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Abstract

The ability of electron paramagnetic resonance (EPR) spectroscopy to handle
heterogeneous samples is particularly valuable to study structure and dynamics of
intrinsically disordered proteins/peptides (IDPs). Such proteins lack a well-defined
secondary structure. Site-directed spin-labeling (SDSL), which is the introduction
of paramagnetic labels, must ensure that the properties of IDPs remain intact. In this
work, amyloid beta (Ap) peptides spin labeled with the non-canonical amino acid
PROF and with MTSL bound to cysteine are investigated and compared. Focusing
on the structural integrity and aggregation behavior, it is shown that PROF is a
suitable spin label for Ap. Spin labeling with both PROF and MTSL leads to similar
characteristic structural details of AP peptides, i.e., random coil and f-sheets, as
well as similar rotational mobility in solution. The use of the non-canonical amino
acid PROF for spin labeling of IDPs can be superior in respect to linker stability,
particularly in EPR studies under physiological conditions, and when naturally
occurring cysteines are essential for the protein function.

1 Introduction

Intrinsically disordered proteins (IDPs) are a class of proteins that are under
physiological conditions conformationally highly flexible and, therefore, lack a well-
defined structure. They play crucial roles in biological processes, such as signal
transduction and regulation [1, 2]. The highly dynamic structural flexibility of
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IDPs enables diverse interactions with other proteins and has been linked to several
neurodegenerative diseases, including Alzheimer’s disease (AD) [3]. A prominent
example of an IDP associated with AD pathogenesis is amyloid beta (Af), which is
generated by proteolytic cleavage of the amyloid precursor protein, primarily via the
sequential actions of - and y-secretases [4, 5]. Dysregulation of AP production or
impaired clearance mechanisms can lead to its pathological accumulation, resulting
in amyloid plaque formation [6—-8]—a hallmark of AD pathology [8—11]. AD is the
most common neurodegenerative disease, accounting for 60-70% of all dementia
cases [12]. Worldwide, over 55 million people are affected, with approximately 10
million new cases each year, underscoring its significant impact [13, 14].

The lack of one well-defined structure makes IDPs challenging to study
with methods such as X-ray crystallography or cryo-EM which rely on a
single conformation [15-18]. For such cases, electron paramagnetic resonance
spectroscopy combined with site-directed spin labeling (SDSL) is a powerful
tool. It is widely used for investigating structure and dynamics of proteins on the
molecular level [15-19]. Small nitroxide spin labels are of particular advantage
for investigating the dynamics of proteins [20, 21], as they minimize structural
perturbation upon labeling [22, 23]. Nitroxides are stable across a wide range of
conditions [24] and their anisotropy, g-tensor and hyperfine coupling provide
detailed insights into local dynamics during EPR spectroscopical experiments [23,
25, 26]. While a single spin label, attached to a protein or a peptide, reports on its
local environment and dynamics [27-29], two labels provide structural information.
Utilizing pulsed EPR spectroscopy [30, 31], the distance distribution between two
paramagnetic centers can be determined [30, 32-37]. Importantly, the more rigidly
the spin label is connected to the protein, the more the distance distribution is
determined by the structural properties of the spin-labeled molecule.

A well-established spin labeling approach is the attachment of a nitroxide radical
to a cysteine being either native to the protein/peptide or introduced by site-directed
mutagenesis or solid-phase synthesis. The most commonly used nitroxide is 1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro- 1H-pyrrol [38]. It is most often attached to the thiol
group of a cysteine via disulfide bond formation using the labeling agent 1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanethiosulfonate, which
gives the MTSL-labeled cysteine, COIMTSL) shown in Fig. 1a. A notable drawback
of using the thiol group of cysteine for labeling of aggregation-prone proteins is the
frequent occurrence of incomplete labeling [39]. In such cases, solvent-accessible,
unlabeled cysteines can form disulfide bonds [40], potentially compromising the
protein’s structural integrity [41]. Investigations of MTSL-labeled proteins within
cells, where reducing conditions prevail, face the additional challenge of the reduc-
tive cleavage of the disulfide bond and, therefore, the detachment of the nitroxide
[42, 43]. In addition, the cellular environment reduces nitroxides, rendering them
silent for detection via EPR [44, 45].

A spin labeling approach that utilizes non-canonical amino acids in general offers
several advantages for site-specific labeling compared to methods based on cysteines
[46—48]. Non-canonical amino acids with azide or alkyne groups offer the possibility
of a site-specific attachment of nitroxides via the copper-catalyzed cycloaddition
reaction between an azide and an alkyne. This attachment of the nitroxide can take
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Fig. 1 Chemical structure of a MTSL-labeled cysteine and b the non-canonical amino acid PROF incor-
porated in a peptide backbone and ¢ amino acid sequence of AB™ with the labeling sites 23, 31 and 40
(red)

place either before or after incorporation of the non-canonical amino acid into the
protein sequence. In such cases, site-directed mutagenesis is required only at the
position, where the non-canonical amino acid should be incorporated, whereas
cysteine-based labeling involves the introduction of a cysteine at the desired site and,
if present, the substitution of native cysteines to avoid off-target labeling [49-51].
When incorporating non-canonical amino acids, it is not necessary to replace native
cysteines, which may be crucial for the peptide’s function [52, 53]. In addition, the
triazole linker formed during the copper-catalyzed click reaction is resistant to the
reducing cellular environment, in contrast to the relatively labile disulfide bond of an
MTSL-labeled cysteine.

In this work, we focus on the nitroxide bearing amino acid proxyl-labeled
phenylalanine (PROF) (Fig. 1b). This amino acid was recently shown to be
introducible by site-directed mutagenesis followed by post-translational modification
via copper-catalyzed click reaction [30, 54]. It provides distance distributions
comparable to those determined with the C(MTSL). It is also possible to use PROF
in solid-phase synthesis, at least for short peptides. Here, we address the question
whether PROF is suitable for spin labeling of IDPs, which are known to be very
sensitive to structural changes, and compare PROF with C(IMTSL). We focus on
structural characteristics and rotational mobility of Af equipped with PROF and
C(MTSL).

2 Results and Discussion

The peptide sequence of wild-type AB, AB", is shown in Fig. 1c. The underlined red
letters indicate the positions (23, 31, and 40), where the naturally occurring amino
acids were replaced by either PROF or C(MTSL). The positions for spin labeling
have been selected such that CD and EPR spectroscopical data could be obtained for
cases, where spin labeling disturbs the protein structure as well as for cases, where
it does not disturb the structure. All three positions lie outside the metal-binding
region, which is comprised of the first 16 residues at the N-terminus. Residues 31

@ Springer



1 Page 4 of 14 J.Mause et al.

and 40 are located at the C-terminus. According to literature reports, these residues
can become a part of the fiber core (PDB codes: 2mvx, 2m4j) [55, 56]. Residue D23
is known to be crucial for the aggregation of Ap [57]. Spin labeling of this site has
been used as a negative control. In the following, the three spin-labeled Af variants
are denoted as APTROF™ and ApEMTSLN - depending on the type of nitroxide-labeled
amino acid [PROF or C(MTSL)] and its position 7 in the peptide sequence.

First, the case is considered where AP was labeled at position 40, which is the
C-terminus. Replacing the valine at this site is expected to have a minor to no
impact on the structure and properties of the peptide. In the case of ABCMTSLH0 the
carboxyl group of the C-terminus was converted into a carboxamide group, because
cysteine as the C-terminal amino acid is prone to undergo a side reaction during the
peptide synthesis (private communication, Biosyntan GmbH, Berlin).

Circular dichroism (CD) measurements were performed to elucidate the
secondary structure, while EPR measurements were performed to analyze the
rotational mobility of the nitroxide under aggregating and non-aggregating
conditions. Details of EPR spectral simulations and individual spectral components
are given in the Supporting information.

Figure 2 shows the results of CD and EPR spectroscopical measurements of
APPROFA0 and ABCMTSLIO 4t pH 11.5 and pH 6.5. Under non-aggregating conditions
(pH 11.5), the CD spectrum of ApP™" exhibits the shape typical of a molecule with a
random-coil conformation, with a minimum at 200 nm (Fig. 2a). The spectrum of
APPROF40 exhibits a similar shape, but that of ABT™TSDH Jo0ks quite different from
a pronounced minimum at 220 nm, which is typical for the presence of f-sheets
[58]. Please be reminded of the different C-terminus: carboxylic acid in case of
PROF and carboxamide in case of C(IMTSL).

The EPR spectra of both spin-labeled AP variants look the same and their
shapes are typical for fast tumbling nitroxides in solution (Fig. 2b). The quantitative
analysis of the EPR spectra via simulation reveals that the spectra can be described
with rotational correlation times T, of 0.16 ns for ABMTSLH0 and 0.26 ns for
APPROF4O (Table 1). These 7, values are typically found for AB with a mobile spin
label and freely tumbling peptide [20, 59]. The slightly larger 7, value of APPROFA0 a5
compared to ABCMTSD40 indicates a lower conformational flexibility of the sidechain
of PROF as compared to the side chain of C(MTSL). This can be understood
considering the difference in the number of single bonds—>5 single bonds in the case
of C(MTSL) and 4 single bonds in the case of PROF (Fig. 1).

In addition, TEM images were taken of dried Ap™, APPROFO and ABCMTSLI0
showing that the overall morphology of Ap remained unchanged upon labeling (see
Supporting Information).

Under aggregating conditions (pH 6.5), the CD spectrum of Ap™" displays a mini-
mum at 220 nm, indicative of a p-sheet structure (Fig. 2c). Both spin-labeled AP
variants, ABPROF? and ABCMTSDHO exhibit comparable spectral profiles, indicating
that their secondary structure does not differ from that of Ap™". The reduced intensi-
ties of the signals of the CD spectra at pH 6.5 as compared to those at pH 11.5 can
be attributed to large aggregates which, if larger than the wavelength, scatter light
in random direction thus reducing the amount of light reaching the detector [58].
The EPR spectra of the spin-labeled A variants at pH 6.5 are given in Fig. 2d. The
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Fig.2 CD spectra of Ap™ (grey), APTROF (orange) and APCMTSLH0 (blue) under a non-aggregating
(pH 11.5) and ¢ aggregating conditions (pH 6.5); EPR spectra of APPRO™0 (orange) and Ap.CMTSLIO
(blue) under b non-aggregating and d aggregating conditions and spectral simulations (black)

Table 1 Parameters used for spectral simulations of the EPR spectra of A variants recorded at pH 11.5

and pH 6.5
pH 11.5 APOMTSLI23 A gPROF23 ABCMTSL3T A gPROF3! APCMTSLYMO0 A gPROF40
Fraction [%] 12 88 17 83 100 100 100 100
7, [ns] 04 4 04 4 0.4 0.4 0.16 0.26
Heisenberg 0 5 0 0 0 0 0
exchange inter-
action [MHz]
pH 6.5
Fraction [%] 0O 100 1 99 16 84 8 92 6 94 12 88
T, [ns] 04 5 04 5 0.4 5 0.4 5 016 5 026 5
Heisenberg 0 10 0 100 0 100 0 100 0 100 O 10
exchange
interac-
tion [MHz]
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spectra are similar with well-pronounced three peaks. These peaks are broader as
compared to those in the EPR spectra at pH 11.5 (Fig. 2b). Such broadening can
arise from a reduction in the rotational mobility of the spin label and from dipolar
interaction between close-by electron spins, both being potential results of peptide
aggregation. In addition to the three peaks, the spectra show a broad peak at around
341 mT. This indicates the presence of several spectral components and, conse-
quently, several states of A in solution. Indeed, spectral simulations reveal for both
variants the superposition of two spectral components, a fast and a slow component.
The fast component with a rotation correlation time of 0.16 ns for ApEMTSL40 apd
0.26 ns for APPROT0 describes species with high rotational mobility. These data are
identical with the data found for the spin-labeled AP variants under non-aggregating
conditions (pH 11.5) and, therefore, are taken as an indication that monomeric spe-
cies are present at pH 6.5. The slow component, causing the additional broad peak
at around 341 mT, has a rotational correlation time of 5 ns for both spin-labeled
AP variants. This slow rotation can be explained by the presence of AP aggregates,
which effectively decreases the rotational mobility of the nitroxide. The simulation
of the experimental data can be improved by adding a line broadening referring to
Heisenberg spin exchange (10 MHz), which accounts to the interaction between
nitroxides due to their close proximity when spin-labeled molecules aggregate
(Table 1). The percentage of the slow component is 88% for ABTROF? and 94% for
APEMTSLIO indicating the presence of a slightly higher amount of aggregates in
case of ABCMTSDA0 (Table 1). However, the simulated spectra deviate slightly from
the experimental ones. Therefore, the difference in the percentage of the slow com-
ponent for ABPROF40 and ABCMTSLMO has to be viewed with care. In any case, the
EPR spectra of both spin-labeled A variants is dominated by the slow component.

As in the case of non-aggregating conditions, TEM images show the same overall
morphology for all three peptides AB™, ABFROF0 and APEMTSLHO when dried (see
Supporting Information).

Next, the case is considered, where the spin label was incorporated at position 31,
replacing the isoleucine, which is close to the middle of the peptide. As this site is
neither hydrophobic nor located within the metal-binding region, the modification at
this site is assumed not to affect the structure or properties of Af.

At non-aggregating conditions (pH 11.5), the CD spectra of Ap™, and
APCMTSLBL exhibit a similar shape with a pronounced minimum at 200 nm, typical
for molecules with a random-coil structure (Fig. 3a). The EPR spectra of both spin-
labeled AP variants are typical for fast rotating nitroxides (Fig. 3b). Quantitative
analysis via spectral simulations reveals that the spectra can be described with only
one spectral component, with a rotational correlation time 7, of 0.4 ns for both pep-
tides (Table 1). This value is larger than determined for APPROF40 and ApCMTSLI0,
Obviously, the correlation time arises from the coupled motion of the peptide chain
and the nitroxide. This agrees with the finding that the closer the nitroxide is placed
to the middle of AP, the larger is the influence of the peptide chain itself to the
dynamics of the nitroxide [60].

At aggregating conditions (pH 6.5), the CD spectra show similar features for
AP™, ABPROFL and ABCMTSLSL (Fig 3c). The CD spectra display a minimum
around 220 nm, characteristic for f-sheet structure, and an overall low signal

AﬁPROF3 1 ,
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Fig.3 CD spectra of Ap™ (grey), ApTRO™! (orange) and APT™TSL3! (blue) under a non-aggregating
(pH 11.5) and ¢ aggregating conditions (pH 6.5); EPR spectra of AP'ROF3! (orange) and Ap.CMTSL3!
under b non-aggregating and d aggregating conditions and spectral simulations (black)

intensity caused by larger aggregates. The EPR spectra of ApPROF3! and ApCMTSL31

are similar in their spectral shape. They show three lines with significant broadening
(Fig. 3d). Quantitative analysis via spectral simulation reveals two spectral
components for both spectra. In both cases, the fast spectral component has a
rotational correlation time t, of 0.4 ns which indicates the presence of Af in its
monomeric form (Fig. 3b). The slow spectral component has a correlation time
7, of 5 ns, a Heisenberg exchange interaction of 10 MHz and is attributed to Af
aggregates. The fractions of the slow component are 92% for ABPROF! and 84% for
ABCMTSLSL “which indicate that the slow spectral component is dominant and Ap is
mainly present in aggregated form (Table 1).

AP contains amino acids, whose modification can significantly impair its
structure, function and aggregation. Such an amino acid is the aspartic acid at
position 23. To investigate how spin-labeling at such a critical position affects
the CD and EPR spectra, PROF and C(MTSL) were incorporated at position 23,
replacing the aspartic acid.

Under non-aggregating conditions (pH 11.5), the CD spectra of A and
ABMTSLIZ differ significantly from that of the AB™ (Fig. 4a). While the CD

BPROF23
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Fig.4 CD spectra of Ap™ (grey), ApTRO2 (orange) and APT™TSL23 (blue) under a non-aggregating
(pH 11.5) and ¢ aggregating conditions (pH 6.5); EPR spectra of Ap*ROF23 (orange) and Ap.CMTSLI23
under b non-aggregating and d aggregating conditions and spectral simulations (black)

spectrum of AB™ exhibits the typical shape of a random-coil spectrum with a
minimum at 200 nm, the spectra of the spin-labeled AP variants show a min-
imum at 220 nm. This minimum is characteristic for pB-sheets. It is more pro-
nounced in the CD spectrum of AB“™TSLZ3 than in that of ABPROT?, The EPR
spectra of APFROF2 and ApCMTSLZ3 display three significantly broadened lines
(Fig. 4b). Quantitative analysis allowed for identification of two spectral compo-
nents, which are necessary to describe the experimental EPR spectra. For both
spin-labeled Af variants, the fast component has a correlation time 7, of 0.4 ns
and the slow component a correlation time t, of 4 ns with a Heisenberg exchange
interaction of 5 MHz. The correlation time of the fast component fits to that of
monomeric Af. The slow component is assigned to aggregates. The fractions of
the slow component are 83% for APFROF2 and 88% for APCMTSL2 (Table 1).
Obviously, even under non-aggregating conditions aggregates prevail.
Under aggregating conditions (pH 6.5), the CD spectra of the A",
and APCMTSD23 are very similar to each other (Fig. 4c). They feature a minimum
at 220 nm and overall low signal intensity, indicating the presence of p-sheets and

AﬁPROFZS
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the presence of aggregates which reduce the amount of light reaching the detector.
The EPR spectra of ABPROF2 and ABMTSLZ are similar in shape (Fig. 4d);
however, they differ significantly from the spectra of the other spin-labeled Ap
variants. Notably, the spectral lines are extremely broad, a characteristic of slowly
rotating nitroxides, corresponding to t, values on the order of a few nanoseconds.
Spectral simulations provide further quantitative insight. Neither of the two
spectra can be satisfactorily simulated using one fast and one slow component.
The EPR spectrum of ABCMTSL23 qoes not show any presence of the fast spectral
component. An approximation of the experimental spectrum using only a slow
component with a correlation time 7, of 5 ns turned out to be insufficient. The
spectral shape of the EPR spectrum of ABPROF2? can be approximated by the
superposition of a slow component with T, = 5 ns with an exchange interaction
of 10 MHz and a very small contribution from a fast component with T, = 0.4 ns.
The slow component is dominating with a fraction of 99% (Table 1). Whereas
the fast component exhibits the same t, value of 0.4 ns as in the simulations for
the pH 11.5 spectrum, the <, value of the slow component has increased slightly
from 4 nm to 5 ns. It is suggested that additional contributions and/or spectral
components influence the spectral shape, as a consequence of high structural
heterogeneity of Af. However, they are not resolved in the spectrum to a degree
that allows identification.

Summarizing, under non-aggregating conditions (pH 11.5), ApFPROF40,
ABFROF3 “and APCMTSLIL adopt a structure similar to that of AB™. In contrast,
APCMTSLIA0 = A BPROF23 = apnq ABCMTSLIZ3 adopt a B-sheet structure. We suspect
that the difference between APTROT0 and ABCMTSD0 s caused by the different
C-termini: a carboxyl group in case of APPROFY and a carboxamide group
in case of APCMTSLM0 That such a little change has such an impact on the
secondary structure of AP shows how sensitive an IDP can be. That ApPROF23
and ABMTSLI23 " which both have a carboxyl group at the C-terminus, exhibit a
B-sheet structure shows that the peptide structure is also determined through the
position of labeling.

The EPR spectra of ABPROF40 ApCMTSLI0 - AgPROE3L 514 AGCMTSLIT ypder non-
aggregating conditions can be well-described by a single fast component with a
rotational correlation time T, between 0.2 and 0.4 ns. The rotation is slower for Af
labeled at position 31 than for AP labeled at position 40. This is interpreted as a
result of a coupled mobility of the peptide and the spin label. The nitroxide located
at the C-terminus is more flexible compared to the nitroxide attached at the middle
of the peptide.

The EPR spectra of APPROF2 and APCMTSD23 can only be described by a
superposition of a fast and a slow component, indicating with CD data a partial
aggregation even at pH 11.5. This highlights the unsuitability of position 23 for spin
labeling.

Under aggregating conditions (pH 6.5), all investigated AP variants exhibit the
same B-sheet secondary structure in the CD spectra as AB™. The EPR spectra of AP
spin-labeled at position 31 or 40 show a feature at~341 mT, which is characteris-
tic for nitroxides with restricted rotational mobility. Spectral simulations describe
these spectra as a superposition of a nitroxide not restricted in tumbling and a
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slow-rotating, aggregated component, with the latter being dominant with a contri-
bution of more than 80%.

3 Conclusions

The non-canonical amino acids PROF and C(MTSL) were examined as spin
labels for investigating aggregation processes of Af, an important representative
for an IDP. With the spectroscopic methods CD and EPR the secondary structure
of the peptide and the rotational mobility of the spin label were determined. In
addition, the EPR spectroscopical data revealed the degree of aggregation. With
the combination of the two spectroscopic methods, positions at Af could be
determined that are suitable for modification without compromising the secondary
structure of this peptide. PROF proved to be as suitable as C(MTSL). This is of
particular interest, because the non-canonical amino acid PROF offers increased
linker stability in reducing environments, due to the absence of a disulfide bond, and
selective labeling, if native cysteines are essential for protein function.

4 Methods
4.1 Synthesis of Spin-Labeled A Variants

The amino acid PROF was synthesized as described by Stehle et al. [30] All peptides
were synthesized by Biosynthan (Berlin, Germany). The Fmoc-protected PROF was
incorporated into the AP peptide sequence at position 23, 31 or 40 via solid phase
synthesis and the peptides were obtained with an HPLC purity of >90%. C(MTSL)
variants were obtained by solid phase synthesis introducing a cysteine at position
23, 31 or 40, followed by labeling with 1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methyl methanethiosulfonate and were obtained with an HPLC purity
of >90%. The peptide sequences are displayed in Table 2.

Table 2 Peptide sequences of the spin-labeled AP variants

AP peptide Peptide sequence

Ap™ H-DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV-0OH
APCMTSLY3 H-DAEFRHDSGY EVHHQKLVFF AE-C(MTSL)-VGSNKGA IIGLMVGGVV-0OH
APEMTSLIL H-DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA -C(MTSL)-IGLMVGGVV-OH
ABCMTSLI0 H-DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV-C(MTSL)-NH,
APPROF23 H-DAEFRHDSGY EVHHQKLVFF AE-PROF-VGSNKGA IIGLMVGGVV-OH
ApPROF3! H-DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA -PROF-IGLMVGGVV-0OH
APPROF40 H-DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV-PROF-OH

Highlinghting spin-labeled sites in bold increases the readability of the amino acid sequence, which is
given in plain capitals
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4.2 Sample Preparation for Non-aggregating Conditions

The lyophilized peptides were dissolved in a 10 mM NaOH solution containing
100 mM NaCl at pH 11.5 to reach a concentration of 1 mM and sonicated for 10 min.
This solution was diluted with a 10 mM NaOH solution with pH 11.5 and glycerol-ds to
obtain a sample containing 20 vol.% glycerol-dg and being 100 uM in Ap. Glycerol-dq
was added as a cosolvent, because it is planned to study the samples with double
electron—electron resonance (DEER) spectroscopy as well.

4.3 Sample Preparation for Aggregating Conditions

The lyophilized peptides were dissolved in a 10 mM NaOH solution containing
100 mM NaCl with pH 11.5 to reach a concentration of 1 mM and sonicated for
10 min. This solution was diluted with a 10 mM phosphate buffer (69% NaH,PO,
31% Na,HPO,) with pH 6.5 and glycerol-ds to obtain a sample containing 20 vol.%
glycerol-dg and being 100 pM in Ap. Glycerol-dg was added as a cosolvent, because
it is planned to study the samples with double electron—electron resonance (DEER)
spectroscopy as well.

4.4 Circular Dichroism Spectroscopy

For the CD measurements, 100 pL of the peptide solution were filled into a 0.5 mm
demountable cuvette (QS High Precision Cell, Hellma Analytics). CD spectra
were measured with a JASCO J-715 spectropolarimeter at 20 °C within the range
of 180-280 nm. The raw data were baseline corrected and the background spectra
subtracted.

4.5 EPR Spectroscopy

EPR measurements were performed on a BRUKER EMXnano X-band continuous
wave EPR spectrometer. Samples were filled in HIRSCHMANN ringcaps® capillaries
and closed with Chaseal tube sealing compound. All spectra were recorded at 20 °C
with a modulation amplitude of 1 G, a modulation frequency of 100 kHz and a
microwave power of 3.162 mW. Baseline correction and EPR simulations were
performed on MATLAB R2022b with the Easyspin package [61].
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