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Abstract
Electron paramagnetic resonance (EPR) spectroscopy offers unique means to inves-
tigate paramagnetic systems. Based on the interaction of unpaired electrons with
an external magnetic field, knwowledge about the quantity and local environment
of unpaired electrons in the system as well as about their interactions with other
spins can be obtained. Labeling techniques are used to introduce EPR-active species
into otherwise diamagnetic target molecules and enable the study of structure and
dynamics of biomolecules in the context of a cell.

Three biological research questions were addressed with EPR spectroscopy within
this work. (i) The evidence and identification of a radical anion influencing cellular
redox regulation, (ii) structural investigation of a large protein complex associated
with the ribosome, and (iii) intracellular studies on intrinsically disordered proteins
(IDPs) with high physiological and pathological impact.

The first application makes use of the low EPR background signal of biological cells.
Continuous wave (CW) EPR is therefore ideally suited to investigate individual rad-
ical species, and verify their presence and identity within intracellular processes.

The second topic addresses the structure determination of a ribosome-associated
complex (RAC), where nuclear magnetic resonance (NMR), small-angle X-ray scat-
tering (SAXS), or cryo-electron microscopy (cryo-EM) have not been able to unravel
the large structure in its full length so far. Site-directed spin labeling (SDSL) is ap-
plied in order to introduce a paramagnetic center to the otherwise EPR-inactive
RAC. EPR spectroscopy is shown to be useful to complete the picture of existing
solution NMR and crystal structures of protein fragments, and verify their align-
ment into an available cryo-EM density map. Moreover, an interaction site between
the protein and the ribosome within ribosome-associated RAC is identified.

Aiming towards intracellular investigations of IDPs, the toolbox of SDSL-EPR is ex-
panded. Here, the applicability of a genetically-encoded spin-labeled artificial amino
acid is tested on the IDP α-Synuclein (αS), and a new labeling strategy involving
an expansion of the genetic code is developed. Moreover, the synthesis of a spin
label with advanced stability in biological environments is reported, and application
is tested on a protein with a defined three-dimensional structure and αS. Finally,
advances in spectroscopic methods involving rapid-scan (RS) EPR are applied to re-
solve intracellular interactions of αS with both artificial and endogenous membranes.

Exploiting versatile EPR techniques in combination with tailored spin labeling ap-
proaches and advanced spectral simulations provides unique insights into the func-
tional mechanisms of biomolecules.
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Zusammenfassung
Elektronspinresonanz (ESR) Spektroskopie bietet einzigartige Möglichkeiten, para-
magnetische Systeme zu untersuchen. Die Wechselwirkung von ungepaarten Elek-
tronen mit einem äußeren Magnetfeld ermöglichen Rückschlüsse über die Anzahl
der im System enthaltenen ungepaarten Elektronen, ihre direkte Umgebung, sowie
Wechselwirkungen mit anderen Spins. Diamagnetische Moleküle werden durch Mar-
kierungstrategien mit EPR aktiven Sonden versehen. Dadurch können Struktur und
Verhalten von Biomolekülen in zellulären Umgebungen untersucht werden.

Im Rahmen dieser Arbeit wurden drei biologische Themen mithilfe der ESR Spek-
troskopie bearbeitet: (i) Nachweis eines anionischen Radicals, welches die zellulären
Redox-Regulierung beeinflusst, (ii) Strukturuntersuchung eines großen ribosomalen
Proteinkomplexes und (iii) Erforschung intrinsisch ungeordneter Proteine (IDPs)
von physiologischer und pathologischer Relevanz.

In der ersten Anwendung wird genutzt, dass biologische Zellen nur ein geringes ESR
Hintergrundsignal aufweisen. Die Anwesenheit sowie die Art von Radikalen in in-
trazellulären Vorgängen können daher mithilfe der ESR Spektroskopie zweifelsfrei
nachgewiesen werden.

Das zweite Thema befasst sich mit der Struktur des Ribosomen-gebundenen Pro-
teinkomplexes (RAC), dessen Volllängenstruktur bisher mit Kernresonanzspektro-
skopie (NMR), Kleinwinkel-Röntgenstreuung (SAXS) und Kryoelektronenmikrosko-
pie (cryo-EM) nur unvollständig bestimmt werden konnte. Es wird gezeigt, dass
sich ESR Spektroskopie hervorragend eignet um die auf NMR- und Kristallstruktu-
ren von Proteinfragmenten existierenden Modelle zu vervollständigen und ihre Ein-
ordnung in eine bestehende cryo-EM-basierte Elektronendichtekarte zu überprüfen.
Darüberhinaus wird eine Kontaktstelle zwischen dem Ribosom und RAC ermittelt.

Um intrinsisch ungeordnete Proteine (IDPs) in der Zelle zu untersuchen werden
bisherige Markierungsstrategien angepasst und erweitert. Das intrinsisch ungeord-
nete Protein α-Synuklein (αS) wird hierbei als Modell verwendet. Zunächst wird die
Anwendung einer genetisch kodierten Spin-Sonde getestet. Darüberhinus wird eine
neue Markierungsstrategie entwickelt, welche auf der Erweiterung des genetischen
Codes basiert. Zusätzlich wird ein neuer, in biologischen Umgebungen stabiler Spin-
marker synthetisiert und sowohl an einem Protein, welches eine dreidimensionale
Struktur besitzt, sowie an αS getestet. Zuletzt wird die neu entwickelte Methode der
Rapid scan (RS) ESR angewendet um Wechselwirkungen von αS mit künstlichen
und zellulären Membranen in der Zelle zu beobachten.

Die Kombination verschiedener ESR Methoden bietet zusammen mit passenden
Spin-Markierungsstrategien und spektralen Simulationen einzigartige Einblicke in
die Wirkweise von Biomolekülen.
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1 Understanding biological processes
with the help of spectroscopy

The study of living organisms and their vital processes has been fascinating people
since antiquity.8;9 Revelation of cells as structural and functional unit of living or-
ganisms, their composition of atoms and molecules, and the finding of proteins and
nucleic acid as important biological macromolecules have been hallmarks on the way
to understand the complexity of life. The intimate relation between function and
structure of biological macromolecules has been recognized. The covalent structure
arranges three dimensional alignment and effects interaction with other molecules.
Therefore, structural investigations have been implemented as important tools to
understand the molecular and cellular machinery that fuels life.

X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy and elec-
tron microscopy (EM) have facilitated structure determination at Ångström-level
resolution. Although in-cell crystallization attempts have been performed,10;11 the
need of a crystal for X-ray structure determination extracts biomolecules from their
native surrounding and disables investigations of dynamic processes. Cryo-electron
microscopy (cryo-EM) allows detection of large structures, but is limited in resolu-
tion or the specimen tolerated electron dose.12 Moreover, not all structures can be
addressed with cryo-EM and measurements cannot be performed under physiolog-
ical conditions. Recent improvements in NMR techniques enable in-cell measure-
ments,13–15 but still most applications are restricted to isolated proteins of limited
size and complexity, and do not resemble the endogenous environment where pro-
teins are exposed to various possible interaction partners in a complex and crowded
environment. While high-resolution fluorescence techniques allow monitoring in-
teractions of macromolecules in the context of living cells, electron paramagnetic
resonance (EPR) spectroscopy stands alone in its ability to provide information on
the structure, dynamics and interactions of biomolecules.

Spectroscopy is a group of physical methods to study the interaction of electro-
magnetic radiation with matter. Atomic and molecular spectra provide detailed
information about the structure and chemical properties of a system of interest.16
Molecules and atoms have discrete states with a corresponding energy. In spec-
troscopy, transitions between these states are stimulated with electromagnetic radi-
ation. The transition energy ∆E relates the absorption frequency ν by the Planck’s
law:

∆E = hν,

where h is Planck’s constant.

Numerous spectroscopic techniques provide insights in diverse molecular properties
depending on ∆E. The non-invasive character of spectroscopy makes it ideal to
investigate complex biological systems.
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Understanding biological processes with the help of spectroscopy

In electron paramagnetic resonance (EPR) spectroscopy, the measured energy dif-
ference ∆E results from the interaction of unpaired electrons in the sample with an
external magnetic field B0. Electron spins orient themselves in the external mag-
netic field. Application of an electromagnetic radiation in the microwave frequency
range can lead to flipping of spins if the energy of the radiation field matches the
energy gap ∆E. This resonance condition is

∆E = hν = gµBB0,

where g is the g-factor, which is a proportionality constant approximately equal to
2 for the free electron, but varies depending on the electronic configuration of the
radical or ion, µB is the Bohr magneton, which is the natural unit of the electronic
magnetic moment.

EPR spectroscopy provides up to three orders of magnitude higher sensitivity when
compared to nuclear magnetic resonance (NMR) spectroscopy.17 Experiments can
be conducted at low number of spins, e.g. 20 pmol.18;19 EPR spectroscopy can be
applied to any size of target without relying on isotopic labels as it is needed for
NMR.20 EPR can be performed on a wide range of samples from proteins in solution
to highly packed membrane suspensions, tissue samples, solids, or frozen samples.21

Owing to the variety of EPR-based experiments, versatile properties of matter can
be studied. Consequently, a broad range of research questions can be addressed. In
this work, three applications of EPR spectroscopy are highlighted: (i) the evidence
of a radical intermediate of cellular metabolism, (ii) a structural study of a protein
complex associated with the large cellular organelle ribosome, and (iii) investigation
of intrinsically disordered proteins (IDPs). (Figure 1.1) Details about the techniques
that were used can be found in the respective chapters.

6



Figure 1.1: Illustration of the topics covered in this thesis. EPR spectroscopy is
used (i) to analyze a radical intermediate of cellular metabolism, (ii) to
study the structure of a large, ribosome-associated complex, and (iii) to
investigate intrinsically disordered proteins (IDPs).
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2 Monitoring endogenous radical
processes

2.1 Metabolic radical processes
This chapter is partly published in Wijaya et al.5

2.1.1 Oxidative stress
Oxidative stress describes disturbances in the normal redox state of cells that are
caused by an increased level of reactive oxygen species (ROS). If the biological sys-
tem is unable to detoxify reactive molecules, peroxides and free radicals will rise in
concentration and cause damage to proteins, DNA and lipids, or interfere with cellu-
lar redox signaling. Since various diseases including artherosclerosis,22 cancer,23 and
neurodegenerative diseases, such as Parkinson’s disease (PD),24 have been linked to
oxidative stress, modulating ROS generation is an interesting target for drug devel-
opment.

Direct scavenging of free radicals e.g. with small molecule antioxidants or antioxi-
dant enzymes bears the risk of interactions with reactive oxygen and nitrogen species
involved in normal cell signaling.25;26 Therefore, approaches that stimulate the en-
dogenous antioxidant machinery are emerging therapeutic strategies.

In eukaryotes, endogenous antioxidant enzymes and their transcription factors have
been studied intensively.27 Many of these enzymes target glutathione (GSH), which
acts as the major cellular small molecular weight antioxidant under generation of
glutathione disulfide (GSSG). Antioxidant reactions include conversion of peroxides
(R2O2) or free radicals (R·). Moreover, GSH is able to protect cellular thiol proteins
(RSH) under oxidative stress by formation of an unsymmetrical disulfide (RSSG),
and acts as a cofactor for endogenous antioxidant enzymes.28

2GSH + R2O2 → GSSG + 2ROH
2GSH + 2R· → GSSG + 2RH

RSH + GSH + O → GSSR + H2O

Redox regulation by glutathione is determined by both its absolute cellular con-
centration and the ratio between its reduced (GSH) and oxidized (GSSG) form.
Whereas traditional pharmaceutical aims to restore the pool of reduced GSH, the
stimulation of GSH de novo synthesis might offer the potential of complementary
treatment.

9



Monitoring endogenous radical processes

De novo GSH synthesis is performed in two enzymatic reactions: (i) the rate-limiting
conjugation of a glutamate γ-carbonyl group with the amino group of a cysteine by
glutamate cysteine ligase (GCL),29 and (ii) condensation with a glycine catalyzed
by glutathione synthetase (GS). (Figure 2.1) Competitive feedback inhibition by
GSH on GCL prevents production of excess GSH.

Further regulation of GCL is given by the transcription factor nuclear factor-erythroid
2-related factor-2 (Nrf2), which is anchored in the cytosol via Keap1. In case of ox-
idative stress, cysteine residues in Keap1 are subjected to oxidation by electrophiles
and oxidants, which goes along with release and translocation of Nrf2 into the nu-
cleus. There, Nrf2 binds the ARE3 sequence promoter region and induces transcrip-
tion of genes involved in antioxidant defense, e.g. GCL.30

In-cell EPR spectroscopy is ideally suited to investigate free radicals arising in many
processes in biological systems such as oxidation, catalysis, and polymerization re-
actions. However, endogenous radicals often have a very short life.31 Spin trapping
of the free radical by addition to the double bond of a diamagnetic spin trap to yield
a more stable free radical was used for EPR spectroscopic investigations of those
short-living species in cells.32–34 Direct investigation of the free radical species was
achieved for a partially reduced semiquinone radical in shock-frozen E. coli after
overexpression of a light–oxygen–voltage photoreceptor variant.35

In this chapter, in-cell EPR spectroscopy is used to detect a radical anion as active
intermediate in a nitrofurantoin-induced Nrf2-dependent redox regulation at room
temperature.

2.1.2 A new way to foster cellular antioxidant capacity
In a recent study prior to the experiments reported in this chapter, the antibiotic
nitrofurantoin (NFT) was identified to stimulate GSH de novo synthesis in human
hepatoma cells.5 Biochemical experiments suggest enzymatic activation of NFT to
yield a radical anion that induces Nrf2-dependent induction of glutamate-cysteine
ligase (GCL) trancription. GCL then promotes the rate-limiting step in GSH de
novo synthesis by catalyzing the condensation reaction of glutamate (Glu) and cys-
teine (Cys) to yield γ-Glu-Cys. (Figure 2.1)

While classic biochemical assays are not able to assess the presence of the radical
anion, EPR spectroscopy offers the potential to detect this paramagnetic species
even in the context of living cells. Cell viability was shown to be unaffected in
presence of NFT concentrations below 100 µM even at incubation periods of up to
6 days.5 This biologically acceptable concentration is covered within the sensitivity
range of EPR spectroscopy.
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EPR spectra

Figure 2.1: Nitrofurantoin radical anion (NFT·– ) initiates intracellular de novo syn-
thesis of glutathione (GSH) by nuclear respiratory factor 2 (Nrf2, pink)
mediated induction of glutamate-cysteine ligase (GCL, yellow) tran-
scription. GCL promotes the production of γ-glutamylcystein out of
l-glutamate (Glu) and l-cysteine (Cys), which is further ligated with
glycine (Gly) to yield GSH in a glutathione synthetase (GS, light blue)
mediated manner.

2.2 EPR spectra

EPR spectroscopy uses microwave radiation to gather information about unpaired
electrons, their quantity, and their environment. Since biological cells have a low
EPR background, this method offers the potential to study cellular processes involv-
ing unpaired electrons in their native environment.

The EPR spectrum is characterized by a g-factor that is specific for the paramagnetic
species and independent of the microwave frequency, and the hyperfine coupling A
resulting from interaction of the unpaired electron with adjacent nuclear spins.36
The number of hyperfine lines for each hyperfine coupling is equal to 2nI+ 1, where
n is the number of the symmetry equivalent nuclei and I is the nuclear spin.36
Conventional CW EPR spectroscopes use field modulation combined with phase-
sensitive detection to obtain a good signal-to-noise ratio (SNR). The first derivative
of the absorption is detected. In case that the modulation amplitude is larger than
the narrowest spectral feature, the resulting overmodulation effect can be taken into
account by spectral simulation.37–39
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2.3 Evidence of the radical anion by EPR
spectroscopy

After successful biochemical demonstration of de novo synthesis of GSH by nitrofu-
rantoin,5 (section 2.1.2) it was still pending to demonstrate the way of interaction.
Within this work, CW EPR was used to verify the occurrence of a radical anion.

2.3.1 Direct observation of a NFT radical anion in vitro
In order to unravel the mechanism of NFT-induced Nrf2 activation, the special fo-
cus was set on the activation of NFT to yield an activated radical anion (NFT·– )
capable to oxidize cysteines in the Nrf2-Keap1 complex. This one-electron reduc-
tion by flavoprotein-reductases had been achieved in the past by incubation of NFT
with cell or tissue homogenates, isolated mitochondria, or microsomes.40–44 Micro-
somes are heterogenous vesicle-like artifacts of 20 nm to 200 nm diameter and are
re-formed from pieces of the endoplasmic reticulum.40–44 Since the liver acts as the
main detoxification organ in animals and is exposed to dietary ingredients, environ-
mental toxicants and pharmacological compounds, liver cells serve as ideal model
cells for the identification of drug targets.

Here, the ability of cellular components of liver cells to form a radical anion from
NFT was tested. HepG2 liver cells were lyzed and cell debris was removed via
centrifugation at 10 000 g. Subsequently, soluble proteins were removed via centrifu-
gation at 100 000 g to yield microsomes as a pellet. Resolved microsomes (1 mg mL−1

protein) were then supplemented with 5 mM NFT and 10 mM NADPH in the pres-
ence or absence of flavoenzyme inhibitor diphenyleneiodonium (DPI) (10 µM), which
hinders oxidation of NADPH by inhibition of NADPH oxidase. A clear EPR signal
was obtained only in presence of microsomes, NFT, and NADPH. (Figure 2.2A) In
absence of microsomes, no EPR signal was detected, indicating the need for cellular
reductases. Moreover, the signal was suppressed in presence of DPI. (Figure 2.2B)

The EPR signal shows a multiline hyperfine pattern, which reflects the degree of
delocalization of the radical.45 The electron spin is coupled with the nuclear spins
of 8 cores in the NFT molecule. (Figure 2.5, Table 2.1) In order to increase the
signal-to-noise ratio (SNR), overmodulation with a modulation amplitude of 5 G
was applied, thus causing an artificial line broadening and reduction of the resolu-
tion going along with reduction of the observed hyperfine lines.46
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Evidence of the radical anion by EPR spectroscopy

Figure 2.2: EPR signals plotted against the magnetic field (B). Spectra of micro-
somes supplemented with NADPH and nitrofurantoin in the A) absence
or B) presence of flavoenzyme inhibitor diphenyleneiodonium (DPI).
117 scans were accumulated for each sample and background-corrected
by subtraction of the spectrum obtained in the presence of microsomes
and NADPH but absence of NFT.

2.3.2 Direct observation of a NFT radical anion in cells

Next, the radical generation in living cells was investigated. Therefore, intact de-
tached HepG2 (1× 106 cells/mL) in serum free medium were incubated in the ab-
sence or presence of 5 mM NFT. An EPR signal with the same spectral shape as
found for the in vitro generation of the NFT radical anion was obtained only in the
presence of NFT. (Figure 2.3)

Figure 2.3: EPR signal of cells supplemented with NADPH in theA) presence or B)
absence of nitrofurantoin. 12 scans were accumulated for each sample
and baseline-corrected.
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2.3.3 Spectral simulation confirms the identity
Detection of paramagnetic species upon NFT exposure to cellular components or
whole liver cells strongly indicated the generation of NFT·– . In order to confirm the
identity of the EPR-active species, spectral simulations were performed. In former
studies, the nitrofurantoin anion radical spectrum was simulated.40;42 (Table 2.1)
Based on slight variation of these parameters, (section 6.8.1) the spectra obtained
from microsomes in the presence of NFT were approximated. (Figure 2.4, Table 2.1)
Interacting nuclei are illustrated in figure 2.5.

Figure 2.4: A) Experimental EPR spectrum obtained from addition of NFT to mi-
crosomes. B) Spectral simulation with an intrinsic linwidth of 3 G and
the hyperfine coupling constants shown in table 2.1 were obtained with
the use of EasySpin.47

Table 2.1: Comparison of hyperfine coupling constants obtained from simulation of
experimental spectra and from literature.42

Hyperfine coupling constants / G
Atom number
in figure 2.5

Assignment Miller et al.42 Figure 2.4

1 aN
NO2

10.87 10.93
2 aH

4 5.77 5.82
3 aH

3 1.51 1.87
4 aH

CH−−N 0.81 0.82
5 aN

CH−−N 2.29 2.34
6 aH

>N-CH2- 0.70 0.81
7 aN

-N< 0.17 0.10
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Conclusion

Figure 2.5: Structural formula of nitrofurantoin. Nuclear cores that contribute to
the hyperfine splitting are indicated.42

2.4 Conclusion
The rare occurrence of paramagnetic species in organisms, tissues, cells, and other
biological materials makes EPR spectroscopy a valuable tool to detect processes that
involve radical species. Here, it was used to confirm the formation of the NFT radical
anion in the presence of HepG2-derived microsomes and NADPH. The flavoenzyme
inhibitor diphenyleneiodium DPI allowed to prevent detection of a paramagnetic
species. For the first time, formation of the radical was demonstrated in live HepG2
cells treated with NFT. Spectral simulations enabled to confirm the identity of the
NFT radical anion. In combination with the exclusion of autooxidation by the ab-
sence of an EPR signal in presence of NFT and NADPH alone, the results suggest
the involvement of cellular reductases in NFT activation.

Combined with the results of biochemical investigations,5 the EPR spectroscopic
confirmation of the generation of NFT·– enabled to identify the NFT-based stimu-
lation pathway of the GSH de novo synthesis. While biochemical analysis was used
to decipher NFT-initiated, Nrf2-dependent induction of GCL going along with an
elevation of intracellular glutathione, only EPR measurements enabled to detect the
NFT radical anion to be an active intermediate in the pathway.
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3 Investigation of large protein
complexes

This chapter is partly published in Fries et al.6

One of the largest and most important complex in living cells is the ribosome. Ri-
bosomes consist of ribosomal RNA (rRNA) and associated proteins, and catalyze
protein biosynthesis in a process called translation. During this process, informa-
tion encoded on a messenger RNA (mRNA) is translated into a polypeptide chain,
the primary structure of a protein. Since production of proteins is essential for all
organisms, ribosomes are crucial for all living cells.

The overall structure of the two eukaryotic ribosomal subunits (40S and 60S) have
been resolved by crystallization.48;49 However, many details about the dynamic pro-
cesses and structural flexibility of RNA-protein complexes during protein translation
are unknown yet. Improvements in cryo-electron microscopy (cryo-EM) have en-
abled determination of three-dimensional structures of biomolecules in near native
conditions, and have the potential to reveal conformations of dynamic molecular
complexes.50 Although atomic-resolution has been reported recently,51 this tech-
nique remains elaborate and complex, and is limited by the specimen-tolerated elec-
tron dose.12 Another method to determine the structure of protein complexes is com-
bining NMR spectroscopy with paramagnetic relaxation enhancement (PRE),52;53
residual dipolar coupling (RDC),52 and small-angle X-ray scattering (SAXS).53–55
However, these techniques have not been applied successfully on RNA-protein com-
plexes due to high-resonance overlap, line broadening and low proton density in the
RNA parts.56;57

In contrast to these methods frequently used in structural biology, EPR spectroscopy
offers the possibility to investigate large complexes independent of their size. Even
eukaryotic ribosomes, which range in size from 3.3 MDa in lower eukaryotes to
4.0 MDa in higher eukaryotes,58 can be subjected to EPR investigations. Distances
in a range that matches typical dimensions of macromolecular complexes can be mea-
sured with a resolution that is independent of the size of the complex.18;57 Moreover,
EPR spectroscopy is useful to identify interaction sites between ribosomal compo-
nents.

Spin-labeling of RNA was used for EPR studies in the past.59–62 Successful MTSL
labeling was reported for the ribosome elongation factor P (EF-P), which is a three-
domain protein associated with the ribosome.63 However, EPR measurements were
limited to isolated protein so far and analysis of the EF-P-ribosome complex has
not been reported yet. Here, the application of M-Proxyl-labeling enabled EPR
investigations of RAC, and for the first time, protein-SDSL was successfully used to
study a protein in complex with the ribosome.
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3.1 The ribosome associated complex (RAC)

The ribosome interacts with a number of proteins and protein complexes assisting
in protein biosynthesis. Among these proteins, there are chaperones that guide the
initial folding of nascent protein chains into three-dimensional structures.64;65 The
ribosome-associated complex (RAC, 107 kDa) is a conserved eukaryotic chaperone
system.64 The functional interplay between RAC and the ribosome is essential for
proper co-translational folding.66;67

In yeast, the proteins stress-seventy subfamily Z 1 (Ssz1) and zuotin 1 (Zuo1) form a
heterodimeric RAC (Figure 3.1) that stimulates the nascent chain-associated chaper-
one Ssb (stress-seventy subfamily B) and thereby acts as a co-chaperone. Previously,
a four-helix bundle (4HB, amino acids 348–433, PDB 2LWX)68 was found in the
C-terminus of Zuo1 by solution NMR. In combination with an electron density
map obtained by cryo-EM of ribosome-associated RAC and modeling of the subunit
spanning helix in Zuo1’s middle domain (MD, amino acids 284–364), a structural
model of Zuo1 in complex with the ribosome was proposed.69 The combination of
a crystal structure of Zuo1 (PDB 5DJE) and cross-linking experiments provided
further information about chaperone-ribosome interactions.66

The 60S-binding N-terminal domain of Zuo1 binds to Ssz1 and contains a J-domain,
which is responsible for stimulation of Ssb, and the Zuo1 Homology Domain (ZHD).
Zuo1’s highly positively charged C-terminus (amino acids 284-364) mediates the
contact with the ES12 expansion segment of helix 44 (H44) in the ribosomal RNA
(rRNA) of the 40S subunit. (Figure 3.1)

Three ribosome-Zuo1 contacts had been found with the use of cryo-EM, two on the
60S, close to the polypeptide exit tunnel, and one on the 40S subunit contacting
the helical RNA element ES12.69 Since ES12 elongates into the ribosomal decod-
ing center, there is a pressing assumption that RAC might assist in translation of
polypeptides with folding problems by regulation of the elongation speed and re-
cruitment of Ssb.

However, it is not known whether current models describe the highly dynamic sit-
uation of full-length RAC bound to the ribosome in an accurate way. Moreover,
the relative position of the C-terminal region of Zuo1 towards the ribosome remains
unclear.6 Here, EPR spectroscopy was applied in order to analyze the functional in-
terplay between RAC and the yeast ribosome (3.3 MDa70) and to support or dissent
the structural model based on cryo-EM, solution NMR and computational modeling.
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The ribosome associated complex (RAC)

Figure 3.1: Domain organization of Zuo1 and its interaction with the ribosome.
A) Domains: N-terminal domain (ND), J-domain (JD), Zuo1 homol-
ogy domain (ZHD), middle domain (MD), four-helix bundle (4HB).68;71
The labeling positions for EPR spectroscopy (cysteine substitutions) are
marked. B) Model of the RAC-ribosome complex. The two eukaryotic
ribosomal subunits 40S and 60S, as well as helix 44 (H44) of 18S rRNA69

including the expansion segment 12 (ES12) are illustrated. Adapted
from6.
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3.2 Techniques used to investigate RAC

3.2.1 Site-directed spin-labeleing (SDSL)
For investigations of biological cells, tissues or whole organisms, one of the main
advantages of EPR compared to NMR spectroscopy is the low background signal
owing to low concentrations of EPR-active paramagnetic species such as metal ions
or radicals in the context of cells, resulting in a low background signal. For highly
sensitive investigations of otherwise EPR-silent proteins, paramagnetic centers such
as stable organic nitroxide radicals or transition metal ion complexes are introduced
via site-directed spin labeling (SDSL).72

Cysteine residues are favored targets because of their low abundance as well as
unique nucleophilicity and redox behavior.73 The linking group of the spin label
reagent determines the conjucation strategy as well as stability and rigidity of the
resulting bond. While labeling strategy and linker stability have to be considered for
experimental design, linker rigidity has a high impact on spectroscopic characteris-
tics, decides about the label’s usability to sense environmental changes, and defines
accuracy in distance determinations. The most popular cysteine labeling strategies
involve labels containing a thiosulfonate ester, maleimide, or iodoacetamide, and are
attached to cysteines via electrophilic substitution or Michael addition. (Figure 3.2)

Figure 3.2: Cysteine labeling strategies. Labeling of cysteine in an exemplary
protein (PDB ID 2ZA4)74 with A) Methanethiosulfonate spin la-
bel (MTSL), resulting in disulfide-linked label R1, B) 3-Maleimido-
PROXYL (M-Proxyl) and M-TETPO/MAG, and C) IA-Proxyl and
IAG. Adapted from4.
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3.2.2 Rotational mobility studied by EPR spectroscopy
Continuous wave (CW) EPR spectra contain information about spin label motion.75
Rotational mobility of a molecule is quantified by the rotational correlation time τr,
which is the time that is required to rotate through one radian.36 It depends on
the size and geometry of the molecule and its environment. If the paramagnetic
species is associated with a larger molecule, e.g. a protein, the overall dynamics is
influenced by the linkage, adjacent secondary structure elements, and the size of the
entire conjugate.

A freely tumbling nitroxide, for example, yields an EPR spectrum with three sharp
lines of nearly equal height.76 (Figure 3.3A) If tumbling is not fast enough to average
the g and A anisotropy, spectral broadening and other characteristic features of the
line shape appear. They can be used to determine the rotational correlation time
τr.36 (Figure 3.3)

Figure 3.3: A set of simulated EPR spectra of a nitroxide radical corresponding to
different motional regimes characterized by various rotational correlation
times τr was obtained with the use of EasySpin47 functions:
A) τr=0.1 ns, B) τr=1 ns, C) τr=5 ns.

Continuous wave (CW) EPR spectroscopy is applied to monitor the mobility of
paramagnetic centers. Besides full spectral simulation and least-square fitting,47;77;78
several semi-quantitative methods have been applied in order to quantify experimen-
tal spectra and extract τr: (i) the ratio between peak-to-peak amplitudes of lateral
and central lines79, (ii) the peak-to-peak width of central line, or (iii) the outer line
splitting.80;81 In this work, two other empiric factors are introduced and applied to
quantify the spectral broadening. (Chapters 3.3.4, 4.8.6)
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The attachment of a single spin label to an otherwise diamagnetic target (sec-
tions 3.2.1, 4.2) enables the study of the rotational mobility of the spin label and thus
allows conclusions about conformational changes and binding of interaction partners
of the target molecule.82;83 EPR combined with SDSL is virtually background-free
and offers high sensitivity, which makes it a valuable tool in protein science.

3.2.3 Long range distance restraints
Distance measurements by magnetic resonance techniques exploit the dependence
of the frequency of the dipole-dipole coupling ωdd between two electron spins on
their distance r: ωdd ∝ 1

r3 .84;85 Distances between two paramagnetic species in
the nanometer range can be measured by EPR experiments, which is in the relevant
length scale of a large variety of biomacromolecules.86 Intramolecular distance deter-
mination is of special interest (i) to get an initial structural model of macromolecules
that cannot be crystallized easily,87;88 (ii) to sense structural rearrangements,89 and
(iii) to test structured models by distance restraints in their full length and natural
environment.

While line-shape analysis of spectral broadening in EPR spectra is able to determine
distances in the range of 0.8 nm to 2.0 nm,90;91 the dipole-dipole coupling must be
separated from the other contributions to the spin Hamiltonian (Zeeman interaction,
hyperfine couplings), to detect longer distances up to 17 nm.92 This is achieved by
pulsed EPR techniques.84;86

The proper choice of the pulse sequence and measurement conditions determines
the length and the width of the distances that can successfully be measured.86 For
biomolecules, the most commonly applied pulse technique is double electron-electron
resonance (DEER).18

Double electron-electron resonance (DEER), sometimes also referred to as pulsed
electron double resonance (PELDOR), has been extensively reviewed in the past
with detailed explanations about the underlying theory.18;84;86;86;93–96 The following
section will only provide a short overview.

In a four-pulse DEER experiment a refocused primary echo sequence at the observer
frequency ωA with fixed interpulse delays is used for detection. An inversion pulse
at the pump frequency ωB is applied at a variable time t with respect to the first
observer echo. (Figure 3.4A) For coupled spins A and B, the inversion pulse causes
the modulation of the observer echo amplitude at the dipolar frequence ωdd.

The echo amplitude V as a function of time t is given by

V (t) =
∏
i

1− λi [1− cos(ωdd,it)],

with the modulation depth parameter λ that depends on the fraction of excited
spins, and the contributions from the dipolar coupling ωdd.
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ωdd = 1
r3
µ0g1g2µ

2
B

4π~ (3 cos2 θ − 1),

with the interspin distance r, g1 and g2 g-factors of the electrons, the Bohr magne-
ton µB, the magnetic constant µ0, the reduced Planck constant ~, and the angle θ
between the spin-spin vector and the direction of the external magnetic field.

If more than one B spin is within the sensitive distance range, the signal takes the
form V (t) = F (t) ·B(t), with the form factor F (t) being the product of all possible
pair contributions, and B(t) is the background function.97 The form of the DEER
background B(t) depends on the decay rate constant κd and the dimensionality d:
B(t, λ) = exp(−κdλ|t|d/3).98

For background correction, B(t) is either determined experimentally by measuring
a sample with a single spin moiety, or analytically by fitting an exponential back-
ground decay assuming a homogeneous distribution.99 After background correction
by division of the original signal V (t) by the background B(t), the form factor F (t)
is obtained. (Figure 3.4B,C) Computation of a distance distribution P (r) from F (t)
is an ill-posed problem and can be addressed by approximate pake transformation,
Tikhonov regularization, model-based fitting, or with the help of deep neural net-
work processing.99;100 (Figure 3.4D) Extraction of the entire distance distribution
as opposed to a single distance, makes DEER especially valuable to resolve discrete
structural sub-states of proteins that undergo conformational changes, e.g. intrinsi-
cally disordered proteins (IDPs, section 4.1).101;102

Single-molecule techniques such as single-molecule Förster resonance energy transfer
display random and stochastic dynamics and therefore allow the detection of het-
erogeneity among different molecules as well as kinetic information.103 In contrast,
ensemble measurements are the key to global analysis and error statistics with in-
creased fitting quality but tend to mask the underlying molecular dynamics because
the measured signals result from unsynchronized averaging of the contributions of all
molecules in the sample.104 DEER distance measurements are performed on bulky
samples and enable precise determination of a distance constraints. Furthermore
they give access to quantitative distance distributions representing the complete
conformational ensemble over a wide range of distances.19
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Figure 3.4: A) Pulse sequence of a four-pulse DEER experiment. Time t is varied
from t < 0 to tmax, and variation of the integral echo intensity in the
window of length pg is recorded. B-D) Schematic drawing of DEER
data analysis: B) Unprocessed four-pulse DEER data V (t) and fitted
background function B(t) (blue). C) Form factor F (t) = V (t)/B(t)
with the modulation depth λ. D) Distance distributions P (r) obtained
by Tikhonov regularization. Experimental details see section 6.6.2.

3.2.4 Multiscale modeling of macromolecules

The use of SDSL in combination with DEER distance determination offers a valu-
able toolbox in protein structure determination. However, besides the structure of
the protein backbone, the spatial orientation of the attached spin label contributes
to the distance distribution. Aiming to take this impact into account, simulations
modeling the label flexibility by various methods including full atom simulations,105
molecular dynamics simulations (MD simulations, section 3.3.2),106–108 or rotamer
library analysis (section 4.7.5) can be used.109;110
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3.3 Investigation of RAC via EPR spectroscopy
3.3.1 SDSL of RAC
Based on a working model built with the use of the available NMR structure of the
4HB68 and the crystal structure of Zuo168, strategic sites for SDSL were determined.
(Figure 3.5) Prior to introduction of new cysteines for labeling, two inherent cys-
teines of Ssz1 were replaced by serines (C81S and C86S). Labeling sites were placed
in the extended helix of the MD (S328C, S335C, K337C), or in different helices of
the 4HB: helix 1 (K351C, K363C), helix 2 (S387C), helix 3 (S395C), and helix 4
(T417C). (Figure 3.1A)

Figure 3.5: Ribbon representation of the yeast 80S ribosome49 (PDB ID 4V88) with
parts of Zuo1. The crystal structure of the ZHD66 (PDB ID 5DJE)
and the NMR structure68 (PDB 2LWX) of the 4HB are connected by a
modeled long alpha-helix as MD and assigned to the ribosome based on
current knowledge.66 Labeling sites are colored. Adapted from6.

Initially, MTSL was chosen as labeling reagent due to well-established labeling proto-
cols and superior spectroscopic properties.111 However, comparison of MTSL-labeled
RAC spectra in the absence or presence of ribosomes revealed limitations of the
spin label: Besides the expected slower component that appeared upon ribosomes-
binding, an additional faster component was observed upon ribosome addition. (Fig-
ure 3.6A) This observation indicates, that the presence of ribosomes leads to la-
bel dissociation from the protein. Therefore, the label reagent was exchanged to
M-Proxyl that did not show this effect. (Figure 3.6B)
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Figure 3.6: RAC K351C labeled with A) MTSL or B) M-Proxyl in the absence
(blue) or presence (dashed yellow) of ribosomes. Spectra were normal-
ized to the maximum intensity.

M-Proxyl was covalently attached (section 6.3.1) to the protein containing either
one or two cysteine sites. In order to exclude impacts on structure and func-
tion of the protein, experiments on protein stability and in vivo functionality, and
MD simulations on the secondary structure were performed.6 Whereas slight weak-
ening of ribosome binding in vitro was observed for some mutants, no negative
impacts on the secondary structure, protein stability, and in vivo functionality were
found.6
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3.3.2 Existence of a long helix and a four-helix bundle
Available structural data on RAC were obtained from structure determination of
protein fragments. However, since structural elements may be influenced by others,
investigations of RAC in its full length was pending. Here, full length RAC was
labeled at two positions and experimental DEER distances were acquired and com-
pared to MD simulations based on the structural working model shown in figure 3.5.

The measured distance distributions between different compartments in the C-
terminus of RAC in solution matched the predicted ones in most cases, (Figure 3.7)
confirming the existence of the 4HB and the long helix in solution. Smaller devia-
tions may result from differences in the side-chain conformation between the crys-
talline state and the state in solution or the negligence of interactions other than
repulsion and dispersion forces (Lennard-Jones potential) in computing the energy
of spin-label/protein interaction.112

Figure 3.7: Experimental distance distributions P (r) of RAC without ribosomes
(blue lines). Shaded areas represent the uncertainty range according
to the validation (light blue). Comparison to distance restraints and
their standard deviation of clustered structures obtained from two inde-
pendent MD simulations (pink). Labeled sites and location within the
protein structural model are indicated. Adapted from6.
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3.3.3 Zuo1’s structure in the RAC ribosome-complex
In order to elucidate possible conformational rearrangements that may occur upon
ribosome binding, the same set of measurements was performed with ribosome-
associated RAC. DEER form factors of RAC in the presence of ribosomes were
compared to the ones measured in solution. (Figure 3.8) No significant changes
of the form factors were found. Consequently, no major structural rearrangements
appear to happen upon ribosome binding.

Figure 3.8: DEER traces of RAC. Form factors F (t) = V (t)/B(t) (dotted) and cor-
responding Tikhonov regularization fits (line) of M-Proxyl-labeled RAC
variants in solution (blue) were compared to the ones that were com-
plexed with ribosomes (yellow). Form factors F (t) were normalized to
the modulation depth λ. Raw data can be found in figure 7.6. Adapted
from6.

Measurements presented in figure 3.8 were conducted with empty 80S ribosomes
without a nascent polypeptide. In the standard procedure, the ribosomes were
treated with puromycin to release the polypeptide. However, dynamic rearrange-
ments are expected during translation. Therefore, the ribosomes were prepared with
an adapted protocol that aimes to preserve the translational state by the abandon-
ment of puromycin. (Section 6.2.5) Subsequently, the actively translating polysome
fraction was collectded and two measurements were repeated. (Figure 3.9) The ob-
tained form factors of the measurements of RAC K351C S328C (helix 1 - MD) and
RAC K351C T417C (helix 1 - helix 4) were similar to those with empty ribosomes.
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Figure 3.9: Form factors F (t)/F (0) from DEER measurements with RAC incubated
with either vacant (yellow) or presumably more active ribosomes (green).
Raw data can be found in figure 7.7. Adapted from6.

3.3.4 Identification of a local contact point between RAC and
the ribosome

The previous knowledge of interaction sites between RAC and the ribosome had
been obtained from cryo-EM and cross-linking experiments, which were not able to
directly predict the relative orientation of Zuo1 to the ribosome. Here, EPR spec-
tral shape analysis was used to sense ribosome contacts of single protein sites. Local
binding of the labeled site with the ribosome leads to restriction of the rotational
freedom of the label and thereby results in spectral broadening.

The CW EPR spectra in figure 3.10A,B were obtained from M-Proxyl-labeled RAC
variants with single labeling sites in helix 1 of the 4HB. Full spectral simulation was
not possible with a single, isotropic component, which might result from the complex
environment of the label attached to the protein.113–118 Upon ribosome binding, sig-
nificant spectral changes including a characteristic peak at 3404.6 G were observed
for M-Proxyl labeled RAC K351C, whereas for the K363C variant only minor broad-
ening was found. In order to quantify this effect, the low field peak that appeared
upon ribosome binding was consulted and the ratios of the EPR intensities at two
distinct magnetic fields were compared. These low field peak ratios (LFPR) were
normalized to the respective spectra obtained from measurements without ribo-
somes. (Figure 3.10C, section 6.7.2)
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Figure 3.10: EPR spectra of RAC labeled in helix 1 of Zuo1’s 4HB. Spectra of
M-Proxyl-labeled A) RAC K351C and B) RAC K363C in the absence
(blue) or presence of wt (yellow) or ES12Δ10 (green) ribosomes. Sig-
nificant spectral features as represented by low field peaks at 3404.6 G
and 3414.8 G are highlighted by black lines. C) The intensity ratio at
the position of the two low field peaks (low field peak ratio, LFPR) was
calculated for spectra with ribosomes and normalized to the respective
ratio in the absence of ribosomes. Error bars indicate the noise–low
field peak signal ratio. (Section 6.7.2) Adapted from6.

To exclude that the strong effect observed for M-Proxyl-labeled RAC K351C was un-
specific or independent of ribosome binding, ribosomes lacking 10 nucleotide bases in
the Zuo1 contact site of the rRNA expansion segment ES12 were applied. (ES12Δ10)
As revealed by the LFPR, almost no spectral broadening was observed, which leads
to the conclusion that the strong effect of M-Proxyl-labeled RAC K351C was spe-
cific and derived from ribosome binding. (Figure 3.10) This result was supported
by biochemical ribosome binding assays.6

A series of control measurements supporting amino acid position 351 as interaction
site was conducted by proline-induced unfolding of helix 1. Therefore, a lysine
(K) and an arginine (R) were replaced by prolines (P). The loss of the secondary
structure of the resulting RAC KR→PP variant was predicted by MD simulations6
and supported by DEER measurements. (Figure 3.11)
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Figure 3.11: Unfolding of helix 1. DEER experiments on M-Proxyl-labeled RAC
K351C K363C with intact 4HB (green) compared the variant with
proline-induced unfolding of helix 1 (KR→PP, blue) A) Form factors
F (t) = V (t)/B(t) (dotted) and Tikhonov regularization fits (line). B)
Experimental distance distributions (dark green and blue) including
validation (light green and blue, section 6.7.2). Adapted from6.

Figure 3.12: X-band EPR spectra of RAC KR→PP labeled in helix 1 of Zuo1’s
4HB. Spectra of M-Proxyl-labeled A) RAC KR→PP K351C and B)
RAC KR→PP K363C in the absence (blue) or presence of wt (yellow)
or ES12Δ10 ribosomes. Significant spectral features as represented
by low field peaks at 3404.6 G and 3414.8 G are highlighted by black
lines. C) The intensity ratio at the position of the two low field peaks
(low field peak ratio, LFPR) was calculated for spectra with ribosomes
and normalized to the respective ratio in the absence of ribosomes.
Error bars indicate the noise–low field peak signal ratio. (Section 6.7.2)
Adapted from6.
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Analysis of the LFPR of the singly labeled RAC KR→PP variants (Figure 3.12)
revealed that the presence of neither wild type (wt) nor ES12Δ10 ribosomes had an
influence on the spectral shape. (Figure 3.12) The strongly reduced binding effect
was supported by biochemical ribosome binding assays.6

As shown by analysis of rotational mobility via calculation of the LFPR, disruption
of both Zuo1’s helix 1 and the ribosomal ES12 leads to interferences in the interaction
of RAC with the ribosomes. Consequently, spectral broadening of M-Proxyl-labeled
RAC K351C associated with 80S ribosomes is a correlate of local protein-ribosome
interaction at this position. The working model obtained from a combined approach
of cryo-EM, NMR, and molecular modeling had to be adapted by rotation in a way
that K351 is close to ES12. (Figure 3.13)

3.4 Conclusion
The structure of RAC associated to the ribosome is essential for co-translational
folding and high translational fidelity.67;119 Available structural models raise the hy-
pothesis that RAC is recruited by polypeptides with perturbances in protein folding.
In this study, Zuo1’s C-terminal structure was under special focus since it interacts
with the ribosomal expansion segment ES12 and may thereby influence translational
accuracy and speed.

Previous studies predicted a C-terminal 4HB and an extended helix as middle do-
main (MD). However, the 4HB was determined only from structural studies on
protein parts and the extended helix was based on modeling from the primary struc-
ture. Here, DEER measurements were used to confirm the existence of the 4HB in
full length RAC. Moreover, by this, a first experimental verification of the predicted
secondary structure in the MD was obtained.

Comparison between DEER form factors of RAC in solution compared to the RAC-
ribosome complex revealed that the RAC structure in solution was astonishingly
rigid and similar to the one on the ribosome. Moreover, no significant rearrange-
ment between RAC associated with vacant or nascent chain-carrying ribosomes was
found, meaning that at least no changes within the detection limit of DEER (1.8 nm
to 17 nm) take place at Zuo1’s C-terminus.

Nevertheless, since translation requires a conformational switch for signal trans-
duction between the decoding center and the nascent polypeptide exit tunnel, a
more flexible region might probably be found in another region of Zuo1. Lately,
a study based on crystallography, chemical crosslinking, fluorescence anisotropy,
and ribosome-binding affinity measurements confirmed our results and found the
N-terminus of Zuo1 to be flexible and to modulate nascent chain transfer.120
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Conclusion

With the use of CW mobility measurements, the position of Zuo1 relative to the 40S
ribosomal subunit was investigated. (Section 3.3.4) K351 but not K363 was found
to strongly interact with ES12, and the working model was adapted by rotation.
(Figure 3.13)

Figure 3.13: Structural model of Zuo1’s C-terminal region and its interaction with
ES12 involving K351. A) Ribbon presentation of the modeled MD and
4HB of Zuo1’s C-terminus with residues used for EPR measurements
shown as sticks. B) Model of Zuo1’s C-terminus in a space filling
illustration (blue: electropositive surface areas and red electronegative
surface area) and its putative interaction with ES12 (red) of the 40S
subunit (beige) involving amino acid side chain K351 of Zuo1. Adapted
from6.
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4 In-cell studies of intrinsically
disordered proteins (IDPs)

4.1 Alpha-synuclein: A model for IDPs
Intrinsically disordered proteins (IDPs) are highly abundant in eukaryotic cells.
More than 30 % of eukaryotic proteins comprise disordered regions.121–132 Although
yet poorly understood, their physiological relevance e.g. in regulatory pathways is
becoming increasingly recognized. IDPs lack a well-defined three-dimensional fold,
display remarkable conformational flexibility, and are able to undergo conforma-
tional transitions.133;134 These characteristics indicate their potential in interactions
with other bio-macromolecules going along with a conformational switch according
to the needed function.

IDPs were identified to be present in inclusion bodies that are common among
neurodegenerative diseases such as Parkinson’s Disease (PD), Alzheimer’s (AD),
Huntington’s disease (HD), and prion diseases.135 These inclusion bodies usually
consist of fibrils containing misfolded protein with a characteristic cross-β structure,
also called amyloids. Although different IDPs are involved in the differnt disease,
e.g. Aβ and tau in AD or huntingtin in HD, they all lead to degeneration in specific
brain regions and deposits of abnormal proteins in neurons or other cells as well as
extracellular parts.136

The human IDP alpha-synuclein (αS) is one of the typical representatives among
IDPs. It was identified in Lewy bodies, a hallmark of PD.137 The relatively small
size (140 amino acids, 14.5 kDa) of the protein and the lack of a defined secondary
structure in solution138 make it an ideal model candidate for studying IDPs.139

Three regions of αS were found: (i) the amphipathic N-terminal region (amino acid
residues 1 to 60) contains seven imperfect repeats, each 11 amino acids in length, and
has a structural α-helix propensity.140 (ii) The central hydrophobic region formed
by residues 61 to 95 includes the non-amyloid-β component (NAC) region, which
has been shown to be involved in protein aggregation.141 (iii) The C-terminal amino
acids form a highly acidic and proline-rich region and show no distinct structural
propensity.142 (Figure 4.1A)

In its aggregated form, αS forms amyloid fibrils and adapts a cross β-sheet secondary
structure. (Figure 4.1B) Intensive research has been performed on the aggregation
behaviour going along with the early onset of the pathological process including the
existence of oligomeric intermediates.143–145 However, the focus of this work is on
the physiological role of the protein opposed to the irreversible aggregated form.
The interaction with biomolecules such as membranes is of special interest.
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Figure 4.1: A) αS primary structure. Three regions are indicated with different col-
ors. Three labeling positions S9, A27, and A140 (green) are highlighted.
B) Vizualization of conformational switches of M-Proxyl (green) labeled
αS (pink) upon POPG LUV (blue) binding to an α-helical conforma-
tion (PDB ID 1XQ8146), or β-sheet after aggregation (grey, PDB ID
2N0A147). C) Simulation of spectra of M-Proxyl-labeled αS A69C in
the absence (pink) or presence of POPG LUVs (blue), or after treat-
ment with an aggregation protocol (grey) according to Cattani et al.,
based on parameters reported in the same work.148 Spectra were nor-
malized to the same number of spins.

Upon binding to lipid membranes, the N-terminus of αS undergoes a significant con-
formational transition with respect to its monomeric intrinsically disordered form,
with some regions adopting a high level of α-helical structure.142;149–153 (Figure 4.1B)
This ordering process is driven by specific amino acid patterns in the αS sequence,
in particular those coding for amphipathic class A2 lipid-binding α-helical segments
in the region of the molecule spanning residues 1–90.151

EPR spectroscopy in combination with nitroxide SDSL is able to provide rotational
dynamics of the protein sites under study. Since the observed overall dynamics are
composed of tumbling of the whole macromolecule, as well as flexibility of the sec-
ondary structure elements and the labeled side chain,77;111 EPR spectroscopy has
been intensively applied to a variety of investigations of αS membrane binding in
vitro.154–157 (Figure 4.1C)
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These findings highlight that EPR spectroscopy in combination with SDSL provides
a powerful tool to study αS interactions and conformations. However, aiming to-
wards deciphering protein function in the native environment of the protein, investi-
gations in living cells are of high interest. Determination of a unique high-resolution
structure is not possible due to the inherent flexibility of αS. While high back-
ground signal in biological environments interfere with intracellular studies of most
spectroscopic methods, EPR spectroscopy enables nearly background-free measure-
ments.148;158

However, the ability of cells to reduce harmful free radicals poses special challenges
to the EPR-active moiety used as spin labels. Standard nitroxides as used for in
vitro studies of αS possess limited stability resulting in a moderate signal-to-noise
ratio (SNR) in cellular environment. Optimal SNR is found after a certain sampling
time and cannot be increased by accumulating more scans.148 αS was found to be
unstructured in the cell.148;158 However, due to limited sensitivity, it could not be
excluded that up to 20 % of αS might be in a different conformational state.7 Con-
sidering the huge amount of lipid membranes inside living cells, there is a pressing
presumption that the protein might partially be in an α-helical membrane-bound
state.

The following chapter deals with different approaches to address two challenges on
the way towards intracellular investigation of αS: (i) label attachment influencing
the location of SDSL and the possible need to transfer labeled protein into model
cells, and (ii) the resulting SNR that is determined by both the stability of the label
moiety and the spectroscopic technique.

4.2 Towards labeling techniques for in-cell
investigation of IDPs

This section is partly published in2.

Chemoselectivity is key to the application of SDSL–EPR in complex biological en-
vironments. Currently, the most widely employed SDSL approach is labeling of
canonical amino acids. Well established approaches include labeling of cysteines,111
tyrosines,159;160 or lysines.161 (Figure 4.2A) Alternative approaches involve peptide
ligation strategies162 or the use of chelating protein tags.2;163–166 (Figure 4.2B,C)
During the past decade, the use of genetically-encoded noncanonical amino acids167
(ncAA) for SDSL has emerged. The ncAA can thereby either contain a paramag-
netic center itself or provide a reactive group to introduce the paramagnetic center
in a subsequent bioorthogonal conjugation. (Figure 4.2D,E)
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The focus in this work is put on nitroxides for spin labeling owing to to their capabil-
ity to report on viscosity, local dynamics, pH, polarity, H-bond networks, transition
temperatures, and distances towards other spin probes.168 Being small in size, nitrox-
ides minimally perturb the system under investigation, which makes them valuable
tools in biological studies.

Figure 4.2: Protein SDSL strategies. Paramagnetic moieties represented by X·: A)
Labeling of canonical amino acids, e.g. cysteines, B) solid phase pep-
tide synthesis followed by protein ligation, C) chelation by genetically-
encoded peptide tags, D) conjugation of ncAA with side chain Y with
labeling molecule X·-R, and E) genetic encoding of spin-labeled amino
acids (GESLAAA). Adapted from2.
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4.2.1 Advanced cysteine labels
Nitroxides used for cysteine SDSL differ in their overall ring structure, substituents
in α-position to the nitrogen atom, and linkers. (Figure 4.3) The design of the label-
ing reagent influences the mobility of the paramagnetic center, but also the chemical
stability of both the nitroxide and the linker. Different linkers were introduced in
section 3.2.1.

Established nitroxides for cysteine labeling include pyrrolines and pyrrolidines with
methyl- or ethyl α-substituents. (Figure 4.3) Chemically, it is well known that ni-
troxides that are embedded in saturated five-membered rings are less prone towards
reduction than in unsaturated or six-membered ones. Moreover, electron-donating
groups in α-position increase nitroxide stability.169

Figure 4.3: Established nitroxide spin labels used for cysteine labeling.
A) Methanethiosulfonate spin label (MTSL),111 B) 3-Maleimido-
PROXYL (M-Proxyl), C) Maleimido-Tetraethylpyrrolidinyloxy
(M-TETPO)170/Maleimide gem-diethyl spin label (MAG)110, D)
Iodoacetamide gem-diethyl spin label (IAG).110 Chemical features
include ethyl groups (pink) as α-substituents, and thiosulfonate ester
(orange), maleimide (green), or iodoacetamide (blue) as linker group.

While cysteine labeling usually results in high labeling yields, interference with nat-
ural protein function may arise from the requirement to remove naturally occurring
cysteines, and to introduce cysteines at the sites of interest by site-directed muta-
genesis. Aiming for in-cell labeling, endogenous sulfhydryl functions in cells lead
to off-target labeling. Although cysteine SDSL of extracellular loops of membrane
proteins was performed on whole E. coli cells,171–173 labeling inside cells or other
complex biological environments containing thiol functionalities is excluded. Alter-
natively, exogenous, prelabeled proteins can be introduced into the cells of interest,
e.g. via microinjection148;174 or electroporation.158

4.2.2 Noncanonical amino acids (ncAA) used for SDSL
For all living organisms, there is a near-universal genetic code based on four nu-
cleotides and 20 amino acids.167 The translational machinery is evolutionarily con-
served with the exceptions of the atypical amino acids selenocysteine and pyrroly-
sine.167;175 In the last 20 years, redirecting of specific codons - usually one of the
nonsense codons UAG (amber), UAA (ochre), and UAG (opal) - expanded this
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code and enabled incorporation of noncanonical amino acids (ncAA).167 Therefore,
an aminoacyl-tRNA synthetase (aaRS) that loads the cognate tRNA with the spe-
cific ncAA has to be evolved. The resulting tRNA/aaRS pair needs to be orthogonal,
meaning that (i) the synthetase efficiently aminoacylates its cognate tRNA, but min-
imally aminoacylates endogenous tRNAs in the host organism, and (ii) the tRNA
is a substrate for its cognate synthetase but is a poor substrate for endogenous syn-
thetases.176–178 The target protein gene is engineered to contain a nonsense codon at
the position of interest, allowing co-translational incorporation of the ncAA. (Fig-
ure 4.4)

Figure 4.4: Schematic representation of the genetic code expansion. A) A plasmid
encodes for the tRNA (green) / aminoacyl-tRNA-synthetase (aaRS, light
blue) pair that has been evolved to incorporate a non-canonical amino
acid (ncAA, yellow). B) Another plasmid contains the gene of interest
with the amber codon (TAG in DNA resp. UAG in mRNA, pink) that
is recognized by the cognate tRNA. C) Upon introduction of the plas-
mids and the ncAA in cells, the ncAA is incorporated into the target
protein (dark blue) site-specifically using the existing protein translation
machinery at the ribosome (grey).
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Aiming towards in-cell labeling and spectroscopy with the use of conjugation reac-
tions of a paramagnetic species with a ncAA, various demands have to be matched:
The chemical and spectroscopic properties of the spin label should include high sta-
bility of the paramagnetic center and of the linker during labeling and measurement,
as well as low conformational flexibility to reduce contributions of the label on the
measurement results. The employed conjugation reaction has to be biocompatible
and neither the ncAA nor the conjucation reaction conditions must have impact
on protein structure and stability. Moreover, reagents should be cell-permeable and
non-toxic, and all reactions must occur at physiological pH in aqueous environments
and with fast kinetics that match the typically highly dilute target protein concen-
trations in cells. Additionally, translation has to be possible with the translation
components of the expression host.2

In the following sections, the advantages and disadvantages of SDSL approaches in-
volving different ncAA (Figure 4.5) are briefly discussed to identify the most suitable
approach for expression, labeling and spectroscopy in the context of living cells.

Figure 4.5: Overview of ncAA with reported use for SDSL. A) p-acetyl-
l-phenylalanine,179 B) p-azido-l-phenylalanine (pAzF),180 C) p-
ethynyl-l-phenylalanine (pENF),181 D) p-propargyloxy-l-phenylalanine
(pPrF),182 E) p-O-Pentynyl-l-tyrosine (p2yneY),183 F) N -propargyl-
l-Lysine (PrK), G) N6-((cyclooct-2-yn-1-yloxy)carbonyl)-l-lysine
(SCO-K),184;185 H) N6-((((E)-cyclooct-2-en-1yl)oxy)carbonyl)-l-lysine
(TCO-K),184;185 I) N ε-bicyclo[6.1.0]non-2-yn-9-ylmethoxycarbonyl-l-
lysine (BCNK),186 J) spin-labeled lysine 1 (SLK-1).187
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Condensation reactions with ketone amino acids

p-Acetyl-l-phenylalanine (Figure 4.5A) bears a ketone group, which does not occur
in canonical amino acids, and reacts in bioorthogonal condensation reactions.188 This
ncAA had been genetically encoded in E. coli,179 S. cerevisiae,180 and mammalian
cells,189 before the use of for SDSL was shown.190 Bacteriophage T4-lysozyme (T4L)
bearing the ncAA was purified, labeled via ketoxime-formation, (Figure 4.6A) and
crystallography was used to show that the backbone structure was not affected by
the label. Although the label was shown to be useful as a sensor of local structures
and conformational changes in CW EPR spectroscopy, the requirement for a rela-
tively low pH = 4 or the use of p-methoxyaniline as catalyst (at neutral pH) paired
with long reactions times ruled out its use for in-cell labeling approaches. Thus,
ketoxime-formation was only shown on purified protein.

Figure 4.6: A) SDSL oxime formation with ketone ncAA. Reaction of p-acetyl-
l-phenylalanine in T4-lysozyme (T4L) with a hydroxylamine nitroxide
label. The nitroxide of the pyrroline group is linked via a stable C-C
bond in contrast to the redox-sensitive disulfide linkage of R1. (Figure
3.2A) Adapted from2.

Copper(I)-catalzyed azide-alkyne cycloadditions (CuAAC)

In spite of reducing reaction conditions with the potential to interfere with nitroxide
stability191;192 and the cytotoxic properties of copper,193 copper(I)-catalyzed azide-
alkyne [3+2] cycloadditions (CuAAC)194 were used in different contexts of SDSL.
Successful incorporation of ncAA bearing either azide- or alkyne-groups enabled the
use of the respective nitroxide reagents carrying either an alkyne- or an azide-group.
However, azides have been shown to undergo partial reduction in cells,195 which
reduces labeling yields.
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Figure 4.7: SDSL by copper catalyzed azide-alkyne cycloadditions (CuAAC).
A) CuAAC between para-azido-l-phenylalanine (pAzF) and an azido-
proxyl (a) or a pyrrolin-based nitroxide label (b).196;197 B) CuAAC with
N -propargyl-l-Lysine (PrK) and proxyl- or pyrroline-based azides (a
and b).196 CuAAC with either C) 4-ethynyl-l-phenylalanine (pENF),
D) para-propargyloxy-l-phenylalanine (pPrF), or E) para-O-pentynyl-
l-tyrosine (p2yneY) and Az-Proxyl.197
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In the first study reporting SDSL via CuAAC, ncAA derived either from tyrosine or
lysine198 were applied for SDSL in vitro resulting in quantitative labeling in presence
of sodium ascorbate and benzoic acid.196 (Figure 4.7A,B) Although in-cell labeling
was performed, EPR measurements were only possible in vitro after protein purifi-
cation and upconcentration.196

Aiming towards in-cell use of CuAAC, extensive studies on a variety of azide- and
alkyne-bearing ncAA (Figures 4.7A,C-E) were performed considering incorporation
efficiency, metabolic stability, labeling yields, and spectroscopic properties. Para-
ethynylphenylalanine (pENF, Figure 4.5C) and para-propargyloxy-l-phenylalanine
(pPrF, Figure 4.5D) were found to match the requirements.197 In a subsequent study,
pENF was used for in-cell SDSL with Az-Proxyl followed by in-cell EPR distance
determination.199 Moreover, it was shown that in spite of toxic properties of copper,
the required concentrations for CuAAC did not influence cell viability. However,
limitations were found in the limited stability of the proxyl-based nitroxide labels
in cells.

Copper-free azide-alkyne cycloadditions

Copper-free conjugation reactions such as strain-promoted azide–alkyne cycloaddi-
tions (SPAAC) or strain-promoted-inverse-electron-demand Diels–Alder cycloaddi-
tions (SPIEDAC) are ideally suited for cellular protein labeling because of their
excellent bioorthogonality and - in case of SPIEDAC - fast reaction rates.188 pAzF
(Figure 4.5B) were introduced into T4L and labeled with a strained dibenzocyclooc-
tyne nitroxide reagent.200 (Figure 4.8A) The resulting label had a considerable size
and flexibility, and no distance measurements were reported to elucidate the spec-
troscopic properties of the label.

In another SPAAC approach, N ε-bicyclo[6.1.0]non-2-yn-9-ylmethoxycarbonyl-l-ly-
sine (BCNK) and N6-((cyclooct-2-yn-1-yloxy)carbonyl)-l-lysine (SCO-K) were in-
corporated into GFP and labeling performed with Az-Proxyl or an azido-pyrroline
label. (Figure 4.8B,C) However, comparably moderate labeling yields were achieved,
either because of incomplete reaction kinetics in case of BCNK or of limited stability
in case of SCO-K.196

While labeling reagents introduced so far were limited by their nitroxide stabil-
ity, an inverse-electron-demand Diels-Alder (DAinv) cycloaddition was used to label
genetically-encoded SCO-K or TCO-K (Figure 4.5G or H) with a photoactivatable
nitroxide for DAinv reaction (PaNDA).201 (Figure 4.8D,E) Labeling and photoacti-
vation was demonstrated for thioredoxin (TRX) and green fluorescent protein (GFP)
in vitro.201
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Figure 4.8: SDSL via copper-free azide-alkyne cycloadditions. The strained alkyne
can be part of either the label reagent (A) or the ncAA (B-E).D,E) In-
stead of an inherent radical moiety, a nitroxide is exposed after photoac-
tivation and spontaneous oxidation.201
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Direct encoding of spin-labeled ncAA

Despite progress of SDSL by post-translational conjugation with canonical or non-
canonical amino acids for in-cell EPR measurements, many of these approaches are
currently limited by labeling yields or harsh reaction conditions. Often they require
introduction of the prelabeled proteins into the cell, which is typically achieved by
microinjection,148;170 electroporation,158 or hypo-osmotic shock.202 All these tech-
niques do not result in physiological concentrations and localizations of target pro-
teins.

The encoding of nitroxide ncAA has the potential for direct intracellular labeling
of proteins that have been naturally translated, folded, transported and modified
by the host organism, and hence enables studies of significantly increased biological
relevance.

The spin-labeled lysine 1 (SLK-1, Figure 4.5J) was co-translationally incorporated
into overexpressed GFP and TRX in E. coli cells (Figure 4.9) by use of an evolved
tRNAPyl/PylRS-SL1 pair.187 Labeled protein was detected in E. coli host cells by
CW EPR measurements without the need of protein extraction, up-concentration,
or transfection. However, a limited stability of the employed nitroxide in the re-
ductive intracellular environment was observed, going along with low modulation
depths in DEER measurements, and no in-cell distance was reported.

Nevertheless, an experimental comparison of SLK-1 and the MTSL-labeled TRX
by in vitro DEER revealed similar widths of the distance distributions, confirming
suitable properties for DEER distance determination.187;203

Figure 4.9: The genetically-encoded artificial amino acid SLK-1 enables direct incor-
poration of the nitroxide label during gene expression. Adapted from2.
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4.3 Spectroscopic techniques used to study IDPs
Rotational mobility (section 3.2.2) and DEER measurements (section 3.2.3) were
performed as described in sections 6.6.1 and 6.6.2.

4.3.1 Rapid scan (RS) EPR spectroscopy
In rapid scan (RS) EPR spectroscopy the magnetic field is scanned through reso-
nance in a time that is short relative to the electron spin relaxation time.204 Due to
the short time on resonance, higher microwave powers can be used without saturat-
ing the system, which can improve SNR compared to CW EPR.205 Therefore, RS
EPR spectroscopy features higher sensitivity as conventional EPR techniques, which
makes it a promising one for intracellular investigations of moacromolecules.206–208
A second advantage can be found in the fast acquisition time of RS spectra (ap-
proximately 10 ns), which enables detection of short living species, signal averaging,
and high time resolution.

In conventional CW EPR spectroscopy, the main magnetic field is scanned slowly
through resonance with a superimposed field modulation of typically 100 kHz.209
(Figure 4.10A) With the use of phase sensitive detection, the first-derivative spec-
trum is obtained point-by-point by slowly stepping the magnetic field.209 The am-
plitude of the detected signal is proportional to the magnitude of the field modula-
tion.209 However, if the modulation amplitude is larger than 1/4 of the linewidth,
the detected signal is broader than the slope of the actual spectrum.209

In RS EPR, the magnetic field is modulated with amplitudes that are large relative
to the linewidth and the full EPR signal amplitude is detected directly.209 (Fig-
ure 4.10B) Detection of the absorption instead of the first derivative is especially
advantageous for techniques that rely on the absorption spectrum since interconver-
tion between the first derivative signal and the absorption changes the noise of the
data.205 Typical applications therefore include EPR imaging205 and calculation of
spin concentrations.210

If the scan time is long relative to the electron spin relaxation times, the resulting sig-
nal is similar to the one obtained by integration of the conventional CW spectrum.205
If the scan time is short relative to electron spin relaxation times, oscillations are
observed on the trailing edge of the signal, which can be mathematically modeled
and the slow-scan absorption spectrum can be obtained by deconvolution.205

Generation of stable magnetic scan waveforms is critical for RS measurements.211
Successful RS measurements have been performed at X-band,212;213 250 MHz,214
800 MHz,211 and L-band.215 Applications include spin trapping,207;216 RS imaging217

of spin trapping agents such as tetracyanoquinodimethane (TCNQ),218 lithium ph-
thalocyanine (LiPc),218 lithium phthalocyanine (LiPc),218 nitroxides,217;219–221 and
pH sensitive trityls,221;222 as well as in vivo imaging.223 Towards application of RS
EPR spectroscopy of spin-labeled macromolecules, its use for immobilized nitroxides
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was demonstrated.205;224 Nevertheless, the use of site-directed spin labeling (SDSL)
in combination with RS EPR spectroscopy has not been reported yet.

Figure 4.10: Schematic comparison of CW and RS for a single-line EPR spectrum.
(blue) A) In a CW experiment, the signal is point-wise encoded by
phase-sensitive detection at the modulation frequency. B) In a RS
experiment the center field is held constant and an additional field
is rapidly varied across the full spectrum. The full amplitude of the
spectrum is detected in each sweep. Image adapted from209.
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4.3.2 Secondary structures determined by CD spectroscopy
Plane polarized light consists of two circularly polarized components of equal magni-
tude, one rotating counter-clockwise (left handed, l) and the other clockwise (right
handed, r). Circular dichroism (CD) refers to the differential absorption of these
components.225 If l and r are absorbed to different extents by optically active (chi-
ral) substances, the resulting radiation is no longer polarized in the original plane
but is said to possess elliptical polarization.225 CD spectrometers measure the ab-
sorption difference between the two circularly polarized components and report it
in terms of the ellipticity θ.

CD spectroscopy is often used to determine the content of secondary structure ele-
ments.226;227 (Figure 4.11) Depending on the secondary structure, CD spectra in the
range of 180 nm to 240 nm show characteristic maxima and minima: The α-helical
spectrum is mainly characterized by two negative bands at 222 nm and 208 nm, and
a positive band at 192 nm.228;229 Random coil CD spectra show a positive signal at
212 nm and a negative one at 195 nm. β-sheets typically exhibit a negative band
near 215 nm and a positive band near 198 nm.229;230 Although the use of CD spec-
troscopy for quantitative analysis of protein structures is complex and error-prone,
it is an excellent method for rapidly evaluating the secondary structure.231;232

Figure 4.11: CD spectra of poly-l-lysine in the α-helical (green), antiparallel β-sheet
(pink), or extended conformation (green). Adapted from231.
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4.4 Spectroscopy of αS in vitro
The interaction of αS with negatively charged large unilamellar vesicles (LUVs, e.g.
consisting of 1-Palmitoyl-2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (POPG))
was intensively studied by CW EPR spectroscopy.154;155;233 While EPR measure-
ments were used to report on the local degree of binding,154;155 CD spectroscopy
was applied to reveal changes in the overall composition of secondary structure ele-
ments.148

Here, three αS cysteine variants were labeled with M-Proxyl, and characteristic CW
EPR and CD spectra in the absence or presence of LUVs were reproduced from
previous studies.154;155;233 (Figure 4.12)

Figure 4.12: CW EPR (left column) and CD (right column) spectra of M-Proxyl-
labeled αS variants in vitro. A) A27C, B) A27C ∆2-11, C) A140C
in the presence of POPG LUVs (light blue dashed line: lipid:protein
= 60, dark blue: lipid:protein = 600), POPC LUVs (yellow dashed
line), or in the absence of vesicles (pink). For experimental details see
sections 6.4.1 and 6.10.
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Binding of αS to negatively charged lipid membranes resulted in reduction of the ro-
tational mobility of the spin label and spectral broadening.154;233;234 The structural
change to a more α-helical conformation was confirmed by CD spectroscopy. How-
ever, in the presence of uncharged, zwitterionic lipid membranes (e.g. consisting of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)), no spectral changes and
therefore no protein-membrane interaction took place. (Figure 4.12A)

As recently described and reproduced in figure 4.12B, deletion of amino acids 2 to
11 with positive overall charge (αS ∆2-11) leads to reduced binding ability of neg-
atively charged phospholipid membranes.155;235 Upon addition of POPG LUVs in a
lipid:protein ratio of 60, only minor spectral changes were found. In figure 4.12B, the
lipid:protein ratio was additionally increased to 600. Whereas CD spectroscopy re-
vealed recovery of the amount of α-helical conformation, EPR measurements showed
that membrane binding was still hampered. (Figure 4.12B)

While CD spectroscopy senses protein conformation of the whole macromolecule,
EPR spectroscopy enables for locally resolved investigations. This effect is illus-
trated by SDSL of αS at position 140. Whereas CD spectroscopy clearly shows an
overall α-helical switch upon interaction with POPG LUVs, EPR spectra remain
the same upon vesicles addition since the C-terminal region remains in solution for
both conformations.236 (Figure 4.12C)
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4.5 Genetic encoding of spin-labeled lysine 1 (SLK-1)
4.5.1 Genetically-encoded spin labels
Aiming towards investigations of αS in mammalian cells, the use of the genetically-
encoded spin-labeled artificial amino acid (GESLAAA), spin-labeled lysine 1 (SLK-1,
Figure 4.13), was expected to be a suitable approach. It has been shown to be useful
for intracellular biosynthesis of spin labeled proteins.187;203;237 No chemical labeling
step is required, and thus minimal interference with the target protein function and
the viability of the host cell is expected, which raises best perspectives for in-cell
EPR studies of endogenous proteins.

In spite of partial loss of paramagnetism due to nitroxide reduction, it was reported
that 52 % of the model protein GFP contained an intact spin label after 20 h expres-
sion in E. coli.187 However, regarding towards in-cell investigation of αS, application
of the GESLAAA approach in human cell lines was pending.

Figure 4.13: Structural formula of A) spin-labeled lysine 1187 (SLK-1) and B) the
reference ncAA N ε-(tert-Butoxycarbonyl)-l-lysine (Boc-Lys).

4.5.2 Genetic encoding of SLK-1 in mammalian cells
In order to expand the application range to mammalian proteins, such as αS, and
study them in their native environment, the reporter construct mCherry-GFP_Y39
_TAG (pNLS-mCherry-GFP_Y39_TAG185;238, Figure 4.14A) was used to transfer
the GESLAAA system238 into human embryonic kidney (HEK) cells. The reporter
contains a single amber codon at GFP Y39. The location of the amber stop codon
enables observation of both general transfection and expression success and of the
incorporation efficiency of the ncAA by fluorescence of mCherry and GFP, respec-
tively.238

Aiming towards high incorporation rates of SLK-1 into the mCherry-GFP reporter,
the PylRS-AF239;240 I413L mutation, which had been shown to improve SLK-1 in-
corporation in E. coli,187 was also used in the eukaryotic plasmid encoding for the
synthetase. It is called PylRS-SL1. (Section 7.1.2)
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Figure 4.14: A) Schematic presentation of the reporter construct mCherry-
GFP_Y39_TAG. B) Fluorescence microscopy images of expressions of
mCherry-GFP constructs in HEK cells with mCherry-GFP_Y39_TAG
amber codon at position GFP-Y39 in the presence or absence of SLK-1
or Boc-Lys (Figure 4.13) as indicated on top of the figure. The used
fluorescence channels are shown on the left side (fluorescent differential
interference contrast (fDIC), mCherry, GFP). Scale bar: 200 µm.
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Here, HEK cells were cotransfected with plasmids encoding the tRNAPyl/PylRS-
SL1 pair and the fusion construct mCherry-GFP_Y39_TAG. (Section 7.1.2) Fluo-
rescence microscopy images revealed expression of both mCherry and GFP only for
cells transfected with both plasmids and in the presence of either SLK-1 or N ε-(tert-
butoxycarbonyl)-l-lysine (Boc-Lys, Figure 4.13). Boc-Lys is a precursor in SLK-1
synthesis and was used as a control to show successful amber suppression without
spin labeling. In the absence of ncAA, only mCherry fluorescence was observed.
(Figure 4.14B)

However, in spite of successful demonstration of SLK-1 incorporation into the re-
porter construct by fluorescence microscopy, the yield of labeled protein was too low
to be detected by EPR spectroscopy. Since HEK cells are known for high protein
expression levels among human cell lines, and successful spin labeling of GFP in
E. coli has previously been shown,187 we decided to test the GESLAAA approach
for αS in bacterial cells instead.

4.5.3 SLK-1 incorporation into αS
In eukaryotic cells, SLK-1 spin labeling was not successful in the model protein
GFP. In contrast, successful SDSL of the protein with this labeling approach had
been demonstrated in E. coli,187;203 and the method was therefore expected to be
directly transferable to label αS with SLK-1 in bacterial cells.

Molecular preparation

In vitro EPR experiments of cysteine-based spin labeling had shown the use of SDSL
in determination of local protein-membrane interaction on various positions of the
protein.154–156;233 In order to exploit the full range of experimental possibilities for
the GESLAAA approach, the amber stop codon was introduced at all positions used
for cysteine SDSL in these studies,154–156;233 namely S9, A18, A27, E35, G41, A56,
A69, A90, and A140. Three additional labeling sites in the C-terminus were added,
namely A107, A124, Q134. Introduction was performed via site-directed mutagen-
esis. (Section 6.2.3) Detailed plamid cards, sequences, and oligonucleotides used as
primers are given in section 7.1.1.

Resulting plamids were cotransformed with pEVOL_PylRS-SL1187 (section 7.1.1)
into competent BL21-Gold(DE3) E. coli cells via heat shock. (Section 6.2.4) This
plasmid encodes for the tRNAPyl/PylRS-SL1 pair in bacteria. Cells containing both
plasmids were selected using the two different antimicrobial resistances of the vec-
tors.

Incorporation tests

A first experimental proof for successful amber suppression at different positions
was performed with the use of Boc-Lys, of which the acceptance by PylRS-SL1
was shown in eukaryotic cells in section 4.5.2. E. coli cells containing both plasmids
pEVOL_PylRS-SL1 (tRNAPyl/PylRS-SL1 pair) and pT7-7_αS with the amber stop
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codon at the specific site were grown and induced in the absence or presence of the
ncAA. (Section 6.3.2) After 6 h, expression was stopped via centrifugation and the
same amount of cells from each sample was used for SDS-PAGE analysis. (Fig-
ure 4.15A)

Figure 4.15: Efficiency of amber suppression in αS (14.5 kDa). A) SDS-PAGE
analysis (15 %) of lyzed cells after 6 h induction in the absence (-) or
presence (+) of Boc-Lys with the amber stop codon at different posi-
tions of αS as indicated. B) Semi-quantitative analysis of αS S9 SLK-1
after ammonium sulfate precipitation with purified αS wt of known con-
centration as reference. C) BCA assay to determine the concentration
of αS S9 SLK-1 after C-tag bead extraction. The resulting protein con-
centration is indicated in green.

Full length αS was obtained only in the presence of the ncAA for all labeling sites.
Bands indicating truncation fragments were found in the absence but also in the
presence of Boc-Lys for labeling positions being closer to the C-terminus than A56.
The absence of smaller fragments can be explained by the resolution limit of the
SDS-PAGE. Furthermore, it can not be excluded that amber suppression works
better at early positions or that small truncation fragments are degraded more effi-
ciently. Starting at position A107, the amount of truncation fragment exceeded the
amount of full length protein. We therefore decided to continue experiments with
the TAG codon at position 9.
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In order to estimate the amount of full length αS S9 SLK-1 achieved via amber
suppression, semi-quantitative SDS-PAGE was performed after protein expression
in the presence of SLK-1 and ammonium sulphate precipitation. (Figure 4.15B)
Furthermore, to include losses from protein purification and to get a more quan-
titative analysis, a BCA assay was performed. (Figure 4.15C, sections 6.2.4 and
6.2.8) Expression yields of 20 mg L−1 cell culture were found of which 15 mg L−1 cell
culture were recaptured after C-tag bead extraction.

In spite of the good protein yields, EPR signals were detected neither in whole cells
nor after protein extraction. Under the applied experimental conditions, a detection
limit of 1 µM spin was expected. Thus, the integrity degree (section 6.3.6) of αS
S9 SLK-1 was below 1 %. The stability of the SLK-1 nitroxide signal in bacterial
cells that was reported for GFP and TRX – two proteins containing a stable and
highly ordered structure – was not reproduced for the IDP αS.

Comparison of amber suppression in TRX and αS

In order to rule out systematic errors that lead to the unusual loss of paramagnetic
species in the GESLAAA approach for αS, direct comparison of the nitroxide signal
after expression of TRX R74 SLK-1 and αS S9 SLK-1 was performed. While CW
EPR measurements of cells after 6 h expression and subsequent purification of TRX
R74 SLK-1 show a decent nitroxide signal corresponding to approximaltely 20 µM
spin, no peak was found for αS S9 SLK-1 meaning that the concentration of para-
magnetic species was below 1 µM. (Figure 4.16)

Figure 4.16: EPR signal of purified αS (pink) and TRX (blue) after expression with
the same protocol.
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Approaches to optimize the active, paramagnetic SLK-1 upon amber
suppression

Aiming towards enhancement of the nitroxide signal obtained by amber suppression
with SLK-1 in αS S9, factors with potential impact on expression rate and stability
of the paramagnetic species were identified and systematically varied as follows:

• Induction time was varied between 1.5 h to 6 h. On the one hand, the amount
of expressed protein increases with time, on the other hand, nitroxide reduction
increases with the exposure time of the label to the cellular environment. Since
expression rates as well as nitroxide reduction vulnerability varies for different
proteins, induction time may be different for αS compared to TRX or GFP.

• Oxidizing agents (KNO3, nicotinamide) were added to cell media and buffers.
Chemical oxidation may prevent reductive species in cells to reduce nitrogen
species.241 Furthermore, they may directly reoxidize reduced SLK-1.

• Media used for cell growth and induction were varied between LB, M9 mineral,
or TB medium. (Section 6.2.1) Growth and expression media influence cellular
metabolism and may have impact on the redox state of cells.

• BL21-Gold(DE3) E. coli strain was exchanged for GH371. Different expression
and integrity levels were shown for GFP-Y39 SLK-1 dependent on the applied
E. coli strain.187

• Expression was performed under aerobic or anaerobic conditions. (Section 6.2.4)
E. coli can adapt its metabolism to either aerobic or anaerobic conditions
resulting in different cellular composition with possible impact on nitroxide
reduction.

• Temperature during the washing steps of the cell was varied between room
temperature (RT), 0 °C, and 37 °C.

• Washing reagents were either PBS or LB medium.

• Position of the amber stop codon was placed at positions S9, A18, A27, E35,
G41, A56, A69, A90, A118, A124, Q134, and A140. Different labeling sites are
exposed to their environment to variable extents. Identification of a protected
site may simplify further optimization.

In spite of all efforts, site-directed spin labeling of the IDP αS remained challenging
and no improvements leading to an integrity degree above the detection limit of
1 % were achieved. Obviously, the lack of a stable structure makes the incorporated
nitroxide of SLK-1 more prone to reduction than in structured model proteins. (Fig-
ure 4.16)

As a next step, we aimed to find a labeling strategy using the advantages of the
expansion of the genetic code but adding a second step to introduce the nitroxide
via chemical labeling. This approach offers the advantage of uncoupling protein ex-
pression yield from exposure time of the nitroxide label to the cellular environment.
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4.6 Post-translational spin labeling
This section is partly published in Kugele et al.3

While the GESLAAA approach is limited by reduction of the nitroxide species dur-
ing the long incubation time in the highly reductive cellular environment, post-
translational spin labeling provides the chance for combining the advantages of the
application of non-canonical amino acids (ncAA) with a shortening of the exposure
time of the label to the cell. By that, the amount of intact paramagnetic species re-
maining after a post-translational conjugation reaction might be increased. Aiming
towards intracellular labeling, various requirements including efficiency, non-toxicity,
compatibility with the target protein function, stable attachment, cell entry of the
components, and exclusion of off-target labeling have to be ensured. Then, conju-
gation of reactive ncAA with EPR-active species offers high potential for structural
investigations of proteins in their native environment of living cells.

4.6.1 A new SDSL strategy via Suzuki–Miyaura coupling
Among others, promising bioorthogonal reactions are based on palladium cataly-
sis.188;242;243 Modifications to proteins with incorporated ncAA have been introduced
via Sonogashira- and Suzuki–Miyaura-type couplings.244–247 Novel ligands for palla-
dium catalysts have improved coupling reactions248;249 and thus, application in the
context of cellular environments was achieved.250–252

Figure 4.17: Site-directed spin labeling by Suzuki–Miyaura coupling: The target
protein (pink) bearing genetically-encoded para-Iodo-l-phenylalanine
(pIPhe) is coupled to the boronic acid spin label NOBA in the pres-
ence of the palladium-catalyst Na2PdCl4 to yield site-specifically spin-
labeled protein.

Here, coupling of a novel nitroxide boronic acid (NOBA) label with the ncAA para-
Iodo-l-phenylalanine (pIPhe) was performed via palladium-catalyzed Suzuki–Miyaura
reaction resulting in a rigid biphenyl-linkage. (Figure 4.17)
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4.6.2 NOBA labeling

αS was expressed and purified as described in section 6.2. Selective incorporation of
pIPhe and purification success were verified by SDS-PAGE analysis. (Figure 4.18A)
Labeling was performed with a 6-fold molar excess of NOBA in PBS, pH 8, in the
presence of Na2PdCl4, purified and transferred into αS buffer. (Section 6.3.3)

Figure 4.18: A) 15 % SDS PAGE gel analysis after expression of αS S9 pIPhe
(14 646Da) before and after purification via C-tag beads. ’–’ or ’+’
indicate the absence or presence of pIPhe during expression, respec-
tively. B) Full-length ESI-MS spectrum of purified αS S9 pIPhe.
Found m/z: 14 646Da. C) Full-length ESI-MS spectrum of purified αS
S9 pIPhe with NOBA. Found mass divided by charge number (m/z):
14 646Da, 14 777Da, 14 882Da, and 14 520Da. D) ESI-MS spectrum
of αS S9 pIPhe after label reaction with NOBA in Tris buffer. Adapted
from3.

Full-length ESI-MS semi-quantitatively indicates a labeling yield of 60 % after appli-
cation of the labeling protocol as detected by the peaks at 14 646Da (unlabeled αS
S9 pIPhe) and 14 777Da (NOBA-labeled αS S9 pIPhe). (Figure 4.18B,C) A fraction
with m/z = 14 882Da reveals palladium sticking to the protein (S9 pIPhe + Pd).
The additional peak at 14 520 kDa reveals deiodination of αS S9 pIPhe to αS S9 Phe,
and thus limitation of the possible labeling yield. Deiodination could be suppressed
by replacing PBS (pH 8) by Tris (50 mM, pH 8.5), but incidentially labeling yield
was also reduced (Figure 4.18C) resulting in an overall lower labeling efficiency.
Therefore, PBS was established in the standard labeling protocol. (Section 6.3.3)
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4.6.3 NOBA as a reporter for αS-membrane interaction
Aiming towards monitoring structural transitions in IDPs and identification of in-
teraction partners of the target protein, evaluation of the novel label according to
these criteria had to be performed. αS S9 pIPhe was labeled and purified according
to the labeling protocol, (section 6.3.3) in order to check if NOBA is able to reveal
protein-membrane interactions of αS. Afterwards, the protein was incubated in the
presence or absence of POPG LUVs. (Section 6.4).

Figure 4.19: NOBA-labeled αS S9 reports interactions with 100 nm sized POPG vesi-
cles. A) CD spectra (MRE = molar residue ellipticity) of NOBA-
labeled αS S9 pIPhe in solution (pink) and of NOBA-labeled αS
S9 pIPhe incubated with POPG LUVs (blue) in a lipid:protein ra-
tio of 96. EPR spectra of B) the unbound spin label NOBA in PBS,
pH 8 (green), C) NOBA-labeled αS S9 pIPhe in solution (pink), and
D) NOBA-labeled αS S9 pIPhe incubated with POPG LUVs (blue)
in a lipid:protein ratio of 96. EPR spectra were normalized to their
respective double integral to illustrate spectral differences. The corre-
sponding spectral simulations are shown as dark-grey lines. Adapted
from3.

Next, CD spectroscopy was used to exclude interference of the global protein-
membrane interaction by the label. In agreement with measurements performed
on M-Proxyl-labeled αS,156 and in agreement with figure 4.12, the difference in the
CD spectra indicate a global disorder-to-α-helical-transition of αS upon addition of
vesicles. (Figure 4.19A) In the absence of vesicles, the minimum at low wavelengths
(200 nm) indicates high random coil fractions. Prominent features upon addition of
POPG LUVs at 208 and 222 nm confirm the folding of αS into an α-helical structure
upon vesicle binding.
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Since CD spectroscopy indicated that NOBA does not interfere with αS global struc-
tural transitions, its potential to report on local changes resulting from the pro-
tein–membrane interactions of αS was evaluated. Therefore, CW EPR spectra of
NOBA-labeled αS S9 pIPhe in the presence or absence of POPG LUVs were recorded.
Distinct line broadening upon vesicle addition indicates reduced rotational mobil-
ity, and suggests membrane binding around the labeled residue 9. (Figure 4.7B-D)
Spectral simulations revealed rotational correlation times of τr = 22 ps for unbound
NOBA, τr = 253 ps for NOBA-labeled αS S9 pIPhe in solution, and τr = 2028 ps for
NOBA-labeled αS S9 pIPhe bound to vesicles.3

4.6.4 Labeling in cellular environment
After having shown the applicability of NOBA-label for sensing αS-membrane inter-
action, the next step towards intracellular protein studies was to test the labeling in
cellular environment. Therefore, labeling in cell lysate was optimized because it pro-
vides almost full cellular complexity but circumvents possible issues caused by cell
membranes. αS S9 pIPhe was expressed in E. coli cells, harvested via centrifugation,
washed, and lyzed via sonication. Cell debris was removed via centrifugation, and
labeling reaction was performed as described in section 6.3.3. Aterwards, αS was
extracted with the use of C-tag beads, protein concentration was estimated photo-
metrically, and labeling success was analyzed via CW EPR and MS. (Figure 4.20)

Figure 4.20: Labeling attempt in E. coli lysate. After application of the labeling
protocol, αS was trapped by C-tag beads and free NOBA was com-
pletely removed by extensive washing. EPR spectra of A) purified αS
and B) the supernatant after 25 washing steps. Different SNR in A
and B result from different numbers of accumulated scans that were 50
for purified αS and 5 for the supernatant sample. C) ESI mass spectra
of the sample shown in A. The mass of 14 643Da represents unlabeled
αS, the mass of 14 776Da indicates spin-labeled αS.
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Eluted αS gave obvious nitroxide signals in EPR spectroscopy, whereas the concen-
tration of EPR-active NOBA in the supernatant after 25 washing steps was below
the detection limit of 2 µM. Mass spectrometry provided further evidences of suc-
cessful labeling as masses of approximately 14 777Da have been observed. Spin
concentration was determined to be 11 µM at a protein concentration of 1.6 mM
resulting in a labeling yield of 0.7 %. (Section 6.3.6)

However, labeling yield was low and it was not possible to label αS in whole E. coli
cells, although Sonogashira- and Suzuki–Miyaura-type couplings have successfully
been applied to proteins with biosynthetically incorporated ncAA for intracellular
labeling.251–253

Restrictions were found in coupling efficiency in the context of the crowded environ-
ment of cells, reagent delivery into the cell, and reduction of paramagnetic species
in the cellular environment. Nevertheless, the NOBA-based approach might be
transferred to other proteins with potentially higher intracellular labeling efficiency
to use the advantage of palladium being less toxic compared to well-established
copper-mediated click chemistry.251
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4.7 Increasing the nitroxide stability
This section is partly published in Braun et al.4

Nitroxide spin labels are well tolerated by proteins due to their small size, and fea-
ture high sensitivity due to their narrow EPR spectrum. Additionally, these labels
enable monitoring structural and environmental changes of the labeled protein be-
cause their spectral shape depends on rotational diffusion. Different attachment
strategies and labels have been introduced in sections 3.2.1 and 4.2 and applications
to αS are shown in chapters 4.5 and 4.6. However, these approaches were not suit-
able for in-cell applications because of the low stability of the nitroxide head group
against intracellular reduction, which is known to be the limiting factor in biological
surroundings.203;254–256

Aiming towards intracellular investigations of IDPs, the design, characterization and
application of nitroxide labels with increased stability is reported in this chapter.

4.7.1 Design of isoindoline-based nitroxide spin labels
It is well known that radical stability against reduction is determined by the affiliated
ring structure of the nitroxide moiety and steric shielding by α-substituents.169;257–260
In former studies, tetraethyl-group shielded pyrrolidines bearing a maleimide or
iodoacetamide linker (Figure 4.3C,D) have been applied to protein SDSL. Labeling
of cysteins was performed via Michael addition or iodide substitution and increased
nitroxide stability was shown for different cell types.110;170;261 However, none of these
labels was reported to feature good performance in both eukaryotic and prokaryotic
cell types.

In addition to the shielding effects by α-substituents that were used in previous
studies,110;170;261 it is known that nitroxides are more stable if they are embedded
in pyrrolidines (Figure 4.3A,B) as compared to piperidines,262 but isoindoline-based
nitroxides have the potential to exhibit the highest stability among these three
structure types.169;260 The improved stability of a tetraethyl-shielded isoindoline-
based nitroxide compared to the thetramethyl-shielded nitroxide has been demon-
strated for application in RNA labeling.263–265 Moreover, a tetramethyl-shielded
isoindonline-based nitroxide was applied to tyrosine labeling, and used for probing
protein-structural changes.159;266;267

Aiming for a spin label featuring high stability towards reduction in eukaryotic
and prokaryotic environments, a label that combines an isoindoline ring with ethyl
groups in the α-position (1,1,3,3-tetraethylisoindolin-2-yloxyl, TEIO257;268;269) ap-
peared to have the potential for the best stability against intracellular reduction.

Here, two spin labels with TEIO head groups that were modified either with a
maleimide (M-TEIO, Figure 4.21A) or an azide function (Az-TEIO, Figure 4.21B)
for labeling of cysteines or the ncAA para-ethynyl-l-phenylalanine (pENF) were
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applied for SDSL of the structured model protein thioredoxin (TRX) and usability
to study αS and its membrane interaction was tested.

Figure 4.21: Nitroxide labeling reagents introduced here: A) M-TEIO, B) Az-TEIO
are based on an isoindoline structure (blue) and are equipped with
gem-ethyl groups (pink) in the α-position. Either a maleimide (green)
or an azide (yellow) functionality was applied for SDSL.

4.7.2 M-TEIO labeling of TRX
In order to exclude experimental difficulties resulting from the complex nature of
IDPs, labeling was first established on the structured model protein TRX. Prior to
maleimide-coupling, two endogenous cysteines (C33 and C36) were removed (TRX
wt*) and new cysteines introduced for SDSL (TRX D14C R74C). Then, labeling
was performed as described in section 6.3.4.

Figure 4.22: CW EPR spectra of A) M-TEIO (100 µM) in solution, B) TRX
D14C R74C (100 µM protein, 70 µM spin), and C) cysteine-free TRX
wt* (100 µM protein, below 0.5 µM spin) upon labeling reaction with
M-TEIO. Adapted from4.
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Compared to free M-TEIO in solution, TRX D14C R74C features a broadened EPR
spectrum indicating slower nitroxide tumbling. (Figure 4.22A,B) No EPR signal
was detected for cysteine-free TRX wt upon labeling reaction with M-TEIO, thus
proving the cysteine-specificity of the labeling procedure and successful removal of
unbound paramagnetic species. (Figure 4.22C)

4.7.3 M-TEIO is stable in cellular environments
To examine the application of M-TEIO in different biological environments, label-
ing of TRX D14C G34C with either M-TEIO or M-Proxyl was performed in buffer
and EPR spectra were acquired upon addition of labeled protein to cell extracts of
prokaryotic (E. coli) or eurkaryotic (HEK) cells. Comparison of these spectra to
those measured in buffer solution did not reveal major differences. (Figure 4.23)

Figure 4.23: CW spectra of A) M-TEIO or B) M-Proxyl attached to TRX D14C
G34C in solution (blue), E. coli lysate (pink), or HEK lysate (yellow
dashed line). Spectra were normalized to the maximum amplitude.
Adapted from4.

For comparison of the stability of the paramagnetic species, the protein labeled with
either M-TEIO or M-Proxyl was exposed to the reducing agent ascorbic acid and
extracts of E. coli and HEK cells, respectively. M-Proxyl serves as a representative
for methyl-shielded pyrrolidine label reagents such as NOBA or SLK-1. EPR spectra
were acquired in a time-resolved manner and reduction of paramagnetic species was
observed. Spin concentration is proportional to the double integral of the spectrum,
which is critically to determine at low SNR, especially at later points of the time
course. Since spectral shape did not change over time, the peak-to-peak intensity
h0 was used as a measure for spin concentration instead. (Figure 4.24)
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Figure 4.24: Peak-to-peak intensity h0 shown for a spectrum of M-TEIO-labeled
TRX D14C G34C in solution as an example.

Stability against chemical reduction was tested by adding 200 µM spin label in the
presence of 4 mM sodium ascorbate. While only 50 % of the M-Proxyl initial signal
was detectable after 19 min, no change in signal intensity of M-TEIO was detected
within that time. After 70 h, 60 % of M-TEIO signal was still left, whereas no
M-Proxyl signal was detectable any more. (Figure 4.25A)

Nevertheless, since label stability is most relevant in biological surroundings and de-
pending on the target protein different cell types are required, stability was tested in
lysates of two different cell types: prokaryotic E. coli and eukaryotic HEK. Freshly
prepared lysates were mixed with labeled TRX D14C R74C. In E. coli, the half-
life of M-TEIO (6.1 h) was found to be fourfold higher than of M-Proxyl (1.5 h);
in HEK lysate, it was even sixfold higher (M-TEIO: 3.3 h, M-Proxyl: 35 min).
(Figure 4.25B,C)

Therefore, M-TEIO enables investigations of proteins in both, prokaryotic and eu-
karyotic host cells.
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Figure 4.25: Reduction stability of M-TEIO (blue) compared to M-Proxyl (yellow).
A) Reduction of label in solution with 4 mM ascorbate, B) labeled
TRX D14C R74C in E. coli lysate, and C) labeled TRX D14C R74C
in HEK lysate. Peak-to-peak intensity h0 was used as a measure for
nitroxide stability and set to I0 for t = 0 h, which corresponds to a
nitroxide concentration of 200 µM in ascorbate mix, 30 µM in E. coli
and 6 µM in HEK lysate. Adapted from4.
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4.7.4 M-TEIO is suitable for DEER measurements in E. coli
lysate

After successful demonstration of the nitroxide stability towards the reductive en-
vironment of prokaryotic and eukaryotic cell types, M-TEIO usability for distance
determinations in cellular surroundings was investigated. Therefore, TRX D14C
G34C was labeled with M-TEIO. Then, E. coli lysate was added and the sample
was shock frozen either subsequently after mixing or after an incubation time of
45 min. Q-band DEER measurements were performed and analyzed as described
in sections 6.6.2 and 6.7.5. The modulation depth extracted from the obtained
form factors did not differ significantly, indicating that not only TEIO’s nitroxide
but also the attachment to the protein remains stable in biological surroundings.
(Figure 4.26)

Figure 4.26: DEER data from TRX D14C G34C labeled with M-TEIO (cspin=50 µM,
cprotein=34 µM) acquired in E. coli lysate. The sample was shock frozen
either directly after mixing (blue), or after an incubation time of 45 min
(pink). A) DEER raw data (dots) including background correction
(lines). B) Form factors obtained after 3D background correction. C)
L-curves including α-parameters. D) Experimental distance distribu-
tion including validation.

Admittedly, the obtained distance distributions with FWHM of 0.92 nm (0 min)
resp. 1.1 nm (45 min) were fairly broad, which indicates linker flexibility and limits
the resolution of small movements.
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4.7.5 A rotamer library to predict distance distributions
Aiming towards in-cell labeling of proteins, the SDSL strategy of TEIO has to be
adapted. The outstanding properties of the TEIO head group can be combined with
linker groups other than the maleimide of M-TEIO. Az-TEIO combines an azide
linker with the TEIO group (Figure 4.21B) and has recently been shown that it is
suitable to TRX double-labeling and DEER distance measurements.4 (Figure 4.28)

In order to interpret distance restraints obtained from DEER measurements, multi-
scale modeling of macromolecules was performed with the help of rotamer libraries.
The rotamer library approach is a computationally inexpensive and robust way of
predicting the distribution of conformations of the spin label.270 After preliminary
energy-minimization of the label molecule, a conformer ensemble is generated by
Monte Carlo sampling of torsion angles along the molecule. The ensemble is then
clustered to yield the rotamer library. This library is then attached to preexist-
ing structural models in silico, e.g. via the Matlab toolbox Multiscale Modeling of
Macromolecules112;271 (MMM) to calculate the statistical ensemble at the labeling
site. Recently, the Conformer Rotamer Ensemble Search Tool (CREST), which gen-
erates conformer ensembles in a fully automated way, was presented.272 It was used
in a combined approach with MD simulations to enable precise distance-to-structure
translations.273

Rotamer libraries are useful to determine suitable labeling sites of a protein, evaluate
the label’s impact on experimentally obtained distance distributions, and evaluate
pre-existing structural models of the molecule of interest. Here, a rotamer library
for Az-TEIO was generated.274 This approach serves as a useful tool to interpret
the experimentally obtained distance distributions by considering flexibility and
length of the linker between the paramagnetic center and the protein backbone.
Five relevant torsion angles were identified in the molecule, (Figure 4.27A) and a
conformer ensemble was generated by random variation. Based on their energy in a
universal force field,275;276 representative angles were selected and clustered resulting
in a population-weighted, averaged set of dihedral angles representing the ensemble.
(Figure 4.27B, section 6.7.7)
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Figure 4.27: Generation of a rotamer library. A) The structure of Az-TEIO-labeled
pENF with the dihedral angles χ1-5 that were considered in the rotamer
library calculation. B) Distributions of the dihedral angles χ1-5 (pink)
and superimposed dihedral angles as found in the final rotamer library
(blue). Adapted from4.

Next, the rotamer library was attached to the available crystal structure of TRX277

at positions D14 and G34, and the distance distribution was simulated with the help
of the Matlab-based open-source modeling toolbox Multiscale Modeling of Macro-
molecules112 (MMM, version 2018_2). The obtained distance distribution was in
good agreement with the experimental data. (Figure 4.28) Comparison of the DEER
measurements obtained from either M-TEIO labeled TRX D14C G34C or Az-TEIO
labeled TRX D14 pENF G34 pENF revealed a smaller modulation depth in case
of Az-TEIO resulting from a lower labeling yield for Az-TEIO (60 %, section 6.3.6)
compared to M-TEIO (74 %, section 6.3.6). (Figure 4.28A)
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Figure 4.28: DEER data for TRX doubly labeled with either M-TEIO (blue, cspin =
50 µM, cprotein = 34 µM) or Az-TEIO (green, cspin = 108 µM, cprotein =
90 µM) measured at Q-band at 50 K. A) Unprocessed DEER data and
fitted three-dimensional background function. B) Form factor obtained
after background correction. C) Crystal structure of TRX (PDB ID:
2TRX)277 with attached rotamers for Az-TEIO at pENF at position
14 and 34 of the primary protein structure. D) Distance distribution
predicted using the rotamer library for Az-TEIO (grey shaded areas),
experimental distance distribution including validation. L-cures can be
found in figure 7.16. Adapted from4.

4.7.6 M-TEIO as a reporter for αS-membrane interaction
After having established TEIO on the model protein TRX, the M-TEIO labeling
protocol was applied to αS. However, in contrast to TRX for which labeling efficien-
cies of up to 70 %4 were achieved, best yields for αS A27C were 20 %. Nevertheless,
the use of M-TEIO as a reporter for αS-membrane interaction was tested.

Figure 4.29 clearly shows spectral broadening of M-TEIO attached to αS compared
to the free label. Further spectral changes were observed upon addition of POPG
LUVs. Nevertheless, in contrast to M-Proxyl (Figure 4.1) or NOBA (Figure 4.19),
spectral changes could not be ascribed to a single additional component resulting
from a membrane-bound protein species. Due to low labeling yields below 10 %,
spectral quality was limited especially upon line broadening in presence of POPG
LUVs.
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Figure 4.29: Monitoring conformational changes with TEIO. CW EPR spectra of
A) 50 µM M-TEIO in Tris (green); B,C) αS A27C (32 µM, cspin<3 µM)
after M-TEIO labeling in the absence (pink) and presence (blue) of
POPG LUVs (clipid = 50 mM). D) CW EPR spectrum of five oocytes
after microinjection of 50 nL M-TEIO-labeled αS (64 µM) each.

In order to test applicability of the TEIO label for its use in cells, M-TEIO labeled
αS A27C was microinjected into oocytes. (Figure 4.29D) Comparable with the re-
sults upon POPG addition, the nitroxide signal was influenced in a diffuse way.

Taken together these observations, a possible explanation might be the unspecific
interaction of the hydrophobic label with lipid membranes. Besides steric shielding,
TEIO’s high hydrophobicity resulting from the isoindoline combined with four ethyl
groups might contribute to its high stability towards reduction. Unfortunately, the
advantage seems to be overshadowed by unspecific interactions of TEIO when it is
used in biological investigations.
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4.7.7 Outlook
In this section it was shown that TEIO exhibits superior stability properties. Re-
cently, another label containing a tetraethyl-shielded isoindoline for DNA and RNA
labeling was developped.278 Since DNA and RNA labels can be incorporated by
oligonucleotide synthesis in organic solvents, hydrophobicity associated with limited
solubility in aqueous solutions does not interfere with the labeling success.

The high hydrophobicity of TEIO labels offers advantages in reduction stability
but causes disadvantages in protein labeling in aqueous solution and interferes in
research questions involving hydrophobic materials. Therefore, the use for in-cell
application, in which the high stability is of special interest, remains problematic
due to the presence of hydrophobic compounds such as phospholipid membranes.

Development of new labeling reagents containing more hydrophilic shielding groups
such as hydroxymethyl groups may be the key for a label combining both advantages:
high nitroxide stability and solubility in aqueous solutions.
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4.8 In-cell αS-membrane interaction revealed by
rapid scan (RS) EPR spectroscopy

This section is partly published in Braun et al.7

The strategies presented in sections 4.5, 4.6, and 4.7 provide valuable tools to study
proteins in their native environment of the cell. Nevertheless, investigations of IDPs
such as αS appear to be especially challenging and none of the provided tools was
successfully applied to study αS in cells. M-Proxyl labeling of αS has been applied to
in-cell studies.148 However, biological knowledge gain was hampered by limited SNR.
In the following chapter, the applicability of rapid scan (RS) EPR spectroscopy,
which was developed to provide improved sensitivity205;208;279 compared to CW EPR,
was studied regarding the use of in-cell investigations on αS.

4.8.1 Simulation of absorption spectra
Based on experimental data of CW EPR studies, spectral parameters for M-Proxyl la-
beled αS variants bound to LUVs with different lipid compositions were revealed by
full spectral simulation.155 For each αS variant, a fast spectral component repre-
senting αS in solution and a slow spectral component representing bound αS were
detected and spectra were described by varying the ratio between these components.

With this knowledge in hands, absorption spectra were simulated with the use of
Matlab R20109b and the toolbox EasySpin 5.2.25.647 for αS A27C in solution or
in the presence of either POPG or POPC LUVs. In the absence of lipid vesi-
cles, the parameters were A =

[
13 13 110

]
MHz, g =

[
2.00906 2.00687 2.003

]
,

lw = 0.11 mT, and τr = 0.43 ns. In the presence of vesicles, the additional slower
component with A =

[
13 13 107

]
MHz and τr = 3.06 ns was applied. A propor-

tion of the slower component of 98 % was found for POPG LUVs and 2 % for POPC
LUVs by simulation of experimental spectra in a former study.154 (Figure 4.30)

Based on the knowledge that at maximum 20 % αS might be membrane-bound,148;158
EPR spectra with a bound fraction between 0 % to 20 % as it can be expected for αS
in a cell were simulated. (Figure 4.31) However, the expected amount of membrane-
bound αS may vary depending on experimental conditions such as cell type or αS
concentration.

Only slight spectral broadening can be found for the amount of αS that is expected
to be a different than an intrinsically disordered state inside the cell.148;158 (Fig-
ure 4.31) Since sensitivity is a crucial point investigating αS-lipid interactions in the
cell,148;158 RS was applied.
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Figure 4.30: Simulated47 EPR absorption spectra of M-Proxyl-labeled αS A27C
based on spectral fitting of CW EPR measurements155 for αS in the
absence of lipids (pink), in the presence of negatively charged lipid
vesicles (blue) and uncharged lipid vesicles (yellow dashed line, over-
laying with the pink spectrum). Adapted from7.

Figure 4.31: SimulatedA) absorption spectra as they can be obtained from RS EPR
andB) first derivatives as obtained from CWEPR for M-Proxyl-labeled
αS A27C with different ratios of the fast and slow, bound species. Blue:
100 % bound, from pink to violet: 0 %, 5 %, 10 %, 15 %, 20 % bound
fraction.
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4.8.2 Background correction
The improved sensitivity of RS in combination with the technique being in the early
stages of development resulted in a high background relative to the signal, which
unfortunately changed within several minutes. Therefore, individual scans with 10 s
sampling time were acquired and scans were added in data post processing to opti-
mize the SNR. (Section 6.7.6)

For each set of accumulated scans, background correction was performed individ-
ually. Reference signals (bg(B)) were acquired as described in section 6.7.6 and
corrected (bgcorr(B)) with three parameters (equation 4.1) to adress changes in mi-
crowave frequency, Q-factor, and measurement artifacts affecting the baseline. Iter-
ative minimization of the baseline difference in the field ranges of 3283 G to 3355 G
and 3398 G to 3475 G was performed:

bgcorr(B) = a · [bg(B)− (b+ c ·B)] (4.1)

The process of background correction is illustrated in figure 4.32.

Figure 4.32: For background correction, the reference background (bg(B), yellow)
was adjusted (bgcorr(B), green dashed line) as described in equation 4.1
and subtracted from the spectrum (blue) to obtain the corrected spec-
trum (pink).
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4.8.3 Sensing αS-membrane interaction in vitro
RS EPR spectra of two M-Proxyl-labeled αS variants (αS A27C and αS A27C ∆2-11)
were acquired in the absence or presence of LUVs with different lipid compositions.
(Figure 4.33)

Figure 4.33: Experimental RS EPR spectra in vitro. A) RS EPR of M-Proxyl-
labeled αS A27C in the presence of negatively charged POPG LUVs
(blue) compared to the presence of POPC LUVs (neutral overall charge,
yellow dashed line), or in the absence of vesicles (pink). B) Measure-
ment of M-Proxyl-labeled αS A27C ∆2-11 in the presence of POPG
LUVs (violet) compared to the absence of vesicles (green dashed line).
All spectra were background corrected and normalized to the spectral
maximum. Adapted from7.

Distinct spectral broadening was obtained for αS in the presence of POPG LUVs
but not in the presence of POPC LUVs or absence of vesicles, (Figure 4.33A) which
is in agreement with the spectral simulations, (Figure 4.30) CW EPR, and CD spec-
troscopy. (Figure 4.12A,B) αS A27C ∆2-11, which was used as a control mutant
due to its reduced binding ability, did not show significant spectral changes in the
applied lipid-protein ratio of 60.235 (Figures 4.33B and 4.12A,B)

Comparison of the spectrum obtained from M-Proxyl-labeled αS A27C in solution
with the spectrum obtained from M-Proxyl-labeled αS A27C ∆2-11 in solution re-
vealed small spectral differences, (Figure 4.34) indicating that spectral parameters
differ for the protein variants. Since no reference data is available for M-Proxyl
labeled αS A27C ∆2-11 due to restricted binding, in situ simulations of M-Proxyl-
labeled αS A27C ∆2-11 spectra with different ratios of membrane-bound species are
not possible.
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Figure 4.34: Comparison of RS EPR of M-Proxyl-labeled αS A27C (pink) with
M-Proxyl-labeled αS A27C ∆2-11 (green dashed line) in solution.

4.8.4 Detection of different αS states in cells
In order to prove the applicability of RS EPR to sense structural differences of IDP
in cells, M-Proxyl-labeled αS A27C was microinjected into model cells either in the
absence of vesicles or together with POPG or POPC LUVs. Oocytes of Xenopus
Laevis (X. laevis) were chosen as a well-established model system for in-cell NMR
and EPR.174;280–282 (Figure 4.35)

Figure 4.35: Seven oocytes after microinjection were loaded into the sample tube.
Adapted from7.

Nitroxide reduction of M-Proxyl-labeled αS A27C was measured with RS EPR after
microinjection into oocytes. (Figure 4.36) The obtained half-life of the nitroxide
signal of 17 min was similar to the one of previous αS studies in oocytes.148

To exclude that solvent-exposed residues are reduced more readily compared to
membrane-bound ones, ascorbate reduction of POPG-bound labeled αS A27C was
performed in vitro. M-Proxyl-labeled αS A27C (222 µM) was incubated with POPG
LUVs (clipid = 13.3 mM) for 30 min. Then, ascorbate was added (6.6 mM in water,
pH 7.4). Comparison of the spectra recorded subsequently after sample mounting
and 30 min later revealed that the peak-to-peak amplitude was reduced from 779
a.u. to 303 a.u. within 30 min indicating nitroxide reduction. (Figure 4.37A) How-
ever, no change in the spectral shape was found indicating that all spin labels are
to the same extent prone to reduction. (Figure 4.37B)
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Figure 4.36: Nitroxide signal depletion of M-Proxyl-labeled αS A27C upon microin-
jection into oocystes. Nitroxide signal depletion is shown as as the
decrease in signal intensity of the centerfield peak. Since the spectral
shape did not change over time, not only the spectral integral but also
the peak intensity was directly proportional to the number of spins.
The intensity was used as a measure because it was less prone to errors
caused by decreasing SNR. Adapted from7.

Figure 4.37: Ascorbate reduction assay. A) Spectra obtained from POPG-bound
M-Proxyl-labeled αS A27C subsequently after sample mounting (dark
blue) and 30 min later (light blue). B) Spectra were normalized to the
maximum amplitude to compare the spectral shapes. Adapted from7.

Figure 4.38 shows that spectral broadening was again found only for the oocytes
that were microinjected with POPG LUVs prior to αS injection. However, direct
comparison of POPG bound αS measurements in vitro and in cells revealed that the
effect seemed to be slightly stronger in solution. (Figure 4.39A) Nevertheless, the
spectral shape did not change over time, indicating that the equilibrium between
free αS and vesicles-bound protein was stable in the cell. (Figure 4.39B)
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Figure 4.38: RS EPR spectra of M-Proxyl-labeled αS A27C. Vesicle binding was
achieved by in vitro incubation of αS with LUVs for 30 min prior to
microinjection into oocytes. In-cell spectra of αS in the presence of
POPG LUVs (blue) or POPC LUVs (yellow dashed line) compared
to the in cell spectrum upon microinjection of protein without lipids
(pink). All spectra were background corrected and normalized to the
spectral maximum. Adapted from7.

Figure 4.39: A) Comparison of M-Proxyl-labeled αS A27C spectra that were incu-
bated with POPG LUVs and measured either in buffer (light blue) or
in injected oocytes (dark blue). B) Time-resolved spectra of M-Proxyl-
labeled αS A27C that was incubated with POPG LUVs prior to injec-
tion into oocytes. All spectra were background corrected and normal-
ized to the spectral maximum. Adapted from7.
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4.8.5 Monitoring the binding process in cells
After successful demonstration of the in-cell applicability of RS EPR to identify αS
interactions with LUVs, the next pending step was to observe the binding process
inside the cell. Therefore, POPG LUVs were microinjected into oocytes. To en-
sure diffusive distribution within the cell, they were incubated for 30 min148 before
protein was injected into the opposite side of the black hemispheres of the same
oocytes. (Figure 4.40)

RS spectra were acquired using a two-dimensional field vs. delay experiment. Each
field slice was acquired in 10 s consisting of 200400 averages. (Section 6.6.3) Addi-
tion of individual time slices was performed in order to optimize the SNR.

Addition of 56 scans resulting in 10-minute intervals revealed spectral broadening of
the third interval compared to the first one for the measurement of M-Proxyl-labeled
αS A27C that was microinjected into POPG LUV-containing oocytes. (Figure 4.40
light and dark blue) This observation indicates that it was indeed possible to ob-
serve intracellular protein-membrane binding by RS EPR spectroscopy. Slight spec-
tral broadening was also found for the first 10-minute interval of M-Proxyl-labeled
αS after microinjection into POPG containing oocytes compared to microinjection
into cells that did not contain artificial vesicles. This observation confirmed that
the binding process already proceeded during the time that was needed for sample
preparation, mounting and tuning (7 min). (Figure 4.40 dark blue and pink)

Figure 4.40: EPR absorption spectra of M-Proxyl-labeled αS A27C in oocytes. Lipid
vesicles were microinjected into oocytes. 30 min later, αS was injected
into the same cells. Spectrum in POPG LUV-containing cells of the
first 10-minute interval of the measurement (dark blue dashed line,
7 min after injection) compared to the third 10-minute interval (light
blue) and the in-cell spectrum of protein alone (pink). Adapted from7.
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4.8.6 Quantification of the binding process

In figure 4.40, the presented spectra were obtained from addition of 56 scans from
10 min measuring time. Fast acquisition of RS EPR allows to vary time-resolution
and SNR. Combined with the high sensitivity of RS, it was possible to reduce the
sampling time to 4.2 min (24 scans) without major losses in SNR. (Figure 4.41)
As expected for smaller time steps, differences between single spectra are less obvi-
ous. However, M-Proxyl-labeled αS A27C microinjected into POPG LUV-containing
oocytes showed a clear trend in the change of the spectral shape, when compared
at the time line. (Figure 4.41B) Moreover, a minor trend was indicated for αS in
untreated oocytes (Figure 4.41A) whereas differences for the spectra of the ∆2-11
variant seemed to be independent of time. (Figure 4.40C) However, for reliable
conclusions quantitative analysis was pending.

Figure 4.41: In-cell EPR spectra of M-Proxyl-labeled αS A27C alone (A, light pink
− time→ dark pink), with POPG LUVs (B, dark blue − time→ light
blue), and M-Proxyl-labeled αS ∆2-11 A27C (C, dark green − time
→ light green) that were used for calculation of ξ in figure 4.42. Each
spectrum corresponds to 4.2 min sampling time. Areas that were used
for calculation of the protein-lipid interaction factor ξ were highlighted
in grey. All spectra were background corrected and normalized to the
spectral maximum. Adapted from7.

Although RS EPR provides good SNR even at high time-resolution, application
of full spectral simulations appeared to be difficult due to remaining background
artifacts. Since no other semi-empirical approach had been reported for RS EPR
spectra so far, the protein-lipid interaction factor ξ was introduced. As can be seen
in figures 4.33, 4.38, and 4.40, the most prominent change can be found between the
low-field and the centerfield peak. Therefore, the area from 3371 G to 3375 G was
used as indicator for spectral changes. It was further normalized to an area in the
centerfield peak:

ξ(t) =
∫ 3375 G

3371 G I(B, t)dB∫ 3379.7 G
3378.3 G I(B, t)dB
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Errors were estimated with the use of an interval in the baseline:

ξ(t) =
∫ 3324 G

3320 G I(B, t)dB∫ 3379.7 G
3378.3 G I(B, t)dB

First, spectra shown in figures 4.30, 4.33A, and 4.38 were quantified. (Figure 4.42A)
As obtained from quantification of the simulation spectra, (Figure 4.30) 0 % binding
corresponds to a protein-lipid interaction factor of ξ = 0.17, 100 % binding corre-
sponds to ξ = 0.87. Significant changes of ξ in the presence of POPG LUVs were
also found for the measurements in vitro and in cells. (Figure 4.42A)

Next, protein-lipid interaction factors ξ corresponding to the time-resolved spectra
were calculated. (Figure 4.42B) In-cell binding of M-Proxyl-labeled αS A27C that
was microinjected into POPG LUV-containing oocytes revealed saturation around
40 min after protein injection. Therefore, the time courses of ξ for αS A27C were
described with an asymptotic function. (ξ(t) = a− (a− b) · exp (−c · t)), Table 4.1)
The negative value for the intersection with the y-axis b in case of αS injection into
POPG LUV-containing oocytes is explained by the error bars of the experimental
data and the error of the fit. However, for the ∆2-11 variant the fit did not converge
and a constant value was applied instead. Differences of ξ(0) between αS A27C
with or without vesicles were within the error bars, the variation in ξ(0) of αS A27C
∆2-11 results from spectral differences within the protein.

Figure 4.42: A) Protein-lipid interaction factors ξ for αS in the absence of LUVs
(pink) and presence of POPG (blue) or POPC (yellow) LUVs corre-
sponding to the spectra shown in figures 4.30, 4.33A, and 4.38. B)
Quantification of membrane binding in the cell by calculation of ξ in
a time-resolved manner. Microinjection of αS A27C in oocytes with
addition of POPG LUVs (blue) compared to the absence (pink) of ar-
tificial vesicles and microinjection of A27C ∆2-11 (green). Empirical
fits (Table 4.1) were applied as guide to the eye. Adapted from7.
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Table 4.1: Parameters used for fitting of protein-lipid interaction factors in the cell.
ξ(t) = a− (a− b) · exp (−c · t), Figure 4.42.

Injected sample a b c
αS A27C 0.39± 0.23 0.14± 0.131 0.025± 0.055
POPG & αS A27C 0.52± 0.02 −0.14± 0.10 0.076± 0.015
αS A27C ∆2-11 0.049± 0.009 0 ∞

If αS did not interact with biomacromolecules in the cell and remained intrinsically
disordered as claimed by recent studies,148;158 no change would be found in the spec-
trum over time. A slight spectral broadening was obtained here as indicated by the
protein-lipid interaction factor ξ. However, no change was found for the αS ∆2-11
variant with reduced binding ability supporting the significance of the raising ξ.
Moreover, this effect might indicate that RS EPR enables to sense αS interaction
with endogenous membranes.

Spectral simulations enabled conversion of ξ into the fraction of bound protein for
αS A27C.7 (Figure 4.43)

Figure 4.43: Spectra were simulated for different fractions of bound protein and
the protein-lipid interaction factors ξ were calculated. A relation of
ξ(b) = 0.049

(
fraction
100 %

)2
+ 0.66 fraction

100 % + 0.17 was found. Adapted from7.

Since M-Proxyl labeled αS A27C ∆2-11 binds only very weakly to membranes, no
reference data is available. Therefore, translation of ξ into b is not possible for this
protein variant.7
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4.8.7 Conclusion
RS EPR spectroscopy was used to distinguish membrane-bound from free αS in vitro
and in cells. Moreover, the process of protein binding to POPG LUVs was mon-
itored in the cell. Having established this technique, investigation of intracellular
behavior of αS and interaction with endogenous membranes was possible.

Since former in-cell EPR and NMR studies of αS were limited by their SNR, only
the intrinsically disordered state of αS has been found.148;158 However, due to the
huge amount of endogenous membranes and the knowledge of in vitro αS-vesicle
interaction, there were pressing assumptions for a small fraction of αS interacting
with membranes in the cell.

Even though the experimental design presented here did not aim to circumvent ni-
troxide reduction in the cell, RS EPR spectroscopy enabled the detection of slight
changes in the spectra of M-Proxyl-labeled αS A27C upon injection into oocytes,
which were not found for the negative control. The increase from ξ(16 min) = 0.22
corresponding to 9 % bound protein to ξ(51 min) = 0.31 corresponding to 21 %
bound protein indicates that we were able to sense αS interaction with endogenous
membranes. However, the absolute numbers have to be treated with caution since
the change of ξ is within the error bars and conversion into the membrane-bound
fraction was performed based on spectra simulated in situ.

With these results in hands, a direct research task is the quantification of αS that
is bound to endogenous membranes. Besides the characterization of wt αS, disease
mutants are of high interest. Furthermore, aiming towards studying the physiolog-
ical and pathological role of αS and other IDPs, the transfer of the experimental
setup into mammalian or even more relevant neuronal cells is a pending task.
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4.9 Perspectives for investigation of IDPs by in-cell
EPR spectroscopy

EPR spectroscopy in combination with nitroxide SDSL was extensively used to gain
information of the IDP model protein αS in vitro.154–156;233 However, in-cell ap-
proaches were yet limited by the SNR.148;158 Here, different approaches regarding
labeling strategy, nitroxide stability, and spectroscopic technique were tested with
respect to their applicability to in-cell EPR spectroscopy of αS.

The use of spin-labeled lysine 1 (SLK-1), is an elegant approach for translational
incorporation of a spin label.187;203 However, while EPR spectroscopy on structured
proteins such as GFP and TRX was possible directly in the host organism with-
out further purification or labeling steps, the lack of a defined three-dimensional
structure of αS made the label more prone for reductive processes resulting in the
loss of paramagnetic species. In spite of various optimization approaches, neither in
eukaryotic nor in prokaryotic cells, significant EPR signals were detected.

In another approach, the noncanonical amino acid pIPhe was genetically encoded
and post-translationally spin-labeled with the nitroxide boronic acid NOBA, thus
using a unique, bioorthagonal labeling process without the need that the nitroxide
is exposed to the reductive cellular environment during protein expression. With
the labeling protocol optimized in vitro, small labeling yields were found by mass
spectrometry upon labeling in E. coli lysate. However, cell delivery and thus the
potential of intracellular spin labeling remains unclear. Moreover, nitroxide stability
remained an open challenge.

To overcome limitations caused by low nitroxide stability, the new label head group
TEIO, which is based on an isoindoline with four ethyl groups in α-position, was
designed, synthesized, and applied to spin labeling via a maleimide or an azide
functionality. Successful use for DEER measurements was shown for the structured
model protein TRX and a rotamer library was compiled. Successful labeling of
αS was demonstrated, but the investigation of protein-vesicle interaction revealed
artifacts that might be ascribed to the hydrophobicity of TEIO resulting in label
interaction with the vesicle.

Finally, RS EPR was used since it offers enhanced sensitivity and time-resolution.
These spectroscopic advances combined with well-established cysteine labeling al-
lowed the detection of αS-membrane interaction in vitro, and in oocytes of X. laevis.
Time-resolved measurements enabled monitoring of the process of membrane bind-
ing to artificial and endogenous lipid membranes in the cell.

Nevertheless, aiming towards investigation of proteins in their natural host organ-
ism, the transfer of the technique into human cell types is pending. In vitro labeling
combined with transfection into mammalian cells via electroporation or hypotonic
swelling offers the chance for measurements in biologically relevant environments,
but usually includes long incubation going along with strong nitroxide reduction.



In-cell studies of intrinsically disordered proteins (IDPs)

Nitroxide-labeling using ncAA with subsequent RS measurements offers the po-
tential to combine in-cell labeling with highly sensitive EPR technique, and thus
overcomes SNR issues caused by low nitroxide stability.
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5 Summary
In spite of large advances in computational methods, experimental measurements
in complex biological structures and interactions remain inevitable. Depending on
the research question, EPR spectroscopy represents an ideally suited tool for various
applications. Three examples were presented in this work:

(i) Processes involving paramagnetic species such as organic radicals can be mon-
itored in various biological environments since they usually have a low EPR back-
ground signal. Here, EPR spectroscopy was used to unravel the radical anion of
nitrofurantoin (NFT) as active species in Nrf2-mediated de novo glutathione syn-
thesis. Together with biochemical analysis, NFT was hence identified as potential
drug for the treatment of oxidative stress.

(ii) Although improvements in NMR, cryo-EM, X-ray crystallography or SAXS were
achieved within the last years, structure determination of large protein complexes
by a single spectroscopy technique remain challenging and are either limited in res-
olution, size of the target, or the need for crystallization. Here, EPR spectroscopy
and site-directed spin labeling (SDSL) were used to complement the existing partial
structure information of the ribosome associated complex (RAC). Experimental
distance determination combined with MD simulations verified the existence of the
available crystal structure also in solution and upon ribosome binding. Moreover,
local ribosome binding sites were identified and prolin-induced helix destruction was
monitored. Using the ability of EPR to sense changes in the local environment of
spin labels, and to determine distances and their changes in the nanometer range,
the picture of RAC was clarified leading one step further in unraveling the various
processes at the ribosome during endogenous protein translation.

(iii) Intrinsically disordered proteins (IDP) such as αS have intensively been investi-
gated in vitro in the past, but in-cell studies were limited by low SNR so far. Here
it was shown that the spin-labeled lysine 1 (SLK-1), which had been introduced
in structured proteins with high potential for co-translational labeling and in-cell
EPR measurements, was not applicable due to the high vulnerability of the nitrox-
ide in the disordered protein. Instead, two alternative spin labels were developed.
Conjugation reaction of a nitroxide boronic acid (NOBA) with the noncanonical
amino acid (ncAA) pIPhe enabled sensing of protein-vesicle interaction of αS. The
bioorthogonal labeling reaction was successful in E. coli lysate. However, in addition
to low labeling yields, loss of the paramagnetic species in cellular environment re-
mained challenging. In order to overcome this limitation, a tetraethylisoindolinyloxy
(TEIO) nitroxide was designed, and its outstanding resistance towards reduction
towards chemical reducing agents, prokaryotic and eukaryotic lysates was demon-
strated. DEER distance determination was possible for two differently linked TEIO
labels. Nevertheless, the high hydrophobicity of the molecule was shown to interfere
in investigations involving hydrophobic components such as vesicles. Finally, cys-
teine labeling of αS was applied in vitro, followed by translocation into living cells
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via microinjection, and rapid scan (RS) EPR spectroscopy. Therewith, monitoring
the process of membrane binding to artificial and endogenous lipid membranes was
possible in a time-resolved manner.

The huge variety of EPR spectroscopic methods and SDSL strategies encourage
their use for investigation of biological questions, including unravelling structure
and interaction of biomacromolecules.
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Figure 5.1: Schematic drawing of the results obtained within this thesis. (i) EPR
spectroscopy was used to unravel the radical anion of nitrofurantoin
(NFT) as active species in Nrf2-mediated de novo glutathione synthesis.
(ii) Site-directed spin labeling (SDSL) was combined with EPR spec-
troscopy and used to complement the existing partial structure infor-
mation of the ribosome associated complex RAC. (iii) Towards in vitro
investigation of the intrinsically disordered protein (IDP) α-synuclein
(αS) in cells, the genetically-encoded spin-labeled amino acid SLK-1 was
consulted, a new labeling strategy involving the noncanonical amino acid
pIPhe and a nitrogen boronic acid (NOBA) was established, and a new
tetraethyl-shielded isoindolin-based (TEIO) nitroxide label with supe-
rior stability in eukaryotic and prokaryotic environments was developed.
Finally, rapid scan (RS) EPR spectroscopy was used to determine αS-
membrane interaction in cells.
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6 Materials and Methods

6.1 Chemical synthesis

6.1.1 Spin-labeled lysine (SLK-1)
SLK-1 was synthesized by Artem Fedoseev and Raphael Steimbach in our group as
previously described.187;203 Briefly, N,N’-disuccinimidyl carbonate- (DSC) mediated
carbamate formation between commercially available 3-hydroxymethyl-1oxy-2,2,5,5-
tetramethyl-pyrroline and Nα-Boc-protected l-lysine was performed, followed by
deprotection with trifluoroacetic acid.

6.1.2 Nitroxide boronic acid (NOBA)
NOBA was synthesized by Moritz Schmidt and Artem Fedoseev in our group as pre-
viously described.3 Nitroxide carboxylic acid (500 mg, 2.7 mmol) and 4-aminophenyl-
boronic acid pinacol ester (595 mg, 2.7 mmol) were placed in a 100 mL one-necked
flask and dried in vacuo, prior to being dissolved in anhydrous dichloromethane
(DCM; 30 mL) in argon atmosphere (for the reaction scheme see Figure 6.1). The
solution was cooled to 0 °C and N -methylmorpholine (NMM; 657 µL, 5.97 mmol)
and PyBOP (1554 mg, 2.99 mmol) were added. The reaction mixture was stirred
for 20 h at room temperature (RT), washed with 10 mL saturated NaHCO3 solu-
tion, and the phases were separated and dried with MgSO4. The solvent was re-
moved under reduced pressure and the slightly purple oil was purified using flash
column chromatography (PE/EE = 3/1). 759 mg of the intermediate were obtained
(73 % yield). 124 mg of this intermediate were dissolved in 5 mL acetonitrile and
100 µL trifluoroacetic acid (TFA). 1 g of polymer-bound boronic acid (MERCK)
was added. Under reflux, the mixture was stirred for 4 h at 92 °C, before acetoni-
trile was evaporated. The product (14 mg, 14 %) was obtained as a yellow solid.

The identity of NOBA was shown by high resolution mass (HRMS) spectrome-
try on a Thermo Scientific ESI mass spectrometer with an LTQ Orbitrap Velos
detector without previous separation. Purity of 4-(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrole-3-carboxamido)phenylboronic acid (NOBA) was shown by 13C-
and 1H-NMR of the reduced nitroxide analogue. For the reduction of the nitroxide,
NOBA (10 mg) was shaken at RT for 3 h in a mixture of 75 µL formic acid (Riedel-
de Haën) and 75 µL water, before the solvent was removed by lyophilisation.187 The
resulting sample was dissolved in deuterated DMSO (Sigma-Aldrich). NMR spectra
were acquired at ambient temperature on a Bruker Avance III 400 MHz spectrom-
eter. Chemical shifts are reported in δ/ppm relative to solvent signals (DMSO-d6:
δH = 2.5 ppm, δC = 39.52 ppm). Acquired data were processed and analyzed using
MestReNova software. HR-ESI MS (m/z): [M ] calculated for NOBA: 303.1516,
found: 303.1516.
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Figure 6.1: NOBA synthesis reaction scheme.

1H-NMR (400 MHz, DMSO-d6): δ: 7.74 to 6.92 (m, 4 H, 4 x ArH), 6.55 (s, 1 H,
H-C=C), 3.36 (s, 2 H, B-(OH)2), 1.38 to 1.17 (m, 12 H, 4 x CH3).

13C-NMR (101 MHz, DMSO-d6): δ: 163.32 (HN-C=O), 128.61 (ArC), 119.84
(ArC), 24.79 (CH3).

6.1.3 Tetraethylisoindolinyloxyl (TEIO)
TEIO labels were synthesized by Uwe Osswald in our group. Detailed experimen-
tal procedures and characterization of the intermediate compounds were previously
described.4 Briefly, amine 1 was synthesized as previously reported by Bottle and co-
workers.268 After oxidation of the benzylic position to the corresponding carboxylic
acid 2 by KMnO4, reduction to alcohol 3 was performed with LiAlH4. Deprotecte-
tion of the amine was performed via catalytic hydrogenation to yield secondary
amine 4. Subsequent oxidation with mCPBA afforded nitroxide 5 which was func-
tionalized by conversion into mesylate 6 and substitution with NaN3 to Az-TEIO
(7). For the introduction of the maleimide functionality, Staudinger reaction was
performed to yield benzylic amine 8 which was then converted into M-TEIO (9) in
a two-step procedure using maleic anhydride.

NMR spectra and LC-MS chromatograms characterizing the compounds can be
found in chapter 7.4.
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Figure 6.2: Synthesis of Az-TEIO (7) and M-TEIO (9): a) KMnO4,
NaOH/pyridine, H2O, 120 °C, 48 h, 80 %; b) LiAlH4/THF, 0 °C, 48 h,
99 %; c) H2, Pd/C/AcOH, overnight, 47 %; d) mCPBA/DCM 0 °C,
20 h, 76 %; e) NEt3, MsCl/DCM 0 °C, 3 h; f) NaN3/DMF, 20 h, 79 %; g)
PPh3THF, 0 °C, 30 min, NH3 (25 %)/THF, 0 °C, 21 h, quant.; h) maleic
anhydride/THF, RT, 50 min; i) NaOAc/Ac2O, 74 °C, 1.5 h, 64 % over
two steps. Figure adapted from4.

6.2 Molecular biology

6.2.1 List of buffers and media
Synthetic complete (SC) medium

• 6.7 g L−1 Bacto-yeast nitrogen base w/o amino acids (Sigma-Aldrich)
• 2 g L−1 amino acid mix (Sigma-Aldrich)
• 2 % (w/v) dextrose (Sigma-Aldrich)

RAC lysis buffer

• 40 mM HEPES pH 7.4 (Sigma-Aldrich)
• 1M KAc (Sigma-Aldrich)
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• 5 % (v/v) glycerol (Sigma-Aldrich)
• 2 mM β-mercaptoethanol (Merck)
• 1 mM PMSF (Carl Roth)
• 1 mM EDTA (Sigma-Aldrich)
• protease inhibitors (Sigma-Aldrich)
• DNase I (Sigma-Aldrich)

Low salt buffer

• 40 mM HEPES pH 7.4 (Sigma-Aldrich)
• 100 mM KAc (Sigma-Aldrich)
• 5 mM MgCl2 (Sigma-Aldrich)
• 5 % (v/v) glycerol (Sigma-Aldrich)
• 2 mM β-mercaptoethanol (Merck)

High salt buffer

• 40 mM HEPES pH 7.4 (Sigma-Aldrich)
• 1M KAc (Sigma-Aldrich)
• 5 mM MgCl2 (Sigma-Aldrich)
• 5 % (v/v) glycerol (Carl Roth)
• 2 mM β-mercaptoethanol (Merck)

RAC elution buffer

• 40 mM HEPES pH 7.4 (Sigma-Aldrich)
• 100 mM KAc (Sigma-Aldrich)
• 5 mM MgCl2 (Sigma-Aldrich)
• 5 % (v/v) glycerol (Carl Roth)
• 2 mM β-mercaptoethanol (Merck)
• 300 mM imidazole (Sigma-Aldrich)

RAC buffer

• 40 mM HEPES pH 7.4 (Sigma-Aldrich)
• 100 mM KAc (Sigma-Aldrich)
• 5 mM MgCl2 (Sigma-Aldrich)
• 5 % (v/v) glycerol (Carl Roth)
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Ribosome lysis buffer

• 50 mM HEPES pH 7.4 (Sigma-Aldrich)
• 300 mM NaCl (Carl Roth)
• 6 mM MgCl2 (Sigma-Aldrich)
• 0.5 % (v/v) Nonidet-P40 (Sigma-Aldrich)
• 2 mM DTT (VWR)
• 1x Tm complete protease inhibitor cocktail (Roche)
• 1 mM PMSF (Carl Roth)

Ribosome resuspension buffer

• 50 mM HEPES pH 7.4 (Sigma-Aldrich)
• 150 mM KCl (Carl Roth)
• 6 mM MgCl2 (Sigma-Aldrich)
• 1 mM DTT (VWR)
• 6.8 % (w/v) sucrose (Carl Roth)

αS lysis buffer

• 10 mM Tris-HCl pH 7.4 (Sigma-Aldrich)
• 1 mM EDTA (Carl Roth)
• 1 mM PMSF (Carl Roth)
• 1 mM DTT (VWR, for cysteine variants only)

αS buffer

• 10 mM Tris-HCl pH 7.4 (Sigma-Aldrich)
• 150 mM NaCl (Sigma-Aldrich)
• 1 mM DTT (VWR, for cysteine variants only)

Quiagen lysis buffer

• 50 mM NaH2PO4 pH 8 (Carl Roth)
• 300 mM NaCl (Carl Roth)
• 1 mM DTT (VWR, for cysteine variants only)

LB medium (Lennox)

LB Broth was obtained from Carl Roth and solved to obtain the following compo-
sition:

• 5 g L−1 NaCl
• 10 g L−1 tryptone
• 5 g L−1 yeast extract
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TB medium

• 24 g L−1 yeast extract (Carl Roth)
• 20 g L−1 tryptone (Carl Roth)
• 4 mL L−1 glycerol (VWR)
• 17 mM KH2PO4 (Carl Roth)
• 72 mM K2HPO4 (Carl Roth)

M9 mineral buffer

• 3 g L−1 KH2PO4 (Carl Roth)
• 6.78 g L−1 Na2HPO4 (Carl Roth)
• 500 mM NaCl (Carl Roth)
• 1 g L−1 NH4Cl (Carl Roth)

Stacking gel buffer

• 0.5M Tris-HCl, pH 6.8 (Sigma-Aldrich)
• 4 g L−1 SDS (Carl Roth)

Separating gel buffer

• 1.5M Tris-HCl, pH 8.8 (Sigma-Aldrich)
• 4 g L−1 SDS (Carl Roth)

Running buffer

• 3.03 g L−1 Tris (Sigma-Aldrich)
• 14.4 g L−1 glycine (Carl Roth)
• 1 g L−1 SDS (Carl Roth)

Laemmli sample buffer (6x)

• 0.3M Tris-HCl, pH 6.8 (Sigma-Aldrich)
• 60 mM DTT (VWR)
• 120 g L−1 SDS (Carl Roth)
• 0.6 g L−1 bromphenol blue (VWR)
• 600 mL L−1 glycerol (VWR)

Coomassie solution

• 50 % H2O
• 40 % methanol (Carl Roth)
• 10 % glacial acetic acid (Carl Roth)
• 0.1 % Coomassie Brilliant Blue R-250 (Sigma-Aldrich)
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Destain solution

• 50 % H2O
• 40 % methanol (Carl Roth)
• 10 % glacial acetic acid (Carl Roth)

Modified Barth’s saline (MBS)

• 88 mM NaCl (Carl Roth)
• 1 mM KCl (Merck)
• 0.4 mM CaCl2 (Carl Roth)
• 0.33 mM Ca(NO3)2 (Carl Roth)
• 0.8 mM MgSO4 (Carl Roth)
• 5 mM Tris-HCl (Sigma-Aldrich)
• 2.4 mM NaHCO3 (Carl Roth)

6.2.2 Nitrofurantoin
Radical formation with isolated microsomes

Microsomes were prepared by Stefan Schildknecht at the University of Konstanz via
sonication of 1× 108 cells, removal of debris by centrifugation at 10 000 g for 15 min,
and subsequent centrifugation of the resulting supernatant at 100 000 g for 60 min.
Microsomes (1 mg mL−1) in sodium phosphate buffer, pH 7.4 were supplemented
with NADPH (10 mM) and NFT (5 mM).

Radical formation in whole cells

For analysis of intact cells, HepG2 (1× 106 cells/mL in Dulbecco’s modified eagle
medium (DMEM, Thermo Fisher Scientific) without serum and antibiotics) were
treated with NFT (5 mM).

6.2.3 Molecular cloning
RAC

Molecular cloning for RAC experiments was performed by Sandra Fries at the Uni-
versity of Konstanz. Yeast strains used in this study were BY4741 (MATa; his3Δ1;
leu2Δ0; met15Δ0; ura3Δ0) and BY4741 ssz1Δ, zuo1Δ (RACΔ). For the construc-
tion of the respective RAC variants, first, the three endogenous cysteines (Ssz1 C81
C86; Zuo1 C167) were substituted by serines, followed by the introduction of cys-
teines at the desired amino acid positions. Replacement and introduction of cysteine
codons in SSZ1 and ZUO1 were performed according to the guidelines of the Q5®

Site-Directed Mutagenesis Kit (NEB) or by a Fusion-PCR strategy introducing the
mutation site via overlapping primers.
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αS and TRX

Site-directed exchange of a single amino acid for cysteines or ncAA was achieved by
mutation of the respective nucleic acid code as described by Cattani et al.1 The αS
or TRX gene of the template plasmid were modified by site-directed mutagenesis.
Primers (tables 7.1 and 7.2) were designed in a way that both oligonucleotides
contained either the TGT mutation encoding for the cysteine, or the TAG mutation
encoding for the amber stop codon, and annealed to the same sequence on opposite
strands of the plasmid. The length was set between 25 and 45 bases resulting in a
melting temperature Tm above 78 °C. Tm can be predicted as follows:

Tm/°C = 81.5 + 0.41 · (%GC)− (675/N)−%mismatch, 1

where N is the primer length in bases, %GC the portion of guanosine and cytosine,
and %mismatch the portion of nucleic acids to be exchanged. The desired mutation
was placed into the center of the primer and allowed for a 1 to 3 nucleic bases over-
hang at the primer ends. GC content was chosen to be higher than 40 % and one or
more G or C bases as primer terminus.

Oligonucleotides (Sigma) are listed in tables 7.1 and 7.2. Polymerase chain reac-
tion (PCR) was performed in 25 µL total volume by mixing the components (New
England Biolabs) listed in table 6.1 on ice, and applying the thermocycler protocol
shown in table 6.2. Afterwards, the methylated, nonmutated parental DNA tem-
plate was digested by incubating the reaction 1 h to 6 h with 0.5 µL DpnI (New
England Biolabs).

Table 6.1: Components of the PCR reaction to be mixed on ice
Component Volume Final concentration
Ultrapure water 17 µL
HF Phusion buffer (5x) 5 µL 1x
Template plasmid (10-100 ng mL−1) 1 µL 10-100 ng
dNTPs (10 mM) 0.5 µL 200 nM
Forward primer (10 µM) 0.5 µL 200 nM
Reverse primer (10 µM) 0.5 µL 200 nM
Phusion® High-Fidelity DNA Polymerase 0.5 µL 1.25 U

In order to amplify the plasmid, plasmid DNA was transformed into chemically com-
petent GH371 cells by mixing 4 µL DpnI digest solution with a 50 µL cell aliquot
followed by 30 min incubation on ice, 30 s heat shock at 42 °C, 2 min incubation
on ice, and rescue in 1 mL pre-warmed SOC (37 °C) for 1 h shaking at 1400 rpm.
Afterwards, cells were put onto LB agar plates containing 50 µg mL−1 carbenicillin
(Carl Roth), and incubated at 37 °C over night. A single colony was picked and
grown in 10 mL LB medium containing 50 µg mL−1 carbenicillin (Carl Roth) over
night. Finally, plasmids were isolated using GeneJet Miniprep Kit, and successful
cloning was verified by sequencing (αS: T7 promoter forward primer (TAATAC-
GACT CACTATAGGG), TRX pBAD promoter reverse primer (GATTTAATCT
GTATCAGG)) to reveal the sequence of the αS or TRX gene respectively.
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Table 6.2: PCR program
Cycle Temperature Time
Initial denaturation 95 °C 30 s
Denaturation 95 °C 30 s
Annealing 55 °C 60 s
Elongation 68 °C 8 min

16 x
Final elongation 68 °C 7 min
Storage 4 °C ∞

6.2.4 Protein expression and purification
RAC

Protein expression and purification for RAC experiments were performed by Sandra
Fries at the University of Konstanz. For recombinant expression and purification
of RAC, E. coli BL21 (DE3)*/ pRARE cells were transformed with a variant of
His6-SUMO-Ssz1-Zuo1. Cells were grown in liquid culture to OD600= 0.6 at 30 °C.
Expression of RAC was induced with 0.5 mM IPTG (Carl Roth) for 3 h at 30 °C.
Cells were harvested, resolved in RAC lysis buffer and lyzed by French Press. Lysates
were cleared by centrifugation (18 000 g, 30 min), supernatant treated with 10 mM
MgCl2 to complex residual EDTA and finally applied to Ni-IDA resin (Protino;
Mascherey-Nagel) for 30 min at 4 °C. The matrix was alternately washed twice with
low salt buffer, high salt buffer, and low salt buffer respectively. Finally, the His6-
SUMO-Ssz1-Zuo1 complex was eluted in RAC elution buffer. Elution fractions were
mixed with Ulp1 protease (5 µg mg−1 total protein) to remove His6-SUMO and dia-
lyzed against RAC buffer for 3 h. As second purification step, RAC was applied to
an anion exchange column (ResourceQ, GE Healthcare). All chromatogram peaks
were analyzed by SDS-PAGE and RAC containing fractions were pooled and di-
alyzed against RAC buffer. In a last purification step, RAC was purified by size
exclusion chromatography through a HiLoad Superdex 200 (GE Healthcare) column
equilibrated with RAC buffer. Purity was verified by SDS-PAGE and fractions con-
taining highly pure RAC were pooled, flash frozen and stored at −80 °C.

αS

Cysteine variants αS purification was recently described1 based on an established
protocol.283 Briefly, BL21-Gold(DE3) competent E. coli (Agilent) were transformed
with the respective plasmid (table 7.1 and 7.2) via heat shock as described in sec-
tion 6.2.3. 10 mL LB medium supplemented with 50 mg mL−1 carbenicillin (Carl
Roth) was inoculated with a single colony from the LB agar plate, incubated at 37 °C,
180 rpm, over night, and diluted in 1 L freshly prepared LB medium supplemented
with 50 µg mL−1 carbenicillin (Carl Roth). Cells were grown at 37 °C, 180 rpm until
OD600 reached 0.5 to 0.7. Then, protein expression was induced by adding 1 mM
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IPTG (238 mg, Carl Roth) into the medium, incubated at 37 °C, 180 rpm for 6 h,
and then harvest by centrifugation (3320 g, 30 min).

The pellets were resuspended in 50 mL αS lysis buffer (section 6.2.1), sonicated, and
cell debris removed by centrifugation at 10 000 g for 30 min at 4 °C. DNA contained
in the supernatant was precipitated by addition of 1 % (w/v) streptomycin sulfate
(Carl Roth), stirring for 15 min at 4 °C, and removal of DNA via centrifugation
at 13 500 g for 30 min at 4 °C. For ammonium sulfate precipitation, 30 % (w/v)
ammonium sulfate was added, incubated for 1 h at 4 °C, and spun down at 13 500 g
for 30 min at 4 °C. Pellets were resuspended in 10 mM Tris-HCl (pH 8.0) containing
1 mM DTT (VWR), loaded onto a Resource Q anion-exchange column (6 mL) on an
ÄKTAprime plus chromatography system, fractions collected during elution with a
salt gradient according to the manufacturer’s manual, and the presence of αS assayed
by SDS-PAGE followed by Coomassie staining. Fractions containing αS were pooled,
transferred into αS buffer, and concentrated to approximately 250 µM using Amicon
ultra 0.5 mL centrifugal filters MWCO 3 kDa (Sigma).

pIPhe variants Chemically competent BL21-gold (DE3) E. coli (Agilent) were
cotransformed with plasmids pEVOL_pIPhe245 and pT7-7_αS_S9TAG encoding
human αS with amber mutation, grown, and induced at an OD600 of 0.5 to 0.7
with 1 mM IPTG (Carl Roth) and 0.2 % (w/v) l-arabinose in the presence of 3 mM
pIPhe. After 5 h to 6 h growth, cells were lyzed with B-PER™ (Thermo Fisher
Scientific) including 1 mM PMSF and purified using CaptureSelect™ C-tag affinity
matrix (Thermo Fischer Scientific) as described in section 6.3.2. Purity and iden-
tity of the obtained protein was analyzed by MS and SDS-PAGE, and quantified
spectrometrically.

TRX

1 L LB medium containing carbenicillin (50 µg mL−1, Carl Roth) were inoculated
with 1 % overnight culture of BL21-Gold(DE3) E. coli (Agilent) containing plasmid
pBAD _TRX_His6 wt*, pBAD_TRX_His6_D14C_R74C, or pBAD_TRX_His6
_D14C_G34C (section 7.1.1). For the expression of proteins containing pENF, bac-
teria that were cotransformed with plasmids pEVOL_pCNF_YRS (encoding the
pCNPhe aminoacyl tRNA synthetase/tRNA pair, provided by Peter G. Schultz)
and pBAD_TRX_His6_D14TAG_G34TAG (section 7.1.1) were used, and chlo-
ramphenicol (34 µg mL−1, Carl Roth) and carbenicillin (50 µg mL−1, Carl Roth) were
added to the medium. Protein expression was induced at an OD600 of 0.8 in the
presence of 2 g l-arabinose for 5 h at 37 °C and 180 rpm shaking. Expression was
stopped via centrifugation. Lysis was performed in 25 mL bacterial protein extrac-
tion reagent (B-PER™, Thermo Fisher Scientific), in the presence of 1 mM PMSF
and 1 mM DTT (VWR) with a Q700 SONICATOR (QSONICA, equipped with a
1.6 mm tip probe, 2 min cycling with 1 s pulse-on and 1 s pulse-off, amplitude 10).
Protein extraction was performed with Ni-NTA Agarose Resin (Thermo Fisher Sci-
entific). Washing was performed with 50 mL Qiagen lysis buffer in total. After two
elution steps with each 500 µL Qiagen lysis buffer containing 500 mM imidazole, the

102



Molecular biology

protein was dialyzed against the target buffer (αS buffer or PBS, pH 7.5).

6.2.5 Purification of 80S ribosomes
Purification of 80S ribosomes was performed by Sandra Fries at the University of
Konstanz. Yeast 80S ribosomes were either purified from BY4741 or KAY488 +
pNOY373 ES12Δ10. To obtain ribosomes free of endogenous RAC, a mild salt-
wash step with 150 mM KCl (Carl Roth) was performed. 12 L culture were grown
to an OD600 of 0.8, harvested and pellets flash frozen in liquid nitrogen. Cells
were opened in a pre-cooled Retch Mill MM400 (30 Hz for 60 s) and powder was
resuspended in ribosome lysis buffer. Cellular debris was removed by centrifugation
(16 000 g, 30 min, 4 °C), lysates applied to a 60 % (w/v) sucrose cushion (50 mM
HEPES pH 7.4 (Sigma-Aldrich), 50 mM KCl (Carl Roth), 10 mM MgCl2 (Sigma-
Aldrich), 5 mM EDTA (Carl Roth), 0.5 x Tm complete protease inhibitor cocktail
(Roche)) and centrifuged for 20 h at 184 000 g (45 000 rpm) at 4 °C in a Ti50.2 rotor
(Beckmann coulter). Ribosomal pellets were resuspended in ribosome resuspension
buffer by shaking (150 rpm) on ice for 3 h. The crude ribosomal extract was then
treated with 1 mM puromycin (InvivoGen) for 30 min at RT to release nascent chains
and afterwards centrifuged for 20 min at 20 000 g at 4 °C. The ribosomal subunits
were separated on 15 % to 45 % (w/v) sucrose gradients (Carl Roth) (50 mM HEPES
(Sigma-Aldrich) pH 7.4, 150 mM KCl (Carl Roth), 2 mM MgCl2 (Sigma-Aldrich),
1 mM DTT (VWR)), centrifuged at 17 500 rpm and 4 °C for 17 h (SW28-rotor, Beck-
mann Coulter). 80S containing fractions were collected and buffer exchanged to
RAC buffer in 100 000 kDa MWCO centrifugal filters (Amicon Ultra-4, Millipore).
Aliquots of 20 µL ribosomes were flash frozen and stored at −80 °C.

To purify ribosomes that may still carry the nascent chain we adapted the protocol
as follows: Faster harvest by vacuum filtration, no treatment with puromycin, and
collection of only the polysome fraction (translating ribosomes).6

6.2.6 Cell culture
Human embryonic kidney (HEK 293T) cells were obtained from Anna Witte of the
Summerer Group at the University of Dortmund. Cells were grown in Dulbecco’s
phosphate buffered saline (DPBS, PAN) supplemented with 10 % (v/v) fetal calf
serum (FCS, Biochrom), 100 U/mL penicillin, 100 µg mL−1 streptomycin (Thermo
Fisher Scientific), and 10 % (w/v) l-glutamin at 37 °C and 5 % CO2. Cells were
passaged every 2 days to 3 days, when a confluence of 70 % was reached. The medium
was discarded and the cells were washed with DPBS before 2 mL 37 °C-prewarmed
trypsin-EDTA were added to the cells and incubated 5 min at 37 °C. The cells were
resuspended in 10 mL 37 °C-prewarmed medium, cell concentration was determined
using a hemocytometer, and the needed amount of cells was transferred to a new
tissue-culture plate with a sufficient amount of medium.
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6.2.7 SDS-PAGE
Gel preparation Separating gel solution was prepared by mixing 4.5 mL H2O,
4.5 mL separating gel buffer, 9 mL acrylamide (30 %), 60 µL APS (10 %), and 13.5 µL
TEMED. Subsequently, the mixture was poured between two clean glass plates with
1.5 mm spacers. To maintain an even surface, it was overlayed with isopropanol. Af-
ter polymerization at RT, overlaying isopropanol was removed. Stacking gel solution
was prepared by mixing 4 mL H2O, 1.7 mL separating gel buffer, 1 mL acrylamide
(30 %), 20 µL APS (10 %), and 12 µL TEMED, and adding it on top of the separating
gel. After addition of a comb, polymerization was performed at RT.

Sample preparation To a total volume of 20 µL, 4 µL Laemmli sample buffer (6x)
were added, and the solution boiled at 96 °C for 5 min.

Electrophoresis 20 µL sample were loaded in each pocket and electrophoresis was
performed at 120 V with a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-
Rad Laboratories).

Coomassie staining The gel was flooded with Coomassie solution and stained
over night. After removing the staining solution, the gel was washed with water,
before destaining solution was added until clear blue bands on clear background
were visible.

Imaging Documentation was performed on a ChemiDoc MP Imaging System (Bio-
Rad Laboratories).

Semi-quantitative determination of αS S9-SLK-1 SLK-1 labeling was performed
in 20 mL bacterial culture as described in section 6.3.2. After streptomycin sulfate
precipitation (Carl Roth), ammonium sulfate precipitation (Sigma-Aldrich) was per-
formed and the pellet resolved in 200 µL water. 2 µL of the solution were subjected
to SDS-PAGE analysis. The detected amount of approximately 4 µg αS on the gel
corresponds to 20 mg L−1 cell culture.

6.2.8 Determination of protein concentrations
BCA assay

Bicinchoninic acid (BCA) assays were used for protein concentration determination
and performed with the use of Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s manual.

Quantification of SLK-1-labeled αS was performed from labeling in 20 mL bacte-
rial culture as described in section 6.3.2. After C-tag bead extraction, elution was
performed with 50 mL elution buffer. BCA assay of a 1:100 dilution of the eluted
fraction revealed a concentration of 150 µg mL−1, corresponding to a protein yield
of 15 mg L−1 cell culture.
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Photometry

Concentration of extracted protein was determined via light absorption at 280 nm
with an Eppendorf BioPhotometer textsuperscript® D30 in an Eppendorf μCuvette®

G1.0. Extinction coefficients of ε280 nm = 5600 L mol−1 cm−1 (αS without cysteines),283
ε280 nm = 5745 L mol−1 cm−1 (αS containing cysteines),284 ε280 nm = 5335 L mol−1 cm−1

(αS A27C ∆2-11),284 and ε280 nm = 21 500 L mol−1 cm−1 ( TRX)284 were used.

6.3 Labeling procedures

6.3.1 Cysteine labeling of RAC
RAC labeling was performed by Sandra Fries at the University of Konstanz. Pu-
rified RAC variants carrying a single or two cysteines were labeled with either
3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (M-Proxyl,285 Sigma-Aldrich) or
methanethiosulfonate spin label (MTSL111, Toronto Research Chemicals). Prior to
labeling, cysteines were reduced with a six-fold molar excess of DTT (VWR) over
SH-groups for 30 min at 4 °C. DTT was removed by a desalting column (Zeba spin,
Thermo Fisher), followed by the immediate addition of a six-fold molar excess of
spin label. The samples were labeled for 2 h or over night at 4 °C. Unbound label
was removed in two consecutive desalting steps via desalting columns (Zeba spin,
Thermo Fisher), equilibrated with RAC buffer. Samples were concentrated to 50 µM
to 190 µM using centrifugal filters (Amicon Ultra, MWCO 30 kDa, Millipore). To
obtain RAC-ribosome complexes, labeled RAC was incubated with a 20 % molar
excess of purified yeast 80S ribosomes for 30 min at 30 °C.

6.3.2 SLK-1 labeling of GFP, TRX, and αS
Mammalian cells

4× 105 cells HEK 293T were seeded in each well of a six-well plate 24 h prior to trans-
fection. Cells were cotransfected with pCMV_NLS_mCherry_Y39_GFP_TAG
_His6 and pCMV_PylRS_SL1 as follows: 3 µL of Lipofectamin 2000 was diluted
in 100 µL Opti-MEM (Gibco), and 1 µg of each plasmid was added. After 20 min
incubation at RT, the mixture was added to the cells drop wise. 3 mM SLK-1 was
added and the transfected cells were further cultured for 24 h. Then, medium was
exchanged to DPBS containing 3 mM SLK-1, 10 % (v/v) fetal calf serum (FCS,
Biochrom), 100 U/mL penicillin, 100 µg mL−1 streptomycin (Thermo Fisher Scien-
tific), and 10 % (w/v) l-glutamin and cultured for another 24 h before they were
subjected to microscopy or EPR spectroscopy.

Bacterial cells

E. coli BL21-Gold(DE3) (Agilent) transformed with plasmids pEVOL_PylRS_SL1
and the respective pT7-7_αS plasmid depending on the position of the amber stop
codon (section 7.1.1). Bacteria were grown in 20 mL LB medium supplemented with
50 mg mL−1 carbenicillin (Carl Roth) and 34 µg mL−1 chloramphenicol (Carl Roth)
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to OD600 = 0.5. by inoculation with 1 % (v/v) overnight culture. Expression was
induced with 1 mM IPTG (Carl Roth) and 0.2 % (w/v) l-arabinose as described
in section 6.2.4 with additional presence of 3 mM ncAA SLK-1 or Boc-Lys (Sigma-
Aldrich) for simultaneous protein expression and labeling.

If not stated differently, expression was stopped via centrifugation after 6 h. Sub-
sequently, cells were either washed five times with PBS or αS was purified with
C-tag affinity matrix as follows: cell pellets were resuspended in 500 µL B-PER™

(Thermo Fischer Scientific) including 1 mM PMSF, incubated 10 min on ice, and
cell debris was removed via centrifugation. 200 µL CaptureSelect™ C-tag affinity
matrix suspension (Thermo Fischer Scientific) was washed with Tris-HCl (10 mM,
pH 7.4), added to the cell lysate and binding was allowed by incubation on ice for
10 min. After five times washing with 500 µL Tris-HCl (10 mM, pH 7.4), elution was
performed two times with 50 µL Tris-HCl (10 mM, pH 7.4) including 2 mM MgCl2
for 10 min on ice and subsequent centrifugation.

For comparison of SLK-1 labeling of αS S9 and TRX R74, 20 µL LB medium supple-
mented with 50 mg mL−1 carbenicillin (Carl Roth) and 34 µg mL−1 chloramphenicol
(Carl Roth) were inoculated with the respective overnight culture, and expression
was induced at OD600=0.7. After 6 h, protein purification of αS was performed
with CaptureSelect™ C-tag affinity matrix suspension as described above, protein
purification of TRX was performed with Ni-NTA Agarose Resin as described in sec-
tion 6.2.4. Both purification matrices were used in an excess with respect to the
expected protein concentrations, and elution was performed with 50 µL of the re-
spective elution buffer for the respective protein. Both methods selectively extract
full length protein. Obtained protein concentrations were approximately 15 µM for
both proteins.

Anaerobic expression

100 mL LB medium was bottled in an atmosphere of 20 % CO2, 80 % N2 and her-
metically tightened with a rubber plug that allowed liquid transfer via a syringe.
Similar to aerobic expression in bacterial cells, inoculation was performed with 1 %
aerobically grown overnight culture, and cells grown in the presence of 50 mg mL−1

carbenicillin (Carl Roth) and 34 µg mL−1 chloramphenicol (Carl Roth) at 37 °C with-
out shaking until an OD600 of 0.7 was reached. Expression was induced in the pres-
ence of 1 mM IPTG (Carl Roth), 0.2 % (w/v) l-arabinose, and 1 mM SLK-1. After
6 h, expression was stopped via centrifugation, cells were washed four times with
Tris-HCl (10 mM, pH 7.4), and subsequently subjected to EPR measurements.

6.3.3 NOBA labeling of αS
Labeling in vitro

The labeling protocol was based on a reaction mixture of 180 µL of 530 µM αS S9
pIPhe (in PBS, pH 8), 2.65 mM Na2PdCl4 (Sigma), and 3.18 mM NOBA. The
mixture was incubated over night at 37 °C and 1000 rpm in an Eppendorf Ther-
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moMixer C. Then, 100 mM DTT (Sigma) was added and properly resuspended,
before the mixture was shaken for 1 min at 37 °C. The excess reactants were re-
moved with the use of two spin desalting columns (Zeba™ spin desalting columns
7 K MWCO, Thermo Scientific; 500 µL column material each) and subsequent wash-
ing with Amicon® Ultra-0.5 3 K cutoff spin filters. Full-length ESI-MS of the mixture
revealed approximately 60 % of NOBA attachment to αS S9 pIPhe after application
of the labeling protocol. (Figure 4.18)

Labeling in lysate

αS S9 pIPhe was expressed in E. coli as described in section 6.2.4. Cells from
200 mL culture were harvested via centrifugation, washed three times with Tris-
HCl (50 mM, pH 8.5), and resuspended in 2 mL 50 mM Tris-HCl pH 8.5 containing
1 mM PMSF. Lysis was performed with a tip sonicator (BANDELIN electronic
UW 2070) for 2 min with an amplitude of 100 % and constant cycle. Cell debris was
removed via centrifugation (4 °C, 1500 rpm, 2 min). Then, 20 µL of 50 mM Na2PdCl4
stock solution and 100 µL of 100 mM NOBA were added, and incubated at 37 °C
shaking over night. The next day, αS was extracted with 1 mL C-tag affinity matrix
suspension (Thermo Fischer Scientific) and 25 times washing to remove unreacted
NOBA.

6.3.4 TEIO labeling of TRX and αS
M-TEIO

If not stated differently, cysteine mutants of TRX or αS were linked to M-TEIO as
follows. 100 µL protein (500 µM) was mixed with 2 µL TCEP (250 mM), incubated
on ice for 1 h, and subsequently TCEP was removed with the use of 2x500 µL Zeba™

desalting columns (7 K MWCO) that were equilibrated with two times 500 µL αS
buffer. 10 equivalents M-TEIO were added and the labeling reaction was performed
in a 1.5 mL reaction tube (Eppendorf) at 4 °C, stirring with a stir bar for 1 to 4 days.
The remaining label was removed using a combination of Ni-NTA-chromatography,
PD-10 columns and size exclusion spin filters. The protein was bound to 200 µL
Ni-NTA agarose resin (Thermo Fisher Scientific) on ice for 1 h and washed with αS
buffer containing 20 % DMSO 8 to 10 times. Elution was performed four times after
20 min incubation on ice with 50 µL Qiagen lysis buffer each. Subsequently, two
PD-10 columns that were preincubated with 500 µL αS buffer were used for further
elimination of remaining label. Additionally, Amicon Ultra centrifugal filters with
3 K MWCO (Millipore) were used for final purification and buffer exchange for
deuterated solutions.

Az-TEIO

The labeling reaction was performed by Pia Widder in our group as previously de-
scribed.197 Briefly, copper(II)-sulfate (CuSO4) and the ligand 2-(4-((bis((1-(tertbut-
yl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl) acetic acid286
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(BTTAA) were mixed in water in a 1:3 ratio. Ascorbic acid was added in a 1:1
ratio to copper to reduce Cu(II) ions into the catalytically active Cu(I) species.
The labeling reagents were then diluted with PBS buffer pH 7.5, and protein, as
well as 100 mM Az-TEIO in DMSO, were added, resulting in a final concentration
of 1 mM copper(II)-sulfate, 3 mM BTTAA, 1 mM sodium ascorbate, 50 µM protein,
and 1 mM spin label. The CuAAC reaction took place at 25 °C for 1 h and 800 rpm in
an Eppendorf ThermoMixer C. Afterward, excess reagents were removed by size ex-
clusion chromato-graphy via spin desalting columns (Zeba™ spin desalting columns,
7 K MWCO, 2 mL column material, Thermo Fisher Scientific). Additional washing
steps were performed via ultrafiltration in centrifugal filter units (Amicon ultra-
0.5 mL centrifugal filters, 3 K MWCO, Merck; 15 min, 12 000 rpm, 4 °C) to remove
excess reagents and concentrate the protein sample in the process. Protein samples
were washed four times with 400 µL PBS buffer containing 1 mM EDTA to remove
remaining copper ions, followed by 6 x 400 µL 1.25 x D2O-PBS.

6.3.5 Cysteine labeling of αS and TRX

Protein variants carrying a single or two cysteines were labeled with M-Proxyl285
(Sigma-Aldrich). Prior to labeling, DTT was removed from the storage buffers using
PD-10 desalting columns (GE Healthcare), followed by the immediate addition of
a six-fold molar excess of spin label and incubation over night at 4 °C. Unbound
label was removed at the same time as the buffer was exchanged to αS buffer and
samples were concentrated to about 3.5 mM using centrifugal filters (Amicon Ultra,
MWCO 3 kDa, Millipore). Samples were kept on ice during the washing process to
minimize aggregation and stored at −80 °C afterwards.

6.3.6 Determination of the labeling yield

Spin concentration

For determination of the spin concentration, 30 µL to 50 µL sample were loaded
into glass capillaries (HIRSCHMANN® ringcaps®, 1 mm inner diameter), and sealed
with Hemato-Seal™ capillary tube sealant (Fisherbrand™). Room temperature (RT)
continuous wave (CW) EPR spectroscopy was performed at a X-band (9.6 GHz)
spectrometer (EMXnano, Bruker Biospin, with a cylindric cavity mode TM110) as
described in section 6.6.1. Quantitative spin concentrations of samples were obtained
with the use of the built-in EMXnano reference-free spin counting module (Xenon
software, Bruker).

Labeling yield

After determination of spin and protein concentration, the labeling yield was cal-
culated as the fraction of spin concentration and concentration of labeling sites:
cspin

n·cprotein
· 100 %, where n is the number of labeling sites per protein.
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Integrity degree

In case of label reduction, labeling success does not only depend on ligation of the
label to the protein but also the presence of intact paramagnetic species. The term
’integrity degree’ describes the percentage of intact, paramagnetic species present
in a protein. However, experimental determination for proteins containing a single
labeling site is performed similar to the determination of the labeling yield.

6.4 Preparation of large unilamellar vesicles (LUVs)
Large unilamellar vesicles (LUV) were prepared from 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1’-rac-glycerol) (POPG) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) (both Sigma-Aldrich) by extrusion. First, lipids were dissolved
in chloroform, and a thin lipid film was formed by removing the solvent with a
gentle nitrogen stream. Trace amounts of solvent were removed under vacuum over
night. The lipid film was then hydrated in the target buffer (PBS, pH 8 for NOBA
studies; αS buffer otherwise) to a final concentration of 54 mM (NOBA) or 110 mM
(otherwise). The resulting solution was extruded 15 to 45 times through a polycar-
bonate membrane filter with a 100 nm pore size (Whatman®) with the help of a mini
extruder (Avanti). Vesicle size was confirmed by a Zetasizer nano ZS spectrometer,
Malvern Instruments Ltd. (Figures 7.8 and 7.17)

6.4.1 LUV binding of M-Proxyl-labeled αS studied by CW EPR
For binding assays of M-Proxyl-labeled αS, spin-labeled protein was added to the
vesicles in a molar lipid/protein ratio of either 60 or 600 with a final protein con-
centration of 34 µM or 25 µM and allowed to bind for 30 min at before starting the
measurement.

6.4.2 LUV binding of NOBA-labeled αS
For binding assays of NOBA-labeled αS, spin-labeled protein was added to the vesi-
cles in a molar lipid/protein ratio of approximately 100 with a final protein concen-
tration of 400 µM and allowed to bind for 20 min before starting the measurement.

6.4.3 LUV binding of M-TEIO-labeled αS
For binding assays of M-TEIO-labeled αS, spin-labeled protein was added to the
vesicles in a molar lipid/protein ratio of 1500 with a final protein concentration of
32 µM and allowed to bind for 30 min before starting the measurement.

6.4.4 LUV binding of M-Proxyl-labeled αS studied by RS EPR
For in vitro binding assays of M-Proxyl-labeled αS via RS spectroscopy, spin-labeled
protein was added to the vesicles in a molar lipid/protein ratio of 60 with a final
protein concentration of 55 µM and allowed to bind for 30 min at RT before starting
the measurement.
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6.5 Microinjection

6.5.1 M-TEIO-labeled αS for CW EPR
Xenopus laevis oocytes on stage V/VI (EcoCyte Bioscience, CaustropRauxel) were
kept in modified Barth’s saline (MBS) at 18 °C. 50 nL M-TEIO-labeled αS A27C
(64 µM) in αS buffer were microinjected into the black hemisphere of 5 oocytes using
a Nanoject III automatic nanoliter injector with fitting micromanipulator MM33
(Drummond, Broomall, PA).

6.5.2 M-Proxyl-labeled αS for RS EPR
Xenopus laevis oocytes on stage V/VI (EcoCyte Bioscience, CaustropRauxel) were
kept in modified Barth’s saline (MBS) at 18 °C. Either 50 nL M-Proxyl-labeled αS
A27C (1.2 mM) in αS buffer or protein (1.2 mM) preincubated for 30 min in αS buffer
containing LUVs (clipid = 70 µM) were microinjected into the black hemisphere of
oocytes using a Nanoject III automatic nanoliter injector with fitting micromanipu-
lator MM33 (Drummond, Broomall, PA). For investigation of LUV binding kinetics,
co-injection was performed as follows: First, 35 nL or 33.9 nL POPG LUV solution
(clipid = 100 mM) were injected into each oocyte. After an incubation time of 30 min
at 18 °C, 15 nL M-Proxyl-labeled αS A27C (3.5 mM) or 16.2 nL M-Proxyl-labeled αS
A27C ∆2-11 (3.8 mM) were microinjected into the opposite side within the black
hemisphere. (Table 6.3) Subsequently, seven microinjected oocytes were collected in
a Q-band tube (quartz glass, 1 mm inner diameter, Bruker), and mounted into the
resonator of the spectrometer.

Table 6.3: αS concentrations, labeling yields and volumes used for time-resolved
measurements of intracellular protein-membrane interaction

αS variant Protein
concen-
tration
/ mM

Spin
concen-
tration
/ mM

Protein
injec-
tion
volume
/ nL

Lipid
concen-
tration
LUVs /
mM

Lipid
injec-
tion
volume
/ nL

Lipid /
protein
ratio

wt 2.9 0
A27C 3.8 3.4 15 100 35 60
A27C ∆2-11 3.5 3.5 16.2 100 33.9 60

6.6 EPR spectroscopy

6.6.1 X-band CW spectroscopy
All samples were loaded into glass capillaries (HIRSCHMANN® ringcaps®, 1 mm in-
ner diameter), and sealed with Hemato-Seal™ capillary tube sealant (Fisherbrand™).
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Cell samples were pelleted via centrifugation and filled into the tubes without addi-
tion of further solutions.

If not stated differently, RT CW EPR spectroscopy was performed at a X-band
(9.6 GHz) spectrometer (EMXnano, Bruker Biospin, with a cylindric cavity mode
TM110). For nitroxides, a modulation amplitude of 0.8 G at modulation frequency of
100 kHz was used to acquire spectra in the range of 3180 G to 3380 G. Measurement
parameters were adjusted for each experiment individually such that the spectral
line shape was not distorted by overmodulation or saturation effects, and are given
in the respective section below.

Nitrofurantoin

RT continuous wave (CW) EPR spectroscopy was performed at an EMXnano. A
microwave power of 6.3 mW and a modulation amplitude of 5 G at a modulation
frequency of 100 kHz were used to acquire spectra in the range of 3367 G to 3497 G
at a sweep time of 156 s and a conversion time of 78 ms. 117 or 12 scans were
accumulated for the samples with microsomes or whole cells, respectively.

RAC

CW nitroxide EPR spectroscopy was performed with singly labeled RAC in aqueous
solution (RAC buffer, section 6.2.1) at an EMXnano as described above. Typically,
a power of 3.162 mW was used, and 10 scans of 60 s scan time each were accumulated.

αS M-Proxyl CW

CW EPR spectroscopy was performed on an EMXnano bench-top spectrometer as
described above. A microwave power of 3.162 mW was applied, and 10 scans of 60 s
scan time each were accumulated.

SLK

CW EPR spectroscopy was performed on an EMXnano bench-top spectrometer as
described above. A microwave attenuation of 12 dB was applied, and 7 scans were
accumulated.

NOBA

POPG binding assay CW EPR spectra were recorded at an EMXnano bench-top
spectrometer as described above. Spectra were recorded at a modulation amplitude
of 1 G and a microwave power of 6.3 mW. 10 scans of 60 s scan time each were
accumulated.

Labeling in lysate CW EPR spectra were recorded at an EMXnano bench-top
spectrometer as described above. Spectra were recorded at a modulation amplitude
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of 1 G and a microwave power of 6.3 mW. 50 scans or 5 scans of 60 s scan time each
were accumulated for purified protein or the supernatant after washing, respectively.

TEIO

Comparison of free label, labeled protein, and negative control 50 µL of M-TEIO
(100 µM), TRX D14C R74C (100 µM protein, 70 µM spin), or cysteine-free TRX
wt* (100 µM protein) were measured on an EMXnano bench-top spectrometer as
described above. A microwave power of 3.162 mW was applied, and 10 scans of 60 s
scan time each were accumulated at RT.

Reduction in ascorbate l(+)-Ascorbic acid (Carl Roth) was dissolved in water
and pH adjusted with sodium hydroxide to yield a stock solution of 200 mM, pH 7,
of which 1 µL were mixed with 49 µL label in DMSO/H2O (50 %, v/v) to a starting
spin concentration of 200 µM. Ascorbate reduction was monitored on an EMX-
nano benchtop X-band spectrometer as described above using a microwave power
of 3.162 mW. Spectra were continuously recorded with a sweep time of 60 s and a
sweep width of 150 G.

Reduction in prokaryotic lysate 20 mL LB medium were inoculated with BL21-
Gold(DE3) E. coli (Agilent) and grown over night at 37 °C and 180 rpm in the
presence of tetracycline (10 µg mL−1). The cells were harvested via centrifugation,
resuspended in 1 mL PBS, and lyzed via sonication (Q700 SONICATOR equipped
with a 1.6 mm tip probe, 2 min cycling with 1 s on and 1 s off, amplitude 10, QSON-
ICA). For stability measurements, 20 µL lysate were mixed with labeled protein
(TRX D14C R74C) to a starting spin concentration of 30 µM. The EPR signal
reduction was monitored on a MiniScope MS 5000 benchtop X-band spectrometer
(magnettech) (9.645 GHz) using a microwave power of 6.310 mW and a modula-
tion amplitude of 0.8 G at a modulation frequency of 100 kHz at RT. Spectra were
continuously recorded with a sweep time of 60 s and a sweep width of 150 G.

Reduction in eukaryotic lysate Three dishes (10 cm diameter) of HEK were grown
in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) containing 9 % FBS and
0.9 % Penicillin-streptomycin (10 000 U/mL) in humidified 5 % (v/v) CO2 incubators
at 37 °C to 100 % confluence, harvested with the use of trypsin, unified, washed
with PBS, and resuspended in 500 µL PBS. After sonication (Q700 SONICATOR
equipped with a 1.6 mm tip probe, 2 min cycling with 1 s on and 1 s off, amplitude 10,
QSONICA), 20 µL lysate were mixed with labeled protein (TRX D14C R74C) to a
starting spin concentration of 6 µM. The EPR-signal reduction was monitored on a
MiniScope MS 5000 benchtop X-band spectrometer (magnettech) (9.645 GHz) using
a microwave power of 6.310 mW, a modulation amplitude of 0.8 G at a modulation
frequency of 100 kHz at RT. Spectra were continuously recorded with a sweep time
of 60 s and a sweep width of 150 G.

POPG binding assay CW EPR spectra were recorded at a MiniScope MS 5000
benchtop X-band spectrometer (magnettech) (9.645 GHz) using a microwave power
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of 3.162 mW and a modulation amplitude of 0.8 G at a modulation frequency of
100 kHz at RT. Spectra were continuously recorded with a sweep time of 80 s and
a sweep width of 150 G. 2, 104, 100, or 121 scans were accumulated for M-TEIO
in αS buffer, M-TEIO-labeled αS A27C in the absence or presence of POPG, or in
oocytes.

6.6.2 Q-band DEER measurements
RAC

For DEER experiments, samples (with 20 % (v/v) glycerol-d8) were loaded into
quartz tubes (Fused quartz tubing, Technical Glass Products; 2 mm inner diameter)
and shock frozen in liquid nitrogen before measurement. The experiments were per-
formed using an ELEXSYS E580 spectrometer equipped with a Q-band resonator
(ER5106QT-2, Bruker Biospin) and a 150 W traveling-wave tube (TWT) amplifier
(Applied Systems Engineering, Fort Worth, USA). Samples were held on cryogenic
temperatures (50 K) with the EPR Flexline helium recirculation system (CE-FLEX-
4K-0110, Bruker Biospin, ColdEdge Technologies) comprising a cold head (expander,
SRDK-408D2) and a F-70H compressor (both SHI cryogenics, Tokyo, Japan), con-
trolled by an Oxford Instruments Mercury ITC.

The DEER experiment was performed using a four-pulse sequence with rectangular
pulses ((π2)obs−τ 1−πobs−t′−πpump−(τ 1+τ 2−t′)−πobs−τ 2−Echo). The integrated
echo amplitude was recorded as a function of the dipolar evolutions time t′. The
pump and observer pulses were positioned on the global spectral maximum and close
to the local maximum (shifted by 70 MHz), respectively. The pump and observer
pulse length were adjusted for each sample individually to obtain a flip angle of π
for the pump and π/2 and π for the observer pulses. The pulse separation time
τ1 was 400 ns and the dipolar evolution time τ2 was 4000 ns. Typical pump pulses
were in the range of π=13 ns to 24 ns, observer pulses were π=24 ns to 35 ns. An
eight-step phase cycle was used; proton modulations were suppressed by adding 8
DEER time-traces for different τ1 values with a τ1 increment of 16 ns.287 A complete
DEER experiment was performed as a 2D experiment, where one dimension was the
time axis and the second dimension the axis of individual scans. The scans were
subjected to phase correction individually and subsequently summarized.

TEIO

M-TEIO in bacterial lysate 20 mL LB medium was inoculated with BL21-Gold
(DE3) E. coli (Agilent) and grown over night at 37 °C and 180 rpm in the presence
of tetracycline (10 µg mL−1). The cells were harvested via centrifugation, resus-
pended in 1 mL PBS, and lyzed via sonication (Q700 SONICATOR equipped with
a 1.6 mm tip probe, 2 min cycling with 1 s on and 1 s off, amplitude 10, QSONICA).
20 µL lysate were mixed with labeled protein (TRX D14C R74C) to a starting spin
concentration of 30 µM and shock-frozen in liquid nitrogen either directly after mix-
ing or 45 min later. DEER experiments were conducted as described for RAC, but
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pulse lengths were adjusted. A pump pulse of π=17 ns, and an observer pulses of
π=28 ns were used for both measurements.

Comparison of M-TEIO and Az-TEIO in buffer DEER experiments were con-
ducted as described for RAC, but pulse lengths were adjusted. Pump pulses were
π=17 ns or π=16 ns, observer pulses were π=28 ns or π=24 ns, for M-TEIO or
Az-TEIO, respectively.

6.6.3 Rapid scan spectroscopy
Either 50 µL aqueous solution or 7 oocytes were loaded into Q-band tubes (quartz
glass, 1 mm inner diameter, Bruker) and rapid scan spectra were recorded using an
Elexsys 500 X-band spectrometer (Bruker) equipped with the Rapid-Scan (RS) Ac-
cessory (Bruker). The RS Accessory comprises: (i) water-cooled RS coils mounted
on a 10” magnet for modulating the magnetic field, (ii) a RS coil driver to generate
the waveform for the scan and control the current of the RS coils, (iii) a capacitor
circuit for resonant mode operation, (iv) the microwave front end for detection and
amplification of the EPR signal, (v) the RS acquisition unit for signal digitalization,
and (vi) a dedicated RS resonator that is transparent to the rapidly changing mag-
netic fields thus avoiding generation of eddy currents.

RS spectra were acquired applying sinusoidal rapid magnetic-field scans at a fre-
quency of 20 kHz with a scan range of 3180 G to 3380 G at a scan rate of 12.6 MG s−1

and a microwave power of 20 mW. Data was acquired using a 2D field vs delay exper-
iment with 270 slices, which were acquired in 10 s and consisted of 200 400 averages
each.

6.7 Data analysis

6.7.1 Nitrofurantoin
CW spectroscopy

All spectra were baseline-corrected with a multidimensional function using Mat-
lab2019b and the EasySpin 5.2.25 function ’basecorr’.47 Spectra obtained from mi-
crosomes were background-corrected by subtraction of the spectrum obtained in
the presence of microsomes and NADPH but absence of NFT, and plotted without
further processing.

6.7.2 RAC
CW spectroscopy

For clarity of representation and ease of comparison, the magnetic field-axis was
recalculated to the microwave-frequency of 9.6355 GHz, and the spectra were nor-
malized to the maximum amplitude of the center field peak. The intensity low field
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peak ratio (LFPR)=I(3415.3 G)/I(3404.6 G) was calculated. LFPR were normal-
ized to the LFPR of the protein spectrum in solution for each RAC variant. Error
bars indicate the noise-low field peak ratio. A Savitzky–Golay filter with an order
of 2 and a frame of 101 was applied for better illustration.

DEER analysis

DEER data sets were analyzed using the DeerAnalysis 2018 software package for
Matlab99. Extraction of the dipolar evolution function was achieved by background
correction with the generic four network ensemble DEERNet100 followed by model-
free Tikhonov regularization. The optimum regularization parameter α was de-
termined using the L-curve corner criterion.288 Tikhonov validation was performed
with an ensemble of reconstructed background models from DEERNet combined
with 5 noise realizations each with the help of the automated validation tool of the
DeerAnalysis 2018 software.100 All resulting distance distributions P (r) were nor-
malized such that

∫
R P (R) = 1. Shaded areas in Figures 3.7 and 3.11C represent

uncertainties of the distance distributions derived from data post-processing using
an ensemble of reconstructed background models from DEERNet.

6.7.3 SLK
CW spectroscopy

CW EPR spectra were extracted with the use of Matlab2019b, baseline corrected
with the toolbox EasySpin47 (version 5.1.0), and plotted without further processing.

6.7.4 NOBA
CW spectroscopy

Spectra were analyzed using Matlab R2014a (The MatWorks, Inc. 3 Apple Hill
Drive, Natick, MA 01760-2098, USA) and the toolbox EasySpin47 (version 5.1.0).
Spectra were normalized to their double integrals.

6.7.5 TEIO
CW Spectroscopy

For clarity of representation and ease of comparison, the magnetic field axis were cor-
rected according to the microwave-frequency and baseline-corrected. During time-
dependent measurements, we did not observe any change of the spectral shape.
Therefore, the peak-to-peak intensity of the central line was used as a measure
for nitroxide concentration. The peak-to-peak intensity was set to I0 for the first
measurement directly after sample preparation (t = 0 h). Intensities were plotted
against the time and nitroxide stability characterized by the half-life τ as detected
by the time that corresponds to I = 1

2I0.
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DEER analysis

DEER data sets were analyzed using the DeerAnalysis 2018 software package for
Matlab.99 Extraction of the dipolar evolution function was achieved by background
correction with a three-dimensional homogeneous background function followed by
model-free Tikhonov regularization. The optimum regularization parameter α was
determined using the L-curve corner criterion. (Figures 4.23, 7.16) For M-TEIO in
E. coli lysate, αt=0 min was 501 and αt=45 min was 1584. In solution, αM-TEIO was
501, αAz-TEIO was 794. The resulting distance distributions were validated by the
validation tool of the DeerAnalysis 2018 software by varying the background start
(11 different values) and noise level (5 different values) during the regularization
procedure with a prune level of 1.15. Uncertainties are depicted as shaded areas in
the distance distributions P (r).

6.7.6 Rapid scan
The detected time domain EPR signal was processed on board into the field domain
with a baseline to account for the driving waveform. No deconvolution of the signal
was necessary as the signals were not in the RS regime. The time domain axis was
directly transformed into the field domain.

Addition of individual time slices was performed in order to optimize the SNR.
For quantitative analysis 24 scans were added resulting in a time resolution of
4.18 min, otherwise 56 scans were added for a time resolution of 10 min. Spec-
tra were smoothed using a Savitzky-Golay filter with a second polynomial order and
a frame length of 53. For the in vitro experiments, the spectrum of unlabeled αS
was used for background correction, for in-cell measurements, spectra acquired after
nitroxide reduction were used. Background correction was performed as described
in chapter 4.8.2.

6.7.7 Generation of a rotamer library
A rotamer library for Az-TEIO linked to pENF was developed.4;274 An initial model
of Az-TEIO was generated with ChemDraw Professional 16.0 and Chem3D 16.0.
Density-functional theory (DFT) calculations with Orca 4.1289 (!RKS B3LYP/Gdef2-
TZVPP SV(P) TightSCF Opt)290 were performed with a diamagnetic analog for
energy minimization of the label geometry. Five dihedral angles along the label
linker were identified. (Figure 4.27A) An ensemble of 20 000 conformers was gen-
erated with Matlab 2019b by randomly varying the dihedral angles and accepting
conformers that comply with the criterion c ≤ exp−∆E/RT with ∆E being the
energy difference of the rotamer structure to the reference energy and RT being
the thermal energy. A population threshold c = 0.1 was used. Conformer energies
were determined by application of a universal force field from the Towhee imple-
mentation.275;276 The ensemble was clustered to yielded a rotamer library consisting
of 4000 population-weighted sets of dihedral angles representing averaged rotamers.
MMM 2018_2112;271 was used to attach the rotamer library to the PDB structure of
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TRX (2TRX),277 to remove clashing rotamers and to simulate the expected distance
distributions for TRX labeled with Az-TEIO at positions D14 and G34.

6.8 Spectral simulations

6.8.1 Nitrofurantoin
Spectral simulations (Figure 2.4) were performed with use of Matlab R2019b and
the garlic function of EasySpin 5.2.25.47 Hyperfine coupling constants of aN

NO2
=

10.93 G, aH
4 = 5.82 G, aH

3 = 1.87 G, aH
CH−−N = 0.82 G, aN

CH−−N = 2.34 G, aH
>N-CH2- =

0.81 G, aN
-N< = 0.10 G, and an intrinsic line width of 3 G were found to match the

experimental results.

6.8.2 RAC
MD simulations were performed by Christoph Globisch at the University of Kon-
stanz as described in6.

6.8.3 M-Proxyl-labeled αS CW spectra
Absorption spectra of M-Proxyl-labeled αS A69C were simulated with the use of
Matlab R20109b and the toolbox EasySpin 5.2.25.47 Simulation parameters were
obtained from Cattani et al.148 For M-Proxyl-labeled αS A27C in the absence of
lipid vesicles parameters were A = [5 5 127] MHz, g = [2.0105 2.0055 2.0029],
intrinsic linewidth = 0.13 mT, and τr = 0.26 ns. In the presence of POPG vesicles,
an additional slower component with A = [14 14 105] MHz and τr = 2.75 ns was
applied for simulation of two-component spectra, the amount of the slow component
was 97.8 %. The spectrum of M-Proxyl-labeled αS A69C was simulated using a four
component fit with components SA (A = [24 24 90] MHz, τr = 0.51 ns, 9.9 %), SB
(A = [31 31 72] MHz, τr = 0.79 ns, 5.5 %), SC (A = [25 25 78] MHz, τr = 0.85 ns,
5.9 %), and SD (A = [22 22 114] MHz, τr = 7.02 ns, 78.7 %).

6.8.4 NOBA-labeled αS CW spectra
Spectra were analyzed using Matlab R2014a and R2018a and the EasySpin ver-
sions 5.1.0 and 5.2.20 with the chili function, respectively.47 For all simulations, a
one-component fit and g = [2.00906 2.00687 2.003] was chosen.291 Fitting param-
eters were A = [13 13 109] MHz, intrinsic linewidth = 1.32 G154;155;291 (unbound
NOBA and NOBA-labeled αS S9 pIPhe in solution), A = [13 19 102] MHz, intrinsic
linewidth = 0.90 G (NOBA-labeled αS S9 pIPhe bound to POPG LUVs).

6.8.5 M-Proxyl-labeled αS absorption spectra
Absorption of M-Proxyl-labeled αS A27C spectra were simulated with the use of
Matlab R20109b and the toolbox EasySpin 5.2.25.47 Simulation parameters were
obtained from Robotta et al.155 For M-Proxyl-labeled αS A27C in the absence of
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lipid vesicles parameters were A = [13 13 110] MHz, g = [2.00906 2.00687 2.003],
intrinsic linewidth = 0.11 mT, and τr = 0.43 ns. In the presence of vesicles, an
additional slower component with A = [13 13 107] MHz and τr =3.06 ns was applied
for simulation of two-component spectra. For POPG LUVs, the amount of the slow
component was 98 %, for POPC LUVs 2 %.

6.9 Microscopy
For fluorescent live cell imaging, an Olympus IX-81 microscope equipped with a
10 x ULPSAPO objective and a MT20 lamp (Olympus) were used. For detection,
an EM-CCD camera (C9100-13, Hamamatsu) and the instrument’s standard filter
sets optimized for GFP or mCherry were used. Cells were focused in the fluorescent
differential interference contrast (fDIC).

6.10 Circular dichroism (CD) spectroscopy
Circular dichroism (CD) spectra were recorded in a JASCO J-715 Spectropolarime-
ter. The sample containing αS and vesicles prepared as described above, was diluted
to a final concentration of 100 µM αS. Spectra were recorded at RT, using a 0.5 mm
demountable cuvette. Baseline correction and subtraction of the background spec-
trum (buffer without protein) were applied to the raw data. CD data measured at
a HT value above 550 V were removed, as the signal got noisy and unreliable.

6.11 Mass analysis
Protein masses were recorded on an ESI-TOF (micrOTOF II mass spectrometer,
Bruker) and analyzed at the Proteomics Facility of the University of Konstanz.
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7 Appendix

7.1 Plasmids
7.1.1 Prokaryotic plasmids
α-Synuclein (αS)

Figure 7.1: pT7-7_αS_wt vector graphics illustrating position, size and read-
ing direction of important expression features: the high copy num-
ber ColE1/pMB1/pBR322/pUC origin of replication (ori, green), β-
lactamase (pink, 286AA, 31.5 kDa, confers resistance to ampicillin
(AmpR), carbenicillin and related antibiotics) positioned in the open
reading frame (ORF) and its promoter (rose), αS (light blue), the as-
sociated ribosome binding site (RBS, dark blue), and the promoter for
bacteriophage T7 RNA polymerase (orange).
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AAATCAATCT AAAGTATATA TGAGTAAACT TGGTCTGACA GTTACCAATG CTTAATCAGT GAGGCACCTA
TCTCAGCGAT CTGTCTATTT CGTTCATCCA TAGTTGCCTG ACTCCCCGTC GTGTAGATAA CTACGATACG
GGAGGGCTTA CCATCTGGCC CCAGTGCTGC AATGATACCG CGAGACCCAC GCTCACCGGC TCCAGATTTA
TCAGCAATAA ACCAGCCAGC CGGAAGGGCC GAGCGCAGAA GTGGTCCTGC AACTTTATCC GCCTCCATCC
AGTCTATTAA TTGTTGCCGG GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC
CATTGCTACA GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT TCAGCTCCGG TTCCCAACGA
TCAAGGCGAG TTACATGATC CCCCATGTTG TGCAAAAAAG CGGTTAGCTC CTTCGGTCCT CCGATCGTTG
TCAGAAGTAA GTTGGCCGCA GTGTTATCAC TCATGGTTAT GGCAGCACTG CATAATTCTC TTACTGTCAT
GCCATCCGTA AGATGCTTTT CTGTGACTGG TGAGTACTCA ACCAAGTCAT TCTGAGAATA GTGTATGCGG
CGACCGAGTT GCTCTTGCCC GGCGTCAACA CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC
TCATCATTGG AAAACGTTCT TCGGGGCGAA AACTCTCAAG GATCTTACCG CTGTTGAGAT CCAGTTCGAT
GTAACCCACT CGTGCACCCA ACTGATCTTC AGCATCTTTT ACTTTCACCA GCGTTTCTGG GTGAGCAAAA
ACAGGAAGGC AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG TTGAATACTC ATACTCTTCC
TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT CATGAGCGGA TACATATTTG AATGTATTTA
GAAAAATAAA CAAATAGGGG TTCCGCGCAC ATTTCCCCGA AAAGTGCCAC CTGACGTCTA AGAAACCATT
ATTATCATGA CATTAACCTA TAAAAATAGG CGTATCACGA GGCCCTTTCG TCTTCAAGAA TTAAAAGGAT
CTAGGTGAAG ATCCTTTTTG ATAATCTCAT GACCAAAATC CCTTAACGTG AGTTTTCGTT CCACTGAGCG
TCAGACCCCG TAGAAAAGAT CAAAGGATCT TCTTGAGATC CTTTTTTTCT GCGCGTAATC TGCTGCTTGC
AAACAAAAAA ACCACCGCTA CCAGCGGTGG TTTGTTTGCC GGATCAAGAG CTACCAACTC TTTTTCCGAA
GGTAACTGGC TTCAGCAGAG CGCAGATACC AAATACTGTC CTTCTAGTGT AGCCGTAGTT AGGCCACCAC
TTCAAGAACT CTGTAGCACC GCCTACATAC CTCGCTCTGC TAATCCTGTT ACCAGTGGCT GCTGCCAGTG
GCGATAAGTC GTGTCTTACC GGGTTGGACT CAAGACGATA GTTACCGGAT AAGGCGCAGC GGTCGGGCTG
AACGGGGGGT TCGTGCACAC AGCCCAGCTT GGAGCGAACG ACCTACACCG AACTGAGATA CCTACAGCGT
GAGCATTGAG AAAGCGCCAC GCTTCCCGAA GGGAGAAAGG CGGACAGGTA TCCGGTAAGC GGCAGGGTCG
GAACAGGAGA GCGCACGAGG GAGCTTCCAG GGGGAAACGC CTGGTATCTT TATAGTCCTG TCGGGTTTCG
CCACCTCTGA CTTGAGCGTC GATTTTTGTG ATGCTCGTCA GGGGGGCGGA GCCTATGGAA AAACGCCAGC
AACGCGGCCT TTTTACGGTT CCTGGCCTTT TGCTGGCCTT TTGCTCACAT GTTCTTTCCT GCGTTATCCC
CTGATTCTGT GGATAACCGT ATTACCGCCT TTGAGTGAGC TGATACCGCT CGCCGCAGCC GAACGACCGA
GCGCAGCGAG TCAGTGAGCG AGGAAGCGGA AGAGCGCCTG ATGCGGTATT TTCTCCTTAC GCATCTGTGC
GGTATTTCAC ACCGCATACA GATCTGTATG GTGCACTCTC AGTACAATCT GCTCTGATGC CGCATAGTTA
AGCCAGTATA TACACTCCGC TATCGCTACG TGACTGGGTC ATGGCTGCGC CCCGACACCC GCCAACACCC
GCTGACGCGC CCTGACGGGC TTGTCTGCTC CCGGCATCCG CTTACAGACA AGCTGTGACC GTCTCCGGGA
GCTGCATGTG TCAGAGGTTT TCACCGTCAT CACCGAAACG CGCGAGGCCC AGCGATTCGA ACTTCTGATA
GACTTCGAAA TTAATACGAC TCACTATAGG GAGACCACAA CGGTTTCCCT CTAGAAATAA TTTTGTTTAA
CTTTAAGAAG GAGATATACA TATGGATGTA TTCATGAAAG GACTTTCAAA GGCCAAGGAG GGAGTTGTGG
CTGCTGCTGA GAAAACCAAA CAGGGTGTGG CAGAAGCAGC AGGAAAGACA AAAGAGGGTG TTCTCTATGT
AGGCTCCAAA ACCAAGGAGG GAGTGGTGCA TGGTGTGGCA ACAGTGGCTG AGAAGACCAA AGAGCAAGTG
ACAAATGTTG GAGGAGCAGT GGTGACGGGT GTGACAGCAG TAGCCCAGAA GACAGTGGAG GGAGCAGGGA
GCATTGCAGC AGCCACTGGC TTTGTCAAAA AGGACCAGTT GGGCAAGAAT GAAGAAGGAG CCCCACAGGA
AGGAATTCTG GAAGATATGC CTGTGGATCC TGACAATGAG GCTTATGAAA TGCCTTCTGA GGAAGGGTAT
CAAGACTACG AACCTGAAGC CTAAGAAATA TCTTTGCTCC CAGTTTCTTG AGATCTGCTG ACAGATGTTC
CATCCAAGCT TATCATCGAT GATAAGCTGT CAAACATGAG AATT
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Table 7.1: Oligonucleotides used as PCR primers for site-directed mutagenesis of αS
Variation Primer

S9stop CAACTCCCTCCTTGGCCTTCTAAAGTCCTTTCATGAATACATCC
GTATTCATGAAAGGACTTTAGAAGGCCAAGGAGGGAGTTGTGG

A18stop CCCTGTTTGGTTTTCTCAGCCTAAGCCACAACTCCCTCCTTGG
GGAGGGAGTTGTGGCTTAGGCTGAGAAAACCAAACAGGGTGTGGC

A27stop GTCTTTCCTGCTGCTTCCTACACACCCTGTTTGGTTTTCTCAUC
GAGAAAACCAAACAGGGTGTGTAGGAAGCAGCAGGAAAGACAAAAG

E35stop GCCTACATAGAGAACACCCTATTTTGTCTTTCCTGCTGCTTC
GCAGCAGGAAAGACAAAATAGGGTGTTCTCTATGTAGGCTCC

G41stop CATGCACCACTCCCTCCTTGGTTTTGGACTATACATAGAGAACACCC
GTTCTCTATGTATAGTCCAAAACCAAGGAGGGAGTGGTGCATGGTG

A55stop GGTGTGGCAACAGTGTAGGAGAAGACCAAAGAGCAAGTGACAAATG
GTCACTTGCTCTTTGGTCTTCTCCTACACTGTTGCCACACCATGC

A69stop CTACTGCTGTCACACCCGTCACCACCTATCCTCCAACATTTGTCAC
CAAATGTTGGAGGATAGGTGGTGACGGGTGTGACAGCAGTAGCC

A90stop GGGAGCAAAGATATTTCTTACTATTCAGGTTCGTAGTCTTGATACCCTTCC
GCAGGGAGCATTGCATAGGCCACTGGCTTTGTCAAAAAGGACC

A140stop GGGAGCAAAGATATTTCTTACTATTCAGGTTCGTAGTCTTGATACCCTTCC
GGGTATCAAGACTACGAACCTGAATAGTAAGAAATATCTTTGCTCCCAGTTTC

A107stop CCAGTTGGGCAAGAATGAAGAAGGATAGCCACAGGAAGGAATTC
CCAGAATTCCTTCCTGTGGCTATCCTTCTTCATTCTTGCCCAAC

A124stop GCCTGTGGATCCTGACAATGAGTAGTATGAAATGCCTTCTGAGG
CCTTCCTCAGAAGGCATTTCATACTACTCATTGTCAGGATCCAC

Q134stop GCCTTCTGAGGAAGGGTATTAGGACTACGAACCTGAAGCC
CTTAGGCTTCAGGTTCGTAGTCCTAATACCCTTCCTCAG

S9C GTATTCATGAAAGGACTTTGTAAGGCCAAGGAGGGAGTTGTGG
CAACTCCCTCCTTGGCCTTACAAAGTCCTTTCATGAATACATCC

A27C GCTGCTGAGAAAACCAAACAGGGTGTGTGTGAAGCAGCAGGAAAG
GTCTTTCCTGCTGCTTCACACACACCCTGTTTGGTTTTCTCAGC

A90C GGAGCAGGGAGCATTGCATGCGCCACTGGCTTTGTCAAAAAGG
GGTCCTTTTTGACAAAGCCAGTGGCGCATGCAATGCTCCCTGC

A140C GTATCAAGACTACGAACCTGAATGCTAAGAAATATCTTTGCTCCCA
TGGGAGCAAAGATATTTCTTAGCATTCAGGTTCGTAGTCTTGATAC
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Thioredoxin (TRX)

Figure 7.2: pBAD_TRX_wt vector graphics illustrating position, size and reading
direction of important expression features: pBR322 origin of replication
(ori, green), β-lactamase (pink, 286AA, 31.5 kDa, confers resistance to
ampicillin (AmpR), carbenicillin and related antibiotics), TRX with C-
terminal His-tag (light blue), the pBAD promoter (orange) that drives
transcription of the gene of interest when l-arabinose is present and glu-
cose is absent, which also controls araC (yellow, inhibits expression from
the araBAD promoter in the absence of l-arabinose or the presence of
glucose, and activates transcription in the presence of l-arabinose and
the absence of glucose) expression, and the rrnB terminator (orange, sig-
nal sequence to terminate the transcript made from the gene of interest,
preventing run-on transcription).

For cysteine labeling, two endogenous cysteines were replaced by serines (C33S and C36S)
prior to introducing cysteines at the desired labeling sites. The resulting protein is referred
to as TRX wt* and had the following sequence:

ATCGATGCAT AATGTGCCTG TCAAATGGAC GAAGCAGGGA TTCTGCAAAC CCTATGCTAC TCCGTCAAGC
CGTCAATTGT CTGATTCGTT ACCAATTATG ACAACTTGAC GGCTACATCA TTCACTTTTT CTTCACAACC
GGCACGGAAC TCGCTCGGGC TGGCCCCGGT GCATTTTTTA AATACCCGCG AGAAATAGAG TTGATCGTCA
AAACCAACAT TGCGACCGAC GGTGGCGATA GGCATCCGGG TGGTGCTCAA AAGCAGCTTC GCCTGGCTGA
TACGTTGGTC CTCGCGCCAG CTTAAGACGC TAATCCCTAA CTGCTGGCGG AAAAGATGTG ACAGACGCGA
CGGCGACAAG CAAACATGCT GTGCGACGCT GGCGATATCA AAATTGCTGT CTGCCAGGTG ATCGCTGATG
TACTGACAAG CCTCGCGTAC CCGATTATCC ATCGGTGGAT GGAGCGACTC GTTAATCGCT TCCATGCGCC
GCAGTAACAA TTGCTCAAGC AGATTTATCG CCAGCAGCTC CGAATAGCGC CCTTCCCCTT GCCCGGCGTT
AATGATTTGC CCAAACAGGT CGCTGAAATG CGGCTGGTGC GCTTCATCCG GGCGAAAGAA CCCCGTATTG
GCAAATATTG ACGGCCAGTT AAGCCATTCA TGCCAGTAGG CGCGCGGACG AAAGTAAACC CACTGGTGAT
ACCATTCGCG AGCCTCCGGA TGACGACCGT AGTGATGAAT CTCTCCTGGC GGGAACAGCA AAATATCACC
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CGGTCGGCAA ACAAATTCTC GTCCCTGATT TTTCACCACC CCCTGACCGC GAATGGTGAG ATTGAGAATA
TAACCTTTCA TTCCCAGCGG TCGGTCGATA AAAAAATCGA GATAACCGTT GGCCTCAATC GGCGTTAAAC
CCGCCACCAG ATGGGCATTA AACGAGTATC CCGGCAGCAG GGGATCATTT TGCGCTTCAG CCATACTTTT
CATACTCCCG CCATTCAGAG AAGAAACCAA TTGTCCATAT TGCATCAGAC ATTGCCGTCA CTGCGTCTTT
TACTGGCTCT TCTCGCTAAC CAAACCGGTA ACCCCGCTTA TTAAAAGCAT TCTGTAACAA AGCGGGACCA
AAGCCATGAC AAAAACGCGT AACAAAAGTG TCTATAATCA CGGCAGAAAA GTCCACATTG ATTATTTGCA
CGGCGTCACA CTTTGCTATG CCATAGCATT TTTATCCATA AGATTAGCGG ATCCTACCTG ACGCTTTTTA
TCGCAACTCT CTACTGTTTC TCCATACCCG TTTTTTGGGC TAACAGGAGG AATTAACCAT GGGCGATAAA
ATTATTCACC TGACTGACGA CAGTTTTGAC ACGGATGTAC TCAAAGCGGA CGGGGCGATC CTCGTCGATT
TCTGGGCAGA GTGGAGCGGT CCGAGCAAAA TGATCGCCCC GATTCTGGAT GAAATCGCTG ACGAATATCA
GGGCAAACTG ACCGTTGCAA AACTGAACAT CGATCAAAAC CCTGGCACTG CGCCGAAATA TGGCATCCGT
GGTATCCCGA CTCTGCTGCT GTTCAAAAAC GGTGAAGTGG CGGCAACCAA AGTGGGTGCA CTGTCTAAAG
GTCAGTTGAA AGAGTTCCTC GACGCTAACC TGGCCGGTTC TGGTTCTGGC GAACGCCAGC ACATGGACAG
CCCAGATCTG GGTACCGACG ACGACGACAA GCATCATCAT CATCATCATT GAGCGGCCGC ACTCGAGAGC
TTGGCTGTTT TGGCGGATGA GAGAAGATTT TCAGCCTGAT ACAGATTAAA TCAGAACGCA GAAGCGGTCT
GATAAAACAG AATTTGCCTG GCGGCAGTAG CGCGGTGGTC CCACCTGACC CCATGCCGAA CTCAGAAGTG
AAACGCCGTA GCGCCGATGG TAGTGTGGGG TCTCCCCATG CGAGAGTAGG GAACTGCCAG GCATCAAATA
AAACGAAAGG CTCAGTCGAA AGACTGGGCC TTTCGTTTTA TCTGTTGTTT GTCGGTGAAC GCTCTCCTGA
GTAGGACAAA TCCGCCGGGA GCGGATTTGA ACGTTGCGAA GCAACGGCCC GGAGGGTGGC GGGCAGGACG
CCCGCCATAA ACTGCCAGGC ATCAAATTAA GCAGAAGGCC ATCCTGACGG ATGGCCTTTT TGCGTTTCTA
CAAACTCTTT TGTTTATTTT TCTAAATACA TTCAAATATG TATCCGCTCA TGAGACAATA ACCCTGATAA
ATGCTTCAAT AATATTGAAA AAGGAAGAGT ATGAGTATTC AACATTTCCG TGTCGCCCTT ATTCCCTTTT
TTGCGGCATT TTGCCTTCCT GTTTTTGCTC ACCCAGAAAC GCTGGTGAAA GTAAAAGATG CTGAAGATCA
GTTGGGTGCA CGAGTGGGTT ACATCGAACT GGATCTCAAC AGCGGTAAGA TCCTTGAGAG TTTTCGCCCC
GAAGAACGTT TTCCAATGAT GAGCACTTTT AAAGTTCTGC TATGTGGCGC GGTATTATCC CGTGTTGACG
CCGGGCAAGA GCAACTCGGT CGCCGCATAC ACTATTCTCA GAATGACTTG GTTGAGTACT CACCAGTCAC
AGAAAAGCAT CTTACGGATG GCATGACAGT AAGAGAATTA TGCAGTGCTG CCATAACCAT GAGTGATAAC
ACTGCGGCCA ACTTACTTCT GACAACGATC GGAGGACCGA AGGAGCTAAC CGCTTTTTTG CACAACATGG
GGGATCATGT AACTCGCCTT GATCGTTGGG AACCGGAGCT GAATGAAGCC ATACCAAACG ACGAGCGTGA
CACCACGATG CCTGTAGCAA TGGCAACAAC GTTGCGCAAA CTATTAACTG GCGAACTACT TACTCTAGCT
TCCCGGCAAC AATTAATAGA CTGGATGGAG GCGGATAAAG TTGCAGGACC ACTTCTGCGC TCGGCCCTTC
CGGCTGGCTG GTTTATTGCT GATAAATCTG GAGCCGGTGA GCGTGGGTCT CGCGGTATCA TTGCAGCACT
GGGGCCAGAT GGTAAGCCCT CCCGTATCGT AGTTATCTAC ACGACGGGGA GTCAGGCAAC TATGGATGAA
CGAAATAGAC AGATCGCTGA GATAGGTGCC TCACTGATTA AGCATTGGTA ACTGTCAGAC CAAGTTTACT
CATATATACT TTAGATTGAT TTACGCGCCC TGTAGCGGCG CATTAAGCGC GGCGGGTGTG GTGGTTACGC
GCAGCGTGAC CGCTACACTT GCCAGCGCCC TAGCGCCCGC TCCTTTCGCT TTCTTCCCTT CCTTTCTCGC
CACGTTCGCC GGCTTTCCCC GTCAAGCTCT AAATCGGGGG CTCCCTTTAG GGTTCCGATT TAGTGCTTTA
CGGCACCTCG ACCCCAAAAA ACTTGATTTG GGTGATGGTT CACGTAGTGG GCCATCGCCC TGATAGACGG
TTTTTCGCCC TTTGACGTTG GAGTCCACGT TCTTTAATAG TGGACTCTTG TTCCAAACTT GAACAACACT
CAACCCTATC TCGGGCTATT CTTTTGATTT ATAAGGGATT TTGCCGATTT CGGCCTATTG GTTAAAAAAT
GAGCTGATTT AACAAAAATT TAACGCGAAT TTTAACAAAA TATTAACGTT TACAATTTAA AAGGATCTAG
GTGAAGATCC TTTTTGATAA TCTCATGACC AAAATCCCTT AACGTGAGTT TTCGTTCCAC TGAGCGTCAG
ACCCCGTAGA AAAGATCAAA GGATCTTCTT GAGATCCTTT TTTTCTGCGC GTAATCTGCT GCTTGCAAAC
AAAAAAACCA CCGCTACCAG CGGTGGTTTG TTTGCCGGAT CAAGAGCTAC CAACTCTTTT TCCGAAGGTA
ACTGGCTTCA GCAGAGCGCA GATACCAAAT ACTGTCCTTC TAGTGTAGCC GTAGTTAGGC CACCACTTCA
AGAACTCTGT AGCACCGCCT ACATACCTCG CTCTGCTAAT CCTGTTACCA GTGGCTGCTG CCAGTGGCGA
TAAGTCGTGT CTTACCGGGT TGGACTCAAG ACGATAGTTA CCGGATAAGG CGCAGCGGTC GGGCTGAACG
GGGGGTTCGT GCACACAGCC CAGCTTGGAG CGAACGACCT ACACCGAACT GAGATACCTA CAGCGTGAGC
TATGAGAAAG CGCCACGCTT CCCGAAGGGA GAAAGGCGGA CAGGTATCCG GTAAGCGGCA GGGTCGGAAC
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AGGAGAGCGC ACGAGGGAGC TTCCAGGGGG AAACGCCTGG TATCTTTATA GTCCTGTCGG GTTTCGCCAC
CTCTGACTTG AGCGTCGATT TTTGTGATGC TCGTCAGGGG GGCGGAGCCT ATGGAAAAAC GCCAGCAACG
CGGCCTTTTT ACGGTTCCTG GCCTTTTGCT GGCCTTTTGC TCACATGTTC TTTCCTGCGT TATCCCCTGA
TTCTGTGGAT AACCGTATTA CCGCCTTTGA GTGAGCTGAT ACCGCTCGCC GCAGCCGAAC GACCGAGCGC
AGCGAGTCAG TGAGCGAGGA AGCGGAAGAG CGCCTGATGC GGTATTTTCT CCTTACGCAT CTGTGCGGTA
TTTCACACCG CATAGGGTCA TGGCTGCGCC CCGACACCCG CCAACACCCG CTGACGCGCC CTGACGGGCT
TGTCTGCTCC CGGCATCCGC TTACAGACAA GCTGTGACCG TCTCCGGGAG CTGCATGTGT CAGAGGTTTT
CACCGTCATC ACCGAAACGC GCGAGGCAGC AAGGAGATGG CGCCCAACAG TCCCCCGGCC ACGGGGCCTG
CCACCATACC CACGCCGAAA CAAGCGCTCA TGAGCCCGAA GTGGCGAGCC CGATCTTCCC CATCGGTGAT
GTCGGCGATA TAGGCGCCAG CAACCGCACC TGTGGCGCCG GTGATGCCGG CCACGATGCG TCCGGCGTAG
AGGATCTGCT CATGTTTGAC AGCTTATC

Table 7.2: Oligonucleotides used as PCR primers for site-directed mutagenesis of
TRX

Variation Primer

D14stop CTGACGACAGTTTTTAGACGGATGTACTCAAAGCGGACG
CCGCTTTGAGTACATCCGTCTAAAAACTGTCGTCAGTCAG

G34stop CTGGGCAGAGTGGAGCTAGCCGAGCAAAATGATCGCC
GGGCGATCATTTTGCTCGGCTAGCTCCACTCTGCCC

R74stop CGCCGAAATATGGCATCTAGGGTATCCCGACTCTGCTGC
CAGCAGAGTCGGGATACCCTAGATGCCATATTTCGGCGC

D14C CCTGACTGACGACAGTTTTTGCACGGATGTACTCAAAGCGGACG
CCCGTCCGCTTTGAGTACATCCGTGCAAAAACTGTCGTCAGTC

G34C GCAGAGTGGAGCTGTCCGAGCAAAATGATCGCC
CGATCATTTTGCTCGGACAGCTCCACTCTGCCC

R74C CGCCGAAATATGGCATCTGTGGTATCCCGACTCTGC
GCAGCAGAGTCGGGATACCACAGATGCCATATTTCG
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PylRS/tRNApyl pair for SLK-1

Figure 7.3: pEVOL_PylRS_SL1 vector graphics illustrating position, size and read-
ing direction of important expression features: the medium-copy-number
p15A origin of replication (ori, green, can be propagated in E. coli cells
that contain a second plamid with the ColE1 origin), chloramphenicol
acetyltransferase (pink, 219AA, 25.7 kDa, confers resistance to chloram-
phenicol (CamR)), the pyrrolysyl-tRNA synthetase (PylRS) EPR1 (light
blue) either under the control of the pBAD promoter (orange) that drives
transcription of the gene of interest when l-arabinose is present and glu-
cose is absent, which also controls araC (yellow, inhibits expression from
the araBAD promoter in the absence of L-arabinose or the presence of
glucose, and activates transcription in the presence of l-arabinose and
the absence of glucose) expression, and the rrnB terminator (orange, sig-
nal sequence to terminate the transcript made from the gene of interest,
preventing run-on transcription).

TCCTGAAAAT CTCGATAACT CAAAAAATAC GCCCGGTAGT GATCTTATTT CATTATGGTG AAAGTTGGAA
CCTCTTACGT GCCGATCAAC GTCTCATTTT CGCCAAAAGT TGGCCCAGGG CTTCCCGGTA TCAACAGGGA
CACCAGGATT TATTTATTCT GCGAAGTGAT CTTCCGTCAC AGGTATTTAT TCGGCGCAAA GTGCGTCGGG
TGATGCTGCC AACTTACTGA TTTAGTGTAT GATGGTGTTT TTGAGGTGCT CCAGTGGCTT CTGTTTCTAT
CAGCTGTCCC TCCTGTTCAG CTACTGACGG GGTGGTGCGT AACGGCAAAA GCACCGCCGG ACATCAGCGC
TAGCGGAGTG TATACTGGCT TACTATGTTG GCACTGATGA GGGTGTCAGT GAAGTGCTTC ATGTGGCAGG
AGAAAAAAGG CTGCACCGGT GCGTCAGCAG AATATGTGAT ACAGGATATA TTCCGCTTCC TCGCTCACTG
ACTCGCTACG CTCGGTCGTT CGACTGCGGC GAGCGGAAAT GGCTTACGAA CGGGGCGGAG ATTTCCTGGA
AGATGCCAGG AAGATACTTA ACAGGGAAGT GAGAGGGCCG CGGCAAAGCC GTTTTTCCAT AGGCTCCGCC
CCCCTGACAA GCATCACGAA ATCTGACGCT CAAATCAGTG GTGGCGAAAC CCGACAGGAC TATAAAGATA
CCAGGCGTTT CCCCCTGGCG GCTCCCTCGT GCGCTCTCCT GTTCCTGCCT TTCGGTTTAC CGGTGTCATT
CCGCTGTTAT GGCCGCGTTT GTCTCATTCC ACGCCTGACA CTCAGTTCCG GGTAGGCAGT TCGCTCCAAG
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CTGGACTGTA TGCACGAACC CCCCGTTCAG TCCGACCGCT GCGCCTTATC CGGTAACTAT CGTCTTGAGT
CCAACCCGGA AAGACATGCA AAAGCACCAC TGGCAGCAGC CACTGGTAAT TGATTTAGAG GAGTTAGTCT
TGAAGTCATG CGCCGGTTAA GGCTAAACTG AAAGGACAAG TTTTGGTGAC TGCGCTCCTC CAAGCCAGTT
ACCTCGGTTC AAAGAGTTGG TAGCTCAGAG AACCTTCGAA AAACCGCCCT GCAAGGCGGT TTTTTCGTTT
TCAGAGCAAG AGATTACGCG CAGACCAAAA CGATCTCAAG AAGATCATCT TATTAATCAG ATAAAATATT
TCTAGATTTC AGTGCAATTT ATCTCTTCAA ATGTAGCACC TGAAGTCAGC CCCATACGAT ATAAGTTGTA
ATTCTCATGT TTGACAGCTT ATCATCGATA AGCTTGGTAC CCAATTATGA CAACTTGACG GCTACATCAT
TCACTTTTTC TTCACAACCG GCACGGAACT CGCTCGGGCT GGCCCCGGTG CATTTTTTAA ATACCCGCGA
GAAATAGAGT TGATCGTCAA AACCAACATT GCGACCGACG GTGGCGATAG GCATCCGGGT GGTGCTCAAA
AGCAGCTTCG CCTGGCTGAT ACGTTGGTCC TCGCGCCAGC TTAAGACGCT AATCCCTAAC TGCTGGCGGA
AAAGATGTGA CAGACGCGAC GGCGACAAGC AAACATGCTG TGCGACGCTG GCGATATCAA AATTGCTGTC
TGCCAGGTGA TCGCTGATGT ACTGACAAGC CTCGCGTACC CGATTATCCA TCGGTGGATG GAGCGACTCG
TTAATCGCTT CCATGCGCCG CAGTAACAAT TGCTCAAGCA GATTTATCGC CAGCAGCTCC GAATAGCGCC
CTTCCCCTTG CCCGGCGTTA ATGATTTGCC CAAACAGGTC GCTGAAATGC GGCTGGTGCG CTTCATCCGG
GCGAAAGAAC CCCGTATTGG CAAATATTGA CGGCCAGTTA AGCCATTCAT GCCAGTAGGC GCGCGGACGA
AAGTAAACCC ACTGGTGATA CCATTCGCGA GCCTCCGGAT GACGACCGTA GTGATGAATC TCTCCTGGCG
GGAACAGCAA AATATCACTC GGTCGGCAAA CAAATTCTCG TCCCTGATTT TTCACCACCC CCTGACCGCG
AATGGTGAGA TTGAGAATAT AACCTTTCAT TCCCAGCGGT CGGTCGATAA AAAAATCGAG ATAACCGTTG
GCCTCAATCG GCGTTAAACC CGCCACCAGA TGGGCATTAA ACGAGTATCC CGGCAGCAGG GGATCATTTT
GCGCTTCAGC CATACTTTTC ATACTCCCGC CATTCAGAGA AGAAACCAAT TGTCCATATT GCATCAGACA
TTGCCGTCAC TGCGTCTTTT ACTGGCTCTT CTCGCTAACC AAACCGGTAA CCCCGCTTAT TAAAAGCATT
CTGTAACAAA GCGGGACCAA AGCCATGACA AAAACGCGTA ACAAAAGTGT CTATAATCAC GGCAGAAAAG
TCCACATTGA TTATTTGCAC GGCGTCACAC TTTGCTATGC CATAGCATTT TTATCCATAA GATTAGCGGA
TCCTACCTGA CGCTTTTTAT CGCAACTCTC TACTGTTTCT CCATACCCGT TTTTTTGGGC TAACAGGAGG
AATTAGATCT ATGGACAAAA AACCGCTGAA TACCCTGATC TCTGCTACTG GTCTGTGGAT GAGTCGTACC
GGAACCATTC ATAAAATCAA ACACCACGAG GTTAGCCGTT CGAAAATCTA TATTGAGATG GCGTGTGGCG
ATCATCTGGT TGTGAACAAT AGCCGCTCTT CTCGTACAGC ACGTGCACTG CGTCACCACA AATATCGTAA
AACCTGTAAA CGTTGCCGTG TGTCCGATGA GGATCTGAAC AAATTCCTGA CAAAAGCCAA TGAGGACCAA
ACAAGCGTGA AAGTGAAAGT CGTTAGCGCT CCTACCCGTA CTAAAAAAGC AATGCCGAAA TCCGTTGCTC
GTGCCCCTAA ACCACTGGAA AACACTGAAG CAGCACAGGC ACAGCCGTCT GGAAGCAAAT TCTCTCCGGC
CATTCCTGTT TCTACCCAGG AGTCCGTTTC TGTTCCAGCA AGTGTGAGCA CCAGCATTAG CAGTATTAGC
ACCGGTGCCA CCGCTAGCGC CCTGGTTAAA GGCAATACCA ATCCGATTAC AAGCATGTCT GCCCCGGTTC
AAGCATCAGC TCCAGCACTG ACAAAATCCC AAACCGATCG TCTGGAGGTT CTGCTGAATC CGAAAGACGA
AATCAGCCTG AATTCCGGCA AACCGTTTCG TGAACTGGAG AGCGAACTGC TGTCACGTCG TAAAAAAGAC
CTGCAACAAA TCTATGCCGA AGAACGTGAG AACTATCTGG GGAAACTGGA ACGTGAAATC ACCCGCTTTT
TCGTGGATCG TGGCTTTCTG GAGATCAAAT CCCCGATTCT GATTCCTCTG GAGTATATCG AGCGTATGGG
CATCGACAAT GATACCGAAC TGAGCAAACA AATTTTCCGT GTGGATAAAA ACTTCTGTCT GCGCCCTATG
CTAGCACCAA ATCTGGCTAA CTATCTGCGC AAACTGGACC GTGCCCTGCC TGATCCTATC AAAATCTTCG
AGATCGGCCC GTGTTATCGT AAAGAGTCCG ACGGTAAAGA ACATCTGGAG GAGTTTACCA TGCTGAACTT
TTGCCAAATG GGTTCAGGTT GTACTCGTGA GAACCTGGAA AGCATCATCA CCGATTTTCT GAACCACCTG
GGCATTGACT TCAAAATTGT GGGCGACAGC TGTATGGTGT TTGGCGACAC CCTGGATGTC ATGCACGGCG
ACCTGGAACT GTCTAGTGCC GTTGTTGGAC CAATTCCGCT GGACCGTGAG TGGGGTCTGG ACAAACCGTG
GATCGGAGCA GGATTCGGTC TGGAACGCCT GCTGAAAGTG AAACACGACT TCAAAAACAT CAAACGTGCC
GCCCGTTCTG AATCGTATTA TAACGGGATC TCTACGAACC TGTAAGTCGA CCATCATCAT CATCATCATT
GAGTTTAAAC GGTCTCCAGC TTGGCTGTTT TGGCGGATGA GAGAAGATTT TCAGCCTGAT ACAGATTAAA
TCAGAACGCA GAAGCGGTCT GATAAAACAG AATTTGCCTG GCGGCAGTAG CGCGGTGGTC CCACCTGACC
CCATGCCGAA CTCAGAAGTG AAACGCCGTA GCGCCGATGG TAGTGTGGGG TCTCCCCATG CGAGAGTAGG
GAACTGCCAG GCATCAAATA AAACGAAAGG CTCAGTCGAA AGACTGGGCC TTGTTTGTGA GCTCCCGGTC
ATCAATCATC CCCATAATCC TTGTTAGATT ATCAATTTTA AAAAACTAAC AGTTGTCAGC CTGTCCCGCT
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TTAATATCAT ACGCCGTTAT ACGTTGTTTA CGCTTTGAGG AATCCCATAT GGACAAAAAA CCGCTGAATA
CCCTGATCTC TGCTACTGGT CTGTGGATGA GTCGTACCGG AACCATTCAT AAAATCAAAC ACCACGAGGT
TAGCCGTTCG AAAATCTATA TTGAGATGGC GTGTGGCGAT CATCTGGTTG TGAACAATAG CCGCTCTTCT
CGTACAGCAC GTGCACTGCG TCACCACAAA TATCGTAAAA CCTGTAAACG TTGCCGTGTG TCCGATGAGG
ATCTGAACAA ATTCCTGACA AAAGCCAATG AGGACCAAAC AAGCGTGAAA GTGAAAGTCG TTAGCGCTCC
TACCCGTACT AAAAAAGCAA TGCCGAAATC CGTTGCTCGT GCCCCTAAAC CACTGGAAAA CACTGAAGCA
GCACAGGCAC AGCCGTCTGG AAGCAAATTC TCTCCGGCCA TTCCTGTTTC TACCCAGGAG TCCGTTTCTG
TTCCAGCAAG TGTGAGCACC AGCATTAGCA GTATTAGCAC CGGTGCCACC GCTAGCGCCC TGGTTAAAGG
CAATACCAAT CCGATTACAA GCATGTCTGC CCCGGTTCAA GCATCAGCTC CAGCACTGAC AAAATCCCAA
ACCGATCGTC TGGAGGTTCT GCTGAATCCG AAAGACGAAA TCAGCCTGAA TTCCGGCAAA CCGTTTCGTG
AACTGGAGAG CGAACTGCTG TCACGTCGTA AAAAAGACCT GCAACAAATC TATGCCGAAG AACGTGAGAA
CTATCTGGGG AAACTGGAAC GTGAAATCAC CCGCTTTTTC GTGGATCGTG GCTTTCTGGA GATCAAATCC
CCGATTCTGA TTCCTCTGGA GTATATCGAG CGTATGGGCA TCGACAATGA TACCGAACTG AGCAAACAAA
TTTTCCGTGT GGATAAAAAC TTCTGTCTGC GCCCTATGCT AGCACCAAAT CTGGCTAACT ATCTGCGCAA
ACTGGACCGT GCCCTGCCTG ATCCTATCAA AATCTTCGAG ATCGGCCCGT GTTATCGTAA AGAGTCCGAC
GGTAAAGAAC ATCTGGAGGA GTTTACCATG CTGAACTTTT GCCAAATGGG TTCAGGTTGT ACTCGTGAGA
ACCTGGAAAG CATCATCACC GATTTTCTGA ACCACCTGGG CATTGACTTC AAAATTGTGG GCGACAGCTG
TATGGTGTTT GGCGACACCC TGGATGTCAT GCACGGCGAC CTGGAACTGT CTAGTGCCGT TGTTGGACCA
ATTCCGCTGG ACCGTGAGTG GGGTATCGAC AAACCGTGGA TCGGAGCAGG ATTCGGTCTG GAACGCCTGC
TGAAAGTGAA ACACGACTTC AAAAACATCA AACGTGCCGC CCGTTCTGAA TCGTATTATA ACGGGATCTC
TACGAACCTG TAACTGCAGT TTCAAACGCT AAATTGCCTG ATGCGCTACG CTTATCAGGC CTACATGATC
TCTGCAATAT ATTGAGTTTG CGTGCTTTTG TAGGCCGGAT AAGGCGTTCA CGCCGCATCC GGCAAGAAAC
AGCAAACAAT CCAAAACGCC GCGTTCAGCG GCGTTTTTTC TGCTTTTCTT CGCGAATTAA TTCCGCTTCG
CAACATGTGA GCACCGGTTT ATTGACTACC GGAAGCAGTG TGACCGTGTG CTTCTCAAAT GCCTGAGGCC
AGTTTGCTCA GGCTCTCCCC GTGGAGGTAA TAATTGACGA TATGATCAGT GCACGGCTAA CTAAGCGGCC
TGCTGACTTT CTCGCCGATC AAAAGGCATT TTGCTATTAA GGGATTGACG AGGGCGTATC TGCGCAGTAA
GATGCGCCCC GCATTGGAAA CCTGATCATG TAGATCGAAT GGACTCTAAA TCCGTTCAGC CGGGTTAGAT
TCCCGGGGTT TCCGCCAAAT TCGAAAAGCC TGCTCAACGA GCAGGCTTTT TTGCATGCTC GAGCAGCTCA
GGGTCGAATT TGCTTTCGAA TTTCTGCCAT TCATCCGCTT ATTATCACTT ATTCAGGCGT AGCACCAGGC
GTTTAAGGGC ACCAATAACT GCCTTAAAAA AATTACGCCC CGCCCTGCCA CTCATCGCAG TACTGTTGTA
ATTCATTAAG CATTCTGCCG ACATGGAAGC CATCACAGAC GGCATGATGA ACCTGAATCG CCAGCGGCAT
CAGCACCTTG TCGCCTTGCG TATAATATTT GCCCATGGTG AAAACGGGGG CGAAGAAGTT GTCCATATTG
GCCACGTTTA AATCAAAACT GGTGAAACTC ACCCAGGGAT TGGCTGAGAC GAAAAACATA TTCTCAATAA
ACCCTTTAGG GAAATAGGCC AGGTTTTCAC CGTAACACGC CACATCTTGC GAATATATGT GTAGAAACTG
CCGGAAATCG TCGTGGTATT CACTCCAGAG CGATGAAAAC GTTTCAGTTT GCTCATGGAA AACGGTGTAA
CAAGGGTGAA CACTATCCCA TATCACCAGC TCACCGTCTT TCATTGCCAT ACGGAATTCC GGATGAGCAT
TCATCAGGCG GGCAAGAATG TGAATAAAGG CCGGATAAAA CTTGTGCTTA TTTTTCTTTA CGGTCTTTAA
AAAGGCCGTA ATATCCAGCT GAACGGTCTG GTTATAGGTA CATTGAGCAA CTGACTGAAA TGCCTCAAAA
TGTTCTTTAC GATGCCATTG GGATATATCA ACGGTGGTAT ATCCAGTGAT TTTTTTCTCC ATTTTAGCTT
CCTTAGC
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7.1.2 Eukaryotic plasmids
pCMV_NLS_mCherry_GFP_Y39_TAG_His6

Figure 7.4: pCMV_NLS_mCherry_GFP_Y39TAG_His6 vector graphics illustrat-
ing position, size and reading direction of important expression features:
mCherry (red) - GFP (green) fusion including the amber stop codon
(TAG, light blue), a N-terminal nuclear localization sequence (NLS,
light blue), a C-terminal His6-tag (light blue), and two FLAG-tags (dark
blue). The construct is under the CMV promoter (orange).238

GGGGTCATTA GTTCATAGCC CATATATGGA GTTCCGCGTT ACATAACTTA CGGTAAATGG CCCGCCTGGC
TGACCGCCCA ACGACCCCCG CCCATTGACG TCAATAATGA CGTATGTTCC CATAGTAACG CCAATAGGGA
CTTTCCATTG ACGTCAATGG GTGGAGTATT TACGGTAAAC TGCCCACTTG GCAGTACATC AAGTGTATCA
TATGCCAAGT CCGCCCCCTA TTGACGTCAA TGACGGTAAA TGGCCCGCCT GGCATTATGC CCAGTACATG
ACCTTACGGG ACTTTCCTAC TTGGCAGTAC ATCTACGTAT TAGTCATCGC TATTACCATG GTGATGCGGT
TTTGGCAGTA CACCAATGGG CGTGGATAGC GGTTTGACTC ACGGGGATTT CCAAGTCTCC ACCCCATTGA
CGTCAATGGG AGTTTGTTTT GGCACCAAAA TCAACGGGAC TTTCCAAAAT GTCGTAATAA CCCCGCCCCG
TTGACGCAAA TGGGCGGTAG GCGTGTACGG TGGGAGGTCT ATATAAGCAG AGCTCGTTTA GTGAACCGTC
AGATCACTAG AAGCTTTATT GCGGTAGTTT ATCACAGTTA AATTGCTAAC GCAGTCAGTG CTTCTGACAC
AACAGTCTCG AACTTAAGCT GCAGAAGTTG GTCGTGAGGC ACTGGGCAGG TAAGTATCAA GGTTACAAGA
CAGGTTTAAG GAGACCAATA GAAACTGGGC TTGTCGAGAC AGAGAAGACT CTTGCGTTTC TGATAGGCAC
CTATTGGTCT TACTGACATC CACTTTGCCT TTCTCTCCAC AGGTGTCCAC TCCCAGTTCA ATTACAGCTC
TTAAGGCTAG AGTACTTAAT ACGACTCACT ATAGGCTAGC CACCATGGGC CGCCTGGAAA GCACCCCGCC
GAAAAAAAAA CGCAAAGTGG AAGATAGCGC GAGCGATTAC AAAGATGATG ATGATAAAGT GGCGTACGCG
GTGAGCAAGG GCGAGGAGGA TAACATGGCC ATCATCAAGG AGTTCATGCG CTTCAAGGTG CACATGGAGG
GCTCCGTGAA CGGCCACGAG TTCGAGATCG AGGGCGAGGG CGAGGGCCGC CCCTACGAGG GCACCCAGAC
CGCCAAGCTG AAGGTGACCA AGGGTGGCCC CCTGCCCTTC GCCTGGGACA TCCTGTCCCC TCAGTTCATG
TACGGCTCCA AGGCCTACGT GAAGCACCCC GCCGACATCC CCGACTACTT GAAGCTGTCC TTCCCCGAGG
GCTTCAAGTG GGAGCGCGTG ATGAACTTCG AGGACGGCGG CGTGGTGACC GTGACCCAGG ACTCCTCCCT
GCAGGACGGC GAGTTCATCT ACAAGGTGAA GCTGCGCGGC ACCAACTTCC CCTCCGACGG CCCCGTAATG
CAGAAGAAGA CGATGGGCTG GGAGGCCTCC TCCGAGCGGA TGTACCCCGA GGACGGCGCC CTGAAGGGCG
AGATCAAGCA GAGGCTGAAG CTGAAGGACG GCGGCCACTA CGACGCTGAG GTCAAGACCA CCTACAAGGC
CAAGAAGCCC GTGCAGCTGC CCGGCGCCTA CAACGTCAAC ATCAAGTTGG ACATCACCTC CCACAACGAG
GACTACACCA TCGTGGAACA GTACGAACGC GCCGAGGGCC GCCACTCCAC CGGCGGCATG GACGAGCTGT
ACAAGACCCT GCAGGAATTC CCCCCTCCCC CAGCGAGCGA TTACAAAGAT GATGATGATA AAGTGAGCAA
GGGCGAGGAG CTGTTCACCG GGGTGGTGCC CATCCTGGTC GAGCTGGACG GCGACGTAAA CGGCCACAAG
TTCAGCGTGT CCGGCGAGGG CGAGGGCGAT GCCACCTAGG GCAAGCTGAC CCTGAAGTTC ATCTGCACCA
CCGGCAAGCT GCCCGTGCCC TGGCCCACCC TCGTGACCAC CCTGACCTAC GGCGTGCAGT GCTTCAGCCG
CTACCCCGAC CACATGAAGC AGCACGACTT CTTCAAGTCC GCCATGCCCG AAGGCTACGT CCAGGAGCGC
ACCATCTTCT TCAAGGACGA CGGCAACTAC AAGACCCGCG CCGAGGTGAA GTTCGAGGGC GACACCCTGG
TGAACCGCAT CGAGCTGAAG GGCATCGACT TCAAGGAGGA CGGCAACATC CTGGGGCACA AGCTGGAGTA
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CAACTACAAC AGCCACAACG TCTATATCAT GGCCGACAAG CAGAAGAACG GCATCAAGGC CAACTTCAAG
ATCCGCCACA ACATCGAGGA CGGCAGCGTG CAGCTCGCCG ACCACTACCA GCAGAACACC CCCATCGGCG
ACGGCCCCGT GCTGCTGCCC GACAACCACT ACCTGAGCAC CCAGTCCGCC CTGAGCAAAG ACCCCAACGA
GAAGCGCGAT CACATGGTCC TGCTGGAGTT CGTGACCGCC GCCGGGATCA CTCTCGGCAT GGACGAGCTG
TACAAGCATC ACCATCACCA TCACTGAGCG GCCGCTTCGA GCAGACATGA TAAGATACAT TGATGAGTTT
GGACAAACCA CAACTAGAAT GCAGTGAAAA AAATGCTTTA TTTGTGAAAT TTGTGATGCT ATTGCTTTAT
TTGTAACCAT TATAAGCTGC AATAAACAAG TTAACAACAA CAATTGCATT CATTTTATGT TTCAGGTTCA
GGGGGAGATG TGGGAGGTTT TTTAAAGCAA GTAAAACCTC TACAAATGTG GTAAAATCGA TAAGGATCCG
GGCTGGCGTA ATAGCGAAGA GGCCCGCACC GATCGCCCTT CCCAACAGTT GCGCAGCCTG AATGGCGAAT
GGACGCGCCC TGTAGCGGCG CATTAAGCGC GGCGGGTGTG GTGGTTACGC GCAGCGTGAC CGCTACACTT
GCCAGCGCCC TAGCGCCCGC TCCTTTCGCT TTCTTCCCTT CCTTTCTCGC CACGTTCGCC GGCTTTCCCC
GTCAAGCTCT AAATCGGGGG CTCCCTTTAG GGTTCCGATT TAGTGCTTTA CGGCACCTCG ACCCCAAAAA
ACTTGATTAG GGTGATGGTT CACGTAGTGG GCCATCGCCC TGATAGACGG TTTTTCGCCC TTTGACGTTG
GAGTCCACGT TCTTTAATAG TGGACTCTTG TTCCAAACTG GAACAACACT CAACCCTATC TCGG

pCMV_PylRS_SL1

Figure 7.5: pCMV_PylRS_SL1 vector graphics illustrating position, size and
reading direction of important expression features: the high-copy-
number ColE1/pMB1/pBR322/pUC origin of replication (ori, green),
β-lactamase (pink,confers resistance to ampicillin, carbenicillin, and re-
lated antibiotics (AmpR)), the tRNApyl (dark blue) behind the RNA
polymerase III promoter for human U6 snRNA (yellow), the pyrrolysyl-
tRNA synthetase (PylRS) EPR1 (light blue) behind the human cy-
tomegalovirus immediate early enhancer (CMV enhancer, orange), its
immediate early promoter (CMV promoter, orange), the sp6 promoter
for bacteriophage SP6 RNA polymerase (orange), and the Kozak se-
quence for strong initiation of translation292 (orange).
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ATATGTACAT TTATATTGGC TCATGTCCAA TATGACCGCC ATGTTGGCAT TGATTATTGA CTAGTTATTA
ATAGTAATCA ATTACGGGGT CATTAGTTCA TAGCCCATAT ATGGAGTTCC GCGTTACATA ACTTACGGTA
AATGGCCCGC CTGGCTGACC GCCCAACGAC CCCCGCCCAT TGACGTCAAT AATGACGTAT GTTCCCATAG
TAACGCCAAT AGGGACTTTC CATTGACGTC AATGGGTGGA GTATTTACGG TAAACTGCCC ACTTGGCAGT
ACATCAAGTG TATCATATGC CAAGTCCGCC CCCTATTGAC GTCAATGACG GTAAATGGCC CGCCTGGCAT
TATGCCCAGT ACATGACCTT ACGGGACTTT CCTACTTGGC AGTACATCTA CGTATTAGTC ATCGCTATTA
CCATGGTGAT GCGGTTTTGG CAGTACACCA ATGGGCGTGG ATAGCGGTTT GACTCACGGG GATTTCCAAG
TCTCCACCCC ATTGACGTCA ATGGGAGTTT GTTTTGGCAC CAAAATCAAC GGGACTTTCC AAAATGTCGT
AATAACCCCG CCCCGTTGAC GCAAATGGGC GGTAGGCGTG TACGGTGGGA GGTCTATATA AGCAGAGCTC
GTTTAGTGAA CCGTCAGATC GCCTGGAGAC GCCATCCACG CTGTTTTGAC CTCCATAGAA GACACCGGGA
CCGATCCAGC CTCCGCGGCC GGGAACGGTG CATTGGAACG CGGATTCCCC GTGCCAAGAG TGACGTAAGT
ACCGCCTATA GAGTCTATAG GCCCACCCCC TTGGCTTCGT TAGAACGCGG CTACAATTAA TACATAACCT
TATGTATCAT ACACATACGA TTTAGGTGAC ACTATAGAAT AACATCCACT TTGCCTTTCT CTCCACAGGT
GTCCACTCCC AGGTCCAACT GCACGGGCTA GCGTTTAAAC TTAAGAAGCT TGCCACCATG GACTACAAGG
ACGACGACGA CAAGATGGAC AAGAAGCCCC TGAACACCCT GATCAGCGCC ACAGGACTGT GGATGTCCAG
AACCGGCACC ATCCACAAGA TCAAGCACCA CGAGGTGTCC CGGTCCAAAA TCTACATCGA GATGGCCTGC
GGCGATCACC TGGTCGTCAA CAACAGCAGA AGCAGCCGGA CAGCCAGAGC CCTGCGGCAC CACAAGTACA
GAAAGACCTG CAAGCGGTGC AGAGTGTCCG ACGAGGACCT GAACAAGTTC CTGACCAAGG CCAACGAGGA
CCAGACCAGC GTGAAAGTGA AGGTGGTGTC CGCCCCCACC CGGACCAAGA AAGCCATGCC CAAGAGCGTG
GCCAGAGCCC CCAAGCCCCT GGAAAACACC GAAGCCGCTC AGGCCCAGCC CAGCGGCAGC AAGTTCAGCC
CCGCCATCCC CGTGTCTACC CAGGAAAGCG TCAGCGTCCC CGCCAGCGTG TCCACCAGCA TCTCTAGCAT
CTCAACCGGC GCCACAGCTT CTGCCCTGGT CAAGGGCAAC ACCAACCCCA TCACCAGCAT GTCTGCCCCT
GTGCAGGCCT CTGCCCCAGC CCTGACCAAG TCCCAGACCG ACCGGCTGGA AGTGCTCCTG AACCCCAAGG
ACGAGATCAG CCTGAACAGC GGCAAGCCCT TCCGGGAGCT GGAAAGCGAG CTGCTGAGCC GGCGGAAGAA
GGACCTCCAG CAAATCTACG CCGAGGAACG GGAGAACTAC CTGGGCAAGC TGGAAAGAGA GATCACCCGG
TTCTTCGTGG ACCGGGGCTT CCTGGAAATC AAGAGCCCCA TCCTGATCCC CCTGGAGTAC ATCGAGCGGA
TGGGCATCGA CAACGACACC GAGCTGAGCA AGCAGATTTT CCGGGTGGAC AAGAACTTCT GCCTGCGGCC
CATGCTGGCC CCCAACCTGG CCAACTACCT GCGGAAACTG GATCGCGCTC TGCCCGACCC CATCAAGATT
TTCGAGATCG GCCCCTGCTA CCGGAAAGAG AGCGACGGCA AAGAGCACCT GGAAGAGTTT ACAATGCTGA
ACTTTTGCCA GATGGGCAGC GGCTGCACCA GAGAGAACCT GGAATCCATC ATCACCGACT TTCTGAACCA
CCTGGGGATC GACTTCAAGA TCGTGGGCGA CAGCTGCATG GTGTTCGGCG ACACCCTGGA CGTGATGCAC
GGCGACCTGG AACTGTCTAG CGCCGTCGTG GGACCCATCC CTCTGGACCG GGAGTGGGGC CTGGATAAGC
CCTGGATCGG AGCCGGCTTC GGCCTGGAAC GGCTGCTGAA AGTCAAGCAC GACTTTAAGA ACATCAAGCG
GGCTGCCAGA AGCGAGAGCT ACTACAACGG CATCAGCACC AACCTGTGAT GATAAGGATC CACCCGCTGA
TCAGCCTCGA CTGTGCCTTC TAGTTGCCAG CCATCTGTTG TTTGCCCCTC CCCCGTGCCT TCCTTGACCC
TGGAAGGTGC CACTCCCACT GTCCTTTCCT AATAAAATGA GGAAATTGCA TCGCATTGTC TGAGTAGGTG
TCATTCTATT CTGGGGGGTG GGGTGGGGCA GGACAGCAAG GGGGAGGATT GGGAAGACAA TAGCAGGCAT
GCTGGGGATG CGGTGGGCTC TATGGCTTCT GAGGCGGAAA GAACCAGCTG GGGCTCTAGG GGGTATCCCC
ACGCGCCCTG TAGCGGCGCA TTAAGCGCGG CGGGTGTGGT GGTTACGCGC AGCGTGACCG CTACACTTGC
CAGCGCCCTA GCGCCCGCTC CTTTCGCTTT CTTCCCTTCC TTTCTCGCCA CGTTCGCCGG CTTTCCCCGT
CAAGCTCTAA ATCGGGGGCT CCCTTTAGGG TTCCGATTTA GTGCTTTACG GCACCTCGAC CCCAAAAAAC
TTGATTAGGG TGATGGTTCA CGTAGTGGGC CATCGCCCTG ATAGACGGTT TTTCGCCCTT TGACGTTGGA
GTCCACGTTC TTTAATAGTG GACTCTTGTT CCAAACTGGA ACAACACTCA ACCCTATCTC GGTCTATTCT
TTTGATTTAT AAGGGATTTT GCCGATTTCG GCCTATTGGT TAAAAAATGA GCTGATTTAA CAAAAATTTA
ACGCGAATTA ATTCTGTGGA ATGTGTGTCA GTTAGGGTGT GGAAAGTCCC CAGGCTCCCC AGCAGGCAGA
AGTATGCAAA GCATGCATCT CAATTAGTCA GCAACCAGGT GTGGAAAGTC CCCAGGCTCC CCAGCAGGCA
GAAGTATGCA AAGCATGCAT CTCAATTAGT CAGCAACCAT AGTCCCGCCC CTAACTCCGC CCATCCCGCC
CCTAACTCCG CCCAGTTCCG CCCATTCTCC GCCCCATGGC TGACTAATTT TTTTTATTTA TGCAGAGGCC
GAGGCCGCCT CTGCCTCTGA GCTATTCCAG AAGTAGTGAG GAGGCTTTTT TGGAGGCCTA GGCTTTTGCA
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AAAAGCTCCC GGGAGCTTGT ATATCCATTT TCGGATCTGA TCAGCACGTG ATGAAAAAGC CTGAACTCAC
CGCGACGTCT GTCGAGAAGT TTCTGATCGA AAAGTTCGAC AGCGTCTCCG ACCTGATGCA GCTCTCGGAG
GGCGAAGAAT CTCGTGCTTT CAGCTTCGAT GTAGGAGGGC GTGGATATGT CCTGCGGGTA AATAGCTGCG
CCGATGGTTT CTACAAAGAT CGTTATGTTT ATCGGCACTT TGCATCGGCC GCGCTCCCGA TTCCGGAAGT
GCTTGACATT GGGGAATTCA GCGAGAGCCT GACCTATTGC ATCTCCCGCC GTGCACAGGG TGTCACGTTG
CAAGACCTGC CTGAAACCGA ACTGCCCGCT GTTCTGCAGC CGGTCGCGGA GGCCATGGAT GCGATCGCTG
CGGCCGATCT TAGCCAGACG AGCGGGTTCG GCCCATTCGG ACCGCAAGGA ATCGGTCAAT ACACTACATG
GCGTGATTTC ATATGCGCGA TTGCTGATCC CCATGTGTAT CACTGGCAAA CTGTGATGGA CGACACCGTC
AGTGCGTCCG TCGCGCAGGC TCTCGATGAG CTGATGCTTT GGGCCGAGGA CTGCCCCGAA GTCCGGCACC
TCGTGCACGC GGATTTCGGC TCCAACAATG TCCTGACGGA CAATGGCCGC ATAACAGCGG TCATTGACTG
GAGCGAGGCG ATGTTCGGGG ATTCCCAATA CGAGGTCGCC AACATCTTCT TCTGGAGGCC GTGGTTGGCT
TGTATGGAGC AGCAGACGCG CTACTTCGAG CGGAGGCATC CGGAGCTTGC AGGATCGCCG CGGCTCCGGG
CGTATATGCT CCGCATTGGT CTTGACCAAC TCTATCAGAG CTTGGTTGAC GGCAATTTCG ATGATGCAGC
TTGGGCGCAG GGTCGATGCG ACGCAATCGT CCGATCCGGA GCCGGGACTG TCGGGCGTAC ACAAATCGCC
CGCAGAAGCG CGGCCGTCTG GACCGATGGC TGTGTAGAAG TACTCGCCGA TAGTGGAAAC CGACGCCCCA
GCACTCGTCC GAGGGCAAAG GAATAGCACG TGCTACGAGA TTTCGATTCC ACCGCCGCCT TCTATGAAAG
GTTGGGCTTC GGAATCGTTT TCCGGGACGC CGGCTGGATG ATCCTCCAGC GCGGGGATCT CATGCTGGAG
TTCTTCGCCC ACCCCAACTT GTTTATTGCA GCTTATAATG GTTACAAATA AAGCAATAGC ATCACAAATT
TCACAAATAA AGCATTTTTT TCACTGCATT CTAGTTGTGG TTTGTCCAAA CTCATCAATG TATCTTATCA
TGTCTGTATA CCGTCGACCT CTAGCTAGAG CTTGGCGTAA TCATGGTCAT AGCTGTTTCC TGTGTGAAAT
TGTTATCCGC TCACAATTCC ACACAACATA CGAGCCGGAA GCATAAAGTG TAAAGCCTGG GGTGCCTAAT
GAGTGAGCTA ACTCACATTA ATTGCGTTGC GCTCACTGCC CGCTTTCCAG TCGGGAAACC TGTCGTGCCA
GCTGCATTAA TGAATCGGCC AACGCGCGGG GAGAGGCGGT TTGCGTATTG GGCGCTCTTC CGCTTCCTCG
CTCACTGACT CGCTGCGCTC GGTCGTTCGG CTGCGGCGAG CGGTATCAGC TCACTCAAAG GCGGTAATAC
GGTTATCCAC AGAATCAGGG GATAACGCAG GAAAGAACAT GTGAGCAAAA GGCCAGCAAA AGGCCAGGAA
CCGTAAAAAG GCCGCGTTGC TGGCGTTTTT CCATAGGCTC CGCCCCCCTG ACGAGCATCA CAAAAATCGA
CGCTCAAGTC AGAGGTGGCG AAACCCGACA GGACTATAAA GATACCAGGC GTTTCCCCCT GGAAGCTCCC
TCGTGCGCTC TCCTGTTCCG ACCCTGCCGC TTACCGGATA CCTGTCCGCC TTTCTCCCTT CGGGAAGCGT
GGCGCTTTCT CATAGCTCAC GCTGTAGGTA TCTCAGTTCG GTGTAGGTCG TTCGCTCCAA GCTGGGCTGT
GTGCACGAAC CCCCCGTTCA GCCCGACCGC TGCGCCTTAT CCGGTAACTA TCGTCTTGAG TCCAACCCGG
TAAGACACGA CTTATCGCCA CTGGCAGCAG CCACTGGTAA CAGGATTAGC AGAGCGAGGT ATGTAGGCGG
TGCTACAGAG TTCTTGAAGT GGTGGCCTAA CTACGGCTAC ACTAGAAGAA CAGTATTTGG TATCTGCGCT
CTGCTGAAGC CAGTTACCTT CGGAAAAAGA GTTGGTAGCT CTTGATCCGG CAAACAAACC ACCGCTGGTA
GCGGTGGTTT TTTTGTTTGC AAGCAGCAGA TTACGCGCAG AAAAAAAGGA TCTCAAGAAG ATCCTTTGAT
CTTTTCTACG GGGTCTGACG CTCAGTGGAA CGAAAACTCA CGTTAAGGGA TTTTGGTCAT GAGATTATCA
AAAAGGATCT TCACCTAGAT CCTTTTAAAT TAAAAATGAA GTTTTAAATC AATCTAAAGT ATATATGAGT
AAACTTGGTC TGACAGTTAC CAATGCTTAA TCAGTGAGGC ACCTATCTCA GCGATCTGTC TATTTCGTTC
ATCCATAGTT GCCTGACTCC CCGTCGTGTA GATAACTACG ATACGGGAGG GCTTACCATC TGGCCCCAGT
GCTGCAATGA TACCGCGAGA CCCACGCTCA CCGGCTCCAG ATTTATCAGC AATAAACCAG CCAGCCGGAA
GGGCCGAGCG CAGAAGTGGT CCTGCAACTT TATCCGCCTC CATCCAGTCT ATTAATTGTT GCCGGGAAGC
TAGAGTAAGT AGTTCGCCAG TTAATAGTTT GCGCAACGTT GTTGCCATTG CTACAGGCAT CGTGGTGTCA
CGCTCGTCGT TTGGTATGGC TTCATTCAGC TCCGGTTCCC AACGATCAAG GCGAGTTACA TGATCCCCCA
TGTTGTGCAA AAAAGCGGTT AGCTCCTTCG GTCCTCCGAT CGTTGTCAGA AGTAAGTTGG CCGCAGTGTT
ATCACTCATG GTTATGGCAG CACTGCATAA TTCTCTTACT GTCATGCCAT CCGTAAGATG CTTTTCTGTG
ACTGGTGAGT ACTCAACCAA GTCATTCTGA GAATAGTGTA TGCGGCGACC GAGTTGCTCT TGCCCGGCGT
CAATACGGGA TAATACCGCG CCACATAGCA GAACTTTAAA AGTGCTCATC ATTGGAAAAC GTTCTTCGGG
GCGAAAACTC TCAAGGATCT TACCGCTGTT GAGATCCAGT TCGATGTAAC CCACTCGTGC ACCCAACTGA
TCTTCAGCAT CTTTTACTTT CACCAGCGTT TCTGGGTGAG CAAAAACAGG AAGGCAAAAT GCCGCAAAAA
AGGGAATAAG GGCGACACGG AAATGTTGAA TACTCATACT CTTCCTTTTT CAATATTATT GAAGCATTTA
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TCAGGGTTAT TGTCTCATGA GCGGATACAT ATTTGAATGT ATTTAGAAAA ATAAACAAAT AGGGGTTCCG
CGCACATTTC CCCGAAAAATGGCGGAAACC CCGGGAATCT AACCCGGCTG AACGGATTTA GAGTCCATTC
GATCTACATG ATCAGGTTTC CGGTGTTTCG TCCTTTCCAC AAGATATATA AAGCCAAGAA ATCGAAATAC
TTTCAAGTTA CGGTAAGCAT ATGATAGTCC ATTTTAAAAC ATAATTTTAA AACTGCAAAC TACCCAAGAA
ATTATTACTT TCTACGTCAC GTATTTTGTA CTAATATCTT TGTGTTTACA GTCAAATTAA TTCTAATTAT
CTCTCTAACA GCCTTGTATC GTATATGCAA ATATGAAGGA ATCATGGGAA ATAGGCCCTCTTCCTGCCCG
ACCTTCGCGA TGTACGGGCC AGATATACGC CAATATTGGC CATTAGCCAT ATTATTCATT GGTTATATAG
CATAAATCAA TATTGGCTAT TGGCCATTGC ATACGTTGTA TCTATATCAT A
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7.2 RAC
DEER raw data

Figure 7.6: DEER raw data corresponding to figure 3.8. DEER echo amplitudes
V (t)/B(t) (light blue and light yellow) and corresponding background
fits (dark blue and dark yellow) of M-Proxyl-labeled RAC variants in
solution (blue) or complexed with ribosomes (yellow). RAC was labeled
at A) two sites within helix 1 of Zuo1’s 4HB, B) one site in helix 1 and
a second site in helix 2-4, or C) one site in helix 1 and a second site in
the middle domain. Adapted from6.
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Figure 7.7: DEER raw data (dark green and dark yellow) corresponding to figure 3.9.
RAC was incubated with either vacant (yellow) or presumably more ac-
tive ribosomes (green). Raw data was background corrected with the
use of neuronal network processing (DEERNet,100 light green and light
yellow) to reveal the form factors F (t)/F (0) shwon in figure 3.9. Com-
pared are the measurements of RAC K351C S328C (helix 1–MD) and
RAC K351C T417C (helix 1–helix 4 in 4HB). Adapted from6.

7.3 NOBA
Dynamic light scattering (DLS)

Figure 7.8: DLS analysis of the POPG LUVs used for NOBA-labeled αS membrane
binding studies. The vesicle size of 100 nm was confirmed by the three pa-
rameters intensity (blue), volume (green) and number (yellow). Adapted
from3.
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7.4 TEIO
All NMR spectra and LC-MS results were obtained from4.

7.4.1 NMR spectra
Substance 1
1H-NMR (400 MHz, CDCl3): δ =7.48 (d, J = 7.1 Hz, 2 H, ArH), 7.36 to 7.22 (m,
3 H, ArH), 7.05 (d, J = 7.7 Hz, 1 H, ArH), 6.97 (d, J = 7.7 Hz, 1 H, ArH), 6.89 (s,
1 H, ArH), 4.03 (s, 2 H, CH2), 2.40 (s, 3 H, CH3), 1.94 (dsex, J = 7.4 Hz, 2.0 Hz, 4 H,
2 x CH2), 1.63 to 1.49 (m, 4 H, 2 x CH2), 0.81 (dt, J = 7.4 Hz; 3.1 Hz, 12 H, 4 x CH3) ppm.

13C-NMR (101 MHz, CDCl3): δ =(144.9, 142.7, 141.9, 135.2, 129.4, 127.9, 126.7, 126.6,
124.1, 123.3, 71.4, 71.2, 46.9, 30.52, 30.50, 21.6, 9.8, 9.7) ppm.

Substance 2
1H NMR (400 MHz, MeOD): δ = 8.03 (d, J =7.9 Hz, 2 H, ArH), 7.57 to 7.30 (m, 6 H,
ArH), 2.49 (bs, 4 H, 2 x CH2), 1.99 (bs, 2 H, CH2), 1.64 (bs, 2 H, CH2), 0.92 (bs, 6 H,
2 x CH3), 0.75 (bs, 6 H, 2 x CH3) ppm.
13C NMR (101 MHz, MeOD): δ =(173.6, 169.4, 140.5, 131.6, 130.2, 130.0, 129.1, 127.0,
35.0, 32.3, 10.2) ppm.

Substance 3
1H NMR (400 MHz, CDCl3): δ =7.44 (d, J = 7.1 Hz, 2 H, ArH), 7.32 to 7.17 (m, 4 H,
ArH), 7.11 to 6.95 (m, 2 H, ArH), 4.69 (s, 2 H, CH2), 4.00 (s, 2 H, CH2), 2.00 to 1.80 (m,
4 H, 2 x CH2), 1.66 to 1.46 (m, 4 H, 2 x CH2), 0.76 (td, J = 7.4, 2.0 Hz, 12 H, 4 x CH3) ppm.

13C NMR (101 MHz, CDCl3): δ =(145.3, 144.4, 142.4, 138.6, 129.4, 127. 9, 126.7, 124.9,
123.6, 122.2, 71.4, 65.8, 46.9, 30.5, 9.8, 9.7) ppm.

Substance 4
1H NMR (400 MHz, CDCl3): δ =7.22 (d, J = 7.8 Hz, 1H, ArH), 7.09 to 7.05 (m, 2 H,
ArH), 4.69 (s, 2 H, CH2), 1.88 to 1.61 (m, 8 H, 4 x CH2), 0.88 (td, J =7.5, 2.1 Hz, 12 H,
4 x CH3) ppm.

13C NMR (101 MHz, CDCl3): δ =(142.7, 141.8, 139.1, 126.0, 122.7, 121.3, 65.4, 74.0,
30.9, 30.4, 29.7, 29.4, 8.9, 9.1, 9.2, 9.5) ppm.
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Figure 7.9: A) 1H NMR 400 MHz,CDCl3 and B) 13C NMR 101 MHz,CDCl3 spectra
of substance 1.
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Figure 7.10: A) 1H NMR (400 MHz, CDCl3) and B) 13C NMR (101 MHz, CDCl3)
spectra of substance 2. Peaks at 14.3, 21.2, and 171.3 ppm result from
remaining EE.
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Figure 7.11: A) 1H NMR (400 MHz, CDCl3) and B) 13C NMR (101 MHz, CDCl3)
spectra of substance 3.
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Figure 7.12: A) 1H NMR (400 MHz, CDCl3) and B) 13C NMR (101 MHz, CDCl3)
spectra of substance 4.
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7.4.2 LC-MS
Substance 6
LC-MS: Rt = 8.741 min (60 % to 100 % MeCN in water over 10 min);
HRMS: calcd. for C18H29NO4S : 355.1817 [M+H]+, 355.1768 found.

Figure 7.13: LC-MS chromatograms of substance 6. 60 to 100 10 min.

Substance 7
LC-MS: Rt = 7.908 min (80 % to 100 % MeCN in water over 10 min);
HRMS (ESI-TOF) m/z: [M+H]+ calcd. for C17H26N4O : 302.2107; found 302.2054.

Figure 7.14: LC-MS chromatograms of substance 7. 80 to 100 10 min.
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Substance 9
LC-MS: Rt = 9.641 min (60 % to 100 % MeCN in water over 10 min);
HRMS (ESI-TOF) m/z: [M+H]+ calcd. for C21H28N2O3 : 356.2100; found 356.2094.

Figure 7.15: LC-MS chromatograms of substance 9. 60 to 100 10 min.
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Figure 7.16: L-curves (roughness of distance distribution plotted against misfit) and
α-parameters chosen by the L-curve corner criterion that result in the
distance distributions (Figure 4.25D). Blue: M-TEIO, green: Az-TEIO.
Adapted from4.

7.5 Rapid scan (RS)
Dynamic light scattering (DLS)

Figure 7.17: DLS analysis of the A) POPG or B) POPC LUVs used for M-Proxyl-
labeled αS membrane binding studies. The vesicle size of 100 nm was
confirmed by the three parameters intensity (blue), volume (green) and
number (yellow). Adapted from7.
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List of Abbreviations
AA Amino acids
aaRS Aminoacyl-tRNA synthetase
Ac2O Acetic anhydride
AcOH Acetic acid
AD Alzheimer’s Disease
AmpR Ampicillin resistance
APS Ammonium persulfate
ArH Aromatic proton
ArC Aromatic carbon
αS α-Synuclein
Az-Proxyl Azido-PROXYL
Az-TEIO Azido-Tetraethylisoindolinyloxy
B-PER™ Bacterial Protein Extraction Reagent
BCA Bicinchoninic acid, 2,2’-Bichinolin-4,4’-dicarbonsäure
BCNK N ε-Bicyclo[6.1.0]non-2-yn-9-ylmethoxycarbonyl-l-lysine
Boc-Lys N ε-(tert-Butoxycarbonyl)-l-lysine
bs broad singlet
BTTAA 2-[4-((bis[1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl]-amino)methyl)-

1H-1,2,3-triazol-1-yl]acetic acid
C-tag CaptureSelect™ C-tag Affinity Matrix
calcd. calculated
CamR Resistance to chloramphenicol
CD Circular dichroism
CDCl3 Deuterated chloroform
CMV Cytomegalovirus
CO2 Carbon dioxide
CuAAC Copper(I)-catalzyed azide-alkyne cycloaddition
cryo-EM Cryo-electron microscopy
CW Continuous wave
Cys L-Cysteine
d doublet
DAinv Inverse-electron-demand Diels-Alder
DCM Dichlormethane, CH2Cl2
DEER Double electron-electron resonance
DFT Density-functional theory
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List of Abbreviations

DLS Dynamic light scattering
DMF Dimethylformamide
DMSO Dimethyl sulfoxide, (CH3)2SO
DNase I Enzyme, nonspecifically cleaves DNA to release phospho-di-, tri-,

and oligonucleotides
DMEM Dulbecco’s modified eagle medium
DPBS Dulbecco’s phosphate buffered saline
DPI Diphenyleneiodonium
DpnI Type IIM restriction enzyme
DSC N,N’-disuccinimidyl carbonate
dsex doublet of sextets
dt doublet of triplets
DTT 1,4-Dithiothreitol
D2O Deuterated water
∆2-11 Deletion of amino acids 2 to 11
EDTA Ethylenediaminetetraacetic acid
EE Ethyl acetate
EF-P Elongation factor P
EM Electron microscopy
EPR Electron paramagnetic resonance
ES12 Expansion segment 12, extension of H44
ES12Δ10 ES12 lacking 10 nucleotide bases
ESI Electrospray ionization
ESR Elektronenspinresonanz
E. coli Escherichia coli
FCS Fetal calf serum
fDIC fluorescent differential interference contrast
FLAG-tag Polypeptide protein tag, that can be added to a protein using

recombinant DNA technology with sequence motif DYKDDDDK
FWHM Full width at half maximum
γ-Glu-Cys γ-Glutamylcystein
GCL Glutamate-cysteine ligase
GESLAAA Genetically-encoded spin-labeled artificial amino acid
GFP Green fluorescent protein
Glu l-Glutamate
Gly Glycine
GS Glutathione synthetase
GSH Glutathione
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GSSG Glutathione disulfide
H44 Helix 44 of 18S rRNA
HCl Hydrochloric acid
HD Huntington’s disease
HEK Human embryonic kidney 293
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
His6-tag Polyhistidin-tag
HR High-resolution
HRMS High-resolution mass spectra
IA-Proxyl 3-(2-Iodoacetamido)-PROXYL
IAG Iodoacetamide gem-diethyl spin label
ID Identity document
IDP Intrinsically disordered protein
IPTG Isopropyl β-D-1-thiogalactopyranoside
JD J-domain
Keap1 Kelch-like ECH-associated protein 1
KR→PP Exchange of amino acids lysine (K) and arginine (R) for two

prolines (P)
L-band Electromagnetic frequency region, 1 GHz to 2 GHz
LB Lysogeny broth
LC-MS Liquid chromatography–mass spectrometry
LFPR Low field peak ratio
LiPc Lithium phthalocyanine
LUV Large unilamellar vesicle
m multiplet
M-TEIO Maleimido-Tetraethylisoindolinyloxy
M-TETPO Maleimido-Tetraethylpyrrolidinyloxy
M-Proxyl 3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy,

3-Maleimido-PROXYL
m/z Mass-to-charge ratio
MBS Modified Barth’s saline
MAG Maleimide gem-diethyl spin label
mCPBA meta-Chloroperoxybenzoic acid
MD Middle domain
MD simulations Molecular dynamics simulations
MeCN Acetonitrile, CH3CN
MeOD Deuterated methanol, CD3OD
MMM Multiscale modeling of macromolecules
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List of Abbreviations

MRE Mean residue ellipticity
mRNA messenger ribonucleic acid
MS Mass spectrometry
MsCl Methanesulfonyl chloride, mesyl chloride
MTSL S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl

methanesulfonothioate, methanethiosulfonate spin label
MWCO Molecular weight cut-off
Na2PdCl4 Sodium tetrachloropalladate
Na2HPO4 Sodium phosphate
NAC Non-Aβ Component
NaCl Sodium chloride
NADPH Nicotinamide adenine dinucleotide
ncAA Noncanonical amino acid
ND N-terminal domain
NEt3 Triethylamine
NFT Nitrofurantoin
Ni-IDA Nickel-iminodiacetic acid
Ni-NTA Nickel-nitrilotriacetic acid
NLS Nuclear localization sequence
NMM N -Methylmorpholine
NMR Nuclear magnetic resonance
NOBA Nitroxide boronic acid
Nrf2 Nuclear factor-erythroid 2-related factor-2
OD600 Optical density at 600 nm
ORF Open reading frame
p2yneY para-O-Pentynyl-l-tyrosine
PAGE Polyacrylamide gel electrophoresis
PaNDA Photoactivatable nitroxide for DAinv reaction
pAzF para-Azido-l-phenylalanine
PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PD Parkinson’s disease
PDB Protein data bank
PE Petroleum ether
PELDOR Pulsed electron-electron double resonance
pENF para-Ethynylphenylalanine
Phe l-Phenylalanin
pIPhe para-Iodo-l-phenylalanine
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PMSF Phenylmethylsulfonyl fluoride
POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPG 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
PPh3 Triphenylphosphine
ppm parts per million
pPrF para-Propargyloxy-l-phenylalanine
PRE Paramagnetic relaxation enhancement
PrK N -Propargyl-l-Lysine
PyBOP Benzotriazol-1-yl-oxytripyrrolidinophosphonium

hexafluorophosphate
PylRS Pyrrolysyl-tRNA synthetase
Q-band Electromagnetic frequency region, ≈ 35 GHz
quant. quantitatively
R1 EPR-active side chain resulting from MTSL coupling to cysteine
RAC Ribosome associated complex
RDC Residual dipolar coupling
resp. respectively
RBS Ribosome binding site
ROS Reactive oxygen species
rRNA Ribosomal RNA
RS Rapid scan
RT Room temperature
Rt Retention time
s singlet
S. cerevisiae Saccharomyces cerevisiae
SAXS small-angle X-ray scattering
SC Synthetic complete
SCO-K N6-((cyclooct-2-yn-1-yloxy)carbonyl)-l-lysine
SDS Sodium dodecyl sulfate
SDSL Site-directed spin labeling
SLK Spin-labeled lysine
SNR Signal-to-noise ratio
SOC Super optimal broth
SPAAC Strain-promoted azide-alkyne cycloaddition
SPIEDAC Strain-promoted inverse-electron-demand Diels-Alder reaction
Ssb Stress-seventy subfamily B, yeast Hsp70 chaperone
Ssz Stress-seventy subfamily Z, yeast Hsp70 chaperone
SUMO Small ubiquitin-related Modifier
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T4L T4-lysozyme
TAG Nucleotide triplet of the amber stop codon
TB medium Terrific Broth medium
TCEP Tris-(2-carboxyethyl)phosphin hydrochlorid
TCNQ Tetracyanoquinodimethane
TCO-K N6-((((E)-cyclooct-2-en-1yl)oxy)carbonyl)-l-lysine
td triplet of doublets
TEIO 1,1,3,3-tetraethylisoindolin-2-yloxyl
TEMED Tetramethylethylenediamine
THF Tetrahydrofuran
TFA Trifluoroacetic acid
TOF Time of flight
Tris Tris(hydroxymethyl)-aminomethan
tRNAPyl Transfer ribonucleic acid endogenously encoding for pyrrolysin
tRNA Transfer ribonucleic acid
TRX Thioredoxin
TWT Traveling-wave tube
v/v Volume per volume
w/o without
w/v Weight per volume
wt Wild type
X-band Electromagnetic frequency region, 8 GHz to 10 GHz
X. laevis Xenopus laevis
ZHD Zuo1 homology domain
Zuo Zuotin
2D Two-dimensional
3D Three-dimensional
4HB Four-helix bundle
40S Small subunits of eukaryotic ribosomes referring to their

sedimentation coefficient of 40 Svedberg units
60S Large subunits of eukaryotic ribosomes referring to their

sedimentation coefficient of 60 Svedberg units
80S Eukaryotic ribosomes referring to their sedimentation coefficient of

80 Svedberg units
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