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General introduction

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 patterns 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 p38x, 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.






Disordered structures in biomolecules

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.! This includes processes of folding, refolding and unfolding that are
crucially impacting the molecular behavior of biomolecules.>* 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.¢ The classification of molecules into ordered and disordered is under debate,
as disorder does not necessarily involve a complete lack of local structuring.” 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.
IDPs such as alpha-synuclein or tau or are encoded by approximately 30% of the human
genome, depicting the importance in a biological context.” 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 kinases'? or
in protein fibrils’®. 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
latter, 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 p38a 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.



Spectroscopic techniques to study structure and dynamics of proteins

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."” 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

3.1. 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,? lipids® and polymer samples.?*? Many proteins are diamagnetic and thus
undetectable using magnetic resonance methods, exception are proteins bearing
inherent paramagnetic centers such as flavoproteins or photosystems?*?. 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.?*? Notably, not only the dynamics®**-*! and distances between two
spin labels as shown in the following can be analyzed, but also solvent accessibilities??33

and the polarity of microenvironment®% 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.®* Thus, SDSL
is commonly used directly aiming for structure elucidation of (bio-)macromolecules
using EPR techniques.® Labels used for this are for instance paramagnetic centers,
chelated metal ions*# or nitroxides.* Different label requirements depending on the
projected measurements lead to a variety of spin labels that have been reviewed
extensively.*# 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 latter 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.**5 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 attached to, yet introduces additional flexibility impeding the interpretation
of distance determinations. Rigid spin labels can, e.g., bind to His-tags 5% or two cysteine
residues in spatial vicinity,” leading to reduced structural freedom.>% 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,*** with the most abundant ones being
methanethiosulfonate spin label (MTSSL) and 3-maleimido proxyl (Proxyl) shown in
Figure 1.5 These labels have been used extensively to study protein structure and

dynamics.®!-¢2

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)®% or 4-(3,3,55-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenyl-
glycine (TOPP)® 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.>!
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Figure 1: Spin labeling using either MTSSL or Proxyl attached to a cysteine residue in contrast
the unnatural amino acids TOAC and TOPP incorporated directly into the peptide backbone.

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. MMM¢® or PyMOL® 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.



3.2. 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 attachment 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.> ¢
¢ 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.”>
7l In the following, the analysis of spin label mobility using cwEPR will be termed

mobility studies.

1

S
> )

334 336 338 340 342
Magnetic Field [mT]

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.”

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
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term and the hyperfine tensor describing the splitting of energy levels due to the
nitrogen atom in the unpaired electron vicinity for nitroxide spin labels. .7 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 EasySpin’2.

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.”

3.3. 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.”

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.” 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.”” The accessible range of distances
includes short distances of around 1.2 nm” as well as long distances up to approximately

8 nm without the need to select suitable labels for the expected distance range. In very



favorable cases that include deuteration of samples and sparse spin labeling, the

maximum measurable distances can reach 16 nm.79-8
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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 (bottom right). Adapted from Hintze, 2011.8

Typically, samples are flash-frozen in liquid nitrogen to yield a glassy state that
inherits the structural equilibria already present in the solution.’? While distances
measurements at room temperature have been proposed using either nitroxides®* or
triarylmethyl labels®, 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. 8
8 Pulsed techniques include: double-quantum coherence (DCQ)¥-, single frequency
technique for refocusing dipolar couplings (SIFTER)” or RIDME®. The majority of
distance measurements are conducted using double-electron electron resonance (DEER)
which is also called pulsed electron-electron double resonance (PELDOR)* 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 Hamiltonian®-'® which is necessary
for distances exceeding approximately 2 nm.#” Smaller distances can be measured using

cwEPR as the dipole-dipole coupling leads to significant spectral broadening.'*

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 attached 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,'® 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.®> 108110 Ag 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 2002'"! and was utilized for the
location of lipids''® and metal ions in proteins!® 12113 a5 well as for the construction of

structural models in protein complexes.!® 111 114115

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 attached 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.®
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3.4. 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 aspects'’® but also for the
determination of secondary structure contents in protein samples since decades.!” 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.!”12 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 «a-helices. The
wavelength-dependent circular dichroism can be accessed experimentally using
alternating circularly polarized light which is typically generated using a photo-elastic
modulator’?! and subsequently guided through the diluted protein sample (typically in
aqueous solution) in a quartz cuvette. The transmitted 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 a-helices and (3-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."'®12 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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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, 1994.12

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 p38a, with the former representing an intrinsically
disordered protein with virtually no stable secondary structure elements in solution and
the latter 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 p38a
will be introduced in more detail in the beginning of each representative result chapter,
starting with ASYN.

13



14



Local features of the intrinsically disordered protein alpha-synuclein

4. Local features of the intrinsically disordered protein

alpha-synuclein

4.1. 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,’? malfunctions are tightly linked to a variety of disorders such as
neurodegenerative diseases.’?* 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.'?>1? 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.'®® 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.’! 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.'?01? 132133 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.’31% Long-range contacts found for isolated ASYN point at local structuring
already present in solution.!®” First in-cell measurements conducted using both NMR
and EPR techniques hint at an unordered state of ASYN that remains in a cellular
context.’’13 These findings are especially interesting given the presence of large
amounts of lipids and membranes in a cellular environment.'* The disordered state of
ASYN in cells is still under debate'¥! and recent FRET studies suggest the presence of

several distinct structural ensembles in cells.42

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.!%?
Extensive studies on different lipid bodies have been conducted that show a structural
shift towards an alpha-helical structure of ASYN.1% 142146 [n addition to membranes,
other binding partners such as metal ions have been proposed, again understating the

ambiguity and variety of molecular dependencies for ASYN.4

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.!3 145146 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.!®* 47 Prior to this, these point mutations were further
shown to affect the binding to membranes!#$1# 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.’>1> In
addition, studies have been conducted focusing on acetylation,’” O-GlcNac

modification'?® or ubiquitination.'

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).



Local features of the intrinsically disordered protein alpha-synuclein

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.’®>!%” Indeed, recent NMR
studies suggest a propensity for transient secondary structuring for isolated ASYN.'®
Several distinct substates were isolated for ASYN, depending on the solvent
constitution.’® Additionally, MD simulations directly suggest transient secondary
structure formation.'”'* 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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4.2. 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.3615%-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 a-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.?’ 1% 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.'** 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.1%> 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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Local features of the intrinsically disordered protein alpha-synuclein

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.’®-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 attachment 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.'”* 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).!* 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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. N-Terminus NAC Region
a-Synuclein 1-60 61-95
5

P1 (1-29)
N P} (1-29 A2-11)
P3 (19-48)
P4 (19-48 A30P)
PS (30-48)
P6 (42-63)

P7 (42-63 A53T)
—f— P8 (42-63 A52-55)
— X2 — P9 (42-63 2x52-55)
P10 (30-63)

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.

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,!**1% 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).
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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 M. For experimental details, see chapter 8.1.1.
Bottom: converted dataset to units of mean residue ellipticity (MRE). Due to experimental
constraints as explained in chapter 8.1.1, conversion to MRE was omitted in further spectra.

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 a-helical structures in the scope of this study was the addition
of alcohols that have been shown to support helix-formation and stabilization.!”> 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 a-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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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.
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Figure 8: CD spectra obtained in pure methanol, showing a clear tendency towards alpha-
helical conformations for all ten peptides. For experimental details, see chapter 8.1.1

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).!” 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 p-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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Local features of the intrinsically disordered protein alpha-synuclein

e D5, 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.

e DP3, termed ASYN-P WT. This is a longer peptide based on residues 21 to 37
of wild-type (WT) ASYN.

e 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.

N-Terminus NAC Region
a-Synuclein 1-60 61-95

ASYN-P WT (21-47)
ASYN-P DM (21-47 A30P)
ASYN-P short (30-47)

ASYN-P WT: G-TOAC-G KTKQGVAEAA GKTKEGVLYV GSKTKEG TOAC-G N, O
ASYN-P DM: G-TOAC-G KTKQGVAEAP GKTKEGVLYV GSKTKEG TOAC-G 0
ASYN-P short: G-TOAC GKTKEGVLYV GSKTKEG TOAC-G TOAC

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.

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 (Universitat 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 attachments were feasible.
Standard nitroxide spin labels such as MTSSL can be attached 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.®* This
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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.

Attachment 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. Bottom: Resulting distance distributions. For analysis
details, see chapter 8.1.1.
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Local features of the intrinsically disordered protein alpha-synuclein

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. Bottom: 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.
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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.

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, bottom). 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 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. Bottom: Resulting distance
distributions after background correction and Tikhonov regularization. The simulated
distances are recovered with high accuracy.

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)74. 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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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.!
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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.

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
a parameter. Therefore it is not shown in cases were form factors do not significantly deviate and
subsequently no change in distance distributions is expected.

28



Local features of the intrinsically disordered protein alpha-synuclein

—— 20% Gly ' —— 20% Gly
1.0 —— 40% Gly —— 40% Gly
3 ——60%Gly| = 07 —— 60% Gly
S, 0.8 N
> = 0.8
@ S
G 06- 5
z £ 06
3 2
N 0.4 4 = |
= _ § 0.4
£ ; S
e 0.2 Q 02
0.0 povhicn insui 0.0
T T T T T T T T 1 T T T
05 00 05 10 15 20 25 30 35 40 0 2 4 6
time [us] r [nm]

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.

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.’* To circumvent this, techniques to rapidly freeze EPR samples have been
proposed and used.'® 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.
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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.

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 ps,®
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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Local features of the intrinsically disordered protein alpha-synuclein

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 attachment 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.
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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 attached TOAC label. No major deviances are observed for the four
spectra, suggesting unordered states in each sample.

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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solution were conducted (Figure 18). The resulting distance distributions (Figure 18,
bottom) 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.
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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. Bottom: Distance distributions (normalized) obtained
with Tikhonov validation. For analysis details, see chapter 8.1.1.

In contrast to the broad equilibrium observed in aqueous solution, solvent exchange
to methanol induces a major shift towards a-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 a-helical structuring, significant deviations between the
wild-type and the disease mutant derived are observable in the CD spectra. Though a
quantitative comparison was omitted (see chapter 8.1.1 for details), a comparison of the

spectral composition is still possible. For a full a-helical conformation, several key traits
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Local features of the intrinsically disordered protein alpha-synuclein

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, a2 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 a-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.”>
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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
a-helical structure fractions for the disease mutation-based peptide.

EPR distance measurements were conducted with the spin labeled peptides in
methanol (Figure 20). With the formation of a-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 a-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.

33



104 —— ASYN-P WT ——ASYN-P WT
] —— ASYN-P DM 104 | ——ASYN-P DM
0.9 &
ER El \
S, 0.9 S, I\
— ] > 094
2 0.8+ = \
C - c [\
-oq—-') L -9 u\
£ 08+ - = N et iante s bt i .
0.8 Mw ANy
0.7
—7r r r T r - 1 11 0.7 T T T T T T T T T T T T 1
-1 0 1 2 3 4 5 6 0 1 2 3 4 5 6
time [us] time [us]
10 —— ASYN-P WT
= 7] —— ASYN-P DM
N
S 0.8
g 4
iC), 0.6
z
= 0.4
Qo
8
o 0.2+
Q J
0.0
T T T
2 4 6

distance [nm]

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. Bottom: Distance distributions
(normalized) obtained with Tikhonov validation. For analysis details, see chapter 8.1.1

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 a-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, Universitat 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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Local features of the intrinsically disordered protein alpha-synuclein

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 ca-
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.
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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.

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.7¢17° 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
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distributions directly reports on the peptide structure. The simulated and experimental
distance constraints both represent a structural ensemble dominated by a-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.
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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.

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.

36



Local features of the intrinsically disordered protein alpha-synuclein

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 wvia 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.
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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.

ASYN-P WT exp —
ASYN-P DM sim ===
ASYN-P DM exp —

Probability A.U
I
X
§
N

Distance [nm]

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.

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
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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.” 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.

39



ASYN-P WT exp —
ASYN-P WT sim ===
ASYN-P DM exp —
ASYN-P DM sim ===

Probability A. U.

0 1 2 3 4 5 6 7 8

Distance [nm]

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.

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 a-helical areas, 3-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.
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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 (bottom).
Image adopted from Oleksandra Kukharenko, internal presentation.

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.'*® These apparent structural differences might have an impact
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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.!* 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.’*® 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 p38a

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 p38a 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 p38a

were analyzed.

5.1. The protein kinase p38a

Mitogen-activated protein kinases (MAPKs) play a crucial role in intracellular
signaling pathways, particularly in cellular response systems triggered by stress
signals.'$! 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.!®>1% The MAP kinase p38a
has been shown to be linked to inflammatory diseases!®>18 and cancer'®” and its activity
is regulated by structural changes in the activation loop region.’® 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).!®1% 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.!**1!
Kinase inhibitors can exhibit distinct mechanisms of inhibition and have thus been
separated into types I to VI based on their binding mechanisms.!*>1% It is thus of utmost
interest to understand and follow the impact of inhibitor binding to p38a. 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. p38a) was developed. This was achieved by a
strategic spin labelling in the activation loop region and subsequent EPR mobility

measurements.
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5.2. 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, p38a, was strategically labelled with
a spin label and subsequently monitored using EPR as schematically depicted in Figure
27.
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Figure 27: Schematic representation of the loop states and the spin label approach to observe
structural dynamics.

Four point mutations were thus introduced into p38a: 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.' This mutant has also
been used in previous studies using fluorescent probes and proved to be a viable and
non-perturbing mutation.'” Samples were prepared and purified by Jorn 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.
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Figure 28: SDSL wusing MTSSL ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane-
thiosulfonate), which is attached 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,? 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.

2100 uL is diluted to a volume of 1 mL in each step, leading to a ten-fold dilution and thus a
dilution of 1 to 101 after 10 steps.
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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.

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.
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Figure 30: Mass spectrometry of labeled p38ca, 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 p38a (expected mass 41185 Da) or doubly labeled
protein (expected mass 41553 Da).

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 Jorn Weisner in the lab of Daniel Rauh, Dortmund. Shortly, these showed that the
catalytic activity of spin labeled p38a 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.!$81%° The EPR spectrum for the apo protein was carefully analyzed
with respect to multiple spectral species apparent. Spectral simulations were carried out

using EasySpin”?, for details see chapter 8.1.2. Shortly, two distinct spectral components
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were identified: Already in the raw data (see Figure 31, top), a splitting 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, 5 that differ in their dynamics or hyperfine splitting with
a being the relative amount of component S.
S=aS,+(1—-a)Sy

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 Sz could

be described with a significantly faster, isotropic rotation (see Figure 31, bottom).
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Figure 31: Top: Raw data (black) for spin labeled p38a and the corresponding spectral
simulation (red). Bottom: The spectral components S, (yellow) and Sy (blue) used to describe
the spectrum in A.

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 attached 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, /Sp
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.’> 7 Yet, further studies were needed

to evaluate this indirect link from spin states to the activation loop structure.
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Figure 32: Using The PyYMOL Molecular Graphics System (Version 1.8 Schrodinger, LLC. ) and
the plugin MTSSL Wizard!* (Speed: Thorough, vdW restraints: tight) rotamers for the spin
label were simulated.

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. 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)* model introduced in EasySpin simulations with ordering potential
coefficients A, 4,45 2,440,442,444. 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 p38a 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.
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Figure 33: Comparison of experimental data for p38a (grey), spectral simulations using an
anisotropic rotation for S, (red) and simulations with an orienting potential applied (blue).

Assuming that the spin components S, g 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
IT 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.'”” Thus, a total of eight different inhibitors belonging to either the type I
or Il were chosen for further studies on their impact on the loop dynamics. For this, p38a
at a concentration of 50-100 uM 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 p38a: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.? Thus, BIRB-796 was excluded from
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further studies and following experiments were conducted using the seven remaining

inhibitors (Figure 34).
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Figure 34: Structure formulas of the seven small molecule inhibitors used. Three type I
inhibitors (left) and four type II inhibitors (right) were chosen.

The remaining inhibitors are differentiated between type I (Skepinone-L, SKF-86002,
SB203580) and type II (RL45, RL48, Sorafenib, Regorafenib) based on their binding
characteristics as discussed in chapter 5.1. All of these showed a significant impact on
the EPR spectrum when compared to the apo p38a that can be observed even in the raw
data (Figure 35). Remarkably, the three type I inhibitors and the four type II inhibitors
result in spectra that clearly separate the inhibition types while being virtually identical
within the groups. Typically, the inhibitor types are discriminated using X-ray
crystallographic studies. This EPR approach imposes a quick and elegant way to

differentiate between inhibition types.
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Figure 35: X-Band EPR spectra for apo p38a (grey) and upon addition of: type I inhibitors
(skepinone-L, SKF-86002, SB203580, top) and type II inhibitors (RL45, RL48, sorafenib,

regorafenib, bottom) at T=293 K.

In addition to this, spectral simulations of the spectra allow for a full quantification

of the underlying equilibria. The fraction of the slower rotating component S, can be

expressed by the factor a. For the apo p38a, a was found to be 0.9+0.025, i.e. that the

relative population of the S, state is 90%. This state is assumed to be the DFG-in state of

the activation loop based on the inhibitor effects shown in the following. As it is known

for type Il inhibitors to favor the DFG-out conformation of the loop region, a shift of the

equilibrium towards Sp in the type II inhibition assay would be expected. Indeed, while

a shift towards Spis detectable for type I as well as type II inhibitors, this shift is
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remarkably more pronounced in the latter case. While type I inhibitors lead to a ratio of
around 70/30 for S, /S, type II inhibitors lead to roughly a 50/50 equilibrium (Figure
36). Thereby, the hypothesis of S, p reflecting the DFG-in and DFG-out states is
encouraged. It can also be deducted from this data that the compounds act in a

mechanistically different matter that differs in the impact on the activation loop

dynamics.
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Figure 36: Spectral fraction a of p38a upon addition of seven different inhibitors at 293 K. The
relative amount a of the spectral component S, (allocated to DFG-in state) is shown. The
inhibitors are grouped in type I inhibitors (middle section) and type II inhibitors (right). The
estimation of the error is explained in chapter 8.1.2.
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The equilibrium of the activation loop states was studied in a temperature-dependent
experiment. For this, EPR spectra for p38a apo and in combination with all of the above
inhibitors were collected in a temperature range from 278.15 to 305.65 K / 5 to 32.5 °C
(Figure A. 12 to Figure A. 19). Lower temperatures were not feasible due to freezing of
the aqueous solvent. Assuming a two-state equilibrium reaction, change of temperature
should lead to a shift in the relative fractions of the states depending on the enthalpy
and entropy changes occurring during the reaction. In this case, the refolding process of
the activation loop is observed. For this, the full series of temperature series for apo p38a
and with all the inhibitors were collected and analyzed using spectral simulations. As
stated above, orienting potentials introduce a major computational effort to the spectral
simulations and is thus not feasible for the amount of spectra collected. Therefore, a more
efficient simulation approach was chosen that omits the need for orienting potentials
(Figure 37). To make sure these simulations are in line with the results achieved using
orienting potentials, the resulting equilibria were compared, showing comparable

numbers in all cases (Table 1).
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Figure 37: Exemplary comparison of the experimental results (grey) with the corresponding
spectral simulations obtained with (blue) and without (red) the assumption of an orienting
potential for the apo p38a and after the addition of RL45 / SB203580.
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Table 1: Comparison of the spectral simulations with and without the use of an orienting potential
and the resulting weighting parameter a.

a
With orienting potential Without orienting potential

p38a apo 0.89 +0.025 0.88 +0.025

+SKF-86002 0.70 £0.05 0.69 + 0.05

+skepinone-L 0.68 = 0.05 0.67 £0.05

+5B203580 0.76 £ 0.05 0.69 +0.05

+RL45 0.28 £0.05 0.38 +0.05

+RL48 0.37 £0.05 0.39 £ 0.05

+sorafenib 0.47 £0.05 0.48 +0.05

+regorafenib 0.51 +0.05 0.52 +£0.05

The equilibrium ratios obtained from the spectral simulations were used to calculate

Folding state,

the reaction constant K (K in this case describes the fraction of ) for the two-

Folding stateq

state transition and collected in a Van't Hoff plot of In(K) over 1/T (see Figure 38 A for
an exemplary dataset, Figure A. 12 to Figure A. 19 for the full dataset). The slope of the
regression line reflects -AH/R (with R being the gas constant) while the intercept is given
by AS/R. Using error propagation starting from the initially approximated error for 2 and
a weighted linear fit, the resulting error in AH and AS was calculated. Temperature-
dependent analysis of the equilibrium constant K as shown in Figure 38B again
highlights spectral separation of spectral components for apo p38a and the type I and
type Il inhibitors.
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Figure 38: Temperature dependent EPR analysis. A: Van’t Hoff plots for p38a with and without
regorafenib and the corresponding linear fits used for the calculation of thermodynamic
parameters. B: Temperature-dependency of the reaction constant K for all assays showing the
equilibria in the two-state system. For the full data set, see appendix.

For a two-state equilibrium reaction, a linear behavior for In(K) over 1/T is expected.
This was the case for all spectra analyzed here, supporting the assumption taken. The
Van 't Hoff analysis allowed the determination of AH and AS for the DFG-in to DFG-out
transition (Figure 39). Free energy calculations for the apo protein predicted AH=-
TAS~15.44 k]J/mol."® The values obtained for apo p38a are larger but still in the same
order of magnitude (52 kJ/mol). Interestingly, the enthalpy parameters for the type I
inhibitors do not significantly differ from those obtained for the apo protein. The same
is the case for AS, which is not significantly changing between the apo protein and the
samples with type I inhibitors. This contradictory result to the room temperature
measurements discussed above can be explained by the insufficient data availability. For
this analysis, a larger accessible temperature range, especially towards higher
temperatures, would give access to more precise analysis of the thermodynamic
parameters. Unfortunately, this is not possible due to thermal unfolding of the protein
at higher temperatures. The observed differences in the room temperature
measurements between apo and type I inhibitor samples are thus non-significant for the
given noise level. In contrast to this, type II inhibitors show significantly reduced
enthalpy and entropic contribution, indicating a pronounced shift towards the DFG-out
conformation. Here, an increased preference for the DFG-out state is observed, in line

with the expectations for type II inhibitors."
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Figure 39: Thermodynamic parameters for the conformational equilibrium as obtained from
temperature dependent EPR measurements with and without addition of inhibitors showing
a clear separation of type I and type Il inhibitors.
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Dynamic and structural features of the activation loop in the kinase p38a

The measurements in presence of inhibitors have shown a shift of the loop equilibrium
towards the Sp or DFG-out state, the extent of this shift was dependent on the type of
inhibitors used. In contrast to the inhibition and thus deactivation of the kinase,
binding of adenosine triphosphate (ATP) or its derivatives potentially lead to increased
activity.?” Binding can occur not only with ATP, but also with adenosine
monophosphate (AMP) and adenosine diphosphate (ADP, see Figure 40). This reaction
is usually catalyzed by magnesium ions.?” Binding to the protein and activation could
potentially affect the activation loop structure and/or dynamics and is thus an alluring
subject for further studies. The binding experiments were carried out in analogy to the
inhibitor assay: To the labeled p38a various amounts of ATP and its derivatives were
added, either without or with the addition of MgCl: (to a final concentration twice as
much than for the ATP derivative). Interestingly, none of the combinations above lead
to a significant effect in the EPR spectra (Figure 41). There are several explanations for
the absence of observable effects, these will be discussed in the following.

NH, NH, NH,
N X N X N B
N N N
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Figure 40: Structure formulas of ATP (left), ADP (middle) and AMP (right).
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Figure 41: EPR spectra of p38a with varying amounts of AMP (top), ADP (middle) or ATP
(bottom). Spectra have been recorded either in the presence of MgCl (“+MgCL2") or without
(“-MgCl2”). No significant changes are observable.
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First, it might be possible that the binding of ATP does not induce an impact on the

activation loop at all. This is unlikely, as the binding of ATP to p38a is well-studied and
thus should also influence the activation loop. While binding affinity is indeed affected
by factors such as phosphorylation and the p38a used here are non-phosphorylated, the
impact of phosphorylation on binding affinities has proven to be minor and the
concentrations used are expected to induce a significant effect.?-1 This is supported by
studies on the Aurora-A kinase, which shares many common traits with p38a and where
inhibitor binding is not dependent on the phosphorylation state of the kinase.?!!
Another explanation is that there is indeed an effect of ATP to the loop, yet this effect is
not influencing the loop dynamics in a sufficient degree to be detectable in this approach.
This could then be a very small effect or only affecting the structure without influencing
the loop dynamics significantly. Again, this hypothesis seems to be rather unlikely as a
minuscule influence will not change the kinase activity itself and a structural impact will
change the dynamics in virtually all cases.
Another explanation of undetectable changes is the simple absence of changes. If ATP
(or its derivatives) are not bound to p38a, no change in the dynamics is expected. This
again could have several reasons. ATP is prone to hydrolysis in aqueous solutions and
could thus be modified in the timescale of the experiment. To check this, the incubation
time prior to the EPR measurement was reduced gradually from 90 minutes to 10
minutes. This led to no detectable changes in the spectrum (data not shown). Another
possibility to circumvent hydrolysis is the usage of non-hydrolysable ATP analogues.
This approach will be discussed further in chapter 5.3.2.
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To conclude, this study using several inhibitors found that p38a in its apo-form is
existing in a coexistence of DFG-in and DFG-out in an equilibrium. Crystal structures
obtained in the presence of type II inhibitors show exclusively the DFG-out state.'? In
contrast, in solution rather than in the crystal state, a significant fraction of p38a
featuring a DFG-in like state in the presence of a saturating excess of type II inhibitors
was observed here. This might also suggest that type II inhibitors bind to a DFG-in like
state but with weaker affinity, i.e. in solution a coexistence of both states under all
investigated conditions is observed that cannot be resolved using protein X-ray
crystallography. This study thus experimentally revealed the existence of a two-state
equilibrium for p38a while the addition of inhibitors shifts the equilibrium between

these two states.

This approach allowed a direct monitoring of conformational equilibria of the
activation loop in a protein kinase using EPR spectroscopy in solution. Quantitative
analysis including spectral simulations enabled insights into equilibrium states, which
has not yet been possible using state of the art techniques. In contrast to the method
demonstrated here, NMR and pulsed EPR studies give direct access to structural
information, i.e. distance constraints.?'>?1> However, the EPR mobility measurements
approach provides insights into the two protein states in terms of mobility as compared
to the structural changes observed in distance determinations. Moreover, temperature-
dependent analysis enabled quantitative insights into inhibitor-induced changes of the

structural ensemble.

The results presented in this chapter focus on the dynamics of the activation loop and
how it is influenced upon binding of inhibitors. To assess this in a more structure-

focused way, further studies using pulsed EPR distance measurements were carried out.

60



Dynamic and structural features of the activation loop in the kinase p38a

5.3. Structural insights into p38a using long-range distance restraints

In contrast to focusing on the dynamics and their underlying equilibrium states,
pulsed EPR allows for a more structurally oriented insight. The precise measurement of
not only the distance between two spin labels, but also their flexibility is rendered
possible via double labeling and distance measurement at cryogenic temperatures. Thus,
the structural changes occurring in the activation loop can be resolved with high

precision as to be shown in the following.

5.3.1. Distance measurements using multiple label position combinations

The experimental approach requires the introduction of a second spin label in
addition to the already introduced label position 172 inside the activation loop. Choosing
the same loop label position as in the previous experiments facilitated the expression
and ensured that this label is non-perturbing to the protein function. The second spin
label had to fulfil several requirements which are typical for many distance

measurement studies and are discussed in chapter 3.1.

Having considered all the SDSL factors mentioned in chapter 3.1, five different double
point mutation constructs for p38a were chosen (see Figure 42):
A172C + C119C / A277C / A309C / S347C / S251C.

C119 is a native cysteine residue which was replaced by serine in four out of five
constructs. In addition, the F327L point mutation (see chapter 5.2) was retained. The
constructs will be named after the second cysteine residue (e.g. p38a 119 for the construct
p38a A172C, C119C, F327L) in the following.
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119

Figure 42: Rotamer calculations for the spin label positions chosen for p38a (PDB 1QUE). The
loop region is partly highlighted in orange, calculated spin label rotamers are shown in
blue/red. Notably, position 277 has a restricted amount of predicted conformations,
presumably leading to narrower distance distributions. Created using PyMOL® and MTSSL-
Wizard.1

Expression, isolation and SDSL procedures were carried out similar to chapter 5.2,
except for the doubled amount of spin label added during labeling. The labeling success
was monitored using cwEPR. As the estimation of the labeling degree using the
comparison of spin counting and protein concentration measurements proved to be
unreliable (compare chapter 5.2), the labeling degree was determined in subsequent
distance measurements. For a given pump pulse length and shape and thus excitation
profile, the obtained modulation depth is proportional to the degree of double labeling.
With the given experimental setup, a modulation depth of around 20% was expected
(rectangular pump pulse, approx. 20 to 22 ns) and found for all labeling combinations.

Thus, quantitative labeling was assumed.

Labeling was successful and highly reproducible for all five constructs.
Consequently, distance measurements were carried out for the apo samples. For this, the
protein concentration was adjusted to approximately 60 uM. Details on optimal
concentrations for DEER experiments can be found in Jeschke et al, 2007.2' In analogy to
previously shown experiments, a high deuteration degree in the final sample was
pursued. Therefore, the washing buffer in the isolation steps was deuterated by
exchange of water with D20 and usage of perdeuterated glycerol (glycerol-ds) (see
chapter 8.1.3 for details).
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With this, distance measurements for all five constructs were obtained with high
signal-to-noise ratios, allowing a reliable distances analysis for all the restraints found
(Figure 43). Notably, nearly all of the obtained distributions span over a large distance
range, e.g. p38a 251 constraints span from approximately 1.5 nm (lower detection limit
for DEER) to around 5 nm. Broad distances reflect a high flexibility in backbone and/or
the spin label linker. Additionally, all measurements as shown in Figure 43 result in bi-
or multimodal distance distributions. As shown in chapter 5.2, for apo p38a an
equilibrium between loop states is expected. Here, a broad structural variety can be
observed for all measured samples. While this behavior is in line with previous results,
the distance distributions do not allow a direct interpretation and classification to the
DFG-in and DFG-out states, i.e. for a bimodal distance distribution, the obvious
assumption that each mode belongs to one single state is not necessarily true. It could,
e.g., also be explained by the existence of flexible states leading to overlapping distance
distributions. In other words, a clear separation of two states in the distance regime is
not necessarily the case. In addition, it is difficult to attribute the distance restraints to a
specific loop state without further knowledge. This will be discussed in more detail later

in this chapter.
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Figure 43: Distance distributions obtained for the five doubly labeled p38a constructs. For raw
data and analysis details, see chapter 8.1.3 and Figure A. 20 to Figure A. 24.
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5.3.2. ATP binding and its structural impact on p38«x

With doubly labeled p38a constructs and thus the possibility to gain distance
restraints, the previous experiments aspiring an observation of ATP binding effects to

p38a were continued.

As discussed in chapter 5.2, binding of ATP can lead to an increased kinase activity.
The structural changes occurring during this interaction are thus a suitable target for
further studies. While there were no detectable changes in the EPR mobility experiments
conducted in the last chapter, this does not necessarily rule out the presence of structural
changes: If changes are not significantly altering the dynamics of the loop region and
consequently the spin label, small changes in the three-dimensional structuring of the
loop region would be undetectable in a EPR mobility measurement. In contrast to this,
DEER is sensitive to even minor structural changes. Thus, the addition of ATP to the
p38a constructs was studied using EPR distance measurements (Figure 44, left). The raw
data traces are shown in Figure A. 20 to Figure A. 24. The resulting form factors do not
exhibit significant differences (Figure 44, right). This can be directly interpreted to
indistinguishable distance distributions for these two samples, without further
processing via Tikhonov regularization. The addition of ATP to the kinase did therefore
not induce structural changes detectable with DEER experiments, ruling out one
hypothesis from chapter 5.2.
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Figure 44: Left: Raw data trace for p38a with (red) and without (black) addition of 7 molar
equivalents of ATP. Differences in modulation depth are due to the non-equal pump pulse
lengths. Right: Modulation depth scaled form factors for both measurements, showing no
significant differences.

ATP in solution is hydrolyzed rather quick, depending on temperature and the
solvent it is exposed to. This could, in principal, impede the possibility to detect
structural changes of ATP binding to p38a. Thus, two ATP derivatives that are non-
hydrolysable were tested (Figure 45): AMP-PNP (Adenylyl-imidodiphosphate) and
AMP-PCP (Adenylylmethylenediphosphonate). In these structures, an oxygen atom is
replaced with either nitrogen or carbon, substituting the hydrolysable phosphoric
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anhydride moiety with more stable imidodiphosphate or methylenediphosphonate
groups.?’® Assuming these derivatives are accepted by the kinase and thus act similar to
ATP, AMP-PNP and AMP-PCP are considerately more stable and should facilitate

distance measurements.
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Figure 45: ATP and its non-hydrolysable derivatives used in this study.

In analogy to ATP, excess of ATP-derivatives was added to doubly labeled p38a 277.
The distinct bimodal distance distribution found for apo p38a 277 should be sensitive to
even minor changes in the structure. DEER measurements were conducted for both
AMP-PNP and AMP-PCP, analyzed and compared with the apo protein (Figure 46). A
comparison of the modulation depth normalized form factors after background
correction showed small differences occurring in the measurement with AMP-PNP.
These result in no detectable changes in the distance distributions in all three
measurements, though, suggesting that no detectable structural changes occur when the

kinase is mixed with non-hydrolysable ATP-derivatives.
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Figure 46: DEER data obtained from measurements with and without ATP-derivatives for
p38a 277. The form factor after background correction is shown, normalized to the modulation
depths to facilitate the analysis by eye. All three datasets show only insignificant changes.
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Dynamic and structural features of the activation loop in the kinase p38a

After having ruled out several possibilities explaining the apparent absence of
structural impact of ATP on p38a, as a next step the acceptance of ATP to the kinase was
tested. Kinase activity is typically observed via activity assays in presence of substrates.

The binding of ATP itself is usually not observed directly, but the consumption thereof.

To directly evaluate the binding of ATP, two different approaches were pursued:
First, an EPR experiment assessing ATP binding to p38a was designed. For this, two
ATP analogues (kindly provided by Daniel Hammler, AG Marx) were used. These
compounds, DH140 and DH156, are modified ATP molecules to enable spectroscopic
observation (see Figure 47).2'¢ Both are bearing a modification at the 2’ position
containing a linker attached to a standard nitroxide spin label analogue to MTSSL. While
in DH140 the linker moiety is rather long, the nitroxide in DH156 is bound closer to the
ATP. This should result in different acceptance levels to kinases. While the long linker
in DH140 is unlikely to disturb the ATP moiety directly as in DH156, it introduces more
steric hindrance to the molecule itself and might be more problematic in tight binding
pockets. Thus, the acceptance of both molecules to p38a, which was not tested prior to
this experiment, was proposed to be different for these two compounds. Several
techniques allow the experimental analysis of binding processes, in this case the
observation via cwEPR was chosen. While unbound ATP-analogues is expected to
tumble fast in solution and result in a narrow, practically isotropic spectrum, binding to
p38a should lead to a more restricted rotational mobility and consequentially be

reflected in the EPR spectra.
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Figure 47: Spin labeled ATP analogues provided by Daniel Hammler, AG Marx. The ATP
analogue is modified at the 2’ position with a linker bearing a nitroxide spin label.

To carry out the above described assay, unlabeled p38a (p38a WT) with a
concentration of 100 uM was mixed with one molar equivalent of either DH140 or
DH156 in conjunction with 10 molar equivalents of MgClz(all in standard TRIS buffer).
The use of only one equivalent of ATP-derivative was reasoned to assure a significant
fraction of the compound being bound to p38a and thus avoiding the presence of a large
background signal from unbound compounds. Directly after mixing, EPR spectra were
collected every 5 minutes to up to 2 hours. By this, binding or relatively fast consumption

should both be observable if occurring. Analysis of the resulting spectra showed a
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similar picture for both compounds: Both DH140 and DH156 exhibit fast rotational
movement reflected in isotropic EPR spectra. The addition of p38a and magnesium salt
did not impose a significant impact on the spectral shape (see Figure 48). Binding of the
compounds to p38a, be it covalent attachment or only a coordination, should lead to a
significant impact on the rotational mobility observable via EPR. The apparent absence
of changes in the spectral shape can be interpreted as non-binding of these compounds
to the kinase. While a spin labeled ATP analogue is certainly a powerful tool to study

not only binding kinetics but also for a structural view, at this point binding was be

observed.
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Figure 48: cwEPR spectra for spin labeled ATP-derivatives. Left: Comparison between the free,
isolated DH140 (black) and after mixing it with p38a and MgCI2. Time steps of 5 minutes (red)
and 120 minutes (blue) are shown. Right: Analogue spectra for DH156 without (black) and
with (red, blue) p38a. No distinct changes in line shapes are detectable.

In parallel to the EPR assay, Jorn Weisner conducted an assay similar to the
Fluorescence Labels in Kinases (FLiK) assay.'® In short, binding of substrates to the
vicinity of the activation loop changes the local polarity and thus the emission spectrum
of a fluorophore attached to the activation loop, at the same position that was used prior
to SDSL EPR measurements.

This was done for ATP, AMP-PNP, AMP-PCP, DH140 and DH156. As binding of
inhibitors also influences the activation loop region as shown before, the inhibitors
SB203580, Sorafenib, Skepinone-L were used as a positive control (see Figure 49). The
results suggest no apparent binding effect for the ATP derivatives, while inhibitors show
a distinct shift in the fluorescence spectrum. The addition of GST-fused ATF-2, which
serves as a substrate for p38a?72'8 did not alter the emission behavior for both ATP

analogues as well as the control group.
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Figure 49: Binding assay carried out by Jorn Weisner, Dortmund. The fluorescence emission
spectrum of an attached fluorophore is observed via the ratio at 514 and 468 nm. Left: No
binding effect on the spectrum is apparent for DH140, DH156, ATP, AMP-PNP and AMP-PCP.
Inhibitors (SB203580, Sorafenib, Skepinone-L) show significant binding effects. Right: The same
result is observed with the addition of a substrate (GST-ATF2). Image kindly provided by Jérn
Weisner.

The results obtained here are in line with the EPR data, showing no apparent binding
of ATP to p38a. While this result is surprising for a kinase that is actively consuming
ATP in an in vivo environment, this is explained by the simplified approach that was
conducted here. In a cellular environment, kinases are typically activated in a cascade
where mitogen-activated kinase kinases (MAPKKSs) such as MKK3 or MKKG6 are the key
players.2221 To circumvent the need for a complex system consisting of a full kinase
cascade, the aforementioned F327L mutation was introduced to the sequence. This is
known to increase the kinase activity.!®> Apparently, this is not sufficient for this assay,
imposing the need for further experiments using pre-activated p38a. While this is
challenging due to the rather high sample amounts needed for EPR studies, this will be

pursued in further studies.
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5.3.3. Inhibitor effects on the activation loop structure

For all five double mutants in their apo state, broad and multimodal distance
distributions were obtained (Figure 43). While the addition of ATP and derivatives did
not lead to significant changes in the distance distributions, EPR mobility measurement
in the presence of inhibitors have shown a large impact on the dynamics of the label
attached to the activation loop. With the doubly labeled p38a constructs, EPR distance

measurements were conducted in a similar fashion than in chapter 5.2.

In short, the labeled double mutant constructs (with concentrations of approx. 50 to
100 uM) were incubated for 90 minutes at 21 °C in the presence of an excess of 6-fold
molar equivalents of the inhibitors RL45, RL48, Sorafenib, Regorafenib, Skepinone-L,
SKF-86002 or SB203580. Subsequently, distance measurements were performed in Q-
Band at 50 K. While measurements for p38a 119 and 251 were carried out using a Bruker
EN 5107D2 resonator and a 15 W solid state microwave amplifier (10 pL sample
volume), for p38a 277, 309 and 347 a Bruker QT-II resonator equipped with an arbitrary
waveform generator and a 150 W amplifier was used (60 pL sample volume). In all cases,
rectangular pulse shapes were applied. Therefore, measurements conducted on the two
different experimental setups are directly comparable despite the substantial gain in
signal-to-noise ratio upon usage of larger samples. DEER datasets were collected for all
five double mutants in combination with either the type I inhibitors (Skepinone-L, SKF-
86002 and SB203580) or the type II inhibitors (RL45, RL48, Sorafenib and Regorafenib).
Analysis was done using DeerAnalysis 2016 and Tikhonov regularization.??? For all
experimental parameters and data analysis details, see chapter 8.1.3. All distance
measurements resulted in data with high signal-to-noise ratios, enabling d2 times
sufficiently long for a reliable distance analysis of the detected distances (between 4 and
10 us). The distances did not exceed 5 nm significantly, which is in the accessible distance
range for these samples. In the following, two exemplary datasets are shown which are
representative for all measurements. For the full set of raw data and form factors for

DEER measurements in presence of inhibitors, see Figure A. 25 to Figure A. 34.

Prior to the comparison of the distance constraints with the ones obtained for the apo
protein, the results for the different types of inhibitors were compared. Strikingly, type
I inhibitors lead to narrow distance distributions with form factors that were in most
cases indistinguishable in the datasets for SB203580, SKF-86002 and Skepinone-L
(exemplary data: for p38a 119, Figure 50 left and for p38a 309, Figure 51 left).
Comparison of the normalized form factor instead of the raw data traces disposes
differences in modulation depths and background densities. The insignificant
differences in form factors lead to near-identical distance distributions that deviate
mostly because of uncertainties in the Tikhonov regularization applied (Figure 50 right
and Figure 51 right). These results are remarkably similar for all five double mutant
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Dynamic and structural features of the activation loop in the kinase p38a

constructs studied (see 8.1.3 for all datasets), suggesting that the inhibition with type I is
mechanistically highly conserved. While the width of the distance distributions is
generally a combination of the inherent flexibilities of the protein structure as well as the
spin label linker, a narrow distribution suggests that both of these adopt a rigid
conformation. Narrow distance distributions thus can be interpreted as a more rigid
structuring of the activation loop region in the vicinity of the spin label linker and the

high similarity between the type I inhibitors hint at a distinct conformational state

adopted.
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Figure 50: Distance data obtained for p38a 119 in combination with type I inhibitors. Left:
Modulation depth scaled form factors obtained for the three type I inhibitors, showing no
significant deviances from each other. Right: Resulting distance distributions obtained via
Tikhonov regularization. Deviations are non-significant and rise from uncertainties in the
distance analysis.
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Figure 51: Distance data obtained for p38a 309 in combination with type I inhibitors. Left:
Modulation depth scaled form factors obtained for the three type I inhibitors, showing no
significant deviances from each other. Right: Resulting distance distributions obtained via
Tikhonov regularization. Deviations are non-significant and rise from uncertainties in the
distance analysis.

71



Type Il inhibitors also led to a profound impact on the DEER data. Comparison of the
scaled form factors and resulting distance distributions (exemplary data: for p38a 119,
Figure 52 and for p38a 309, Figure 53) shows a high similarity, yet alterations in the form
factors can be observed. These are also translated into some diversity introduced to the
distance distributions, showing small yet significant variations in the relative distance
peak intensities between the different inhibitors. Still, the consensus of type II inhibitors
is high while clearly separating them from type I inhibitors. The distributions obtained
are typically broader than for type I inhibitors, hinting to more flexibility in the loop
region. In contrast to type I measurements, the apparent deviations in the DEER data
hints that the conformational space adopted for type II inhibitors is not unique and

structural variation is possible.
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Figure 52: Distance data obtained for p38ca 119 in combination with type II inhibitors. Left:
Modulation depth scaled form factors obtained for the three type II inhibitors, showing no
significant deviances from each other. Right: Resulting distance distributions obtained via

Tikhonov regularization.
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Figure 53:. Distance data obtained for p38a 309 in combination with type II inhibitors. Left:
Modulation depth scaled form factors obtained for the three type II inhibitors, showing no
significant deviances from each other. Right: Resulting distance distributions obtained via

Tikhonov regularization.

72



Dynamic and structural features of the activation loop in the kinase p38a

Next, the distance constraints obtained in the presence of either type I or type II
inhibitors were compared with the p38a datasets (Figure 54). For all five double mutants
in combination with the seven inhibitors, significant changes in the distance
distributions are detectable. Because of the high amount of datasets, the comparison of
distance constraints was done for the apo p38a datasets in combination with one type I
inhibitor (5B203580) and one type II inhibitor (sorafenib). The distance constraints for all

other inhibitors are summarized in Figure A. 35 and Figure A. 36.

In all datasets, distinct variations in the distance restraints for apo p38a, type I
inhibitors (as represented by SB203580) and type Il inhibitors (represented by sorafenib)
are observed. While type I and II inhibitors lead to distance distributions with small to
medium overlap with each other, the distribution shapes are clearly separated. The data
strongly suggest that the different types of inhibition lead to distinct states of the

activation loop that differ not only from each other but also from the apo state.

Type I inhibitors induce narrow distance distributions in all cases, showing a higher
rigidity than measurements for the apo protein. In most apo measurements, the data
suggests a bimodal distribution. Strikingly, type I inhibitors induce a conformational
shift leading to distance constraints strongly overlapping with one of the modes already
present in the apo state. This is especially obvious for p38a 119, 277 and 309, where not
only the mean distance corresponds to a part of the apo distribution but also the
distribution shape is similar. Additionally, the distances covered for type I inhibitor
datasets are virtually completely preoccupied in the apo samples and no new distance
areas are populated upon ligand binding. These results can be interpreted in that the
type I inhibitors bind using conformational selection and stabilize a state which is

already present in the structural ensemble for the apo p38a.223-224
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Figure 54: Distance distributions obtained for the five doubly labeled p38a constructs in the
presence of either type I (+SB203580) or type II inhibitors (+Sorafenib). For raw data and
analysis details, see chapter 8.1.3 and Figure A. 20 to Figure A. 34.

Type II inhibitors led to vastly different results. While the distributions obtained are
narrower than for the apo p38a in some cases (e.g. for p38a 119), most of the constraints
exhibit a comparable width. Still, there is a significant shift in most cases. In addition,
the distribution shape is typically altered when compared to the apo data. For all five
double mutants there is significant overlap of distance regions present. However, there
are also distance regimes that strongly differ from this. This can be seen especially for
p38a 309 and 347 (Figure 54), where the majority of distances covered have not been
populated before. These observations hint, in contrast to the conformational selection

suggested for type I inhibitors, to an induced fit mechanism where the loop structure is
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altered after binding of the inhibitor. It should be noted that the results shown do not
directly reflect on changes in the binding pocket of p38a, but a conformational change

of the activation loop adjacent to this area and thus influenced by substrate binding.

The herein presented results suggest that the influence of small-molecule inhibitors
to the kinase structural ensemble is strongly depending on the inhibitor type and that
the kinase structural view should be interpreted as a conformational ensemble instead
of a steady-state structure typically obtained via techniques like X-ray crystallography.
This dynamic ensemble allows a preselection for inhibitor binding as suggested for type
I inhibitors here. To facilitate the interpretation of these findings, a multilateration

approach was conducted and will be presented in the following.

5.3.4. Multilateration of a loop-attached spin label

Due to the evidently high flexibility inherent in the activation loop region, the
majority of published crystal structures cover this region incompletely. This is not
unexpected due to the highly dynamic nature of the activation loop leading to a broad
distribution of electron density. This widely spread electron density hinders structure
mapping. Despite said difficulties, structure predictions of p38a in combination with
small-molecule inhibitors are available (e.g. PDB 3GCU, 3QUE). As observed in the
distance measurements, incubation with inhibitors leads to a higher rigidity of the
activation loop, thus increasing the chances of successfully mapping it in a crystal
structure analysis. Available crystal structure cover for example p38a in combination
with the type I inhibitor skepinone-L (3QUE) or the type II inhibitor RL48 (3GCU).

Under the assumption that both the crystal structures and the distance
determinations carried out after incubation with the corresponding inhibitors report on
the same protein structure in the sample, the distance constraints obtained should
coincide with the intramolecular distances predicted for the crystal structures. To
evaluate the conformity of both experimental techniques, theoretical distance constraints
based on the crystal structure models were simulated. This is conducted using the MMM
package (Multiscale Modeling of Macromolecules).® In short, two spin labels at the
residues used in the DEER experiments are labeled in silico using a rotamer library to
cover the conformational flexibility inherent to the label itself and its linker to the protein
backbone. This flexibility is then included in a prediction of distance constraints for a
given pair of labeled residues. Using this with the crystal structures 3QUE and 3GCU, a
full set of simulated distance distributions was generated and compared with the

experimental results (Figure 55).
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Experimental results for p38a double mutants incubated with the type II inhibitor
RL48 were compared with the crystal structure 3GCU obtained using X-ray
crystallography of p38a in presence of the same inhibitor. The five different constructs
lead to diverse distance distributions. While there is significant overlap between the
simulations and the experimental results for samples like p38a 309 and p38a 119, there
are large deviations in other samples (e.g. p38a 251). Taken together, significant
deviations between EPR datasets and X-ray based simulations suggest that the structural
model found in p38a crystals in presence of type Il inhibitors is not consistent with EPR
datasets in frozen solution. At least partial overlap is found in all datasets, suggesting
that the crystal structure reports on a single conformation that might be reflected in the

conformational space found in EPR experiments.

Due to the technical realization of crystallographic studies, it is not possible to report
on any conformational freedom in the activation loop region using X-ray studies. The
activation loop structure as reported in the X-Ray datasets is representing a single loop
conformation. While this indeed could be also covered in the conformational space
adopted in solutions and thus selectively retained during crystallization, the found loop
structuring could also be induced by the crystallization process. These observations
explain obvious deviations between datasets created with EPR and X-Ray studies and
highlight the possibility to reflect conformational flexibility in proteins using EPR

spectroscopy in frozen solution instead of crystallized protein samples.
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Figure 55: Comparison of simulated distance distributions (dotted lines) obtained wvia
calculation of rotamer populations with experimental results (lines). Rotamer calculations were
carried out using MMM and the crystal structures 3GCU (p38a bound to RL48) and 3QUE
(p38a bound to Skepinone-L). As for experimental results, the experiments conducted in the
presence of the inhibitors corresponding to the crystal structure environment are shown.

P38a crystallized in presence of Type I inhibitors is reflected by the structure 3QUE.
This model was obtained in presence of skepinone-L and is thus used for the comparison
with the experimental data for p38a incubated with this inhibitor. A closer observation
of the distance distributions for the five double mutant constructs shows a different
situation. While the in silico data is overlapping to a significant degree with experimental

data for the construct p38a 309, there is virtually no agreement for p38a 119 and 277
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datasets. This obvious disagreement leads to the conclusion that in this case the

structures observed in DEER experiments differ from those captured in a protein crystal.

The interpretation of the agreement between simulated and experimental distance
distributions is helpful for a comparison between results obtained by EPR and X-ray.
However, as seen above, the combination of various datasets that differ in the degree of
agreement renders it difficult to interpret a comprehensive deduction for the full dataset.
A comprehensible analysis that implicitly includes all restraints would be helpful. One
approach covering this issues is multilateration.!08 113 115163 225 Here, distances obtained
from known anchoring points to a target with unknown position are combined in a GPS-
like approach to localize the position of interest. For the case of the activation loop region
of p38a, the fixed anchoring points are realized by spin labels (termed anchoring labels
from here on) attached to the rigid areas of the protein while the unknown location is
the label attached to the flexible activation loop region. The combination of different
distance restraints from evenly distributed anchoring labels to the loop label then allows
for a three-dimensional localization of the loop-tethered spin label. Theoretically, three
different combinations of distance distributions should lead to two possible locations for
the unknown label position. This is reduced to a single, unambiguous space with a
fourth label pair, more distance constraints increase the reliability and precision of the
method. Notably, for this method also the flexibility of the spin label linker has to be
taken account for in a rotamer approach, limiting the maximum achievable precision.
Rotamers are calculated for the anchoring labels, this information is included in further
data processing. There are several software packages available, the following results
were calculated using the multilateration module in MMM.% Multilateration should be
considered as an alternative way of visualizing EPR datasets while still being based on
the same datasets. Therefore, the visualization of distance datasets is helpful to better

understand the distance restraints and should not lead to contradictory results.

Multilateration is carried out under the assumption that there is no movement
involved for the fixed anchor points, with the exception of spin label flexibility which is
included in the calculation. In this case, this leads to the assumption that the p38a
structure is rigid in the vicinity of the anchoring labels. While this is typically a good
estimation especially for helical structures that were specifically chosen as label areas,
the consistency of the protein structure for p38a was reviewed for two crystal structures
to ensure the validity of this approach. This was done via a crystal structure alignment
between the structures 3QUE (p38a in complex with skepinone-L) and 3GCU (p38a in
complex with RL48), resulting in a high overlap of protein structures (see Figure 56). No
domain movements larger than the inherent uncertainty introduced via spin label

motions can be detected within these crystal structures, despite the large movements
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occurring in the activation loop region. With this, multilateration calculations under the

assumption of a rigid protein structure depicts a reasonable approximation.

Figure 56: Structure alignment for the structures 3GCU (green) and 3QUE (cyan). The rotamer
calculations for the anchoring labels are depicted as dark blue sticks. Positions of the residue
172 are depicted as spheres for 3GCU (red) and 3QUE (blue), respectively. Created using
PyMOL® and MtsslWizard.!%

The distance restraints obtained from the anchoring points are approximated with a
single Gaussian distribution during the data processing. While this is a good
approximation for most of the inhibitor-dependent, unimodal distance measurements,
for the broad and often multimodal constraints obtained with p38a apo this imposes
significant drawbacks (see Figure 57). The presence of multiple distinct maxima in the
distance distribution cannot be reproduced by a single Gaussian curve. For the
multilateration approach, this means that some degree of precision in the three-
dimensional localization is lost during the data processing. This can be partly
compensated by using more than just four distributions necessary for an unambiguous
localization. In this case, five double mutant constructs and thus five distribution sets
were measured. While measurement precision is thus impeded using the approximation
of a Gaussian distribution, the reliability of the localization is largely dependent on the
coverage of the Gaussian to the full distance distribution. Assurance that no significant
contributions of the experimental distance constraints are lost during data processing is
important and indeed this approximation typically covers the whole distance range
bearing significant probabilities (see Figure 57). Therefore, multilateration of the spin
label attached to the activation loop region is a feasible approach for p38a distance
datasets, especially for the unimodal distribution obtained for measurements in

presence of either type I or type II inhibitors.
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Figure 57: Representation of the Gaussian fit used in the multilateration algorithm. The
experimental dataset for p38a 347 (black) features two distinct maxima which are not reflected
in the single Gaussian (red).

There are a numerous reported crystal structures available for p38a, yet only in few
cases the structure of the activation loop region around the residue 172 is resolved. This
is typically the case for samples that are co-crystallized with small molecule inhibitors.
Multilateration analysis is not impeded by this, as a rigid structure is only needed
around the anchoring labels for the calculation and the activation loop label is localized
only depending in the restraints given by the distance distributions extracted from
experiments. In addition to this, uncertainty introduced by the spin label flexibility and

thus delocalization of the spin centers in the backbone is included in the calculations.

Multilateration for apo p38a

Multilateration for p38a apo was conducted based on the crystal structures 3QUE
(Figure 58) and 3GCU (Figure 62) with both including a structural localization of the
activation loop region around the label position. Therefore, all the experimental distance
constraints for the five double mutant constructs were analyzed using DeerAnalysis and
the distance distributions fitted using a Gaussian distribution. The center positions and
widths of these were inserted into a restraint file that is interpreted by MMM. Successful
calculations are then processed as a volume that represents the three-dimensional
probability densities for the spin label positions. The volume of this domain is
determined by the sum of the position probabilities, in the following 50 % is chosen, as

supposed in the MMM package.%

It is important to note that a successful multilateration is only possible if the
anchoring spin labels used lead to a robust an unambiguous distance restraints dataset.
If there are structural changes around the anchoring labels in the various protein
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mutation constructs, the multilateration will not be successful. With the label
combinations used, a successful multilateration could be shown in all cases. In Figure
58, the resulting volume for apo p38a is depicted in blue. Notably, the estimation of the
spin label position includes a larger area that spans over a significant part of the kinase.
This translates into an extensive flexibility of the label and thus the loop region,
combined with artificially increased localization uncertainties due to data processing
constraints discussed above. Still, the high flexibility was also observable and is in line
with the direct interpretation of DEER datasets. For crystal structures that include the
activation loop region, an in silico rotamer calculation for the spin label introduced at
position 172 can be included in the representation, facilitating the interpretation of these
structures. For both structures used in the apo multilateration, there is small but
significant overlapping between the predicted rotamers and the probability volumes.
This impedes a quantitative interpretation, yet leads to the conclusion that the proposed
crystal structures include an activation loop structure that might be already present in

the apo kinase in solution as already discussed based on the distance restraints.

Figure 58: Multilateration result for p38a apo. The secondary structure of the crystal structure
3QUE is shown from two different perspectives together with the rotamers calculated for the
spin label attached to the position 172 (purple dots representing the unpaired electron, size of
the dots represent the occurrence probability. The center of probabilities for the backbone
labels are depicted as dark purple dots, leading to the multilateration of the spin label attached
to the activation loop (small blue sphere). The blue volume represents the 50 % probability
volume for the localized spin moiety.

Multilateration in presence of type I inhibitors

Type I inhibitors induced a profound narrowing in the distance constraints obtained
from DEER experiments, leading to mostly unimodal distributions that were highly
conserved for all three type I inhibitors. As the datasets for the different type I inhibitors
are virtually indistinguishable, data obtained for skepinone-L was arbitrarily chosen as
a representative dataset for the further data analysis. The multilateration using these
datasets indeed shows a significant difference to the results obtained for apo p38a (see

Figure 59). Instead of the broad probability volume in the absence of inhibitors,
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skepinone-L results in an exceptionally narrow localization volume. Notably, this
volume is smaller than the one covered by the rotamer simulations for the spin label
attached to the activation loop. Therefore, despite the usage of flexible spin labels that
impede the achievable precision in this multilateration approach, the position of the loop
label was determined accurately. The shape of the probability volume resembles a flat
ellipsoid. This could be an effect of the anchoring labels not being perfectly even
distributed in space, restricting the analysis resolution in certain dimensions. The
localization effect for the spin label implies a higher rigidity of the activation loop region
around the amino acid residue 172, which is unexpected because type I inhibitor binding
is suggested to be independent of the activation loop structural states, i.e. whether DFG-
in or DFG-out states are populated.!® Neither before nor after binding a profound effect
of type I inhibitors to the activation loop structure was expected based on crystal
structure studies. This again highlights the strength of EPR measurements covering the

whole conformational space inherent to the activation loop.

Figure 59: Multilateration result for p38a in the presence of type I inhibitors (exemplary data
for skepinone-L), PDB structure 3QUE. The multilateration result from two different
perspectives for p38a in its apo state is shown as a blue volume, the result in presence of
skepinone-L is shown as a red volume.

In addition to this, the localization of the loop spin label is far off the simulated
position for the crystal structure obtained in presence of type I inhibitors as shown in
Figure 59. This was also found during the interpretation of the simulated distance
distributions that showed only partial overlapping between experiments and
simulations. Taken together, this implies that the activation loop structure differs
between the crystal structure proposition and the results obtained with DEER

spectroscopy. This discrepancy will be further discussed at the end of this chapter.
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The analysis of distance constraints for type I inhibitors led to the hypothesis that the
adopted structure in presence of type I inhibitors might already be present in the

structural ensemble for p38a apo.

This was supported by the remarkably high conservation of specific parts in the
bimodal distance distributions for p38a. The multilateration also shows this, as the
probability volume with inhibitors has a significant overlap with the volume obtained
for the apo protein, thus leading to the conclusion that the adopted conformation might
already be present in apo p38a. This again hints to a conformational selection process

when the inhibitor is bound to the kinase.

Restrained datasets for the multilateration in p38a apo

Following the supposition that type I inhibitors follow a conformational selection
mechanism, the distance constraints obtained for apo p38a are based on a mixture of
two conformational substates (DFG-in and DFG-out) and one of them is selectively
stabilized upon inhibitor binding. Notably, with the method presented here, it is not
distinguishable if the activation loop structural changes occur after binding of the type I
inhibitor or are selectively stabilized during binding. In both cases, the distance regimes
that were not selected upon inhibitor binding could include structural substates already
present in the apo protein. These areas were thus selectively isolated for a multilateration
with increased precision. For this, the superposition of distance constraints for apo p38a
and datasets in presence of SB203580 were taken to selectively remove all the areas that
are covered in the inhibitor measurements from the apo dataset (illustrated in Figure 60).

This reduced dataset was then processed similar to the previous results.
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Figure 60: Exemplary dataset for the restriction of distance constraints. The dataset obtained in
presence of SB203580 (blue) was used to remove populated distance regimes from the p38«x
119 apo dataset (black curve), resulting in a reduced distance distribution (red curve, grey
area).
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After reducing datasets for all five double mutant constructs, an additional
multilateration analysis was carried out (see Figure 61). This showed a significantly
reduced probability volume for apo p38a, located in the center of the original volume
with the full dataset. Still, the probability volume obtained is larger than for the datasets
obtained in the presence of inhibitors. A clear separation of the label location probability
for this and the dataset in presence of inhibitor shows that the structural substates
covered differ significantly from each other. It can be suggested that the apo protein
consists of two different substates that are clearly separated from each other. This is in
line for the expectations that apo p38a adopts an equilibrium between DFG-in and DFG-
out states. The conformational space adopted in apo p38a can thus be described with

the superposition of the red and yellow probability volumes in Figure 61.

Figure 61: Multilateration result for p38a, PDB structure 3QUE. The multilateration result from
two different perspectives for p38a in its apo state (blue volume), with skepinone-L (red) and
with the reduced distance constraints (yellow volume, see text) is shown.

While this method of reducing experimental datasets can possibly be used to increase
the location precision for the apo measurements, there are some caveats that should be
considered. The removal of distance contributions obtained with type I inhibitors
presumes are clear separation of distance areas from apo datasets. This assumption is
not necessarily correct and could lead to artificial narrowing of the probability volume
for the restricted dataset by removing inherent distance constraints overlapping with the
type I dataset. This limitation cannot be circumvented using the methods proposed here,
thus the restriction of datasets should be considered cautiously. A possible improvement
could be achieved with TRIER??** experiments revealing the correlation of multimodal
peaks in the distance constraints. This could help to pin-point the individual loop states

with more precision.

Notably, both approaches to estimate the activation loop label position in apo p38a

lead to the same conclusions about the structural changes occurring upon inhibitor
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binding. The following multilaterations are thus carried out with the full and thus

overestimated apo p38a dataset.

Multilateration in presence of type Il inhibitors

Distance measurements in presence of type II inhibitors showed a narrowing of the
obtained distance distributions, although to a lesser degree than for type I inhibitors. In
the following multilateration, a slightly larger probability volume for type II inhibitors
is thus expected. Therefore, distance measurements obtained for these inhibitors were
processed similar than already shown above. As there were significant deviations in the
distance constraints for different type II inhibitors, in this case the multilateration was
carried out for all molecules. Despite the apparent deviations, the probability volumes
obtained have a high positional agreement and only differ in their dispersion (see Figure
A. 37). The analysis is consequently carried out focusing on the results obtained for
sorafenib as a representative dataset. As already predicted by analyzing the distance
constraints, the presence of type Il inhibitors also restricts the movement in the activation
loop region (visualized in Figure 62). The probability volume obtained is significantly
smaller than for apo p38a, yet not as localized as for type I inhibitors. This implies a
higher translational freedom for the activation loop with type Il inhibitors in comparison
to the case in presence of type I inhibitors. Still, the activation loop seems to be far more
constricted in the presence of type II inhibitors than for apo p38a. Analysis of the
distance constraints lead to the hypothesis that the structure adopted with type II
inhibitors could be outside the ensemble present in the apo protein. This could also be
seen in the separation of distance constraints between samples with or without inhibitor,
in addition to the shape of the distance constraints which was not conserved. The
multilateration further strengthens this proposition as the probability volume obtained
has only minor overlap with the volume obtained for apo p38a, explainable with an

induced-fit mechanism adopted.
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Figure 62: Multilateration result for p38a in the presence of type Il inhibitors from two different
perspectives, PDB structure 3GCU. The multilateration result for p38a in its apo state is shown
as a blue volume, the result in presence of sorafenib is shown as a red volume.

Considering the results obtained, using multilateration techniques the loop region
could be localized for apo p38a as well as with type I and II inhibitors. Data analysis
using Gaussian distributions was unproblematic especially for dataset in presence of
inhibitors due to their unimodal nature. For apo distributions, the usage of Gaussians
leads to artificial enlargement of the probability volume obtained, possibly hindering a

more concise conclusion for the structural ensemble.
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In summary, pulsed distance determination conducted using doubly spin labeled
p38a constructs enabled the analysis structural aspects of the biologically crucial
activation loop in this kinase. After a careful evaluation of suitable labeling positions,
DEER measurements were conducted for apo p38a as well as an inhibitor assay using

three type I and four type II inhibitors.

Large deviations were found between the loop positions suggested from crystal
structures and the ones found in the experiments presented here. This is not only caused
by the intrinsic limitation of crystallographic studies to a single unambiguous structure.
The obvious disparity between the observed structures might be due to the different
sample preparations. While EPR distance measurements are carried out in a glassy
buffered solution that has been rapidly frozen (thus expected to retain most of the
conformational ensemble present at room temperature), crystallization is a process
involving more artificial steps (resulting in prolonged time consumption). In addition to
this, crystallization often requires the presence of helper molecules like beta-octyl

glucoside which can disturb the structure of the protein of interest.??”

For apo p38a, broad distance distributions that are often bi- or multimodal were
detected. This result is in line with EPR mobility measurements carried out in chapter
5.2. However, both type I as well as type II inhibitors led to significant shifts in this
conformational equilibrium. Type II inhibitors are found in an exclusively populated
DFG-out state in crystal structures.'? While this state is expected to be already in the apo
form, the results presented here lead towards the assumption of the “DFG-out”
conformation found in crystal structures is the result of an induced-fit mechanism of
inhibitor binding. This is supported by the distance constraints obtained with type II
inhibitors that deviate significantly from the distributions for apo p38a in terms of the
center distances as well as the distribution shape. This is further embraced by
multilateration results, suggesting the probability volume of the spin label attached to
the activation loop is in a distinct and separate location when type II inhibitors are
present. The structural flexibility of the loop region is reduced due to these inhibitors,
shown in both narrowing of the distance distributions and the diminished probability
volume obtained in multilateration. The four different inhibitors lead to non-equal
distance distributions suggesting a certain range of mechanistic disparity, yet the
multilaterated positions only differed in their dispersion. Thus, type II inhibitors result

in distinct and reproducible conformational changes.

Type I inhibitors exhibit much more similarity. The distance constraints obtained as
well as the multilateration results did not significantly differ for any or the three
inhibitors tested, suggesting a high mechanistic parity between type I inhibitors. The
broad distance distributions obtained for p38a apo state were narrowed down to

remarkably narrow distributions, showing a high ordering for the activation loop region
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in presence of these inhibitors. While type I inhibitors are suggested to bind both the
DFG-in and DFG-out structure without a distinct structural impact on the activation
loop,'® the distance distributions as well as multilateration clearly show a high degree
of ordering and rigidity around the activation loop spin label. As distance measurements
are collected after incubation time, this does not preclude the unspecific binding of type
I inhibitors to the DFG-in or DFG-out structure. This observation can be explained with
a conformational selection mechanism, leading to a structural change in the kinase
appearing only after the inhibitor is already bound. This is supported by the distance
constraints obtained, which not only overlap with parts of the distributions already
present in apo p38a but also maintain the shape of these modes. Multilateration lead to
an unexpectedly small probability volume that has a high overlap with the one obtained

for the apo form, further supporting a conformational selection mechanism.

The results shown in this chapter highlight the broad applicability of EPR in the
analysis of broad conformational equilibria found in the activation loop region in p38a.
Using EPR distance determinations, deeper insights into the structural effects of
inhibitors on the kinase structure could be gained that help understanding inhibition

mechanisms.
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Summary

6. Summary

Two biologically relevant examples of molecular disorder were structurally
investigated using a combination of several experimental and simulation methods.
While the analysis of ASYN-based peptide fragments implicated complete molecular
disordered ensembles, the activation loop in the protein kinase p38a introduced

additional boundary constraints by a rigid protein structure around the activation loop.

In order to assess structural features in the intrinsically disordered protein ASYN, a
model system consisting of specifically designed peptide fragments was developed.
After selection of suitable peptide fragments, their applicability to represent the full-
length protein was successfully assessed with multiple experimental techniques and
solvent environments. The choice of suitable spin labels as well as the in-depth control
of experimental parameters for EPR distance measurements was shown. With this, a
suitable platform for a direct comparison of experimental restraints with simulated
datasets obtained from MD simulations was created. Two peptide fragments bearing a
disease-linked point mutation were objected to further structural analysis. While the
introduction of the A30P mutation did not lead to significant structural changes in
aqueous solutions, profound variations were found upon helix formation. In this case
the potential of a combinatorial approach was shown by the possibility to not only detect
these changes in experimental distance constraints but additionally elucidate these
based on the simulated molecular structuring. In-depth knowledge about the helicity
around the mutation point was obtained, highlighting helix breaking only in the direct
vicinity of the A30P mutation. This could be used in further studies to assess the
biological impact of the altered tendency in helix formation upon interaction with

biological systems, emphasizing the great potential for this combined approach.

For the kinase p38a, intrinsic disorder was assessed in another approach. While the
activation loop that was studied is structurally disordered, its attachment to the rigid
protein structure allows for a different analysis. In this chapter, the focus was not to
elucidate the discrete structure of this region but changes occurring upon interaction
with binding partners such as small-molecule inhibitors. With the attachment of a single
spin label in the activation loop, dynamic information in the close vicinity of the label
and thus the loop region could be obtained. Using EPR mobility measurements and the
discrete interpretation of datasets, a dynamic equilibrium inherent to the apo p38a was
revealed. Upon addition of inhibitor molecules this equilibrium was shifted and
followed quantitatively. The experimental approach allowed temperature control in a
biologically relevant range that could also be utilized for the thermodynamic analysis of

equilibrium states.
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Using EPR distance determination, these insights could be augmented with structural
constraints. EPR spectroscopy supported the findings of an equilibrium between
different activation loop states that is altered in the presence of inhibitors. These
structural changes could be precisely followed, revealing distinct differences in
inhibitors targeting behavior to the activation loop states. While type II inhibitors led to
a restructuring upon binding to the kinase in an induced-fit like mechanism, distance
constraints obtained in the presence of type I inhibitors are mainly populated by regions
preoccupied already in the apo p38a. With this, binding exhibits a conformational
selection type of mechanism for type I inhibitors. In addition to the analysis of distance
constraints, multilateration of spin labels proved to be a valuable tool to visualize the
large amount of EPR data into a three-dimensional localization of the loop-attached spin
label. Visualization of the structural impact induced by the inhibitors was possible,
facilitating the analysis of the underlying mechanics. The insights obtained are helpful
for a structure-based design of future compounds and could facilitate the development

of specific inhibitors.
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Zusammenfassung

7. Zusammenfassung

Zwei biologisch relevante Beispiele fiir molekulare Unordnung wurden mittels einer
Kombination mehrerer experimenteller und Simulations-Methoden untersucht. Die
Analyse von alpha-synuclein (ASYN) basierter Peptidfragmente war hierbei beispielhaft
fiir vollstindige molekulare Unordnung, wahrend die Aktivierungsschleife in der
Proteinkinase p38a zusétzliche Randbedingungen mittels einer starren Proteinstruktur

in der Umgebung der Aktivierungsschleife bereitstellte.

Um die strukturellen Eigenschaften des intrinsisch ungeordneten Proteins ASYN zu
untersuchen, wurde ein Modellsystem basierend auf speziell entworfener
Peptidfragmente entwickelt. Im Anschluss an die Auswahl geeigneter Fragmente,
wurde ihre Eignung als Modellsystem fiir das Volllangenprotein erfolgreich mittels
mehrerer experimenteller Techniken und Losungsmittelumgebungen untersucht. Die
Wahl passender Spinmarker und die prazise Kontrollierbarkeit der experimentellen
Parameter fiir Elektronenspinresonanz (ESR) Abstandsmessungen wurde gezeigt.
Damit wurde eine geeignete Plattform fiir den direkten Vergleich experimenteller und
simulierter Daten geschaffen. So wurden zwei Peptidfragmente, die eine
Krankheitsbildverkniipfte Punktmutation enthalten, fiur weitere
Strukturuntersuchungen ausgewahlt. Obwohl die Einfithrung der A30P Mutation nicht
zu signifikanten Strukturunterschieden in wassriger Losung gefiihrt hat, konnten
deutliche Unterschiede bei der Helixbildung beobachtet werden. Hier konnte das
Potential eines kombinatorischen Vorgehens in der Moglichkeit gezeigt werden, nicht
nur Unterschiede in den experimentellen Abstandsverteilungen zu erkennen, sondern
diese auf basierend auf simulierten molekularen Strukturen zu erfassen. Damit wurden
tiefergehende Einblicke in die Helizitat in der Umgebung der Punktmutation
ermoglicht, die das Brechen der Helix ausschliefdlich in der direkten Umgebung der
A30P Mutation zeigten. Dies konnte in weiteren Studien verwendet werden, um den
biologischen Einfluss der verdanderten Helixbildungstendenz bei der Interaktion mit
biologischen Systemen zu untersuchen und hebt das grofie Potential dieses

kombinatorischen Vorgehens hervor.

Im Falle der Kinase p38a wurde intrinsische Unordnung auf eine andere Art
untersucht. Obwohl die untersuchte Aktivierungsschleife strukturell ungeordnet ist,
erlaubt ihre Verbindung zur starren Proteinstruktur eine andere Herangehensweise. In
diesem Kapitel lag der Fokus nicht auf der Aufklirung einzelner Strukturen dieser

Region, sondern bei Unterschieden, die bei der Wechselwirkung mit Bindungspartnern
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wie Inhibitoren auftreten. Durch das Anbringen eines einzelnen Spinmarkers in der
Aktivierungsschleife konnten dynamische Informationen tiber die direkte Umgebung
des Markers und damit der Aktivierungsschleife erhalten werden. Mittels ESR
Mobilitatsmessungen und der Interpretation der Daten wurde ein dynamisches
Equilibrium in p38a gezeigt. Bei der Zugabe von Inhibitor Molekiilen wurde dieses
Gleichgewicht und seine Verschiebung quantitativ verfolgt. Der experimentelle Ansatz
ermoglichte Temperaturkontrolle in einem biologisch relevanten Bereich, was fiir die

thermodynamische Analyse von Gleichgewichtszustdnden genutzt werden konnte.

Mittels ESR Abstandsmessungen konnten diese Kenntnisse mit strukturellen
Informationen erweitert werden. ESR Spektroskopie unterstiitzte den Nachweis eines
Gleichgewichts zwischen verschiedener Aktivierungsschleifenzustinde, das in der
Gegenwart von Inhibitoren verdndert wird. Diese strukturellen Anderungen konnten
prazise verfolgt werden, um spezifische Unterschiede bei Inhibitoren und ihrem Einfluss
auf die Aktivierungsschleifenzustande aufzuzeigen. Wahrend Typ II Inhibitoren zu
einer Strukturanderung bei der Bindung an die Kinase mittels eines induced-fit
dhnlichem Mechanismus fiihrten, sind die erhaltenen Abstandsverteilungen in der
Gegenwart von Typ I Inhibitoren hauptsachlich mit Regionen besetzt, die schon in Apo
p38a  besetzt waren. Damit zeigt die Bindung einen conformational selection
Mechanismus. Zusatzlich zur Analyse der Abstandsverteilungen, zeigte sich die
Multilateration der Spinmarker als wertvolles Werkzeug zur dreidimensionalen
Darstellung des Aktivierungsschleifengebundenen Spinmarkers anhand grofien Anzahl
an ESR Daten. Damit konnte der strukturelle Einfluss der Inhibitoren bildhaft dargestellt
werden, was die Analyse der zugrundeliegenden Mechaniken erleichterte. Diese
Erkenntnisse sind hilfreich fiir ein strukturbasiertes Design zukiinftiger Stoffe und

konnte die Entwicklung spezifischer Inhibitoren vereinfachen.
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8. Experimental details

8.1. Methods, materials and data analysis

All chemicals, if not otherwise stated, were purchased by Sigma Aldrich Co. LLC.
Milli-Q water was generated by using a Milli-Q Academic Ultrapure Water System
(Merck KGaA, Darmstadt, Germany).

TRIS buffer was prepared to a final concentration of 20 mM TRIS, 200 mM NaCl and
5 % glycerol (v/v), pH 7.4. Deuterated buffer was obtained by solvent exchange after

evaporation of water under reduced pressure.

8.1.1. Studies conducted in chapter 4

Circular dichroism

CD measurements were performed on a Jasco J-815 spectropolarimeter (Jasco
Analytical Instruments) at 20° C. Sample volume was 100 pL and quartz glass cuvettes
with a path length of 0.5 mm (Hellma, Forest Hills, NY) were used. Spectra were
recorded over a range of 170 / 180 nm (depending on the sample absorption
characteristics) to 260 nm using a resolution of 0.5 nm, a bandwidth of 1 nm and 50-100
nm/ min scan speed. CD signals were discarded in wavelengths regions were high
absorption led to photomultiplier voltages above approx. 500 V. The typical sample

concentration was set to 0.2 mg / mL or 50 pM.

Measurements in the presence of LUVs were conducted with 4 mg / mL lipid
concentration and after incubation for 30 minutes. All measurements were averaged

over at least 10 scans, depending on the signal-to-noise ratio for each sample.

Analysis of CD spectra

This was done via a direct interpretation of the resulting CD spectra by eye. In
principal, a quantitative analysis of CD signals to dissect their secondary structure
contents is possible. This involves a very precise knowledge of several measurement
parameters, including the optical path length and the compound concentration. In this
study, the available peptide amounts were limited as EPR distance measurements do
not rely on large samples volumes. Therefore, CD measurements were carried out with
small sample volumes and short optical path cuvettes. Due to the absence of aromatic
systems in many of the peptides, the determination of compound concentration could
not be carried out optically and was done by weighting of dried stock peptides. This
leads to a significant error in concentration in the stock solutions that is also largely

affected by the typical hydrophilicity observed for freeze-dried peptide samples.
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Additionally, cuvettes with short path lengths suffer from significant uncertainties due
to the mechanic flexibilities. For CD signals, the data is often converted to the mean
residue ellipticity (MRE), normalizing CD signals to the number of residues in addition
to the sample concentration. This leads to comparable CD data even for samples with
large size differences. This was calculated for measurements in aqueous solution and
resulted in significant differences throughout the peptides (see Figure 7 bottom). These
uncertainties are the sum of experimental limitations as explained above. Therefore, a
quantitative calculation of secondary structure elements for CD datasets was omitted in
most cases and the datasets were typically not converted into units of MRE in the
following. In cases where it is applicable, standard spectra normalization was used to

facilitate spectral shape comparisons.

Preparation of LUV

Dried anionic POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol),
Avanti Polar Lipids) was reconstituted with 300 uL Milli-Q to a final concentration of 40
mM. LUVs were prepared by repetitive extrusion using a handheld extruder (Avanti
Polar Lipids) and polycarbonate films with 100 nm pores. Resulting LUVs were approx.
100 nm in diameter as observed via dynamic light scattering. Total lipid concentration as

determined according to Chen et al.??®

Site-directed Spin labeling

Peptide spin labeling using MTSSL was conducted by mixing the peptide solution
(approx. 500 uM) with 6 equivalents of spin label in DMSO (stock solution, 10 mM) and
incubation overnight. Isolation of the labeled peptide was conducted using HPLC

chromatography and ESI-MS analysis.

Pulsed EPR experiments

Pulsed experiments were performed on a Bruker Elexsys E580 Q-band spectrometer
using a Bruker EN 5107D2 resonator equipped with a 15 W solid state microware
amplifier and a helium gas flow system (CF935, Oxford Instruments). The sample
volume was 10 uL, samples were snap frozen in liquid nitrogen by dipping the filled
sample tube into LN2 and afterwards directly inserted into the resonator. Freezing with
isopentane was carried out accordingly after the liquid isopentane was cooled using

liquid nitrogen to around -160 °C. The resonator temperature was fixed to 50 K.

Distance measurements were carried out using a standard 4-pulse DEER experiment

using the pulse sequence

T

7.~ T17 Tobs — t— Tpump — (T1+ T, —t) —Mops — T, —echo.® The shot

repetition time was optimized to prevent saturation of longitudinal relaxation of the
nitroxide labels. Pump and observer frequencies were optimized for every sample and

range between 20 and 24 ns for the pump and 24 to 40 ns for the observer pulses. The
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magnetic field was set to the maximum of the nitroxide spectrum and the observer pulse
frequency was set to about 50.4 MHz lower than the pump pulse frequency. Nuclear
modulation averaging with 8 steps was used to suppress nuclear modulation artefacts.
Accumulation times largely depended on the sample quality and solvent used and
typically ranged between 4 to 20 hours. The dipolar evolution time was optimized for
each sample to yield reliable distance information while retaining a high signal-to-noise

ratio.

DEER distance distribution analysis

The raw DEER data was processed using Matlab 2017a and DeerAnalysis2016.22> The
zero time and the background start was determined using the built-in optimization
function, typically the last 10% of the DEER curve were cut manually to remove artefacts
in the data trace. The distance distribution was extracted using a three-dimensional
background and Tikhonov-regularization. While the «a parameter was typically
determined automatically using the L curve criterion, in some cases a slightly larger a

parameter was chosen to prevent over sharpening of the distance distribution.

Molecular dynamics simulations (Kindly provided by Christoph Globisch)

The a-synuclein fragments P3/P4/P5 have been simulated in their native sequence
without explicitly introducing the TOAC label but extended by glycine residues as
present in the TOAC labeled peptides (P5 fragment: native AG...GV, labeled (T) GTG...
GTG-NH2, simulated GAG... GVG-NH2). The motivation was to stay as close as
possible to the native fragment but be at the same time still be close to the experiment.
To report the right distance between the spin labels a virtual side for the NO oxygen
atom was calculated based on the positions of the backbone atoms of the TOAC replaced
amino acid. The position of the virtual point was extracted from a quantum mechanics
optimized TOAC structure, where the geometry optimization was performed with
GAMES USI1 applying initially the semi empirical method AM12 and subsequently by
UHF with the 6-31G(d,p) basis set. A projection of the NO oxygen position with respect
to the N, CA, CO backbone atoms was extracted from the optimized TOAC structure

and then projected for all a-synuclein conformers.

Force fields

All molecular dynamics simulations were obtained by GROMACS version 2016.222%,230
using the following force fields: For the methanol systems the GROMOS96 54A7 force
field®! and for the water solvated systems we initially also tried GROMOS96 54A7,
which was unfortunately providing too compact ensembles, and later on moved to
CHARMM36m?32,2% that was optimized for both regular and intrinsically disordered

proteins.
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Methanol

The structures solvated in methanol have been started from helical and extended
conformations in their neutral form. We report only the helical start as the extended one
folded into helix after 30-60 ns. The simulation box was set to dodecahedron and defined
in such a way that the minimum distance of the structure and the box was at least 2.8

nm and subsequently solvated with methanol.

Following settings have been applied: The Leap frog integrator was utilized together
with all bonds being constrained by the LINCS algorithm?* in order to enable a time-
step of 2 fs. Coulomb interactions were calculated by particle mesh Ewald (PME) 2%
method with the same cutoff of 1.4 nm as used for Lennard Jones interactions. The
neighbor list was updated every 10 steps. Initially all systems were energy minimized
with steepest-descent algorithm for 50000 steps. In the next step two consecutive
equilibration simulations followed (100 ps each) in a canonical (NVT) and later on
isobaric-isothermal (NPT) ensemble were carried out where heavy atoms have been
position restrained. The following actual production without position restraints was 2
us long. The temperature was maintained at 300 K by using the Velocity-rescaling
algorithm 2% with a coupling time of 0.1 ps. The bulk water systems were simulated in
an isobaric-isothermal ensemble where the pressure was set to 1 atm using isotropic
Parrinello-Rahman pressure coupling 2’ with a pressure relaxation time of 1 ps for the

system.

Water

The systems in water have been prepared similarly but with reduced minimum box
distance for the extended structure of 0.8 nm, which cannot expand further. The helical
systems were simulated with similar box size. The box was solvated with water and

neutralized with sodium chloride.

In case of the GROMOS96 54A7 force field the SPC/E water model*® was used
together with the same settings and simulation scheme as for the methanol system. For
the CHARMMB36m force field the procedure was similar, just the tip3p water model was
used together with a modified cutoff for short-ranged electrostatic and Lenard Jones
interactions of 1.2 nm, where a switching function was applied to smoothly approach

the cutoff between 1.0 and 1.2 nm.

All peptides have been started from two different conformations, fully extended and
helical, resulting in production simulations of following length: For ASYN-P short two
5 us long simulations. For the longer peptides ASYN-P WT and DM we applied a
modified scheme with 2 ps initial simulation length, either extended by further 2 ps or
continued for 2 pus with new velocities. Resulting in together 12 us simulation time for
ASYN-P WT and DM respectively.
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Experimental details

Cluster analysis

For the P4 peptide in methanol a cluster analysis was performed using the gromos
clustering method?* with a cutoff of 0.45 nm for the root mean square deviation (RMSD)
of the a-carbon atoms. The resulting clusters were further analyzed for their label
distance distributions in order to describe their contribution to the general picture.
Whereas the P5T fragment in water was analyzed for the conformational space covered
by a narrow window of inter label distances. The disordered character of this fragment
in water is allowing for several conformations describing a single inter label distance.
Initially the conformations with an inter label distance between 2.7 and 2.8 nm have been
selected from the concatenated trajectories with a helical and extended start and

subsequently clustered with the gromos method and a RMSD cutoff of 0.45 nm.
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8.1.2. Studies conducted in chapter 5.2

Expression and purification of p38a (carried out by J6rn Weisner)

N-terminally His6-tagged p38a constructs containing a PreScission Protease cleavage
site and the mutations required for mono-labeling (C119S5/C162S5/F3271L/A172C) were
generated via site-directed mutagenesis and cloned into a pOPINF vector. Human p38a
MAPK mutant constructs were subsequently transformed into chemically competent
BL21 (DE3) E. coli, expressed and purified as described previously.?® Briefly,
overexpression was performed at 18 °C overnight (20 hours) while shaking at 160 rpm.
Afterwards, the target proteins were purified by Ni-affinity, anion exchange, and size
exclusion chromatography. The His6-tag was removed by addition of PreScission
Protease prior to anion exchange chromatography. Finally, purified proteins were
concentrated to approximately 20 mg/mL, snap frozen in liquid nitrogen and stored at -
80 °C until further use.

Site-directed spin labeling of p38a

Spin labeling of p38a: To a 50 uM solution of p38a in labeling buffer (Tris 20 mM, 200
mM NaCl, 5% v/v glycerol, pH 7.4) three equivalents of (1-oxyl-2,2,55-
tetramethylpyrroline-3-methyl) methanethiosulfonate, (SCBT, 25 mM in DMSO) were
added and incubated over-night at 4 °C while shaking gently. The crude product was
isolated using Vivaspin 4 centrifugal filters (10 kDa MWCO, Sartorius) for 6-8 times at 4
°C until no free spin label could be detected using cwEPR spectroscopy. The residue was
collected in buffer to yield a final con-centration of approx. 300 uM and stored at -80 °C.

Labeling efficiency was evaluated using mass spectrometry.

HTRF-based activity measurements (carried out by Jorn Weisner)

Prior to activity measurements, p38a kinase constructs (wild-type, mutant/unlabeled,
mutant/labelled) were activated with constitutively active MKK65207E/T211E (Thermo
Scientific, Lot# 877061F) in activation buffer (50 mM Tris, 10 mM MgCl2, 1 mM ATP, 1
mM DTT, 0.001 % Tween 20, pH 7.4) at 37 °C for 90 min with shaking at 400 rpm. The
reaction mixtures were subsequently dialyzed overnight at 4 °C against storage buffer
(20 mM HEPES, 50 mM NaCl, 5 % glycerol, pH 7.1), concentrated to ~0.2 mg/mL and

stored at -80 °C for further use.

Activity-based measurements were carried out using the HTRF® KinEASE™ assay
from Cisbio according to the manufacturer’s instructions. For determination of ATP Km
values, 0.04/3.5/20 ng of activated p38a MAPK constructs (wild-type, mutant/unlabeled,
and mutant/labelled, respectively) per well were incubated with varying concentrations
of ATP (0.4-900 uM) and 1 uM of GST-ATF2 protein substrate in reaction buffer (50 mM
HEPES, 0.1 mM Na3V04, 0.02 % NaN3, 0.01 % (w/v) BSA, 10 mM MgCl2, 1 mM MnCl2,
1 mM DTT, 0.01 % Triton X-100, pH 7.0) in microtiter plates (Greiner Bio-One, 384 well,
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Experimental details

black, flat bottom) for 10/10/20 min. Afterwards, the reaction was stopped by addition
of detection solution (50 mM HEPES, 0.1 % (w/v) BSA, 800 mM KF, 20 mM EDTA, 0.666
nM anti-phospho-ATF2-Eu(K) antibody, 100 nM anti-GST-d2 antibody, pH 7.0) and
incubation for 60 min at room temperature. Finally, fluorescence was detected at
emission wavelengths of 620 nm and 665 nm 60 us after excitation at 317 nm using an
EnVision 2104 plate reader (Perkin Elmer). The acceptor/donor ratios (fl665 nm/fl620
nm) were calculated, plotted versus the ATP concentrations and data were fit to the

Michaelis-Menten equation using Origin (OriginLab, Northampton, MA).

Table 2: Determination of ATP Km values for p38a constructs (wild-type, mutant/unlabeled,
mutant/labelled) given as mean + SD (n = 3).

construct ATP Kn / pM
p38a wild-type 11.0x£21
p38a mutant/unlabeled 52.3 +8.9
p38a mutant/labelled 424+73

Continuous wave EPR measurements

Spectra were collected at room temperature (293 K) using a Bruker EMX Nano X-
Band spectrometer. An aliquot (30 uL) of the protein at concentrations ranging from 50-
100 uM was placed in quartz capillaries with an inner diameter of 1 mm. In all cases, the
experimental parameters were optimized to yield a high signal-to-noise ratio without
distorting the spectral line shape. Quantitative spin counting was carried out using the
built-in features of the Bruker Xenon software in addition to the use of spin label stock
solutions as a control reference. Spectra normalization was performed by dividing the

spectra by the area defined by the double integral.

Temperature dependent measurements were collected using a Magnettech MS 5000
X-Band spectrometer equipped with a TC H04 temperature controller. The temperature
was varied between 5°C and 32.5°C and spectra were collected using optimized settings

as described above.

Spectral simulations

EPR spectra were analyzed using Matlab R2016a (The MathWorks) using the
EasySpin toolbox and the chili function (5.0.16).7? While varying simulation parameters,
the least-square fits were performed. For all simulations, g = [gx gy g-] = [2.00906 2.00687
2.003] were chosen and the data was frequency corrected manually to account for

uncertainties in the magnetic field measurement.?*

Spectral simulations of inhibitor dependent measurements
The spectral simulations are based on a two-component model of two spin %2 systems
with a nitrogen nucleus. Both components were simulated using an axial hyperfine

tensor, isotropic rotation, an orienting potential ' and a fixed linewidth using an
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iterative approach. Using the spectrum of apo p38a with a high content of component
Sa and a small portion of component Ss , spectral parameters for S. including the
weighing factor 2 were changed while keeping all parameters for Ss fixed. This
optimized system was then used as a fixed component while varying the parameters for
B in a spectrum with a high content of the inhibitor-induced conformation. The
parameters of the spectral simulation for both components (rotational correlation time,

A- and g-tensors and coefficients of the orienting potentials) are given in Table S3.

The spectral fits are deviating from the experimental data beyond the level of noise.
Therefore, they contain a significant error. The estimation of this error was done by
gradually changing the weighting factors of both components until the deviation of the
simulation and experiment was significantly degraded (rmsd increased by 3% from
approximately 0.048) . The error estimation was also accounted for in the temperature

dependent measurements using error propagation.

Table 3: Parameters used for spectral simulations.

trot Ax=Ayy Az linewidth g=[gx gy g-] Orienting potential
[ns] [MHz] [MHz] [mT] coefficients
A2,00 42,2, 24,0, Aa,2, Aaq [KT]
Sa 5.5 13 101.38 0.11 [2.00906 2.00687 2.003]  1.04, 1.46, 0.90, -3.94, -2.43
Ss 097 13 111.01 0.11 [2.00906 2.00687 2.003]  0.14,1.37,-3.96,0, 0

Spectral simulations of temperature dependent measurements

In order to facilitate data analysis of a large series of experimental data by drastically
reducing the computational effort, a simplified simulation approach was applied.
Allowing for anisotropic rotation and without an orienting potential, describing the
experiment with a slightly reduced quality (see Figure 33) is feasible. However, the
spectral component weights required for data interpretation obtained by the simplified
simulation approach are similar to those obtained by the full model. Thus, the simplified
simulation approach was used for the spectral analysis of the temperature dependent
datasets. In order to account for viscosity changes of the solvent for different
temperatures, the effective changes on the spin label’s rotational correlation time was
estimated according to Cheng (2008).2*! Therefore, a change of AlogT,, = 0.2 was

allowed during spectral simulations.
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Experimental details

Table 4: Parameters used for temperature series.

trot [ns](@ Ax=Ayy Az linewidth [mT] g=[gx gy g-]
[MHz] [MHz]
Sa see Table S4-S11 13 100.13 0.11 [2.00906 2.00687 2.003]
Ss see Table 54-511 15.67 99.56 0.11 [2.00906 2.00687 2.003]

[a] Anisotropic rotational diffusion was assumed for Ss while simulations for

Sa are based on isotropic rotational diffusion.
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8.1.3. Studies conducted in chapter 5.3

Expression and purification of p38a (carried out by Jorn Weisner)

N-terminally His6-tagged p38a constructs containing a PreScission Protease cleavage
site and the mutations required for double-labeling were generated via site-directed
mutagenesis and cloned into a pOPINF vector. Human p38a MAPK mutant constructs
were subsequently transformed into chemically competent BL21 (DE3) E. coli, expressed
and purified as described previously.?* Briefly, overexpression was performed at 18 °C
overnight (20 hours) while shaking at 160 rpm. Afterwards, the target proteins were
purified by Ni-affinity, anion exchange, and size exclusion chromatography. The His6-
tag was removed by addition of PreScission Protease prior to anion exchange
chromatography. Finally, purified proteins were concentrated to approximately 20

mg/mL, snap frozen in liquid nitrogen and stored at -80 °C until further use.

Spin labeling of p38«a

Spin labeling of p38a: To a 50 uM solution of p38a in labeling buffer (Tris 20 mM, 200
mM NaCl, 5% v/v glycerol, pH 7.4) three equivalents of (1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl) methanethiosulfonate, (SCBT, 25 mM in DMSO) were
added and incubated over-night at 4 °C while shaking gently. The crude product was
isolated using Vivaspin 4 centrifugal filters (10 kDa MWCO, Sartorius) for 6-8 times at
4 °C until only minor fractions of free spin label (less than 1 % of the expected protein
concentration) could be detected using cwEPR spectroscopy. The residue was collected

in buffer to yield a final concentration of approx. 300 uM and stored at -80 °C.

Pulsed EPR Experiments

Pulsed experiments were performed either on a Bruker Elexsys E580 Q-band
spectrometer using a Bruker EN 5107D2 resonator equipped with a 15 W solid state
microwave amplifier and a helium gas flow system (CF935, Oxford Instruments) or a
QT-II resonator equipped with a 150 W TWT and a cryogen-free system. The sample
volume was 10 pL for the EN 5107D2 resonator and 60 pL for the QT-II resonator.
Samples were snap frozen in liquid nitrogen and inserted into the resonator. The

temperature was fixed to 50 K.

Distance measurements were carried out using a two dimensional 4-pulse DEER
experiment.??> The shot repetition time was optimized to prevent saturation of
longitudinal relaxation of the nitroxide labels. Pump and observer pulse lengths were
optimized for every sample and range between 20 and 28 ns for the pump and 24 to 30
ns for the observer pulses. The magnetic field was set to the maximum of the nitroxide
spectrum and the observer pulse frequency was set to 50.4 MHz lower than the pump

pulse frequency. Nuclear modulation averaging was used to suppress nuclear
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Experimental details

modulation artefacts. Accumulation times largely depended on the resonator used and
the sample quality and typically ranged between 4 to 20 hours. The dipolar evolution
time was optimized for each sample to yield reliable distance information while

retaining a high signal-to-noise ratio.

DEER distance distribution analysis

The two dimensional raw DEER data was phase corrected for every slice, averaged
and then further processed using Matlab 2017a and DeerAnalysis2016. The zero time
and the background start was determined using the built-in optimization function, the
end of the DEER curve was cut manually to remove artefacts in the trace. The distance
distribution was extracted using a three-dimensional background and Tikhonov-
regularization. While the o parameter was typically determined automatically using the
L curve criterion, in some cases a slightly larger o parameter was chosen to prevent over

sharpening of the distance distribution.

Multilateration

3D modelling of the spin label distribution was carried out using the MMM 2017.2
package.®® The distance constraints from the preceding analysis were approximated
using a single Gaussian distribution profile and the parameters used as an input file for
MMM. The crystal structures mentioned in the text were specifically chosen to include
coordinates for the label position 172 and thus allow for a label position prediction. Each
trilateration was carried out using five different distances to improve the reliability of
the probability volume. For the visualization a probability volume showing 50 percent
of the total probability was chosen which is a standard value used in crystallographic
studies.®
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Appendix

9. Appendix

9.1. Appendix for chapter 4
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Figure A. 1: CD spectra obtained for all ten peptides upon incubation with 100 nm diameter
LUVs (POPG, see chapter 8.1.1 for details. All peptides, with the exception of P8, show distinct
tendency towards helical structuring.
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Figure A. 2: Effect of the resonator coupling to the data quality. Three different coupling states
(as depicted by the quality factors Q) were adjusted to measure the distance distribution in a
model compound bearing two nitroxide moieties in deuterated methanol (shown at the top).
Due to bandwidth changes, the pulse lengths varied in all experiments, leading to significant
changes in the modulation depths. Pulse lengths were set to 20/30, 18/32 and 12/44 for the
pump/observer pulses in the order of Q 300, 500 and 1000. The frequency offset between pulsed
was optimized in each case, leading to 44 to 50 MHz offset. The expected distance of the model
compound is 2 nm. For the given experimental setup, a low Q factor results in maximum
modulation depths while retaining a low noise ration. While for shorter pump pulses a higher
excitation and subsequently increased modulation depth is expected, the limited resonator
bandwidth restricts the maximum achievable frequency offset. This leads to frequency overlap
between pump and observer pulses that diminishes the modulation depth.
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Figure A. 3: Left: Raw data traces obtained for ASYN-P short with varying amounts of glycerol
with the corresponding background fits (grey). Right: Form factors resulted after background
correction and the corresponding fits from Tikhonov regularization (grey).
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Figure A. 4: Left: Raw data trace (black) obtained for ASYN-P short after freezing with cold
isopentane with the corresponding background fit (red). Right: Form factor after background
correction (black) and the corresponding fit from Tikhonov regularization (red).
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9.2. Appendix for chapter 5.2

Concentration dependencies of inhibitor assays
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Figure A. 5: Normalized EPR spectrum of p38a and after the addition of 3, 6 or 12 molar
equivalents of BIRB-796. A significant change in the spectra is observable, especially between

3 and 6 equivalents.
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Figure A. 6: Normalized EPR spectrum of p38a and after the addition of 3, 6 or 12 molar

equivalents of Skepinone-L.
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1.2
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Figure A. 7: Normalized EPR spectrum of p38a and after the addition of 3, 6 or 12 molar
equivalents of SKF-86002.
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Figure A. 8: Normalized EPR spectrum of p38a and after the addition of 3, 6 or 12 molar
equivalents of RL45.
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Figure A. 9: Normalized EPR spectrum of p38a and after the addition of 3, 6 or 12 molar

equivalents of RL48.
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Figure A. 10: Normalized EPR
equivalents of Sorafenib.
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Temperature dependent EPR spectra and Van ‘t Hoff plots
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Figure A. 12: Left: Temperature dependent EPR Spectra of p38«a (88 uM) with corresponding
spectral simulations (black). Right: Van ‘t Hoff plots for the reaction constant in dependency of
the inverse temperature.
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Figure A. 13: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of Regorafenib with corresponding spectral simulations (black). Right: Van
‘t Hoff plots for the reaction constant in dependency of the inverse temperature.
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Figure A. 14: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of RL45 with corresponding spectral simulations (black). Right: Van ‘t Hoff

plots for the reaction constant in dependency of the inverse temperature.
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Figure A. 15: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of RL48 with corresponding spectral simulations (black). Right: Van ‘t Hoff

plots for the reaction constant in dependency of the inverse temperature.
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Figure A. 16: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of SB203580 with corresponding spectral simulations (black). Right: Van ‘t
Hoff plots for the reaction constant in dependency of the inverse temperature.
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Figure A. 17: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of Skepinone-L with corresponding spectral simulations (black). Right: Van
‘t Hoff plots for the reaction constant in dependency of the inverse temperature.
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Figure A. 18: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of SKF-86002 with corresponding spectral simulations (black). Right: Van ‘t
Hoff plots for the reaction constant in dependency of the inverse temperature.
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Figure A. 19: Left: Temperature dependent EPR Spectra of p38a (88 uM) after addition of 6
molar equivalents of Sorafenib with corresponding spectral simulations (black). Right: Van ‘t
Hoff plots for the reaction constant in dependency of the inverse temperature.
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Simulation parameters for temperature-dependent measurements
Shown below are the experimental parameters used for the temperature-dependent
measurements. All the rotational correlation times have been divided by 1 second and

are shown as the negative common logarithm.

Table A. 1: Rotational correlation times used for simulation of p38a without inhibitor.

Temperature -log(trot), Sa -log(trot1), S -log(trot,2), SB -log(trot3), S
5.0°C -7.9540 -7.362 9.1121 -8.4947
7.5°C -7.9964 -7.113 -9.3534 -8.4462
10.0 °C -7.9967 -7.113 -9.0381 -8.845
12.5°C -7.9933 -7.3452 -9.0381 -8.845
15°C -8.0082 -7.113 -9.0381 -8.845
17.5°C -8.0220 -7.363 -9.0381 -8.845
20.0°C -8.0104 -7.113 -9.0381 -8.8316
22.5°C -8.0305 -7.4526 -9.0381 -8.8141
25.0 °C -8.0613 -7.113 -9.0381 -8.845
27.5°C -8.0569 -7.2528 -9.0381 -8.845
30.0°C -8.0707 -7.5045 -9.0381 -8.845
32.5°C -8.0714 7.113 -9.0381 -8.8033

Table A. 2: Rotational correlation times used for simulation of p38«a after addition of 6 molar
equivalents of SB203580.

Temperature -log(trot), Sa -log(trot1), SB -log(trot2), SB -log(trot3), Ss
5.0 °C -7.9714 -7.1593 -9.0381 -8.7598
7.5°C -7.9796 -7.113 -9.0381 -8.7804
10.0 °C -8.0197 -7.4597 -9.0381 -8.7221
12.5°C -8.0170 -7.113 -9.0381 -8.7662
15°C -8.0502 -7.113 -9.0381 -8.7297
17.5°C -8.0750 -7.113 -9.0381 -8.7394
20.0 °C -8.0526 -7.2931 -9.0381 -8.7335
225°C -8.0601 -7.1293 -9.0386 -8.7308
25.0 °C -8.0639 -7.113 -9.0381 -8.7402
27.5°C -8.0776 -7.1284 -9.0399 -8.7631
30.0 °C -8.0772 -7.3789 -9.0384 -8.8098
32.5°C -8.0823 -7.283 -9.0683 -8.7726
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Table A. 3: Rotational correlation times used for simulation of p38«a after addition of 6 molar
equivalents of Skepinone-L.

Temperature -log(trot), Sa -log(trot1), SB -log(trot2), SB -log(trot3), Ss
5.0°C -7.9556 -7.113 -9.0383 -8.716
7.5°C -7.9860 -7.113 -9.0381 -8.7024
10.0 °C -8.0042 -7.113 -9.0381 -8.7775
12.5°C -7.9981 -7.113 -9.0381 -8.7453
15°C -8.0251 -7.492 -9.0381 -8.6938
17.5°C -8.0445 -7.1546 -9.0381 -8.7672
20.0 °C -8.0292 -7.1464 -9.0381 -8.7637
22.5°C -8.0367 -7.4262 -9.0381 -8.7125
25.0 °C -8.0413 -7.2034 -9.0489 -8.7435
27.5°C -8.0587 -7.113 -9.0755 -8.7517
30.0 °C -8.0823 -7.113 -9.1209 -8.7545
32.5°C -8.0748 -7.113 -9.0934 -8.7785

Table A. 4: Rotational correlation times used for simulation of p38a after addition of 6 molar
equivalents of SKF-86002.

Temperature -log(trot), Sa -log(trot1), S -log(trot,2), SB -log(trot3), S
5.0 °C -7.9518 -7.1667 -9.0381 -8.6949
7.5°C -7.9571 -7.113 -9.0381 -8.7794
10.0 °C -7.9920 -7.113 -9.0381 -8.6857
12.5°C -8.0197 -7.1135 -9.0381 -8.7362
15°C -8.0212 -7.1556 -9.0381 -8.7104
17.5°C -8.0178 -7.113 -9.0381 -8.7316
20.0 °C -8.0393 -7.2531 -9.0381 -8.7211
225°C -8.0696 -7.4924 -9.0381 -8.7114
25.0 °C -8.0713 -7.3278 -9.0392 -8.7385
27.5°C -8.0596 -7.113 -9.0637 -8.7533
30.0 °C -8.0639 -7.113 -9.0685 -8.7689
32.5°C -8.0823 -7.113 -9.1079 -8.7686
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Table A. 5: Rotational correlation times used for simulation of p38«x after addition of 6 molar
equivalents of RL45.

Temperature -log(trot), Sa -log(trot1), SB -log(trot2), SB -log(trot3), Ss
5.0 °C -7.9671 -7.113 -9.0381 -8.6921
7.5°C -7.9541 -7.113 -9.0463 -8.7001
10.0 °C -8.0161 -7.2917 -9.1017 -8.6954
12.5°C -8.0449 -7.3314 -9.1356 -8.6953
15°C -8.0479 -7.113 -9.1687 -8.7131
17.5°C -8.0816 -7.113 -9.2026 -8.724
20.0 °C -8.0823 -7.113 -9.2098 -8.7357
225°C -8.0823 -7.113 -9.2386 -8.7391
25.0 °C -8.0823 -7.113 -9.2599 -8.7549
27.5°C -8.0823 -7.113 -9.2739 -8.7976
30.0 °C -8.0823 -7.113 -9.2948 -8.7747
32.5°C -8.0823 -7.113 -9.3208 -8.7913

Table A. 6: Rotational correlation times used for simulation of p38a after addition of 6 molar
equivalents of RL48.

Temperature -log(trot), Sa -log(trot1), SB -log(trot2), SB -log(trot3), Ss
5.0 °C -7.9828 -7.113 -9.056 -8.6689
7.5°C -7.9634 -7.113 -9.0383 -8.6824
10.0 °C -8.0030 -7.113 -9.0874 -8.7154
12.5°C -8.0113 -7.113 -9.091 -8.714
15°C -8.0083 -7.1863 -9.1071 -8.7103
17.5°C -8.0499 -7.113 -9.1544 -8.7272
20.0 °C -8.0549 -7.113 -9.1849 -8.7418
22.5°C -8.0793 -7.113 -9.2099 -8.7387
25.0 °C -8.0823 -7.3149 -9.2238 -8.7449
27.5°C -8.0823 -7.4481 -9.2368 -8.7505
30.0 °C -8.0823 -7.3819 -9.2642 -8.7328
32.5°C -8.0622 -7.3795 -9.2721 -8.7454
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Table A. 7: Rotational correlation times used for simulation of p38«a after addition of 6 molar
equivalents of Sorafenib.

Temperature -log(trot), Sa -log(trot1), SB -log(trot2), SB -log(trot3), Ss
5.0°C -7.9665 -7.304 -9.0381 -8.6944
7.5°C -7.9447 -7.1915 -9.0381 -8.7217
10.0 °C -7.9434 -7.1477 -9.039 -8.7277
12.5°C -7.9743 -7.299 -9.0761 -8.7321
15°C -7.9909 -7.113 -9.0992 -8.7337
17.5°C -8.0139 -7.113 -9.141 -8.7453
20.0 °C -8.0233 -7.161 -9.1593 -8.7474
225°C -8.0497 -7.3626 -9.194 -8.7438
25.0 °C -8.0656 -7.113 -9.2071 -8.7946
27.5°C -8.0823 -7.113 -9.2441 -8.779
30.0 °C -8.0823 -7.4506 -9.2646 -8.7739
32.5°C -8.0823 -7.1144 -9.2858 -8.8078

Table A. 8: Rotational correlation times used for simulation of p38«a after addition of 6 molar
equivalents of Regorafenib.

Temperature -log(trot), Sa -log(trot1), S -log(trot,2), SB -log(trot3), S
5.0°C -7.9544 -7.304 -9.0381 -8.6806
7.5°C -7.9514 -7.113 -9.0381 -8.7059
10.0 °C -7.9709 -7.113 -9.0696 -8.7213
12.5°C -7.9852 -7.2439 -9.0987 -8.7141
15°C -7.9976 -7.113 -9.1236 -8.7212
17.5°C -8.0411 -7.113 -9.1588 -8.738
20.0 °C -8.0369 -7.113 -9.1741 -8.7413
22.5°C -8.0622 -7.3781 -9.2057 -8.7468
25.0 °C -8.0823 -7.113 -9.2322 -8.764
27.5°C -8.0823 -7.113 -9.2597 -8.7691
30.0 °C -8.0823 -7.113 -9.2721 -8.7917
32.5°C -8.0823 -7.2632 -9.2867 -8.7962
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9.3. Appendix for chapter 5.3

DEER data obtained for p38a double mutants in absence and presence of inhibitors
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Figure A. 20: Left: Raw DEER data trace obtained for p38a 119 (black) and the corresponding
background fit (red). Right: Form factor (black) and the fit obtained by Tikhonov regularization
(red). Artifacts at the end of the traces were cut manually in all DEER measurements.
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Figure A. 21: Left: Raw DEER data trace obtained for p38a 251 (black) and the corresponding
background fit (red). Right: Form factor (black) and the fit obtained by Tikhonov regularization

(red)
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Figure A. 22: Left: Raw DEER data trace obtained for p38a 277 (black) and the corresponding
background fit (red). Right: Form factor (black) and the fit obtained by Tikhonov regularization

(red)
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Figure A. 23: Left: Raw DEER data trace obtained for p38a 309 (black) and the corresponding
background fit (red). Right: Form factor (black) and the fit obtained by Tikhonov regularization

(red)
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Figure A. 24: Left: Raw DEER data trace obtained for p38a 347 (black) and the corresponding
background fit (red). Right: Form factor (black) and the fit obtained by Tikhonov regularization

(red)
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Figure A. 25: Measurements with p38a 119 in the presence of inhibitors. Left: Raw DEER data
traces obtained for p38a 119 with the three type I inhibitors. Right: Form factors obtained for

the DEER traces.
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Figure A. 26: Measurements with p38a 119 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 119 with the four type II inhibitors. Right: Form factors obtained for

the DEER traces.
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Figure A. 27: Measurements with p38a 251 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 251 with the three type I inhibitors. Right: Form factors obtained for

the DEER traces.
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Figure A. 28: Measurements with p38a 251 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 251 with the four type II inhibitors. Right: Form factors obtained for
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Figure A. 29 Measurements with p38a 277 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 277 with the three type I inhibitors. Right: Form factors obtained for
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Figure A. 30: Measurements with p38a 277 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 277 with the four type II inhibitors. Right: Form factors obtained for
the DEER traces
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Figure A. 31: Measurements with p38a 309 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 309 with the three type I inhibitors. Right: Form factors obtained for

the DEER traces.
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Figure A. 32: Measurements with p38a 309 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 309 with the four type II inhibitors. Right: Form factors obtained for

the DEER traces.
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Figure A. 33: Measurements with p38a 347 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 347 with the three type I inhibitors. Right: Form factors obtained for

the DEER traces.
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Figure A. 34: Measurements with p38a 347 in the presence of inhibitors . Left: Raw DEER data
traces obtained for p38a 347 with the four type II inhibitors. Right: Form factors obtained for
the DEER traces.

127



Distance distributions obtained for p38a
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Figure A. 35: All distance distributions obtained for the five double mutants of p38ca apo and

in combination with the three type I inhibitors.
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Figure A. 36: All distance distributions obtained for the five double mutants of p38ca apo and

in combination with the four type II inhibitors.
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Multilateration of all type II inhibitors

Figure A. 37: Multilateration for all type Il inhibitors, structure 3GCU. The probability volumes
for RL45 (blue), RL48 (green), Regorafenib (red) and Sorafenib (grey) are shown
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List of abbreviations

11. List of abbreviations

ASYN
IDP
ATP
ADP
AMP
EPR
NMR
CD
MD
(sm)FRET
IR
SDSL
MTSSL
Proxyl
TOAC
TOPP

cwEPR
DQC
SIFTER
DEER
PELDOR
NAC
PTM
SPPS
MRW
LUVs
TRIS
MAPK
DMSO

alpha-synuclein

Intrinsically disordered protein

adenosine triphosphate

and adenosine diphosphate

adenosine monophosphate

electron paramagnetic resonance

nuclear magnetic resonance

circular dichroism

molecular dynamics

(single molecule) Forster resonance energy transfer
infrared

site-directed spin labeling

methanethiosulfonate spin label

3-maleimido proxyl
2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid
4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-
phenylglycine

continuous-wave EPR

double-quantum coherence

single frequency technique for refocusing dipolar couplings
double-electron electron resonance

pulsed electron-electron double resonance
non-amyloid component

post-translational modifications

solid-phase peptide synthesis

mean residue ellipticity

large unilamellar vesicles
tris(hydroxymethyl)aminomethane
mitogen-activated protein kinase

dimethyl sulfoxide
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