, termed ASYN-P DM. This fragment contains the same sequence as P3 and 
additionally includes the disease mutation A30P (DM) used to evaluate the 
effect of this mutation on the structural equilibrium. 

 

 

For these three peptides, beginning with ASYN-P short to evaluate all the procedures, 
a suitable approach for spin-labelling and subsequent distance measurement studies 
was developed. In parallel, MD simulations were carried out in the group of Christine 
Peter (Universität Konstanz). 

4.2.2. SDLS and EPR distance measurements in a controlled environment 

In order to obtain experimental datasets that are comparable with MD simulations, a 
suitable system to control important variables in EPR measurements had to be found. 
This included the choice of spin labels and optimization of all measurement parameters 
as well as assessment of solvent, cryoprotectant and freeze time effects. 

Using synthetically produced peptides, several label aĴachments were feasible. 
Standard nitroxide spin labels such as MTSSL can be aĴached to cysteine residues 
introduced to the primary sequence. In addition to this, rigid spin labels incorporated as 
unnatural amino acids can be used (see chapter 3.1). The high rigidity of e.g. TOAC has 
the advantage of a vastly reduced ambiguity introduced by label flexibility.84 This 

 
Figure 9: Spin labeled peptide fragments used for further studies using EPR and MD 
simulations. The primary sequence, including the unnatural amino acid TOAC (see chapter 
3.1) is shown. 
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facilitates the assignment of changes in the distance distribution to backbone flexibilities. 
Both approaches were conducted, allowing for a comparison of these labeling 
techniques. 

AĴachment of MTSSL was done with peptide fragment P5 that was modified with 
cysteine residues at both termini. These were subsequently labeled with MTSSL and 
isolated using chromatographic separation (see chapter 8.1.1 for labeling details), 
resulting in a virtually quantitative double labeling degree. TOAC spin labeling was 
carried out synthetically (by Biosynthan, Berlin) and involved encapsulation of the 
unnatural amino acid TOAC with neighboring glycine residues to circumvent issues 
with terminally accessible TOAC moieties (see chapter 8.1.1 for details). Again, 
quantitative double labeling was achieved. 

With both variants of P5 or ASYN-P short at hand, EPR distance determinations were 
carried out in both aqueous environment (see Figure 10) as well as in methanol (see 
Figure 11). 
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Figure 10: Distance determinations carried out with the P5 constructs bearing TOAC (P5T, 
black) and MTSSL (P5CM, red) in deuterated water. Top left: Raw data traces with the 
corresponding background fits (grey). Artifacts at the end of DEER traces were cut from the 
data during form factor calculation. Top right: resulting form factors and the fits (grey) 
resulting from Tikhonov regularization. BoĴom: Resulting distance distributions. For analysis 
details, see chapter 8.1.1. 
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Distance determinations in aqueous environments lead to broad distributions for 
both MTSSL and TOAC labeled samples. Notably, despite the larger inherent flexibility 
there is no significant broadening of the distance constraints observable for MTSSL. 
Moreover, the shapes of the distance distributions are very similar, suggesting that in 
water the predominant mechanism leading to distribution broadening is the 
conformational flexibility of the peptide itself and not the spin label dynamics. While 
small differences in the modulation depths are observable, these are caused by 
experimental deviances such as non-equal pump pulse lengths (see chapter 8.1.1). 

For methanol, the obtained distance restraints are significantly narrower than for 
aqueous environment (see Figure 11), correlating with the shift towards more rigid 
helical structuring of the peptides as already observed with CD spectroscopy. In 
methanol, significant differences rise in the distance distributions. MTSSL-labeled 
samples yield broader, slightly multimodal distance distributions that are shifted 
towards longer distances. With TOAC, on the other hand, narrow and unimodal 
distributions are obtained. Here, the restricted mobility of TOAC allows for an 
unambiguous interpretation of the unimodal, restricted flexibility in a helical 
conformation. 
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Figure 11: Distance determinations carried out with the P5 constructs bearing TOAC (P5T, 
black) and MTSSL (P5CM, red) in deuterated methanol. Top left: Raw data traces with the 
corresponding background fits (grey). Top right: resulting form factors and the fits (grey) 
resulting from Tikhonov regularization. BoĴom: Distance distributions obtained via Tikhonov 
validation. For analysis details, see chapter 8.1.1. 
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Considering the less ambiguous results obtained with TOAC for rigid structures, this 
approach was chosen for subsequent measurements. Addition of terminal TOAC 
residues minimizes the probability for protein perturbation. CD spectra were collected, 
directly comparing the TOAC labeled ASYN-P short with the unlabeled variant in 
aqueous environment (see Figure 12). No perturbation from the unordered state induced 
by TOAC could be observed. 

To obtain distinct insights into structural traits using EPR distance measurements, the 
data quality has to be sufficient to discriminate minor deviances in the distance 
distribution. Changes such as a shift in the mean distance distribution can be simulated 
as raw data traces with artificial noise levels (see Figure 13). As a rough indicator of the 
required data quality, two distance distributions composed of a Gaussian shape that 
slightly differ in their mean distance were simulated (Figure 13, left). This change of 0.3 
nm was converted into raw data traces and mixed with noise levels that are achievable 
using a carefully optimized measurement setup as seen in the following datasets during 
this chapter. In the zoom inset in Figure 13, right, significant deviances in the data traces 
are shown that are retained after Tikhonov validation in the resulting distance 
distributions (Figure 13, boĴom). This denotes that distinguishing between small 
distribution deviances is possible with high quality datasets, implying the necessity to 
carefully optimize experimental variables. 
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Figure 12: CD spectra obtained for TOAC labeled ASYN-P short (red) and the EPR silent 
peptide lacking TOAC label (ASYN-P short (unlabeled), black) in aqueous solvents. No major 
deviations are observable in both spectra, suggesting an unordered state that is undisturbed 
by the addition of TOAC labels. 
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For the given experimental setup, high quality data was obtained by the optimization 
of several parameters. For the peptide samples, the spin concentration was optimized to 
result in high signal levels allowing for easy separation of intermolecular and 
intramolecular contributions (for more details, see Jeschke, 2012)174. Deuteration of all 
solvents was pursued, this helps prolonging Tm relaxation times and subsequently 
improving signal-to-noise ratio or the maximum achievable d2 time. With the resonator 
setup used, a critical step was to optimize resonator bandwidth as reported by the Q 
factor. This was optimized thoroughly using a model compound (see Figure A. 2). 

 
To evaluate the solvent environment, MD simulations (as introduced later in this 

chapter) for aqueous solutions are carried out using solely water molecules as a solvent. 
This was also true for the EPR measurements performed using either Milli-Q or 
deuterated water, imposing an artificial environment that is significantly differing from 
cellular systems. To estimate the impact on the solvent regarding salt concentrations and 
pH values, samples in partially deuterated TRIS (tris(hydroxymethyl)aminomethane) 
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Figure 13: Top left: Two simulated Gaussian distance distributions that differ by 0.3 nm in their 
mean distances. Top right: Raw data traces based on the corresponding distance distributions, 
mixed with a background function and artificial noise. The inset shows the magnification of 
the first data points were differences are the most distinguishable. BoĴom: Resulting distance 
distributions after background correction and Tikhonov regularization. The simulated 
distances are recovered with high accuracy. 
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buffer (see chapter 8.1.1 for details) were prepared and measured. In Figure 14, datasets 
produced in both Milli-Q and TRIS buffer are depicted. After removal of the background 
function, the resulting form factors show no significant deviations. With this, the 
distance distribution for both samples is expected to be virtually equal for the given 
signal-to-noise ratios.1 

EPR distance measurements carried out with aqueous samples at cryogenic 
temperatures require the addition of cryoprotectants to prevent crystal formation and 
retain a glassy state. This is typically conducted by adding 20 to 50 % glycerol (v/v) to 
the samples prior to freezing. In MD simulations this is not covered, imposing the need 
to assess the influence on the cryoprotectant on the structural ensemble. Three samples 
were prepared and subjected to DEER measurements, containing 20, 40 or 60 % (v/v) of 
deuterated glycerol (Figure 15). As seen on the left side of Figure 15, deviances in the 
form factor were observable. These are also reflected in the calculated distance 
distributions, shifting towards larger distances with increasing amount of glycerol 
(Figure 15, right). 

 
1 With Tikhonov regularization, calculation of distance constraints does not result in a single, 

unambiguous solution and can deviate for a single dataset depending on parameters such as the 
α parameter. Therefore it is not shown in cases were form factors do not significantly deviate and 
subsequently no change in distance distributions is expected. 
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Figure 14: Left: Raw data traces obtained for ASYN-P short in Milli-Q (black) and TRIS buffer 
(red) with the corresponding background fits (grey). Right: Form factors obtained for both 
datasets, showing no significant deviations. Data was modulation depth scaled. 
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Upon increasing the glycerol content by a factor of three from 20 to 60 %, the resulting 
differences to the structural equilibrium appear minor. As glycerol is not included in 
MD simulations, subsequent measurements were carried out using a maximum of 20 % 
of glycerol to ensure an optimal compatibility of the experimental environment with the 
MD simulation parameters. 

The presence of transient structural states in ASYN would imply a folding state 
equilibrium present in solution. If this equilibrium is still populated in the measured 
DEER samples, the impact of structuring is observable in the distance constraints. 
However, DEER measurements are conducted at cryogenic temperatures and involve 
fast freezing of the samples in liquid nitrogen. This procedure is rate limited by the 
rapidly evaporating nitrogen diminishing the temperature transfer rate between the 
sample, the glass vial it is stored in and the cryogenic liquid. The total time consumed 
for the samples to cool down to the glass temperature is thus at least in the hundreds of 
milliseconds.164 To circumvent this, techniques to rapidly freeze EPR samples have been 
proposed and used.164 A facile method to improve freezing times is the exchange of 
cryogenic solvent to isopentane that is not evaporating before 28 °C and thus increases 
heat transfer. To evaluate the resulting impact, distance measurements with both liquid 
nitrogen, as well as cold isopentane were conducted for ASYN-P short (see 8.1.1). As 
seen in Figure 16, the faster freezing rate with isopentane leads to a slight but significant 
broadening of the distance distributions. This is in line with previous results, suggesting 
that faster freezing traps more spin label rotamer states while retaining equal protein 
backbone conformations.82 
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Figure 15: Left: Form factors obtained for ASYN-P short with varying amounts of glycerol. The 
data was normalized to facilitate the interpretation by eye. Right: resulting distance 
distributions (normalized) for the respective datasets, showing a shift towards larger distances 
with increased amount of glycerol. The full dataset is shown in Figure A. 3. 
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Under the assumption of a non-affected protein or peptide backbone structuring, 
rapidly freezing the samples does not result in significant advantages in terms of label 
flexibility. Concerning transient backbone structures, it is crucial to compare the relevant 
time scales. While fast rapid-freeze quenching leads to freezing times of around 100 µs,82 
MD simulations carried out later in this chapter show refolding mechanisms on a time 
scale of pico- to nanoseconds. This implies that capturing preexisting structures from a 
peptide samples during the freezing process is certainly not possible with optimized 
procedures. It can be expected that the conformational equilibrium found in the DEER 
data represents the populations occupied around the glass temperature of the solvent. 
Given that no distinct structuring is found for ASYN and the derived peptides, the rapid 
refolding reactions implicate low energy barriers that are readily overcome with even 
low thermal energy. Equilibrium populations at the glass temperature are thus likely to 
represent roughly the same states found at ambient temperature. 

After the thorough investigation and optimization of experimental parameters in 
order to precisely control those variables, the two longer peptides ASYN-P WT and 
ASYN-P DM that differ in the biologically relevant A30P mutation were structurally 
investigated in a combined approach using CD and EPR spectroscopy as well as MD 
simulations. 
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Figure 16: The effect of fast-freezing samples. Left: Form factors obtained for ASYN-P short in 
aqueous solution obtained after freezing with either liquid nitrogen (black) or cold isopentane 
(red) with the corresponding fits obtained from Tikhonov regularization. Right: resulting 
distance distributions, showing broadening of the distance distributions for the faster freezing 
procedure using isopentane. The raw data is shown in Figure A. 4. 
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4.2.3. Structural investigation of the A30P disease mutation with a combination 
of experimental and simulation techniques 

As mentioned above, disease mutations and their biological relevance are 
undoubtedly critical in understanding mechanisms of neurodegenerative diseases. 
Using the peptide model system developed in the scope of this work, deeper insights 
into the impact on the structural ensemble caused by the A30P mutation was strived for. 
The precision available using this fragment-based approach allows for a more detailed 
view into structural deviances. 

Once more, CD spectroscopy was used to assess differences between the wild-type 
derived ASYN-P WT and the disease mutation based peptide ASYN-P DM. In addition 
to this, CD spectroscopy using the non-labeled derivatives was carried out , depicted in 
Figure 17. For all four samples shown, the CD signals strongly suggest an unordered 
state, which is in line with the measurements carried out in the beginning of this chapter 
using the peptides P3 and P4. This suggests that despite the aĴachment of TOAC spin 
labels, no significant aberration from the unordered state in aqueous solution is 
expected. A direct comparison of ASYN-P WT and ASYN-P DM shows no major 
disparities, hinting that the disease mutation does not induce a profound effect in 
aqueous solution. 

 

For a more precise view into structural details and differences between the wild-type 
and the disease mutant derived fragments, EPR distance measurements in aqueous 
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Figure 17: Normalized CD spectra acquired for ASYN-P WT and ASYN-P DM in either 
unlabeled form or with the aĴached TOAC label. No major deviances are observed for the four 
spectra, suggesting unordered states in each sample. 



32 
 

solution were conducted (Figure 18). The resulting distance distributions (Figure 18, 
boĴom) do not impose major deviations between ASYN-P WT and ASYN-P DM. Both 
retain a broad distance dispersion suggesting high structural flexibility. The disease 
related mutation A30P thus seems to have no distinct influence on the conformational 
ensemble in aqueous solution, suggesting that potential differences in biological 
environments are not driven by large changes in the structural ensemble in the disease 
mutation containing peptide. 

 

In contrast to the broad equilibrium observed in aqueous solution, solvent exchange 
to methanol induces a major shift towards α-helical structuring that can be observed via 
CD spectroscopy for either the unlabeled peptides P3 and P4 (see Figure 8) or the labeled 
ASYN-P WT and ASYN-P DM (Figure 19). While both peptides feature spectral shapes 
suggesting a large fraction of α-helical structuring, significant deviations between the 
wild-type and the disease mutant derived are observable in the CD spectra. Though a 
quantitative comparison was omiĴed (see chapter 8.1.1 for details), a comparison of the 
spectral composition is still possible. For a full α-helical conformation, several key traits 
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Figure 18: Distance determinations for ASYN-P WT and ASYN-P DM in aqueous solution. Top 
left: Raw data traces with the corresponding background fits (grey). Top right: resulting form 
factors and the fits (grey) from Tikhonov validation. Deviances in the modulation depth are 
caused by variations in pulse lengths. BoĴom: Distance distributions (normalized) obtained 
with Tikhonov validation. For analysis details, see chapter 8.1.1. 
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in the spectra can be found. The global minimum at approximately 208 nm, an inflection 
point around 220 nm and the characteristic ratio of 2 to 1 between the global maximum 
and the global minimum. While the two spectra both fulfil the first two aspects, a 2 to 1 
ratio is only found for ASYN-P WT with ASYN-P DM showing a less intense global 
maximum. This can be directly interpreted as a reduction in α-helical content for ASYN-
P DM and is a clear sign for structural disparities between the two compounds. As the 
disease mutation replaces alanine with proline, the lower helical content can be traced 
back to the known helix-breaking properties of proline residues.175 

 

EPR distance measurements were conducted with the spin labeled peptides in 
methanol (Figure 20). With the formation of α-helixes, the distance distributions 
obtained via DEER are significantly narrower than in aqueous solutions. This can be 
explained by the increased backbone rigidity upon secondary structure formations. For 
ASYN-P WT the distribution adopts an approximate unimodal shape that reflects low 
flexibility of the α-helix in conjunction unambiguous label orientations. While ASYN-P 
DM mostly overlap with the wild-type distance data for the long-distance contributions, 
in this peptide shorter distances are populated significantly more. This leads to a 
bimodal distribution with more emphasis on short distances that can be explained with 
the decreased helix content and thus more flexibility in the peptide backbone. The 
appearance of shorter distances upon helix breaking suggests that the adopted structure 
is not stretched but packed rather tightly. 
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Figure 19: CD spectra of ASYN-P WT (black) and ASYN-P DM (red). Left: Spectra obtained for 
both samples. Right: Spectra normalized to the global minimum, facilitating the interpretation 
of apparent intensity loss in the global maximum for ASYN-P DM. This hints to a reduction of 
α-helical structure fractions for the disease mutation-based peptide. 
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Experimental datasets have shown that while the A30P mutation does not 
significantly influence the structural ensemble in aqueous solution, the situation 
drastically changes upon formation of α-helical structures. In a biological context, this 
ordering can occur upon membrane binding, highlighting the necessity to understand 
the underlying structural rearrangements. CD spectroscopy and especially EPR are 
valuable tools to identify structural changes with increased insights rendered possible if 
a structural model is proposed using additional information. To assess this aspect, a 
combinatorial approach that uses experimental information to guide atomistic molecular 
dynamics simulations was developed in combination with Christoph Globisch, Jakob 
Steuer and Oleksandra Kukharenko (group of Christine Peter, Universität Konstanz). 

While atomistic MD simulations have undergone large improvements in the last 
decades to accurately describe the structure and folding of proteins, the large structural 
fluctuations occurring in IDPs remain challenging. An important variable in these 
simulations is the choice of the force field. These are typically optimized using proteins 
with well-known three-dimensional structures as references, allowing the adjustment of 
force field parameters while ensuring the proper description of these model proteins. 
This can lead to a bias towards tightly folded and collapsed structures. However, IDPs 
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Figure 20: Distance determinations for ASYN-P WT and ASYN-P DM in deuterated methanol. 
Top left: Raw data traces with the corresponding background fits (grey). Top right: resulting 
form factors and the fits (grey) from Tikhonov validation. BoĴom: Distance distributions 
(normalized) obtained with Tikhonov validation. For analysis details, see chapter 8.1.1 
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depict a drastically different structural landscape. Without long-term secondary 
structure elements, a tendency towards collapsed structures will lead to structure 
descriptions that lack any elongated substates. Utilizing the well-studied force field 
GROMOS that has been evaluated in a variety of simulation studies (see 8.1.1), the 
structure ensemble of ASYN-P short was determined in aqueous solution. For cα-
distances from the generated structures, end-to-end distance distributions were 
simulated (Figure 21). The majority of simulated structures led to distance distributions 
around 1 nm which is significantly shorter than the experimental results. This clearly 
shows the tendency for collapsed structures induced by this force field. 

 

MD simulations were thus optimized thoroughly in order to accurately describe the 
broad structural ensemble in the ASYN peptides. Notably, the simulation of IDPs is an 
emerging research area gaining track only recently.176-179 With the help of these studies 
and thorough investigation of simulation parameters, the results were significantly 
improved. This was done for ASYN-P short, decreasing the computational effort during 
simulations due to the reduction of amino acid residues in comparison to ASYN-P WT 
and ASYN-P DM. With the guidance of experimental constraints obtained with EPR and 
CD spectroscopy, force fields were evaluated (see chapter 8.1.1). For samples 
reconstituted in methanol, the high secondary structure fraction adopted by ASYN-P 
short facilitated the simulations, leading to a high conformity between experimental 
distance distributions obtained from DEER and virtual distances calculated from the 
structural ensemble generated by MD simulations (Figure 22). By using the rigid TOAC 
spin label, the implicit label treatment was rendered possible and allowed for precise 
label positions with respect to the peptide backbone. With this, the obtained distance 

 
Figure 21: Normalized simulated distance distribution for ASYN-P short in water using the 
Gromos force field. For simulation details, see chapter 8.1.1. 
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distributions directly reports on the peptide structure. The simulated and experimental 
distance constraints both represent a structural ensemble dominated by α-helixes, which 
is in line with previous CD measurements. In contrast to CD data, the combination of 
EPR and MD simulations now allows for a fully atomistic view on the structural states 
adopted. With the precisely predictable spin label orientation, the MD simulations reveal 
a fully adopted helix that is stable throughout the simulation timescale (see Figure 22, 
right side). Here, the most prominent structures found in the simulation are bundled 
into a cluster that bundles states that highly resemble each other in terms of secondary 
structure parameters. 

 

With ASYN-P short in methanol, both an accurate description of the experimental 
distance constraints as well as a deeper investigation into the underlying peptide 
structures is rendered possible using the combination of EPR and MD simulations. Using 
optimized force fields (see 8.1.1), DEER distance distributions obtained for ASYN-P 
short in aqueous solution were in good agreement with simulated datasets (Figure 23). 
Notably, the structural heterogeneity leading to the simulated distance distribution is 
significantly larger in aqueous solution. This is in line with results from CD 
measurements suggesting unordered states, leading to a diverse structural ensemble. 

 
Figure 22: Distance distribution for the ASYN-P short fragment in methanol. Experimental 
DEER data for the TOAC-label (solid line) and the MD simulation data (dashed line). The 
position of the TOAC radical (indicated in red) is projected from a plane spanned by the 
backbone atoms of the labeled amino acid (highlighted in cyan) based on a distance obtained 
from electronic structure calculation of the TOAC molecule. The cluster on the right hand side 
highlight amino acid charges and hydrophilicity (blue - positive, red - negative, green - polar, 
white hydrophobic). The simulation data shows good agreement with the experiment and can 
be assigned to a mostly helical conformation of the peptide. 
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The conformations sampled in MD simulations cover a larger range of unordered and 
partially structured areas, depicted in the structure clusters shown in Figure 23. These 
clusters represent transient and thus short-lived secondary structure elements in the 
peptide. The distance regions represented by these MD simulation clusters are also 
populated in experimental constraints. However, a closer observation of the dataset 
revealed that even for a small distance region, the molecular structures leading 
generating said distances are highly heterogeneous. This implies that experimental 
distance distributions as obtained via DEER spectroscopy are not suitable to 
unambiguously pin point discrete molecular conformations. However, using additional 
information sources as shown with methanol, insights into the structural ensemble are 
possible. 

 

 
  

 
Figure 23: Distance distribution for the ASYN-P short in water. Representative structures are 
shown as central structures of the biggest clusters in cartoon representation. The corresponding 
DEER label distance is indicated as a circle on the distribution curve. The size of the cluster is 
given in percent. The range of simulated distances is in good agreement with the experimental 
data showing additional structures with smaller distances being below the experimental range. 
The wide distribution and the cluster centers are illustrating disordered character of the ASYN-
P fragment in water showing only short transient secondary structure elements. 
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With the optimized using the shorter fragment, the disease mutation residue 
containing fragments ASYN-P WT and ASYN-P DM were used to conduct MD 
simulations. Primarily, this was carried out using methanol as a solvent. The resulting 
simulated distance distributions are compared to experimental restraints in Figure 24. 
For both the wild-type and the disease mutant containing peptide a high agreement 
between experimental distance constraints (solid lines) and simulated distance 
distributions derived from MD simulations was obtained. The significant changes as 
observed in DEER experiments are also reflected in MD simulations. Both techniques 
reveal a shift towards shorter distances as well as broadening of the distance range for 
ASYN-P DM in contrast to ASYN-P WT.  

MD simulations calculate various structural models throughout the simulation time 
that can be clustered into characteristic states (structure models shown in Figure 24). The 
reduced helical content revealed by CD spectroscopy is also reflected in the clusters. For 
ASYN-P DM, breaking of the helix around the proline residue A30P is observed 
throughout the majority of the clusters that represent the highest contributions to the 
end-to-end distance distribution. While this behavior has been proposed for proline 
residues, the degree of unfolding around this residue can be followed precisely in MD 
simulations. Proline not only breaks the helix in the direct vicinity but also imposed 
larger propagation of unfolding in simulated cluster structures. This leads to a 

 
Figure 24: Distance distribution for the ASYN-P wild type (WT) fragment and the disease 
mutant (DM) in methanol. Representative structures are shown as central structures of the 
biggest clusters in cartoon representation. The corresponding DEER label distance is indicated 
as a circle on the distribution curve. The size of the cluster is given in percent. While the wild 
type ASYN-P fragment is maintaining the helical conformation with a rather narrow distance 
distribution, the disease mutant shows at least a kinked or broken helix initiated by the proline 
mutation with a wider distance distribution. 
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pronounced shift towards shorter distances in contrast to the wild-type as bending of 
the helices decreases the label-to-label distance. This behavior is in contrast to the more 
stable helical state in ASYN-P WT which is reflected by cluster structures representing 
the maximum of the distance probability function. For ASYN-P WT, the helix is 
significantly more stable.  

An aqueous environment led to significant broadening in the distance distributions 
for both ASYN-P WT and ASYN-P WT in conjunction with distinct changes in the CD 
spectra suggesting a conformational shift towards more flexible and unordered 
structures compared to the measurements in methanol. This absence of significant 
amount of secondary structure leads to large backbone fluctuations that are reflected in 
the broad DEER distance distributions. To assess the structural ensemble, especially 
regarding deviations between the two disease-mutation peptides, MD simulations were 
conducted (Figure 25). While the maximum of the simulated distance distributions is at 
lower distances than for experimental constraints in the aqueous case, the overall shape 
is sufficiently reflected and apparent differences reside mostly in the range below 2 nm. 
Distances lower than 2 nm are challenging to interpret using DEER spectroscopy due to 
exchange interactions.87 In agreement with experimental data from DEER and CD, MD 
simulations lead to broad end-to-end distance reflecting the absence of significant 
secondary structure fractions. Representative clusters shown in Figure 25 depict the 
broad structural variety obtained in simulations. A direct comparison of ASYN-P WT 
and ASYN-P DM does not show significant differences induced by the point mutations, 
comparable distance distributions are in line with DEER datasets.  
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To check the significance of certain areas of the distance distributions with respect to 
the differentiation of the underlying structural states, an area in the highest probability 
region of the distribution was chosen and searched for structures in the MD simulations 
reflecting this predicted end-to-end distance. In contrast to the rather homogeneous 
structure clusters obtained from this analysis in a methanol environment, the result is 
significantly more complex in aqueous solvent (Figure 26). The clusters representing 
specific areas in the distance constraints vastly differ in terms of the secondary structure 
elements they contain. In a small are of distances (see Figure 26), there are clusters found 
that include α-helical areas, β-sheet structures and unordered states. The heterogeneity 
of these clusters suggest that an end-to-end distance constraint, even with short peptides 
and rigid labels, leads to ambiguity in the structure composition. 

 

 
Figure 25: Distance distribution for the ASYN-P WT and DM in water. Representative 
structures are shown as central structures of the biggest clusters in cartoon representation. The 
corresponding label distance is indicated as a circle on the distribution curve. The relative size 
of the cluster is given in percent. The range of simulated distances is in good agreement with 
the experimental data showing additional structures with smaller distances being below the 
experimental range. The wide distribution and the cluster centers are illustrating disordered 
character of the ASYN-P fragment in water showing only short transient secondary structure 
elements. While both fragments show distinct fold differences in methanol, the water 
environment is levelling the differences from the DEER distance perspective but also from the 
simulation site. 
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The comparison of ASYN-P WT and ASYN-P DM in aqueous solution as well as in 
methanol showed the potential of a combined experimental and simulation approach. 
The interplay of MD with DEER and CD data adds structural details to pure 
experimental data, allowing for more insights into the effect of point mutations. In 
methanol, the peptides depict large structural differences as observed by all three 
techniques. Using MD simulated structure pools, helix breaking was found in variable 
degrees for ASYN-P DM. This lack in helical structuring as observed in methanol implies 
large deviations in the binding to e.g. membranes in cellular systems. This supports 
previous findings that found locally disrupted binding affinity to membranes for the 
A30P disease mutation.148 These apparent structural differences might have an impact 

 
Figure 26: Distance distributions and simulated ensemble structures. Top: Experimental 
distance distribution obtained in aqueous solution for ASYN-P short. A small distance area in 
the maximum of the probability function was chosen (grey are). Middle: Four main ensemble 
clusters obtained from MD simulations that reflect the same end-to-end distance region. The 
high diversity between the four clusters is reflected in large deviations even in the secondary 
structure contents, as seen by the five discrete structures found in each of the clusters (boĴom). 
Image adopted from Oleksandra Kukharenko, internal presentation. 
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on the interplay of ASYN with different cellular subsystems and further studies on 
hereditary Parkinson’s disease could focus on these variations in structuring. In contrast 
to the situation on membranes, the two peptides did not exhibit significant structural 
changes in aqueous solutions. Earlier studies have shown that the fibrils formed by A30P 
mutated ASYN do not differ from ones formed by wild-type ASYN.180 This could imply 
that the pathogenic impact of the A30P mutation is not based on misfolding 
characteristics but on the interaction with substrates such as biological membranes 
involving helical structuring of the protein. 

In summary, a combinatorial approach including data from spectroscopic techniques 
and atomistic MD simulations was developed. Peptide fragments and a defined system 
were necessary to allow a direct comparison of experimental and simulation datasets. In 
the Peter group, MD simulations were performed on the basis of experimental 
constraints, ultimately leading to simulated end-to-end distance to be compared with 
DEER constraints. After evaluation of all parameters using the peptide ASYN-P short, 
the two peptides ASYN-P WT and ASYN-P DM were investigated. These two fragments 
contain the residue 30 that is a known location for the disease mutation A30P. Structural 
analysis in aqueous solution did not lead to detectable variations, suggesting that the 
A30P mutation does not induce a profound impact on the bulk protein in aqueous 
solution. In methanol, mimicking helix formation as seen in the presence of biological 
membranes, significant deviations were detected. Breaking of the helix in ASYN-P DM 
suggests a larger structural fluctuation for this peptide and can lead to variations in the 
interplay of mutated ASYN in the presence of biological binding partners, as suggested 
in earlier studies.148 Here, not only the binding mechanism but the structural impact 
induced by the A30P mutation could be evaluated. 
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5. Dynamic and structural features of the activation loop in 
the kinase p38α 

As shown in the last chapter, analysis of unordered structures is challenging due to 
the ambiguous ensemble of substates. In the following chapter, another approach to 
dissect disorder in a protein was developed. Here, an unordered region located in a 
rigidly ordered environment is analyzed. This rigid environment is depicted by the main 
part of the protein backbone in the kinase p38α that resides in stable secondary and 
tertiary structures and implicates anchoring points for the unordered moiety of interest 
- the unordered activation loop region. With the introduction of these fix points, analysis 
of structural changes impose a problem with reduced dimensionality and thus less 
ambiguity. Structural disorder and its implications to the biological function of p38α 
were analyzed. 

 The protein kinase p38α 

Mitogen-activated protein kinases (MAPKs) play a crucial role in intracellular 
signaling pathways, particularly in cellular response systems triggered by stress 
signals.181 Aberrations in these functions can lead to a variety of human disorders. Thus, 
there is great interest in dissecting and understanding the conformational plasticity of 
protein kinases and the effect of ligand molecules thereon.182-184 The MAP kinase p38α 
has been shown to be linked to inflammatory diseases185-186 and cancer187 and its activity 
is regulated by structural changes in the activation loop region.185 NMR data as well as 
free-energy calculations suggest a conformational equilibrium for the apo protein (i.e. 
for the isolated protein in absence of any substrates).188-189 The modulation of the 
transitions between the two involved states (DFG-in and DFG-out, i.e. states of the Asp-
Phe-Gly motif in the activation loop) using small molecules or by selective 
phosphorylation has been important for gaining a detailed understanding of kinase 
regulation and for the subsequent development of kinase inhibitors and drugs.190-191 
Kinase inhibitors can exhibit distinct mechanisms of inhibition and have thus been 
separated into types I to VI based on their binding mechanisms.192-194 It is thus of utmost 
interest to understand and follow the impact of inhibitor binding to p38α. However, 
direct monitoring of the conformational equilibria of the activation loop within protein 
kinases remains challenging. Here, an approach to monitor the conformational 
equilibrium of a kinase of interest (i.e. p38α) was developed. This was achieved by a 
strategic spin labelling in the activation loop region and subsequent EPR mobility 
measurements. 
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 Activation loop dynamics in a protein kinase 

Accessing the conformational dynamics of the activation loop is rendered by a cwEPR 
approach, allowing the determination of label dynamics in liquid solution at 
physiological temperatures. The protein of interest, p38α, was strategically labelled with 
a spin label and subsequently monitored using EPR as schematically depicted in Figure 
27. 

 

Four point mutations were thus introduced into p38α: C119S, C162S and F327L and 
A172C, where the amino acid 172 is located roughly in the middle of the loop region. 
C119 and C162 are surface-exposed endogenous cysteine residues that had to be 
disabled to prevent multiple spin labeling reactions. While the replacement of 
phenylalanine with leucine at position 327 is not directly related to the spin labeling 
procedure, this mutation leads to increased activity of the kinase.195 This mutant has also 
been used in previous studies using fluorescent probes and proved to be a viable and 
non-perturbing mutation.196 Samples were prepared and purified by Jörn Weisner as 
described in chapter 8.1.2. 

 The protein stock solutions were labeled using thiol-specific spin label MTSSL ((1-
oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methane- thiosulfonate, Figure 28). For 
details on the labeling and isolation procedure, see chapter 8.1.2. 

 

Figure 27: Schematic representation of the loop states and the spin label approach to observe 
structural dynamics. 



Dynamic and structural features of the activation loop in the kinase p38α 

45 
 

 

Figure 28: SDSL using MTSSL ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane- 
thiosulfonate), which is aĴached to a cysteine residue. 

A quantitative removal of the unreacted label in an aqueous environment turned out 
to be challenging. Even after ten washing steps, which should theoretically lead to a 
dilution of approximately one to one billion,2 a small amount of spin label was detected 
in the recovered protein sample (see Figure 29). This was typically accounted to 0.1-5 % 
of free spin label with respect to the protein concentration. A possible explanation for 
the unfinished isolation step could be the nonpolar spin label being adhered to the 
nonpolar membrane of the spin filter and thus not being washed away completely. Its 
EPR signal was subtracted prior to spectra analysis. This was done using reference 
spectra from unreacted and separated spin label solution (see Figure 29). It should be 
noted that the MTSSL spin label result in a five-peak spectrum after labelling instead of 
the typically expected three-peak nitroxide spectrum. This is due to partial spin-label 
dimerization that occurs spontaneously in solution with a slow reaction rate when 
compared to the thiol-reaction with cysteine residues and does thus not disturb the 
labeling reaction. Labeling success was initially shown via EPR spectroscopy, revealing 
a slow-motion protein spectrum for all labeling reactions (see e.g. Figure 29). 
Quantitative spin counting, which allows for the determination of the sample spin 
concentration, revealed a good correlation between the expected protein and the spin 
label concentrations. As BCA assays and absorption measurements proved to be limited 
in their precision and resulted in significantly different concentrations, we chose to 
quantify the labeling efficiency using mass spectrometry.  

 
2 100 µL is diluted to a volume of 1 mL in each step, leading to a ten-fold dilution and thus a 
dilution of 1 to 1010 after 10 steps.  
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Analysis of mass spectrometric data proved quantitative reaction to the desired 
product with no unreacted protein left in the sample (see Figure 30). This is in line with 
expectations for the highly reactive MTSSL and surface-accessible cysteine residues.  

To ensure that the introduction of point mutations and subsequent SDSL procedures 
did not disturb the protein’s structure, enzyme kinetic characterizations were carried out 
by Jörn Weisner in the lab of Daniel Rauh, Dortmund. Shortly, these showed that the 
catalytic activity of spin labeled p38α is slightly reduced, yet still functioning (see 
chapter 8.1.2 for details). These results suggest that the proposed labeling approach is 
feasible and applicable in this scenario. 

Free-energy calculations and NMR studies suggest an equilibrium between the DFG-
out and DFG-in states.188-189 The EPR spectrum for the apo protein was carefully analyzed 
with respect to multiple spectral species apparent. Spectral simulations were carried out 
using EasySpin72, for details see chapter 8.1.2. Shortly, two distinct spectral components 

 

Figure 29: Exemplary process for the removal of free spin label signal. Left: Protein spectrum 
after labeling reaction (black) with small amounts (typically less than 1%) of unbound spin 
label still present and the scaled free spin label signal (red) to be subtracted. Scaling and shifting 
was done manually. Right: The resulting spectrum after the correction step. 

 

Figure 30: Mass spectrometry of labeled p38α, measured with Daniel Hammler in the group of 
Andreas Marx. The data shows quantitative single labeling (expected mass 41369 Da) with 
neglectable signal rising from unlabeled p38α (expected mass 41185 Da) or doubly labeled 
protein (expected mass 41553 Da). 
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were identified: Already in the raw data (see Figure 31, top), a spliĴing of peaks can be 
seen in the low-field part of the spectrum. This is an obvious trait of a system consisting 
of at least two components 𝑆஺,஻  that differ in their dynamics or hyperfine spliĴing with 
𝑎 being the relative amount of component  𝑆஺.  

𝑆 = 𝑎 𝑆஺ + (1 − 𝑎)𝑆஻ 

 Indeed, two components were sufficient to describe the experimental spectrum with 
good agreement: The main fraction consists of a slow component  𝑆஺ that could be 
described using an anisotropic rotation while the smaller fraction of component 𝑆஻ could 
be described with a significantly faster, isotropic rotation (see Figure 31, boĴom).  

Anisotropic rotation can be caused by a steric hindrance of the spin label, impeding a 
free rotation in all dimensions. To further substantiate this steric constraint, a PyMOL 
simulation of the spin label rotamers aĴached to the loop was carried out, showing a 
clear asymmetry in the possible spin label rotamers caused by clashing with amino acid 
side groups (see Figure 32). The spectral simulations then resulted in a ratio 𝑆஺ /𝑆஻  
between the two components of about 9:1. These two species hint at an equilibrium 
between different states of the activation loop dynamics and could be linked to the 
extensively discussed DFG-in and DFG-out states.12, 197 Yet, further studies were needed 
to evaluate this indirect link from spin states to the activation loop structure. 

 
Figure 31: Top: Raw data (black) for spin labeled p38α and the corresponding spectral 
simulation (red). BoĴom: The spectral components 𝑆஺ (yellow) and  𝑆஻ (blue) used to describe 
the spectrum in A. 



48 
 

The fast spectral simulations shown resulted in good agreement with the 
experimental data. For a more accurate description of the experimental data, an 
improved and vastly more complex spectral simulation system was developed. For this, 
an orienting potential was introduced.199 This describes a potential energy leading to a 
ordering of the nitroxide to a director axis as it is often the case for (bio-)polymer bound 
spin labels. This Microscopic Ordering while maintaining Macroscopic Disorder 
(MOMD)199 model introduced in EasySpin simulations with ordering potential 
coefficients 𝜆ଶ,଴, 𝜆ଶ,ଶ, 𝜆ସ,଴, 𝜆ସ,ଶ, 𝜆ସ,ସ. The indicated approach resulted in a significantly 
improved agreement between the simulations and experimental data as shown in Figure 
33. The drawback is the vastly increased computational effort needed for these 
calculations. In order to verify the rigidity and reliability of both approaches, the 
resulting equilibria constants were compared, showing similar results with respect to 
the ratio between the two spin components (Figure 33).  
The data shown for the apo p38α thus hints to an equilibrium of two substates which is 
present even without the addition of small molecule inhibitors and has not been shown 
experimentally shown to this point. 

 
Figure 32: Using The PyMOL Molecular Graphics System (Version 1.8 Schrödinger, LLC. ) and 
the plugin MTSSL Wizard198 (Speed: Thorough, vdW restraints: tight) rotamers for the spin 
label were simulated. 
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Assuming that the spin components 𝑆஺,஻ reflect the DFG-in and DFG-out states of the 
activation loop, this should be an equilibrium prone to be shifted towards one or other 
side using environmental influences. These can be changes in the temperature, solvent 
or pH. In addition, small molecule inhibitors are known to interact with the loop 
equilibrium. These inhibitors are separated in several categories. Here, type I and type 
II inhibitors were chosen. While type I inhibitors are expected to impose only minor 
effects on the activation loop, type II inhibitors should favor the DFG-out 
conformation.197 Thus, a total of eight different inhibitors belonging to either the type I 
or II were chosen for further studies on their impact on the loop dynamics. For this, p38α 
at a concentration of 50-100 µM was mixed with varying amounts of the inhibitors RL45, 
RL48, Sorafenib, Regorafenib, Skepinone-L, SKF-86002, SB203580 and BIRB-796 (10 mM 
in DMSO stock solutions) to yield a final molar ratio of p38α:inhibitor of 1:3, 1:6 or 
1:12.200-205 The mixture was incubated for 90 min at 21 °C while gently shaking the flask. 
The final amount of DMSO in the samples did not exceed 5% in any measurement to 
prevent unfolding of the protein. As all of the inhibitors show nanomolar activities and 
the EPR measurements were conducted at micromolar concentrations (see 8.1.2), full 
saturation of the kinase with inhibitors can be expected. To evaluate this, the amount of 
inhibitor was varied and the resulting EPR spectra were analyzed. While for seven 
inhibitors no change was observed, BIRB-796 showed a significant dependence to the 
amount of inhibitor added (see Figure A. 5 to Figure A. 11). This hints towards binding 
of several molecules to one protein. Unfortunately, this could not be proven using 
isothermal calorimetry titration (ITC) experiments.206 Thus, BIRB-796 was excluded from 

 
Figure 33: Comparison of experimental data for p38α (grey), spectral simulations using an 
anisotropic rotation for 𝑆஺ (red) and simulations with an orienting potential applied (blue). 
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