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Abstract

Enzymatic activity of proteins and other biomolecules is closely linked to their three-dimensional
structure and dynamics. From the vast toolbox of biophysical techniques to unravel biomolecular
structures, pulsed dipolar electron paramagnetic resonance spectroscopy (PDS-EPR) is a widely
applied method to investigate these structures and structural rearrangements. Commonly utilized
nitroxide spin labels such as the methanethiosulfonate spin label MTSL are suitable for in vitro
experiments and have been used to investigate protein complex formation, track conformational
changes, and localize metal ions. However, there are currently three main issues regarding the
application of nitroxide spin labels for the structural investigation of biomacromolecules. Despite
their widespread use, there are no standardized guidelines for spin labeling, quantification of the
labeling efficiencies, sample preparation, and data evaluation, which impedes the reproducibility
of results and the drawing of biological conclusions. Together with the ever-increasing complexity
of biological systems, it becomes more and more important to investigate these systems not as
singular entities but within the context of their native environment, specifically at ambient
temperatures and within cells. While nitroxide spin labels quickly degrade under the reductive
conditions present in the cellular environment, redox-stable tetrathiatriarylmethyl (trityl, TAM)
spin labels represent a promising alternative. While their characteristic EPR properties such as a
narrow line width and long relaxation times at non-cryogenic temperatures make their application
highly desirable, their inherent hydrophobicity imposes great challenges for efficient protein spin
labeling, work-up, and data acquisition. In addition, the rotational flexibility of the bioconjugation
group and the linker to the spin-bearing motif can add to the conformational distribution of the
biomolecule and obstruct the detection of conformational changes of the biomolecule itself.

In the context of these challenges, this PhD thesis addresses the following points: (1) Giving
community-approved, generalized guidelines for site-directed spin labeling (SDSL), quantification
of labeling efficiencies, and acquisition of PDS data using the commonly utilized MTSL spin label.
(2) Establishing a reliable spin labeling protocol for trityl-based spin labels. (3) Devising an
approach to differentiate between label and protein conformers in EPR-derived distance
restraints.

Addressing the first key point, using the Yersinia outer protein O (YopO) as a model system, a
strategy to successfully label proteins with MTSL was implemented and high labeling efficiencies
were confirmed. Designed as a multi-laboratory benchmark test, samples were shipped to
collaborating research groups and each group performed Pulsed Electron-Electron Double
Resonance (PELDOR) experiments. The resulting distance distributions were highly consistent
across the individual laboratories and confirmed the robustness of sample preparation and data
analysis. To address the second key challenge of unreliable protein spin labeling using trityl labels,
an assessment of the labeling performance of a methanethiosulfonate- and a maleimide-
conjugated trityl spin label highlighted the importance of the bioconjugation group. Fine-tuning
of the chosen labeling conditions enabled the establishment of a reliable labeling protocol for
maleimide-conjugated trityl spin labels. Using the next-generation trityl spin labels SLIM and Ox-
SLIM, a first in-cell trityl-trityl double quantum coherence (DQC) time trace of a protein sample in
Xenopus laevis oocytes could be recorded. Exploiting the sensitivity of these new trityl spin labels,
EPR-based distance measurements at a protein concentration down to 10 nM were shown to be
feasible. Encouraged by these results, preliminary steps were undertaken to demonstrate the
applicability of the SLIM label in transfection experiments using more native eukaryotic systems
such as Hela cells. Many of the EPR-derived distance distributions of the herein performed studies
on YopO showed bi- or even multimodal distance distributions, which could not be unequivocally
assigned to either distinct protein or spin label conformations, induced by the flexible

Vi



bioconjugation groups connecting the label to the cysteine residue. To unravel these ambiguous
results and address the third main objective, the conformationally restricted bipedal double
histidine motif loaded with paramagnetic copper(ll) nitrilotriacetic acid (dHis-Cu?*(NTA)) was
employed to distinguish between label and protein conformations. Exploiting the reduced
conformational flexibility of the dHis-Cu**(NTA) spin label, it was revealed that the o-helical
backbone of YopO adopts a single conformation in solution and that the bipedal label is a well-
suited alternative to conventional spin labels for solving small-scale conformational differences,
even in proteins with high native histidine abundance where unspecific labeling can be avoided
by stoichiometric Cu?*(NTA) addition.

The herein presented results provide valuable guidelines to the EPR community as well as non-
experts for the application of nitroxide spin labels and PDS-EPR in structural biology, outline a
reliable protocol for the routine application of maleimide-functionalized trityl spin labels in PDS-
EPR, and showcases an approach to differentiate between spin label and protein conformations
using the dHis-Cu?*(NTA) spin label.
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1. Introduction

When the architect Luis H. Sullivan coined his famous dogma “(...) of all things organic and
inorganic, of all things human and superhuman (...) form ever follows function” in 1896,* he was
unaware that in the context of structural biology, the reverse — function follows form — holds
true.l) The shape of a biomolecule dictates its chemical properties, reactivity, molecular
interactions, and enzymatic function, which ultimately determines its role in the cellular
ensemble.B! Knowing the form of a biological macromolecule enables the prediction of the
molecular function, and a loss of form often comes along with a loss of function or, in the worst
case, is the source of severe diseases such as Alzheimer's and Parkinson's disease.!*! The research
field of structural biology is devoted to correlating the biomacromolecular function to its structure
and dynamics.

1.1 Biomolecular Structure Elucidation

Over the period 2009 to 2018, the average development cost of a new drug approved by the
United States Food and Drug Administration (FDA) ranged from $ 765.9 million to
$2,771.6 million.! According to a study by Kiriiri et al. in 2020, the likeliest cause for failure of a
potential drug candidate in clinical trials is poor efficacy to the drug target (Figure 1).°
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Figure 1: Pie chart displaying the causes of attrition in the discovery and development process of a novel
drug. Adapted from reference [6].

Pharmaceutical companies are therefore urged to find ways for high-throughput and low-cost
screenings in drug development to identify more easily suitable drug candidates that will pass
clinical trials.!”! Since the initial success of the first rationally designed drugs based on structural
information in the early 1990s against the proteinase of the human immunodeficiency virus type-
1 (HIV-1),1829 structure-based drug design has played a key role in the development of new
drugs.*Y Here, the three-dimensional structure of a target is used to identify potential leads, e.g.
inhibitory compounds that bind to the target of interest. With structural information at hand,
further refinement of these leads can enhance their affinity to the drug target, reduce their
toxicity, and increase their stability.l*?) Especially in the development of antibacterial drugs,
structure-based drug design plays an important role in facilitating the discovery of new drugs and
new drug targets alike to keep up with the rapidly increasing number of antibiotic-resistant
bacterial strains.[**'¥ Pioneered by Alexander Fleming, who discovered the antimicrobial effects
of a green Penicillium mold fungus that led to the development of the first modern-era antibiotic
penicillin,!*> early antibacterial drug research focused on screening thousands of bacterial and
fungal species for signs of antibiotic activity, which is a time-consuming and costly process.!*”
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According to a study by the Pew Research Institute from February 2015, 34 out of 37 antibacterial
programs in clinical trials in the United States used structure-based methods to guide the
development of inhibitory high-affinity small molecules.*®

The demand for three-dimensional models and structural information on potential drug targets is
reflected in the ever-growing number of macromolecular structures deposited in the Protein Data
Bank (PDB). Initially developed as an archive for protein crystal structures at the Brookhaven
National Laboratories in 1971,1*% the platform contained approximately 10,500 macromolecular
structures in the year 2000 and by January 2023, the number of structures available on the
platform exceeded 200,000 — an increase of almost 2,000%. This tremendous increase over the
past decades was achieved by several factors. On the one hand, improved techniques in both,
molecular biology and purification techniques, enhanced the scope of potentially available
targets. On the other hand, rapid innovation of established biophysical methods such as X-ray
crystallography,'?>?l nuclear magnetic resonance (NMR) spectroscopy,'?? and cryo-electron
microscopy (cryo-EM) as well as the development of completely new ways to gather structural
information of biomolecules such as molecular dynamics (MD) or artificial intelligence (Al) guided
neural networks enabled researchers worldwide to pursue increasingly hard-to-obtain structural
information.?

1.1.1 X-ray Crystallography

Until today, X-ray crystallography is the main method for structure elucidation of biological
macromolecules at atomic resolution. Since the first discovery of X-rays by Wilhelm Conrad
Réntgen in 1895,12%24 it took more than half a century for the first atomistic model of a
biomacromolecule solved by X-ray crystallography to be published. Benefiting from the
discoveries of X-ray diffraction on crystalline matter by Max von Laue,?>?® the underlying
scattering fundamentals known as Bragg’s law derived by William Lawrence Bragg,'*”’ and the
possibility to crystalize enzymes demonstrated by James Sumner,’?® John Kendrew succeeded to
solve the crystal structure of sperm whale myoglobin in 1957 at a resolution of 6 A.?? Three years
earlier, James Watson and Francis Crick predicted the double-helix nature of desoxyribonucleic
acid (DNA) based on images of the distinct diffraction pattern of DNA fibers generated by Rosalind
Franklin.®%3Y However, it took almost 30 years to visualize the double-helix structure of DNA on
an atomic level.®? Following these initial success stories, the fast-paced development of
increasingly more powerful light sources such as synchrotron radiation, new methods to
overcome the phase problem, and better screening techniques for crystal growth led to a rapidly
increasing number of biomacromolecular structures solved by X-ray crystallography. The
dominance of X-ray crystallography in structural biology is reflected by the fraction of published
structures on the PDB, where more than 85% were solved by X-ray crystallography (April 2023).
X-ray crystallography provides atomic resolution of crystalline samples without size restriction to
the biomolecule and is especially useful for the investigation of highly ordered, rigid structures.!**
However, this limits the target scope of the method since well-diffracting crystals are mandatory
for good diffraction images. Especially for disordered and flexible proteins or integral membrane
proteins that are embedded in detergents or membrane mimetics, small crystal contact areas and
poor crystal uniformity hamper crystal formation and may lead to low-resolution diffraction
images.®¥ In addition, crystal packing effects can perturb the native structure or select a subset
of the total conformational ensemble the molecule adopts in solution.?

1.1.2 Nuclear Magnetic Resonance Spectroscopy
In contrast to X-ray crystallography, NMR spectroscopy allows for structure determination in the
liquid state without the necessity of crystals. Since the pioneering work of Felix Bloch and Edward



M. Purcell who demonstrated the magnetic resonance of hydrogen nuclei in a static external
magnetic field in 1946,3%%) NMR became a routine method for the characterization and
identification of small molecules in chemistry and biology. Initially considered unsuitable for
application to larger molecules, the first NMR spectrum of a protein, the enzyme Ribonuclease 1,
was published by Martin Saunders in 1957.38 With the advent of superconducting magnets,
Fourier transform (FT) spectroscopy, 2-D spectroscopy, and the possibility of isotope enrichment
of 13C and *N, NMR spectroscopy allowed researchers to build atomistic models of biomolecules
that were not amenable by X-ray crystallography. In 1984, the group of Nobel laureate Kurt
Wiithrich was able to solve the first de novo structure of a protein, the proteinase inhibitor 1A.5°
In general, to avoid overlapping signals due to the high abundance of H nuclei in a protein, two-
dimensional NMR experiments such as nuclear Overhauser enhancement spectroscopy (NOESY)
and correlation spectroscopy (COSY) are used and the individual signals are assigned to specific
atoms, thereby generating a set of restraints from which an atomic model can be built.*® Notably,
this technique has been used to solve the three-dimensional structure of an isotope-labeled
protein within living cells.*¥ While common solution NMR is suited for proteins with molecular
weights up to 100kDa,“? the increasing number of signals, spectral overlap, and
indistinguishability of the signals in larger systems make data analysis and assignment to the
individual residues increasingly difficult.***¥ In addition, for membrane proteins that are
especially difficult to crystalize or large insoluble complexes such as amyloid fibrils, magic-angle
spinning solid-state NMR (MAS SSNMR) enables structure determinations in native environments
such as lipid bilayers.[**!

1.1.3 Cryo-Electron Microscopy

In recent years, single-particle cryo-electron microscopy (cryo-EM) has emerged as the third
powerful method for biomolecular structure elucidation at a near-atomic resolution. Awarded the
Nobel prize in 2017, Richard Henderson, Joachim Frank, and Jacques Dubochet helped to
overcome limiting factors of cryo-EM such as sample preparation and data evaluation.!*¢
Initially providing only low-resolution envelope structures, the introduction of cameras directly
detecting electrons leaped the achievable resolution limit into new spheres and enabled atomic
resolution. 90

For high-resolution cryo-EM imaging, no crystallization is required and the investigated
biomolecule is diluted and dispersed as a thin liquid film on a support grid, usually a holey carbon
film, and then frozen in liquid ethane before the measurement.® To avoid radiation damage
caused to the sample by the electrons, only a low electron dose (about 20-40 electrons per A?) is
applied in the imaging process and the resulting low contrast is compensated by averaging many
particles. The image of a single particle reflects a two-dimensional projection of the object with
higher contrast in structurally denser areas. If the particles are randomly oriented on the grid,
computational alignment of the two-dimensional Fourier transforms permits the generation of a
three-dimensional model.? In contrast to X-ray crystallography, the frozen-solution conditions
of cryo-EM make difficult targets amenable. Thus, structural information can be gained for
systems of high molecular weight, e.g. multi-domain complexes like fungal fatty acid synthases
(FAS) and detergent-solubilized or membrane-mimetic embedded integral membrane proteins
that generate low crystal contacts.’>* QOutstanding examples of structures solved by single-
particle cryo-EM are the structures of the Zika virus and the 100S ribosome dimer of gram-positive
S. aureus.>%% As proven by these examples, the method has virtually no limitation towards higher
molecular weight particles. However, its feasibility is limited for smaller molecules (below 50 kDa),
where the small size of the particles results in low contrast to the surrounding buffer, and
averaging over more particles is necessary to achieve a high resolution.®” While the heterogeneity



of the sample composition in single-particle cryo-EM imposes difficulties in the correct alignment
of the individual images,®® it also offers the opportunity to visualize distinct relevant
conformational states of a biomolecule free from crystal-packing effects or knock-out mutations
and thereby decipher the structural basis for the underlying enzymatic mechanism.”

1.1.4 Forster Resonance Energy Transfer

Structural information of biomolecules does not necessarily need to be obtained at atomic
resolution. An optical technique for the visualization of nanometer-scale proximity detection is
Forster resonance energy transfer (FRET). Based on the initial experiments of Gilinther Cario and
James Franck, Theodore Férster finalized the theory of the non-radiative energy transfer from a
donor to an acceptor chromophore in 1946.1°%61 The specific requirements for FRET are an overlap
of the emission spectrum of the donor fluorophore and the excitation spectrum of the acceptor
fluorophore as well as the proximity of the two fluorophores in the range of usually 1-10 nm.!®?
By exiting the donor chromophore with a wavelength that is not absorbed by the acceptor
fluorophore, the donor can excite a nearby acceptor which then emits a lower energy wavelength
(Figure 2a). The efficiency of this transfer is inversely proportional to the sixth power of the
distance between both chromophores as well as their relative orientation, hence enabling
extraction of the inter-chromophore distance from the emitted light intensity (Figure 2b).[6%

a) b)
Donor Acceptor 14 Ul"«& ,‘ff
1—_
5 1  o— >
< H _:___S‘ c
2 FRET ! c 2 054
= ' o Q
S : k] §
< H . E W E ”4,‘&
——
g —'—VJJ! p
¥ . sa ‘
[ I 0 : r/r,

Figure 2: FRET effect between a donor and an acceptor fluorophore and the distance dependence.
a) Exemplifying Jablonski diagram of FRET with a donor and an acceptor fluorophore. b) Scheme showcasing
the distance dependence of the FRET efficiency based on the inter-fluorophore distance, with r being the
distance between the donor-acceptor pair and ro the Forster distance where the transfer efficiency is exactly
50%. Adapted from reference [63].

Since the distance range at which FRET occurs is on the length scale of many biological systems,
FRET can provide distance information between two chromophores and is thereby often termed
a molecular ruler.®® FRET measurements can detect intramolecular conformational changes of a
biomolecule, e.g. upon substrate binding to an enzyme, monitor intermolecular oligomerization
events, or study kinetics. Similar to NMR, FRET is an ensemble technique that can be measured in
solution at ambient temperature and that can be performed in living cells.%? In the special case
of single-molecule FRET (smFRET), conformational states of a single biomolecule can be traced
directly, thereby circumventing asynchronicity and averaging of conformational dynamics of the
bulk molecules as in the conventional ensemble approach.®® Except for homoFRET,®® the donor
and acceptor chromophores in a FRET experiment need to be different, rendering conventional
labeling strategies inefficient due to statistic chromophore matching and ensuing lower FRET
efficiencies.l”? However, statistic chromophore matching can be avoided by using orthogonal
labeling approaches or fluorescent fusion proteins such as the green fluorescence protein (GFP)
from the jellyfish Aequoria victoria.'®® Additionally, most chromophores consist of extended
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conjugated m-systems with flexible linkers, a requirement for the correct alignment of the donor
and acceptor dipoles to enable FRET, and their size relative to the biomolecule can be significant.
This can potentially cause interference with the protein backbone or the reporter fluorophore and
make the detection of small-scale conformational changes challenging.[!

1.1.5 Computational Structural Biology

Driven by the rapid advancement in computer performance and user accessibility of software
applications in the 20" and 21° centuries, computational methods have gained increased
attention in structural biology. Complementary to the aforementioned experimental methods,
computational methods such as MD simulations,”” sequence alignments for structure predictions
based on known homologs,/’" and machine learning algorithms offer new ways to shed light on
previously unknown or experimentally undeterminable biomolecular structures, their dynamics,
or ligand affinities.

Following the first 9.2 ps-long MD simulation of bovine pancreatic trypsin inhibitor (BPTI), a 58
amino acid peptide, by the group of Martin Karplus,”? hardware and software innovations as well
as steadily decreasing cost for computational time led to a rapid development in the field of
computational structural biology, nowadays allowing for MD simulation of much larger molecules
and complexes for an extended simulation time (up to 1 ms).[”*’4 Based on empirical physical
models, so-called force fields,”” MD simulations are especially powerful for studying the
spatiotemporal dynamics of biomolecules at atomic resolution, e.g. structural fluctuations, ion
migration through channel proteins, substrate binding trajectories, or the sequential changesin a
biomolecular structure upon ligand binding.”®! The accuracy of classical MD simulations heavily
depends on the chosen force field and constitutes a balance between accuracy and time
efficiency,/””! but the results of the molecular mechanics (MM) simulations can be improved at the
cost of computational time by including more sophisticated computational methods such as
density functional theorems (DFT) in quantum mechanics (QM) simulations using a hybrid
MM/QM scheme.”® In addition, most MD applications rely on accurate structural input models,
often provided as experimental data, since preliminary ab initio folding of enzymes remains a
challenging and computationally costly task.!””!

According to Anfinsen’s dogma postulated by Nobel laureate Christian Anfinsen, each globular
protein possesses a unique structure of minimal free energy that is determined solely by its amino
acid sequence.®” However, protein folding is an immensely complex process and according to
Cyrus Levinthal, this process has to proceed via directed and predefined low-energy intermediate
states of protein sub-regions before the global tertiary structure is adopted.¥ The prediction of
said protein structure based on its amino acid sequence is known as the “protein folding problem”
and solving it has become one of the largest goals in structural biology.®? A widely recognized
breakthrough in protein structure prediction was achieved in 2020 at the 14 biannual Critical
Assessment of Protein Structure Prediction (CASP) contest, a benchmark competition in de novo
protein structure prediction, by the neural network AlphaFold2 developed by DeepMind.* For
the given CASP14 dataset, AlphaFold2 achieved a median backbone accuracy of 0.96 A root-mean-
square deviation at 95% residue coverage (rmsdss), which is considered competitive with
experimental methods.[®3! Simultaneously, the RoseTTaFold neural network was developed and
published, which enables structure prediction of proteins on a similar confidence level as
AlphaFold2 and can predict protein-protein complexes.® In brief, AlphaFold2 and RoseTTaFold
are machine-learning algorithms that combine empirical knowledge about protein structures such
as torsion angles, bond lengths, and steric interactions with existing experimental structures
deposited in the PDB and sequence alignments. While the prediction accuracy of the neural
networks is remarkable for most sequences, they struggle when coping with novel or unexpected



sequences and structural features that are not included or iterations of the initial training sets,
hence making experimental cross-validation of the predicted models mandatory.®>! Since the only
input information is the amino acid sequence, the algorithms cannot include bound metal ions,
cofactors, or other ligands, which are often key to enzymatic function.®®! Nevertheless, the quality
of the models provided by AlphaFold2 and similar networks enable new opportunities to verify
hypotheses of protein structures, refine existing models, or provide starting points for
experimental design setups.®”!

1.1.6 Integrative Structural Biology

As outlined in sections 1.1.1 to 1.1.5, all methods for biomacromolecular structure elucidation
have their unique strengths and weaknesses, making it impossible to address any given problem
using only one methodology. Understanding biological function often involves the
characterization and interplay of multiple molecular entities in higher-order molecular assemblies
and complexes, which can evade structural characterization by a single method.®® While some
methods such as X-ray crystallography provide atomic resolution, they cannot visualize
heterogeneity or molecular motion and dynamics that other methods, e.g. FRET, can provide,
thereby leading to potentially ambiguous conclusions. To map the molecular architecture of
complex systems with a higher level of confidence, an approach called integrative structural
biology has gained widespread attention in modern-era structural biology. While the information
obtained by a single experimental setup may be insufficient to build a comprehensive model or
theory, all available structural information gathered by two or more complementary techniques
is combined in integrative structural biology to overcome the limitations of the individual methods
with the ultimate goal of generating a holistic model.®® Experimental as well as theoretical data
gathered by the individual methods are combined and each data set contributes by giving a unique
set of restraints, e.g. distance restraints for amino acid pairs obtained by FRET, low-resolution
density envelopes by small-angle X-ray scattering (SAXS), proximity restraints by cross-linking
mass spectrometry (XL-MS), or stoichiometry coefficients obtained by mass spectrometry. From
these restraints, an integrative structural model is built that complies with the individual input
information in their estimated error ranges (Figure 3).°° Remarkable examples of the potential of
integrative methods to structurally characterize complex systems are the sub-nanometer-
resolution structure of the ~52 MDa nuclear pore complex (NPC) of yeast consisting of 552
proteins or the atomic model of the insoluble type-Ill secretion system (T3SS) needle of Salmonella
typhimurium °+%2
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Figure 3: Schematic representation of an arbitrary integrative structural biology workflow. After data
collection with various complementary techniques, an ensemble of individual restraints is generated
(orange box) and used to develop an initial model, which is refined in an iterative process (blue box). The
resulting best model after convergence may then be used to hypothesize about the enzymatic mechanism
or to identify leads for structure-based drug design (grey box). Individual images were generated using
Microsoft Bing Image Generator.

1.2 EPR Spectroscopy

An increasingly popular technique in structural biology is electron paramagnetic resonance (EPR)
spectroscopy, also referred to as electron spin resonance (ESR). Initially discovered in 1944 by
Yevgeny Zavoisky, who observed the microwave radiation resonance absorption of CuCl,-H,0 in
an externally applied magnetic field,'®> EPR spectroscopy is closely related to NMR spectroscopy
and based on the microwave-induced electron-spin transition of unpaired electrons in an external
magnetic field.® Contrary to NMR, where nuclear-spin transitions are achieved using radio
frequencies, EPR requires electromagnetic radiation of higher frequency (microwaves) and,
consequently, lower magnetic fields to achieve resonance. Compared to NMR, EPR is
approximately three orders of magnitude more sensitive.*"

EPR has widespread applications in chemistry, physics, or material science to detect and
characterize systems containing one or more unpaired electrons. In the context of structural
biology, EPR spectroscopy can be applied to biological systems containing one or more
paramagnetic centers to probe the local binding environment of the spin center, investigate
residual conformational flexibilities, or obtain distance distributions of two or more paramagnetic
centers in a biomolecule.!

1.2.1 Theoretical Background

The theoretical background of EPR spectroscopy is given in the following section and resembles a
summary from a set of textbooks, educational scrips, and publications.’®%! The fundamental
concepts of EPR spectroscopy presented on the pages 8 to 10 are largely adapted from reference
[96].

The experimental observation by Stern and Gerlach in 1922 of a discontinuous deflection pattern
of a silver atom beam in an external magnetic field gave proof of the quantization of the electron's
angular momentum, which is referred to as the so-called electron spin §.12%”! As a charged particle
with an angular momentum, the electron possesses a magnetic moment
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where g, = 2.0023 denotes the Landé factor (g-factor), e the elementary charge, m, the electron
mass, and S the electron-spin vector. The length of the electron-spin vector is defined as

S| =+/s(s+ Dh (eq. 2)

1 . .
where s = 3 denotes the spin quantum number, and # is the reduced Planck constant. In an

external magnetic field B—O), the electron-spin § will align parallel or antiparallel to the magnetic
field. The spin contribution along the magnetic field axis By, commonly the z-direction in a
laboratory coordinate system, is defined as

s, = msh (eq.3)

. . 1 1 1
where mg is the magnetic quantum number with discrete values of + Efor as = system. Due to

the Heisenberg uncertainty principle, the s,- and s,-components cannot be determined alongside
s, and the magnitude |5|. Following the z-orientation of the electron spin along the magnetic field,
the contribution of the magnetic moment y, in z-direction is given by

h
Uez = —Ze Ze_mems = —JgelpMg (eq. 4)

where ug denotes the Bohr magneton. A simplified energy scheme of the electron magnetic
moment in an external magnetic field B, as a function of the angle © between the magnetic field
and the dipole axis is given in Figure 4.
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Figure 4: Energy scheme of an electron magnetic moment in an external magnetic field as a function of the
angle @ between the magnetic field B, and the electron dipole axis. For @ = 0° (1) the energy is minimal,
while for @ = 180° (2) the energy is maximal. For all intermediate angles O, the energy lies between these
two extremes (3). Adapted from reference [106].
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While both spin orientations my = + Sare energetically degenerate in the absence of an external

magnetic field, the energy levels split upon applying a magnetic field.
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The splitting of the energy levels is known as the electron-Zeeman effect. Both energy levels are
separated by

AE = E(ms=+%) - E(ms=_%) = g.lpBy (eq. 6)

and the population of each energy level is governed by the Boltzmann distribution. Therefore, the

. 1. L
ratio between both mg = + S spin states is given by

AE _ gekpBo

N img=+1) LS
— 572 _ o kT = ¢  kpT (eq.7)

(ms=—3)

where N is the population number of the given spin state, kg is the Boltzmann constant,

(ms=13)
and T the temperature. At a magnetic field of B, = 340 mT and a temperature of T = 300 K, the
ratio between both spin states is 0.999,°°! meaning that the excited m, = + % state is only slightly

less populated than the mg = — % ground state. According to eq. 7, the population of the ground

state can be increased by higher magnetic field strength and by reducing the temperature.
Electron-spin transitions from the ground state to the excited state can be induced by microwave
radiation that fulfills the resonance condition with the radiation energy

hv = AE = g.upBo (eq. 8)

where h is the Planck constant and v is the frequency of the microwave radiation. If the resonance
condition is met, a transition from the ground state to the excited state occurs and the absorption
of microwave radiation is observed (Figure 4a+b). Since the population difference between both
spin states and therefore the microwave absorbance is low, common EPR spectrometers are
equipped with a resonator and a lock-in detector that creates a second external magnetic field
modulated at a frequency of ~100 kHz to enhance sensitivity. This comes at the price of a limited
bandwidth and commercial resonators are available only for certain microwave frequency ranges
(Table 1). While keeping the microwave frequency constant at the resonator frequency, the
magnetic field is swept until the resonance condition is met. This experimental setup is called
continuous-wave (cw) field-swept EPR and the obtained spectrum is the first derivative of the
absorption spectrum (Figure 5).



Figure 5: Schematics of the Zeeman effect. a) Zeeman
a) F —T—’”s:"l splitting of an electron spin in an external magnetic
field B,. b) Observed microwave absorption when the
AE=hv=gupB, resonance condition is met. c) First derivative of the
Resonance condition absorption in (b) obtained by the field modulation as
commonly applied in cw-EPR.

_. 1
2 Table 1: Most common EPR frequency bands and their
b) B respective microwave frequency and magnetic field
ranges for a g-factor = 2.
; . Frequency for g-factor =2
o i band Frequency (GHz) Magnetic Field (T)
dB, . S-band 2-4 0.07-0.42
' X-band 9-10 0.32-0.36
Q-band 33-35 1.2-13
W-band >94 34

The energy gap at which the resonance condition is met depends on both, the magnetic field
strength and microwave frequency. Similar to the chemical shift in NMR, the position of the
absorption line in EPR is given by the g-factor, an intrinsic and characteristic property of the spin
system. The g-factor is defined as

= _ 102 M\ v
g_uBBo_(7.144775 10 MHZ)B0 (eq. 9)

and is a dimensionless unit. For a free electron, the g-factor is g = g. = 2.0023. When located in a
molecular or atomic orbital, the g-factor of an unpaired electron differs from g. due to electronic
interactions and spin-orbit coupling. While organic radicals have g-values close to g., the g-value
of unpaired electrons in metal centers can differ significantly from g.. Thus, the g-factor can be
used to distinguish multiple paramagnetic species in a mixture or to characterize the local binding
and coordination sphere of a spin center.

In addition to spin-orbit coupling, the magnetic moment of the electron spin can couple to nuclei
with a nuclear spin-quantum number [ >0, causing the splitting of the absorption line into
M =2I +1 lines. This splitting is referred to as hyperfine splitting and the hyperfine coupling
constant A;g,, which determines the width of splitting, has a linear dependency on the nuclear
magnetic moment y; of the coupled nucleus as well as the spin density |1()|? of the unpaired
electron at the position of the nucleus (r =0) (Fermi contact interaction). In most cases, the
unpaired electron is located in energetically higher p-, d-, or rm-orbitals, which have no electron
density at the nucleus’ position (r = 0). However, they induce polarization of the spin density of
the s-orbitals, therefore causing a shift in the spin density at the nucleus’ position, which in turn
leads to hyperfine coupling.

For a nitroxide radical, where the unpaired electron is located in a rt-orbital of the N-O" group, the

. 1, . .
electron spin s = Sis coupled to the nuclear spin I = 1 of the ¥*N nucleus. In an externally applied

magnetic field By, the Zeeman splitting and hyperfine coupling to the **N nucleus leads to six
distinct energy levels with three allowed transitions according to the selection rules Amg = + 1
and Am; = 0, giving rise to the characteristic three-line EPR spectrum of a nitroxide (Figure 6).
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Figure 6: Zeeman scheme of an arbitrary nitroxide

. . . 1
AE=hv  with spin system with an electron spin m, = i; coupled
Am =1

U to a N nucleus with a nuclear spin quantum number
m,=

I =1 in an externally applied magnetic field B, (top).
0 The three allowed transitions according to the
selection rules matching the resonance condition are
indicated as red arrows. The microwave absorption
and the resulting EPR spectrum as the first derivative
of the absorption (bottom). The hyperfine coupling
constant Aiso(**N) can be obtained from the spectrum
as the distance between the signal centers.

A_[1N)
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Often, the spin density of the paramagnetic center is partially delocalized, and coupling to multiple
nuclei is observed. In such cases, the spectrum resembles a multiplet of multiplets. For all of the
above-mentioned cases, the rotational correlation time 7. of the paramagnetic center by far
exceeds the EPR time scale, meaning that there is no preferential orientation of the spin system
relative to the external magnetic field By, and the spectrum is isotropic. Here, the individual
g-values gy, gy, and g; and hyperfine coupling constants A,, A,, and A; are indistinguishable and are
averaged to giso and Ais.. This is mostly the case for small molecules in solution.

With increasing immobilization of the spin center and/or viscosity of the solvent, the rotational
correlation time 7. increases and the molecular motion no longer averages out anisotropic effects.
At the point where 7 > ~300 ns and in the solid state, each molecule has a distinct orientation
to the magnetic field By and the resulting spectrum is anisotropic (Figure 7a). In the case of a non-
spherical spin system, gis splits into a 3x3 g-tensor. For a system with axial symmetry, gx=g, # g,
and two distinct g-values are obtained, mostly referred to as gy for g, and g, for gxand g, are
obtained, whereas, for rhombic symmetry, all g-values g« # g, # g, are unique (Figure 7b).
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Figure 7: Nitroxide immobilization and types of g-anisotropy. a) X-band cw-EPR spectra of a nitroxide spin
center at different rotational correlation times 7. simulated by EasySpin!°®! (simulation parameters
g =2.003, 2.006, 2.008 and A = 20 MHz, 20 MHz, 90 MHz). b) Simulated X-band cw-EPR spectra of a s = %
system showcasing different symmetries of the g-tensor: isotropic (top, black, simulation parameters
giso = 2.14); axial (red, middle, simulation parameters g, = 2.03 and g, = 2.25 (upper spectrum) or g = 2.25
and g, = 2.03 (lower spectrum)), and rhombic (blue, bottom, simulation parameters g« =2.30, g,y = 2.00,
g.; = 2.05). The dashed lines indicate the positions of the respective g-values. Spectra were simulated using
EasySpin. Adapted from reference [97].

While the g-anisotropy of metal centers is often observed even at X-band, it is rarely resolved for
organic radicals. Since the g-value separation linearly scales with the magnetic field strength and
the microwave frequency, g-anisotropy of organic radicals can be resolved using higher frequency
instrumentation such as Q- and W-Band. Similarly, the individual hyperfine coupling constants
Axy/2 of an anisotropic spin system, which are independent of the magnetic field, are the sum of
the isotropic part Aisc and an anisotropic, purely dipolar part Ayy/.dip, Which depends on the
distance |7*| between the electron and the nucleus as well as on the angle © between the distance
vector 7 and the external magnetic field B,. From the dependency of the cw-EPR shape on the
species’ rotational correlation time 7., for spheric particles, the hydrodynamic radius r of the

paramagnetic system
_ 3 3tckpT
r= /—m (eq. 10)

can be obtained by simulation of the EPR spectrum, where kg is the Boltzmann constant, T the
temperature, and 7 the viscosity.

1.2.1.1 Electron-Electron Interactions

If two spin centers are located on the same molecule and/or in close proximity, the magnetic
moments p, of the unpaired electrons A and B can interact. The electron-electron coupling v4p is
the sum of an isotropic part J and an anisotropic part D and is given by

Vagg =] +D (eq.11)

The isotropic contribution Jis referred to as exchange coupling and strongly depends on the inter-
spin distance 145. Exchange coupling originates from the orbital overlap of spin A and spin B, which
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is typically possible at interspin distances below 10 A or in conjugated systems. For an exchange-
coupled system, the individual spin quantum numbers s of spin A and B cannot be treated
separately anymore and are insufficient to describe the system. While the exchange coupling J can
have enormous effects on the shape of an EPR spectrum as well as on the physical properties of
the molecule itself, due to its short-distance dependence and the typical absence of conjugated
two- or multi-spin systems in most cases, it’s contribution to v, is often minor compared to the
anisotropic dipolar contribution.

The dipolar coupling occurs through space and is based on the interaction between the magnetic
moments of the two spin centers A and B. Assuming that the exchange coupling of the given two-
spin system equals zero, e.g. if both spins are separated by at least ~15 A, are not conjugated, and
that the difference in the Larmor frequencies w of both spin A and B is much larger than the dipolar
coupling frequency wp,, (high field approximation), the dipolar coupling D (in angular frequency
units) is given by

D = wpip(1 — 3 cos? O) = 2mvp;, (1 — 3 cos? 0) (eq. 12)

with wp;, being the dipolar coupling frequency and 8 the angle between the inter-spin distance
vector 745 and the external magnetic field B, (Figure 8a). Since the dipolar coupling constant D
depends on the angle 6, it can be resolved only if the spin-bearing molecules have a defined
orientation with respect to the external magnetic field By, e.g. in frozen-solution or in a powder.
The dipolar coupling frequency vp;;, is defined as

2

o = stts 1 033
where pup is the Bohr magneton, g4 and gy are the g-values of spin A and B, p is the vacuum
magnetic permeability, h is the Planck constant, and 7,5 the inter-spin distance. In cw-EPR
spectroscopy, the dipolar coupling between two electrons is observed as an additional line
splitting if the splitting is larger than the inhomogenous linewidth of the EPR spectrum. This is
usually the case for interspin distances lower than 20 A as with larger distances, the dipolar
splitting is hidden within the intrinsic linewidth of the EPR spectrum. Assuming equal g-values of
ga = gp = 2 and combining of eq. 12 and eq. 13, the expression of wp;;, simplifies to

Wp; =—4“§”°-2n-i(1 —3¢0s? @) = Dpy, - =~ (1 — 3 cos? O) (eq. 14)
Dip 4mh T3p D y3y '

with Dp;, = 2m - 52 MHz nm? being the dipolar coupling constant (Figure 8b). At 8 =~ 54.74°, the
so-called magic angle, the dipolar coupling vanishes as the latter term (1 — 3 cos? @) equals zero.
The magic angle is the working principle for MAS SSNMR, as spinning the sample at 54.74° relative
to the magnetic field B, averages out all anisotropic contributions such as the dipolar coupling
between all spins, and the spectral resolution and sensitivity is significantly enhanced. For a
uniformly distributed spin pair in the solid state with no preferred orientation relative to the
magnetic field, the distribution of the interspin vector 7,5 and therefore the angle 8 is
proportional to sin &. This correlation between the dipolar coupling frequency wp;;, and the angle
O gives rise to the characteristic dipolar spectrum, the so-called Pake doublet (also referred to as
Pake pattern) named after its discoverer George Pake (Figure 8c).
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Figure 8: Spin pair orientation in a magnetic field, the angular dependence of the dipolar coupling, and the
Pake pattern. a) Dipolar coupling of two spins A and B in a magnetic field B, described by their interspin
distance vector 745 and the angle 6 between the distance vector and the magnetic field. b) Dependence of
the dipolar coupling frequency and the angle © according to eq. 14 (red) and the mirror image (blue)
obtained for the second spin by altering the sign of wp;,. ¢) Pake pattern for a uniformly distributed spin
pair ensemble in the solid state. Adapted from reference [104].

At the singularity of the Pake pattern (6 = 90), eq. 14 simplifies to

Dpi
wpip(0 = 90°) = =2 (eq. 15)

AB

and reading of the dipolar frequency wp;, allows determining the inter-spin distance 745 through

. . . 1
the inverse cubic proportion wDip~g

1.2.1.2 The Spin Hamiltonian Concept

All the aforementioned concepts of electron interactions can be unified within the spin
Hamiltonian formalism to give the total energy of the spin system. Here, the spin Hamiltonian }TS
is defined as

Hs = Hgz + Huzr + Hypr + Hep + Hp, (eq. 16)
with
Hez = ZiL:BOS‘i (Electronic Zeeman Interaction)
Hyz = —Ek%’vg“fk (Nuclear Zeeman Interaction)
Huyrr = X Sk SiAucdy (Hyperfine Interaction)
He = Xidji —2]§i§j (Exchange Interaction)
Hp = 2i2j¢i§il)§j (Dipolar Interaction)

Note that the spin Hamiltonian g given in eq. 16 neglects the contribution of the zero-field
splitting (ZFS) and the nuclear quadrupole interaction (NQI) as this would exceed the scope of this
thesis. The parameters of the individual contributors to the spin Hamiltonian can be determined
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using DFT calculations or by fitting experimental data and they are the basis for spectral
simulations within the EPR community.

1.2.2 Pulsed EPR Spectroscopy

While cw-EPR is suitable to characterize strong couplings to electrons and nuclei in the close
vicinity of a spin center and thus give information about its local environment, weaker couplings
are often not resolved using this setup. Here, pulsed EPR methods provide an alternative to
resolve weaker couplings to more distant nuclei or electrons, or to selectively address a distinct
coupling by choosing an appropriate pulse sequence to disentangle otherwise overlapping signals.
While in cw-EPR the sample is constantly irradiated with low-energy microwaves, in pulsed EPR
the paramagnetic spin system is excited by short (typically nanosecond), high-power microwave
pulses, and the transient emissive response of the spins is detected.

As described in section 1.2.1, spins will align parallel or antiparallel

B, to the external magnetic field B,. However, the spins will not align
perfectly with the magnetic field main axis, but they will precess

<4 [ D)w around the By main axis at their Larmor frequency w. Given by the
Boltzmann distribution, at thermal equilibrium more spins will

occupy the ground state and the spin ensemble will give rise to a

! net magnetization M along the magnetic field axis z (Figure 9). In

pulsed EPR, the perpendicular component (xy-plane) of the
magnetization M is the measured quantity.

. L 1 . .
For a single electron spin with s = > an isotropic g-value, and

upon neglection of relaxation, the dynamics of the magnetization
M caused by the spin is given by the torque equation

Figure 9: Precession of spins
with their Larmor frequency
w relative to the B, main axis
z. Orange arrows indicate
the magnetic moments p, of

M =2 B, 4 By (D] M (eq. 17)
with the linearly oscillating magnetic field component of the
the individual spins and the microwave radiation By, = 2B; cos(wywt) along the x-axis
red arrow indicates the net  (Perpendicular to Bg) and the microwave frequency wpyy. A
magnetization M of the  Mmagnetic field perpendicular to the magnetization M induced by
system. a microwave pulse will tilt the magnetization away from the z-axis
into the xy-plane (90°). In pulsed EPR, microwave pulses are either
applied as 90° (r/2) or 180° (r) pulses and are defined by their
length and amplitude. Thus, a 180° pulse has twice the length and the same power as a 90° pulse
or the same length with double the power, respectively. Immediately after a 90° pulse, in a multi-
spin system, the spins will form so-called spin packets with the same orientation and frequency
(phase coherence) and the system has a maximal magnetization M. The spin packets will then
precess in the xy-plane with their respective Larmor frequency and the net magnetization My, will
decay over time in a process called free induction decay (FID).

1.2.2.1 Hahn Echo Pulse Sequence

Due to technical limitations such as spectrometer dead times, direct recording of the FID is
challenging. Therefore, it is rarely the initial magnetization decay after the m/2-pulse that is
measured, but rather an echo created by refocusing of the precessing spin packets using a two-
pulse sequence m/2 — T — m — T — HE (Figure 10a). This refocused echo is called Hahn echo (HE)
and is named after its discoverer Erwin Hahn.**®) The 7/ 2-pulse rotates the net magnetization M,
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into the +y-direction and the spins have phase coherence. Now, the spin packets start to dephase
and precess in the xy-plane with their respective Larmor frequencies. The second pulse, a -pulse,
is applied after a distinct time interval T and flips all spins by 180° from the +y- to the -y-axis. Here,
the spins keep their precession frequencies and directions and start to rephase again in
the -y-direction. The magnetization built up in the -y-direction, which is maximal after the time
interval 27, is called Hahn echo (Figure 10b-f).

Thermal /2 n Hahn Echo

Equilibrium l . j\
T »

b) c) d) e) f)
NS P

Figure 10: The Hahn echo experiment. a) Hahn echo sequence following the /2 —t — m — T — HE pulse
scheme. b-d) Illustration of the net magnetization (red arrows, b, ¢, and f) and spin precession (orange
arrows, d and e) following the individual steps of the pulse sequence in (a) highlighted by the background
color. Figure adapted from reference [96].

1.2.2.2 Spin Relaxation

The pulse-induced transverse magnetization and initial phase coherence shifts the spin system
out of the thermal equilibrium. Due to interactions of the spin with the environment and with
other spins in the system, the thermal equilibrium is reinstalled in a process called spin
relaxation.[®! Owing to the Boltzmann distribution, the small population difference between the
ground and the excited Zeeman state is easily leveled by microwave absorption and if the system
does not relax back into the thermal equilibrium, the microwave absorbance equals the emission
of the system and there is no net EPR signal. This phenomenon is called saturation, which can be
described by a saturation factor s with

1

= TR (ea. 18)

S

where y is the electron gyromagnetic ratio, B; the microwave-induced magnetic field, T; the
electron spin-lattice relaxation time, and T, the electron spin-spin relaxation time. If the
saturation factor s < 1, e.g. due to high-power microwave radiation (i.e., large B;), the system is
in saturation and the amplitude of the EPR signal decreases.

As governed by eq. 18, spin relaxation proceeds via two pathways, each with their distinct
relaxation times. The first relaxation pathway is spin-lattice relaxation, also referred to as
longitudinal relaxation. Here, the return of the magnetization along the magnetic field B, main
axis and into thermal equilibrium occurs via energy transfer of the spin system to the surrounding
environment (the lattice). This relaxation process is temperature-dependent and the spin-lattice
relaxation time T, dictates the necessary timeframe before a pulse sequence can be repeated,
namely the shot repetition time (SRT) of a pulsed EPR experiment. In general, the spin-lattice
relaxation time is shorter for metal-centered spin systems and longer for organic radicals and
typically ranges between micro- to milliseconds. The T; relaxation time can be measured by an
inversion recovery experiment (Figure 11a), where the initial magnetization in +z-direction is
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inverted into the -z-direction by a m-pulse and the magnetization return to thermal equilibrium is
followed using the Hahn echo sequence after a variable timeframe T. The amplitude y(T) of the
spin echo follows an exponential function!*?

y(T) = Ay - exp (— Tll) +C (eq. 19)

where A, is the initial echo amplitude at the time T =0 (Figure 11b). At T = Ty, the initial
amplitude A, has decayed by a factor of 1/e.
a) b) 14
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Figure 11: The inversion recovery experiment. a) Inversion recovery pulse sequence. By incrementing the
time T between the inversion pulse and the Hahn echo sequence, the transition of the magnetization
in -z-direction (T = 0) back to the thermal equilibrium in +z-direction (T > T;) is monitored. b) Simulated
inversion recovery curve with T; = 1 ms. The colored dots correspond to the maximum magnetization in
the -z-direction (red), the zero crossing (orange), and the thermal equilibrium (green) with the maximum
magnetization in +z-direction as shown schematically in (a). The spin-lattice relaxation time T; is marked as
a dashed line.

The second relaxation pathway proceeds via spin-spin relaxation, also called transverse relaxation.
Transverse relaxation describes the loss of phase coherence within a spin packet in the xy-plane
over time due to spin-spin interactions and is an entropy-driven process. As the phase coherence
decays, the resulting echo intensity of a refocused spin echo declines until the point where phase
coherence is lost and the spins cannot be refocused anymore. The spin-spin relaxation can be
characterized by the spin-spin relaxation time constant T,, which is accessible by fitting an
exponential function to the FID. As mentioned before, direct access to the FID is not trivial and
hence, in an experimental setup, the decay of the Hahn echo amplitude is monitored in a pulse
sequence called two-pulse electron spin echo envelope modulation (2pESEEM) as a function of
the interpulse delay 7 (Figure 12a). Here, the dead time of the experimental setup is twice the
initial interpulse delay T and the amplitude of the echo is given as a function of 27, as spin-spin
relaxation occurs in a 27 time interval. In most experimental cases, the decay of the Hahn echo
can be described by a stretched exponential function***

y(21) = Ay - exp (— ;—;)x (eq. 20)

where A is the initial Hahn echo amplitude at T =0, x a stretch exponent, and T, the phase
memory time, a constant that comprises the spin-spin relaxation time T, as well as other
decoherence contributions such as nuclear spin diffusion. If nuclei with a nuclear spin quantum
number I # 0 are in close proximity to the electron, the resulting 2pESEEM trace is modulated by
the Larmor frequency of the coupled nuclear spins, which is referred to as electron spin echo
envelope modulation (ESEEM) (Figure 12b).
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Figure 12: The two-pulse electron spin echo envelope modulation experiment. a) Pulse scheme of the
2pESEEM experiment. While the time interval T in the Hahn echo sequence is incremented, a decline of the
echo amplitude is observed as a consequence of the phase coherence loss. b) Experimental 2pESEEM Hahn
echo decay curve in deuterated solvent (black) with the corresponding fit according to eq. 20 (red). The
inset highlights the oscillation of the trace by deuterium ESEEM as a consequence of the electron spin
coupling to the 2H nucleus with a nuclear spin-quantum number | = 1.

The phase memory time Ty, is commonly in the range of microseconds for organic paramagnetic
centers and decreases with elevated temperatures. In pulsed dipolar EPR spectroscopy
(section 1.2.2.3), the phase memory time is an important parameter as it is the limiting factor for
the dipolar evolution time of an experiment and thus the maximum resolvable interspin distance
145, hence making longer phase memory times desirable. The extent of nuclear spin diffusion and
dephasing of the electron spins is proportional to the gyromagnetic ratio of the coupled nucleus,
hence a reduction of the nuclear magnetic moment in the proximity of the spin center enhances
the phase memory time. As most biological samples are dissolved in aqueous buffer, a hydrogen-
deuterium exchange in the buffer,*'? the spin bearing group,**3! or the biomolecule itself*14-1%!
prolongs the phase memory time due to the significantly smaller magnetic moment of 2H
(Up/uy =0.857) compared to *H (uy/uy =2.973). Furthermore, other measures such as a
reduced spin concentration (diamagnetic dilution)™*”! and adding glass-forming additives such as
glycerol or ethylene glycol*® can prolong the phase memory time T), and are frequently
employed in sample preparation processes.

1.2.2.3 Pulsed Dipolar EPR Spectroscopy

Pulsed dipolar EPR spectroscopy (PDS-EPR) is a generic term for EPR experiments designed to
measure the dipolar coupling frequency wp;, of two electrons. As described in section 1.2.1.1 and
by eq. 14, the dipolar coupling frequency between two spins A and B is proportional to the inverse
cube of the interspin distance (wAB~rA'§’). While the dipolar coupling frequency of interspin
distances below ~2 nm can be accessed via cw-EPR spectroscopy, the dipolar coupling of longer
interspin distances is hidden within the inhomogeneous linewidth of the EPR spectrum.'®! By
employing suitable PDS pulse schemes for a given spin system, the spectral resolution is enhanced
and a spin echo that is modulated by the dipolar coupling frequency w,p is obtained. Monitoring
the echo amplitude as a function of the dipolar evolution time yields the so-called time trace,
which encodes the dipolar coupling in the form of oscillations. As the cube of the interspin
distance 745 is inversely proportional to the dipolar coupling frequency, longer distances have
longer oscillation periods and the maximum resolvable distance is limited by the phase memory
time, which determines the length of the time trace. Commonly, the interspin distance retrievable
by PDS ranges between 1.5 and 10 nm,!*?% but in special setups even longer distances up to 16 nm
can be reliably resolved.™*®! Since the nanometer length scale lies within the spatial dimensions of
most biomolecules, PDS is a valuable tool in structural biology and, similar to FRET, serves as a
“molecular ruler” to provide distance information.
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As the dipolar coupling ranges through space, it occurs between spins located within the same
molecule (intramolecular coupling) and between spins located on different molecules in close
proximity (intermolecular coupling). The resulting dipolar signal V(t) is the product of both
contributions

V() = Vinera(®) * Vinter () (eq. 21)

where V14 (t) is the intramolecular and Vi, (t) the intermolecular contribution. Vi, -q ()
contains the dipolar coupling frequency in the form of oscillations whereas V0, (t) is the non-
modulated background of the time trace in the case that the spins are homogenously distributed
within the sample with no preferred orientation relative to the magnetic field. In order to obtain
the intramolecular distance information, which is encoded in the oscillations of Vi,¢q(t), V(t)
has to be disentangled into its two contributing parts. The intramolecular background contribution
is approximated by an exponential or polynomial function B(t) and subsequently, V(t) is divided
by B(t) to yield the background-free, intramolecular contribution of V;;;,-, (t) (Figure 13a).

The resulting, background-corrected time trace is characterized by the oscillation period, the
modulation depth A, and the noise level o (Figure 13b). Since PDS is an ensemble measurement
technique, slight variations of the individual interspin distance 145 of a single molecule within the
ensemble lead to different oscillation periods and, due to destructive interference, the oscillations
are dampened. Fast-Fourier transformation (FFT) of the time trace yields the aforementioned,
characteristic Pake pattern (Figure 13c). The modulation depth A is a measure of the fraction of
excited, dipolar coupled spins and depends on the strength, length, and shape of the excitation
pulses as well as the spectral width of the respective spin center. In the absence of dipolar coupling
between the spins, the modulation depth would equal zero and the dipolar signal V(t) would be
solely comprised of the intermolecular background function B(t).

As PDS is an ensemble technique, the interspin distance 145 is not obtained as a single value but
rather as a probability distribution P(r) of each interspin distance observed in the ensemble.
Technically, the intramolecular contribution Vs, (t) is fitted following

Vintra(£) = K(t,7) - P(1) (eq. 22)

with K(t,r) being the so-called Kernel matrix. Since small variations in Vj,;,-4(t) such as noise,
variations in the background function, or systematic errors can translate into large deviations in
P(r), one speaks of an ill-posed problem.!?! A plethora of computer programs such as
DeerAnalysis,*?? DEERNet,*?3! Deerlab,*?* or PeldorFit,!*?*! each with their specific assumptions
on the spin system, have been developed to convert Vj,;-q(t) into P(r) using different
approaches to solve this mathematical problem and to stabilize the solution. DeerAnalysis, the
program most commonly used by the EPR community to analyze dipolar EPR data, uses a two-
step approach of background division followed by a penalized least-square fitting called Tikhonov
regularization.[!?1221 To avoid noise-fitting which would lead to “spiky” (many unique) distance
distributions P(r), Tikhonov regularization penalizes the roughness of the distribution and the
goodness of the simulated fit to the time domain by mean-square deviation (MSD) and smoothing
is achieved by a so-called regularization parameter a (Figure 13d). In addition, DeerAnalysis
enables the user to validate the obtained distance distribution P(r) with an integrated validation
tool. Here, the influence of, e.g., added white noise or varying background functions B(t) on P(r)
are checked, resulting in a so-called confidence interval which encloses all possible solutions
within the chosen validation boundaries (Figure 13e).[2%)
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Figure 13: Data processing steps by DeerAnalysis of a primary time trace to yield a distance distribution.
a) Simulated time trace for a Gaussian distribution using EasySpin!’! with a mean distance (r)of 30 A and a
full width at half maximum (FWHM) Ar of 2.6 A. White noise was added and the simulated time trace was
multiplied with B(t) (red) to yield V(t) (black). b) Intramolecular dipolar contribution Vi.(t) (black) after
dividing V(t) by B(t) in (a). Vintra(t) is characterized by the dipolar oscillation frequency w,p and the
modulation depth A. The fit of the time trace provided by DeerAnalysis is shown in red. c) Dipolar spectrum
(Pake pattern) obtained by FFT of the simulated trace and fit in (b), respectively. d) L-curve of the Tikhonov
regularization with the chosen regularization parameter a shown in red. e) Normalized distance distribution
provided by DeerAnalysis (black) with the confidence interval shown as grey shaded area.

DEERNet, a relatively new software package introduced in 2018, uses a deep-learning neural
network trained with a large dataset of simulated traces to directly convert V(t) into P(r) in an
automated single-step approach.?® As all computer programs rely on different approaches, there
is no “right” program to use and each approach has its unique advantages or disadvantages, e.g.
DeerAnalysis allows the user to manually vary the fitting parameters which can help to process
out-of-norm data but gives room for user bias. DEERNet is basically user-bias-free, but there is a
chance that the input data is not in agreement with the given training set, and data analysis is
refused.

1.2.2.4 Pulse Sequences for PDS

There is a plethora of pulse sequences available to detect the dipolar coupling between two spins
and the appropriate pulse sequence for a given spin system mainly depends on two factors: First,
the width of the EPR spectrum, and second, the relaxation properties of the dipolar-coupled spin
system. The width of the EPR spectrum determines how many spins can be inverted by a
microwave pulse. A large spectral width exceeds the excitation bandwidth of common rectangular
pulses and only a fraction of spins is addressed by a microwave pulse. This gives rise to a
phenomenon called orientation selection where not all angles © are evenly excited by the
microwave pulse and only an incomplete Pake pattern is obtained, which eventually can cause
distortions in the obtained distance distribution.!?”71?°l The spin-lattice relaxation time T,
determines whether the inversion of a spin in the spin pair is preferably achieved using microwave
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pulses or by spontaneous flipping due to longitudinal relaxation.® In the following, four PDS
techniques are briefly described and compared.

The probably most common PDS sequence employed is the Pulsed Electron-Electron Double
Resonance (PELDOR) technique, also referred to as Double Electron-Electron Resonance
(DEER).[*2% |nitially developed by Milov et al. as a three-pulse technique,*3**3! today an improved
dead-time-free four-pulse sequence introduced by Martin et al. is the commonly utilized method
(Figure 14).[232:133]
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Figure 14: The four-pulse PELDOR sequence. The abbreviations HE and RE correspond to Hahn Echo and

Refocused Echo, respectively. The pulse sequence applied at the detection frequency vy, is shown in the
top row while the inversion m-pulse is applied at the pump frequency vp,,,,,. Adapted from Pannier et al.lt32

As shown in Figure 14, the PELDOR pulse sequence operates at two distinct microwave
frequencies, the detection frequency vp,; which is in resonance with spin A, and the pump
frequency vpy;,, Which is in resonance with spin B. The PELDOR sequence is therefore often
termed a “pump-probe” experiment. At the observer frequency vp.:, the /2 —T—m— 1
sequence generates a Hahn echo of spin A. A -pulse at the pump frequency Vpy,, after the HE-
sequence at vp,; inverts spin B and if both spins A and B are dipolar-coupled, the inversion of spin
B changes the local magnetic field at spin A and shifts its Larmor frequency by wp;,,. The second
m-pulse applied at the detection frequency vp,; refocuses the Hahn echo and generates an
inverted, refocused echo whose intensity is changed due to the resulting phase shift of wp;,t.
Incrementing the dipolar evolution time t after which the pump pulse is applied in the first time
interval of 7, leads to an oscillating signal V(t), which corresponds to the PELDOR time trace.
The PELDOR sequence performs best for spin pairs with similar longitudinal relaxation times T;
and moderately broad EPR spectra as both, the detection and pump pulses, need to be separated
by a sufficient frequency offset to selectively address the individual spins A and B and to avoid
pulse overlap that causes artifacts in the time trace. However, the spectrum still needs to be
narrow enough to pump a sufficient amount of spins B. A prominent example of spin centers
suitable for PELDOR experiments are nitroxides as their spectral width (~9 mT at Q-band)*3¥ is
sufficiently broad to apply both, pump and detection pulses (~1.5-2.5 mT width) at a frequency
offset of ~80-100 MHz with minimal pulse overlap, while still addressing a sufficient fraction of
spins to provide good sensitivity.

Another PDS technique to measure the dipolar coupling between two spin centers is the
Relaxation Induced Dipolar Modulation Enhancement (RIDME) experiment first described by Kulik
et al.'3 |nitially developed as a three-pulse method, further extensions of the sequence to a
five- and six-pulse sequence removed the dead time and dealt with artifacts in the resulting time
trace.’3®337] |n contrast to PELDOR, RIDME is a single-frequency technique where the dipolar
modulation is generated by the spontaneous relaxation of one of the two spins (Figure 15).
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Figure 15: The five-pulse RIDME sequence. The abbreviations HE and RVE correspond to Hahn Echo and
Refocused Virtual Echo, respectively. Spin A is in resonance with the microwave radiation while spin B is not
addressed by the microwave pulses. The small schematics below the pulse sequence represent the current
orientations of spin A and B at the given step in the pulse sequence. Adapted from Kulik et al.[*3°]

In the five-pulse RIDME sequence, first, a classical Hahn Echo sequence is applied that generates
a Hahn Echo after the time interval 274 and, in the time interval t after the echo, the spin packets
start to defocus again. In the time interval t, the spin packets of A start to precess in the xy-plane
and after another 7 /2-pulse, their magnetization is shifted in the z-direction. In the following time
interval Ty,;,, the B spins flip statistically due to longitudinal relaxation and change the local
dipolar field at spin A, thereby changing the Larmor frequency of the spin packets. As the spin-
lattice relaxation usually is in the range of microseconds, the condition Ty,,;,, > T g must hold for
efficient inversion of spin B. Application of another /2 — m sequence generates a refocused
virtual echo (RVE) at a constant position in time. The resulting echo intensity is hence modulated
by the Larmor frequency shift caused by the spontaneous spin flip of spin B. It is a prerequisite for
spin B to flip an odd number of times during the time interval T,,,;,, to generate a frequency shift

on spin A. For a spin system with s = %, the fraction of spins B to flip an odd number of times is

given by

foda (Tmix) = %[1 — €xp (_ %)] (eq. 23)

1

and therefore depends on both, the spin-lattice relaxation time T; as well as the mixing time Ty ;.
If Trnix » Ty, the fraction of spins B flipping an odd number of times is ~0.5, hence giving a
theoretical modulation depth of 50%.13%

The RIDME sequence is suited best for pairs of unequal spins A and B with significantly different
longitudinal relaxation times T; 4 > T; g. This situation is often encountered for a spin pair
consisting of an organic radical and a metal center, where the pulse sequence is applied to the
spectrally narrow and slowly-relaxing organic radical while the fast-relaxing and spectrally broad
metal spin flips statistically during T,,;,. Due to their g-anisotropy, the EPR spectrum of metal
centers is often very broad compared to organic radicals, and the lack of a selective inversion pulse
and the utilization of spontaneous relaxation can help to minimize orientational selection if
longitudinal relaxation times are equal across the whole spectrum.*3! Although the broad EPR
spectrum exceeds the resonator bandwidth, the effect of spontaneous flips of spin B across the
whole spectrum during T,,;, can be probed on the resonant spin A, hence T;,;, can be regarded
as an infinitely broad inversion pulse.
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Besides RIDME, there are two other prominent single-frequency techniques to measure the
dipolar coupling between two spin centers, namely the Double Quantum Coherence (DQC)™*3%-141]
and the Single Frequency Technique for Refocusing Dipolar Couplings (SIFTER)!42143]
sequences (Figure 16).[14
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Figure 16: The six-pulse DQC and four-pulse SIFTER sequences with their respective coherence order maps.
a) Six-pulse DQC sequence (top) with the double-quantum filter sequence (grey) sandwiched by two
refocusing m-pulses and the respective coherence order map (bottom). b) Four-pulse SIFTER sequence (top)
with the 7t /2 propagation pulse (grey) sandwiched by two refocusing -pulses and the respective coherence
order map (bottom). Adapted from Reference [144].

In contrast to PELDOR and RIDME, where the spin pairs are divided into two groups A and B, and
their dipolar coupling is revealed by manipulating the other spin group with either microwave
pulses (PELDOR) or spontaneous spin flips (RIDME), DQC and SIFTER work under the principle of
spin coherence orders. In brief, there are three relevant coherence orders p, namely zero-
qguantum coherence (p =0) describing the longitudinal magnetization in z-direction, single-
guantum coherence (p = £1) corresponding to transverse magnetization with the in-phase (p = -1)
and anti-phase (p =+1) coherence, and double-quantum coherence (p = +2) where the net-
magnetization of the system equals zero. Importantly, in EPR spectroscopy only in-phase
coherence (p=-1) is observable. The coherence generation and transitions between the
coherence levels are induced by microwave pulses. A /2-pulse either generates or changes
coherence from zero-quantum coherence with Ap =1 (p =0 > p = +1) or by an uneven number,
e.g. Ap = 3, whereas a m-pulse inverts the coherence order (-p = +p ; +p = -p). If the spin packets
precess an equal time interval T in both single-quantum coherence orders p =+1 and -1, and
dipolar coupling between two spins is present, a spin echo occurs that is modulated by the dipolar-
coupling frequency.

In the six-pulse DQC sequence, the first T /2-pulse generates single-quantum coherence and after
atimeinterval 74, the coherence order is inverted and the spin packets are refocused by a m-pulse,
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thus generating a Hahn echo after a second time interval 7;. Next, pulses 3 to 5 (the so-called
double-quantum filter) separated by a fixed interpulse delay T generate double-quantum
coherence (pulse 3) that is refocused by the inversion m-pulse (pulse 4) and converted into anti-
phase single-quantum coherence (pulse 5). After a time interval 7,, the final m-pulse refocuses the
spin packets and inverts the coherence order into detectable in-phase coherence (p =-1), which
results in a modulated echo at 7, after the last pulse. By incrementing 7, and decrementing 7,
with the same time step At while maintaining the interpulse delays T of the double-quantum filter
and shifting the double-quantum filer sequence with 2At, the DQC experiment generates an echo
at a constant temporal position. Integration of the echo as a function of 7; — 7, yields a symmetric
time trace with the maximum amplitude at the position where t; = 7,. Therefore, DQC is termed
a constant-time experiment, where the duration of the complete pulse sequence is given by
tpoc = 271 + 27, + 2T. The double-quantum filter sequence selectively marks the pathways
involving double-quantum coherence, which are extracted using a 64-step phase cycle that
eliminates all other unwanted contributions to the signal.

The four-pulse SIFTER sequence consists of the (n/2), —t — (n/2),, — © — Echo solid-echo
sequence known from NMR spectroscopy with additional m-pulses after each 7/2-pulse. While
the solid-echo sequence is unable to completely refocus the spins due to distributions of g-values
and hyperfine couplings, the m-pulses allow the refocusing of these inhomogeneities and yield an
echo that is solely modulated by the dipolar coupling. Similar to the DQC experiment, the first
7/ 2-pulse generates single-quantum coherence, which is refocused and inverted by the following
m-pulse after the time interval 7. Unlike DQC, where the double-quantum filter sequence is used
to generate anti-phase coherence, SIFTER uses a 90° phase-shifted m/2-pulse for coherence
transfer that exchanges the anti-phase coherence of both spins. After the time interval 7,, a final
refocusing m-pulse generates detectable in-phase coherence, and an echo modulated by the
dipolar frequency is observed after a second time interval 7,. As the interpulse delays 7; and t,
are incremented and decremented, respectively, in a similar way as in DQC, SIFTER is also a
constant time experiment that generates a symmetric echo with its maximum amplitude at the
condition 74 = T,.

As stated above, in DQC and SIFTER the spins of a system are not subdivided into two groups, A
and B, and as a consequence, both techniques perform best on spin centers with a narrow EPR
line width that ideally can be fully excited by the microwave pulses. If this condition is fulfilled,
both techniques offer a high signal-to-noise ratio (SNR) and due to the full spectral excitation,
orientation selection is excluded. DQC and SIFTER mainly differ in their respective intermolecular
background decays. While the double-quantum filter sequence in conjunction with the 64-step
phase cycle in DQC efficiently suppresses non-modulated contributions from single spins and only
the contribution of dipolar-coupled spin pairs prevails, SIFTER lacks this double-quantum filter and
hence the SIFTER background is more susceptible to the contributions of unpaired spins.[*4°!

1.3 EPRin Structural Biology

The vast majority of biomolecules contain only six key elements: carbon, nitrogen, oxygen,
hydrogen, phosphorus, and sulfur.[**®! Except for oxygen and sulfur, each of these elements or
their naturally abundant isotopes possess a nuclear magnetic moment, thereby making almost all
biomolecules amenable for structure elucidation via NMR spectroscopy. In strong contrast, there
is a relatively low abundance of naturally occurring paramagnetic centers in bio(macro)molecules
rendering most of them EPR-silent.**”! If paramagnetic sites are present, they mainly consist of
endogenously bound paramagnetic metal ions with a catalytic function,!**¥14%) metal clusters such
as the iron-sulfur clusters that mediate electron transfers,*> or short-lived organic radical
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intermediate species such as tyrosyl radicals.*>**52! While the low abundance of paramagnetic
centers limits the contribution of unwanted signals to the EPR spectrum and enhances the
specificity and distinguishability of the signals, it also implies that most biomacromolecules first
have to be labeled with a paramagnetic center, also referred to as spin label, to be targeted by
EPR spectroscopy. If a biomolecule has been successfully labeled, EPR measurements can
contribute to structural biology in two ways:[**>3! On the one hand, accessibility studies can reveal
surface exposure of protein residues®>* and the conformational flexibility of secondary structural
elements through the EPR line shape.l*®>>7! |f EPR data are recorded as a function of time,
structural changes and fluctuations can be followed in a time-resolved manner.!*>#*81 On the other
hand, distance distributions derived by pulsed dipolar EPR provide unique information about the
structure of a biomolecule on the nanometer length scale, which may be unavailable from other
complementary biophysical methods (see section 1.1) due to their specific limitations.[***>3! pps-
EPR has been applied to proteins!®®! and nucleic acids*® in buffered solutions,[*6162 in
membranes,*®3 and within cells***! to trace conformational changes*®®! and the time scale of
these structural rearrangements,!*%®%7! to |ocalize metal ions via trilateration,*?®! and to gain
insights into biomacromolecular complex formation.!**®! The following sections provide an
overview of labeling strategies and spin labels used in biomolecular structure elucidation of
proteins via EPR spectroscopy.

1.3.1 Labeling Strategies

Early-stage EPR characterization of biomolecules via cw-EPR relied on the aforementioned
intrinsic spin centers!*®® before McConnell and coworkers reported on the labeling of cysteines in
diamagnetic biomolecules with paramagnetic spin labels in 1965.17%172 Sybsequently, research
focused on the design of new spin-labeling reagents that target different amino acids such as
lysine,72173] tyrosine,!*’¥ or arginine.['*) However, these initial labeling attempts were selective
rather than specific, meaning that proteins were labeled at one or more prescribed positions of
the targeted amino acid dictated by the amino acid sequence of the biomolecule.[”® This in turn
limited the applicability of these early labeling strategies, especially for PDS experiments, as the
labeling positions remained arbitrary and the degree of labeling was highly dependent on the
abundance and accessibility of the target amino acid.!**°!

The general strategy for labeling biomolecules was dramatically changed by the pioneering work
of the Hubbell group, which introduced the concept of site-directed spin labeling (SDSL).[*77:17¢]
SDSL is a general term for the site-selective attachment of a spin label at designated positions and
the technique can be applied to both, proteins and oligonucleotides.!*’®! Here, the spin label serves
as a reporter group and as only the specifically selected and labeled residues contribute to the
EPR signal, the size of the biomacromolecular system is basically arbitrary.*®” In the case of
proteins, site-directed mutagenesis is used to generate unique labeling sites for the selective
bioconjugation of spin labels, hence significantly enhancing the label specificity and making data
interpretation less involved. In principle, any amino acid X can be replaced by a unique residue Y,
which is compatible with the bioconjugation of a spin label selective to residue Y.'7® SDSL of
nucleic acids can be achieved either by the direct incorporation of a spin-labeled nucleotide during
solid-phase synthesis of an oligonucleotide or post-synthetically at pre-functionalized
positions.['7>18171831 |n strong contrast to fluorophore labeling for FRET applications, PDS
experiments allow for unequal label pairs but do not necessarily require two distinguishable label
types, thereby simplifying the SDSL strategy for most cases.*8*

The most common SDSL approach for proteins is the labeling of a cysteine residue with a spin
label. The cysteine residue is introduced by the genetic alteration of a residue of interest to a
cysteine and subsequent post-translational modification of the free sulfhydryl (R-SH) group with
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a spin label.® To avoid unspecific labeling of solvent-exposed native cysteines, these residues
can conversely be altered to a non-reactive amino acid by site-directed mutagenesis. The
advantage of cysteine as the labeling site is its commonly low natural abundance and high
reactivity compared to any other proteinogenic amino acid.[*® High reactivity is needed as the
labeling reaction commonly has to be conducted at mild reaction conditions, meaning at ambient
temperatures and pH values in the physiological range to preserve the protein folding. Cysteine
nucleophilicity is highest under slightly alkaline conditions (pH > 7)1 where the thiol has a high
propensity to form the thiolate anion (pK, ~ 8.2)"*¥”! whose nucleophilicity can be exploited for
coupling with a suitable electrophilic bioconjugation group such as halo-alkanes and arenes,
maleimides and their derivatives, thiosulfonates, or Michael acceptors (Figure 17).1188
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Figure 17: Schematics for cysteine bioconjugation. The scheme displays a selection of commonly used
cysteine-reactive bioconjugation groups (black frames) and their coupling products upon cysteine
conjugation (grey boxes) with the respective reaction type noted next to the corresponding arrows. The
bioconjugation groups are qualitatively sorted by their relative reactivity towards cysteines from low
reactivity (left) to high reactivity (right). Blue dots represent the protein while red dots mark the spin-
bearing group.

To achieve high labeling efficiencies, cysteine modifications are commonly conducted in vitro on
purified protein samples as selective intracellular labeling of a target cysteine is challenging due
to the abundance of free thiols such as glutathione (GSH) present in life cells (0.5-10 mM GSH,
30-200 pM free cysteine from other proteins).!*3818 The choice of the bioconjugation group not
only affects the rate of the reaction but also the site specificity, and the resulting linker function
of the adduct has consequences for later applications. The fast Sy2 reaction of thiolates with
thiosulfonates or dithiopyridines yields disulfide-bridged coupling products. Although the reaction
of the soft thiosulfonate and the soft thiolate anion is highly preferred according to HSAB theory,
side reactions with harder nucleophiles such as alcohols and amines, which are functional groups
in the pool of proteinogenic amino acids, have been reported (Figure 18a).1'°° In addition, the
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slightly alkaline labeling conditions favoring the thiolate anion promote the disproportionation of
the thiosulfonate resulting in disulfide-bridged by-products (Figure 18b).**¥ Disulfide bonds are
stable in aqueous, buffered solutions and suitable for in vitro experiments but under reductive
cellular conditions, the S-S bond is readily broken by reductive cleavage within the cytosol.[**?
Alkene, iodoacetamide, or maleimide conjugation to cysteine yields a more stable thioether
function with a higher persistence under reductive cellular conditions.!*®8! Owing to their high
reactivity towards nucleophiles arising from ring strain and electron deficiency of the carbon-
carbon double bond due to the electron-withdrawing imide motif, maleimides are more
susceptible to side reactions with other nucleophiles such as free amines (e.g. of lysine) than
thiosulfonates. Therefore, the pH of the solution must be carefully adjusted to achieve a tradeoff
between high thiol(ate) reactivity on the one hand, while avoiding side reactions with free amines
and deactivating hydrolysis of the maleimide group.**® Usually, maleimide conjugation to
cysteines is carried out at pH 6.5 to pH 7.5, as the reactivity of maleimides towards thiolates at
pH 7 is 1,000-fold higher than towards free amines.*** In addition, maleimide-conjugates can
undergo a possible thiol-exchange reaction (e.g. with GSH) as a consequence of retro-Michael
addition. Furthermore, the thiosuccinimide is prone to a ring opening upon hydrolysis
(Figure 18c).[195:1%]
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Figure 18: Schematics for thiosulfonate side reactions and maleimide conjugation. a) Thiosulfonate side
reaction with alcohols and amides, and the resulting coupling products. b) Disproportionation of
thiosulfonates highlighting the disulfide-bridged by-product. ¢) The Michael-addition to cysteines is a
reversible reaction with the equilibrium shifted towards the thiosuccinimide. In cellulo, a thiol exchange
with GSH via the free maleimide is possible to form the GSH-coupled side product. The overall exchange
rate can be described by the exchange constant Kexchange- Irreversible ring-opening hydrolysis of the
thiosuccinimide yields one of two possible succinamic acid thioethers that can no longer undergo a
thiolexchange reaction. Blue dots represent the protein, red dots the spin-bearing group, and green dots
the GSH.
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If the protein of interest (POI) contains many native cysteines and/or cysteine(s) relevant for
enzymatic function, the SDSL approach via cysteine modification is unfeasible. In these cases,
labeling of other proteinogenic amino acids such as tyrosine with the so-called Nox label in a
Mannich-type reaction provides a suitable alternative,!**”! albeit this reaction shows a relatively
low labeling efficiency of only 10% to 14%, even in the excess of 80 equivalents of spin label
reagent, and native tyrosines have to be altered to generate tyrosine-free mutants for site
specificity.[%®

Alternatively, bioorthogonal spin-labeling reactions with non-canonical functional groups enable
site-selective labeling of the POI while retaining enzymatic function.!***! Bioorthogonal functional
groups are introduced using amber codon suppression,?®®! 3 technique where an unnatural amino
acid (UAA) is incorporated at the desired position of the POl by a modified transfer-RNA (tRNA)
that recognizes one of the natural stop codons.?°" Coupling of spin labels functionalized with
azides!?02-204 or alkynes!'®4205 to UAAs via copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC)
click chemistry,?%! hydroxylamine coupling to p-acetyl phenylalanine,’?®”! and tetrazine-
functionalized labeling by strain-promoted inverse electron demand Diels-Alder (IEDDA) reactions
have been reported (Figure 19a-c).1?%! Besides these post-translational modification methods,
direct incorporation of the spin label in the form of modified amino acids provides a suitable
alternative.l?°2121 This routine is mainly applied in Boc- or Fmoc-based step-by-step peptide
synthesis, which limits the application for larger POls where the correct folding of the synthetic
protein cannot be guaranteed (Figure 19d).*”! Direct incorporation of a spin-bearing unnatural
amino acid in overexpressed proteins comes along with severe challenges, as the stability of most
spin labels is limited in the cellular environment and suitable tRNAs for recognizing spin-bearing
UAAs have to be identified and isolated in an evolving process. To date, there is only one report
of a lysine-derived nitroxide-bearing UAA, which has been successfully incorporated into an
overexpressed protein, but the low label stability hampered further applications beyond this proof
of concept.[213214]
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Figure 19: Selection of bioorthogonal labeling strategies for SDSL. a) Copper(l)-catalyzed CuAAC labeling
scheme. The azide and alkyne moieties can be interchanged between protein and spin label.
b) Condensation reaction of p-acetylphenylalanine and a hydroxylamine-functionalized spin label to yield
the ketoxime coupling product. c) Strain-promoted IEDDA of a cyclooctyne-functionalized UAA and a
tetrazine-conjugated spin label. d) Solid-support peptide synthesis scheme for the incorporation of the Boc-
or Fmoc-protected spin label 2,2,6,6-tetramethyl-N-oxyl-4-amino-carboxylic acid (Y-TOAC) into a synthetic
peptide.

The main advantage of these bioorthogonal labeling strategies is their applicability within cells
due to their high chemoselectivity.*®® Drawbacks of UAA incorporation are generally lower
protein expression levels, especially within eukaryotic cells, due to the competition of endogenous
release factors (RFs) and other competitors responsible for the translational termination and the
UAA-loaded tRNAs, resulting in abortion products and lower vyields of full-length UAA-modified
proteins.2*>!

Besides the SDSL approaches described above where the POl is directly spin-labeled,
paramagnetic centers can also be introduced indirectly via labeling of bioactive molecules and
substrates, 1632162171 or by |abeling highly selective nanobodies, which have been used to report
on conformational changes of proteins within cellular membranes.?*

1.3.2 Spin Labels

A large variety of spin labels is available for SDSL, each with unique advantages, disadvantages,
and fields of application. Apart from the spectroscopic properties of the labels, they differ in their
chemical and reductive stability, solubility, and bioconjugation motifs. In general, spin labels are
categorized according to their spin-bearing group, and until today, most labels belong to one of
the following spin label classes: nitroxide spin labels, tetrathiatriarylmethyl (TAM, trityl) spin
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labels, and metal chelates.?*! The next sections give an overview of these three label classes and
their respective field of application.

1.3.2.1 Nitroxide Spin Labels

Today, the by far most utilized class of spin labels is nitroxide-based, as evident by the plethora of
commercially available labels.??” The nitroxyl (N-O*) radical is embedded in a heterocyclic five- or
six-membered ring, mainly piperidine, pyrroline, pyrrolidine, or isoindoline derivatives
(Figure 20, top). While unsubstituted nitroxide radicals disproportionate rapidly in a bi-molecular
reaction to form a nitrone and hydroxylamine due to a-hydrogen abstraction,??!) their stability
can be significantly enhanced by alkyl substitution on the a-carbon atoms.[???! A key structural
feature of nitroxide spin labels are the two quaternary a-carbon atoms of the heterocycle whose
alkyl side chains sterically shield the radical from the environment and eliminate the option of a-
hydrogen abstraction towards the respective nitrone. Nonetheless, nitroxide radicals are
susceptible to redox processes to form the hydroxylamine upon reduction or the oxoammonium

cation upon oxidation (Figure 20, bottom).1?2%

Piperidine Pyrroline Pyrrolidine Isoindoline

+e +e, H*
[©) —_— —_—
N - N -t N
I -e o e, H |
(0] (0] OH

oxoammonium cation TEMPO radical hydroxylamine

Figure 20: Common parental nitroxides and nitroxide redox scheme. Top row: Structures of frequently used
gem-dimethyl nitroxides. Bottom row: Redox scheme of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
with the nitroxide radical in the middle, the oxidized oxoammonium cation (left) and the reduced
hydroxylamine (right).

To form the final spin label, opposite to the radical center, a bioconjugation group is installed that
is connected to the heterocycle via a linker group. Figure 21 displays a selection of literature-
reported and commercially available nitroxide spin labels with their bioconjugation groups and
linker regions highlighted.
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Figure 21: Selection of nitroxide spin labels. Top row (from left to right): Methanethiosulfonate spin label
(MTSL),12231 3-(2-iodacetamido)-pyrrolidinyloxyl (I-Proxyl), 3-maleimido-pyrrolidinyloxyl (M-PROXYL), and
gem-diethylisoindoline spin label.??*) Notably, the gem-diethylisoindoline label was only used for CuAAC
“click reaction” with RNA but bioorthogonal labeling of alkyne-functionalized UAA-containing proteins
should be feasible. Bottom row (from left to right): Bipedal methane thiosulfonate spin label (HO-1944),122%)
spirocyclohexyl-p-iodoacteamido-tetramethyl-piperidinyloxyl (spirocyclohexyl-I-TEMPO),!?2¢! 3-maleimido-
tetraethyl-pyrrolidinyloxyl (M-TETPO)??7], and p-maleimido-tetramethyl-piperidinyloxyl (M-TEMPO). The
bioconjugation groups are highlighted in red and the linker bonds are shown in blue. The framed spin labels
are commercially available.

The methanethiosulfonate spin label (MTSL) first introduced by Berliner et al. is the most widely
used nitroxide-based spin label and is regarded as the “gold standard” for PDS-EPR on
biomolecules.??® The label is highly reactive towards cysteines and after bioconjugation, the label
is connected to the protein backbone by a disulfide bridge with five rotatable bonds in total. This
modified side chain is commonly referred to as the R1 side chain (Figure 22a).[2%8! The R1 side chain
has a size comparable to large amino acid side chains such as arginine and tryptophane and is
generally assumed to not perturb the protein structure.??°! As the differences in the free energies
of different label conformations are generally lower than the thermal energy, the conformational
degree of freedom induced by the flexible linker translates into broader distance distributions.?3"
However, studies on the protein azurin from Pseudomonas aeruginosa have demonstrated that
the R1 side chain can interact with the protein backbone and select a subset of preferred label
conformations.!?3! Conformational degrees of freedom can be constrained by stiffer (e.g. gem-
diethylisoindoline spin label) or shorter (e.g. M-PROXYL and M-TEMPO) linker groups as well as by
a bipedal attachment of the spin label like the HO-1944 nitroxide that forms the Rx residue upon
bioconjugation (Figure 22b).*? The drawback of a bipedal label attachment is the necessity for
two rather than just one exchanged native amino acids which might have implications on protein
structure and dynamics.
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Figure 22: Labeling schemes of MTSL and HO-1944. a) Cysteine-conjugation of MTSL yielding the R1 side
chain. The five freely rotatable bonds x; — s are indicated by red arrows. b) Labeling of two cysteines Cys1
(red) and Cys2 (blue) in spatial vicinity with the HO-1944 spin label yielding the bipedal Rx side chain.

Nitroxide spin labels have been widely applied to study proteins in vitro but their usefulness for
intracellular studies is limited by their susceptibility to reduction.[?3323¥ There are two handles to
tune the chemical stability of the nitroxides:[?*! First, the ring size influences the stability of the
nitroxide group with six-membered rings generally being less stable than five-membered rings,
and unsaturated pyrroline-based nitroxides are more prone to reduction than saturated
pyrrolidine derivatives.l?3>23! Secondly, the substitution pattern on the a-carbon atoms can
significantly enhance the stability of the radical in reductive processes. Methyl substitution
provides the least steric protection of the nitroxyl radical followed by bulkier spiro-cyclohexyl
residues, and ethyl substitution provides the best steric shielding of the spin-bearing group due to
the unrestricted rotational motion of the ethyl chains compared to the more restricted spiro-
cyclohexyl rings.[235237]

Despite their rapid reduction to hydroxylamines in the cellular environment, nitroxide spin labels
have been used for in vivo studies or measurements in cell extracts.?*¥! After the first reported
in-cell EPR study by Igarashi et al. in 2010 on M-PROXYL labeled human ubiquitin injected into
Xenopus laevis oocytes,?®® only a few in-cell studies followed using the shielded nitroxide M-
TETPO®?”) or additional oxidizing agent potassium ferricyanide (Ks[Fe(CN)s]) to regenerate the
nitroxide,!?3%24% each with limited incubation periods to prevent degradation of the label.

Nitroxides are s = %systems with the unpaired electron localized in the r-orbital of the N-O bond

with approximately 60% of the spin density residing on the oxygen and 40% spin density on the
nitrogen atom.?*Y Nitroxides have anisotropic g-values with g« > gyy > gz With gx and g,y close to
the free electron g-value g..??” The spectral width of nitroxides (~9 mT at Q-band)™*** induced by
the nitrogen hyperfine splitting of A,, makes PELDOR the most sensitive PDS technique for
nitroxides as both, pump and observer pulses, can be sufficiently separated to avoid frequency
overlap while still exciting a large fraction of spins.[?*? As the phase memory time T, for gem-
dimethyl nitroxides is generally low at elevated temperatures, PDS measurements are commonly
conducted in a glassy frozen solution with the optimal balance between the T), and T; relaxation
times at typically ~50 K.12*3] However, Ty, is significantly influenced by the direct surrounding of
the spin center and by restricting the mobility of the a-carbon substituents, e.g. by substitution of
methyl groups with cyclohexyl rings, Ty, is significantly enhanced and labeling of T4 lysozyme with
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the spirocyclohexyl-I-TEMPO spin label allowed for inter-spin distance measurements at 295 K in
a glassy trehalose matrix.2?®!

1.3.2.2 Triarylmethyl Spin Labels

The second important class of organic spin labels is based on the carbon-centered triarylmethyl
(trityl) radical. Initially discovered by Moses Gomberg in 1900 by chance in the search of
hexaphenylethane, the simplest trityl, namely the triphenylmethyl radical, rapidly dimerizes to
form the so-called Gomberg’s dimer (Figure 23a)./**! The asymmetric dimerization between the
central carbon atom and a carbon atom in para-position can be rationalized by the steric demand
of the phenyl substituents that prevent the formation of hexaphenylethane, as well as the
delocalization of the unpaired electron across the three phenyl rings that gives rise to free-radical
reactivity of the secondary carbon atoms in the peripheral phenyl substituents. Accordingly,
dimerization and therefore paramagnetic quenching can be prevented by reducing the overlap of
the p,-orbital of the central carbon atom bearing the free electron and the mr-orbitals of the
adjacent phenyl substituents, which in turn enhances the kinetic stability. This can be achieved by
extensive substitution of the phenyl rings with sterically demanding residues in ortho- and meta-
position such as halides!?*>?%! or methyl ethers[?*’! leading the phenyl rings to tilt out of the main
symmetry plane (Figure 23b+c).

a)
0 O o

Triphenylmethyl radical Gomberg's dimer

Figure 23: Gomberg’s dimer formation and stable triphenylmethyl radicals a) Dimerization of two
triphenylmethyl radicals to form Gomberg’s dimer. At elevated temperatures, the equilibrium shifts in favor
of the homolytic dissociation to the triphenylmethyl radical. b) Perchlorated triphenylmethyl radical.[24¢:247)
c) 2,6-methoxy substituted triphenylmethyl radical.’?*”! The steric demand of the substitution pattern in (b)
and (c) tilt the phenyl rings out of the central plane, giving these radicals a propeller-like shape and higher
stability.

While the perchlorated trityl radical is chemically stable under oxidative conditions and at
elevated temperatures, reducing conditions such as ascorbic acid or cellular environments as well
as exposure to UV light lead to a fast decay of the EPR signal, therefore hampering a widespread
application of this class of trityl radicals.?*®! In analogy to the aforementioned halide and methoxy
substitution options to “twist” the phenyl rings, the radical stability can be greatly increased upon
(thio)ketal substitution to the phenyl rings with thioketal moieties being more stable than
ketals.!?*?! First introduced and patented by Nycomed in the 1990s as a contrast agent for magnetic
resonance imaging (MRI), a water-soluble tetrathiatriarylmethyl (TAM) radical, the so-called
Finland trityl, showed remarkable redox stability suitable for in vivo MRI applications as well as
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oximetry studies (Figure 24a).125252 Here, ~70% of the spin density resides on the central carbon
while the remaining ~30% is delocalized in the surrounding aryl rings.1?>>?>* While also the Finland
trityl is not inert to reductive processes within biological systems and enzymatic aerobic and
anaerobic metabolism pathways were identified,'?>>?°? its enhanced intra-cellular lifetime
compared to the previously mentioned trityls and most nitroxides makes it a suitable platform for
EPR studies in biological environments.?>”? Owing to its modular synthesis,?**?>®! the basal Finland
trityl body offers a multitude of diversification anchors. For example, the carboxylates in para-
position can be esterified for dendritic PEGylation,!2°°2%) attached to oligopeptides via amidation
reaction,!?®¥ or coupled to dextran-fibers,?6?! with all of these options enhancing the solubility of
the TAM radical and preventing hydrophobic interactions with proteins and local clustering.[260263]
Beyond carboxylate modification, Fleck et al. recently demonstrated the potential of C-C cross-
coupling reactions on iodinated Finland trityl precursors in para-positions, paving the way for new
diversification options with non-statistical, asymmetric TAM functionalization.?* However, the
solubility increase achieved by modification of the carboxylates comes along with the drawback
of a significant extension of the molecular framework that hampered further applications beyond
the proof of concept.!?%>] A way to circumvent this issue is the replacement of the methyl groups
on the six thioketal moieties with hydroxyethyl sidechains which enhance the water solubility and
additionally prevent reductive degradation due to increased steric shielding. This modified version
of the Finland trityl is the so-called Ox063 trityl (Figure 24a).12%>2%¢] An overview of the trityl
scaffold functionalization options is given in Figure 24b.

b) Trityl scaffold diversification
Trityl basal body

- ketal motifs (X = O)
- thioketal motifs (X = S)

para functionalization

- esterification (e.g. PEGylation)
- amidation (e.g. oligopeptides)
- C-C cross-coupling

thioketal functionalization
- methylene sidechains

Finland trityl (R = CH;)
0x063 trityl (R =CH,CH,0H)

- hydroxyethylene sidechains

Figure 24: TAM radicals and trityl diversification. a) Structures of the Finland trityl (R = CH3) and the Ox063
trityl (R = (CH,CH,OH). b) Diversification options of the trityl scaffold with the trityl basal body highlighted
in green, the para-positions (R;) in red, and the substituents (R) on the (thio)ketals in blue.

Beyond their application as MRI contrast agents and oxygen sensing probes, TAM radicals have
gained increased attention as potential spin labels due to their previously stated redox stability
and diversification options, as well as their unique spectroscopic properties. The absence of atoms
with a non-zero nuclear spin directly bound to the aryl rings prevents the broadening of the EPR
spectrum due to hyperfine interactions and gives TAM radicals their typical narrow (~0.1 mT at Q-
band),!?”) single-line EPR spectrum (with weak satellite signals stemming from the 1% *3C natural
isotope abundance) with small g-anisotropy.!?>”2¢%26°1 Upon deuteration of the thioketal methyl
moieties, weak coupling to these peripheral protons can be excluded and the linewidth can be
reduced further.!?’% Besides the sharp EPR signal, some TAM radicals exhibit transverse relaxation
times T), in the range of microseconds in liquid solution at physiological temperatures, making
them promising candidates for PDS-EPR experiments under near-physiological conditions.!?7%272]
The applicability of TAM radicals as spin probes for distance determination in PDS-EPR has been
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demonstrated on a series of model compounds where the single frequencies techniques SIFTER
and DQC profited from the narrow linewidth of the EPR signal and outperformed the PELDOR
experiment in terms of sensitivity.**>?3 Peripheral modifications of the Finland trityl with a
bioconjugation group yielded a variety of trityl spin labels (TSL) for SDSL of proteins (Figure 25).
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Figure 25: TAM spin labels for protein labeling. Top left: Cysteine-selective dithiopyridine-functionalized
CTO2-TP label.?”®! Top right: Cysteine-selective methanethiosulfonate-functionalized MTS-TSL (n = 1)1*¢4
and TAM1 (n=2)?% label. Bottom left: Azido-phenylalanine-selective Alkine-TSL.*®* Bottom right:
Cysteine-selective butene-functionalized Butene-TSL.[*64

Using the CT02-TP spin label, Yang et al. demonstrated the applicability of TAM radicals as spin
labels for biological systems by immobilizing T4 lysozyme on a Sepharose matrix, subsequently
labeling the protein, and performing DQC experiments at near-physiological temperatures
(4 °C).273! Following this work, Shevelev et al. adapted and expanded the concept to obtain
distance information on a TAM-labeled DNA-duplex model system immobilized on NucleosilDMA
particles at an increased temperature of 37 °C.1*””! The versatility of the basal Finland core for
diverse biocompatible functionalization was demonstrated by Jassoy et al. synthesizing the
MTS-TSL, Alkine-TSL, and Butene-TSL by esterification of one carboxylic acid residue in the Finland
trityl. Using Butene-TSL in combination with the intrinsic Fe**-containing heme cofactor of
Cytochrome P450 CYP101, the superior stability of trityls in cellular environments was
demonstrated by injecting the labeled protein into Xenopus laevis oocytes and recording the first
intracellular trityl PDS time trace (TAM-Fe3* RIDME).[64]

However, despite their favorable spectroscopic and redox-chemical properties, the application of
TAM spin labels for protein structure elucidation beyond the aforementioned studies has been
sparse. The limited application of TAM radicals as spin labels can mainly be rationalized by the
high hydrophobicity of the Finland scaffold, which imposes challenges for site-selective labeling
as well as protein stability.?’*! In addition to the reports of unspecific binding to proteins such as
albumin,?%! studies revealed a self-assembly tendency of the Finland trityl at concentrations
above 60 uM to form dimers and even nanometer-sized supramolecular entities at millimolar
concentrations.?’® In accordance, labeling of the E. coli membrane protein BtuB with TAM1 in
isolated outer membranes revealed a high tendency of the label to aggregate in the membrane
and non-specifically bind to the protein.?’”’ These aggregation tendencies can potentially be
prevented using spin label derivatives where the Finland core is exchanged with the more
hydrophilic Ox063 core, but numerous studies revealed synthetic inaccessibility of the Ox063
scaffold following the patented synthetic route and no Ox063-type spin label was reported until
the beginning of this work in 2018.127227°! Another potential drawback of TAM-type spin labels is
their relatively large size compared to e.g. nitroxide labels resulting from the bulky spin-bearing
trityl core connected via an ester group to a more or less flexible tether and bioconjugation group.
Owing to these intrinsic properties, the resulting distance restraints are often broader compared
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to respective nitroxide analogs, hence complicating conclusive statements on the biomolecular
structure under investigation.64274

1.3.2.3 Metal Chelates as Spin Label

Next to the organic nitroxide and trityl spin labels, the third major class of labels consists of
paramagnetic metal cations. In principle, every stable open-shell metal center can serve as a
potential spin label and applicability for PDS experiments has been demonstrated for low-spin
cobalt(ll), low- and high-spin iron(Ill), manganese(ll), copper(ll), and gadolinium(I11).2% However,
as gadolinium and copper are the most frequently applied cations for SDSL, this section will only
focus on spin labels containing one of these two metal centers.

In brief, the Gd** ion is a high-spin system with half-filled 4f valence orbitals resulting in a s = %

system with an isotropic g-value of ~2. The characteristic EPR spectrum of Gd3* is dominated by
the central |— 1/2) < |1/2) transition with the underlying broader, less intense higher electron
spin transitions.[®Y In strong contrast to organic radicals such as nitroxides, where the spectral
width increases with higher magnetic fields as the g-anisotropy is resolved, the width of the Gd**
EPR spectrum narrows with increased magnetic field strength, hence making high-field
measurements favorable.?®? Typically, PELDOR is the PDS method applied in combination with
gadolinium tags.?®" Using high-affinity chelating ligands for the Gd** ions such as dipicolinic acid
(DPA) or tetraxetan (DOTA) derivatives, a set of gadolinium spin labels for both, proteins and
oligonucleotides, have been developed (Figure 26).125%

Gd-4MMDPA Gd-4-vinylPyMTA Gd-DO3MA-3BrPy

Figure 26: Selection of cysteine-selective gadolinium-based spin labels. From left to right: Gd-4AMMDPA
tag,!?® Gd-4-vinylPyMTA tag,'?®® and Gd-DO3MA-3BrPy tag.[28!

One of the main advantages of Gd**-tags compared to nitroxides is their high redox stability,
making them ideal nitroxide substitutes for PDS experiments in cellular environments. Following
the initial proof of concept for PDS on Gd3*-labeled proteins by Goldfarb et al.,’”** numerous
studies followed demonstrating the potential of gadolinium for the investigation of
transmembrane helices,!?®”! their enhanced sensitivity at high magnetic fields,?®®! and application
as spin labels for in-cell distance measurements.[?18285286.2891 However, the application of Gd** spin
labels comes along with a set of challenges. Firstly, owing to the short transverse relaxation time
Ty at elevated temperatures, measurements have to be conducted at cryogenic temperatures
between 3K (Q-band) and 10K (W-Band).”®y) Combined with the necessity of high-field
instrumentation to exploit the sensitivity enhancement, the applicability of Gd** spin centers for
PDS is limited to a selected number of laboratories with appropriate equipment. Secondly, the
multidentate chelator tags necessary for Gd** complexation possess an intrinsically larger size
than common nitroxide labels and, combined with the flexible tethers bearing the bioconjugation
motif, lead to a broader distribution that may complicate the translation to the biomolecular
structure. However, similar to trityl labels, the chemo-diversity of the chelators allows for linker
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adjustments and restricted rotational flexibility?®® as in the case of the Gd-DO3MA-3BrPy label,
where the nitrogen atom of the pyridine carrying the bioconjugation group serves as an additional
coordination site.”?® |n PELDOR, the modulation depth of Gd** labels is typically low (< 10%) when

. 1
using common rectangular pulses.?®) Here, however, Gd** can be treated asa s = 5 system and

the dipolar coupling frequency can be readily extracted from the time trace, therefore simplifying
data analysis. Notably, this is not the case when applying the RIDME sequence, as here the higher
harmonics of the dipolar coupling frequency (2vp;, and 3vp,;;,) additionally modulate the time
trace and hence complicate data analysis.[?%%

The second frequently applied metal ion in PDS-EPR is copper(ll). The Cu®** ion hasa s = %ground

state, an anisotropic g-tensor, and an anisotropic hyperfine coupling tensor to the copper nuclear

. 3 o . .
spin (I = 7) resulting in a broad EPR spectrum exceeding common resonator bandwidths.[292:2%2]

Initial PDS studies on biomolecules relied on intrinsic Cu?*-coordination sites that were, for
example, used to localize inhibitory copper binding sites of the EcoRI endonuclease,’?*! obtain
information about the relative orientation of the two Cu?* centers in the homodimeric Copper
Amine Oxidase,?®¥ or triangulate the Cu?* position in the soluble blue copper protein Azurin by
PELDOR using the Cu?"-nitroxide spin pair.*?°! All of the aforementioned studies revealed
orientational selection for the PELDOR experiment at both, X- and Q-band frequencies, owing to
the width and g-anisotropy of the Cu?* center and multiple time traces recorded across the Cu?*
spectrum were necessary to obtain reliable distance information. While this in principle makes
data analysis more involved, fitting the time traces using geometric models that take the
g-anisotropy and orientational effects explicitly into account can yield further information beyond
the distance restraints such as angular information about the Cu?* g-frame orientation.[*2%2%]
Recently, copper(ll) gained widespread interest as a potential spin label for SDSL after Saxena et
al. introduced the copper(ll)-iminodiacetic acid [Cu?*(IDA)]??°*?°”! and copper(ll)-nitrilotriacetic
acid [Cu**(NTA)]1>°® complexes that coordinate to two adjacent histidines (dHis)?**! in a protein.
Coordination of the Cu*(IDA) or Cu**(NTA) complex by two histidines separated by three amino
acids (HXXXH) in the case of a-helices or one amino acid (HXH) in B-sheets yields the dHis-Cu?*(IDA)
or (NTA) motif, respectively. As the tetra-dentate NTA ligand occupies the remaining four
coordination sites of the octahedral Cu?* coordination sphere upon dHis conjugation, it shows a
four-fold higher site-selectivity towards a-helical dHis motifs compared to the tri-dentate IDA
ligand and is nowadays the preferred ligand (Figure 27).[2%
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Figure 27: Copper(ll) chelators and dHis-Cu?*(NTA) labeling scheme. a) Iminodiacetic acid (IDA)
b) Nitrilotriacetic acid (NTA). ¢) Labeling of a dHis-site with Cu?*(NTA) to form the dHis-Cu?*(NTA) motif.

In analogy to the HO-1944 nitroxide spin label, the bipedal coordination of Cu*(NTA) to the
protein backbone restricts the conformational flexibility of the dHis-Cu?*(NTA) label and was
shown to yield distance distributions up to five times narrower than the ones obtained with
MTSL.12%6297] Exploiting this narrow distribution width, the dHis-Cu?**(NTA) label has been used to
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resolve small-scale conformational changes in proteinsi3®3°U and for the trilateration of native
metal binding sites.°? In addition to the high-resolution PDS distance information obtained with
the dHis-Cu?*(NTA) label, the exothermic labeling process is straightforward,’*®! does not require
post-translational covalent modification,?®* and labeling is achieved in ~30 min.B%
Determination of the Cu?*(NTA) binding constant using RIDME modulation depth analysis in a
pseudo-titration series at nanomolar concentrations revealed high binding affinities and
equilibrium constants at a higher precision than achievable with isothermal calorimetry (ITC).%
However, currently the dHis-Cu?*(NTA) labeling methodology has only been applied to systems
with either no native histidines, 226298301303 5ne huried histidine,°7:3%! or five native histidines, %!
and a thorough assessment of the site-specific coordination of Cu?*(NTA) to the dHis motif in
histidine-rich proteins is still lacking.

1.4 Protein Model Systems

The following sub-sections will introduce the protein systems investigated and utilized throughout
this work.

1.4.1 Yersinia outer protein O

The Gram-negative bacterium Yersinia pestis is the causative agent of the plague, a highly
infectious disease responsible for a set of devastating epidemics in the Middle Ages up until the
modern era with millions of casualties throughout Europe and Asia.%! From the vast variety of
different Yersiniae strains, three, namely Y. pestis and its close relatives Y. enterocolitica and Y.
pseudotuberculosis, show pathogenicity against mammals and harbor a unique ~70 kb Yersinia
virulence plasmid (pYV) encoding for ~30 proteins that enable the bacteria to evade its host’s
innate immune response consisting of macrophages and dendritic cells.?®! Similar to other
pathogenic bacteria such as Salmonella sp. or Pseudomonas aeruginosa, pathogenic Yersiniae
utilize a specialized protein delivery system known as type-Ill secretion system (T3SS) to deliver
its main virulence factors, extracellular effector proteins known as Yersinia outer proteins (Yops),
into the immune cells and evade digestion.3' The T3SS is a syringe-like structure consisting of
multiple proteins whose gene expression is calcium- and thermoregulated. While gene expression
is suppressed at 26 °C, temperatures of 37 °C and millimolar calcium concentration significantly
up-regulate gene transcription of the secretion system and Yops. Upon immune cell contact, the
T3SS penetrates the cell membrane of the immune cell and translocation of the effector proteins
proceeds.[312313]

There are six known Yersinia effector proteins (YopE, YopH, YopJ, YopM, YopO, and YopT), each
with a uniquely tailored function that modulates distinct host cell signaling pathways, thereby
preventing bacterial digestion. Interestingly, all effector proteins are in a dormant state before
translocation and get activated only upon host substrate contact, presumably as a self-
preservation measure of the bacterium.®¥ The effector-protein function can be subdivided into
two main courses of action: On the one hand, YopJ and YopM prevent inflammatory immune
response while triggering simultaneous apoptosis, while the four other Yops disrupt the actin-
based cytoskeleton to prevent phagocytosis by phagocytic cup formation.3'*! Yopl is a ubiquitin-
like cysteine protease with additional acetyl-transferase activity.2*! Using acetyl-coenzyme A
(CoA), YoplJ inhibits phosphorylation of MAPKK6 and thereby shuts down the mitogen-activated
protein kinase (MAPK) and nuclear factor kB (NF-«B) signaling pathways critical for immune
response.! YopM sequesters and inhibits caspase-1 activity and thereby acts as a potent
antagonist against pyroptosis, an inflammatory cell death mechanism of the innate immune
response as a protective measure against pathogens.!®'® In addition, YopM acts as an E3 ubiquitin
ligase and was shown to induce necrotic cell death upon ubiquitination of the crucial NLRP3
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receptor.B* The actin cytoskeleton is mis-regulated by the concerted action of YopE, YopH, YopT,
and YopO. While YopH is a powerful phosphotyrosine phosphatase that disrupts focal adhesion of
the bacterium to the immune cell by dephosphorylation of the p130CAS focal adhesion kinase
(FAK),B% both, YopE and YopT, interact with monomeric GTPases of the Rho-family by acting as a
GTPase-activating protein and switching the targeted GTPases to their ‘off’-form (YopE)B?Y or
cleaving Rho-family proteins from the membrane, thereby causing a depolymerizing effect on
actin (YopT).B?2

YopO from Y. enterocolitica (and its structure homolog Yersinia protein kinase A (YpkA) from Y.
pestis and Y. pseudotuberculosis) is a 729 amino-acid (732 residues in YpkA) membrane-associated
protein.323! In the Yop family, YopO is the only protein consisting of two distinct enzymatic
domains, an N-terminal serine/threonine kinase domain and a C-terminal Rac/Rho GTPase binding
domain (Figure 28a).3243%1 YopO was shown to be an essential virulence factor of Yersinia and is
heavily involved in the disruption of the actin cytoskeleton (Figure 28b).1324326-3281 The structure of
the isolated C-terminal sequence (residues 430-729) in complex with Racl was solved in 2006 by
Prehna et al. and revealed high structural similarities with eukaryotic guanidine nucleotide
dissociation inhibitors (GDIs),’*?® thereby enabling inhibition of GTPase nucleotide exchange
crucial for the regulation of actin polymerization (Figure 28c).?! The N-terminal kinase domain
(residues 90-429) shares a high sequence homology with eukaryotic Ser/Thr kinases and, in
analogy to the other Yops, is catalytically autoinhibited before translocation to the host cell.[32432°]
YopO was shown to form a tight 1:1 complex with monomeric actin (G-actin) and thereby inhibits
the ability of the bound actin to incorporate and form filamentous actin (F-actin).2%33% Trgsak et
al. revealed that the last 19 amino-acid residues on the C-terminal end of YopO show sequence
homology to the actin-binding protein coronin and are essential to form the YopO/actin
complex.!¥3% |n addition, binding of G-actin triggers autophosphorylation of the YopO residues S90
and 595,39 thereby releasing the kinase inhibition and enabling YopO to use actin as a bait to
phosphorylate and mis-regulate proteins involved in the regulation of actin polymerization such
as VASP, WASP, EVL, and gelsolin.l3?%331 While there is no atomistic model of the full-length
apo-YopO, the crystal structure of truncated YopOss.729 in complex with actin was solved in 2015
by Lee et al. (Figure 28c).1328

39



a) c)
AA1l 89 90 429 430 710l29

- a— topo
! 1
Sec/Trans  Ser/Thr Kinase GDI Domain CH
b)
Yops
Macrophage fopE Binds Phosphorylates
i + +

~y=_ Deactivates

Kinase

_ = Deactivates
pl
g

GDI
Racl

Y
Binds
'. + Activates
e Phosphorylates
@ ] phory|
&
®

F-actin
() Polymerization
g AR

gelsolin

e
Depolymerization

. G-actin
Yersinia spp.

Figure 28: Protein organization, virulence pathways, and crystal structure of YopO. a) Simplified domain
organization of YopO with the secretion and translocation domain (1-89) shown in orange, the Ser/Thr
kinase domain (90-429) shown in light blue, the GDI-like domain (430-710) shown in dark blue, and the
coronin homology region (710-729) necessary for actin binding shown in orange. b) Schematic
representation of the Yersinia defense mechanism against macrophages and the involvement of YopO in
the disruption of the actin cytoskeleton. c) Combined crystal structures of the PDB-IDs 4ci6 (YopQOsgy.720/actin
complex)®?8 and 2h7v (YpkAsza.732/Racl complex)?2% with YopO shown in blue color tones, G-actin in green,
and Racl in red.

In the YopOss.720/actin complex structure, G-actin forms a large contact interface with the kinase
domain and the C-terminal part (residues 710-729) of the GDI domain and is wedged in between
those two subdomains of YopO. In the crystal structure, the active site of the kinase domain is
highly accessible, thereby explaining YopQ'’s capability to phosphorylate actin-regulatory proteins
sequestered by the G-actin bound below. Structural comparison of the isolated GDI domain
(PDB-ID 2h70) and the YopOss.720/actin complex reveals a straight conformation of the a-helical
backbone in the isolated GDI domain while the helical backbone is bent in the YopQOss.720/actin
complex.'3?® Based on these findings, Lee et al. hypothesized that in the absence of G-actin, YopO
adopts a different conformation with an inaccessible kinase domain flipped ‘over’ the GDI domain,
thereby causing autoinhibition of the apo-state and a straight backbone helix of the GDI domain.
Actin binding then triggers a multistage activation process and a conformational change resulting
in a bent helical backbone of the GDI domain, the actin being sandwiched between the two YopO
domains, and an accessible active site. However, this hypothesis was recently disproven by studies
from Peter et al. who used EPR spectroscopy in combination with SAXS to reveal that in solution,
the kinase and GDI domain of YopO are highly flexible towards each other in the absence of actin
and inhibition of the kinase by steric hindrance is unlikely.*3?! Notably, an integrative structural
model of the YopOgs.729/actin complex using PELDOR and SAXS restraints in conjunction with rigid
body docking of the crystal structure subdomains revealed striking differences in the solution
structure compared to the crystal structure. In the resulting low-resolution model, the kinase
domain seems to be tilted ‘backward’ compared to the crystal structure and the GDI domain has
a straight backbone helix similar to the crystal structure of the isolated GDI and the authors
concluded a more flexible YopO/actin complex in solution than the crystal structure might
suggest.3? A potential blockage of the kinase active site in the apo state by the N-terminal lobe
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(residues 89-109) that is not resolved in the crystal structure was ruled out, as PELDOR
experiments on MTSL-labeled N-terminal lobe and kinase domain revealed a high conformational
flexibility of the lobe, hence making a steric inhibition of the kinase active site implausible.33% As
of today, there is no structural model for the full-length protein and the underlying mechanism of
kinase activation is yet unresolved.

1.4.2 Myoglobin

Myoglobin (Mb) is a muscle tissue protein that, similar to hemoglobin,®** reversibly binds
oxygen.B3*¥! Compared to hemoglobin, myoglobin does not form multimeric species and has a
higher affinity towards oxygen, thereby serving as an oxygen depot within the tissue.?3! The
17 kDa Mb-protein belongs to the class of globins, an evolutionary highly conserved enzyme
superfamily characterized by their distinct tertiary structure consisting of eight alpha helices as
well as their common heme-cofactors.?*®! In myoglobin, the heme-cofactor is an iron-containing
protoporphyrin IX (heme B), where oxygen occupies the remaining free, axial coordination site to
form the bright-red oxymyoglobin (MbO,) (Figure 29a).3”! However, the ferrous iron Fe?* center
of MbO; is relatively unstable and readily oxidized to Fe*', thereby yielding the more stable,
brownish metmyoglobin (MetMb).338! As pointed out in section 1.1.1, due to its high stability and
relatively high abundance, myoglobin from the sperm whale was the first protein whose three-
dimensional structure was solved by X-ray crystallography (Figure 29b).1*!

a) b)

Myoglobin active site

mol. oxygen

Figure 29: Myoglobin active site and crystal structure. a) Schematic representation of the MbO, active site
with the heme B cofactor displayed in black, the coordinating His93 of the myoglobin backbone in blue, and
the bound oxygen in red. b) Crystal structure of recombinant horse heart myoglobin (PDB-ID 1wla,33*
bronze) with the coordinating His93 residue highlighted as a stick model and the heme B cofactor shown in
green.

As one of the best-studied proteins in biological sciences, myoglobin has gained interest in the
EPR community as a model system owing to the intrinsic paramagnetic Fe3*-center of MetMb. For
example, the transition from a high-spin (hs) to low-spin (Is) electron configuration upon azide
binding to the Fe3*-cofactor’®® in MetMb was used for kinetic studies and calibration of rapid
freeze-quenching (RFQ)®*! as well as microsecond freeze-hyperquenching (MHQ) devices.!*®! In
addition, as the EPR high-field approximation breaks down in the hs-MetMb case due to the large
zero-field splitting, MetMb was used as a model system to expand PDS methodologies to spin
systems that do not obey the high-field approximation.’3*?!
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1.4.3 Streptococcal Protein G B1 domain

The protein G from Streptococcus sp. is a ~60 kDa protein located at the cell surface and belongs
to the class of immunoglobulin-binding proteins (IBPs).3*>3% Protein G is capable of non-immune
binding to the Fc region of immunoglobulin G (IgG) antibodies,’®*! thereby counteracting the
formation of the C1 complex and inhibiting opsonization in the complement cascade of the
immune response of infected host cells.3*®! Exploiting the high affinity of protein G towards IgG
antibodies, albumin-binding deficient recombinant protein G immobilized on a solid-support resin
is frequently used for the purification of monoclonal antibodies.’**’!

The 57 amino-acid residue subdomain B1 of protein G (GB1) is an extensively studied protein
model system (Figure 30a). Owing to its small size, high expression rates, and good solubility, GB1
has been used to investigate the mechanisms and principles of protein folding,3*® to establish
new methodologies for protein structure elucidation such as in-cell NMR,3**! and was established
as a protein tag to enhance the solubility of poorly soluble proteins.*>® The GB1 structure consists
of two B-hairpin motifs on one side of the protein that are connected via an a-helix on the
opposing side of the protein (Figure 30b+c).[348351]
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Figure 30: GB1 amino acid sequence and structure. a) Amino acid sequence of GB1 from Streptococcus sp.
G148. b) Simplified scheme correlating the sequence with the B-hairpin (arrows) and a-helix motifs. c) NMR
solution structure of GB1 (PDB-ID 3gb1)B>Y with the B-hairpin side (left) and the a-helix side (right) facing
the viewer. For better comparability, (b) and (c) share the same color code.

In the field of PDS-EPR, GB1 is often utilized as a model system and was the protein of choice for
the development of the dHis-Cu?*(IDA)?°”) and dHis-Cu?*(NTA)%! |abeling strategies as well as
expansions and evaluations of the concept.[296:302:303:305306] | 3ddition, a Gd**-labeled GB1 mutant
was used for PELDOR measurements in Hela cells to demonstrate the feasibility of a new
gadolinium(lll) spin label.35%
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2.  Aims of this Study

EPR has become an increasingly important method in structural biology. With the evolution and
emergence of complementary methodologies providing biomacromolecular structures at (near)-
atomic resolution such as AlphaFold2 or cryo-EM, EPR-derived distance information provide
restraints to verify those models and offers insights into structure and dynamics in aqueous
solutions. While the commonly employed MTSL nitroxide spin label in combination with PELDOR
spectroscopy has been used in numerous studies, there are to date no community-defined
standards on sample preparation, data acquisition, interpretation, and reporting of the results. To
comply with the requirements, set by a workshop of the integrative structural biology
community,3>3 a multi-laboratory ring test driven by the EPR community was set out to define
community-approved guidelines and establish best-practice standards for quality assurance in
sample preparation and data analysis. In the first section of the work presented herein, the
intention was to develop a generalized protocol for labeling proteins with the MTSL spin label
followed by standardized quantification and structural integrity assessment routines. By
comparing the PELDOR measurements and distance information obtained by all participants of
the ring test, the accuracy, reliability, and reproducibility of PELDOR measurements were to be
elaborated and guidelines set for future work within the EPR community.

As outlined in section 1.3.2.2, despite their beneficial chemical and spectroscopic properties, a
widespread application of TAM spin labels is hampered by challenges arising in the labeling
procedure, quantification of the labeling efficiencies, and stability of biomolecules upon trityl
bioconjugation. Owing to their inherent hydrophobicity, TAM labels tend to non-covalently bind
to protein surfaces or membranes and cause proteins to precipitate. Using an established
methanethiosulfonate-functionalized TAM label as well as newly designed maleimide-
functionalized trityl spin labels of the Schiemann group, these challenges are addressed in the
second part of this thesis. Firstly, a reliable and reproducible labeling strategy for TAM labels and
a quantification routine focused on selective labeling of the protein and quantitative removal of
any excess label was to be developed on the example of the well-controlled protein YopO as a
model system. Following up, the scope of the established labeling strategy was to be expanded to
other protein systems and the performance of the TAM-labeled proteins with regards to their
SNR, distance distribution width, redox properties, and suitability for in-cell PDS applications was
to be assessed.

In PDS-EPR, the width of the obtained distance distribution is influenced by the length and
conformational flexibility of the linker motif connecting the spin-bearing group to the protein
backbone. This in turn can complicate data interpretation, as a decisive assignment of the
individual contributions of the flexibility of the protein backbone and the spin label to broad or
multimodal distance distributions is difficult. In the first two parts of this work, multimodal
distance distributions were obtained for the MTSL- and TAM-labeled a-helical backbone of YopO,
and the origin of these multimodalities was ambiguous as two structural models of the helix
backbone are available (see section 1.4.1). To verify whether indeed two distinct protein
conformations are present in solution or the observed multimodalities originate from preferred
conformations of the previously utilized spin labels, in the third section of this thesis, the more
rigid dHis-Cu®*(NTA) spin label was used to minimize the effects of conformational label flexibility.
Since the dHis-Cu**(NTA) spin label was hitherto utilized only with smaller model systems or
proteins with a low native histidine abundance, in the context of this work, the general
applicability of the postulated labeling scheme is evaluated on the example of YopO, a protein
with a high native histidine abundance. As the spectroscopic properties of Cu?* enable PELDOR
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and RIDME, both pulse sequences are compared regarding their SNR and susceptibility to
orientational selectivity. From the resulting distance distributions, the helix backbone
conformation of YopO in solution ought to be unequivocally determined.

44



3. Results and Discussion

3.1 Guidelines for Side-directed Spin Labeling with Nitroxides

Parts of this chapter have been published in:

(354] 0. Schiemann, C. A. Heubach, D. Abdullin, K. Ackermann, M. Azarkh, E. G. Bagryanskaya,
M. Drescher, B. Endeward, J. H. Freed, L. Galazzo, D. Goldfarb, T. Hett, L. Esteban Hofer,
L. Fdbregas Ibdiiez, E. J. Hustedt, S. Kucher, |. Kuprov, J. E. Lovett, A. Meyer, S. Ruthstein,
S. Saxena, S. Stoll, C. R. Timmel, M. Di Valentin, H. S. Mchaourab, T. F. Prisner, B. E. Bode,
E. Bordignon, M. Bennati, G. Jeschke, “Benchmark Test and Guidelines for DEER/PELDOR
Experiments on Nitroxide-Labeled Biomolecules”, J. Am. Chem. Soc. 2021, 143, 17875—
17890.

The following sections summarize the results and discussion of the best-practice guideline
development for nitroxide-based SDSL of proteins. Since MTSL (Figure 20) is by far the most
utilized spin and is regarded as the “gold standard”, it was chosen to serve as the reference spin
label. A truncated version of YopO (YopOss.720) lacking the first 88 N-terminal amino acid residues
(translocation/secretion domain) served as the protein model system since YopO is known as well-
behaving, meaning it is soluble, stable, can be expressed in sufficient yields, and contains only one
native cysteine (C219) which can be replaced by alanine without loss of function.?3? This
YopOsg.729 C219A construct is henceforth referred to as YopO-wt. For the following ring test, four
double-cysteine YopO constructs originating from the YopO-wt, all with varying expected interspin
distances, were designed. For the first three mutants, namely YopO S585C/Q603C,
YopO V599C/N624C, and YopO Y588C/N624C, the labeling positions spanned the long a-helical
backbone of YopO’s GDI domain with a total of 18, 25, or 36 amino acid residues in between the
labeling sites (Figure 31a). Hence, the PELDOR experiments are expected to yield rather narrow
distance distributions and show a shift towards longer distances upon increasing the number of
residues between the labeling sites. On the other hand, the fourth construct, YopO S353C/Q635C,
with one labeling site on the lower GDI domain (Q635) and the second site located in a loop region
(5353), is expected to yield a rather broad distance distribution in conjunction with the previous
findings of high flexibility between both, the kinase and GDI domain, of YopO in the apo-state.*3?
All labeling sites and in silico distance distributions obtained by mtsslWizard®*! are displayed
below (Figure 31b).
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Figure 31: YopO labeling sites and in silico distance distributions. a) Depiction of the YopOsg.729 crystal
structure (PDB-ID 4ci6, actin removed) from two angles and the rotamer clouds of the R1 side chain
generated with mtssIWizard (clash setting: loose) using the PDB-ID 4ci6 as input structure. For simplicity,
each of the R1 spin pairs is highlighted in the same color code (YopO S585R1/Q603R1 green,
YopO V599R1/N624R1 orange, YopO Y588R1/N624R1 pink, YopO S353R1/Q635R1 cyan). b) In silico
distance distributions derived by mtssIWizard of the R1 spin pairs shown in (a) using the same color code.
Note that in the in silico prediction, YopO $353R1/Q635R1 shows a short and narrow distribution, which
was disproven by Peter et al.l33?!

3.1.1 Design, Expression, and Purification of YopO Mutants

As the site-directed mutagenesis of any of the chosen native amino acid residues to cysteine did
not impact the expression, purification, and total yield of YopO, the site-directed mutagenesis and
protein purification is described and discussed on the example of the YopO S585C/Q603C
construct. Notably, a plasmid encoding for YopO S353C/Q635C already existed from previous
studies, hence making site-directed mutagenesis for this construct redundant.

After QuickChange mutagenesis and vector amplification by polymerase chain reaction (PCR), the
crude PCR product was analyzed via agarose gel electrophoresis (Figure 32a). Here, both the
sample lane 2 as well as the control lane 3 without added polymerase showed a primer cloud in
the low molecular weight regions (below 200 bp) of the gel but, in contrast to the control, the
sample lane 2 exhibited an intense, high molecular weight band at ~6900 bp, indicative of
successful mutagenesis and PCR amplification of the pGEX-6P-1 target vector (4984 bp) containing
the glutathione S-transferase (GST)-fused YopO gene (1923 bp). After Dpnl digestion and
amplification in E. coli DH5a cells, the purified vector was sequenced and successful mutation and
construct identity was confirmed (Figure 32b).
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Figure 32: Agarose gel and Sanger sequencing results for YopO S585C/Q603C. a) 1% agarose gel with the
marker (lane 1), the sample lane loaded with the crude PCR product (lane 2), and the control lane containing
a PCR sample without added polymerase (lane 3). b) Sequencing results confirming the identity of
YopO S585C/Q603C. The exchanged bases coding for the respective amino acid residue are highlighted by
the red boxes for S585C (top) and Q603C (bottom), respectively.

The expression and purification progress of YopO S585C/Q603C can be visualized by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 33a).
GST-YopO S585C/Q603C was expressed in E. coli Rosetta DE3 cells. Successful protein expression
is evident by the strong band appearing at ~100 kDa (GST-YopO Mw = 99.5 kDa) after induction
with isopropyl B-D-1-thiogalactopyranoside (IPTG) (lane 2+3). While a fraction of the target
protein remained in the insoluble cell debris after sonication and lysis (lane 4), a sufficient amount
of the soluble GST-YopO S585C/Q603C remained in the supernatant fraction after centrifugation
and removal of insoluble cell debris (lane 5). In an initial chromatographic step, passing the
supernatant over Sepharose-immobilized glutathione beads and subsequent buffer wash
removed a large portion of unwanted E. coli protein impurities while causing minimal loss of the
target protein (lane 6+7). On-bead cleavage with PreScission protease quantitatively removed the
GST-tag from the target protein, as a mass shift of the then-cleaved and eluted
YopO S585C/Q603C (71.2 kDa) in the PreScission cleavage flow-through is observed (lane 8).
Sepharose bead recovery by elution of the GST-tag (28.3 kDa) revealed a minor loss of PreScission-
cleaved target protein, which was still bound to the column resin (lane 9). For further protein
purification, the fraction containing YopO S585C/Q603C was loaded onto an anion exchange
column (Figure 33b). Here, non-proteinogenic contaminations where successfully removed, as the
flow-through fractions showed absorbance at 280 nm (purple bar) but no protein was found
during gel electrophoresis (lane 10). After sample application and wash, an increasing sodium
chloride gradient eluted the target protein at a conductivity above 13 mS/cm (lane 11-15, green
bar). Notably, in the fractions containing YopO, some proteins of lower molecular weight (25 kDa
to 40 kDa) appeared as visualized by the SDS gel and eluted alongside the target protein. These
bands were previously analyzed by Gregor Hagelueken and assigned to protease-cleaved YopO
fragments held together via noncovalent interactions, thereby retaining their physicochemical
properties and eluting together with the uncleaved, intact YopO S585C/Q603C. Notably, the
addition of various protease inhibitors did not improve the ratio of uncleaved to cleaved protein
(unpublished results).
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Figure 33: SDS-PAGE and anion exchange chromatogram of YopO S$585C/Q603C. a) Coomassie-stained 10%
polyacrylamide gel after SDS-PAGE showing the initial steps of expression and purification of
YopO S585C/Q603C. b) Chromatogram of the ENrich™ Q 10/100 anion exchange run of YopO S585C/Q603C
showing the absorption at 280 nm (blue) and conductivity (orange). Horizontal bars indicate the fractions
taken and loaded onto the gel in (a).

The pooled and concentrated fractions containing YopO were loaded onto a gel filtration column
for a final purification step (Figure 34a). Notably, the gel filtration elution profile of YopO showed
two distinct absorbance peaks after the void volume of the column, indicative of two distinct
molecular weight components in the sample. SDS-PAGE revealed pure YopO protein in both of the
elution peaks (Figure 32b, lane 2-10), thereby suggesting a homo-dimerization of YopO either via
disulfide bridges between the introduced cysteine residues or via non-covalent interactions. The
non-covalent dimerization of YopO was investigated in earlier studies but the amount and stability
of this homo-dimer is considered negligible in comparison to the monomeric protein for any of
the upcoming applications.°%3>7! |n addition, SEC-SAXS scattering curves of apo-YopOgs.729
showed no indication of a dimeric species, which is another indication for the low relative homo-
dimer proportion compared to the total protein.[332
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Figure 34: Gel filtration chromatogram and SDS-PAGE of YopO S585C/Q603C. a) Chromatogram of the
HiLoad® 16/600 Superdex® 200 pg gel filtration run of YopO S585C/Q603C showing the absorbance at
280 nm (blue) and conductivity (orange). The green and red horizontal bars indicate the fractions taken for
SDS-PAGE analysis. b) Coomassie-stained 10% polyacrylamide gel of the fractions shown in (a) after SDS-
PAGE. Only the fractions indicated by the green bar were pooled and concentrated further while the fraction
indicated by the red bar was discarded.
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The protein-containing fractions (lane 2-9) were pooled and 5 mg purified protein was obtained
in total. In summary, the herein-presented purification protocol for YopO including three
chromatographic steps (GSH affinity chromatography, anion exchange chromatography, and gel
filtration chromatography) is reproducible and yields a sufficient amount of protein for spin-
labeling experiments with a high degree of purity.

The sequencing results and final gel filtration runs and SDS-PAGE gels of YopO-wt,
YopO V599C/N624C, YopO Y588C/N624C, and YopO S353C/Q635C are shown in the appendix
(Figure A1+A2). For all YopO constructs, the protein yield varied between 5 mg to 17 mg of total
protein.

3.1.2 MTSL labeling of YopOsg-729

The spin-labeling reaction with MTSL can be performed at different stages of the protein work-
up. While in situ labeling on an endogenous membrane transporter(*®3 and protein labeling on
solid-supports during the purification process have been reported,*? the approach chosen here
was to attach the spin label in solution after the protein purification, as the spin labeling of purified
proteins in solution offers two advantages: Firstly, due to the removal of impurities and
contaminants beforehand, the protein concentration can often be determined more reliably and
hence the ratios between the added spin label and protein are less error-prone. This in turn makes
the labeling reactions more reproducible and, in the case of over-labeling or low labeling
efficiencies, protein-to-spin label ratios can be adjusted easily. Secondly, in contrast to solid-
support labeling where the spin label is added in the mobile phase and larger volumes and
therefore higher amounts of the spin label are required to achieve high labeling efficiencies,
labeling volumes and concentrations can be adjusted easily when performing the labeling in
solution and in general, less spin label amounts is required. This is beneficial, especially in cases
where the spin label availability is limited due to cost restraints or the synthetic accessibility of
the label.

The labeling reactions were carried out in the YopO gel filtration buffer as the basic pH of 8.0
promotes thiolate anion formation and thereby the Sy2 reaction with the electrophilic
methanethiosulfonate bioconjugation group of MTSL.1*#8! Since all cysteine residues of the four
YopOsy.7290 mutants are highly solvent-exposed, the protein was incubated with a 100-fold molar
excess of the reducing agent dithiothreitol (DTT) before labeling to remove potential disulfide
bridges and break covalent protein homo-dimers. These dimers can decrease the labeling
efficiency in later stages and, more importantly, cause artificial distance peaks during the PELDOR
experiment due to the presence of doubly-labeled homo-dimers or multimers. However, as DTT
can readily reduce the spin label MTSL to the corresponding diamagnetic hydroxylamine and,
owing to its two sulfhydryl moieties, can compete in the following labeling reaction with the
cysteines or cleave the protein-label disulfide bridges, quantitative removal of the reducing agent
before adding the spin label is mandatory.

After removal of the reducing agent via size-exclusion chromatography (SEC), MTSL was
immediately added to the reduced YopO in a 20-fold molar excess per cysteine to start the labeling
reaction and prevent the formation of new protein dimers. The excess ratio of 20:1
(label : cysteine) was chosen to obtain a good trade-off between a high labeling efficiency of the
cysteines while on the other hand allowing for quantitative removal of the excess spin label after
completion of the coupling reaction.>® While there are reports on quantitative MTSL labeling
within minutes,3*?! an extended incubation period of 18 h at reduced temperatures (2 h at room
temperature, then 16 h at 4 °C) was chosen here to reduce protein dimer formation and prevent
thermal degradation of YopO during the labeling process. To stop the labeling reaction, the excess
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spin label was removed via SEC using a HiPrep™ 26/10 Desalting column on an Akta
chromatography system as exemplarily shown for YopO V599C/N624C (Figure 35).
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Figure 35: HiPrep™ 26/10 desalting chromatogram of YopO V599C/N624C after labeling with MTSL with the
absorbance at 280 nm shown in blue. The first elution peak indicated by an orange bar corresponds to the
elution fraction of the labeled protein (orange box) at the void volume of the SEC column while the second

elution peak indicated by a red bar corresponds to the elution fraction of the free, unreacted excess MTSL
(red box).

While in principle any benchtop desalting column (e.g., a PD-10 desalting column) is suited to
remove the excess MTSL, the UV-detector of the Akta system attached downstream of the column
can visualize the separation of YopO (orange bar and box) by the absorbance at 280 nm. YopO
elutes at an earlier stage of the SEC due to its higher hydrodynamic radius whereas the smaller
MTSL (red bar and box) elutes at a larger retention volume, thereby leading to two distinct peaks
in the elution chromatogram.** Whether the protein is indeed labeled cannot be assessed at this
stage, as the strong protein absorbance at 280 nm masks the absorbance of the label in the first
elution peak. The protein-containing fractions were pooled, concentrated, and rebuffered in
deuterated buffer for subsequent PELDOR measurements. In the last purification step, the protein
solution was spun at 18,000 rcf for 1 min in a micro centrifugal tube to remove any precipitates,
and the supernatant was carefully collected for further analysis. For all constructs, the protein
recovery yield over all labeling-, purification-, and rebuffering steps varied between 50%
(YopO S585C/Q603C) and 76% (YopO Y588C/N624C).

The labeling efficiencies of the individual labeling reactions were determined using a combination
of UV-vis spectroscopy, quantitative cw-EPR spin-counting (Figure 36 + Table 2), and mass
spectrometry (MS) (Figure 37 + Table 3).
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Figure 36: Room temperature cw-EPR spectra of the four MTSL-labeled YopO constructs
YopO S585R1/Q603R1 (a), YopO V599R1/N624R1 (b), YopO Y588R1/N624R1 (c), and
YopO S353R1/Q635R1 (d). Spectra were recorded on a Bruker EMXnano spectrometer. Measurement
settings: 9.6 GHz microwave frequency, 10.00 mW microwave power, 100 kHz modulation frequency, 1.0 G
modulation amplitude, 20.48 ms time constant, 100 pts/mT.

Table 2: Labeling efficiencies of the four MTSL-labeled YopO constructs. Protein concentrations were
obtained by UV-vis spectroscopy (NanoDrop™ 2000) and spin concentrations were determined using the
internal spin-count routine of the EMXnano spectrometer.

Construct Protein concentration Spin concentration Labeling efficiency
(1M) (M) (%)
YopO S585R1/Q603R1 100 175 87
107 187 87
YopO Y588R1/N624R1 91 173 95
105 190 90
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Figure 37: Deconvoluted positive-mode high-resolution electronspray ionization mass spectrometry
(ESI(+)-MS) spectra of the four MTSL-labeled YopO constructs YopO S585R1/Q603R1 (a),
YopO V599R1/N624R1 (b), YopO Y588R1/N624R1 (c), and YopO S353R1/Q635R1 (d). ESI(+)-MS spectra
were recorded and deconvoluted by the mass spectrometry facility in Marburg on a Synapt G2-Si
spectrometer. Note: Mass spectrometry samples were taken before the buffer exchange into deuterated
buffer. The raw spectra are shown in the appendix (Figure A3).
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Table 3: Calculated and experimentally found masses of the unlabeled and MTSL-labeled YopO constructs.

Construct Calc. unlabeled (Da) Calc. labeled (Da) Experimental (Da)
YopO S585R1/Q603R1 72,100 72,468 72,465
72,102 72,470 72,466
YopO Y588R1/N624R1 72,038 72,406 72,405
72,100 72,468 72,464

For each labeled mutant, the solution cw-EPR spectra showed a broadened nitroxide signal
compared to free MTSL, which is caused by an increased rotational correlation time indicative of
successful bioconjugation (Figure 34).”! In addition, except for YopO S353R1/Q635R1, none of
the spectra showed signs of free-label remnants as no sharp secondary signals were observed. For
YopO S353R1/Q635R1, the sharp feature at 342.8 mT can be rationalized by the labeling site
S353R1, which is located in a loop region on the kinase domain and hence likely to result in a
higher flexibility of the spin label. Comparing the spin concentrations with the protein
concentrations determined by UV-vis revealed labeling efficiencies ranging from 87% to 95%
(Table 2). ESI(+)-MS spectra showed a high sample purity and quantitative labeling of all four
double-cysteine mutants as only a single, high-intensity mass peak with a mass increase of
approximately +368 Da (+184 Da per R1 residue) compared to the respective unlabeled protein
was observed (Figure 35 + Table 3).

Hence, the protocol for labeling soluble proteins with MTSL presented herein on the example of
YopO, provides high labeling efficiencies of ~90%, complete removal of any excess label, and good
to high protein recovery yields throughout the labeling and purification steps.

3.1.3 Activity Assay of MTSL-labeled YopOss-729

To exclude large-scale structural perturbation of YopO upon spin-label attachment, the
autophosphorylation capability of MTSL-labeled YopO in the presence of G-actin was
investigated.®3% For this purpose, MTSL-labeled YopO was incubated with G-actin in the presence
of ATP and the phosphorylation of YopO was visualized using the phospho-residue sensitive
Pro-Q™ Diamond stain (Figure 38).
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Figure 38: Activity assay of MTSL-labeled YopO constructs. Samples were loaded onto 10% polyacrylamide

gels and stained with Pro-Q™ (top row, negative image) to visualize phosphorylated proteins and

subsequently with Coomassie stain (bottom row) for visualization of total protein content. The lanes

indicated with a (+)-sign contain G-actin while the lanes indicated with a (—)-sign are negative controls in
the absence of G-actin. The lanes containing milk powder serve as positive controls.

Coomassie stain
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In the absence of actin (lanes indicated by (-)-sign), only a weak band at 70 kDa is observed in the
Pro-Q™ stain, presumably caused by low emission activity of unphosphorylated YopO at the
detection wavelength. Samples containing G-actin (lanes indicated by (+)-sign) show a significantly
stronger band at 70 kDa in the Pro-Q™ stain, hence indicating autophosphorylation capability of
all tested YopO constructs. Notably, besides the autophosphorylation of YopO, the additional
phosphorylation of G-actin was observed in all cases, hence prompting the assumption that G-
actin is another substrate of the YopO kinase. In both gels, milk powder served as a positive control
as it contains the highly phosphorylated proteins a- and B-casein (~24-28 kDa). As subsequent
Coomassie-staining of the same gels revealed an equal amount of YopO in all lanes, the stronger
bands in the Pro-Q™ stain must indeed have been caused by phosphorylation of YopO. Based on
the above observations, MTSL-labeling at the chosen sites does not change the
autophosphorylation behavior of the various YopO mutants compared with YopO-wt and large-
scale structural perturbations can be excluded.

3.1.4 PELDOR Measurements and Data Analysis

In prospect of the following ring test, 50% v/v deuterated ethylene glycol as a cryoprotectant was
added to the mother batches of the four MTSL-labeled YopO constructs before aliquoting and
flash-freezing in liquid nitrogen for transport on dry ice to the participating laboratories. All
laboratories were asked to perform four-pulse PELDOR experiments at Q-band frequencies using
rectangular pulses and to analyze the data by Tikhonov regularization as implemented in
DeerAnalysis.

The in-house PELDOR experiments and validations were conducted together with Tobias Hett and
Dinar Abdullin. The pump pulse was applied at vg = 33.7 GHz at the maximum of the notroxide
spectrum while the detection pulses were applied at the frequency v, set 80 MHz below vg
(Figure 39a). For each sample, the optimal pump pulse length was determined by a transient
nutation experiment (1, — T — /2 — T — ™ — T — echo) to achieve maximum inversion of the
Hahn echo (Figure 39b). In the PELDOR experiment, the initial time value of the interpulse delay
T, was set to the first maximum of the two-pulse ESEEM trace (Figure 39c) and deuterium ESEEM
was suppressed by nuclear modulation averaging.?*?!
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Figure 39: Exemplary field-swept EPR spectrum, transient nutation, and two-pulse ESEEM trace of
YopO V599R1/N624R1. a) Field-swept EPR spectrum with field indications for the pump (red) and observer
(blue) pulses. The signal marked by an asterisk is an endogenous signal of the EPR quartz glass tube.
b) Three-pulse nutation experiment with the time point of the maximal echo inversion (16 ns) highlighted
by a red arrow. c) Two-pulse ESEEM trace with visible deuterium oscillation and the initial 7; offset marked
by a red arrow.

As showcased on the example of YopO V599R1/N624R1 (Figure 39a-c), the typical field-swept
nitroxide EPR spectrum was obtained. Fitting of the two-pulse ESEEM trace (Figure 39c) of this
construct using eq. 20 gave a phase memory time T, of 4.7 ps, which confirms the efficient
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deuteration of the sample and allows for long dipolar evolution times in the subsequent PELDOR
experiment. Four-pulse PELDOR traces with the standard pulse sequence /2 (v4) — 7, —
T(vy) — (1, +t) —m(vg) — (t, — t) — mw(v,) — echo were recorded at 50K. The dipolar
evolution time was chosen such that at least 1.5 oscillations of a given distance-dependent
modulation frequency were resolved (Figure 40a-d). A detailed summary of the individual setup
parameters for all YopO constructs is given below (Table 4).
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Figure 40: Four-pulse PELDOR time traces of YopO S585R1/Q603R1 (a, green), YopO V599R1/N624R1
(b, orange), YopO Y588R1/N624R1 (c, magenta), and YopO S353R1/Q635R1 (d, cyan). The black dashed line
in each panel corresponds to the homogenous 1.04 (a) or three-dimensional (b-d) background functions
obtained by DeerAnalysis2019.

Table 4: Four-pulse PELDOR setup parameters for the four MTSL-labeled YopO constructs.

Parameter YopO YopO
S585R1/Q603R1 Y588R1/N624R1
(m/2),4 16 16 12 16
4 (Ns) 32 32 24 32
g (ns) 14 14 16 16
74 (ns) 232 232 260 232
T, (ns) 4,000 5,500 12,000 9,000
At (ns) 4 8 16 16
SRT (ms) 4 4 4 4
sppla! 10 10 10 10
No. of averages 33 124 517 59

[a]: Shots per point.
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For all samples, time traces with a modulation depth A between 26% (YopO S585R1/Q603R1) and
36% (YopO V599R1/N624R1) were obtained (Table 5). This is in good agreement with the
expected modulation depth A of 0.3-0.5 for homogenously distributed biomolecules with a
labeling efficiency A close to 100% at Q-band frequencies when pumping at the maximum of the
nitroxide spectrum.%°! Only for the YopO S585R1/Q603R1 construct, where a lower-dimensional
(1.04) background function was required to yield a reasonable background decay function, the
modulation depth was slightly lower than the expected value. This is presumably caused by the
short interspin distance of the two nitroxide centers leading to a steeper decay of the background
function at the start of the time trace, which is insufficiently described by the commonly applied
homogenous three-dimensional background function. The SNR of the traces was calculated as the
ratio between the modulation depth A as a measure of the signal intensity and the standard
deviation of the imaginary channel after phase correction as the noise level agy. Only for
YopO S353R1/Q635R1, where the noise levels between the real and imaginary parts of the
guadrature signal differed strongly, the SNR was calculated as the standard deviation of the time
trace and the Tikhonov fit. For all time traces, an SNR well above 100 (Table 5) was obtained with
the lowest SNR of 144 corresponding to YopO S353R1/Q635R1 as a result of an imperfect fit at
the end of the time trace.

Table 5: Modulation depth A and SNR of the various time traces in Figure 40.

Parameter YopO YopO
S585R1/Q603R1 Y588R1/N624R1
A 26 36 31 35
SNR 474 721 355 144

Except for YopO S353R1/Q635R1, the time traces show visible oscillations after the initial decay
and a varying extent of oscillation damping. For YopO S585R1/Q603R1, the initial oscillation is
rapidly damped as the short interspin distance is close to the accessible lower limit of
PELDOR, 613621 \whereas the spin pairs V599R1/N624R1 and Y588R1/N624R1 exhibit multiple
prominent oscillation periods. Distance distributions were obtained by analyzing the time trace
with DeerAnalysis using Tikhonov regularization with the respective background functions shown
in Figure 40. In each case, a regularization parameter a close to the intersection of the L-curve (L-
curve corner criterion) was chosen. The uncertainty of the resulting distance distribution was
assessed using the implemented validation tool of DeerAnalysis (Figure 41). The complete analysis
by DeerAnalysis (Backgrounds, fits, L-curves, and distance distributions) is given in the appendix
(Section 6.1, Figure A4).
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Figure 41: Distance distributions of (a) YopO S585R1/Q603R1 (green), (b) YopO V599R1/N624R1 (red), (c)
YopO Y588R1/N624R1 (purple), and (d) YopO S353R1/Q635R1 (blue) obtained by Tikhonov regularization
in DeerAnalysis. The colored areas in each panel correspond to the DeerAnalysis validation while the grey-
shaded areas correspond to the distance distributions derived in silico by mtsslWizard using the PDB-
ID 2h70 (a-c) or 4ci6 (d) as a template (rotamer clash treatment: loose).

For all spin pairs residing on the a-helical GDI-backbone of YopO (Figure 41a-c), rather narrow
distance distributions with a full width at half maximum (FWHM) ranging from 7.3
(YopO S585R1/Q603R1) to 9.5 A (YopO V599R1/N624R1) are obtained by Gaussian fitting. These
results suggest a rather rigid a-helical backbone structure. In these three cases, the distance
distributions derived experimentally match well with the in silico predictions of mtssIWizard using
the apo crystal structure of the YopO GDI domain (PDB-ID 2h70) as a template structure, albeit
the most probable distances are shifted slightly to shorter distances. Notably, the distance
distribution obtained from YopO 599R1/N624R1 does not have the shape of a single Gaussian as
the in silico prediction for this construct, but two separate peaks. Whether this bimodality
originates from two distinct conformations of the a-helical backbone of YopO present in solution,
namely a straight a-helix similar to the crystal structure of the apo protein (PDB-ID 2h70) and a
bent a-helix as observed for the YopO-actin complex (PDB-ID 4ci6), or two subsets of preferred
label orientations is not clear at this point. To a lesser extent, the same phenomenon can be
observed for YopO S585R1/Q603R1 but here, the two peaks are not distinctly separated but
merge due to their width and create a longer-distance shoulder in the main peak of the
distribution.

In strong contrast to the first three YopO mutants with well-defined interspin distances,
YopO $353R1/Q635R1 shows a significantly broader distribution spanning from 16 A to 78 A
(Figure 41d). Here, the multitude of dipolar oscillations from different interspin distances in the
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ensemble result in destructive interference causing the previously described featureless time
trace (Figure 40d). The obtained results are similar to previous PELDOR measurements on the
same mutant that, in conjunction with SAXS experiments, revealed a high flexibility between the
kinase domain harboring the labeling site S353R1 and the GDI domain with the labeling position
Q635R1 located at the lower end of the GDI domain.33%

The PELDOR time traces provided by the participants of the ring test (Figure 42) showed only
minor differences within the respective subset of a constructs and to the in-house measurements
(Figure 40), as is expected for samples from the same mother batch. While the background decays
within a subset are almost identical as evident from their nearly parallel shape, variations between
the individual laboratories and experiments arise in terms of modulation depth which ranges from
19% obtained for YopO S353R1/Q635R1 from Lab D (blue, Figure42d) up to 48% for
YopO Y588R1/N624R1 by Lab B (magenta, Figure 42c). These differences stem from slight
deviations in the different experimental setups such as the pump pulse length and resonator type
as well as individually different estimates of the background functions.*?% A detailed description
of the individual setup parameters by the individual laboratories can be found in the primary
publication.>*
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Figure 42: Four-pulse PELDOR time traces of (a) YopO S585R1/Q603R1, (b) YopO V599R1/N624R1,
(c) YopO Y588R1/N624R1, and (d) YopO S353R1/Q635R1 provided by the ring test participants Lab A to F.
For clarity, the time traces are shifted on the ordinate axis. The black dashed lines in each panel correspond
to the homogenous three-dimensional background functions to the respective time traces provided by the
ring test participants.
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As expected for near-identical PELDOR time traces, the resulting distance distributions for a given

mutant agree well with each other (Figure 43).
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Figure 43: Distance distributions of (a)
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YopO S585R1/Q603R1, (b) YopO V599R1/N624R1,

(c) YopO Y588R1/N624R1, and (d) YopO S353R1/Q635R1 obtained by Tikhonov regularization in
DeerAnalysis provided by the ring test participants Lab A to F. The grey-shaded areas correspond to the

DeerAnalysis validations.
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For the mutants with the spin pairs residing on the a-helical backbone and defined inter spin
distances (Figure 43a-c), the 20-confidence interval of the averaged mean distances (r) (Gaussian
distribution obtained from DeerAnalysis) is below 1A, which is lower than the estimated
uncertainty of 3 A for rotamer modeling approaches.?>* While the overall distribution width for
each of these mutant-subsets is comparable, differences arise in the shape of the distance
distributions with some showing the previously observed distinct bimodality for
YopO V599R1/N624R1 (Lab B, C, E, and F) while in the distributions provided by Lab A and D, a
single distance peak with a more or less pronounced shoulder is observed. The same holds true
for the short-distance construct YopO S585R1/Q603R1 and even YopO Y588R1/N624R1 where in
contrast to the in-house distance distribution (Figure 38c), some distance distributions show a
splitting of the main distance peak (~50 A) into two distinct peaks (Lab B and F) while the
distributions of the other laboratories show a single main peak. These differences in the
distribution shapes can be attributed to the considerable differences in the respective L-curves
caused by the SNR and trace length of the individual PELDOR experiments. Depending on the
chosen regularization parameter a at the intersection of the L-curve, the distributions get either
smoothened (larger regularization parameter ) or “spikier” (smaller regularization parameter «).
In all cases and owing to uncertainties in the background separation, long-distance artifacts in the
distributions appear beyond 65 A (depending on the trace length) which in most cases are
sufficiently suppressed by the subsequent validation, except for YopO S353R1/Q635R1 where the
background estimation of the featureless time traces causes difficulties.

Besides the two-step analysis (background elimination followed by distance extraction) via
Tikhonov regularization discussed above, all data sets were additionally subjected to analysis by
the neural network DEERNet 2.0,%! by one-step Tikhonov regularization with Deerlab utilizing
an automated regularization parameter selection,*?* by multi-Gaussian fitting with DD,2%* and
the ComparativeDeerAnalyzer implemented in DeerAnalysis2021, which compares neural
network and regularization results. Here, all tested approaches yielded similar results regarding
the obtained distance distributions while, on the other hand, varied substantially in the resulting
uncertainty estimates. While for DEERNet, the full variation of all distance distributions was not
governed by the individual uncertainty estimates, the opposite is true for the multi-gaussian DD-
analysis where the uncertainty estimates by far exceeded the distance variations. The deviations
in the individual distance distributions and uncertainty estimates are again related to differences
in the length of the time traces resulting in uncertainties of the background separation. A detailed
summary of the different analysis approaches and the corresponding distance distributions is

given in the supplementary information of the primary publication (Sl section $2).1354

3.1.5 Guidelines for Labeling, Sample Preparation, PELDOR Setup and Data Analysis
Ensuing the ring test and discussions among the participants, general guidelines on sample
preparation, PELDOR measurements, data analysis, and data deposition were proposed by the
authors. While a complete coverage of these guidelines is beyond the scope of this work, the
following section summarizes the guidelines on spin labeling, structural integrity assessment,
PELDOR measurements, and data analysis and interpretation, which are directly related to the
results presented above. The detailed guidelines can be found in the primary publication:
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(3541 0. Schiemann, C. A. Heubach, D. Abdullin, K. Ackermann, M. Azarkh, E. G. Bagryanskaya,
M. Drescher, B. Endeward, J. H. Freed, L. Galazzo, D. Goldfarb, T. Hett, L. Esteban Hofer,
L. Fabregas Ibafiez, E. J. Hustedt, S. Kucher, I. Kuprov, J. E. Lovett, A. Meyer, S. Ruthstein,
S. Saxena, S. Stoll, C. R. Timmel, M. Di Valentin, H. S. Mchaourab, T. F. Prisner, B. E. Bode,
E. Bordignon, M. Bennati, G. Jeschke, “Benchmark Test and Guidelines for DEER/PELDOR
Experiments on Nitroxide-Labeled Biomolecules”, J. Am. Chem. Soc. 2021, 143, 17875—
17890.

Spin labeling: In general, labeling of functional cysteine residues and buried cysteines
should be avoided to maintain enzyme activity, prevent structural perturbation of the protein,
and ensure high labeling efficiencies. Incubation of the protein with a reducing agent such as DTT
can help to cleave disulfide-bridged protein dimers and enhance the yield of the labeling reaction.
To avoid interference of the reducing agent with the labeling reaction, e.g., in the form of spin
label reduction, the reducing agent has to be completely removed before adding the spin label.
To achieve high labeling efficiencies, a spin label excess (10 to 20-fold per cysteine) should be
applied. However, as MTSL is usually dissolved in DMSO, the volume of spin label added to the
protein should not exceed 10% of the total incubation volume as DMSO can destabilize the protein
structure.3%>3%! After the labeling reaction, the excess spin label needs to be removed either by
column chromatography (e.g., desalting column) or by dialysis and the remaining free label should
not exceed 10% of the total spin concentration. The protein concentration should be determined
using UV-vis spectroscopy while spin label attachment to the protein and spin concentration
should be assessed by cw-EPR spectroscopy and spin-counting against an internal or external
reference. Correlation of the protein and spin concentration then yields the labeling efficiency,
which can additionally be confirmed using mass spectrometry. It is best practice to exclude
unspecific labeling of the wild-type POl and/or a cysteine-free construct of the POI at the chosen
labeling conditions.

Structural integrity: As the amino acid mutagenesis and label attachment can affect the
structure or interfere with the function of the protein, the structural and functional integrity of
the labeled protein should be controlled. If possible, functional assays of the enzymatic activity
are preferable. Additionally, alterations in the secondary and tertiary structure upon labeling can
be assessed, for example using circular dichroism (CD) spectroscopy, UV-vis melting curves, or
SAXS curves against the wild-type POl reference.

Sample preparation: To prevent the formation of ice crystals and avoid protein
aggregation leading to local clusters of high spin concentration, a suitable cryoprotectant that is
known not to interfere with the protein structure such as glycerol or ethylene glycol should be
added to the sample before freezing. Usually, 10-50% cryoprotectant (v/v) is sufficient for glass
formation.'>! To prolong the phase memory time T}, and thereby enhance the resolution and
accessible distance range in the PDS measurement, both the solvent and the cryoprotectant
should be deuterated.!"'2%3] For investigation of distant spin pairs (above 100 A), the additional
deuteration of the protein can significantly enhance T), and expand the accessible-distance
limit.**>%1¢ For a high-power (150 W) Q-band setup, a good SNR can be achieved at a spin
concentration of 20-50 UM within a reasonable time frame (<12 h). In the case of heterogeneously
dispersed samples such as aggregates, fibrils, and proteins embedded in membranes or
membrane mimetics, diamagnetic dilution with unlabeled proteins can enhance Tj, due to a
reduction of instantaneous diffusion mechanisms by electron-electron interactions.[%>7! |n
addition, diamagnetic dilution can be used to disentangle intra- from inter-molecular
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contributions to a distance distribution.®”! For soluble samples, a final centrifugation step to
remove any precipitates that might cause artifacts in the PELDOR experiment is recommended
before transferring the sample into the EPR tube and flash-freezing.

PELDOR measurement: The given PELDOR parameter guidelines aim for a high-power
(150 W) Q-band spectrometer setup and nitroxide labels. Measurements should be set up at 50 K,
as higher temperatures significantly reduce the phase memory time and thus the obtainable
distances. An offset of 80-100 MHz between the pump (length: 12-16 ns) and the observer (length:
12-32 ns) pulses is ideal to minimize pulse overlap. The SRT should allow >80% of the echo
amplitude to recover (~5 ms at 50 K). The interpulse delay 7; must exceed the dead time of the
spectrometer (typically ~150-200 ns) and should be in the regime of 260-400 ns, which provides a
good compromise between the Ty,-related echo decay and a negative time t before the maximum
of the PELDOR trace to reliably determine the zero-time t,. To counter ESEEM effects, nuclear
modulation averaging (8 or 10 steps) should be performed with the incrementation interval At,
which is given by the inverse of the observed ESEEM frequency divided by the number of
modulation-averaging steps. In addition, a phase cycle to eliminate receiver baseline offsets and
unwanted echoes should be applied. The time interval 7, is limited by T, and should ideally be
maximized so that as many oscillation periods as possible can be recorded. For reliable
guantification of the mean distance, at least one period of the slowest dipolar oscillation must be
resolved while for a meaningful interpretation of individual features in a distance distribution, two
or more oscillations of the lowest dipolar frequency need to be resolved. To exclude potential
aliasing effects of high-frequency oscillations in the time trace, a time increment At of 8 or 12 ns
between the individual data points is suggested and it should not exceed 32 ns as this complicates
the reliable determination of t,. The window for echo integration should be centered at the echo
maximum with a length comparable to the observer m-pulse.

Data analysis: Owing to its mathematically ill-posed nature, the PELDOR data processing
workflow gives room for subjective decision-making and user bias. Although the two-step
approach of background elimination followed by distance determination is the most popular and
widely applied method for PELDOR data analysis to date, in consideration of the availability of
novel, automated single-step analysis workflows such as DEERNet or DeerlLab, the two-step
approach is discouraged due to its susceptibility for subjective decision-making. Independent of
the analysis software used, users must check that the input data complies with the Kernel matrix
used by the software. Assumptions of the standard Kernel are a dilute spin pair A-B, the absence
of orientational effects and exchange coupling, as well as only weak overlap of the excitation
profiles of observer and pump pulses. The signal-to-noise ratio of a PELDOR trace should be
estimated using either the standard deviation of multiple individual PELDOR scans recorded on
the same sample, the deviation from a good fit to the time domain, or, in the case of low phase
drift and noise, as the root-mean-square amplitude of the imaginary part after phase correction.
Distance distributions should be validated and the uncertainty of the distribution stated in the
form of a 95% confidence interval. As the validation does not necessarily include model bias of
the utilized software, comparison of the results of two or more different analysis approaches is
encouraged.

Distance interpretation: The shape and width of a distance distribution depends on
multiple factors such as the conformational flexibility of the spin label itself, the interaction of the
spin label with neighboring side chains and the protein backbone, and the intrinsic protein
heterogeneity and backbone dynamics. Disentangling these individual contributions to the
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observed distance distribution is vital for data interpretation and conclusions on the underlying
biomolecular structure and/or mechanistic insights. Hypothetic models and structures can be
validated either by in silico labeling using rotamer libraries such as MMM or mtssIWizard®>?,
or molecular dynamics approaches such as CREST/MD® %! and comparison of the distance
restraints derived in silico with the distance distributions obtained experimentally.

Most experimentally encountered distance distributions can be classified as one (or a
combination) of five individual cases (Table 6). For each of these cases, in addition to the
characteristic features of the distance distribution, a rudimental interpretation guideline is
provided.%4

Table 6: Most common experimental distance distributions and their interpretation.

Case 1 Case 2 Case 3 Case 4 Case 5
Shape characteristics
Unimodal . Unimodal . I?nqual anodal
Unimodal Distinguishable Main peak and
(\F/\(;:\ml\r;larr;\gl) FWHM = 10 A F(x:rl\\;l brogg)A peaks with shoulder with
< >z Ar>10A Ar>10A
Interpretation
* Rare case PDB model * Biological repeat * Check rotamer * Can be difficult
* Orientational available? to rule out approach with to interpret
effects? Yes aggregation two models if * Two backbone
* Motion of spin ¢ [f the rmsd of * Protein available conformations?
label is hindered Toxp VS Tsim IS dynamics are * Biophysical * Anisotropy of

* Changes difficult

to correlate to
protein motion

* Change of label
is advised

approx.2-3A >
Good correlation
¢ |f the rmsd of
Toxp VS Tsim 1S
>>10 A >
Poor correlation
Check: rotamer
library limitations,
second spin pair,

encoded in the
width

* Qualitative
analysis feasible

* Verify with other
biophysical
methods

* Change label

interpretation of
equilibria with
high confidence

* Change the
relative ratio of
the peaks by, e.g.,
ligand addition or
dilution

the frozen label
rotamers?

* Biological
and/or technical
repeats preferred,
confirm with
second spin pair,
change label

* Combine with

other biochemical
information

MD simulations,
change label

NO

* Use as distance
restraint for
model
development

According to the scheme presented in Table 6, the ring test constructs can be classified as follows:
YopO $585R1/Q603R1 with a near-Gaussian shape and a FWHM of ~7 A is an example of case 2.
YopO V599R1/N624R1 showed a bimodal distance distribution for almost all analysis variations
with a peak-to-peak distance difference Ar below 10 A, therefore matching the criteria of case 5.
As YopO Y588R1/N624R1 showed a bimodal distribution only in certain cases (see Figure 43,
Lab B, C, and F), sometimes as two separate peaks and sometimes as a shoulder-like feature, while
in other cases yielded a unimodal distribution with a FWHM of ~11 A, this construct is borderline
of the cases 2 and 5. As there are two structural models for the a-helical backbone conformation
of YopO (Figure A5), additional experiments and repeats are mandatory for YopO V599R1/N624R1
and YopO Y588R1/N624R1 to disentangle individual contributions of, e.g., different protein
conformations and label conformers, to the distance distribution. On the other hand,
YopO S353R1/Q635R1 is a prime example of a case 3 distance distribution with a width by far
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exceeding 20 A. As biological repeats and complementary SAXS scattering experiments have
demonstrated, the broad distribution is the result of high flexibility between the kinase and the
GDI domain in the absence of G-actin.*3?
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3.2 Site-directed Spin Labeling of Proteins with Maleimide-Functionalized
Trityl Spin Labels and their Application in PDS-EPR

Parts of this chapter have been published in:

;3701 J.J.Jassoy, C. A. Heubach, T. Hett, F. Bernhard, F. R. Haege, G. Hagelueken, O. Schiemann,
“Site Selective and Efficient Spin Labeling of Proteins with a Maleimide-Functionalized
Trityl Radical for Pulsed Dipolar EPR Spectroscopy”, Molecules 2019, 24, 2735.

(3711 N. Fleck, C. A. Heubach, T. Hett, F. R. Haege, P. P. Bawol, H. Baltruschat, O. Schiemann,
“SLIM: A Short-Linked, Highly Redox-Stable Trityl Label for High-Sensitivity In-Cell EPR
Distance Measurements”, Angew. Chem. Int. Ed. 2020, 59, 9767-9772.

(3721 N. Fleck, C. Heubach, T. Hett, S. Spicher, S. Grimme, O. Schiemann, “Ox-SLIM: Synthesis of
and Site-Specific Labelling with a Highly Hydrophilic Trityl Spin Label”, Chem. Eur. J. 2021,
27,5292-5297.

(3731 K. Ackermann, C. A. Heubach, O. Schiemann, B. E. Bode, “Pulse Dipolar Electron
Paramagnetic Resonance Spectroscopy Distance Measurements at Low Nanomolar
Concentrations: The Cu"-Trityl Case”, J. Phys. Chem. Lett. 2024, 15, 1455-1461.

As highlighted in section 1.3.2.2, the spectroscopic and chemical characteristics of trityl-type spin
labels make them highly desirable for challenging EPR studies such as in-cell experiments where
other spin label classes fail to fulfill the demand for high redox stability and high signal intensity.
Initial attempts to reproduce and transfer the spin-labeling protocol designed by Jassoy et al. for
Cytochrome P450 CYP1011** to YopOse79 double-cysteine mutants using the
methanethiosulfonate linked MTS-TSL 1 (Figure 44) failed due to the aforementioned difficulties
in free-label separation and, additionally, strong over-labeling of YopO was observed.?>”! In
foresight of potential in-cell applications, Jassoy and co-workers synthesized the novel,
maleimide-functionalized trityl spin-label Mal-TSL2e (Figure 44), whose maleimide
bioconjugation group is suitable for applications within a reductive environment
(see section 1.3.1).

MTS-TSL 1 Mal-TSL 2¢

Figure 44: Chemical structures of MTS-TSL 1¢ (left) and Mal-TSL 2e (right)

The main goal of this project was to develop an efficient and reproducible spin-labeling protocol
for trityl spin labels that complies with the community-approved guidelines on SDSL presented in
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section 3.1.5. The following sections summarize the results and discussion on the development of
the spin-labeling protocol and the subsequent applications of the labeled proteins for EPR studies.

3.2.1 Comparison of Methanethiosulfonate- and Maleimide-functionalized Trityl Spin
Labels

Despite the evidence that the Finland trityl shows high aggregation tendencies at concentrations
above 60 uM,?7%! all literature-reported protein spin-labeling procedures using trityl spin labels
worked with higher concentrations (100-1500 uM)[164273.277.3741 axceeding the critical self-
aggregation concentration of the Finland trityl. To verify whether the reported over-labeling and
inseparability of excess label originates from hydrophobic interactions of the trityl with non-polar
regions in the protein or whether it is caused by self-aggregation of the spin label due to high
concentrations during the labeling process, it was tested if labeling reactions conducted at
concentrations below the 60 uM self-aggregation threshold of the Finland trityl can facilitate the
separation of excess label.

As an initial setup, the cysteine-free YopO-wt was incubated with the two trityl spin labels
MTS-TSL 1¢ and Mal-TSL 2¢ and, as an additional reference, with Finland trityl to exclude any
effects on excess-label separation related to the bioconjugation groups of 1 and 2e. Since the
YopO-wt does not possess any bioconjugation site for the two spin labels, none of the three
incubations should show remaining trityl remnants after label removal via SEC. To disfavor
competing lysine-labeling reactions and deactivation of the maleimide moiety by hydrolysis in
2¢,[193194] the incubations were carried out in phosphate buffer at pH = 6.8. While a 20-fold molar
excess per cysteine was employed to achieve high labeling efficiencies in the previously described
MTSL-labeling scheme (see section 3.1.2), this approach is unfeasible for trityl labeling owing the
self-aggregation tendencies; thus, only a 10-fold molar excess of trityl per YopO-wt was employed.
The trityl stock solutions (in DMSO) were pre-diluted in 2.5 mL phosphate buffer to a
concentration of 84 uM before addition to the protein solutions (20 nmol in 3.5 mL), resulting in
final incubation concentrations of 35 uM trityl and 3.5 UM YopO-wt. After an incubation period of
16 h at 4 °Cin the dark, the excess label was removed via SEC using a benchtop PD-10 column. To
not exceed the column capacity, the labeling incubations were split into three fractions (2 mL
each) and run successively over the SEC column to avoid insufficient trityl removal. After SEC
separation, the protein-containing fractions were collected, concentrated to approximately 5 uM,
and analyzed by UV-vis and cw-EPR spectroscopy (Figure 45).
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Figure 45: UV-vis and cw-EPR spectra of the YopO-wt incubations recorded after separation of excess trityl.
a) Normalized UV-vis spectra of the YopO-wt incubations with Finland trityl (blue, top), MTS-TSL 1 (red,
middle), and Mal-TSL 2¢ (green, bottom) after excess label separation via SEC and the respective pure trityl
species at a concentration of 20 uM in phosphate buffer (black) as a reference. UV-vis spectra were
recorded on a Cary100 UV-vis spectrometer. b) Corresponding X-band cw-EPR spectra with the color-code
adapted from (a) and the pure trityl spin label in phosphate buffer (20 uM) underlying as a reference (black
dashed lines). Spectra were recorded on a Bruker EMXnano spectrometer. Measurement settings: 9.6 GHz
microwave frequency, 6.310 mW microwave power, 100 kHz modulation frequency, 0.1 G modulation
amplitude, 20.48 ms time constant, 428 pts/mT.

According to the UV-vis and cw-EPR spectra, the low concentrations utilized in the labeling
incubations allowed successful separation of Finland trityl and Mal-TSL 2¢ from the protein via SEC
as indicated by the absence of the characteristic trityl UV-vis absorbance band at ~467 nm and the
absence of an EPR signal (Figure 45a+b, blue and green curves). In strong contrast, even the low-
concentration setup did not result in a successful and quantitative separation of MTS-TSL 1 from
the protein fraction. Here, the UV-vis spectrum after SEC showed a strong absorbance in the
~467 nm fingerprint region of 1¢ alongside a significantly broadened EPR spectrum compared to
free 1 in phosphate buffer (Figure 45a+b, red and black curves). In addition to the UV-vis and
cw-EPR characterization, the incubation sample of YopO-wt with 2¢ was analyzed via ESI(+)-MS to
check for potential unspecific, covalent attachment of 2¢ to any of the 35 lysine residues present
in the YopO-wt (Figure 46).
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Figure 46: Deconvoluted high-resolution ESI(+)-MS of YopO-wt incubated with Mal-TSL 2e. Calculated mass
of unlabeled YopO-wt: 71,108 Da, found: 71,207 Da. The ESI(+)-MS spectrum was recorded and
deconvoluted by the CECAD mass spectrometry facility in Cologne using a Q-Exactive Plus Orbitrap
spectrometer. The raw spectrum is shown in the Appendix (Figure A6).

Here, no signs of unspecific lysine labeling were found and only one intense mass peak
corresponding to the unlabeled YopO-wt was observed, which highlights the compatibility of the
chosen labeling conditions with a slightly acidic pH of 6.8 towards a high lysine abundance.

To rationalize the contrary behavior of 1® and 2 concerning the excess label removal, both labels
were subjected to additional chemical stability and aggregation studies (Figure 47). For the
stability studies executed by Florian Haege in the context of his Master thesis,*”*! both labels were
diluted in PBS buffer with and without a 25-fold molar excess of the reducing agent sodium
ascorbate, sealed in gas-tight in glass capillaries, and their cw-EPR spectra were monitored for
21 h. Here, Mal-TSL 2¢ showed the expected behavior: In the PBS buffer, no signal decay was
observed as indicated by the constant double-integral, whereas the label constantly degraded in
the presence of 5 mM ascorbate to ~60% of the initial double-integral of the EPR spectrum after
21 h (Figure 47a). In strong contrast, even in PBS buffer without ascorbate, the double-integral of
MTS-TSL 1¢ decayed rapidly to ~60% of its initial value within the first 6 h before reaching a
plateau and remaining constant for the rest of the experiment (Figure 47b). Over the same period,
the linewidth of the EPR signal decreased from 0.03 mT to 0.024 mT (data not shown).3’® These
findings hint towards the oxygen-depleting generation of diamagnetic trityl anions involving the
methanethiosulfonate motif, which stops after all oxygen in the sealed capillary has been
consumed.7® n the presence of 5 mM ascorbate, the signal decay does not show the same linear
trend as for 2¢ but rather an exponential depletion of the signal with the double-integral value of
1e¢ already halved after 5 h. These experiments demonstrate the enhanced redox stability of 2
compared to 1¢, which is especially beneficial for potential in-cell applications.

To test whether MTS-TSL 1¢ shows the previously observed aggregation tendency (see Figure 45)
even in the absence of proteins, both labels 1® and 2® were incubated at a final concentration of
25 uM in phosphate buffer for 16 h at 4 °C under the exclusion of light. Subsequently, samples
were concentrated, transferred into glass capillaries, and cw-EPR spectra were recorded
(Figure 47c+d). While Mal-TSL 2 again showed no unexpected behavior and a narrow-line EPR
spectrum indicative of free trityl was obtained (Figure 47c), the cw-EPR spectrum of MTS-TSL 1e
was significantly broadened (Figure 47d, red line), similar to the incubation with protein
(Figure 45). As MTSL can form disulfide-bridged bis-nitroxides in solution over time,°%
conclusively MTS-TSL 1@ can potentially show the same behavior. Hence, the signal-broadening
may be related to disulfide-bridged bis-trityls formed during the incubation. This was tested by
irradiation of the same sample with UV light (A = 254 nm) to cleave the disulfide bridges of the
bis-trityls and notably, after UV irradiation, the narrow single-line EPR spectrum of free MTS-TSL
1¢ in aqueous solution was regained. The total number of spins determined by quantitative EPR
spin-count was the same as before the incubation and irradiation (Figure 47, black line). This is a
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clear indication of the previous presence of disulfide-bridged bis-trityls and their cleavage upon
UV irradiation.
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Figure 47: Stability and aggregation studies of Mal-TSL 2® and MTS-TSL 1e. a+b) Normalized X-band cw-EPR
signal double-integral values of 200 uM Mal-TSL 2¢ in PBS (a, green) and PBS containing 5 mM ascorbate
(a, teal) or MTS-TSL 1¢ in PBS (b, red) and PBS containing 5 mM ascorbate (b, orange) placed in gas-tight
glass capillaries. Spectra were recorded on a Bruker EMXmicro spectrometer. Measurement settings:
9.6 GHz microwave frequency, 0.558 mW microwave power, 100 kHz modulation frequency, 0.1 G
modulation amplitude, 20.48 ms time constant, 1000 pts/mT. c+d) X-band cw-EPR spectrum of Mal-TSL 2e
(c, green) and MTS-TSL 1 (d, red) after incubation in phosphate buffer for 16 h at 4 °C in the dark and
MTS-TSL 1e after irradiation with UV light (A = 254 nm) for 10 min (d, black). Spectra were recorded on a
Bruker EMXnano spectrometer. Measurement settings: 9.6 GHz microwave frequency, 6.310 mW
microwave power, 100 kHz modulation frequency, 0.1 G modulation amplitude, 20.48 ms time constant,
428 pts/mT.

Considering the results displayed and discussed above, the application of methanethiosulfonate-
functionalized trityl spin labels such as MTS-TSL 1 requires great caution and is generally
discouraged due to their apparent shortcomings such as difficult excess label separation, dimer
formation, and inferior redox properties. Hence, the following development of a trityl-based spin-
labeling protocol specifically focused on maleimide-functionalized trityl labels such as Mal-TSL 2e,
which showed promising traits for site-selective labeling in the initial studies.

3.2.2 Spin-Labeling Protocol for Maleimide-Functionalized Trityl Spin Labels

3.2.2.1 UV-vis Calibration Curve and Extinction Coefficients of Mal-TSL 2

In the initial studies using the YopO-wt, a qualitative analysis of the UV-vis and cw-EPR spectra
was sufficient to prove efficient label separation. However, establishing good-practice guidelines
for SDSL of proteins requires a quantitative assessment of both, the protein and the spin label
present in the sample. As discussed in section 3.1.5, for MTSL this is usually achieved by UV-vis

69



concentration determination of the protein and subsequent quantitative EPR spin-count
experiments to obtain the spin label concentration, thereby yielding the labeling efficiency. This
approach is valid since the absorption of MTSL at 280 nm, the characteristic absorption
wavelength of proteins, is usually much smaller than that of the protein itself and hence can be
neglected. In contrast, owing their large conjugated r-system, trityls show an intense absorbance
peak in the region of 280 nm which cannot be neglected when determining protein concentrations
after trityl labeling. Therefore, UV-vis spectra must be deconvoluted to obtain the individual
contributions of both, protein and trityl label, to the total absorbance.

To obtain the extinction coefficients of Mal-TSL 2¢, a UV-vis dilution series in phosphate buffer
(pH 6.5) was recorded and the absorption values of the two maxima at 280 nm and 467 nm were
plotted and linearly fitted (Figure 48 + Table 7).
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Figure 48: UV-vis dilution series and calibration curves of Mal-TSL 2e. a) UV-vis spectra of Mal-TSL 2¢ in
phosphate buffer (pH 6.5) at concentrations ranging from 50 uM to 2.5 uM recorded on a Cary100 UV-vis
spectrometer (cuvette pathlength 1 cm). b) UV-vis absorption values at 280 nm (blue) and 467 nm (orange)
from (a) plotted against the concentration and the respective linear fits.

Table 7: Linear equations of the fitting curves shown in Figure 48b according to the Beer-Lambert Law.

Wavelength Linear equation
280 nm (1) Aygo = 0.0193%‘; [2¢]-1(~1.725-10"*a.u.)
467 nm () Aggr = 0.0075% [2¢]1(—4.604-10"*a.u.)

According to the Beer-Lambert Law ( A = ¢€; - ¢ - 1), the extinction coefficients correspond to the
slope of the respective lines and were determined after linear fitting of the respective curves to

&80(2°) = 0.0193 fl—I; and g447(2°) = 0.00755—11\1/]1 for Mal-TSL 2e. The extinction coefficients can

subsequently be used to quantify the protein-to-label ratio of a labeling experiment via UV-vis
using the following workflow:

1. From the absorption at 467 nm, the concentration of 2¢ can be determined using the
Beer-Lambert Law and €44,(2°) = 0.0075 i—ﬁ

2. Knowing the concentration of 2¢, the contribution of the trityl label to the total absorption
at 280 nm can be estimated using £;57(2¢) = 0.0193 ﬁ—ﬁ
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3. The remaining absorption at 280 nm can then be attributed to the protein and its
concentration calculated using &,5,(protein).

As a slight bathochromic shift of the local absorbance maximum at 467 nm and small spectral
deviations of 2¢ upon bioconjugation were observed (see section 3.2.2.3), not the exact
wavelength absorbance but rather the maxima of the absorbance peaks in the region of ~467 nm
and ~280 nm (maximum-peak method) were used for the workflow presented above in
combination with the extinction coefficients determined herein.

3.2.2.2 Spin-Labeling Protocol for Mal-TSL 2¢

To develop a general labeling procedure for maleimide-functionalized trityl spin labels, various
reaction conditions and work-up procedures were screened using YopO double-cysteine mutants
with highly accessible surface cysteines (YopO S88C/L113C and YopO L113C/L252C, previously
prepared by Fraser Duthie). For each condition, the criterion for successful labeling was the
trityl-to-protein ratio after SEC determined by UV-vis spectroscopy using the previously described
guantification routine (data not shown). The following aspects turned out to be crucial for
successful SDSL using Mal-TSL 2e:

(a) Before SEC-separation of the excess label from the labeled protein, the trityl
concentration during the labeling process has to be kept at 35 UM or below. Otherwise,
aggregates of 2¢ are formed that exceeded the molecular weight cut-off (MWCO) of the
PD-10 benchtop SEC columns employed here and eluted alongside the high molecular
weight fraction containing the protein.

(b) Atthe expense of prolonged incubation times (16 h), labeling reactions performed best at
slightly acidic buffer conditions (pH 6.5 — 6.8) and low temperatures (4 °C). At pH values
above this threshold or alkaline conditions, increased trityl-to-protein ratios indicating
undesired lysine labeling were observed.®* Surprisingly, attempts to increase the
reaction rate and labeling efficiencies using elevated temperatures had the contrary effect
of lowered trityl-to-protein ratios, presumably caused by hydrolysis and thereby
deactivation of the maleimide-moiety of 2¢.[*3! While this competing process is usually
countered by employing high initial label concentrations, this option is impossible here
due to the aspects discussed in (a). In addition, agitation of the reaction tube to enhance
the homogeneity of the mixture during incubation led to the precipitation of the protein
evidenced by a green precipitate and cloudiness of the reaction solution.

(c) Separation of excess label via PD-10 SEC column worked best when the column was
loaded with less than 70 nmol of 2¢ (2 mL of a 35 uM solution). Higher trityl loads
surpassed the column capacity and led to insufficient separation of the low molecular
weight fraction containing 2¢ and the high molecular weight fraction of the protein.

The insights obtained from the screening experiments led to the final spin-labeling protocol for
Mal-TSL 2e:

The reduction and spin-labeling reaction is carried out in phosphate buffer (20 mM PO;, 50 mM
NaCl, pH 6.8). Immediately after TCEP-reduction of any disulfide-bridged protein dimers and
reducing agent removal via PD-10, a five-fold molar excess of 2 (dissolved in 2.5 mL phosphate
buffer) per cysteine is added to the protein (20 nmol in 3.5 mL, here: YopO) resulting in a total
volume of 6 mL containing 3.3 uM protein and 33 uM of 2e. Subsequently, the solution is gently
mixed and incubated for 16 h at4 °Cin the dark without agitation. The free excess label is removed
by loading 2 mL of the incubation solution onto a PD-10 desalting column followed by 500 pL of
phosphate buffer before elution with 3.5 mL of phosphate buffer. The protein-containing fraction
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is eluted and concentrated using a centrifugal concentrator with an MWCO appropriate for the
protein.

3.2.2.3 Spin-Labeling and Characterization of YopO labeled with Mal-TSL 2¢

To validate the general applicability of the spin-labeling protocol derived in section 3.2.2.2 and the
performance of 2¢ in pulsed EPR experiments, the two double-cysteine mutants
YopO S585C/Q603C and YopO V599C/N624C were labeled with Mal-TSL 2¢ (Figure 49a). Since the
GDI-backbone structure of YopO was assumed to be rather rigid (see section 3.1.4), the a-helix of
YopO was to serve as a “ruler” in assessing the performance of Mal-TSL 2¢ with in silico derived
mean distances of 32.5 A for YopO $585-2¢/Q603-2¢ and 40.5 A for YopO V599-2¢/N624-2¢
(Figure 49b).
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Figure 49: Labeling sites for Mal-TSL 2¢ and the corresponding in silico derived distance distributions. a)

Depiction of the YopOsg.729 GDI a-helix (PDB-ID 4ci6) with a schematic ball-and-stick representation of the

color-coded labeling positions S585-2¢/Q603-2¢ (brown) and V599-2¢/N624-2¢ (teal). Rotamer clouds were

generated with mtssIWizard (clash setting: loose). For clarity, only one conformer state is shown. b) In silico

distance distributions derived by mtsslWizard for the spin pairs shown in (a) using the same color code.

Both mutants were labeled following the aforementioned protocol (section 3.2.2.2). After the
incubation with Mal-TSL 2e, excess label separation, and concentrating, both samples were passed
over an additional SEC column (HiPrep™ 26/10) on an Akta Avant system. The characteristic
absorption of 2 at a wavelength of 475 nm was used to check for remaining free label (Figure 50).

a) b)
100 YopO V599-28/N624-2e 1004 YopO S585-2e/Q603-2e
. 80- — UV 280 —. 804 —Uuv 280
é‘ — UV 475 é —UVv475
< 601 < 601
i 9
§ 4 § 40
20- 20+
0 T T T . 0 T : T 3
0 20 40 60 80 0 20 40 60 80
Elution Volume (mL) Elution Volume (mL)

Figure 50: SEC chromatograms for the Ilabeling reactions of YopO V599-2¢/N624-2¢ and
YopO S585-2¢/Q603-2¢. a) Chromatogram of the HiPrep™ 26/10 run of YopO V599-2¢/N624-2¢ with the
absorption at 280 nm (blue) and 475 nm (green). b) Same as (a) but for YopO S585-2¢/Q603-2¢.

Both SEC elugrams showed only one absorption peak within the bed volume (53 mL) of the column
for both wavelengths. As the absorption peak was eluting at the same retention volume for both
wavelengths, a complete separation of free trityl 2® was achieved and the presence of trityl
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aggregates was ruled out. After SEC, the fractions showing UV-vis absorption were pooled and
concentrated for the determination of the labeling efficiencies via UV-vis (Figure 51). In addition
to the aforementioned quantification workflow (maximum-peak method), the UV-vis spectra of

the labeled proteins were fitted to the spectra of the unlabeled protein and Mal-TSL 2¢ according
to

[Exp] = (a-[YopO]l+ (1 —a)-[2¢])-b+c (eq. 24)

where [Exp] is the spectrum of the labeled protein, [YopO] and [2¢] are the reference spectra of
YopO-wt and Mal-TSL 2e, respectively, a is a weighting factor, b is a scaling factor, and ¢

corresponds to an offset-correction factor. The results of both quantification methods are
summarized in Table 8.
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Figure 51: UV-vis spectra of YopO-wt, free Mal-TSL 2¢, and the labeled proteins YopO V599-2¢/N624-2¢ and
YopO S585-2¢/Q603-2¢. a) UV-vis spectra of the YopO-wt and Mal-TSL 2¢ (in phosphate buffer) used as
reference spectra for eq. 24. b) Experimental spectrum of the labeled protein YopO V599-2¢/N624-2¢ (teal)
and the deconvolution fit (black) using eq.24 and the spectra in (a). ¢) Same as (b), but for
YopO S585-2¢/Q603-2¢ (brown). Note that the local absorbance maximum of 2e shifts from 467 nm to
475 nm upon bioconjugation. All spectra were recorded using a Cary100 UV-vis spectrometer.

Table 8: Concentrations of YopO and 2e in the labeled protein samples YopO V599-2¢/N624-2¢ and
YopO S585-2¢/Q603-2¢ (Figure 51b+c) determined via UV-vis using either the maximum-peak method or
deconvolution of the spectra according to eq. 24.

Sample Maximum-Peak Deconvolution
5.2 uM YopO 4.7 uM YopO
YopO V599-2¢/N624-2¢
op / 9.3 uM 2¢ 10.7 uM 2
4.6 uM YopO 3.9 uM YopO
YopO S585-2¢/Q603-2¢
P /a 9.1uM 2¢ 10.9 uM 2¢

Using the maximum-peak method, trityl-to-protein ratios of 1.8 : 1 corresponding to a labeling
efficiency of 90% in the case of YopO V599-2¢/N624-2¢ and of 2 : 1 for YopO S585-2¢/Q603-2¢
(100% labeling efficiency) were obtained, hence indicating quantitative labeling. Comparison with
the ratios obtained by deconvolution of the spectra using eq. 24 shows that the deconvolution
method yields slightly lower YopO concentrations and slightly higher Mal-TSL 2® concentrations
for both mutants. This result can be rationalized by the bathochromic shift of 2® upon
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bioconjugation causing the fit function to overestimate the trityl concentration to achieve a better
fit in the region above 300 nm. Hence, the maximum-peak method is expected to yield more
accurate concentrations and was used for all further labeling quantifications of trityl labelings.
Before rebuffering in deuterated PDS buffer, the labeled proteins were subjected to ESI(+)-MS to
check for covalent attachment of the spin label (Figure 52 + Table 9).
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Figure 52: Excerpts of the deconvoluted high-resolution ESI(+)-MS spectra of the labeled proteins
YopO V599-2¢/N624-2¢ and YopO S585-2¢/Q603-2¢. a) ESI(+)-MS spectrum of YopO V599-2¢/N624-2¢ with
the mass peaks corresponding to the unlabeled protein peak shown in black (A), and the singly- (B) and
doubly-labeled (C) proteins in teal. b) Same as (a) but the peaks corresponding to the labeled protein are
shown in brown. The ESI(+)-MS spectra were recorded and deconvoluted by the CECAD mass spectrometry
facility in Cologne using a Q-Exactive Plus Orbitrap spectrometer. The raw spectra are shown in the Appendix
(Figure A7).

Table 9: Calculated and experimentally found masses of the unlabeled and Mal-TSL 2¢-labeled YopO
constructs from the ESI(+)-MS spectra shown in Figure 52.

Sample Unlabeled (Da) Singly-labeled (Da) Doubly-labeled (Da)
Cale: 74,102 Calc: 74,225 Cale: 74,348
YopO V599-2¢/N624-2¢ Found: 72,101 Found: 74,225 Found: 74,348
Calc: 72,100 Calc: 73,223 Calc: 74,346
YopO $585-2¢/Q603-2¢ Found: - Found: 74,225 Found: 74,346

For both constructs, mass-peaks corresponding to the doubly-labeled proteins
(YopO V599-2¢/N624-2¢: 74,348 Da; YopO S585-22/Q603-2¢: 74,346 Da) were found in ESI(+)-MS
spectra. However, in both samples, mass peaks corresponding to singly-labeled YopO and, in the
case of YopO V599-2¢/N624-2¢, even unlabeled protein, were also observed. As this was
contradictory to the SEC and UV-vis results, samples were additionally subjected to MALDI(+)-MS
(see appendix, Figure A8), which also revealed non- and singly-labeled protein, but with strongly
varying intensities compared to the ESI(+)-MS spectra. Since both MS sample preparations
required acidic conditions (trifluoracetic acid), the detachment of the spin label via retro-Michael
reaction(**® (see Figure 18) and/or label detachment during the measurement process are the
most likely reasons for the herein observed under-labeling of both samples as compared to UV-vis
guantification. Consequently, the obtained labeling efficiencies are not reflected in the MS
spectra. Several attempts to avoid the acidic conditions during sample preparation failed. In
addition, for both trityl-labeled proteins, the SNR of the mass spectra is worse than for the
unlabeled protein (see Figure 46), therefore suggesting that the trityl-conjugation renders the

74



protein more labile and prone to precipitation. Hence, careful sample handling is required.
Notably, for both samples, the absence of peaks corresponding to three- or higher-fold labeled
species indicates the successful suppression of lysine-labeling under the chosen labeling
conditions but cannot be fully excluded to the aforementioned difficulties in sample preparation
and handling.

Additionally, cw-EPR spectra of both samples were recorded and simulated to check for the
immobilization of the spin label upon bioconjugation, to check for remaining free spin label, and
to quantify the trityl amount present in the sample by relative EPR spin-count against a reference
spectrum of 100 uM free Mal-TSL 2 (Figure 53 + Table 10). Simulations were performed by
Tobias Hett.

a) b) c)
free Mal-TSL 2e YopO V599-2e/N624-2e YopO S585-2e/Q603-2e
-=-- Sim. -=== Sim. ---- Sim.
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Figure 53: Room Temperature X-band cw-EPR spectra and simulations of free Mal-TSL 2e,
YopO V599-2¢/N624-2¢, and YopO S585-2¢/Q603-2¢. a) X-band cw-EPR spectrum of 100 uM free
Mal-TSL 2¢ in phosphate buffer (green) and the spectral simulation (black dashed line) obtained with
EasySpin. b) Same as (a) but for YopO V599-2¢/N624-2¢ (teal) at a protein concentration of 50 uM. ¢) Same
as (a) but for YopO S585-2¢/Q603-2¢ (brown) at a protein concentration of 50 pM. Spectra were recorded
on a Bruker EMXmicro spectrometer. Measurement settings: 9.6 GHz microwave frequency, 2.783 mW
microwave power, 100 kHz modulation frequency, 0.15 G modulation amplitude, 20.48 ms time constant,
670 pts/mT.
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Table 10: EasySpin[°® simulation parameters and spin-count for the cw-EPR spectra in Figure 53.

Sample Simulation parameter Spin-count

g =2.0034
Ac1=31.3 MHz
Acz,cg =25.3 MHz
AC4,C5 =6.8 MHz
Acs =9.4 MHz
Iwpp =(0.017, 0.018) mT

Free Mal-TSL 2e[® 100 uM (reference)

g =(2.0041, 2.0043, 2.0015)
A =30.8 MHz
Iwpp = (0, 0.035) mT
t=15ns

YopO V599-2¢/N624-2¢ 109 pM

g =(2.0036, 2.0058, 2.0005)
A=31.1MHz
Iwpp = (0, 0.031) mT
t=11ns

YopO S585-2¢/Q603-2¢ 95 uM

[a] Assignment of hyperfine coupling constants A to explicit *3C nuclei of the phenyl ring was done according
to Bowman et al.?>%

As a consequence of the spin label immobilization upon bioconjugation, the cw-EPR spectra of
both trityl-labeled proteins are broadened compared to the free label, but not to an extent
indicative of label aggregation (compare Figure 45b). In addition, no sharp features indicative of
remaining free label are observed and both spectra could successfully be simulated by a single
spin-species with an anisotropic g-tensor and an increased rotational correlation time 7 using the
“chili”-routine of EasySpin.['®® The obtained simulation parameters agree with literature-reported
values for immobilized trityls.[?>#267! The relative spin-count of both spectra against the 100 pM
reference of free 2® gave spin labeling efficiencies of 109% (YopO V599-2¢/N624-2¢) and 95%
(YopO S585-2¢/Q603-2¢), which is in good accordance to the previously obtained labeling
efficiencies determined by UV-vis spectroscopy (90% for YopO V599-2¢/N624-2¢; 100% for
YopO S585-2¢/Q603-2¢) and well within the error range of both methods.

In compliance with the community-approved guidelines for SDSL of proteins (section 3.1.5), the
functional and thus structural integrity of the trityl-labeled proteins was assessed by an auto-
phosphorylation assay of YopO in the presence of G-actin (Figure 54).
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Figure 54: Activity assay of the Mal-TSL 2e-labeled YopO constructs. Samples were loaded onto 10%
polyacrylamide gels and stained with Pro-Q™ (top row, negative image) to visualize phosphorylated proteins
and subsequently with Coomassie stain (bottom row) for visualization of total protein content. The lanes
indicated with a (+)-sign contain G-actin while the lanes indicated with a (-)-sign are negative controls in
the absence of G-actin.

Here, both trityl-labeled YopO constructs showed the reported auto-phosphorylation
capability®2#328 and a kinase-activity comparable to YopO-wt. Exact quantification of the activity
was not possible since the sample amount loaded onto the SDS gel and therefore the ProQ™ signal
was slightly lower for YopO S585-22/Q603-2¢, as apparent when comparing the corresponding
band intensities of the Coomassie stain.

As demonstrated by the two YopO constructs, the spin-labeling protocol for the maleimide-
functionalized spin label Mal-TSL 2 presented herein is reliably, and quantitative removal of the
excess spin label is achieved when working at low trityl concentrations. The obtained labeling
efficiencies (>85%) are significantly improved as compared to, e.g.,, butene-TSL (36%,
Figure 25).1%% Notably, a similar maleimide-functionalized trityl spin label with the only difference
being an amide- rather than an ester-motif connecting the (CH,),-maleimide bioconjugation group
to the trityl basal body was reported by Giannoulis et al. earlier in 2019.574 Using this amide-
derivative of Mal-TSL 2e, in the following referred to as Mal.m-TSL, to label double-cysteine
ubiquitin- and GB1-mutants, the authors employed alkaline labeling conditions (pH 8.5), a high
trityl concentration (600-1200 uM) in the labeling incubation, elevated temperatures (room
temperature) at the expense of a reduced reaction time (6 h) during the labeling reaction, and
rudimentary excess label removal via desalting column (a single PD-10 run). In addition to lysine
labeling observed in MALDI-TOF as a consequence of the alkaline labeling conditions, both protein
samples contained large amounts of free Mal.m-TSL (between 22% and 53% of the total trityl
amount) that could not be separated and resulted in a lower modulation depth in the reported
PDS time traces. These complementary results corroborate the importance of the employed
labeling conditions when using maleimide-functionalized trityl spin labels and hence the feasibility
of the spin-labeling protocol derived herein to yield high labeling efficiencies while simultaneously
removing excess free trityl remnants.

3.2.3 Pulsed EPR Experiments on Mal-TSL 2¢ labeled YopO
Following the successful labeling of YopO V599-2¢/N624-2¢ and YopO S585-2¢/Q603-2¢, both
proteins were rebuffered in YopO PDS buffer and diluted in 50% v/v deuterated ethylene glycol
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before PDS-EPR sample preparation. The pulsed EPR experiments of the following sub-sections
3.2.3.1 and 3.2.3.2 were conducted under the guidance and with Tobias Hett.

3.2.3.1 Relaxation Time Measurements for Mal-TSL 2

On the example of YopO V599-2¢/N624-2¢, the temperature-dependence of the spin-lattice
relaxation time T; and phase memory time T,, was determined by inversion recovery and
2pESEEM experiments, respectively, and compared to the MTSL-labeled analog of this mutant
(Figure 55 + Table 11).
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Figure 55: Temperature-dependent relaxation measurements on Mal-TSL 2e- and MTSL-labeled
YopO V599C/N624C. a+b) Inversion recovery traces for YopOV599-2¢/N624-2¢ (a) and
YopO V599R1/N624R1 (b) at 50 K (red), 60 K (blue), 70 K (green), and 80 K (black). c+d) 2pESEEM traces for
YopO V599-2¢/N624-2¢ (c) and YopO V599R1/N624R1 (d) at 50 K (red), 60 K (blue), 70 K (green), and 80 K
(black).

Table 11: Spin lattice relaxation times T; and phase memory times T, of YopO V599-2¢/N624-2¢ and
YopO V599R1/N624R1 obtained by fitting either eq. 19 (Inversion recovery) or eq. 20 (2pESEEM) to the
respective traces shown in Figure 55.

Temperature YopO V599-2¢/N624-2¢ YopO V599R1/N624R1
T4 (ms) Ty (ps) T (ms) Ty (ps)
50 K 6.3 2.6 1.9 9.2
60 K 3.6 2.8 1.4 9.2
70 K 2.5 3.2 0.9 8.8
80 K 1.7 3.3 0.7 3.0

The spin-lattice relaxation time T; shows a similar trend for both, the trityl- and MTSL-labeled
protein, with a continuous decrease of T; as the temperature increases. However, across the
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whole temperature range, the spin-lattice relaxation of the trityl-labeled protein is notably slower
as compared to the nitroxide and agrees well with the relaxation times obtained for Malam-TSL-
labeled GB1 and Ubiquitin.®”¥ On the other hand, for the phase memory time Ty, both spin-
species showed opposite trends, with Ty, of the trityl-labeled YopO increasing steadily in the range
from 50 K to 80 K while the nitroxide-labeled YopO shows the expected trend of a continuous
decrease of Ty, with increasing temperature.'??®! Notably, below 70 K the Ty, relaxation time of
MTSL-labeled YopO is significantly longer than for Mal-TSL 2e-labeled YopO and only at 80 K, the
phase memory time of the trityl-labeled protein exceeds the one obtained for MTSL-labeled YopO.
For Mal-TSL 2¢, the best compromise between T; and T, (fast SRT, long phase memory time, and
strong EPR signal) is obtained in the temperature range between 70 K and 80 K.

3.2.3.2 PDS-EPR with Mal-TSL 2e-labeled YopO

The performance of Mal-TSL 2¢ in PDS-EPR was tested on both trityl-labeled YopO constructs using
the DQC-, SIFTER-, and PELDOR pulse sequences and compared to the MTSL-labeled protein
analogs (PELDOR only) regarding SNR and the distance distribution width. Although the optimal
measurement temperature for Mal-TSL 2¢ is between 70 K and 80 K (see section 3.2.3.1), all PDS
data shown in this section was acquired at 50 K to achieve a maximal comparability with the “gold
standard” MTSL.

Notably, at the time of data acquisition, the previously presented guidelines on PDS data
evaluation (section 3.1.5) were not yet established and published and, in addition, no single-step
PDS analysis routines or neural networks trained on trityl datasets were available. Therefore, all
acquired PDS data in this chapter was routinely analyzed by background fitting and subsequent
division of the experimental time trace by the background fit, followed by Tikhonov regularization
and validation in DeerAnalysis. Other than for PELDOR,?’” no analytical treatment of the DQC-
and SIFTER-background is known and, in such cases, experimental backgrounds can be obtained
by performing PDS experiments on singly-labeled proteins.l?”27*! Hence, DQC- and SIFTER-
measurements on singly-labeled YopO L113-2¢ (for labeling quantification see appendix
Figure A9) were performed and experimental backgrounds were obtained by fitting polynomial
functions to the respective time traces (Figure 56).
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Figure 56: DQC and SIFTER time traces with the experimental background functions obtained from
YopO L113-2e. a) Original DQC time trace for YopO L113-2¢. b) DQC trace from (a) mirrored at the maximum
(black) with the 8t-order polynomial fit function serving as the experimental background in subsequent PDS
experiments. c+d) Same as (a+b) but for the SIFTER pulse sequence.

Both pulse sequences showed a decay of the echo amplitude that is not well described by a three-
dimensional homogenous background function that is commonly used for PELDOR. Hence, both
decays were fitted by an 8"-order polynomial fit to the mirrored time traces which were later used
as experimental backgrounds.

Next, DQC-, SIFTER-, and PELDOR experiments were performed on the doubly-labeled constructs
YopO V599-2¢/N624-2¢ and YopO S585-2¢/Q603-2¢, as well as PELDOR experiments on the MTSL-
labeled analogs (biological repeats of the constructs discussed in section 3.1.4) at a final spin
concentration of 50 uM. Time traces were analyzed using DeerAnalysis by applying a three-
dimensional homogeneous background (PELDOR) or division of the time traces by the polynomial
functions obtained from singly-labeled YopO (DQC, SIFTER), and distance distributions were
computed using Tikhonov regularization in DeerAnalysis (Figure 57).
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Figure 57: PDS data of YopO V599C/N624C and YopO S585C/Q603C labeled with Mal-TSL2® or MTSL.
a-d) On the left: Background-corrected DQC (a), SIFTER (b), and PELDOR (c+d) time traces (black) obtained
for YopO V599-2¢/N624-2¢ (a-c) and YopO V599R1/N624R1 (d) with the respective fits obtained by
Tikhonov regularization (red). On the right: Resulting distance distributions (teal) with the DeerAnalysis
validation shown as grey-shaded areas. In silico predictions obtained by mtss|Wizard using the PDB-ID 2h70
as a template are shown as dashed black lines (rotamer clash treatment: loose). e-h) Same as (a-d) but for
YopO S585C/Q603C (brown). The complete analysis by DeerAnalysis (Backgrounds, fits, L-curves, and
distance distributions) is given in the appendix (Figure A10-A12).

For all label/pulse-sequence combinations, good-quality time traces with varying modulation
depth and oscillations were obtained. For the single-frequency techniques DQC and SIFTER, time
traces with a modulation depth of ~80% in the case of DQC and ~22% for SIFTER were obtained.
The higher modulation depth of DQC compared to SIFTER can be rationalized by the larger number
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of phase-cycling steps (64 steps for DQC compared to 16 steps for SIFTER) and the more efficient
suppression of intermolecular contributions as a result of the double-quantum filter in the DQC
sequence.*1%] The obtained modulation depth of DQC parallels the ones found for
quantitatively labeled oligonucleotides®®’® and is only slightly lower than the values obtained for
trityl model systems.[***] Notably, it is well above the modulation depths previously reported for
trityl-labeled proteins ranging from 20% to 50%,127>374 which substantiates the high labeling
efficiencies and sample purity achieved by the developed trityl-labeling protocol. For trityl-trityl
PELDOR at Q-band, modulation depths ranging from 20% (YopO S585-2¢/Q603-2¢) to 24%
(YopO V599-2¢/N624-2¢) were obtained, which are surprisingly three times larger than values
reported for PELDOR on Mal.,-TSL-labeled proteins at W-Band (~8%).57* For both MTSL-labeled
analogs, the modulation depths were similar as compared to the samples discussed in
section 3.1.4 and agreed well with the modulation depth of ~35% expected for nitroxides at
Q-band frequencies.

Benefitting from the narrow trityl EPR spectrum of the Mal-TSL 2¢-labeled proteins (0.36 mT for
YopO V599-2¢/N624-2¢, 0.51 mT for YopO S585-2¢/Q603-2¢; Figure A13), which can be fully
excited by rectangular pulses, both single-frequency techniques DQC and SIFTER outperformed
the PELDOR pulse sequence in terms of SNR by a factor of 6.4 (DQC) and 4.7 (SIFTER) (averaged
SNRs for both constructs). While the observation that PELDOR performs the weakest is in line with
earlier findings by Meyer et al. using trityl-trityl model systems, they found SIFTER to be more
sensitive than DQC, which is contrary to the results obtained herein.[***! Notably, both nitroxide-
labeled proteins showed an averaged SNR (8.6 min"*/?) comparable to the SNR obtained for trityl-
trityl DQC (8.0 min"2); the expected sensitivity advantage of single-frequency techniques on trityl-
trityl systems over nitroxide-nitroxide PELDOR measurements!'®4114l] s |ost here as a
consequence of the increased SRT for the trityl-trityl measurements as compared to nitroxide-
nitroxide PELDOR (15 ms vs. 3 ms) as well as the 3.5-times shorter phase memory time of Mal-
TSL 2 compared to MTSL (2.6 s vs. 9.2 us, see Table 11). A detailed summary of the modulation
depth and SNRs obtained for each experiment is given below (Table 12).

Table 12: Modulation depth A and SNR for the time traces shown in Figure 56.

Parameter DQC (2°) SIFTER (2°) PELDOR (2¢) PELDOR (MTSL)
YopO V599C/N624C
A (%) 77 22 24 35
SNR (min'/2) 8.9 5.8 1.4 9.9
YopO S585C/Q603C
A (%) 82 21 19 34
SNR (min'*2) 7.0 5.9 1.1 7.3

All of the experimentally obtained distance distributions resembled a subset of the respective
in silico distributions. For YopO V599-2¢/N624-2¢, both DQC and SIFTER showed similar bimodal
distributions with a varying shape and extent of the short-distance peak at ~40 A and in both cases,
the most probable distance peak is much narrower than the in-silico prediction. As a result of the
nearly oscillation-free time trace, the PELDOR data analysis gave a broad, unimodal distance
distribution matching the in silico prediction well in shape, width, and mean distance. The
obtained distance distribution of YopO V599R1/N624R1 is bimodal, similar to previous
observations (see section 3.1.4), and both, the experimental and in silico derived distance
distributions are narrower than the ones obtained for the trityl-labeled analog. Although bimodal
distributions were observed for both, trityl- and MTSL-labeled proteins, conclusions about the
a-helical backbone structure of YopO are difficult to be drawn. This is most likely related to the
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flexibility of the Mal-TSL 2¢ sidechain caused by the linker group connecting the trityl with the
maleimide-bioconjugation motif, which is also reflected by a broad in silico prediction. As the
probability of the short- and long-distance features in the distance distribution is inverted
compared to MTSL, a selection of preferred label rotamers rather than two helix conformations
cannot be excluded. All distance distributions obtained for the second construct
YopO S585C/Q603C show the same trend, with the distributions obtained by all three pulse
sequences on the trityl-labeled protein being broad and, in this case, unimodal whereas the
distribution of the MTSL-labeled protein is narrower and in good agreement with previous results
(see section 3.1.4).

In summary, good-quality PDS data could be obtained on both trityl-labeled proteins, but the
obtained distance distributions were either contradictory (YopO V599-2¢/N624-2¢) or
significantly broader (YopO S585-2¢/Q603-2¢) compared to their respective MTSL-labeled protein
analogs. To enhance the application scope of trityl spin labels in structural biology, future
endeavors in trityl label synthesis should focus on a shortened or stiffened linker group between
the trityl core and the bioconjugation-motif, thereby restricting the conformational flexibility of
the label and narrowing the PDS-derived distance distributions.

3.2.4 Short-Linked Maleimide Trityl Spin Label SLIM

Based on the findings in sections 3.2.1 - 3.2.3 where it was shown that a maleimide bioconjugation
group is advantageous for site-selective protein labeling with trityls, but long linker groups
between the bioconjugation site and the trityl core hamper the gathering of meaningful distance
restraints, Nico Fleck of the Schiemann group synthesized a new trityl spin label specifically
designed to rectify the drawbacks of Mal-TSL 2e. In this new trityl label termed SLIM (Short-Linked
Maleimide) 3¢,57% the long and flexible ethylene linker connected via an ester function to the trityl
core in Mal-TSL 2¢ is substituted by just one methylene group between the trityl basal body and
the maleimide moiety (Figure 58a). Contrary to the first iteration of trityl spin labels derived from
the Finland radical, all displaying a narrow single-line cw-EPR spectrum flanked by '3C-satellites
(compare Figure 45),2%7) the room temperature cw-EPR spectrum of SLIM 3e displays nine major
lines as a result of the hyperfine coupling of the electron spin to the two diastereotopic benzylic
hydrogen atoms (Hi1 and H;) caused by the characteristic helical chirality of trityls, and the imido
nitrogen atom of the maleimide moiety (Figure 58b). Immobilization of the label by freezing to
100 K resulted in a medium-broad (0.1 mT), two-line EPR spectrum with a line-splitting of
7.44 MHz (Figure 58c). A detailed list of the spectroscopic properties obtained by simulation of
the cw-EPR spectra with EasySpin is given in Table 13.
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Figure 58: Chemical structure and cw-EPR spectra of the trityl spin label SLIM 3e. a) Chemical structure of
SLIM 3¢ with the methylene linker group shown in blue and the maleimide motif shown in red. For clarity,
the diastereotopic hydrogen atoms of the methylene linker are shown and termed H1 and H2. b) Frequency-
corrected (9.4 GHz) X-band cw-EPR spectrum of 3¢ (50 uM) in PBS buffer at 293 K recorded on an EMXmicro
spectrometer (black) and the corresponding EasySpin simulation (red). Measurement settings: 9.394 GHz
microwave frequency, 0.5545 mW microwave power, 100 kHz modulation frequency, 0.1 G modulation
amplitude, 20.48 ms time constant, 1000 pts/mT. c¢) X-band cw-EPR spectrum of 3¢ (50 uM) in PBS buffer at
100 K recorded on an EMXmicro spectrometer (black) and the corresponding EasySpin simulation (red).
Measurement settings: 9.459 GHz microwave frequency, 0.0074 mW microwave power, 100 kHz
modulation frequency, 0.2 G modulation amplitude, 20.48 ms time constant, 250 pts/mT. Spectra were
recorded and simulated by Tobias Hett.

Table 13: EasySpin!*% simulation parameters for the cw-EPR spectra of SLIM 3 at 298 K and 100 K in PBS
buffer shown in Figure 58.

Sample Simulation parameter!
g =2.0034
An=1.71 MHz
AH1 =2.96 MHz
Anz = 6.00 MHz
Ac,central = 66.16 MHz
Ac1=31.22 MHz
Acz,c3 =25.45 MHz
Ac4,c5 =6.86 MHz
Ace =3.57 MHz
lwpp® = (0.007, 0.029) mT
g =(2.0028, 2.0036, 2.0040)
A = (2.69, 0.64, 1.44) MHz
Ani = (4.14,0.75, 2.86) MHz
Awz = (7.28,7.55, 7.49) MHz
SLIM 3¢ in PBS (100 K) Ac.central = (3.45, 6.24, 185.27) MHz
Acpso = (37.42,37.64, 16.24) MHz
Acpso = (38.11, 35.00, 21.01) MHz
Ac,ipso = (34.80, 34.87, 23.92) MHz
lwpp™ = (0.089, 0.025) mT
[a] Assignment of hyperfine coupling constants A to explicit *3C nuclei of the phenyl ring was done according
to Bowman et al.l?*4
[b] lwpp: peak-to-peak line width.

SLIM 3¢ in PBS (298 K)
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3.2.4.1 UV-vis Calibration Curve and Extinction Coefficients of SLIM 3e

Before labeling proteins with the new spin label 3¢, a UV-vis dilution series was recorded - in
analogy to Mal-TSL 2¢ - to obtain the extinction coefficients of SLIM 3¢ at ~460 nm and ~280 nm
for quantification of the labeling efficiencies in upcoming SDSL experiments (Figure 59 + Table 14).
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Figure 59: UV-vis dilution series and calibration curves of SLIM 3e. a) UV-vis spectra of SLIM 3® in phosphate
buffer (pH 6.8) at concentrations ranging from 25.8 uM to 2.6 uM recorded on a Caryl00 UV-vis
spectrometer (cuvette pathlength 1 cm). b) UV-vis absorption values at 271 nm (blue) and 459 nm (orange)
plotted against the concentrations from (a) with the respective linear fits.

Table 14: Linear equations of the fitting curves shown in Figure 48b according to the Beer-Lambert Law.

Wavelength Linear equation
271 nm (n Ayyy = 0.05152% [3¢]-1(—3.333-107%a.u.)
459 nm () Aysg = 0.02099?1—3[3'] +1(—3.820-10"3%a.u.)

From the slope of the linear fits to the absorbance maxima at 271 nm and 459 nm, the extinction
coefficients of SLIM 3e were determined as €;71(3¢) = 0.05152 fl—;l and &459(3°) = 0.02099 :’;—3

Compared to the previously used Mal-TSL 2¢, the new SLIM label 3¢ showed slightly shifted
absorbance maxima at ~460 nm, which is also visually observed by differences in the coloration
of both labels dissolved in phosphate buffer, where Mal-TSL 2® shows a brownish to yellow
coloration while the SLIM 3e appears brightly green.

3.2.4.2 Site-directed Spin Labeling with SLIM 3e

To probe the site-selectivity of SLIM 3¢ and the separability from the protein fraction, the cysteine-
free YopO-wt served as a model protein for initial labeling tests. It was incubated with 3¢ following
the previously established labeling protocol (see section 3.2.2.2) and the sample was then
subjected to SEC, UV-vis spectroscopy, and MALDI(+)-MS (Figure 60).
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Figure 60: SEC chromatogram, UV-vis spectrum, and MALDI(+)-MS spectrum of YopO-wt incubated with
SLIM 3e. a) Chromatogram of the HiPrep™ 26/10 run with the absorption at 280 nm (blue) and 459 nm
(green) after YopO-wt incubation with 3e. b) UV-vis spectrum of YopO-wt after excess label removal
recorded on a Caryl00 UV-vis spectrometer. ¢) Whole-range MALDI(+)-MS spectrum of YopO-wt after
incubation with 3® and excess label removal, recorded on a Bruker Daltonics ultrafleXtreme TOF/TOF
spectrometer. The inset shows an excerpt of the mass peaks at ~72,000 m/z (complimentary measurement).

The SEC chromatogram (Figure 60a) shows a weak absorbance at 459 nm in the first elution peak
that corresponds to YopO-wt fraction. While this observation indicates that some SLIM 3¢ could
not be separated from the protein fraction, the weak absorbance at 459 nm compared to the
absorbance at 280 nm suggests only minor amounts of unspecifically bound Ilabel. This
presumption is confirmed by UV-vis spectroscopy (Figure 60b), where quantification of SLIM 3¢
and protein via the main-peak method (see section 3.2.2.1) gave 0.07 equivalents of SLIM 3¢ per
YopO-wt molecule. Subsequent MALDI(+)-MS analysis revealed that this excess label is likely non-
covalently bound to the protein as only a single, high-intensity mass peak (71,983.2 Da)
corresponding to YopO-wt (calculated: 72,108 Da) was observed (Figure 60c). While these results
show that the excess label removal routine previously implemented for Mal-TSL 2® works slightly
less efficiently for SLIM 3¢ and the new label has a higher tendency to bind unspecifically to the
protein, the overall low remnant of free 3¢ is likely tolerable in subsequent PDS studies.

Besides assessing the site-selectivity of the new SLIM label 3¢ using a cysteine-free YopO
construct, the bioconjugation efficiency was tested on a single-cysteine construct, namely
YopO N624C (purification results for this construct are shown in appendix Figure A14). Following
the bioconjugation via the established labeling scheme, the sample was analyzed via SEC, UV-vis
spectroscopy, cw-EPR spectroscopy, and ESI(+)-MS (Figure 61 + Table 15).
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Figure 61: SEC chromatogram, UV-vis spectrum, cw-EPR spectrum, and ESI(+)-MS spectrum of YopO N624C
labeled with SLIM 3e. a) Chromatogram of the HiPrep™ 26/10 run with the absorption at 280 nm (blue) and
459 nm (green) after incubation of YopO N624C with 3e. b) UV-vis spectrum of YopO N624C after excess
label removal recorded on a Cary100 UV-vis spectrometer. c) Frequency-corrected (9.4 GHz) X-band cw-EPR
spectrum of YopO N624C (50 uM) labeled with 3¢ in phosphate buffer at 293 K recorded on an EMXmicro
spectrometer (black) and the corresponding EasySpin simulation (red). Measurement settings: 9.856 GHz
microwave frequency, 0.5730 mW microwave power, 100 kHz modulation frequency, 0.3 G modulation
amplitude, 20.48 ms time constant, 500 pts/mT. d) Deconvoluted high-resolution ESI(+)-MS spectrum of
YopO N624C after incubation with 3® and excess label removal recorded on a Waters Synapt G2-SI

spectrometer by the mass spectrometry facility in Marburg. The raw spectrum is shown in appendix
Figure A15.

Table 15: EasySpin!*%®! simulation parameters for the cw-EPR spectrum of YopO N624-3¢ shown in
Figure 60c.

Sample Simulation parameter!®

g =(2.0034, 2.0034, 2.0035)
An =(2.19, 0.14, 0.94) MHz
Au1=(3.64, 1.25, 2.36) MHz
Auz =(6.96, 5.05, 7.99) MHz
Ac,central = (3.92, 6.53, 184.78) MHz
Acipso = (36.92, 37.14, 15.75) MHz
Acpso = (37.61, 34.50, 21.49) MHz
Acpso = (34.30, 34.37, 24.42) MHz
Iwpp =(0.051, 0.079) mT

[a] Assignment of hyperfine coupling constants A to explicit *3C nuclei of the phenyl ring was done according
to Bowman et al.[?*4

YopO N624-3¢ (293 K)
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As evident from the SEC run (Figure 61a) and the subsequently recorded UV-vis spectrum
(Figure 61b), excess label separation and site-selective labeling were successful, as no additional
UV-absorbing elution peaks appeared in the chromatogram and the labeling efficiency
determined from the UV-vis spectrum is 95% (0.95 equivalents of SLIM per YopO molecule). In
addition, the successful bioconjugation is confirmed by cw-EPR (Figure 61c), as the recorded
spectrum looks remarkably similar to the spectrum of immobilized free SLIM 3¢ at 100 K (compare
Figure 58c) with only a few additional spikey features, presumably caused by remaining spin label
motion. The spectrum could be simulated well by slight adjustment of the simulation parameters
of immobilized free SLIM 3¢ at 100 K (Table 13). Thus, the restricted rotation of 3¢ upon
bioconjugation brings the spin label close to the rigid limit and allows to distinguish between
bound and free SLIM. A quantitative spin-count against a 50 UM reference solution of free 3¢
confirmed the high labeling efficiency (108%), which is in good agreement with the results
obtained by UV-vis spectroscopy and well within the error of both quantification methods. In
addition to the results discussed above, the high-resolution ESI(+)-MS spectrum (Figure 61d)
showed a single high-intensity mass peak at 73,162 Da, which is in excellent agreement with the
calculated mass of 73,162 Da for YopO N624-3¢. Notably, as no acidic conditions were present
during MS sample preparation, previously observed retro-Michael reactions (see section 3.2.2.3)
are successfully suppressed and the MS-results reflect more accurately the labeling efficiencies
achieved herein.

To test the effect of the reduced linker length of SLIM 3¢ on PDS-derived distance distributions,
the previously introduced double-cysteine mutant YopO Y588C/N624C (section 3.1.1) was labeled
with SLIM 3¢ (Figure 62a), Mal-TSL 2¢ (labeling results are shown in appendix Figure A16), and
MTSL (biological repeat of the sample discussed in section 3.1.2). According to the in silico derived
distance distributions for all three labels (Figure 62b), the reduced linker length of SLIM 3¢ leads
to a significant reduction of the distribution width (Gaussian fit, FWHM = 16 A) compared to
Mal-TSL2¢ (FWHM =21 A), which exhibits a longer and more flexible linker motif, while the
simulated distribution width of MTSL (FWHM =12 A) is even smaller. The SDSL results for
YopO Y588-3¢/N624-3¢ are depicted in Figure 62c-f.

88



Y588-3¢/N624-3¢

Y588-2¢/N624-2e

Y588R1/N624R1

10 20 30 40 50 60 70 80

Distance (A)
c d e
) 120 ) )
— UV 280 0.54
1004 —— V459 \
_ 0aif i
7 : |
E € sl
§ o 5% i
=3 g 3
g 40 2 024
1 2
20 {\k 0.14
O T T T 1 0‘0 T T T 1 T T T T T T
20 40 60 80 300 400 500 600 332 333 334 335 336 337
Elution Volume (mL) Wavelength (nm) Magnetic Field (mT)
f)
100+ 74168.000
By
73064.000
71959.000 75284.000
69832.000 70897.000 76372.000 77444.000 78665.000 79744000
66554.000 67623000 59917 000 5777.000
T mass

T T T T T
65000 66000 67000

T T
68000

T T T T T T T T T
69000 70000 71000 72000 73000

T T T
74000

T T T T T T T T T
75000 76000 77000 78000 79000

Figure 62: Labeling sites, in silico distance distributions, SEC chromatogram, UV-vis spectrum, cw-EPR
spectrum, and ESI(+)-MS spectrum of YopO Y588-3¢/N624-3¢. a) Depiction of the SLIM labeling sites Y588C
and N624C on the GDI a-helical backbone (PDB-ID 2h70) and the rotamer clouds generated with
mtssIWizard (clash setting: loose) for YopO Y588-3¢/N624-3¢. b) In silico distance distributions derived by
mtsslWizard for the spin label pairs Y588-3¢/N624-3¢ (blue, top), Y588-2¢/N624-2# (orange, middle), and
Y588R1/N624R1 (green, bottom). ¢) Chromatogram of the HiPrep™ 26/10 run with the absorption at
280 nm (blue) and 459 nm (green) of YopO Y588-3¢/N624-3e. d) UV-vis spectrum of YopO Y588-3¢/N624-
3e after excess label removal recorded on a Cary100 UV-vis spectrometer. e) Frequency-corrected (9.4 GHz)
room temperature X-band cw-EPR spectrum of YopO Y588-3¢/N624-3 (50 uM) recorded on an EMXmicro
spectrometer. Measurement settings: 9.389 GHz microwave frequency, 0.5614 mW microwave power,
100 kHz modulation frequency, 0.2 G modulation amplitude, 20.48 ms time constant, 250 pts/mT. f)
Deconvoluted high-resolution ESI(+)-MS spectrum of YopO Y588-3®/N624-3¢ recorded on a Waters Synapt
G2-SI spectrometer by the mass spectrometry facility in Marburg. The raw spectrum is shown in appendix
Figure Al17.

Compared to the single-cysteine YopO construct, the SEC run for the double-cysteine YopO
mutant showed a higher proportion of the UV absorbance at 459 nm and 280 nm, which is
expected for doubly trityl-labeled YopO (Figure 62c). Quantification of the protein and SLIM
concentrations via UV-vis spectroscopy and quantitative cw-EPR spin-count gave labeling
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efficiencies of 96% (UV-vis) and 102% (cw-EPR), respectively, and confirmed almost quantitative
labeling (Figure 62d+e). ESI(+)-MS analysis showed a high-intensity mass peak at 74,168 Da
corresponding to doubly labeled YopO Y588-3¢/N624-3¢ and two mass peaks with lower intensity
(73,064 Da and 71,959 Da), which likely correspond to singly (73,104 Da) and unlabeled
(72,041 Da) YopO, respectively. Notably, the SNR of the ESI(+)-MS spectrum for
YopO Y588-3¢/N624-3 was significantly lower than previously observed for the single-cysteine
construct YopO N624-3¢ although the same protein amount was subjected to each MS run. As this
trend was also observed for the Mal-TSL 2¢-labeled YopO construct (Figure Al6c), a potential
cause might be a decreased protein stability upon bioconjugation of multiple trityl spin labels,
which renders the protein to precipitate due to the increased hydrophobic surface area. This in
turn makes quantification via the individual mass peak intensities impossible, as the ratio of non-
and singly-labeled proteins is artificially higher compared to the partially precipitated doubly-
labeled constructs, thereby highlighting the importance of careful sample handling.

3.2.4.3 Relaxation Time Measurements for SLIM 3

Using the singly-labeled YopO N624-3¢, the spin-lattice relaxation time T; and the phase memory
time Ty, of the bioconjugated SLIM spin label were determined at 50 K and 70 K by inversion
recovery and 2pESEEM experiments (Figure 63 + Table 16).
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Figure 63: Temperature-dependent relaxation measurements of YopO N624-3. a) Inversion recovery
traces for YopO N624-3¢ at 50 K (red) and 70 K (green). b) 2pESEEM traces for YopO N624-3¢ at 50 K (red)
and 70 K (green).

Table 16: Spin lattice relaxation times T; and phase memory times Ty, of YopO N624-3¢ obtained by fitting
either eq. 19 (Inversion recovery) or eq. 20 (2pESEEM) to the respective traces shown in Figure 62.

YopO N624-3¢

Temperature
P T, (ms) Ty (us)
50 K 8.0 4.2
70 K 3.3 4.7

For both, the spin-lattice relaxation and the phase memory time, a similar trend as for Mal-TSL 2¢
(see Table 11) is observed, with decreasing T; and increasing T, when increasing the temperature
from 50 K to 70 K. While T; is slightly longer for bioconjugated SLIM 3e than for Mal-TSL 2, the
phase memory time T), is significantly longer with 4.2 us for SLIM 3¢ compared to 2.6 us for
Mal-TSL 2¢ at 50 K. This is a clear improvement compared to previous trityl spin labels based on
an ester®”® or amidel®”* motif between the bioconjugation group and the trityl core and hence,
using SLIM 3e, longer dipolar evolution times can be recorded.
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3.2.4.4 PDS-EPR with SLIM 3e-labeled YopO

To benchmark and compare SLIM 3e with MTSL and the previously employed Mal-TSL 2¢
concerning SNR, modulation depth, and the width of the distance distribution, DQC (only 3¢ and
2¢) and PELDOR experiments were performed at 50 K for maximal comparability on the previously
prepared and doubly-labeled YopO Y588C/N624C mutants at a spin concentration of 50 uM

(Figure 64 + Table 17). The PDS experiments were conducted under the guidance and with Tobias
Hett.
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Figure 64: PDS data of YopO Y588C/N624C labeled with SLIM 3e, Mal-TSL 2¢, and MTSL. a-c) Mirrored and
background-corrected DQC (a+b) and PELDOR (c) time traces (black) obtained for YopO Y588-3¢/N624-3¢
(a), YopO Y588-2¢/N624-2¢ (b), and YopO Y588R1/N624R1 (c) with the respective fits obtained by Tikhonov
regularization (red) in DeerAnalysis. d-f) Resulting distance distributions (colored) of the time traces above
(a-c) with the DeerAnalysis validation shown as grey-shaded areas. In silico predictions obtained by
mtssIWizard using the PDB-ID 2h70 as a template are shown as dashed black lines. The complete analysis
by DeerAnalysis for all data shown here (backgrounds, fits, L-curves, and distance distributions) and PELDOR
results for YopO Y588-3¢/N624-3¢ and YopO Y588-2¢/N624-2¢ are given in the appendix (Figure A18-A20).

Table 17: Modulation depth A and SNR for the time traces shown in Figure 64 and Figure A18-A20.

YopO Y588-3¢/N624-3¢ YopO Y588R1/N624R1
Parameter
DQC PELDOR DQC PELDOR PELDOR
A (%) 90 21 79 26 32
SNR (min/?) 11.2 1.9 8.4 2.2 3.6

Contrary to previous data analysis of YopO labeled with Mal-TSL 2® were an experimental
background of singly-labeled YopO was utilized (section 3.2.3.1), here, all time traces were
analyzed by manually selecting an appropriate background in DeerAnalysis. For each pulse
sequence, high-quality time traces with visible oscillations were obtained. In line with the previous
finding on doubly-trityl labeled YopO (section 3.2.3.2) and owing to the narrow spectral width of
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trityls (Figure A21), DQC outperformed PELDOR regarding SNR and modulation depth for both
SLIM 3¢ and Mal-TSL 2e (Table 17). Notably, for YopO Y588-3¢/N624-3¢, a higher SNR and
modulation depth was obtained than for the Mal-TSL 2¢-labeled analog, which is likely caused by
the enhanced phase memory time Tj, of SLIM 3® compared to Mal-TSL2e (Table 16) and
potentially a slightly higher labeling efficiency. Contrary to the previous findings, even at 50 K and
despite the long shot repetition time (15 ms), both trityl labels showed a higher SNR than the
MTSL-labeled analog (Table 17), thereby highlighting the sensitivity gain obtained from the full
excitation of the trityl spectrum.

While all of the experimental distance distributions resemble a subset of the in silico predictions
(Figure 64), there are striking differences between the distributions of both trityl labels and the
MTSL analog. While for the Mal-TSL 2e-labeled YopO Y588C/N624C a trimodal distance
distribution with narrow peaks and high uncertainty intervals is obtained, the distributions
obtained for SLIM 3¢ and MTSL show remarkable similarities with a bimodal distance distribution
matching the criteria of a case 5 distribution (compare Table 6). Notably, the bimodality previously
observed by multiple laboratories during the ring test (see Figure 43) is clearly resolved here and
does not vanish during background validation. These results suggest that the long flexible linker
between the maleimide motif and the trityl core in Mal-TSL 2¢ enables the spin label to tilt
backward to the protein surface and select distinct energetically favored label conformers from
the total ensemble of rotamers. This in turn complicates the interpretation of the distance
distribution. On the other hand, as the two chemically different spin labels SLIM 3® and MTSL
(maleimide vs. methanethiosulfonate; trityl vs. gem-dimethyl nitroxide) and the two pulse
sequences (DQC vs. PELDOR) yield remarkably similar distance distributions, both matching the
criteria for case 5, these results are highly indicative of two distinct conformations that the
a-helical backbone of YopO’s GDI domain adopts in (frozen) solution. To emphasize the similarities
of both distance distributions, they were fitted using a two-Gaussian model (Figure 65 + Table 18).
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Figure 65: Gaussian fits to the distance distributions obtained for YopO Y588-3¢/N624-3¢ (DQC) (a) and
YopO Y588R1/N624R1 (PELDOR) (b) with the experimental distance distribution shown as blue (DQC) or
green (PELDOR) line, both Gaussian functions as orange (peak 1) and red (peak 2) dotted lines, and the
resulting sum of both Gaussian functions as a black line.
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Table 18: Gaussian function® parameters for the fits shown in Figure 65.

YopO Y588-3¢/N624-3° YopO Y588R1/N624R1
Center: 45.7 A Center: 48.4 A
Peak 1 Width: 4.3 A Width: 3.5 A
Height: 1.01 Height: 0.99
Area: 0.55 Area: 0.44
Center: 54.2 A Center: 54.1 A
Peak 2 Width: 5.4 A Width: 4.3 A
Height: 0.63 Height: 0.73
Area: 0.43 Area: 0.39
(x—c)?

8] Gaussian function: y = A - exp (— — ); c = center, o = width.

The center positions of peaks 1 and 2 coincide very well for SLIM 3¢ and MTSL with a 3 A difference
for peak 1 and less than 1 A for peak 2. Both modes in the SLIM distribution are slightly broader
compared with MTSL, which is likely related to the differences in the linker length and flexibility
for both labels. In addition, the relative height of both peaks is very similar with only 10%
difference for peak 2.

As discussed previously, two crystal structures of YopO are known in the PDB, namely
PDB-ID 2h708%! and PDB-ID 4ci6,1*%®! where the a-helix of the GDI domain is either straight
(PDB-ID 2h70) or bent (PDB-ID 4ci6). A potential explanation for the observed bimodality is the
presence of both helix structures in solution with the shorter distance peak corresponding to the
straight and the longer distance peak corresponding to the bent helix. As the bent form is only
seen in the crystal structure of YopO in complex with G-actin, this hypothesis was tested by
incubation of YopO Y588-3¢/N624-3* with human platelet actin, which has a higher binding
affinity to YopO than muscle actin, to drive the conformational equilibrium to the G-actin bound
state (Figure 66).
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Figure 66: DQC time trace and distance distribution of YopO Y588-3¢/N624-3¢ incubated with human
platelet actin. a) Background-corrected DQC time trace (black) of YopO Y588-3¢/N624-3¢ (25 uM) and 2 eq.
of human platelet actin with the fit obtained by Tikhonov regularization (red) in DeerAnalysis. b) Distance
distribution (blue) obtained from the time trace in (a) with the DeerAnalysis validation shown as grey-
shaded area and the distance distribution of YopO Y588-3¢/N624-3¢ in the absence of actin (black dashed
line). The complete analysis by DeerAnalysis (raw time trace, background, L-curve, and distance distribution)
is given in the appendix (Figure A22).
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Surprisingly, the addition of human platelet actin did not show any effect on the resulting distance
distribution, hence strongly indicating that the conformation of the GDI backbone a-helix is
independent of actin binding.

While the herein presented results highlight key advantages of SLIM 3e over the previously
employed Mal-TSL 2¢, namely a longer phase memory time Ty, a higher SNR, and reduced
flexibility of the spin label as a result of the reduced linker length, the nature of the chosen model
system with presumably two conformational states of the protein as well as two flexible spin
labels is unsuitable to fully demonstrate the effect of the shortened linker on the distance
distribution width.

3.2.5 Comparing the Distribution Width of SLIM 3¢, Mal-TSL 2® and MTSL

Following the results discussed in section 3.2.4.4 and to further investigate the influence of the
reduced linker length and flexibility of SLIM 3¢ compared to Mal-TSL 2e, the idea was to label a
rigid, single-cysteine protein containing a rigid intrinsic spin-center such as a metal ion. The
resulting distance distribution should then be solely influenced by the conformational freedom of
the post-translationally attached spin label, which allows quantifying the improvement in distance
resolution gained by using SLIM 3e. Here, the horse heart myoglobin (Mb) mutant Mb Q8C,2*? a
protein containing an intrinsic heme group as the second spin center, was chosen as the model
system to compare the distribution widths obtained from 3¢ and 2¢ (Figure 67).
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Figure 67: Spin center distribution and in silico derived distance distributions of Mb Q8C labeled with 3¢, 2e,
and MTSL. a) Structure of Mb Q8C (PDB-ID 1wla, bronze) overlaid with sphere-depictions of the central
carbon atoms of the trityls 3¢ (blue) and 2¢ (orange), and the center of the N-O bond in MTSL (green), each
harboring the unpaired electron. Spheres were extracted from the rotamer clouds (20,000 rotamers per
label) generated with mtsslWizard (clash setting: loose) using the PDB-ID 1wla as a template structure
(bronze, heme B cofactor shown in green). b) In silico derived distance distributions between the iron center
of the heme B cofactor and the spin centers of 3 (blue, top), 2® (orange, middle), and MTSL (green, bottom)
shown in (a).

3.2.5.1 Expression and Purification of Mb Q8C

The expression and purification scheme for Mb Q8C was adapted from previously established
protocols.®*? As multiple labeling experiments for Mb Q8C with different spin labels were
planned, in this case the protein was labeled after purification to enable individual labeling
experiments on the same protein mother batch for maximal comparability.

The expression and purification of Mb Q8C was followed via SDS-PAGE analysis (Figure 68a).
Following cell lysis, a substantial amount of undesired protein was removed alongside the cell
debris in the initial centrifugation step (lane 2), while a faint band below 25 kDa (orange box,
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Hise-Mb Q8C: 20.1 kDa) together with other protein impurities remained in the deeply red
supernatant (lane 3). Batch binding to HisPur™ Ni-NTA resin and subsequent wash of the resin
removed a substantial amount of the remaining protein impurities (lane 4+5). After TEV-cleavage
of the Hisg-tag, Mb Q8C (17.1 kDa) eluted alongside a small amount of high molecular weight
protein contaminants (lane 6-8). Notably, the TEV-cleavage and Mb recovery from the beads was
incomplete (lane 9), as substantial amounts of cleaved Mb Q8C and uncleaved Hise-Mb Q8C
eluted alongside the TEV protease (red box, TEV protease: 27 kDa) in the high-imidazole wash for
bead restoration. Purification proceeded with a reverse anion exchange chromatography step
(Figure 68b), where Mb Q8C did not bind to the anion exchange resin, as a strong absorbance at
the characteristic wavelength of 409 nm was observed.®’®! Almost pure Mb Q8C protein
(lane 10+11) eluted in the flow-through of the column while the previously observed high-
molecular weight contaminants could successfully be separated and eluted in the later salt
gradient over a broad conductivity range (lane 12-15).
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Figure 68: SDS-PAGE and anion exchange chromatogram of Mb Q8C. a) Coomassie-stained 15%
polyacrylamide gel after SDS-PAGE showing the initial steps of the Mb Q8C purification. The orange box
highlights the Hise-Mb Q8C band and the red box the TEV protease. b) Chromatogram of the ENrich™ Q
10x100 anion exchange run of Mb Q8C showing the absorption at 280 nm (blue), 409 nm (pink), and
conductivity (orange). Horizontal bars indicate the fractions taken and loaded onto the gel in (a).

As the ion exchange flow-through contained the Mb Q8C protein, it was pooled, concentrated,
and subjected to a final gel filtration purification step (Figure 69).
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Figure 69: Gel filtration chromatogram and SDS-PAGE of Mb Q8C. a) Chromatogram of the Superdex® 75
10/300 GL gel filtration run of Mb Q8C showing the absorbance at 280 nm (blue), 409 nm (pink), and
conductivity (orange). The green horizontal bar indicates the fractions taken for SDS-PAGE analysis.
b) Coomassie-stained 10% polyacrylamide gel of the fractions shown in (a) after SDS-PAGE. All fractions
indicated by the green bar were pooled and concentrated further.
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The elution chromatogram of the gel filtration showed a single peak with absorbance at 280 nm
and 409 nm (Figure 69a), while the fractions of this peak taken for SDS-PAGE showed two protein
bands, a strong band at ~15 kDa and a very weak band at ~35 kDa (Figure 69b). As both protein
entities eluted within the same peak in the gel filtration, the band at 15 kDa can be attributed to
monomeric Mb Q8C while the weak band at ~35 kDa can be assigned to disulfide-bridged Mb Q8C
dimers formed overnight and insufficiently cleaved by B-mercaptoethanol in the SDS loading
buffer. After the final concentration step, a total of 2.2 mg purified Mb Q8C was obtained.

The UV-vis spectrum of purified Mb Q8C showed the Soret band characteristic of oxymyoglobin
(MbO0,) at 417 nm and the a- and B-band at 544 nm and 583 nm, respectively (Figure 70).57!
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Figure 70: UV-vis spectrum of purified and concentrated Mb Q8C after the gel filtration run, normalized to
the absorbance peak at 280 nm. The inset highlights the positions of the a- and B-band. The spectrum was
recorded on a NanoDrop™ 2000.

3.2.5.2 Site-Directed Spin Labeling of Mb Q8C

Spin labeling of Mb Q8C was performed according to the previously described labeling schemes
for MTSL (see section 3.1.2), Mal-TSL 2¢, and SLIM 3¢ (see section 3.2.2.2). To convert Fe?* of
MbO, into EPR-active Fe* (MetMb form), the spin-labeled and concentrated Mb solutions were
incubated with a 20-fold molar excess of the oxidizing agent potassium ferricyanide (Ks[Fe(CN)g]),
before removing excess label on the AKTA system (2¢ and 3e, Figure 71a) or by PD-10 desalting
column (MTSL).8 The conversion of MbO, to MetMb was confirmed by UV-vis spectroscopy on
the MTSL-labeled Mb Q8C construct (Figure 71b).
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Figure 71: SEC chromatograms of Mb Q8-3® and Mb Q8-2¢, and UV-vis spectrum of Mb Q8R1.
a) Chromatograms of the HiPrep™ 26/10 runs of Mb Q8-3® (top) and Mb Q8-2¢ (bottom) with the
absorption at 280 nm (blue) and 459 nm/475 nm (green) after incubation with K3[Fe(CN)e]. b) UV-vis
spectrum of Mb Q8R1 before (black) and after incubation and removal of K;[Fe(CN)s] normalized to the
absorption at 280 nm. The inset highlights the shift of the a- and B-band compared to Figure 70. The
spectrum was recorded on a NanoDrop™ 2000.

Both SEC runs for the trityl-labeled Mb Q8C (Figure 71a) showed two elution peaks with the first
peak at 16 mL corresponding to spin-labeled Mb Q8C and the second peak corresponding to the
successfully separated oxidizing agent Ks[Fe(CN)s]. Notably, for the trityl-labeled samples, the
conversion of MbO, to MetMb cannot be followed by UV-vis due to the spectral overlap of trityl
and the Mb Soret band. Hence, only for Mb Q8R1 a UV-vis spectrum was recorded (Figure 71b),
which confirmed quantitative conversion to MetMb upon incubation with a 20-fold molar excess
of K3[Fe(CN)¢], as evident from the characteristic shift of the Soret band of MetMb compared to
MbO,. Notably, despite increasing the amount of 5-aminolevulinic acid (2.4 mM vs. 2 mM in the
original protocol) which is necessary to build the heme scaffold during myoglobin expression, 42
incomplete heme-loading of recombinantly expressed myoglobin was observed, as the ratio of
the absorbance peaks at 409 nm and 280 nm (2.7 : 1) for MetMb Q8C was below the expected
and literature-reported ratio of ~5.1:1 for native horse heart metmyoglobin.!*¥3%2 Further
attempts to increase the heme-loading of MetMb using varying concentrations of
5-aminolevulinic acid during the expression of myoglobin did not result in an improved
heme-loading of the purified protein (data not shown).

Owing to the strong absorbance of MetMb at 409 nm, adapting the routines established to
qguantify the labeling efficiency of trityl-labeled YopO using UV-vis spectroscopy is unfeasible as
the strong spectral overlap between trityl and the MetMb Soret bands does not allow
deconvoluting the spectrum into its three contributors (Mb apo-protein, heme B, and trityl).
Therefore, the labeling efficiencies of MetMb Q8-3®, MetMb Q8-2¢, and MetMb Q8R1 were
estimated based on MALDI(+)-MS analysis (Figure A23 + Table 19). Q-band EPR samples were
prepared according to the spin concentration obtained from room temperature cw-EPR spin-
count (Figure 72).
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Table 19: Calculated (without heme B) and experimentally found masses by MALDI(+)-MS for unlabeled and
labeled MetMb Q8C. The labeling efficiencies were estimated as the ratio of the baseline-corrected peak
intensities for singly-labeled and unlabeled MetMb. MALDI(+)-MS spectra are shown in Figure A23.

Construct Calc. unlabeled (Da) Calc. labeled (Da) Experimental (Da)  Est. lab. Efficiency

MetMb Q8C 17,186 - 17,185 -
MetMb Q8-3¢ 17,186 18,251 18,249 >90%
17,186 18,309 18,309 >85%
MetMb Q8R1 17,186 17,370 17,369 Quantitative
a) b) c) '
MetMb Q8-3e MetMb Q8R1 l
Spin count: 125 pM Spin count: 70 pM Spin count: 177 pM I‘
! 1)
..‘.u—-—o-ﬂ/'j ‘ /;
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Figure 72: Room temperature X-band cw-EPR spectra and spin-count results for MetMb Q8-3¢ (a),
MetMb Q8-2¢ (b), and MetMb Q8R1 (c). Spectra were recorded on an EMXnano spectrometer.
Measurement settings: (a) 9.635 GHz microwave frequency, 0.3162 mW microwave power, 100 kHz
modulation frequency, 0.5 G modulation amplitude, 20.48 ms time constant, 200 pts/mT; (b) 9.635 GHz
microwave frequency, 0.3162 mW microwave power, 100 kHz modulation frequency, 0.15 G modulation
amplitude, 20.48 ms time constant, 660 pts/mT; (c) 9.635 GHz microwave frequency, 1.000 mW microwave
power, 100 kHz modulation frequency, 1 G modulation amplitude, 20.48 ms time constant, 100 pts/mT.

According to MALDI(+)-MS (Figure A23 + Table 19), high labeling efficiencies were achieved for all
spin labels. Compared to the MALDI(+)-MS spectra of doubly trityl-labeled YopO (see Figure A8),
the mass spectra of singly trityl-labeled Mb Q8C had a significantly higher SNR, hence indicating
an increased protein stability upon the bioconjugation of just one trityl label per protein which is
in agreement with earlier findings (see section 3.2.4.2). Notably, the mass spectrum of
MetMb Q8-3® showed additional peaks at higher molecular weight and of low intensity with a
mass increase of +1,017 m/z and +2,106 m/z compared to the singly-labeled MetMb Q8-3e¢. These
additional peaks are an indication of unspecific over-labeling and can be attributed to a small
fraction of doubly (2x +1,063 m/z) and triply (3x +1,063 m/z) SLIM-labeled MetMb Q8C.

For both trityl-labeled Mb constructs, cw-EPR spectra with narrow line widths and, in the case of
3¢, partially resolved hyperfine splitting were obtained (Figure 72a+b). The cw-EPR spectra
differed significantly from the broadened spectra previously obtained for trityl-labeled YopO
constructs. These deviations can be rationalized by the significantly reduced rotational correlation
time 7. of 2.44 nsB* for the smaller Mb (17.1 kDa) compared to approximately 13 ns (average 7,
of the simulation parameters in Table 10) obtained for the larger YopO (71.2 kDa). The cw-EPR
spectrum of MetMb Q8R1 (Figure 72c) showed no indication of free MTSL and was comparable
with spectra obtained previously for this construct.34?

To simplify the subsequent acquisition and analysis of the PDS data, a 200-fold excess of sodium

. . 5
azide was added to each sample to convert the Fe**-center in the heme B group from the S = 5

high-spin (hs) state into the § = % low-spin (Is) state with a smaller g-anisotropy.?*® The complete
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conversion of hs-MetMb to Is-MetMb was confirmed by low-temperature cw-EPR spectroscopy
(Figure A24).

3.2.5.3 RIDME Measurements on Mb Q8C labeled with 3¢, 2¢, and MTSL

Owing to the anisotropy of the Is-MetMb g-tensor and thereby resulting broad spectrum as well
as a fast relaxation times of the Fe®" spin center, RIDME is the optimal pulse sequence for the
unequal spin pairs A (here: trityl, nitroxide) and B (here: Fe3*). Spin B flips spontaneously during
the RIDME sequence due to longitudinal relaxation and is not affected by the microwave pulses;
therefore, orientation selection that might result from incomplete excitation of the broad
spectrum of spin B can be excluded.3%14381] Hence, six-pulse RIDME experiments!*3”) were
performed at Q-band frequencies at 12 K on all spin-labeled MetMb Q8C mutants, and PDS data
were analyzed using the newest iteration of PDSFit!*2>*%4 and a two-component system consisting
of two Gaussian functions by Tobias Hett (Figure 73 + Table 20).
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Figure 73: Background-corrected six-pulse RIDME traces and two-dimensional PDSFit error plots for (r) and
Ar obtained for MetMb Q8-3¢, MetMb Q8-2¢, and MetMb Q8R1. a-c) Background-corrected six-pulse
RIDME time traces (colored) with the fit function obtained by PDSFit (black dashed lines) for Mb Q8-3¢ (a),
Mb Q8-2¢ (b), and Mb Q8R1 (c). d-f) Two-dimensional error surfaces of the mean distance {r) against the
distribution width Ar (given as FWHM of a Gaussian distribution) of Mb Q8-3¢ (d), Mb Q8-2¢ (e), and
Mb Q8R1 (f) obtained from PDSFit for the more probable distance mode. The complete PDSFit results are
given in the appendix (Figure A25-A27).
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Table 20: Mean distances (r) and distribution widths Ar (given as FWHM of a Gaussian distribution) of the
more probable distance mode for MetMb Q8-3¢, MetMb Q8-2¢, and MetMb Q8R1 obtained by PeldorFit
analysis of the six-pulse RIDME experiments.

Construct (r) () or (A
MetMb Q8-3¢ 34.1%91 2,032
32.8%01 4.8103

MetMb Q8R1 27.3+01 0.7%53

For all spin-labeled MetMb Q8C samples, six-pulse RIDME time traces with one or more well-
pronounced oscillations were obtained (Figure 73a-c). While four oscillation periods were
resolved for MetMb Q8R1 before the oscillations were damped, two oscillation periods within the
2 us time window could be resolved for MetMb Q8-3¢, and the oscillation of MetMb Q8-2¢
vanished already after one oscillation period. Thereby, visual inspection of the time traces already
indicates an increasing distribution width from MTSL via SLIM 3 to Mal-TSL 2e, with more dipolar
frequencies causing destructive interferences and thereby damping the oscillations in the time
trace. For both trityl-labeled constructs, higher modulation depths (MetMb Q8-3¢: 27%,
MetMb Q8-2¢: 32%) were obtained as compared to Mb Q8R1 (23%), which can be rationalized by
the full excitation of the trityl spectrum by the rectangular microwave pulses. Notably, for all
cases, the theoretically achievable modulation depth of 50%*3®! was not reached as a result of the
previously described incomplete heme B loading of MetMb. 383!

PDSFit analysis (Figure 73d-f + Table 20) of the six-pulse RIDME traces confirmed the initial
presumption of a reduced distribution width for SLIM 3® compared to Mal-TSL 2. For
MetMb Q8-3¢, PDSFit analysis yielded a distribution width of 2.0 A, which is 59% narrower than
the width obtained for MetMb Q8-2¢ (4.8 A). These results nicely showcase the significant effect
of the reduced linker length of SLIM 3 on the PDS-derived distance distributions compared to the
more flexible Mal-TSL 2¢. For Mb Q8R1, a very narrow distribution of 0.7 A width was obtained,
which deviates from the distribution width previously determined on hs-Mb Q8R1 (1.8 A).34
Notably, for all MetMb constructs, the PDSFit analysis was performed using a two-component
system 1 and 2, as analysis with a one-component system resulted in unsatisfactory fits to the
time trace (data not shown). In addition, while the angle (§) of 80.2° between the g.,-axis and the
distance vector for MTSL-labeled MetMb Q8R1 matches well with the expected 90° angle for a
spin label oriented perpendicular to the heme B plane, this angle is broadly distributed for
MetMb Q8-3¢ ((§) = 55°) and MetMb Q8-2¢ ({§) = 77°). Potential reasons for both, the necessity
of a two-component system as well as the deviations of the ¢-angle from the expected values,
might be the approximations made by PDSFit such as a Gaussian distance and angular distribution,
which are in contrast to the in silico predictions (Figure 67b) for the Q8C labeling site showing a
non-Gaussian shape. On the other hand, structural perturbations upon spin label attachment
cannot be excluded either, and further research is needed for complete interpretation of the
obtained data.

3.2.6 PDS-EPR with SLIM 3 at Nanomolar Concentrations

In the cellular environment, protein concentrations vary over a broad range from high micromolar
concentrations (e.g. 5-50 uM for a-synuclein in neuronal synapses)®®! to low nanomolar
concentrations (e.g. 3-170 nM for pro-apoptotic Bax in human cells).2®! To prevent aggregation,
a significant shift of the protein fractions within the cell, or even cell death, near-physiological
concentrations of spin-labeled proteins are desired to avoid interference with the cellular
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signaling and metabolism pathways.®”! Additionally, as a consequence of the low intrinsic
concentration of most proteins, important biochemical interactions such as the formation of
enzyme-substrate complexes®¥® and binding of monoclonal antibodies®®! show high nanomolar
binding affinities. While these high binding affinities are commonly investigated by ITC, Wort et al.
demonstrated the accessibility of nanomolar binding affinities through modulation-depth analysis
of RIDME data using the Cu?*/MTSL spin pair.%! In this section, the feasibility of SLIM 3¢ for PDS
applications at these low concentrations for future in-cell applications and binding studies was
assessed.

3.2.6.1 Trityl/Trityl DQC at Nanomolar Concentrations

Prior to the studies presented herein, the lower concentration limit for PDS-EPR using a
commercial Q-band spectrometer was reported by Wort et al. at a protein concentration of
500 nM using the RIDME pulse sequence on the Cu?*/MTSL spin pair to assess the Kp of Cu?*(NTA)
to the dHis motif.?%! Exploiting the enhanced sensitivity and high SNR of SLIM 3¢ demonstrated
before (see section 3.2.4.4) using the DQC pulse sequence, the feasible concentration limit for the
SLIM 3¢/DQC-combination was assessed by dilution of the previously utilized
YopO Y588-3¢/N624-3¢ construct. Samples at a final protein concentration of 180 nM and 90 nM
were prepared and DQC experiments were performed and analyzed using DeerAnalysis
(Figure 74).
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Figure 74: Mirrored DQC time traces of YopO Y588-3¢/N624-3¢ at various concentrations and the
corresponding distance distributions obtained by DeerAnalysis. a) Mirrored DQC time traces of
YopO Y588-3¢/N624-3¢ at 180 nM (blue), 90 nM (red), and 25 uM (black). Samples were prepared in
deuterated PDS buffer with 30% v/v glycerol-ds. b) Resulting distance distributions of the time traces in (a)
using the same color code with the DeerAnalysis validation shown as grey shaded areas. The unmirrored
raw DQC traces and complete analyses by DeerAnalysis (backgrounds, fits, and L-curves) for the nanomolar
samples are given in the appendix (Figure A28).

For both nanomolar concentrations, DQC time traces with an SNR of 2 h™/2 (compare: 674 h™/ at
25 uM) were obtained with the trace length for the 90 nM sample being shorter than for the
180 nM sample (2.5 ps vs. 4 us). Despite the significantly lower SNR, both the modulation depth
and the oscillation period for the nanomolar dilutions agree well with the 25 uM reference DQC
trace discussed before (section 3.2.4.4). For the 180 nM dilution, a distance distribution quite
similar to the reference sample at 25 uM was obtained and even the previously observed

101



bimodality was partially resolved, though with significantly increased uncertainty bounds owing
to the reduced trace length and SNR. For the 90 nM dilution, a distance distribution that
completely vanished during background validation was obtained, hence prohibiting further
interpretation in the context of the biomolecular structure. However, the enhanced uncertainties
for both nanomolar concentrations are partially related to the validation by DeerAnalysis: As the
software divides the time trace by the applied background function, the high modulation depth
of DQC gives rise to an artificially introduced phenomenon called noise explosion,*® which is
especially prominent for the lower SNRs of the nanomolar samples. This in turn leads to a poorer
background fitting (usually fitted to the last third of the time trace) and instabilities in the data
analysis as small deviations of the background start cause the applied background function (here:
homogenous three-dimensional backgrounds) to fluctuate beyond a reasonable limit, resulting
even in a negative modulation depth. Therefore, while the shape and width of the distance
distributions are not reliable at these low concentrations and should be treated with care, e.g., in
model development, the mean distances extracted by DeerAnalysis can be considered reliable
even at 90 nM and can be used as restraints in model development and/or refinement.
Conclusively, PDS-EPR at nanomolar concentrations using the SLIM 3¢/DQC-combination on a
commercial Q-band spectrometer was shown to reduce the lower concentration limit by a factor
of five compared to concentrations reported before and therefore set a new benchmark.
Following the work presented herein, studies by the groups of Bode and Bordignon assessed the
PDS sensitivity limits of MTSL/MTSL (100 nM, PELDOR),*Y Cu?*/Cu?* (500 nM, RIDME),13
Gd**/Gd** (200 nM, PELDOR),"*7 and Cu?*/MTSL (100 nM, RIDME).[32

3.2.6.2 Trityl/Cu?* RIDME at Nanomolar Concentrations

Following the demonstration of PDS-EPR at low nanomolar concentrations using SLIM 3¢/DQC,
the concept was to be expanded by using SLIM 3¢ in combination with the previously described
RIDME experiments on Cu?*3°"in collaboration with Bela Bode from the University of St Andrews.
Here, excitation of the full EPR spectrum of SLIM 3¢ is expected to result in a 3 — 4-fold sensitivity
increase compared to the previously employed Cu?/MTSL spin pair with the feasible PDS
concentration limit at 100 nM."**?! To enable a direct comparison with the previous study, the
same protein, namely GB1 (see section 1.4.3) exhibiting a dHis-site on the a-helix (K28H/Q32H)
and a cysteine modification in the B-sheet (I6C), was utilized (Figure 75).

b)
GB1 dHis(Cu?')-3e

FWHM: 2.8 A
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Figure 75: Labeling sites and in silico derived distance distribution for GB1 I6C/K28H/Q32H orthogonally
labeled with SLIM 3¢ and Cu?*(NTA). a) Structure of GB1 (PDB-ID 3gb1, grey) labeled with SLIM 3¢ (blue) at
the position 16C and Cu**(NTA) (green and black) at the dHis-site K28H/Q32H (green). For clarity, only one
rotamer is shown. Rotamers were generated using mtsslWizard for bipedal labels (Colab, clash setting:
loose).333%4 b) In silico derived distance distribution between dHis-Cu®*(NTA) and SLIM 3¢ shown in (a).
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All subsequent experiments were performed in the laboratories of Bela Bode at the University of
St Andrews during a one-month research stay funded by the Deutscher Akademischer
Austauschdienst (DAAD). The protein construct GB116C/K28H/Q32H (provided by Katrin
Ackermann), in the following referred to as GB1, was labeled according to the previously
established general protocol (see section 3.2.2.2) with SLIM 3¢ (Figure 76 + Table 21).

a) b)
0.34
=S 3 .
£ 0.2-f
S
=5
[e]
g 0.14
0.0 : . . ] r r r
300 400 500 600 350 351 352
Wavelength (nm) Magnetic Field (mT)
c)
100+ 72969 4—GB1 16-3e
&_D..
7333.1
1 6081.5 . 7389.1
{ 52119 62358 o6 7269.4 8339.9 85165 o34 93767 9726.1

mass

5000 5500 6000 6500 7000 7500 8000 8500 9000 9500

Figure 76: UV-vis spectrum, cw-EPR spectrum, and ESI(+)-MS spectrum of GB1 16-3*. a) UV-vis spectrum of
GB1 K28H/Q32H/16-3¢ after excess label removal recorded on a Jenway 6850 double beam
spectrophotometer. b) Room temperature X-band cw-EPR spectrum of GB1 16-3® (50 uM) recorded on a
Bruker EMX 10/12 spectrometer equipped with an ELEXSYS Super Hi-Q resonator. Measurement settings:
9.9 GHz microwave frequency, 2 mW microwave power, 100 kHz modulation frequency, 0.2 G modulation
amplitude, 20.48 ms time constant, 100 pts/mT. c¢) Deconvoluted high-resolution ESI(+)-MS spectrum of
GB1 16-3¢ recorded on a Waters Xevo G2 TOF mass spectrometer.

Table 21: Labeling efficiencies of GB1 16-3® determined by UV-vis and cw-EPR spin-count.

Method GB1 [uM] SLIM 3¢ [uM] Labeling efficiency
UV-vis 66 67 102%
cw-EPR spin-count/® - 490! 98%

[a] Protein freeze-dried and resuspended in deuterated GB1 PDS buffer to a concentration of 50 uM.
[b] Determined against a 50 uM TEMPO standard (in GB1 PDS buffer).

After labeling GB1 with SLIM 3 and removing the excess spin label (Akta start run not shown here,
as the UV-detector could monitor only the absorbance at 280 nm), the UV-vis spectrum
(Figure 76a) indicated quantitative labeling of GB1 with SLIM 3¢ according to the absorbance
maxima at 459 nm and 276 nm. Notably, initial labeling experiments of GB1 with SLIM 3¢ revealed
insufficient separability of the free label from the protein, hence a reduced excess of 3.5 eq. 3¢
per GB1 molecule (compared to previously 5 eq. / protein) was applied for the successful labeling
of GB1 shown here. These issues with trityl separation are likely caused by the significantly smaller
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size of GB1 (6.2kDa) compared to the previously used proteins (YopO: 71.2kDa;
Myoglobin: 17.1 kDa), resulting in insufficient separation between both species during the SEC
steps due to similar hydrodynamic radii. In contrast to the previous buffer exchanges, here, the
exchange into deuterated GB1 PDS buffer was achieved by freeze-drying and resuspension of
GB1 16-3* with D0, as previous studies revealed no structural change and perturbation of the
protein using this technique.®%! The cw-EPR spectrum of GB1 16-3¢ (Figure 76b) showed great
similarity with the spectrum obtained for Mb Q8-3¢ (see Figure 72). Again, as a consequence of
the shorter rotational correlation time related to the low molecular weight of GB1, the hyperfine
splitting of SLIM 3 was not averaged and is still partially resolved. Quantitative cw-EPR spin-count
against a 50 uM TEMPO reference revealed a labeling efficiency of 98%. Finally, successful GB1
labeling was confirmed by ESI(+)-MS, where a single high-intensity mass peak at 7,296.9 Da
(calculated: 7,297 Da) with a mass increase of +1,065 Da (MW SLIM 3e: 1,065.54 Da) compared to
unlabeled GB1 (6,231 Da, Figure A29) was detected.

Final PDS samples were prepared by adding Cu**(NTA) to the SLIM 3e-labeled GB1. Here, the ratio
of Cu**(NTA) to GB1 was adjusted so that approximate 90% loading of the dHis-site was achieved
using the previously determined dissociation constant of Kp = 200 nM for the dHis-site located on
the GB1 a-helix.?%! To assess the PDS concentration limit for the Cu?*/SLIM 3¢ spin pair, RIDME
experiments were set up at Q-band frequencies (40 K) and analyzed using Tikhonov regularization
by Bela Bode. In addition to the standard five-pulse (constant time, ct) RIDME sequence, additional
RIDME traces using the recently introduced variable time (vt) RIDME were recorded, which was
shown to yield a 2 — 3-fold sensitivity enhancement compared to ctRIDME on the example of the
Cu?*/MTSL spin pair.?%! Here, only the background-corrected VtRIDME traces and the
corresponding distance distributions are displayed (Figure 77). A detailed summary of the setup
parameters and data processing routines can be found in the original publication.”*!
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Figure 77: Background-corrected vtRIDME time traces and resulting distance distributions of
GB1 16-32/28H+32H-Cu?*(NTA). a) Five-pulse VtRIDME time traces at 500 nM (blue), 100 nM (teal), 50 nM
(green), 25 nM (orange), and 50 nM (red) after background correction with their respective fits obtained
from the ConsensusDeerAnalyzer2.0. Raw time traces can be found in the primary publication. b) Distance
distributions corresponding to the time traces shown in (a) using the same color code with the validation
(95% confidence intervals) shown as shaded areas. The in silico prediction is shown as a black dashed line.

Time traces with pronounced oscillations and a modulation depth between 45% (500 nM) and
53% (100 nM) were obtained. The slight deviations in the modulation depths of the individual
samples can be attributed to slight deviations in the sample positioning within the resonator and
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optimization refinements before the vtRIDME experiments. Tikhonov regularization revealed
high-confidence distance distributions down to a concentration of 50 nM, which were similar in
width (VtRIDME avg. FWHM = 3.24 A; mtsslWizard FWHM = 2.83 A) but slightly shifted to shorter
distances compared to the in silico prediction from mtssiWizard. Below the 50 nM threshold, an
increase of the uncertainty is observed in the distance distribution as a result of the lower SNR,
and the distribution width is no longer considered reliable. Notably, even at these low
concentrations, the mean distance is still conserved. By increasing the averaging time to
approximately 60 h, a vtRIDME trace with well-pronounced oscillations could be obtained, leading
to increased stability of the distance distribution in the subsequent analysis (Figure A30).
Compared to ctRIDME, the sensitivity of vtRIDME is approximately 2 — 3 times higher, which is in
good agreement with the previously found two-fold sensitivity increase of vtRIDME,%*! and an
overall sensitivity improvement by a factor of ~8 compared to previous studies using the
Cu?*/MTSL spin pair in combination with ctRIDME was achieved.?°? A detailed summary of the
sensitivities obtained herein and a comparison to literature-reported sensitivities is given below
(Table 22).

Table 22: Sensitivity given as modulation-to-noise ratio for the vtRIDME and ctRIDME Cu?*/SLIM 3e time
traces at various concentrations of GB1 (this study) and literature-reported sensitivities for Cu?*/MTSL
(ctRIDME), MTSL/MTSL (PELDOR), and Cu?*/Cu®* (ctRIDME).B73 For better comparability, the sensitivity is
given per unit time S; (Hz2).

S: [|.|21/2][a]
Concentration Cu?*/SLIM 3e Cu?*/SLIM 3e CuZ*/MTSL MTSL/MTSL Cu?*/Cu?

[nM] (VERIDME) (ctRIDME) (CtRIDME)*?  (PELDOR)3°!  (ctRIDME)39U
500 28.1 10.8 - 4.47 0.45

100 5.15 2.30 0.59 0.30 -

50 2.48 1.04 0.31 - -

25 0.77 0.27 - - -

10 0.43 0.15 - - -

[a] The sensitivity per unit time S; is defined as the normalized ratio of the modulation depth divided by the
root-mean-square experimental noise and the square root of the acquisition time.2%%!

In summary, the Cu?*/SLIM 3¢ spin pair in combination with vtRIDME significantly enhances the
sensitivity and conclusively lowers the concentration limit for biomolecular structure elucidation
using PDS-EPR. The vtRIDME experiments at a protein concentration of 10 nM presented herein
set a new benchmark for low-concentration PDS.

While this study was intentionally designed to assess the concentration limit of the Cu?*/SLIM 3e
spin pair for PDS-EPR, similar to the myoglobin case (section 3.2.5), the dHis-Cu®*(NTA) motif
serves here as a rigid spin center and the width of the distance distribution is dominated by the
contribution of the more flexible SLIM 3¢ label. The high-confidence distance distribution
obtained at 500 nM GB1 shows that the distribution (FWHM = 3.24 A) is only slightly broader than
for the GB1 analog labeled with MTSL (FWHM = 1.81 A)B°! and well below the resolution limit of
a 10 A FWHM needed for model generation from distance restraints (see section 3.1.5, Table 6,
case 2).3%4 Although there were no complimentary labeling and RIDME experiments for the same
GB1 construct using Mal-TSL 2¢, the narrow distribution obtained here for GB1 labeled with
SLIM 3e provides a good estimate of the restrained conformational flexibility of SLIM 3e. Hence,
it can be concluded that the shortened linker indeed leads to narrowed distance distributions.
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3.2.7 In-Cell PDS-Experiments with SLIM 3¢

3.2.7.1 Redox-Stability of SLIM 3e

For PDS in the cellular environment, the redox stability of the spin label is an important property.
As outlined in section 1.3.2.2, trityl radicals typically display high redox stability, which was shown
to be strongly influenced by the substitution pattern on the para-positions of the phenyl rings.
The trityl carbanion formed upon reduction is stabilized by electron withdrawing groups such as
esters and amides;76397:3%8 this implies that all TAM labels derived from the Finland trityl via
esterification or amidation, e.g. MTS-TSL 1¢, Mal-TSL 2¢, and Mal.m-TSL, have an increased redox
potential compared to the Finland trityl itself and are more prone to reduction. On the other hand,
the imidomethylene substituent of SLIM 3¢ has an electron-donating effect, thereby destabilizing
the carbanion and decreasing the redox potential compared to the Finland trityl and all
predecessor spin labels. To test whether this hypothesis holds and whether SLIM 3¢ is indeed
more redox-stable, solutions of Finland trityl and SLIM 3e were subjected to cyclic voltammetry
(CV) by Pawel Bawol of the Baltruschat group (Figure 78).
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Figure 78: Cyclic voltammograms of Finland trityl (black) and SLIM 3¢ (blue), each at 500 uM in PBS buffer
and measured against a reversible hydrogen electrode (RHE) at pH 7.4 as a reference. A scan rate of 50 mV/s
was applied in clockwise direction.

Indeed, according to CV, the redox potential of SLIM 3¢ is lowered by 43 mV compared to the
Finland trityl, thereby confirming enhanced stability towards reductive processes, which is related
to the electron donating imidomethylene substituent. As a direct consequence, the oxidation of
SLIM 3e is slightly favored by 26 mV compared to the Finland trityl; however, no oxidative
degradation of the spin label was observed at ambient conditions.

Following these initial studies, the stability of the free spin label 3¢ towards ascorbate in
comparison with other spin labels was assessed by Florian Haege in his Master thesis
(Figure 79a).B7°! As not only the free-label stability but rather the stability of the spin label upon
bioconjugation is crucial for in-cell PDS and, additionally, enzymatic reduction of the radical is an
important factor,?% the stability of SLIM 3¢ conjugated to YopO N624C (previously employed
construct, see Figure 61) was investigated under various cell-mimetic conditions!20%227:4%0] tq
demonstrate its applicability for in-cell PDS experiments (Figure 79b).

106



a) b)

104 o .., YopO N624-3s in
= 'kw.g_-ﬁqﬁ}{:y‘\r,-’maw'«/:«.ﬂa‘ﬁ‘:‘ﬂ‘ SLIM 3e SO e e e e ‘op *
CATIR IRk ORI g ““";\’;,,:’ T T et Hela lysate
i Y ” S T 09 NI e s ot :
% . * -’-\e-'{"‘ o % e .v..ﬁ;".";‘"“ ascorbate
Eos{ % Mal-TSL2e £ o
o - )
o -, o
2 0.4 A 2
g S, 807
E o2 A E
E 021 Wetwnntioteines DNA-TEN 5 06
S Z

0.0 | t 4 0.5 T T 1

0 5 10 15 0 5 10 15
Time (h) Time (h)

Figure 79: Stability studies of various free spin labels in sodium ascorbate solution and of SLIM 3e
bioconjugated to YopO N624C under cell-mimetic conditions. a) Normalized X-band cw-EPR signal double-
integral of SLIM 3¢ (blue), Mal-TSL 2 (teal), gem-diethylisoindoline nitroxide (TEN, compare Figure 21)
bound to DNA (red), and MTSL (orange), each at a concentration of 200 uM in PBS buffer containing 5 mM
ascorbate. Spectra were recorded in gas-tight capillaries on a Bruker EMXmicro spectrometer over 15 h with
cw-EPR scans every 15 min. To achieve sufficient water solubility of TEN, the spin label was bioconjugated
to a modified DNA strand (5’-GGG TGX CTG GTA CCC-3’, X = 5-ethynyl-2’dU, obtained from Metabion) and
subsequently annealed with the complementary, unmodified strand by Christine Wuebben in the context
of her dissertation®®! following previously established protocols.l??*! b) Normalized X-band cw-EPR signal
double-integral of YopO N624C-3 (50 uM) in 5 mM ascorbate (blue), Hela lysate (red), and Xenopus laevis
oocyte lysate (orange). Spectra were recorded in gas-tight capillaries on a Bruker EMXmicro spectrometer
over 15 h with cw-EPR scans every 15 min.

In the presence of a 25-fold molar excess of ascorbate, SLIM 3¢ showed excellent redox stability
compared to all other tested labels, and no notable signal decay was observed (Figure 79a, blue).
According to the CV measurements, SLIM 3¢ is more stable than the Finland trityl-derived
Mal-TSL 2 and indeed, the EPR signal of 2¢ decayed to 62% of its initial double-integral over 15 h
in the presence of the reducing agent ascorbate (Figure 79a, teal). In addition, SLIM 3e
outperformed both tested nitroxide labels, the gem-diethylisoindoline nitroxide bound to DNA
(DNA-TEN) which was reduced to 18% in the same time frame (Figure 79a, red), and the gem-
dimethyl MTSL label which was completely reduced after 1.5 h (Figure 79a, orange). For SLIM 3e
covalently bound to YopO N624C (Figure 79b), only a marginal EPR signal reduction of
approximately 10% in the presence of 5 mM ascorbate and even less in Hela lysate was observed.
Xenopus laevis oocyte lysate showed the strongest reducing effect on YopO N624-3¢ but even
here, the signal decayed only by 29% of its initial double-integral value.

Hence, the introduction of an imidomethylene linker not only reduced the flexibility of the spin
label but also shifted the redox potential of SLIM 3¢, thereby rendering the spin label in its free
and bioconjugated form more redox-stable than the previously employed trityl®’® and gem-
dimethyl nitroxide spin labels, and at least on par with gem-diethyl nitroxide labels,?°222”) making
it an excellent candidate for in-cell applications.

3.2.7.2 PDS-EPR Distance Measurements in Xenopus Laevis Oocytes

Following the promising results of section 3.2.6.1, the feasibility of SLIM 3e for in-cell PDS
structure elucidation of proteins was tested first within Xenopus laevis oocytes, an eucaryotic cell
model previously employed for in-cell PDS studies.[164227.2854021 A5 Xenopus laevis oocytes showed
the highest reducing activity towards SLIM 3¢, this system serves as a benchmark for other in-cell
applications, e.g. within Hela cells. In addition, the size of the oocytes allows mimicking the native
translocation process of YopO to the host immune cells via the T3SS from Yersinia by using a
microinjection needle for cell penetration and translocation of the labeled protein into the
oocytes.
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Using the YopO Y588-3¢/N624-3* mutant (see section 3.2.4.2), bulk spin concentrations of
approximately 11 uM were obtained after microinjection into Xenopus laevis oocytes. The
successful protein delivery was confirmed by echo-detected field-swept EPR and relaxation
measurements (Figure 80 + Table 23).
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Figure 80: Echo-detected field-swept EPR spectrum and electron spin relaxation measurements of
YopO Y588-3¢/N624-3¢ injected into Xenopus laevis oocytes. a) Field-swept Q-band EPR spectra of
untreated oocytes (black) and oocytes injected with YopO Y588-3¢/N624-3¢ (blue) at 50 K normalized to
the first Mn?* signal at 1184.4 mT. b) Inversion recovery traces for YopO Y588-3¢/N624-3¢ injected into
oocytes after 120 min incubation time (blue) and in vitro (black) at 50 K. b) 2pESEEM traces for
YopO Y588-3¢/N624-3¢ injected into oocytes after 120 min incubation time (blue) and in vitro (black) at
50 K.

Table 23: Spin-lattice relaxation times T; and phase memory times T, of SLIM 3¢ obtained by fitting either
eq. 19 (Inversion recovery) or eq. 20 (2pESEEM) to the respective traces shown in Figure 80.

Sample T4 (ms) Ty (ps)
in oocytes 7.1 1.4
in vitro 7.8 15

The field-swept EPR spectrum of untreated oocytes (Figure 80a, black) showed the characteristic
manganese(ll) signal (1181 mT — 1228 mT)!2%>4%] reported previously alongside the signal of an
endogenous organic radical (1200.9 mT) of unknown origin. After injection of
YopO Y588-3¢/N624-3e, the shape of the field-swept EPR spectrum changed considerably and is
now dominated by a new signal at 1201.8 mT indicative of the injected trityl. Inversion recovery
and 2pESEEM experiments on the maximum of this signal revealed prolonged T; and Ty, relaxation
times compared to the relaxation times at the field positions of manganese(ll) and the organic
radical (Figure A31b+c), thereby confirming the successful injection and presence of
YopO Y588-3¢/N624-3e. In the cellular environment, the transverse and longitudinal relaxation of
SLIM 3¢ is enhanced compared to the in vitro sample, presumably due to relaxation enhancement
by the endogenous manganese and/or paramagnetic crowding.*®? Notably, the paramagnetic
crowding could be sufficiently reduced upon prolonged incubation times after microinjection,
thereby leading to a more uniform distribution of the labeled protein within the oocytes as
evidenced by an increased phase memory time after longer incubation periods (Figure A31d).

Next, a DQC time trace of the injected Xenopus laevis oocytes was recorded and analyzed using
DeerAnalysis (Figure 81). Here, the relatively long phase memory time of SLIM 3e in the non-
deuterated environment of the oocytes enabled a dipolar evolution time window of 3.5 us, which
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is considerably longer than traces recorded with nitroxide-, Gd**-, and trityl spin labels in previous
PDS studies using either Xenopus laevis oocytes or E. coli cells.147:227,285402]
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Figure 81: DQC time trace and distance distribution of YopO Y588-3¢/N624-3¢ injected into Xenopus laevis
oocytes. a) Background-corrected DQC time trace (black) of YopO Y588-3¢/N624-3 in oocytes with the fit
obtained by Tikhonov regularization (red). b) Distance distribution (blue) obtained from the time trace in
(a) with the DeerAnalysis validation shown as grey-shaded areas and the distance distribution of
YopO Y588-3¢/N624-3¢ obtained in vitro as comparison (black dashed line). The complete analysis by
DeerAnalysis (raw time trace, background, L-curves, and distance distributions) is given in the appendix
(Figure A32).

The DQC time trace showed a modulation depth of 78% and an SNR of 0.4 min™"/2. Assuming a
linear correlation of the SNR with the spin concentration, an SNR of 2.25 min™/2 is expected for a
bulk spin concentration of approximately 11 pM, based on the SNR of 11.2 min/? previously
obtained in vitro for YopO Y588-3¢/N624-3¢ (see Table 17). The lower SNR and modulation depth
can be rationalized by the shorter phase memory time as well as partial reduction of SLIM 3e
within the oocytes during the incubation phase, leading to an increased fraction of singly-labeled
proteins not contributing to the DQC signal. Despite this partial reduction of SLIM 3¢, the SNR of
the DQC trace was considerably higher than for literature-reported in-cell measurements with
nitroxide*47:227:4921 and trityl*%*! |abels at Q-band and comparable to the SNRs obtained for PELDOR
measurements using trityl and Gd** labels at W-Band.[?89352404 As 3 result of the higher fraction of
singly-labeled YopO and the inhomogeneous distribution of the spins within the resonator
resulting from the stacked packing of the oocytes within the EPR tube (see Materials and Methods
section 5.2.8.1, Figure 112f), a three-dimensional homogenous background as previously utilized
for the in vitro DQC traces of YopO Y588-3¢/N624-3¢ was insufficient to describe the DQC
background and hence a 3"-order polynomial function was applied here.

Compared to the DQC trace of YopO Y588-3¢/N624-3¢ obtained in vitro, the oscillation period of
the same construct inside oocytes is considerably longer (3 us in oocytes vs. 2 us in vitro) and,
accordingly, the distance distributions obtained in-cell and in vitro differ from each other. While a
pronounced bimodality was observed in vitro that was attributed to two conformational states of
the a-helical backbone, within the oocytes, the shorter-distance peak at 45 A is strongly
diminished and only a single mode at 51 A, roughly corresponding to the longer-distance peak,
prevailed. This strongly suggests a preferred selection of the bent helix conformation
(corresponding to longer inter-spin distances) within the cytosol of the oocytes. Although a
correlation of the a-helical backbone conformation and the presence and binding of G-actin to
YopO was ruled out (see section 3.2.4.4), the conformational change is likely related to molecular
crowding effects*®>4%! and/or the binding of other substrates such as Rac1 within the cytosol.?®!
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3.2.7.3 Expression, Purification, and Labeling of YopO1-729¢(SycO):

SLIM 3¢ showed remarkable redox stability within HelLa cell lysate (see section 3.2.7.1) and thus
holds great potential for PDS studies of proteins inside eucaryotic human cells such as Hela, an
immortal human cancer cell line widely applied to study fundamental cellular processes.**” To
expand the application scope of SLIM 3¢ to this highly relevant cell-class, the general feasibility of
PDS experiments in Hela cells was to be tested using the full-length construct YopO1.72¢ labeled
with SLIM 3e. The rationale of using the native, full-length form rather than the previously
employed truncated YopOss.720 mutant lacking the secretion and translocation domain was to
follow the localization of the protein at the inner surface of the Hela cell membrane after
internalization®?! by fluorescence microcopy, thereby confirming the structural integrity in the
native state. In addition, localization and thereby immobilization of full-length YopO at the inner
cell membrane potentially reduces molecular tumbling and motional averaging of the dipolar
interaction and PDS-EPR can be performed at non-cryogenic or even ambient temperatures
without the use of artificial immobilizing additives such as dried trehalose.

The missing first 79 amino acids encoded onto a synthetic gene were cut out using the restriction
enzymes EcoR1 and Pasl and cloned in-frame into the pGEX-6p-1 vector that contains
YopOsy.729-wt. Subsequently, the amino acids E87 and F88 in YopOi.720 encoding for the Pasl
restriction site were altered to the wild-type amino acids K87 and T88, thereby generating the
GST-fused YopOi.720-wt construct, whose identity was confirmed via sequencing (Figure A33).
Initial attempts to purify YopOi.729 according to the protocol described by Juris et al.®?! failed, as
no sufficient amount of protein could be recovered after PreScission protease cleavage of
GST-YopOs.729 after affinity binding to GSH beads (Figure 82a). A BugBuster® expression assay
monitoring the fraction of soluble GST-YopOi1.729 for 16 h at either 16 °C or 25 °C revealed that
even at short expression times of 2 h, GST-YopO1.72¢ is found only in the insoluble fraction of the
cell lysate, as a strong band above 100 kDa appears (GST-YopOi.729: 108 kDa). The identity of this
band was confirmed by Western blotting (Figure 82b-d).
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Figure 82: SDS gels and Western blot of the expression and purification of GST-fused YopO1.729. @) 10% SDS
gel of the expression and purification process of YopO1.729 following the workflow described by Juris et al.3?%!
The green dashed box indicates the height and successful expression of GST-YopOi.729. b) 10% SDS gel
monitoring the protein amount in the soluble (S) and pellet (P) fraction after IPTG-induction at various time
points at 16 °C. Cells were lysed using the BugBuster® 10x Protein Extraction Reagent. c) Same as (b) but for
protein expression at 25 °C. d) Western blot with the samples in (c) (4 h time stamp missing) and a post-
induction sample of GST-YopOsy.729 (16 h incubation) as a positive control for antibody binding. Primary
antibody: Mouse anti-GST; secondary antibody: Goat anti-mouse IgG (HRP conjugated). Picture taken with
a smartphone.

These findings of poorly soluble YopOi.729 are in line with earlier reports by Letzelter et al. who
have shown that the aggregation-prone membrane localization domain (MLD) of wild-type
YopO1.729 is stabilized by the specific Yersinia chaperone O (Syc0).1“%®! The chaperone SycO binds
to the amino acid residues 20-77 of YopOi1.729 in a 2:1 stoichiometry, thereby masking the poorly
soluble MLD and greatly enhancing the solubility of wild-type YopOi.729. To enable expression of
YopOi.729 at yields sufficient for subsequent labeling and transfection experiments, the YopO1.729
and SycO genes were cloned into a pET-Duet-1 vector for co-expression of both proteins
(Figure A34).

The expression and purification of YopO1.729*(SycO), was adapted with small adjustments from
the soluble YopOss.729 construct described previously. In particular, protein expression was
induced using a lower IPTG concentration, the stability of the protein complex was enhanced by
the supplement of 5% (v/v) glycerol to all buffers, and the gel filtration step was renounced as
sufficiently pure protein was obtained after the anion exchange (Figure 83).
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Figure 83: Expression and purification of YopO;.729*(SycO),. a) Coomassie-stained 10% SDS gel of the Rosetta
DE3 cells pre- and post-induction with IPTG. The band heights of GST-YopO1.729 (108 kDa, green) and SycO
(17.4 kDa, red) are indicated. b) Coomassie-stained 10% SDS gel of the initial purification steps until
YopOs.729 elution from the GSH beads. Band-heights corresponding to GST-tag cleaved YopO1.729 (81.7 kDa,
green), free GST (28.3 kDa, orange), and SycO (17.4 kDa, red) are indicated. c¢) Chromatogram of the Capto™
HiRes Q 10/100 anion exchange run of YopOi.729*(SycO), showing the absorption at 280 nm (blue) and
conductivity (orange). The horizontal bars (purple and green) correspond to the fractions taken for SDS-
PAGE analysis. d) Coomassie-stained 10% SDS gel of the fractions shown in (c). The bands corresponding to
YopOi.729 and SycO are indicated.

Protein co-expression from the pET-Duet-1 vector revealed successful expression of both,
YopO1-729 and SycO, as bands at ~100 kDa (GST- YopO1.729: 108 kDa) and ~15 kDa (SycO: 17.4 kDa)
appeared (Figure 83a). Subsequent cell lysis and purification using GST-affinity chromatography
showed that co-expression of YopQOi.729 in combination with SycO significantly enhances the
protein stability, and a large band on the SDS gel corresponding to YopOi.729 appeared after
cleavage of the GST-tag (Figure 83b, lane 7). In the same elution fraction, a ~15 kDa band was
observed on the Coomassie-stained SDS gel, likely corresponding to SycO which is bound to the
MLD of YopO1.720. Subsequent anion exchange chromatography confirmed this hypothesis, as two
proteins with molecular weights of ~80 kDa and ~15 kDa corresponding to the YopO1.729 and SycO
eluted together at a conductivity of ~22 mS/cm. After concentrating the anion-exchange fractions
containing YopOi.729°(SycO),, a total of 5.8 mg protein was obtained, which corresponds to
50 nmol of the protein complex assuming a 2:1 stoichiometry. In summary, the co-expression of
YopOi.729 with SycO significantly enhanced the stability of full-length YopO and enabled the
purification of the protein in sufficient amounts for labeling experiments. Yet, the yields were
approximately only a third of the average protein yield usually obtained for the soluble YopOss.729
construct, thereby hinting towards a still reduced stability of the YopQOi.729*(SycO), complex
compared to truncated YopO.

As there is no structure available for wild-type SycO which contains three native cysteine residues,
the accessibility of the present cysteines was assessed by labeling YopQi.729*(SycO), with MTSL.
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Subsequent cw-EPR and PELDOR experiments revealed labeling of at least one of the native
cysteines and the presence of dipolar coupling in the PELDOR experiments (Figure A35). In order
to enable site-selective labeling with SLIM and a fluorescence dye, the native cysteines C30, C75,
and C87 were altered to alanine residues (Figure A36), yielding the YopOi.720*(SycOo-cys)2
construct, hence forward referred to as YopOn(SycO). The catalytic activity of this construct was
confirmed by detecting the autophosphorylation capability in the presence of G-actin
(Figure A37). Starting from this construct, the cysteines for spin-labeling with SLIM 3¢ were
introduced at positions S585C and Q603C in YopOs, and in another construct at residue N624C for
fluorophore labeling (Figure A38). The rational for choosing the labeling positions S585C and
Q603C for SLIM 3e-labeling of YopO#(SycO) was the assumed reduced phase memory time in the
cellular environment of Hela cells and the hence reduced achievable dipolar evolution time.

The double-cysteine construct YopOs(SycO) S585C/Q603C was expressed, purified (Figure A39),
and subsequently labeled with MTSL and SLIM 3¢ (Figure 84 + Table 24). To validate whether the
residues 1-88 and the complexation with SycO influence the structure of the labeled a-helical
backbone in YopOs, additionally the soluble YopOss.729 S585C/Q603C construct used in previous
studies (see section 3.1.1) was also labeled with SLIM 3¢ as a reference for in vitro PDS
experiments (Figure 84 + Table 24).
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Figure 84: Spin labeling results for YopOn(SycO)S585C/Q603C and the soluble analog
YopOss.720 S585C/Q603C. a+b) Chromatograms of the HiPrep™ 26/10 runs of YopOr(SycO) S585-3¢/Q603-3
(@) and YopOsy.729 S585-32/Q603-3* (b) after labeling with SLIM 3e. c+d) UV-vis spectra of
YopOs(SycO) S585-3¢/Q603-3¢ (1:3 dilution) (c) and YopOss.720 S585-3¢/Q603-3¢ (1:4 dilution) (d) after
excess label removal recorded on a NanoDrop™ 2000. e+f) Room temperature X-band cw-EPR spectra of
YopOs(SycO) S585-3¢/Q603-3¢ (160 pM) (e) and YopOgs.729 S585-3¢/Q603-3¢ (218 uM) (f) recorded on a
Bruker EMXnano spectrometer. Measurement settings: 9.635 GHz microwave frequency, 1.0 mW
microwave power, 100 kHz modulation frequency, 0.5 G modulation amplitude, 20.48 ms time constant,
200 pts/mT. g) Chromatogram of the HiPrep™ 26/10 run of YopOg(SycO) S585R1/Q603R1 after labeling with
MTSL. h) Room temperature X-band cw-EPR spectra of YopOs(SycO) S585R1/Q603R1 (100 uM) recorded on
an EMXnano spectrometer. Measurement settings: 9.635 GHz microwave frequency, 10 mW microwave
power, 100 kHz modulation frequency, 1.0 G modulation amplitude, 20.48 ms time constant, 100 pts/mT.
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Table 24: Labeling efficiencies of YopOs(SycO) S585-3¢/Q603-3¢, YopOsy.729 S585-3°/Q603-3¢, and
YopOs(SycO) S585R1/Q603R1 derived from UV-vis and cw-EPR spin-count experiments shown in Figure 84.

sample YopOsn(SycO) YopOsg.729 YopOr(SycO)
$585-3¢/Q603-3¢ $585-3¢/Q603-3°¢ S585R1/Q603R1
UV-vis (protein) [uM] 160 218 100
UV-vis (label) [uM] 345 426 -
cw-EPR spin-count [uM] 320 365 100
Labeling efficiency® 104% 91% 50%

[a] For SLIM 3e, the label concentration from UV-vis and cw-EPR spin-count was averaged.

For SLIM 3e, high labeling efficiencies were obtained for both YopO constructs. Notably, the
cw-EPR spectrum is broadened for both constructs in comparison to the spectrum of previously
used YopO Y588-3¢/N624-3 and the hyperfine splitting is barely resolved. Here, both spin labels
are separated by 17 residues compared to 34 residues in YopO Y588-3¢/N624-3¢, and the
broadening is attributed to the strong dipolar coupling of the spins resulting from the closer
proximity of the labels with interspin distances below the 22 A threshold./“%”! Labeling with MTSL
resulted in a labeling efficiency of only 50%, which is well below the previously achieved labeling
efficiency of the MTSL-labeled soluble analog of this mutant (see section 3.1.2). A potential reason
might be an error in the determination of the protein concentration by UV-vis, as a shift in the
ratio of YopO and SycO might have occurred during the labeling and work-up, e.g., by precipitation
of YopO while SycO remained in the soluble fraction.

The influence of SycO and the presence of the MLD on the GDI backbone helix structure of YopO
was assessed in vitro by DQC and PELDOR measurements on the labeled full-length and soluble
YopO constructs (Figure 85). DQC experiments were performed at 70 K to exploit the faster T}
relaxation time of SLIM 3¢ and to increase the shot-repetition time.
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Figure 85: Time traces and distance distributions for the SLIM 3- and MTSL-labeled full-length and soluble
YopO constucts. a) Background-corrected DQC time traces of YopOgs(SycO) S585-32/Q603-3¢ (purple) and
YopOss.720 S585-32/Q603-3¢ (blue) with the fits obtained by Tikhonov regularization (black dashed). For
clarity, the trace of YopOs(SycO) S585-3¢/Q603-3¢ is shifted on the y-axis. b) Distance distributions obtained
from the time traces in (a) using the same color code with the DeerAnalysis validation shown as shaded
areas. The red vertical bar corresponds to the most probable distance obtained for the full-length construct.
The complete analysis by DeerAnalysis (raw time trace, background, L-curves, and distance distributions) is
given in the appendix (Figure A40a+b). c) Background corrected PELDOR time traces of
YopOs(SycO) S585R1/Q603R1 (orange) and YopOss.720 S585R1/Q603R1 (green, taken from section 3.1.4)
with the fits obtained by Tikhonov regularization (black dashed). For clarity, the trace of
YopOs(SycO) S585R1/Q603R1 is shifted on the y-axis d) Distance distributions obtained from the time traces
in (c) using the same color code with the DeerAnalysis validation shown as shaded areas. The red vertical
bar corresponds to the most probable distance obtained for the full-length construct. The complete analysis
by DeerAnalysis for YopOs(SycO) S585R1/Q603R1 (background, L-curve, and distance distribution) is given
in the appendix (Figure A40c).

For both spin labels, SLIM 3¢ and MTSL, the time traces for full-length YopO in complex with SycO
obtained for either SLIM 3¢/DQC (Figure 85a) or MTSL/PELDOR (Figure 85c) show the same
oscillation period and damped oscillations as the respective truncated YopOss.729 analog.
Consequently, also the resulting distance distributions for both YopO variants, full-length and
soluble, labeled with SLIM 3® or MTSL, are almost identical (Figure 85b+d) regarding the most
probable distance as well as the width and shape of the distributions. Based on these results, the
structure of the a-helical GDI backbone of YopO#(SycO) is, at least in the upper region of the GDI
backbone helix where the labeling positions S585C and Q603 are located, identical to its soluble
YopOsy.729 analog and not influenced by SycO or the MLD region consisting of the amino acid
residues 1-88.

To verify the successful transfection and localization of YopO inside Hela cells, single-cysteine
constructs of full-length and soluble YopO containing the N624C mutation (purification of
YopOg(SycO) N624C shown in Figure A41) were labeled with the fluorescence dye Alexa Fluor™
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488 Cs maleimide. Similar to the trityl spin label, the Alexa488 fluorescence dye has a broad
absorption range at 280 nm and a maximum absorbance at 493 nm (Figure 86a). To verify the
labeling efficiencies, the same quantification routine as for the trityl labels (see section 3.2.2.1)

was employed here using the experimental extincition coefficients €,50(A4gg) = 0.011%{1 and

£403(A4gg) = 0.0071 fl—r; for Alexa Fluor™ 488 Cs maleimide obtained from the UV-vis spectrum

of the free dye PBS buffer. Both soluble and full-length YopO were labeled at residue N624C,
yielding the fluorescence-labeled constructs YopOn(SycO) N624-Asss and YopOsg.720 N624-Assgs
(Figure 86b+c + Table 25).
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Figure 86: UV-vis spectra of free Alexa Fluor™ 488 and labeled full-length and soluble YopO. a) UV-vis
spectrum of Alexa Fluor™ 488 (160 uM) in PBS buffer. b) UV-vis spectrum of YopOgs(SycO) N624-Asss (85 uM,
1:3 dilution) in PBS buffer. c) UV-vis spectrum of YopOss.720 N624-Asss (73 uM, 1:3 dilution) in PBS buffer. All
spectra were recorded on a NanoDrop™ 2000.

Table 25: Labeling efficiencies of YopOs(SycO) N624-Asgs and YopOss.720 N624-Asss determined by UV-vis
spectroscopy.

Sample YopO [uM] Alexa Fluor488™ [uM] Labeling efficiency
YopOs(SycO) N624-Asss 254 230 90%
YopOss.729 N624-Asss 220 260 118%

Labeling of the full-length construct was almost quantitative while slight over-labeling (118%) of
the soluble YopO construct was observed. However, the small amount of remaining free label was
considered negligible for the subsequent transfection experiments.

3.2.7.4 Transfection and PDS-EPR of YopO inside Hela cells

Hela cells were shown to have high viability after transfection and recombinant protein delivery
via electroporation (EP).[**® As a large number of cells is required to fill the cavity of the EPR
resonator, EP was chosen as the delivery method since it is more easily scalable and more cost-
efficient than transfection based on chemical permeabilization of the cell membrane. The
electroporation protocol was adapted using the workflow described by Kucher et al.*®”! and Hela
cells were provided by Philipp Schult of the Paeschke group at the University Clinics Bonn. Initial
transfections into Hela cells were performed using the soluble YopQOsy.729 construct due to its
enhanced stability, availability in high yields, and ease of handling compared to the more
aggregation-prone and less stable full-length construct. The idea was to develop a universal EP
protocol that can be subsequently applied to other proteins such as full-length YopO.
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After the EP and subsequent recovery period (3.5 h), Hela cells were mostly adherent and
appeared healthy upon visual inspection under a light microscope, with some cells already
adapting the characteristic epithelial-like shape while others were still rounded as a consequence
of an incomplete adherence process during the recovery period (Figure 85a). The successful
delivery of YopO S585-3¢/Q603-3¢ into Hela cells was confirmed by comparison of the field-swept
EPR spectra of Hela cells electroporated with YopO S585-32/Q603-3¢ and a Mock sample where
cells were incubated with YopO 5585-3¢/Q603-3 but no EP was performed (Figure 87b+c).

a) b) c)
20 K, 0.5 ms SRT 50 K, 5 ms SRT
—YopO S585-3¢/Q603-3e
— Mock

«—1201.7 mT

«—1201.7 mT
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Figure 87: Hela cell recovery and field-swept EPR spectra of Hela cells transfected with
YopO S585-32/Q603-3e. a) Light microscope image (24x zoom) of electroporated Hela cells on the culture
dish after 3.5 h recovery. Picture taken through the lens of the microscope with a smartphone. b) Q-band
field-swept EPR spectra of Hela cells electroporated with YopO S585-3¢/Q603-3¢ (blue) and the Mock
sample (black, no EP performed) recorded at 20 K with an SRT of 0.5 ms. ¢) Q-band field-swept EPR spectra
of the sample with the electroporated cells in (b) recorded at 50 K with an SRT of 5 ms.

At 20 K and a short SRT of 0.5 ms, the field-swept EPR spectrum of both, the transfected and the
Mock cells, is dominated by the signal of endogenous Mn?" (Figure 87b), similar to the EPR
spectrum recorded earlier for Xenopus laevis oocytes (see Figure 80a). However, even at these
low temperatures, an additional signal at 1201.7 mT is observed in the transfected cells, which is
absent in the Mock sample, thereby indicating the successful removal of non-internalized labeled
proteins after trypsinization of the cells. At elevated temperatures (50 K) and an increased SRT
(5 ms), the field-swept EPR spectrum is dominated by the signal at 1201.7 mt corresponding to
YopO S585-3¢/Q603-3¢ (Figure 87b). Lowering the protein concentrations from 30 pM to 20 uM
during the electroporation step of the Hela cells resulted in a narrowed field-swept EPR spectrum
and a longer phase memory time T, (Figure 88 + Table 26).

118



=
e

a) b)
ﬁ

— 30 PMEP conc. | T —— 30 uM EP conc.
— 20 yM EP conc. | © —— 20 UM EP conc.
| o 084
L i
Ll =06
| g .
\
h _g 0.44
\p i 02
E ]
. . . . : . ; . 2 0.0 . - Y
1192 1194 1196 1198 1200 1202 1204 1206 1208 1210 0 4 8 12 16
Magnetic Field (mT) 21 (us)

Figure 88: Field-swept EPR spectra and 2pESEEM traces of Hela cells transfected at varying concentrations
of YopO S585-39/Q603-3¢. a) Normalized Q-band field-swept EPR spectra at 70K of Hela cells
electroporated with 30 uM (grey) and 20 uM (blue) initial YopO S585-3¢/Q603-3¢ concentration.
b) Normalized 2pESEEM traces of Hela cells electroporated at 30 uM (grey) and 20 pM (blue) initial
YopO S585-32/Q603-3* concentration, recorded at 70 K.

Table 26: Phase memory times Tj, of YopO S585-3¢/Q603-3¢ in Hela cells at 30 uM and 20 uM initial EP
concentration obtained by fitting eq. 20 to the respective traces shown in Figure 88b.

EP concentration Ty (ms)
30 uM 1.2
20 uM 2.0

The broad shoulders observed in the field-swept EPR spectrum of the 30 uM EP concentration
sample are likely caused by spin clustering as a result of protein aggregation, a phenomenon
previously observed for the trityl-labeled BtuB membrane protein.’?””! This hypothesis is further
supported by the shorter phase memory time (T, = 1.2 us) obtained for EP concentrations of
30 uM labeled YopO S585-3¢/Q603-3® compared to the lower concentration of 20 uM at the EP
step (T = 2.0 ps).1*02

Owing to the prolonged phase memory time and the assumed absence of protein aggregation, a
DQC time trace on the Hela cells electroporated with 20 uM YopO S585-3¢/Q603-3® was recorded
(Figure 89).
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Figure 89: DQC echo and DQC time trace of YopO S585-3¢/Q603-3¢ transfected into Hela cells. a) Q-band
DQC echo of YopO S585-3¢/Q603-3¢ in Hela cells at 70 K after the 64-step phase cycle at t; = 1, =950 ns.
b) Raw DQC time trace of YopO S585-3¢/Q603-3¢ inside Hela cells.

Although a clear DQC echo was observed when setting up the DQC experiment (Figure 89a),
almost no modulation depth and no oscillations were observed in the final DQC time trace
(Figure 89b) and accordingly, no further efforts were undertaken to infer a distance distribution.
There are two plausible explanations for the poor quality of the DQC data: First, during the 3.5 h
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recovery period of the Hela cells, partial reduction of the spin centers in YopO S585-3¢/Q603-3¢
has occurred, leading to singly-labeled YopO and thus a significantly reduced number of dipolar-
coupled spins. Secondly, although the field-swept EPR spectrum and the 2pESEEM trace showed
no indication of protein aggregation, a substantial amount of YopO S585-3¢/Q603-3® has formed
aggregates or clusters within the Hela cells during the EP process or recovery period, which results
in a broad range of interspin distances and therefore no visible oscillations. The first hypothesis is
supported by the shape of the DQC time trace of YopO S585-3¢/Q603-3¢ in Hela cells, which is
similar to the trace obtained for singly-labeled YopO L113-2¢ (see Figure 56), thereby suggesting
a stronger reduction of SLIM 3¢ in whole cells compared to the previously tested cell lysates. To
verify the second hypothesis, fluorescence images of analogously prepared Hela cells transfected
with fluorescence-labeled soluble YopO N624-A4ss were recorded by Philipp Schult (Figure 90).
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Figure 90: Brightfield and fluorescence images of fixed Hela cells (4% paraformaldehyde) after 4 hand 16 h
recovery electroporated with YopO N624-A,ss and nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI).
a) Brightfield (top) and corresponding fluorescence image (bottom) of Hela cells after 4 h recovery.
Fluorescence images comprise the merged channels for DAPI excitation at 385 nm (filter cut:
430 nm— 470 nm) and Alexa Fluor™ 488 excitation at 475 nm (filter cut: 500 nm — 550 nm). b) Same as (a)
but here, Hela cells were fixed after 16 h recovery.

After a recovery period of 4 h, Hela cells appeared viable (Figure 90a) and mostly adapted the
characteristic epithelial-like shape. However, the distribution of YopO N624-A43s among the Hela
cells upon electroporation was uneven with some cells containing more fluorescence-labeled
protein than others (see Figure 90a, bottom). Additionally, and contrary to the expectation for
soluble YopO lacking the membrane localization domain, an inhomogeneous distribution of
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fluorescence-labeled protein with large clusters within the Hela cytosol was observed, evidenced
by bright green spots in the cells at an excitation wavelength of 475 nm. After a 16 h recovery
period, the same local clustering of YopO within the Hela cells was observed. These observations
indicate that under the chosen EP conditions, YopO forms dense aggregates within the Hela
cytosol and consequently, the DQC time trace shown above (Figure 89b) does not only comprise
the intramolecular dipolar coupling but to a large extent also intermolecular contributions.
While these initial experiments could demonstrate that the labeled, truncated YopQss.729 can be
transfected into Hela cells at amounts sufficient to detect an EPR signal and record a DQC time
trace as well as to observe a fluorescence signal and localize the protein, the results obtained so
far are insufficient for a conclusive biological interpretation. The electroporation procedure is
assumed to be the bottleneck of the in-cell experiments and needs further optimization to
guarantee the structural integrity of YopO while, on the other hand, ensuring the viability of the
Hela cells. Only if these criteria are fulfilled, the method can be applied to more advanced systems
such as the full-length YopO construct. The optimization of the EP procedure is subject of ongoing
studies within the Schiemann group.

3.2.8 Hydroxylated Short-Linked Maleimide Trityl Spin Label Ox-SLIM 4e

The short-linked maleimide motif introduced with SLIM 3¢ was shown to reduce the
conformational flexibility of the spin label, providing narrow distance distributions, and enhance
the redox stability of the label. While the protocol developed herein allows site-selective labeling
with maleimide-functionalized trityl spin labels, the labeling and work-up procedure is laborious
compared to standard nitroxide labeling with, e.g., MTSL, as it requires larger volumes and two
chromatographic steps (benchtop PD-10 column followed by a desalting run on a medium-
pressure liquid chromatography (MPLC) system). This more demanding work-up is a consequence
of the inherent hydrophobicity of trityl labels and their tendency to self-aggregate!?’®! and bind
unspecifically to protein surfaces.?®® To cope with these hydrophobic interactions and to simplify
the spin labeling process, the new trityl spin label Ox-SLIM 4 (Figure 91) was designed and
synthesized by Nico Fleck.

R = CH,CH,OH Ox-SLIM 4¢

Figure 91: Chemical structure of the Ox-SLIM 4 trityl spin label. The two bisthioketalaryl moieties displayed
in red harbor hydroxyethyl sidechains (R = CH,CH,OH) for enhanced water solubility while the aryl
substituent shown in black bears the maleimide bioconjugation group. The two chemically inequivalent
hydrogen atoms H; and H; are shown for clarity.

Built of two hydroxylated bisthioketalaryl moieties for enhanced hydrophilicity and one non-
hydroxylated bisthioketalaryl unit harboring the benzylic maleimide for bioconjugation, the
Ox-SLIM 4 spin label resembles a chimera of the Ox063 trityl and SLIM 3e. Cw-EPR
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characterization of Ox-SLIM 4e in PBS buffer by Nico Fleck revealed a similar room temperature
X-band EPR spectrum as SLIM 3¢ with nine resolved lines arising from hyperfine coupling to the
benzylic nitrogen atom and the two magnetically inequivalent hydrogen atoms H; and H;
(Figure 92a). However, in contrast to SLIM 3e, the EPR spectrum in frozen solution gives rise not
only to the expected doublet but also exhibits a superimposed Pake pattern with a ratio of 69:31
(Figure 92b). Analysis of the Pake pattern revealed a short interspin distance of 9.9 A and is
attributed to a non-covalent dimer (4¢), of Ox-SLIM 4¢ whose existence is further supported by
ESI(-)-MS studies (data not shown) and DFT calculations provided by Sebastian Spicher, which
revealed a dimer (4¢); stabilized by hydrogen bonds (Figure 92c).137?
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Figure 92: X-band cw-EPR spectra and simulations of Ox-SLIM 4e and the DFT structure of (4¢),. a) X-band
CcW-EPR spectrum of Ox-SLIM 4¢ (100 uM) in PBS at 298 K. b) X-band cw-EPR spectrum of Ox-SLIM 4e
(100 uM) in PBS (+20% glycerol) at 100 K (black, bottom) and the simulation (red, bottom) as the sum of a
monomer (blue, top) and dimer (green, top) of Ox-SLIM 4e. c) DFT structure of (4¢), with the stabilizing
hydrogen bonds represented as cyan dashed lines. For measurement parameters and simulation details
refer to the primary publication.?72

3.2.8.1 Site-directed Spin Labeling with Ox-SLIM 4e

To exploit the enhanced water solubility of Ox-SLIM 4¢ and assess the separability of the spin label
at concentrations above the critical self-assembly concentration of non-hydroxylated trityls
(~60 uM), the previously employed cysteine-free YopO-wt and the double-cysteine construct
YopO Y588C/N624C were incubated with Ox-SLIM 4e using a 20-fold molar excess per protein,
resulting in a final spin label concentration of 100 uM Ox-SLIM 4e which is well above the 33 uM
used in previous labeling schemes for Mal-TSL 2® and SLIM 3e. After work-up via SEC, labeling
efficiencies were assessed via UV-vis spectroscopy using the previously introduced main-peak

quantification  method and  extinction  coefficients  &571(4°) = 0.0574% and

E459(4°) = 0.0204fl—$ for Ox-SLIM 4e determined from the UV-vis spectrum of the free label
(Figure 93 + Table 27).
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Figure 93: UV-vis spectra of free Ox-SLIM 4¢, and YopO-wt and YopO Y588C/N624C labeled with 4e.
a) UV-vis spectrum of free Ox-SLIM 4# (10 uM) in PBS buffer. b) UV-vis spectrum of YopO-wt after incubation
with 20 equivalents of 4¢ and excess label removal. ¢) UV-vis spectrum of labeled YopO Y588-4¢/N624-4e
after excess label removal. All spectra were recorded on a Cary100 UV-vis spectrometer.

Table 27: Labeling efficiencies of YopO-wt and YopO Y588-4¢/N624-4 determined from the UV-vis spectra
in Figure 93.

Sample YopO [uM] Ox-SLIM 4e [uM] Labeling efficiency
YopO-wt + 4e 3.39 1.71 50%"!
YopO Y588-4¢/N624-4¢ 12.8 19.3 75%!b!

[a] Given as equivalents of Ox-SLIM 4 per YopO-wt molecule.
[b] Given as equivalents of Ox-SLIM 4¢ per available cysteine.

Albeit labeling the same YopO construct with SLIM 3¢ at a lower label concentration (33 uM)
during the labeling reaction resulted in a higher labeling efficiency (~96%), the high-concentration
labeling (100 uM) of YopO Y588C/N624C with Ox-SLIM 4e gave a satisfactory labeling efficiency of
75%. On the other hand, the labeling of the cysteine-free YopO-wt should result in complete
separation of Ox-SLIM 4e; however, after SEC, a substantial amount (0.5 eq. per YopO) of the label
remained in the protein-containing fraction and unspecific binding to the protein was suspected.
Therefore, the unspecific binding of Ox-SLIM 4 and the two previously employed trityl spin labels
Mal-TSL2® and SLIM 3¢ to cysteine-free YopO-wt was assessed via cw-EPR spectroscopy
(Figure 94a). Binding of the spin label to the protein leads to immobilization, thereby broadening
the EPR signal and reducing the peak-to-peak (p2p) signal intensity. This signal depletion has been
used previously as a semi-quantitative measure of non-specific label attachment to
proteins.269263278 Syrprisingly, while Mal-TSL 2¢ and SLIM 3# showed a high tendency to bind to
YopO-wt at increased protein concentrations leading to lowered p2p EPR signal intensities, Ox-
SLIM 4e remained inert: Even at a protein concentration of 350 uM, only a marginal decrease of
the p2p EPR signal by 3% was observed, thereby indicating no unspecific binding or interaction
with the protein surface. Hence, the over-labeling of YopO-wt and the inseparability of Ox-SLIM 4e
after SEC is not related to the binding of the label to the protein, but potentially to the high label
excess and the presence of the previously observed label-dimer (4¢), which is potentially large
enough to surpass the SEC exclusion limit and column capacity. The hypothesis of the presence of
(4¢), was verified by DQC experiments on the doubly-labeled YopO Y588-4¢/N624-4¢ and free
label 4 (Figure 94b).
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Figure 94: Cw-EPR signal intensities of Ox-SLIM 4e, Mal-TSL 2¢, and SLIM 3¢ incubated with YopO-wt and
DQC time traces of YopO Y588-4¢/N624-4¢ and free Ox-SLIM 4e. a) Bar diagram showing the normalized X-
band cw-EPR p2p signal intensities of Ox-SLIM 4e (blue), Mal-TSL 2¢ (cyan), and SLIM 3¢ (red) incubated
with YopO-wt at various protein concentrations. The cw-EPR spectra (see appendix Figure A42) were
recorded on an EMXmicro spectrometer. b) Normalized Q-band DQC time traces of YopO Y588-4¢/N624-4¢
(40 uM spins, green) and free Ox-SLIM 4 (40 uM, orange) recorded at 50 K. The inset highlights the initial
decay from 0.0 ps — 0.2 ps.

Both DQC time traces showed a fast decay (inset Figure 94b) to 67% of the initial echo intensity
within 0.05 us, indicative of short inter-spin distances caused by the presence of (4e),.
Interestingly, a similar observation was later found in DQC experiments by Hasanbasri et al. for
GB1 labeled with a deuterated maleimide-derivative of the Ox063 trityl (mOx063-dy4).**Y In this
study, the authors assigned the sharp initial decay in the DQC time trace to an artifact arising from
the first and fourth pulse in the 6-pulse DQC sequence, which is not completely removed by the
64-step phase cycle. As no concentrations for the labeling reaction were stated, no low-
temperature cw-EPR spectra were recorded, but complete removal of mOx063-d;4 from a
cysteine-free GB1 control protein was reported, a similar dimerization of the spin label to
(mOx063-d.4)> can neither be confirmed nor excluded.

To test whether the separation of Ox-SLIM 4 can be facilitated using the previously established
trityl labeling protocol operating at lower trityl concentrations during the labeling and work-up,
both YopO-wt and YopO Y588C/N624C were labeled according to that protocol (see
section 3.2.2.2) using a 5-fold excess of Ox-SLIM 4e per cysteine (Figure 95 + Table 28).
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Figure 95: Labeling results for YopO-wt and YopO Y588C/N624C with Ox-SLIM 4e. a+b) Chromatograms of
the HiPrep™ 26/10 runs of YopO-wt (a) and YopO Y588-4¢/N624-4 (b) after labeling with Ox-SLIM 4e.
c+d) UV-vis spectra of YopO-wt (c) and YopO Y588-4¢/N624-4 (d) after excess label removal recorded on a
Cary100 UV-vis spectrometer. e+f) Room temperature X-band cw-EPR spectra of YopO-wt (64 uM) (e) and
YopO Y588-4¢/N624-4¢ (43 uM) (f) recorded on a Bruker EMXmicro spectrometer. Measurement settings:
9.455 GHz microwave frequency, 0.605 mW microwave power, 100 kHz modulation frequency, 0.2 G
modulation amplitude, 20.48 ms time constant, 500 pts/mT. g+h) Deconvoluted high-resolution ESI(+)-MS
spectra of YopO-wt (g) and YopO Y588-4¢/N624-4e (h) recorded on a Waters Synapt G2-Sl spectrometer by
the mass spectrometry facility in Marburg. The colored peaks correspond to unlabeled YopO-wt (blue) and
doubly-labeled YopO Y588-4¢/N624-4¢ (green), respectively. The raw mass spectra are shown in the
appendix (Figure A43).

Table 28: Labeling efficiencies of YopO-wt and YopO Y588-4¢/N624-4¢ determined from the UV-vis spectra
in Figure 95.

Sample YopO [uM] Ox-SLIM 4e¢ [uM] Labeling efficiency
YopO-wt + 4e 5.4 0.4 7%
YopO Y588-4¢/N624-4¢ 4.8 8.1 85%!]

[a] Given as equivalents of Ox-SLIM 4 per YopO-wt molecule.
[b] Given as equivalents of Ox-SLIM 4e per available cysteine.
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Contrary to the labeling at high trityl concentrations, lowering the trityl concentration in the
labeling process allowed an almost quantitative removal of Ox-SLIM 4¢ from the cysteine-free
YopO-wt, as only minor UV absorption in the characteristic region at 459 nm was observed in the
SEC run. Analysis of the subsequently recorded UV-vis spectrum yielded 0.07 equivalents of 4® per
YopO molecule (Figure 95a+c). Only a weak signal corresponding to the remaining Ox-SLIM 4 was
observed in the X-band cw-EPR spectrum (Figure 95e) and ESI(+)-MS confirmed the absence of
covalent labeling with Ox-SLIM 4e, as a single high-intensity mass peak corresponding to unlabeled
YopO-wt (calculated mass: 72,108.6 Da) was found (Figure 95g). After labeling of the double-
cysteine construct YopO Y588C/N624C with Ox-SLIM 4e using the same conditions, UV-vis analysis
(Figure 95d) revealed a high labeling efficiency (85%) and the corresponding cw-EPR spectrum
showed a strong signal with the two-line shape characteristic of highly immobilized SLIM-type
trityl labels (Figure 95f). The high labeling efficiency was further confirmed by ESI(+)-MS analysis,
where a high-intensity mass peak at 74,649 Da (YopO Y588-4¢/N624-4: 74,645.7 Da) was
observed (Figure 95h) aside from negligible impurities. Notably, the SNR of the ESI(+)-MS
spectrum for YopO Y588-4¢/N624-4¢ was significantly higher than the SNR of the spectra obtained
previously for YopO labeled with SLIM 3¢ and Mal-TSL 2e. This is presumably related to the
increased water solubility of Ox-SLIM 4e-labeled YopO conferred by the peripheral hydroxyethyl
side chains on two aryl rings of 4e, thereby enhancing the protein stability compared to the more
hydrophobic labels 2¢ and 3e. In compliance with the community-derived guidelines for EPR
sample preparation, the autophosphorylation capability of spin-labeled YopO Y588-4¢/N624-4¢ in
the presence of G-actin was confirmed (Figure A44).

3.2.8.2 PDS-EPR with Ox-SLIM 4e-labeled YopO

The spin-lattice relaxation time T; and the phase memory time T,, of bioconjugated Ox-SLIM 4e
at 50 K were determined by inversion recovery and 2pESEEM experiments on the doubly-labeled
YopO Y588-4¢/N624-4¢ construct (Figure 96 + Table 29). The EPR experiments were conducted
under the guidance and with Tobias Hett.
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Figure 96: Electron spin relaxation measurements of YopO Y588-42/N624-4e. a) Inversion recovery trace of
YopO Y588-4¢/N624-4¢ (green) in deuterated PDS buffer at a protein concentration of 18.5 uM at 50 K. For
comparison, the inversion recovery trace of YopO Y588-3¢/N624-3 (25 uM) at 50 K is shown as a black
dashed line. b) 2pESEEM traces for YopO Y588-4¢/N624-4¢ (green) in deuterated PDS buffer at a protein
concentration of 18.5 uM at 50 K. For comparison, the 2pESEEM trace of YopO Y588-3¢/N624-3¢ (25 uM)
at 50 K is shown as a black dashed line.
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Table 29: Spin-lattice relaxation times T; and phase memory times T, of YopO Y588-4¢/N624-4¢ obtained
by fitting either eq. 19 (Inversion recovery) or eq. 20 (2pESEEM) to the respective traces shown in Figure 96.

Sample T4 (ms) Ty (us)
YopO Y588-4¢/N624-4e 11.0 4.0
YopO Y588-3¢/N624-3¢ 7.8 1.5

The inversion recovery experiments at 50 K revealed a slightly increased spin-lattice relaxation
time of Ox-SLIM 4 compared to SLIM 3¢ (Figure 94a), resulting in a longer time before the pulse
sequence can be repeated (increased SRT); an undesired effect for PDS experiments.!*' However,
the decreased spin-lattice relaxation is compensated by a 2.7-times longer phase memory time
for Ox-SLIM 4e (T}, = 4.0 us) compared to SLIM 3¢ (T, = 1.5 ps), leading to a significant gain in the
sensitivity and the accessible distance range by PDS-EPR. These findings are in good agreement
with studies by Tormyshev et al. on human serum albumin (HSA) labeled with a
methanethiosulfonate-functionalized deuterated Ox063 derivative (T), = 6.3 ps at 50 K),/**? the
aforementioned GB1 labeled with mOx063-dx4 (T); = 5.1 ps at 80 K) reported by Hasanbasri et
al.,”*"1 and BtuB labeled with a non-deuterated methanethiosulfonate-functionalized Ox063 label
(Ty = 5.1 us at 50 K) reported by Ketter et al.[?”]

Although the phase memory time of protein-conjugated Ox-SLIM 4e is shorter compared to
Ox063-type trityl labels where all thioketal motifs functionalized by hydroxyethyl groups, a clear
improvement compared to SLIM 3e is evident. To quantify how the enhanced phase memory time
affects the performance of Ox-SLIM 4 in DQC experiments, DQC traces were recorded at 50 K on
YopO Y588-4¢/N624-4¢ and the previously shown YopO Y588-3¢/N624-3¢ analog (see
section 3.2.4.4) with a length of 7 us. In addition, to assess the sensitivity limit, a sample of
YopO Y588-4¢/N624-4¢ at a protein concentration of 45 nM was prepared and a DQC time trace
with a length of 4.5 us was recorded (Figure 97 + Table 30).
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Figure 97: Background-corrected DQC time traces and resulting distance distributions of
YopO Y588C/N624C labeled with Ox-SLIM 4e or SLIM 3¢, respectively. a) Background-corrected DQC time
traces of YopO Y588-4¢/N624-4¢ at 18.5 uM (green), 45 nM (orange), and YopO Y588-3¢/N624-3# at 25 uM
(blue) protein concentration with the respective fits obtained from DeerAnalysis shown as black dashed
lines. b) Corresponding distance distributions of the respective time traces in (a) using the same color code
with the validation by DeerAnalysis shown as colored areas. The red bars indicate the most probable
distance of the two main peaks obtained for YopO Y588-4¢/N624-4¢ at 18.5 uM. The complete analysis by
DeerAnalysis (raw time traces, backgrounds, L-curves, and distance distributions) is given in the appendix
(Figure A45).
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Table 30: SNR of the DQC time traces shown in Figure 97.

SNR related to YopO Y588-3¢/N624-3¢

(25 um)
Acquisition time 2.2 min'¥2 0.02 min/2 0.76 min'/2
Acquisition time / conc. 0.12uM™* min'*2 0.44 pM™* min'/? 0.03 pM! min'¥/2

For all samples, high-quality DQC time traces were obtained. Most notably, in the case of
Ox-SLIM 4e-labeled YopO Y588C/N624C, the DQC trace did not show the fast-decay artifact at the
beginning of the time trace as observed earlier (compare Figure 92) for protein labeling at high
trityl concentrations. These results emphasize the necessity of labeling at low concentrations for
complete removal of excess label 4 and its corresponding dimer (4¢),. The DQC time trace of
YopO Y588-4¢/N624-4¢ exhibited an SNR of 2.2 min""/2 which is almost thrice the SNR obtained for
the SLIM 3e-labeled analog (0.76 min¥?). Even at a concentration of 45nM
YopO Y588-4¢/N624-4¢, it was possible to record a DQC time trace with a length of 4.5 ps that
showed the same oscillation period as the higher-concentration sample. With a trace length
almost twice as long as previously achieved for 90 nM YopO labeled with SLIM 3 (see
section 3.2.6.1), the herein presented trityl/trityl DQC set yet another new benchmark for the
sensitivity limit of trityl spin labels.

The distance distribution of YopO Y588-3¢/N624-3¢ obtained from a DQC trace with a dipolar
evolution time of 7 s is bimodal and thus in good agreement with earlier data with shorter dipolar
evolution times (see section 3.2.4.4). The distance distributions obtained at both concentrations -
18.5 uM and 45 nM - of YopO Y588-4¢/N624-4¢ agreed well, with both distributions displaying
bimodality that is more pronounced in the higher-concentrated sample, likely due to the
enhanced SNR and trace length. Nonetheless, the most probable distances for both modes
coincide extremely well at both concentrations (Figure 95b, red dashed lines), thereby
emphasizing the robustness of the data analysis and the quality of the DQC time trace obtained
at nanomolar concentrations. Interestingly, for both spin labels 3® and 4e, the probability
distribution of the two modes is inverted (Figure 97b), thereby indicating that the spin label
influences the population of the two postulated a-helix conformations (bent and straight). As
these results seemed contradictory, the solution structure and conformation(s) of the YopO GDI
domain backbone helix were to be assessed using other spin labeling strategies employing the
dHis-Cu®*(NTA) spin label (see chapter 3.3).
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3.3 Differentiating between Label and Protein Conformers

Parts of this chapter have been published in:
(413] C. A. Heubach, Z. Hasanbasri, D. Abdullin, A. Reuter, B. Korzekwa, S. Saxena, O. Schiemann,
“Differentiating between Label and Protein Conformers in Pulsed Dipolar EPR
Spectroscopy with the dHis-Cu®**(NTA) Motif”, Chem. Eur. J 2023, 29, e202302541.

As shown and discussed in chapters 3.1 and 3.2, PDS derived distance distributions of the a-helical
backbone of YopQO’s GDI domain labeled with MTSL and trityl labels 2¢, 3¢, and 4¢ were often bi-
or multimodal. In some instances, e.g., for YopO Y588C/N624C, the bimodality was clearly
resolved and reproduced to the same extent by two different labels (MTSL and SLIM 3e, see
section 3.2.4.4), which is a strong indication of two distinct conformations of a biomolecule.
However, the same double-cysteine construct YopO Y588C/N624C labeled with Ox-SLIM 4e, a
highly hydrophilic label that is assumed to have no hydrophobic interactions with the protein
backbone, had a changed distance distribution with the intensities of the two modes inverted
compared to the MTSL- and SLIM 3e-labeled YopO construct. Hence, the formation of preferred
label conformations cannot be ruled out at this point. A promising approach to disentangle the
contributions of protein conformations and the label flexibility to the shape of the distance
distribution is using a spin label with restricted conformational flexibility such as the bipedal
dHis-Cu?*(NTA) label. While the label was shown to yield narrow distance distributions,2°%2°7 jt
was mostly used in combination with the rigid GB1 model protein and, hence, YopO with its two
closely related structure models of a straight (PDB-ID 2h70) and bent (PDB-ID 4ci6) helix is an ideal
case study to elucidate the capability of the dHis-Cu?*(NTA) label to differentiate between protein
and label conformations.

Two YopO constructs, each bearing two dHis-sites, were designed (Figure 98a) that closely
resemble the mutants V599C/N624C and Y588C/N624, which showed the most pronounced
bimodality in previous experiments. For the first YopO construct bearing the dHis-sites at
A595H/V599H and S620H/N624H, herein referred to as YopO-short, in silico prediction by
MMMB414] vields an interspin distance of 37.5 A for the straight and 40.5 A for the bent helix
conformation (Figure 98b). For the second YopO construct with the dHis-sites located at
Y588H/N592H and S620H/N624H, in the following termed YopO-long, the in silico prediction gives
longer interspin distances of 48.5 A (straight) and 50.5 A (bent). In both cases, the labeling sites
span the aforementioned hinge region of the a-helix where the two X-ray structure models
deviate (see appendix Figure A5).
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Figure 98: Labeling sites and in silico derived distance distributions for YopO-short and YopO-long. a) Model
of the GDI domain of YopO (PDB-ID 2h70) with the dHis-sites Y588H/N592H (orange), A595H/V599H (pink),
and S620H/N624H (green) depicted as ball-and-stick models. Histidine mutations were introduced via the
PyMOL mutagenesis tool. Pink (YopO-short) and orange (YopO-long) arrows indicate the mean distances
predicted by MMM (input structure: PDB-ID 2h70). The dashed blue box indicates the hinge region of the
a-helix. b) In silico derived distance distributions by MMM for YopO-short (top) and YopO-long (bottom)
using either PDB-ID 2h70 or PDB-ID 4ci6 as input structures.

3.3.1 Cu?*(NTA) Labeling of YopO-short and YopO-long

Using the YopO-wt vector as a template, the dHis-sites of YopO-short and YopO-long were
introduced by site-directed mutagenesis (Figure A46), and YopO-short and YopO-long were
expressed and purified according to the protocol for soluble YopQOss.729 (Figure A47). Previous
studies employing the dHis-Cu?*(NTA) label focused on proteins with a low histidine abundance or
without native histidines,??¢2%8301 gne buried histidine,3%73%! or five native histidines,’**" so a
comprehensive study on the site-selectivity of Cu?*(NTA) to the dHis motif in histidine-rich
proteins lacks to date. As YopO contains 22 native histidine residues (Figure A48), it is a system
suitable to elucidate the selectivity of Cu?*(NTA) to the dHis motif in the vast presence of
potentially competing coordination sites.

The labeling procedure with Cu**(NTA) was adapted from Gamble Jarvi et al. where labeling in a
phosphate buffer with a 1:1 molar ratio of Cu**(NTA) to dHis-sites was shown to yield the least
unspecific labeling and free Cu?*(NTA).13%! To exclude binding of Cu**(NTA) to any of the native
histidine residues, YopO-wt was labeled with Cu?*(NTA) in addition to YopO-short and YopO-long
and subsequently, cw-EPR spectra were recorded at 70 K and compared to a spectrum of free
Cu*(NTA) (Figure 99 + Table 31).
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Figure 99: Normalized X-band cw-EPR spectra of free Cu?*(NTA) (blue), YopO-wt incubated with one
equivalent of Cu**(NTA) (grey), and YopO-short (pink) and YopO-long (orange) labeled with a 1:1 molar ratio
of Cu**(NTA) with respect to available dHis-sites. All samples were prepared in dHis buffer (containing 50%
v/v ethylene glycol-d¢) and spectra were recorded at 70 K on a Bruker EMXmicro spectrometer. The
corresponding simulations by EasySpin are overlaid as black dashed lines. The vertical dotted (free
Cu?*(NTA)) and dashed (dHis-Cu?*(NTA)) lines indicate the four peaks of the parallel component (4)) of the
hyperfine splitting of Cu?*. The signals marked by an asterisk stem from a resonator background artifact.
Measurement settings: 9.400 GHz microwave frequency, 5.460 mW microwave power, 100 kHz modulation
frequency, 4.0 G modulation amplitude, 20.48 ms time constant, 12.5 pts/mT.

Table 31: EasySpin[*®® simulation parameters for the cw-EPR spectra shown in Figure 99 using the “pepper”
function of EasySpin.

Sample g ai A, (mT) Aj (mT)
Free Cu**(NTA) 2.070 2.334 0.4 14.1
Component 1 2.071 2.341 0.7 14.1
YopO-wt Component 2 2.059 2.281 0.9 15.7
Component 3 2.062 2.282 0.8 14.5
YopO-short 2.058 2.276 0.9 16.1
2.058 2.277 0.9 16.1

The cw-EPR spectrum of free Cu**(NTA) (Figure 99, blue) could be simulated using gj = 2.334 and
a hyperfine splitting Ay = 14.1 mT, which is in good agreement with previously reported simulation
parameters of free Cu>*(NTA) in phosphate buffer.2%! Interestingly, incubation of YopO-wt with a
stoichiometric amount of Cu?*(NTA) did not result in a similar spectrum as free Cu?*(NTA), but in
a spectrum with shifted g-values and hyperfine coupling constants A (Figure 99, grey). This
spectrum could be simulated satisfactorily only by using a three-component system with
components 1, 2, and 3 in the ratio 0.03 : 0.55 : 0.42. Based on the simulated A= 14.1 mT and
gy = 2.341, the minority component 1 is assigned to free Cu**(NTA) while the two other
components 2 and 3 have Ay =14.5mT—15.7 mT and g) = 2.281 — 2.282, which are close to the
shifts reported previously for histidine-bound Cu?*(NTA).%! Accordingly, in the absence of a dHis-
site, unspecific binding of Cu®*(NTA) to native histidines is observed and the resulting
inhomogeneous coordination environment of Cu**(NTA) is emphasized by the necessity of at least
three components to simulate the cw-EPR spectrum. As expected, the cw-EPR spectra of the
Cu?*(NTA)-labeled constructs YopO-short and YopO-long are shifted compared to free Cu?*(NTA),
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and the observed Aj=16.1 mT and gy =2.276 —2.277 agree well with the literature-reported
values for dHis-Cu?*(NTA) GB1.14%]

However, as Aj and g for YopO-short and YopO-long are very similar to the values obtained for
YopO-wt incubated with Cu?*(NTA), it is unclear whether Cu?*(NTA) is bound only to the dHis-sites
or also coordinated to other single histidines of YopO. To verify that all Cu?>*(NTA) is indeed bound
only to the dHis-sites, RIDME experiments were performed on the aforementioned Cu®(NTA)-
labeled YopO-wt and the single-dHis construct YopO S620H/N624H (prepared by Benedict
Korzekwa during his Master thesis).[**® Both constructs were incubated with one molar equivalent
of Cu?*(NTA) (Figure 100).
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Figure 100: Q-band RIDME time traces and distance distributions of YopO-wt and YopO S620H/N624H
labeled with Cu?*(NTA). a) RIDME time traces of YopO-wt (100 puM, grey) and YopO S620H/N624H (100 pM,
green) labeled with one equivalent of Cu?*(NTA) to YopO. RIDME traces were recorded at 25 K. The
corresponding background functions (4"-order polynomial functions) are indicated by black dashed lines.
The inset showing the start of the time traces highlights a RIDME artifact and differences in the modulation
depths. b) Distance distributions of the respective time traces in (a) obtained from DeerAnalysis using the
same color code. Distances in the region marked in red region stem from the artifact at the start of the
RIDME time traces.*3%

The RIDME time trace of YopO-wt incubated with Cu**(NTA) showed a modulation depth of ~12%,
indicative of intramolecular dipolar coupling between Cu?* ions. On the other hand, except for a
shallow initial decay attributed to an artifact of the five-pulse RIDME sequence,*** the RIDME
time trace of YopO S620H/N624H labeled with one equivalent of Cu?*(NTA) showed no
modulation depth (Figure 100a). The resulting distance distribution for YopO-wt incubated with
Cu?*(NTA) is broad and undefined, ranging from 15 A to 55 A. For YopO S620H/N624H containing
a single dHis-site, the distribution is dominated by a short-distance peak originating from the
RIDME artifact and only one additional peak between 30 A and 45 A is observed, which vanishes
almost completely in the validation (Figure 100b). Conclusively, as soon as one dHis-site is present
in YopO, Cu?*(NTA) binds selectively to this motif until complete loading is achieved, and only if a
stoichiometric excess of Cu?*(NTA) to dHis-sites is applied, unspecific binding to other histidine
residues occurs. These findings are in line with the reported low Kp values of Cu**(NTA) for dHis-
sites located on an a-helix (<500 nM)B%! and highlight the applicability of the equimolar labeling
scheme for Cu?*(NTA) to dHis-sites, even in the presence of competing single-histidine residues.
In this context, YopO served as a showcase to demonstrate that in contrast to other labeling
schemes such as cysteine-SDSL where native cysteines generally have to be altered, a histidine-
free construct is not necessary, thereby simplifying the experimental design and enhancing the
scope of targetable proteins.
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3.3.2 Structural Effects of dHis-Cu?*(NTA) Complexation

To unequivocally resolve the solution structure of the GDI backbone a-helix and distinguish
between the two closely related structural models, structure-perturbating effects of the dHis
mutations or a stiffening of the helix upon Cu?*(NTA) chelation have to be ruled out. To assess the
influence of the dHis-sites and Cu?*(NTA) labeling, CD spectra and melting curves of the labeled
and unlabeled YopO mutants were recorded (Figure 101 + Table 32).
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Figure 101: CD spectra and melting curves of Cu?*(NTA)-labeled YopO and unlabeled YopO. a) CD spectra of
YopO-wt (grey), YopO-short without (pink) and with Cu?*(NTA) (purple), and YopO-long without (orange)
and with Cu?*(NTA) (red) at a protein concentration of 0.75 uM. b) Thermal melting curves of the samples
in (a) using the same color code. The black dashed lines indicate fits to the melting curves using a two-state
transition model of a monomer.[**”] The inset shows the residual of experimental and fit curves.

Table 32: Melting temperatures T, obtained from
the fits to the respective melting curves of the
YopO samples shown in Figure 101b.

According to the CD spectra (Figure 101a),
introducing and loading of the dHis-sites with
Cu**(NTA) has a minimal effect on the protein

folding as the ellipticity at 220 nm and 208 nm,

Sample Tm (°C)
YopO-wt 539 indicative of a structured and mainly a-helical
YopO-short 53.4 protein, remained almost unchanged.*'¥! The
YopO-short + Cu?*(NTA) 52.9 small deviations in the ellipticity are likely
YopO-long 53.0 related to slight differences in the protein
YopO-long + Cu?*(NTA) 52.2

concentration during the sample preparation
process. Contrary to previous studies on dHis-
Cu*(NTA)-labeled GB1 where a stabilizing effect was observed upon complexation of
Cu?*(NTA),!2°7:2%8] the melting curves of labeled and unlabeled YopO (Figure 101b) revealed no
stabilizing effect upon dHis introduction or Cu?*(NTA) loading: While YopO-wt showed the highest
thermal stability, the Cu?*(NTA)-labeled constructs YopO-short and YopO-long had slightly lower
melting temperatures than their corresponding unlabeled analogs (ATm < 1 °C). Notably, as the Kp
of Cu**(NTA) binding is temperature-dependent and is increased at higher temperatures,%! it
cannot be ruled out that a large fraction of the dHis-sites are depleted of Cu**(NTA) close to the
thermal denaturing temperature of the protein.

In addition to the CD experiments, the structural integrity and catalytic activity of dHis-Cu?*(NTA)-
labeled YopO-short and YopO-long were assessed by monitoring the autophosphorylation
capability of the protein in the presence of G-actin (Figure 102).
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Figure 102: Activity assay of Cu?*(NTA)-labeled YopO-short and YopO-long. Samples were loaded onto 10%
polyacrylamide gels and stained with Pro-Q™ (top row, negative image) to visualize phosphorylated proteins
and subsequently with Coomassie stain (bottom row) for visualization of the total protein content. The lanes
indicated with a (+)-sign contain G-actin while the lanes indicated with a (—)-sign are negative controls in
the absence of G-actin.

Labeling of YopO-short and YopO-long with Cu?*(NTA) did not affect the autophosphorylation
capability compared with YopO-wt. Therefore, and in agreement with the results of the CD
measurements, a structural perturbation or rigidification of YopO upon dHis introduction and
loading with Cu?*(NTA) is not expected and the global structure of the YopO GDI domain backbone
a-helix remains unaffected.

3.3.3 PDS-EPR with dHis-Cu?*(NTA)-Labeled YopO

3.3.3.1 Relaxation Time Measurements for Cu?*(NTA)

To optimize the following PDS-EPR measurements, the spin-lattice relaxation time T; and the
phase memory time T, of YopO-short and YopO-long in deuterated dHis buffer were determined
at 20 K and 25 K by inversion recovery and 2pESEEM experiments (Figure 103 + Table 33).
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Figure 103: Electron spin relaxation time measurements of YopO-short and YopO-long. a) Inversion recovery
traces of YopO-short (100 uM) at 20 K (pink) and 25 K (purple), and of YopO-long (100 uM) at 20 K (orange)
and 25 K (red). b) 2pESEEM traces of YopO-short and YopO-long using the same color code as in (a).
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Table 33: Spin-lattice relaxation times T; and phase memory times Ty, of YopO-short and YopO-long
obtained by fitting either eq. 19 (Inversion recovery) or eq. 20 (2pESEEM) to the respective traces shown in
Figure 103.

T (us) Ty (us)
sampl
ample 20K 25K 20K 25K
YopO-short 214 86 6.0 5.5
193 87 5.9 5.3

For both constructs, YopO-short and YopO-long, the spin-lattice relaxation times T; and phase
memory times T}, are almost identical and the differences in the local environment of the labeling
sites have only a minor influence on the electron spin relaxation. While the phase memory time
Ty remains almost constant between 20 K and 25 K, the spin-lattice relaxation is significantly
faster when the temperature increases from 20 K to 25 K. Thus, RIDME experiments are best
performed at 25K to enable a reasonably short mixing interval T,,;, while still providing a
sufficiently long dipolar evolution time. On the other hand, the acquisition temperature of 20 K is
best suited for PELDOR experiments due to the sensitivity gain achieved by the longer phase
memory time.

3.3.3.2 Performance of RIDME and PELDOR for the dHis-Cu?*(NTA) Label

In principle, for Cu?* spin centers, RIDME and PELDOR are both suited to extract the dipolar
coupling for the determination of interspin distances.?®”! To exclude bias introduced by pulse-
sequence-specific artifacts, YopO-short and YopO-long were subjected to both, RIDME and
PELDOR experiments. As the width of the Cu®" spectrum exceeds the narrow bandwidth of
rectangular microwave pulses, homogenous sampling of all Cu?* orientations is not possible at one
magnetic field position, and orientation selection was previously observed for RIDME"“**! and
PELDOR™ ) on Cu?* spin centers. To minimize these effects, a previously described acquisition
scheme for Cu?* PELDOR was used,®**” and RIDME and PELDOR data were acquired at three field
positions (Figure 104a+b). Since there is no benchmark study available that compares the
performance of both, PELDOR and RIDME, with regards to sensitivity, orientational selectivity, and
robustness of data analysis, the experiments were designed as a collaboration study with the
Saxena lab to provide further insights into the use of both pulse sequences for the dHis-Cu?*(NTA)
spin label. RIDME traces were recorded in the Schiemann lab while PELDOR traces at the three
indicated field positions were obtained by Zikri Hasanbasri from the group of Sunil Saxena, both
at a protein concentration of 100 uM (Figure 104c+d).
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Figure 104: Data acquisition schemes and time traces of YopO-short and YopO-long. a+b) Representative
Q-band field-swept EPR spectrum of YopO-short with the vertical, colored lines indicating the magnetic field
positions for RIDME (a) and PELDOR (b) data acquisition. For PELDOR, the observer positions (-200 MHz
offset) are shown as short lines using the same color code. c+d) RIDME (left) and PELDOR (right) time traces
of YopO-short (c) and YopO-long (d) acquired at 25 K (RIDME) and 18 K (PELDOR) at the field positions
indicated in (a) and (b), respectively. The summed and in the case of PELDOR background-corrected time
traces, are shown in black. For detailed acquisition parameters, refer to the primary publication.*3!

RIDME with an averaged SNR of 1.53 min"Y2 for both mutants showed a tenfold higher sensitivity
compared to PELDOR with an averaged SNR of 0.15 min/2. While the higher SNR of RIDME is
expected since a larger fraction of B spins is flipped in the mixing interval T,,;, of RIDME as
compared to a selective pump pulse in PELDOR, it is still an order of magnitude below the
theoretical value.3%! This deviation can be rationalized by the use of CHIRP pulses for PELDOR that
enhance the number of flipped spins as a result of the increased bandwidth compared to the
rectangular pulses used for RIDME.[“?!! For RIDME, the modulation depth and the intermolecular
background were nearly independent of the field position while for PELDOR, large deviations in
the modulation depth and the intermolecular background were observed depending on the field
position. In addition, for both pulse sequences, orientation selection is present as seen by
differences in the oscillation frequencies in the time traces (Figure 104c+d) and the distorted Pake
patterns (Figure 105a+b) at the individual magnetic field positions. This effect is most prominent
in the region of the perpendicular component (~1155 mT) of the Cu?* spectrum. To suppress these
orientation effects, the individual time traces can be summed up (Figure 104c+d) to obtain the
whole Pake pattern and a complete coverage of the dipolar angle © (Figure 105).
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Figure 105: Pake patterns and distributions of the dipolar angle 0 of the individual and summed time traces.
a+b) Pake patterns obtained by PDSFit for the individual and summed RIDME (left) and PELDOR (right) time
traces at the indicated magnetic field positions for YopO-short (a) and YopO-long (b). c+d) Coverage of the
dipolar angle @ obtained by PDSFit analysis for the individual and summed RIDME (left) and PELDOR (right)
time traces at the indicated magnetic field positions for YopO-short (c) and YopO-long (d).

While the individual traces at the chosen magnetic field positions were insufficient to cover all
dipolar angles 0, the summation of all traces suppressed the orientation selection and a complete
coverage of all orientations © was achieved (Figure 105c+d).

To verify whether the orientation selection was fully removed using these three magnetic field
positions, additional RIDME and PELDOR traces were recorded at fourteen (RIDME) and six
(PELDOR) equally spaced field positions (Figure A49). Here, no further improvement was observed
upon adding more fields in the case of RIDME and even proved detrimental in the case of PELDOR
as a result of oversampling the perpendicular region due to a wider meshed field coverage and
less field positions in the region of the parallel component of the Cu?* spectrum owing to the lower
sensitivity of PELDOR (Figure A49e+f). Hence, the three-field approach chosen herein provides a
good compromise between efficient suppression of orientation selection and short data
acquisition times.

3.3.4 Conformation of the YopO GDI Backbone a-Helix

Taking the Cu?* g-anisotropy and the presence of orientation selection into account, the RIDME
and PELDOR time traces were first analyzed by Dinar Abdullin with PDSFit, a program specifically
designed to process orientation-selective EPR data of anisotropic spin centers.®* Interestingly
and independent of the chosen pulse sequence (RIDME or PELDOR), for both constructs YopO-
short and YopO-long, a unimodal distance distribution was obtained (Figure 106). This finding is
in strong contrast to the previously observed bimodal distance distributions found for the more
flexible spin labels MTSL, SLIM 3e, and Ox-SLIM 4e (see sections 3.1 and 3.2). Notably, allowing
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PDSFit to use a model with two independent distance distributions resulted in higher x? values
and poorer fits as compared to the unimodal fitting (data not shown).

To exclude bias from the intrinsic assumptions of the geometric PDSFit model, the time traces
were also analyzed with DeerAnalysis and DEERNet (Figure 106). To counter the influence of
orientation selection on the distance distribution, only the summed time traces (Figure 104, black
traces) were processed. As both analysis methods work under the assumption of isotropic spin
centers with g =g, the obtained distance distributions had to be corrected using the cubic
proportionality of r and the effective g-value gess according to

2
2 3(1f zz xx yy
3 _ r3geff _ T (3(‘gCu2++gCu2++gCu2+))
TCOTT - g2 - 92
e e

(eq. 25)

with rerr being distance corrected for g-anisotropy, r the distance obtained by DeerAnalysis or
DEERNet, gesr the effective g-value, ge the g-value of the free electron, and g*/g*/g" the
experimental g-values obtained for dHis-bound Cu®* (see Table 31). In addition to the PDS
experiments, MD simulations of the dHis-Cu?*(NTA)-labeled constructs YopO-short and YopO-long
were performed by Zikri Hasanbasri (for details refer to the primary publication)!*®! using either
the straight (PDB-ID: 2h70) or bent (PDB-ID: 4ci6, G-actin removed) a-helix as input structure to
distinguish between both a-helix conformations (Figure 106).
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Figure 106: Distance distributions of YopO-short and YopO-long. a) Distance distributions of YopO-short
obtained by analysis of the RIDME (top panel) or PELDOR (bottom panel) time traces. Panels from top to
bottom: In silico predictions by MMM for YopO-short (PDB-ID: 2h70 (pink) / 4ci6 (purple)) and their sum
(red); MD simulations of YopO-short (input PDB-ID: 2h70 (pink) / 4ci6 (purple)); PDSFit distance distribution
(green); DEERNet distance distribution (blue); and DeerAnalysis distance distribution (orange). For PDSFit,
the dark line represents the solution with the lowest y2, the green-shaded area represents the error
introduced by the mean distance (r), and the yellow-shaded area is the total 20 confidence interval. For
DEERNet and DeerAnalysis, the shaded areas represent the confidence intervals by the internal validation
tools. The dashed vertical bars indicate the most probable distances of the MMM-derived distance
distributions using the same color code. b) Same as (a) but for YopO-long. PDB-ID color code: 2h70 (sand) /
4ci6 (brown). The complete PDSFit, DEERNet, and DeerAnalysis results can be found in the appendix
(Figure A50-A52).

Similar to PDSFit, the distance distributions obtained by DeerAnalysis and DEERNet for the RIDME
and PELDOR traces were unimodal for YopO-short and YopO-long. For YopO-short, the mean
distance (r) and the width Ar of the distance distributions were highly consistent between the
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three analysis methods (PDSFit, DeerAnalysis, and DEERNet) and the two pulse sequences (RIDME
and PELDOR). Only for the DEERNet analysis of the YopO-short RIDME trace, a longer-distance
artifact (45 A - 55A) was obtained as the time trace had to be shortened to 2.5 ps to enable
DEERNet to process the input. In the case of YopO-long, larger deviations between the individual
analysis methods and pulse sequences were observed, with PELDOR yielding slightly longer mean
distances (r) than RIDME. In addition, the distance distributions were slightly broader and more
inconsistent as compared to YopO-short. These deviations are likely a result of the limited time
trace length and the longer interspin distance, making the distance distribution less shape-
reliable. In the MD simulations, the Cu?*-Cu?* interspin distances extracted for YopO-short are well
separated and depend on the input structure, but for YopO-long, no differentiation between the
two a-helix conformations is possible as both distributions largely overlap. A detailed summary of
the obtained mean distances (r) and the distribution widths Ar is given below (Table 34).

Table 34: Mean distances (r) and widths Ar of the distance distributions shown in Figure 106. DN = DEERNet;
DA = DeerAnalysis.

parameter’ RIDME PELDOR MMM MD
PDSFit DN DA PDSFit DN DA 2h70 4ci6 2h70 4ci6
YopO-short

(r) (A) 37.2%92 375 375 | 37.8%; 374 373 | 379 406 | 374 411

Ar (A) 0655 3.2 29 | 22%3 36 4.0 3.0 2.3 4.5 1.5

(A 47209 485 477 | 50.0'%7 494 492 | 486 506 | 506  50.2

Ar (A) 0735 5.1 36 | 389 46 6.6 2.7 2.5 3.8 2.5

a1 Both parameters (r) and Ar are given as the mean value and the FWHM of a Gaussian function fitted to
the corresponding distance distribution.

Based on the MMM and MD calculations, the distance distributions for YopO-short obtained for
either of the two available crystal structures are sufficiently narrow to distinguish between both
a-helix conformations (average A(r) = 3.2 A). Superposition of both MMM-derived distance
distributions resulted in a distribution with discernable features for both helix conformations
(Figure 106, top row, red line). Hence, if two backbone conformations are present in solution,
these will likely be resolved in the experimental distance distribution. However, all
experimentally-derived distance distributions of YopO-short are unimodal and agree well with the
in silico prediction of the straight GDI a-helix backbone in terms of mean distances (r) and widths
Ar. On the other hand, for YopO-long the distance difference between both helix conformations
is less pronounced in the in silico derived distributions of MMM and almost non-existent in the
MD simulations, thereby prohibiting a clear differentiation between both a-helix conformations.
Additionally, the experimental distance distributions of YopO-long were generally broader and
encompassed the in silico distributions of both, the straight and the bent a-helix conformations,
and it was not possible to distinguish them. Nonetheless, the narrow distribution and high
resolution obtained for YopO-short strongly suggests that the YopO GDI a-helix backbone adopts
a straight conformation similar to the crystal structure of PDB-ID 2h70 in (frozen) solution. This in
turn implies that the bi- or multimodal distance distributions shown in sections 3.1 and 3.2
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obtained from the more flexible labels MTSL, Mal-TSL 2e¢, SLIM 3¢, and Ox-SLIM 4e were related
to a preferred selection of distinct subsets of label conformers and not two a-helix conformations
present in solution.

Prompted by the enhanced distance resolution of dHis-Cu**(NTA) label, the idea was to induce a
conformational transition from the straight to the bent a-helix by adding G-actin and to verify
whether this small-scale transition can be resolved by PDS-EPR. However, upon the addition of G-
actin to the dHis-Cu?**(NTA)-labeled YopO constructs, the EPR signal of Cu?* vanished completely
(data not shown) and no PDS experiments could be performed. While the exact reason of the
signal loss remains unclear, a similar behavior of Cu** has been reported in the presence of amyloid
systems.*??l |n that context, the loss of signal was interpreted as amyloid-promoted Cu?*
aggregation, resulting in significantly decreased spin-lattice relaxation times. The interaction of
Cu?*ions and G-actin are currently subject of further investigation within the Schiemann group.

3.3.5 Identification and Influence of Label Conformers

To rationalize the influence of conformer selection of flexible spin labels, two dHis-cysteine
chimera constructs based on YopO-short were designed. One of the dHis-sites was kept while the
other was replaced by a cysteine residue for orthogonal labeling with the more flexible SLIM 3¢
spin label, thereby vyielding the two constructs YopO V599-3°+S620H/N624H and
YopO A595H/V599H+N624-3¢ (Figure 107).

a) YopO V599-3e+S620H/N624H b) YopO A595H/V599H+N624-3e
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Figure 107: Labeling sites in the dHis-cysteine YopO chimeras. Model of the GDI domain of YopO
(PDB-ID 2h70)  showing the labeling sites of  YopO V599-3¢+S620H/N624H (a) and
YopO A595H/V599H+N624-3¢ (b). The dHis motifs are indicated by green stick models while the SLIM 3¢
labels are depicted as ball-and-stick models. For clarity, only one SLIM conformer is shown for each labeling
site.

The rationale for choosing SLIM 3¢ over MTSL was the narrow width of the EPR spectrum of
SLIM 3¢ which can be fully excited by rectangular pulses, thereby minimizing the effects of
orientation selection. If label conformers are indeed the reason for the bimodal distance
distributions observed previously, the summed distance distributions of both chimera constructs
with one rotationally restricted spin label (dHis-Cu?*(NTA)) and the more flexible SLIM 3® should
reflect the bimodal distance distribution obtained for the doubly SLIM 3e-labeled YopO analog
V599C/N624C.

Both dHis-cysteine chimera constructs were generated, purified, and spin-labeled alongside the
double-cysteine analog YopO V599C/N624C (Figure A53-A55). Subsequently, RIDME experiments
were performed at 40 K at a protein concentration of 100 uM (Figure 108a). RIDME was chosen
over PELDOR due to the enhanced SNR and lower susceptibility to orientation selection. The
RIDME time traces of both constructs showed pronounced oscillations and exhibited modulation
depths of ~42% with an average SNR of 0.72 min"*/2, which is in good agreement with the results
obtained before for RIDME on the Cu?*/SLIM spin pair (see section 3.2.6.2). As the pulse sequence
was applied to the maximum of the isotropic SLIM 3¢ EPR spectrum with gsums. = ge, the time
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traces were analyzed with DeerAnalysis and no further correction of the obtained distance
distributions was necessary (Figure 108b).
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Figure 108: RIDME traces and distance distributions for the dHis-cysteine chimera constructs. a)
Background-corrected RIDME time traces of YopO-short (pink), YopO V599-32+5620H/N624H (red), and
YopO A595H/V599H+N624-3¢ (blue) and the corresponding fits by DeerAnalysis. For clarity, the time traces
are shifted on the y-axis. b) Distance distributions obtained with DeerAnalysis from the time traces in (a)
using the same color code. The uncertainty estimates are shown as shaded areas. The colored dashed lines
indicate the most probable distance of the respective construct. The complete analysis by DeerAnalysis
(backgrounds, L-curves, and distance distributions) is given in the appendix (Figure A56).

As expected for the conformational flexibility of SLIM 3¢ conjugated to a cysteine residue, both
distance distributions of the orthogonally labeled YopO constructs are broadened compared to
the narrow distance distribution of the Cu?*-Cu?* YopO-short analog with two conformationally
restricted dHis-Cu**(NTA) spin labels. Interestingly though, depending on the particular dHis-site
that is exchanged and labeled with SLIM 3e, the most probable distances are shifted (Figure 108,
dashed lines). Therefore, for both labeling sites, the complete accessible volume is not sampled
uniformly and depending on the labeling site, selected SLIM 3® conformers are induced and
weighted differently. This finding is supported by a contemporaneous study by Vitali et al., who
showed in a case study of GB1 orthogonally labeled with dHis-Cu?*(NTA) and various nitroxide spin
labels that nitroxide conformers are distinctly selected depending on both the labeling site and
spin label type.[]

For direct comparison, a DQC time trace of the doubly SLIM 3e-labeled YopO V599C/N624C analog
was recorded at 70 K at a protein concentration of 50 uM (Figure 109a). The summed distance
distribution of the orthogonally Cu?*/SLIM-labeled YopO constructs was then overlaid with the
distance distribution obtained for YopO V599-3¢/N624-3¢ to verify whether the bimodality can be
reproduced (Figure 109b).
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Figure 108: DQC time trace and distance distribution of YopO V599-3¢/N624-3e. a) Background-corrected
DQC time traces of YopO V599-3¢/N624-3¢ (teal) and the corresponding fit obtained by Tikhonov
regularization. b) Distance distribution obtained from the time trace in (a) with the DeerAnalysis validation
shown as a shaded area (top) and the summed distance distribution (inverted for clarity) obtained for
YopO V599-3+5620H/N624H and YopO A595H/V599H+N624-3¢ (see Figure 108) shown in red (bottom).
The distinct modes of the individual distributions are highlighted by arrows. The complete analysis of
YopO V599-3¢/N624-3¢ by DeerAnalysis (backgrounds, L-curves, and distance distributions) is given in the
appendix (Figure A57).

Similar to the MTSL-labeled analog discussed before, a bimodal distance distribution was obtained
also for SLIM 3e-labeled YopO V599-3¢/N624-3¢. Notably, summing up the distance distributions
of the orthogonally Cu?*/SLIM-labeled YopO constructs resulted in a bimodal distribution as well.
Albeit the bimodality is less pronounced in the summed distribution, the width and intensities of
the individual modes are comparable to the SLIM/SLIM-labeled counterpart. The shift to slightly
longer distances for SLIM/SLIM-labeled YopO can be rationalized by the presence of two flexible
labels with longer linkers instead of just one label, which results in longer achievable interspin
distances if both labels are facing in opposite directions. Hence, the substitution of a flexible spin
label with the conformationally restricted dHis-Cu?*(NTA) spin label in an orthogonal labeling can
unravel the contribution of the individual spin labels to the distance distribution of two flexible
labels. This is helpful especially if multiple structural models are available and if the distance
distributions obtained for two flexible labels show ambiguous results.
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4. Conclusion and Outlook

In the first part of this thesis, best-practice guidelines were set for spin labeling, sample
preparation, and EPR characterization using the nitroxide spin label MTSL. Based on the example
of YopO, four mutants were expressed, purified, and spin-labeled with MTSL. The labeling routine
included excess label removal via SEC followed by a thorough sample characterization via cw-EPR,
UV-vis, and ESI(+)-MS. For all constructs, excellent labeling efficiencies of 90%-100% were
achieved. As a testimony of the careful sample preparation and handling, the PELDOR data and
the resulting distance distributions were well reproducible across all seven laboratories
participating in the ring test and over a range of measurement conditions and data analysis
routines. Based on these results and discussions among the participants, community-approved
guidelines were set, which cover sample preparation, PELDOR data acquisition, and data analysis
and deposition. In addition, the guidelines include guidance in the interpretation of distance
distributions which were categorized in five different cases depending on their shape and width.
This benchmark study provides a valuable contribution to the field of structural biology and its
significance is reflected by the number of citations (121 citations by March 2024, according to
Google Scholar) following the publication of the work in October 2021 in the Journal of the
American Chemical Society. The community-approved guidelines will improve the reliability and
reproducibility of PDS-derived distance restraints and aim to make PDS methods more accessible
to the wider community of structural biology. In combination with the advent of tools for protein
structure prediction such as AlphaFold2, distance restraints from PDS-EPR provide a suitable and
fast way for structural model verification with coarse-grained resolution.

In the second part of this thesis, a labeling routine for proteins using trityl spin labels was designed.
On the example of YopO, it could be demonstrated that the previously employed
methanethiosulfonate-conjugated trityl labels such as MTS-TSL 1® have severe disadvantages
concerning site-selectivity, excess label removal, and redox stability compared to the maleimide-
conjugated Mal-TSL 2® and their use is therefore discouraged. Taking the critical aggregation
concentration of trityls above 60 uM into account, a labeling scheme was established that
operates at low trityl concentrations and involves two SEC steps. It yields high labeling efficiencies
and allows efficient removal of free excess label. In addition, a simple method for the fast and
reliable determination of the labeling efficiency was introduced using UV-vis spectroscopy. The
herein developed spin labeling protocol for proteins with maleimide-derivatized trityl spin labels
complies with the aforementioned community guidelines and solves the previously encountered
difficulties originating from unspecific labeling and aggregation of proteins. While the PDS data
quality of the Mal-TSL 2e-labeled YopO constructs exceeded the previous literature reports in
terms of SNR and modulation depth, and was almost on par with trityl model compounds, it also
revealed that the flexibility of the ester-linked maleimide bioconjugation group hampers the
acquisition of high-resolution distance restraints. To address this issue, the new spin label SLIM 3¢
with a reduced linker length was introduced and was shown to perform equally well in protein
SDSL using the previously established labeling protocol. A benchmark test of YopO Y588C/N624C
labeled with SLIM 3e, Mal-TSL 2, and MTSL highlighted the enhanced sensitivity of trityls and
showed that the shorter linker of SLIM 3¢ improves the resolution of the distance distribution,
which closely resembles the distribution obtained with the “gold standard” nitroxide MTSL. To
further demonstrate the reduced flexibility of SLIM 3¢ compared to Mal-TSL 2¢, RIDME
experiments on labeled myoglobin were performed and analyzed using PDSFit. Here, the width of
the distance distribution obtained for SLIM 3e-labeled myoglobin was 60% lower than for the
Mal-TSL 2e-labeled analog, thereby emphasizing the resolution improvement due to the shorter
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linker. Notably and similar to the distance distributions of YopO, a two-component system was
necessary to satisfactorily fit the experimental data. Here, further investigation is needed to
exclude model bias and/or structural perturbation of the protein. Exploiting the enhanced
sensitivity of SLIM 3¢, DQC measurements on doubly SLIM 3e-labeled YopO at 90 nM protein
concentration and vtRIDME experiments on orthogonally Cu?*/SLIM 3e-labeled GB1 at 10 nM
were performed, thereby setting new benchmarks for low-concentration PDS-EPR using a
commercial Q-band EPR setup. This superior sensitivity of SLIM-type trityls make them an
excellent spin label choice if the availability of the POl is limited or sub-micromolar concentrations
are required to study, e.g., high binding affinities. The enhanced redox stability of SLIM 3e
compared to Finland-type trityl spin labels resulting from the electron-donating methylene linker
and the stabilization of the trityl cation was demonstrated by CV experiments and by monitoring
the EPR intensity in various reductive media. Exploiting these improved redox properties, in-cell
experiments with SLIM 3e-labeled YopO were conducted within Xenopus laevis oocytes and in
Hela cells. While high-quality DQC data were obtained within oocytes and a change in the distance
distribution was observed and assigned to a conformational change of the a-helix, the quality of
the DQC data obtained within Hela cells was significantly lower and the time trace did not allow
further interpretation due to a lack of modulation depth and oscillations. Using fluorescence
microscopy, a strong aggregation tendency of YopO within the cytosol was observed under the
chosen electroporation conditions, and further optimization is needed to reduce the amount of
aggregated protein. To prove the general applicability of SLIM 3¢ for PDS experiments in human
cell systems, transition to an easier model system such as GB1 may help to reduce the aggregation
tendency and refine the EP procedure. In the same context, a purification protocol for full-length
YopO in complex with its specific chaperone SycO was established using a pET-Duet-1 expression
system. Through complexation with SycO, the solubility of full-length YopO was significantly
improved and protein yields high enough for SDSL with MTSL and SLIM 3¢ were obtained.
Subsequent in vitro PDS studies revealed that the binding of SycO does not affect the
conformation of the a-helical backbone of YopO. Since the electroporation procedure was not yet
optimized, no further endeavors were undertaken to transfect spin-labeled full-length YopO into
Hela cells. To simplify the trityl spin labeling and work-up procedure, the highly hydrophilic
Ox-SLIM 4e trityl, a chimera of the Ox063 trityl and the SLIM 3e spin label, was introduced.
However, SDSL with Ox-SLIM 4e at increased concentrations in smaller reaction volumes
comparable to the MTSL labeling procedure led to a significant amount of free label in the protein
sample. In addition, although the tendency of unspecific binding to proteins was greatly reduced
by the eight hydroxyethyl groups of Ox-SLIM 4e, the spin label is prone to dimerization which led
to a sharp initial decay in the DQC trace. Using the previously established trityl labeling protocol
operating at low concentrations facilitated the removal of excess label and sufficiently suppressed
the dimer formation of 4e. Exploiting the enhanced phase memory time of bioconjugated
Ox-SLIM 4 compared to SLIM 3e, the previously set concentration limit for trityl-trityl DQC with
3¢ could be further reduced to just 45 nM at a prolonged time trace length of 4.5 ps. Owing the
strong aggregation of SLIM 3e-labeled YopO in the EP experiments, a spin label change to the more
hydrophilic Ox-SLIM 4e spin label can potentially facilitate the EP procedure of Hela cells and
enable the acquisition of high-quality in-cell PDS data. However, as the synthesis of Ox-SLIM 4 is
intricate and its accessibility therefore limited, these experiments could not be conducted over
the course of this thesis.

For the labeling positions on the a-helical backbone of YopQ’s GDI domain, bi- or multimodal
distance distributions were encountered throughout the first two sections of this thesis. Initially
attributed to two conformations of the a-helix, the varying peak intensities and shifts of the
relative populations in the distance distributions for different labels raised doubt on this theory.
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Therefore, in the third part of this thesis, the solution structure of the YopO GDI a-helix backbone
was assessed using the conformationally restricted dHis-Cu**(NTA) spin label. Site-selectivity
assessment of Cu?*(NTA) via cw-EPR and RIDME revealed unspecific binding to single histidine
residues of YopO in the absence of a dHis-site, but a high selectivity if a dHis-site is available. These
findings emphasize the general applicability of the dHis-Cu?*(NTA) spin label, even for proteins
with a high histidine abundance such as YopO. Although orientation selection is present for Cu?*
at Q-band frequencies using commonly applied rectangular pulses, it could be efficiently
suppressed by acquiring RIDME and PELDOR time traces at three magnetic field positions. An in-
depth analysis of the data using three methods unambiguously showed that the a-helical
backbone of YopO’s GDI domain adopts only a single, straight conformation in frozen solution.
Using two orthogonally labeled dHis-cysteine YopO chimera mutants, the presence of preferred
spin label conformers could be revealed, thereby confirming that the previously observed bimodal
distributions stem from label rather than from protein conformations. Therefore, it was shown
that the dHis-Cu?*(NTA) spin label allows distinguishing between two closely related structural
models, as well as differentiating between protein and spin label conformers. These results foster
the use of the dHis-Cu?*(NTA) label for other systems where ambiguities arise from flexible spin
labels or small-scale conformational changes need to be solved.
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5. Materials and Methods

5.1 Materials

The following section gives an overview of the utilized materials and methodologies with specific

relevance to the experimental procedures.

5.1.1 Chemicals

Table 35: Utilized chemicals.

Compound

Manufacturer

1-Step™ TMB-Blotting substrate solution
20% Sodium dodecyl sulfate (SDS)
3-(N-morpholino)propanesulfonic acid (MOPS)
30% acrylamide mix (37.5: 1)
5-aminolevulinic acid hydrochloride

Acetic Acid

Acetonitrile

Adenosine-5’-triphosphate disodium salt (ATP)
Agar

Agarose

Alexa Fluor™ 488 Cs Maleimide
Amersham™ Hybond® P Western blotting membrane, PVDF
Ammonium persulfate (APS)

Ampicillin

Bromphenol blue

BugBuster® 10x Protein Extraction Reagent
Chloramphenicol

Coomassie Brilliant Blue R250

Copper(ll) sulfate

Deuterium oxide

di-Sodium hydrogen phosphate
Dithiothreitol (DTT)

dNTP Mix (10 mM each)

Electrolytic Buffer E2

Ethidium bromide

Ethylene glycol-ds
Ethylenediaminetetraacetic acid (EDTA)
Formic Acid

Gibco™ DMEM, high glucose

Gibco™ Fetal Bovine Serum (FBS)

Gibco™ PBSpH 7.4

Gibco™ Trypsin-EDTA (0.25%)

Glutathione Sepharose™ 4B

Glycerol

Glycerol-dsg

Glycin

Goat anti-mouse I1gG (H+L) secondary antibody, HRP (#31432)

HisPur™ Ni-NTA resin

Human platelet actin

Hydrochloric acid (12M)

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
L(+)-arabinose

Latrunculin B

Magnesium chloride hexahydrate

Thermo Scientific
Fisher Scientific

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Biosynth
Merck KGaA
Merck KGaA

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Thermo Scientific
Thermo Scientific
Merck KGaA

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Merck KGaA

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Deutero GmbH

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Thermo Scientific
Invitrogen
AppliChem GmbH
Deutero GmbH

Carl Roth GmbH + Co.

Merck KGaA
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Cytiva

Carl Roth GmbH + Co.

Merck KGaA

Carl Roth GmbH + Co.

Thermo Scientific
Thermo Scientific
Cytoskeleton Inc.
Merck KGaA

Carbolution Chemicals GmbH
Carl Roth GmbH + Co.

Merck KGaA

Carl Roth GmbH + Co.

KG
KG

KG
KG

KG
KG
KG
KG
KG
KG

KG
KG

KG

KG

KG

KG

KG
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Compound

Manufacturer

Magnesium sulphate

Manganese(ll) chloride monohydrate

Methanol

Milkpowder (low fat)

Mouse anti-GST-tag monoclonal antibody (MA4-004)
N-2-Hydroxyethylpiperazine-N’-2-ethane sulphonic acid (HEPES)
Nitrilotriacetic acid (NTA)
N-Tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid (TES)
Potassium chloride

Potassium dihydrogen phosphate

Pro-Q™ Diamond Phosphoprotein gel stain

Rabbit muscle acetone powder

Resuspension Buffer R

Silicon Qil

Sodium acetate trihydrate

Sodium azide

Sodium chloride

Sodium dihydrogen phosphate dihydrate

Sodium hydrogen carbonate

Sodium hydroxide

Sodium hydroxide

Tetramethylethylendiamine (TEMED)
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
Tris(hydroxymethyl)aminomethane (Tris)
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl)
Triton™ X-100

Trypton/Pepton

Tween® 20

Xenopus laevis oocytes

Yeast extract

B-Mercaptoethanol

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Merck KGaA

Carl Roth GmbH + Co.

Thermo Scientific

Carl Roth GmbH + Co.

Merck KGaA

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Thermo Scientific
Pel-Freez Biologicals
Invitrogen

Merck KGaA

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

Iris Biotech GmbH

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

EcoCyte Bioscience

Carl Roth GmbH + Co.
Carl Roth GmbH + Co.

KG
KG

KG

KG

KG
KG
KG

KG
KG
KG
KG
KG
KG
KG
KG

KG
KG
KG
KG
KG

KG
KG

5.1.2 Devices, Kits, and Columns

Table 36: Utilized devices.

Device Tradename

Manufacturer

10 pL capillaries Disposable Capillaries

Hirschmann Laborgerate

150 W TWT-amplifier

Cell counter

Centrifugal filter
Centrifugal filter
Centrifugal filter
Centrifugal filter
Centrifugal filter

EPR Q-band tube 3 mm o.d.

EPR spectrometer
EPR spectrometer
EPR spectrometer

EPR X-band tube 4 mm o.d.

Helium flow cryostat
Helium flow cryostat
Bottle-top filter

Model 187Ka

Countess™ 3

Vivaspin® 20, 10 kDa MWCO PES
Vivaspin® 20, 5 kDa MWCO PES
Vivaspin® 6, 10 kDa MWCO PES
Vivaspin® 6, 5 kDa MWCO PES
Amicon® Ultra 0.5 10 kDa MWCO
3 mm Thin Wall Quartz EPR tube
EMXnano

EMXmicro

ELEXSYS E580

4 mm Thin Wall Quartz EPR tube
ER 4112HV

CF935

Durapore® 0.22 um PVDF membrane

Applied Systems
Engineering Inc.
Invitrogen

Cytiva

Cytiva

Cytiva

Cytiva

Millipore

Wilmad LabGlass
Bruker Corporation
Bruker Corporation
Bruker Corporation
Wilmad LabGlass
Bruker Corporation
Oxford Instruments
Merck Millipore
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Device Tradename Manufacturer
L . Drummond Scientific
Microinjector Nanoject II™
Company
Protein chromatography system  Akta avant Cytiva

Quartz glass cuvettes
Quartz glass cuvettes
Resonator

Resonator

Resonator

Resonator

Sealing foil

Sonicator
Spectropolarimeter
Temperature controller
Thermocycler
Transfection System
UV-vis spectrophotometer
UV-vis spectrophotometer

ROTILABO® Quartz glass 0.7 mL (+plugs)

Semi-Micro Cell 114F-QS 10x4 mm

ER 4122SHQ

ER 4119HS

ER 4122SHQE

ER 5106QT-2
Parafilm® M
Sonoplus SH70 G
Jasco J-810

Mercury iTC503
Mastercycler® nexus
Neon™ Transfection System
Cary100 UV-Vis
NanoDrop™ 2000

Carl Roth GmbH + Co. KG
Hellma GmbH & Co. KG
Bruker Corporation
Bruker Corporation
Bruker Corporation
Bruker Corporation
Bemis Company, Inc.
Bandelin GmbH & Co. KG
JASCO Corporation
Oxford Instruments
Eppendorf AG

Invitrogen

Agilent Technologies
Thermo Scientific

Water purification system Milli-Q® Direct Merck Millipore
Table 37: Utilized kits.
Kit Manufacturer

Thermo Scientific
Thermo Scientific

GenelET Gel Extraction and DNA Cleanup MicroKit
GenelET Plasmid Miniprep Kit

Table 38: Utilized chromatography columns.

Column Manufacturer
Capto™ HiRes Q 10/100 Cytiva
ENrich™ Q 10x100 Biorad
PD-10 desalting column Cytiva
HiPrep™ 26/10 Desalting Cytiva
Superdex® 75 10/300 GL Cytiva
HiLoad® 16/600 Superdex® 200 pg Cytiva

5.1.3 Buffers, Enzymes, and Gel-Electrophoresis
All self-prepared media were autoclaved before use. All buffers for protein purification and sample
preparation were filtered through a bottle-top filter (0.22 um PVDF membrane).

Table 39: Utilized buffer solutions.

Buffer

TAE buffer
SDS-PAGE buffer
Coomassie Stain

Composition

40 mM Tris, 0.1% acetic acid, 1 mM EDTA

25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3

45% Methanol, 10% acetic acid, 2.5 g/L Coomassie R250

10 g/L Trypton/Pepton, 5 g/L yeast extract, 10 g/L NaCl, pH 7

10 g/L Trypton/Pepton, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar,
pH 7

10 mM Tris-HCl, 60 mM EDTA, 60% glycerol, bromphenol blue

(1 tip), pH 7.6

50 mM Tris, 150 mM NaCl, 3 mM DTT, pH 8.0

LB medium

Agar plate

6x agarose LD

YopO Basic buffer
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Buffer

Composition

YopO Cleavage buffer

YopO IEXA buffer

YopO IExB buffer

YopO GF buffer

YopO Phosphorylation buffer
YopO PDS buffer
YopO-Actin PDS buffer
SDS Fixing solution

SDS Destaining solution
Phosphate buffer
Myoglobin Basic buffer
Myoglobin IEXA buffer
Myoglobin IExB buffer
Myoglobin GF buffer
Myoglobin PDS buffer
YopO-<(SycO) Basic buffer

YopOe+(SycO) Cleavage buffer

YopO+(SycO) IExA buffer
YopO-+(SycO) IExB buffer
YopO+(SycO) PDS buffer
PBS buffer

MBS buffer
GB1 PDS buffer
BugBuster® Buffer (1x)

Lysis buffer
Transfer buffer
TBST

Blocking solution
MOPS buffer
dHis buffer

8x SDS LD

50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 150 pg
PreScission protease, pH 8.0

50 mM Tris, pH 8.0

50 mM Tris, 1 M NaCl, pH 8.0

50 mM Tris, 50 mM NacCl, pH 8.0

50 mM Tris, 10 mM MgCl,, 1 mM ATP, 2 mM MnCl,, pH 8.0

100 mM TES, 100 mM Nacl, pH 7.4 (in D,0)

4 mM TES, 0.4 mM ATP, 0.2 mM CaCly, 2 mM NaNs, pH 7.5 (in D20)
45% methanol, 10% acetic acid

20% acetonitrile, 50 mM NaOAc, pH 4.0

20 mM PO;, 50 mM NaCl, pH 6.8

50 mM Tris, 50 mM NacCl, pH 8.0

50 mM Tris, pH 8.5

50 mM Tris, 1 M NaCl, pH 8.5

50 mM Tris, 150 mM NaCl, pH 8.0

100 mM TES, 100 mM NaCl, pH 7.4 (in D,0)

50 mM Tris, 150 mM NaCl, 3 mM DTT, 5% glycerol, pH 8.0

50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 150 pg
PreScission protease, 5% glycerol, pH 8.0

50 mM Nacl, 5% glycerol, pH 8.0

50 mM NaCl, 1 M Nacl, 5% glycerol, pH 8.0

100 mM TES, 100 mM NaCl, pH 7.4 (in D,0)

137 mM NacCl, 2.7 mM KCl, 10 mM Na;HPO,4, 1.8 mM KH,PO,4, pH 7.4
5 mM HEPES, 88 mM NaCl, 1 mM KCl, 1 mM MgSOa,,

2.5 mM NaHCO3, 0.7 mM CaCl,, pH 7.8

150 mM NaCl, 42 mM Na;HPOg4, 7.6 mM KH,PO4, pH 7.4 (in D,0)
50 mM Tris, 150 mM NaCl, 10% glycerol, 0.5% Triton™ X-100, 10%
BugBuster® 10x Protein Extraction Reagent, pH 7.4

50 mM Tris, 150 mM NaCl, 10% glycerol, 0.5% Triton™ X-100, pH 7.4
25 mM Tris, 192 mM Glycin, 0.05% SDS, pH 8.4

50 mM Tris, 150 mM NaCl, 0.1% Tween® 20, pH 7.5

5% (w/v) milkpowder (low fat) in TBST 1x

100 mM MOPS, 100 mM NacCl, pH 7.0

50 mM PO;, 150 mM NaCl, pH 7.4

125 mM Tris-HCl, 20% glycerol, 10% B-mercaptoethanol, 4% SDS
(20%) bromphenol blue (1 tip), pH 6.8

Table 40: Utilized enzymes and premixed buffer solutions.

Enzyme / Enzyme buffer

Concentration Manufacturer

10x buffer Pas/

10x T4 DNA ligase buffer
Dpnl 10x Tango buffer
Dpnl restriction enzyme
Fast alkaline phosphatase
FastDigest buffer (10x)
FastDigest EcoR/
FastDigest Ndel
FastDigest Sall
FastDigest Xhol

Pasl restriction enzyme

- Thermo Scientific
- Thermo Scientific
- Thermo Scientific
Thermo Scientific
Thermo Scientific
- Thermo Scientific
- Thermo Scientific
- Thermo Scientific
- Thermo Scientific
- Thermo Scientific
10 U/uL Thermo Scientific
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Enzyme / Enzyme buffer Concentration

Manufacturer

Pfu 10x Buffer -

Pfu-Polymerase 5U/uL
Pierce™ universal nuclease 250 U/uL
PreScission protease 1.5 mg/mL
T4 DNA ligase 5 U/uL
TEV protease 1 mg/mL

Carl Roth GmbH + Co. KG
Carl Roth GmbH + Co. KG
Thermo Scientific
homemade

Thermo Scientific
homemade

5.1.3.1 Agarose Gel Electrophoresis

25 mL TAE buffer containing 1% w/v agarose was molten and mixed with 25 pl ethidium bromide
(1:1000). The molten solution was poured into a previously prepared gel form with sample pockets
and rested until it solidified. The gel was transferred to the gel chamber and the reservoir was
filled with TAE buffer. Pockets were filled with PCR sample solutions (5 pL sample + 1 pL 6x agarose
LD) and 2.5puL of gene ruler in a separate well served as a standard (Figure 109). The
electrophoresis program was executed (100V, 300 mA, 30 min) and subsequently, DNA-

intercalated ethidium bromide was visualized in a photo box using UV light.

Figure 109: GeneRuler DNA Ladder

5.1.3.2 SDS-PAGE

Mix (Thermo Scientific) for agarose gel
electrophoresis (Picture taken form the manufacturer’s manual).

The formulation for SDS gels with a varying content of acryl amide is given in Table 41.

Table 41: Formulation for 10%, 12%, and 15% SDS-PAGE running gels and 5% stacking gels.

Gel Composition
10% running gel (5 mL) 1.9mL ddH,0
1.7 mL 30% acrylamide mix (37.5: 1)
1.3 mL 1.5 M Tris pH 8.8
50 pL 10% SDS
50 pL 10%APS
2 uL TEMED
12% running gel (5 mL) 1.6 mL ddH,0
2.0mL 30% acrylamide mix (37.5: 1)
1.3mL 1.5 M Tris pH 8.8
50 uL 10% SDS
50 L 10% APS
2 L TEMED
15% running gel (5 mL) 1.1mL ddH,0
2.5mL 30% acrylamide mix (37.5: 1)
1.3 mL 1.5 M Tris pH 8.8
50 uL 10% SDS
50 uL 10% APS
2ul TEMED
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Gel Composition

5% stacking gel (2 mL) 1.36 mL ddH,0
0.34 mL 30% acrylamide mix (37.5: 1)
0.26 mL 1.5 M Tris pH 8.8
20 L 10% SDS
20 L 10% APS
2uL TEMED

Running gels were mixed and polymerized between two glass plates and then topped with the
stacking gel and a comb to create sample pockets. Gels were placed in the electroporation
chamber and the reservoir was filled with SDS-PAGE buffer. 4 plL of 8x SDS LD were added to 28 uL
of protein sample and subsequently heated at 95 °C for 5 min. Gel pockets were loaded either
with samples (10 uL for 15 well gels, 15 pL for 10 well gels) or the SDS-PAGE standard (Figure 110).
The SDS-PAGE program was executed (175 V, 300 mA, 50 min) and subsequently, gels were first
stained for 10 min in Coomassie Stain solution before destaining for 10 min in boiling water. Gels
were imaged in a photo box using UV light and a visible light long-pass emission filter.

kDa

—~180

-~130

-~100

- 55 Figure 110: PageRuler Prestained Protein Ladder (Thermo Scientific) for SDS-PAGE

- ~40 (Picture taken form the manufacturer’s manual).
- 35
- 25

- ~15

5.1.4 Vectors and Protein Constructs

The protein constructs expressed and purified throughout this thesis are summarized in Table 42.

Table 42: Protein constructs used in this work. These constructs served as the template for any follow up
mutations.

Protein Vector Mutation €280 (L mol? cm?) Mw (kDa)
YopOss 720 PGEX-6p-1 C219A 43,390 71.2
YopO1.729 pGEX-6p-1 C219A 56,380 81.7
YopO1.720*(SycO); pET-Duet-1 C219A (YopO) 98,570 116.6
Myoglobin pBADHIsTEV Q8C 39,100 17.3

The purified GB1 protein was provided by Dr. Katrin Ackermann (University of St Andrews) and
has a molecular weight of ~6.2 kDa and an extinction coefficient €250 of 9,970 L molt cm™.
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5.1.5 Spin Labels

Table 43: Utilized spin labels and radicals.

Spin label Target residue Abbreviation Manufacturer

(2,2,5,5-tetramethylpyrroline-1-oxyl-3-
methyl)methanethiosulfonate (MTSL)
Finland trityl

MTS-TSL

Mal-TSL

SLIM

Ox-SLIM

cysteine Rl Toronto Research
Chemicals
- - homemade
cysteine 1e homemade
cysteine p L homemade
cysteine 3e homemade
cysteine 4e homemade

Copper(ll)-nitrilotriacetic acid [Cu?*(NTA)]  double histidine  dHis-Cu?*(NTA)®! -

[a] The R1 abbreviation is only used for MTSL conjugated to a cysteine residue.
[b] Abbreviation for Cu?*(NTA) coordinated to a dHis-site.

Finland trityl

SLIM 3¢ (R =CH,)
Ox-SLIM 4* (R = CH,CH,0H)

MTS-TSL 1

Mal-TSL 2¢

Figure 111: Spin labels used for protein SDSL in the context of this work.

Spin label stock solution were prepared by dissolving the respective spin label (except for
Cu*(NTA), see section 5.2.2.3) in DMSO to a final concentration of 100 mM for MTSL and up to
10 mM for any trityl spin label. The final stock solution concentrations were verified by
guantitative EPR spin-count experiments on an EMXnano spectrometer in triplicates and set as
the mean value of the three independent measurements.
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5.1.6 Computer Software and Plug-ins

Table 44: Utilized computer software and Plug-ins throughout this work.

Software / Plug-in Publisher
Geneious 6.1.8 Dotmatics
MATLAB R2018b MathWorks
MATLAB R2021b MathWorks
EasySpin!t08! Open Access
OriginPro 8G OriginLab

DeerAnalysis2019*22!
DeerAnalysis2022122
SnrCalculator*?4
mtss|Wizard(®%°!
PyMOL™ 2.0.7

Open Access
Open Access
Open Access
Open Access
Schrodinger

MMM 3681 Open Access
PDSFit!384 Open Access
5.2 Methods

This section provides an overview of the experimental procedures used throughout this work.

5.2.1 Mutagenesis, Cloning, and Protein Purification

5.2.1.1 QuickChange Mutagenesis and Transformation

Site-specific mutations were introduced using the QuickChange mutagenesis protocol.[*>! Here,
primers consist of a non-overlapping region and an overlapping region encoding for the changed
amino acids. Primer sequences and the distinct melting temperatures of the forward (fwd) and
reverse (rev) primers are given below (Table 45).

Table 45: Sequences and annealing temperatures for the primer pairs used in this thesis. Tmuo, and Tm,
denote the annealing temperatures of the non-overlapping and overlapping regions of the primer with the
template vector. If the annealing temperatures between the fwd and rev primers differed, the averaged
melting temperatures were used. Primers were commercially obtained from Microsynth AG.

Mutation Sequence Tmpon (°C)  Tmy, (°C)
YopO

S585C fwd 5'-CACAGCAAGGGCAGCCCGTGTCCTGTGAAACCT-3' 51.5 471
S585C rev 5'-GGAGAGTATTCAATTGCTGCGACAAGGTGCACTTAGC-3' 50.5 471
Y588C fwd 5’-CAAGGGCAGCCCGTGTCCTCTGAAACCTGTAGCTTCC-3 57.6 48.0
Y588C rev 5'-GAATAGATAGTTGCGCTTTCGCACTCTCCTGCTGACACTGGAG-3' 58.0 48.0
V599C fwd 5'-GCTTCCTGAATCGATTAGCTGAGGCTAAGTGCACCTTG-3 53.0 45.9
V599C rev 5'-GGAGAGTATTCAATTGCTGCGACAAGGTGCACTTAGCC-3' 53.0 45.9
Q603C fwd 5'-CGATTAGCTGAGGCTAAGGTCACCTTGTCGTGTCAATTG-3 54.8 44.6
Q603C rev 5'-CTGCTGCTGCTGGAGAGTATTCAATTGACACGACAAGG-3’ 54.4 44.6
N624C fwd 5'-GAGAGTGCGAAAGCGCAACTATCTATTCTGATTTGTCGTTCA-3/ 54.8 48.5
N624C rev 5'-GAGCAACATCAGCCCAAGAACCTGAACGACAAATCAGAATA-3’ 54.4 48.5
Y588H/N592H fwd 5'-CCACAGCTTCCTGCATCGATTAGCTGAGGCTAAGGTCACCTTG-3/ 59.5 495
Y588H/N592H rev 5'-GATGCAGGAAGCTGTGGGTTTCAGAGGACACGGGCTGCC-3' 60.4 495
A595H/V599H fwd 5'-GTGTCCTCTGAAACCTACAGCTTCCTGAATCGATTACATGAGGCTAAGCACAC-3' 63.0 53.0
A595H/V599H rev 5'-CTGCTGGAGAGTATTCAATTGCTGCGACAAGGTGTGCTTAGCCTCATGTAATC-3’ 63.0 53.0
S620H/N624H fwd 5'-CAGCAGGAGAGTGCGAAAGCGCAACTACATATTCTGATTCATCGTTC-3 60.8 49.9
S620H/N624H rev 5’-GACGAGCAACATCAGCCCAAGAACCTGAACGATGAATCAGAATATGTAG-3 61.1 49.9
E87K/F88T fwd 5'-GTCACCTTGTCGCAGCAATTGAATACTCTCCAGTGTCAGCAGG-3' 57.1 44.6
E87K/F88T rev 5'-GGGATATCAGACCTTAGCTCCTGCGAAGTGGTTTTTTGCG-3 57.1 44.6

EcoRI-YopO fwd
Sall-YopO rev

5'-CTGAAGAATTCGATGTCCCCTATACTAGGTTATTGGAAAATTAAGGGC-3'
5’-ATAAAAGTCGACTCATCACATCCATTCCCGCTCCAACCGGTT-3’
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Mutation Sequence TMnon (°C)  Tm, (°C)
SycO

C30A fwd 5’-GACTGGCCGAACTGATCCTGAATGATCGCGTAGTCATC-3' 55.7 43.2
C30A rev 5'-CAGTTCGGCCAGTCCATACTCATCCTGTGACAGTTTGTC-3’ 56.0 43.2
C75A fwd 5'-CTTCTTTGCCTACTCGATCAATGCGCTCAACAAAGATGG-3' 53.5 43.4
C75A rev 5'-CGAGTAGGCAAAGAAGAGCTGAGAAGCAGTCGAACG-3’ 53.8 43.4
C87A fwd 5'-GGTCCGGCTTTTGCGTGGAGTGAAGAACTGGGC-3' 53.2 43.2
C87A rev 5’-GCAAAAGCCGGACCATCTTTGTTGAGCGCATTGATCG-3 53.5 43.2

To verify primer annealing and plasmid amplification by PCR, an additional sample without
polymerase served as a negative control (Table 46). PCR samples were mixed and loaded into a
thermocycler and the QuickChange PCR program was run (Table 47).

Table 46: PCR sample preparation.

Sample (pL) Control (pL)
Template Vector 0.5 0.5
Pfu 10x Buffer 5 5
dNTP Mix (10 mM each) 1 1
Primer (fwd) 0.5 0.5
Primer (rev) 0.5 0.5
Pfu-Polymerase 0.5 -
ddH,0 42 42.5

Table 47: QuickChange PCR thermocycler setup.

Repeats Temperature (°C) Time (s) Step

1 cycle 95 300 Initial denaturing
95 60 Denaturing

3 cycles TMpon-5 60 Annealing
72 900 Extension
95 60 Denaturing

15 cycles Tmo-5 60 Annealing
72 900 Extension
95 60 Denaturing

2 cycles 43 60 Annealing
72 900 Extension

1 cycle 4 oo Storage

After the PCR, the success of the vector amplification was checked via agarose gel electrophoresis
using 5 pL of the crude PCR products. Unmutated template DNA was removed upon the addition
of 5 uL 10x Tango buffer and 0.5 uL Dpnl restriction enzyme to the remaining 45 uL of PCR sample
and incubation for 2 h at 37 °C. Subsequently, samples were purified according to the GenelET Gel
Extraction and DNA Cleanup MicroKit manual, and the DNA concentration was quantified using
the NanoDrop™ 2000 nucleic acid application. 50 yL of competent E. coli DH5a cells (homemade)
were thawed for 20 min on ice before the addition of 100 ng plasmid DNA. After an additional
20 min incubation period, cell permeabilization and transformation of plasmid DNA was achieved
via a heat shock (42 °C, 45 s) in a water bath and subsequently, cells were allowed to recover for
5 min on ice. After the addition of 1 mL LB medium, cells were grown for 1 h (37 °C, 180 rpm)
before harvesting (14,000 rcf, 2 min), and resuspension in 100 pL LB medium. Resuspended cells
were spread on an agar plate containing 0.3 mM ampicillin as a selection marker and plates were
incubated overnight upside down (37 °C). After 18 h, up to four colonies were picked for overnight
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cultures (10 mL LB medium, 0.3 mM ampicillin, 1 colony) and the samples were incubated for at
least 18 h (37 °C, 180 rpm) before harvesting (4,000 rcf, 20 min), and subsequent plasmid
purification following the user manual of the GenelET Plasmid Miniprep Kit. After quantification
with a NanoDrop™ 2000 using the nucleic acid application, purified plasmid DNA was sent for
sequencing (Microsynth AG, plasmid DNA concentration = 60 ng/uL). Sequencing results were
evaluated using the Geneious software.

5.2.1.2 Cloning of YopO1.729 into the pGEX-6p-1 Vector

Pasl restriction cleavage was set up according to Table 48 using a synthetic gene encoding for the
amino acids 1-88 of the YopO-wt (encoded on a pEX-A-128 vector, purchased from Eurofins
Scientific) as the insert and the pGEX-6p-1 plasmid encoding for YopOss.729 as the target vector.

Table 48: Pasl restriction enzyme digest.

Insert (pL) Vector (pL)
Insert DNA (AA 1-89) 34 (2,500 ng) -
Vector DNA (YopOsgo.729) - 12 (2,500 ng)
10x buffer Pasl/ 5 5
Pasl restriction enzyme 2.5 2.5
ddH,0 0.5 0.5

After mixing, the Pasl cleavage was incubated for 4 h at 55 °C before heating the reaction mixture
to 80 °C for 20 min to inactivate the Pasl restriction enzyme and prevent unspecific cleavage, as
the Pasl enzyme exhibits a star activity (see Thermo Scientific manual). Subsequently, 6 uL of
FastDigest buffer (10x) and 4 pL of FastDigest EcoRl/ restriction enzyme was added to both, the
insert and the vector sample, and incubated for 30 min at 37 °C before quenching the reaction
upon heating to 80 °C for 5 min. Only to the vector sample, 1 uL of Fast alkaline phosphatase was
added and the sample was incubated for 1 h at 37 °C before reaction clean up following the
protocol for PCR purification of the Genelet Gel Extraction and DNA Cleanup MicroKit. The
complete insert sample was loaded onto an agarose gel (1%) and after agarose gel
electrophoresis, the faint lower band corresponding to the gene fragment encoding for the first
88 amino acids of YopO was cut out and cleaned up using the Genelet Gel Extraction and DNA
Cleanup MicroKit. The ligation reaction of the insert with the vector at a molar ratio of 3:1 was set
up according to Table 49.

Table 49: Insert-vector ligation setup.

Reaction (pL)

Insert DNA (AA 1-89) 5(20 ng)
Vector DNA (YopOss.729) 4 (160 ng)
10x T4 DNA ligase buffer 2

T4 DNA ligase 0.2
ddH,0 9

The ligation reaction was incubated for 16 h at 16 °C and subsequently, the crude ligation mixture
was transformed into competent E. coli DH5a cells and subsequently purified and sequenced as
described in section 5.2.1.1.
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5.2.1.3 Cloning of YopO1.729*(SycO); into the pET-Duet-1 Vector

The GST-YopO1.720 gene encoded on the pGEX-6p-1 vector (see section 5.2.1.2) was amplified via
PCR using primers containing an EcoRl (fwd, 5’-start) and Sall (rev, 3’-end) restriction site according
to Table 50+51.

Table 50: GST-YopO1.729 PCR amplification setup.

Sample (pL) Control (pL)
Template Vector 0.5 0.5
Pfu 10x Buffer 5 5
dNTP Mix (10 mM each) 1 1
Primer (fwd) 0.5 0.5
Primer (rev) 0.5 0.5
Pfu-Polymerase 0.5 -
ddH,0 42 42.5

Table 51: Thermocycler setup for YopO1.729-wt gene amplification via PCR.

Repeats Temperature (°C) Time (s) Step

1 cycle 95 300 Initial denaturing
95 30 Denaturing

30 cycles 62.7 30 Annealing
72 100 Extension

1 cycle 72 300 Final Extension

1 cycle 4 oo Storage

Following gene amplification, the crude PCR product was purified using the Genelet Gel Extraction
and DNA Cleanup MicroKit. Subsequently, the GST-YopOi.729 insert and the empty pET-Duet-1
vector (purchased from Novagen) were digested with EcoRl and Sall according to Table 52.

Table 52: EcoRl and Sall restriction enzyme digest.

Insert (pL) Vector (uL)
Insert DNA (GST-YopO1.729) 40 (3,200 ng) -
Vector DNA (pET-Duet-1) - 5 (1,600 ng)
FastDigest buffer (10x) 10 10
EcoRl restriction enzyme 2.5 2.5
Sall restriction enzyme 2.5 2.5
ddH,0 45 80

The restriction enzyme reactions proceeded for 3 h at 37 °C before the addition of 1 pL Fast
alkaline phosphatase to the vector sample and an additional 1 h incubation period at 37 °C.
Subsequently, both samples were cleaned up using the Genelet Gel Extraction and DNA Cleanup
MicroKit and the insert was ligated into the opened first multiple cloning site (MCS) of the
pET-Duet-1 vector (molar ratio of insert to vector: 2:1) according to Table 53.
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Table 53: Insert-vector ligation setup for GST-YopO;.756 in the pET-Duet-1 vector.

Reaction (pL)

Insert DNA (GST-YopOi.729) 3.2 (275 ng)
Vector DNA (pET-Duet-1) 14 (84 ng)
10x T4 DNA ligase buffer 2

T4 DNA ligase 0.2

The ligation reaction was incubated for 16 h at 16 °C and subsequently, the crude ligation mixture
was transformed into competent E. coli DH5a cells and subsequently purified and sequenced as
described in section 5.2.1.1.

A synthetic gene encoding for SycO (vector: pEX-A-128) containing the restriction sites for Ndel
(5’-start) and Xhol (3’-end) was purchased from Eurofins and cloned into the second MCS of the
pET-Duet-1 vector containing the GST-YopOi.729 gene in the first MCS. Therefore, both vectors
were digested using the Ndel and Xhol restriction enzymes according to Table 54.

Table 54: Ndel and Xhol restriction enzyme digest.

Insert (pL) Vector (uL)
Insert DNA (SycO) 14 (4,000 ng) -
Vector DNA (pET-Duet-1) - 8.5 (2,000 ng)
FastDigest buffer (10x) 10 10
Ndel restriction enzyme 2.5 2.5
Xhol restriction enzyme 2.5 2.5
ddH,0 71 76.5

The restriction digest was incubated for 3 h at 37 °C before the addition of 1 uL of Fast alkaline
phosphatase to the vector sample and an additional incubation period of 1h at 37 °C.
Subsequently, the vector DNA was cleaned up following the protocol for PCR purification of the
Genelet Gel Extraction and DNA Cleanup MicroKit. The complete insert sample was loaded onto
an agarose gel (1%) and after agarose gel electrophoresis, the faint lower band at ~500 bp
corresponding to the SycO gene was cut out and cleaned up using the Genelet Gel Extraction and
DNA Cleanup MicroKit. The ligation of the SycO-insert into the opened MCS2 of the pET-Duet-1
vector (molar ratio of insert to vector: 2:1) was set up according to Table 55.

Table 55: Insert-vector ligation setup for SycO in the pET-Duet-1 vector.

Reaction (pL)

Insert DNA (SycO) 7.55 (26 ng)
Vector DNA (pET-Duet-1) 10.25 (205 ng)
10x T4 DNA ligase buffer 2

T4 DNA ligase 0.2

The ligation reaction was incubated for 16 h at 16 °C and subsequently, the crude ligation mixture
was transformed into competent E. coli DH5a cells and subsequently purified and sequenced as
described in section 5.2.1.1.

5.2.1.4 Expression and Purification of Truncated YopOss-729

Truncated YopOss.720 constructs were expressed in E. coli Rosetta DE3 cells (homemade). 50 pL of
competent expression cells were thawed for 20 min on ice before an additional incubation period
of 20 min with 100 ng plasmid DNA. Cells were then heat-shocked (42 °C, 45 sec) and recovered
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for 5 min on ice before the addition of 1 mL LB medium and incubation for 1 h (37 °C, 180 rpm).
100 pL of the cell suspension were plated on an agar plate containing 0.3 mM ampicillin and
0.1 mM chloramphenicol for selection purposes. The next day, a single colony was picked to
prepare an overnight culture (100 mL LB medium, 0.3 mM ampicillin, 0.1 mM chloramphenicol,
1 colony) and cells were grown for ~18 h (37 °C, 180 rpm). Typically, 3 liters of main culture (1L
LB medium, 0.3 mM ampicillin, 0.1 mM chloramphenicol, 15 mL overnight culture) were set up
and incubated (37 °C, 180 rpm) until an optical density at 600 nm (ODgo) of ~0.8—1.0 was
reached. Protein expression was induced upon the addition of 0.1 mM IPTG and cultures were
shifted to 16 °C and grown for 16 h before being harvested the next day (4,000 rcf, 4 °C, 20 min).
Cell pellets were either used immediately or frozen at -80 °C for long-term storage.

Cell pellets were resuspended in five times v/w YopO Basic buffer and lysed via sonication
(3 cycles, 2:30 min, 70% amplitude, 1s pulse : 1s pause). Insoluble cell debris was removed via
centrifugation (48,500 rcf, 4 °C, 20 min) and the supernatant was collected and incubated with
3 mL Glutathion Sepharose™ 4B beads (equilibrated with YopO Basic buffer) for 1 h at room
temperature and slight agitation. Subsequently, the bead suspension was passed over a benchtop
gravity column and the collected flow-through was passed over the settled beads to maximize the
protein yield. Beads were washed with 50 mL of YopO Basic buffer before being resuspended in
20 mL YopO Cleavage buffer and incubated overnight at 4 °C under slight agitation. The following
day, the bead-suspension was loaded again onto a gravity column and the protein-containing
eluate was diluted with 130 mL YopO IExA buffer containing 2.5 mM DTT. Subsequently, anion
exchange chromatography was performed on an AKTA avant system using either an ENrich™ Q
10x100 or Capto™ HiRes Q 10/100 column, and the loaded protein was eluted using a linear
gradient of YopO IExB buffer. The protein content was checked via SDS-PAGE and YopOsg.729
containing fractions were pooled and concentrated below 3 mL using a Vivaspin® 20, 10 kDa
MWCO before adding DTT to a final concentration of 3 mM. The protein was loaded onto a
HiLoad® 16/600 Superdex® 200 pg equilibrated with YopO GF buffer and a gel filtration was
performed. The protein purity was checked via SDS-PAGE and the pure protein-containing
fractions were pooled and concentrated using a Vivaspin® 20, 10 kDa MWCO. At a final protein
concentration of ~100 uM (assessed using the NanoDrop™ 2000 A280 program and the extinction
coefficient given in Table 42), the protein was split into 200 L aliquots, flash-frozen in liquid
nitrogen, and stored at -80 °C if not used immediately.

5.2.1.5 BugBuster® Expression Assay and Western Blot for GST-YopOg

Main cultures (2x 300 mL) of E. coli Rosetta DE3 cells containing the GST-YopOs gene were
prepared according to section 5.2.1.4. Protein expression was induced upon the addition of
0.2 mM IPTG and one baffled flask was shifted to 16 °C and the second one to 25 °C (both
180 rpm). At indicated time points, 1.5 mL were taken from the respective culture and processed
as follows:

1. 1.5 mL of the culture was spun down (16,000 rcf, 4 °C, 10 min).

2. The supernatant was decanted and pipetted away and the obtained pellet was flash-
frozen twice in liquid nitrogen.

3. The pellet was resuspended in 300 pL BugBuster® Buffer (1x) before adding 651 L Lysis
buffer containing 1 uL Pierce™ universal nuclease. The solution was incubated for 20 min
at room temperature and slight agitation.

4. The sample was centrifuged (16,000 rcf, 4 °C, 20 min) and the resulting supernatant
corresponded to the soluble protein fraction.

5. The remaining pellet was resuspended in 60 pL Urea and incubated for 5 min before the
addition of 240 pL Lysis buffer. This sample is referred to as the pellet sample.
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The respective samples were loaded onto a 10% SDS gel and SDS-PAGE was performed according
to section 5.1.3.2.

For Western blotting, a PVDF membrane was moistened with methanol, rinsed with MilliQ water,
and equilibrated together with the previously ran SDS gel in separate containers with Transfer
buffer for 15 min. The equilibrated gel was placed on top of the PVDF membrane facing the
cathode and the stack was sandwiched between two blotting papers soaked in Transfer buffer on
each side before blotting the proteins onto the membrane (~1.5 mA/cm?, max. 25V, 1.5 h). The
membrane was blocked with Blocking solution (10 mL, 1 h, gently shaking) and washed thrice with
TBST (10 mL and 10 min each). Subsequently, the PVDF membrane was incubated (4 °C, o/n,
gently shaking) with the primary mouse anti-GST antibody (5 mL, 1:1,000 working dilution in TBST)
to detect GST-tagged proteins. After incubation, the membrane was washed thrice with TBST
(10 mL and 10 min each) and incubated (1 h, room temperature, gently shaking) with the
horseradish peroxidase (HRP) conjugated secondary goat anti-mouse IgG antibody (5 mL,
1:5,000 working dilution in TBST). In the last step, the membrane was rinsed thrice with TBST
(10 mLfor 10 min each) before visualization of GST-fused proteins on the blot using 10 mL 1-Step™
TMB-Blotting Substrate Solution (30 min incubation). Blue bands corresponding to GST and GST-
tagged proteins appeared on the PVDF membrane and a photograph of the membrane was taken
using a smartphone.

5.2.1.6 Expression and Purification of Full-Length YopQ1-729®(SycO),

Full-length YopO1.729 constructs in complex with SycO (YopOi.729°(SycO)) were expressed in E.coli
Rosetta DE3 cells (homemade). 50 uL of competent expression cells were thawed for 20 min on
ice before an additional incubation period of 20 min with 100 ng plasmid DNA. Cells were then
heat-shocked (42 °C, 45 sec) and recovered for 5 min on ice before the addition of 1 mL LB
medium and incubation for 1 h (37 °C, 180 rpm). 100 pL of the cell suspension were plated on an
agar plate containing 0.3 mM ampicillin and 0.1 mM chloramphenicol for selection purposes. The
next day, a single colony was picked to prepare an overnight culture (100 mL LB medium, 0.3 mM
ampicillin, 0.1 mM chloramphenicol, 1 colony) and cells were grown for ~18 h (37 °C, 160 rpm).
Typically, 3 liters of main culture (1 L LB medium, 0.3 mM ampicillin, 0.1 mM chloramphenicol,
15 mL overnight culture) were set up and incubated (37 °C, 160 rpm) until an ODggo of ~0.8 —1.0
was reached. Protein expression was induced upon the addition of 0.125 mM IPTG and cultures
were shifted to 16 °C and grown for 16 h before being harvested the next day (4,000 rcf, 4 °C,
20 min). Cell pellets were either used immediately of frozen at -80 °C for long-term storage.

Cell pellets were resuspended into four times v/w YopO¢(SycO) Basic buffer supplemented with
0.1 uL Pierce™ universal nuclease per 10 mL buffer and lysed via sonication (3 cycles, 2:30 min,
70% amplitude, 1s pulse :1s pause). Insoluble cell debris was removed via centrifugation
(30,000 rcf, 4 °C, 25 min) and the supernatant was collected and incubated with 4 mL Glutathione
Sepharose™ 4B beads (equilibrated with YopO<¢(SycO) Basic buffer) for 1 h at 4 °C and slight
agitation. The bead suspension was passed over a benchtop gravity column and the collected flow-
through was passed over the settled beads once more to maximize the protein yield. Beads were
washed with 30 mL YopO¢(SycO) Basic buffer before being resuspended in 15 mL YopO<(SycO)
Cleavage buffer and incubated for 5:30 h at 4 °C whilst slightly agitating the sample. Subsequently,
the bead-suspension was loaded again onto a gravity column and the settled beads were washed
with 15 mL YopO«<(SycO) IExA buffer. Both elutions were combined and diluted with an additional
70 mL YopOe<(SycO) IExA buffer containing 3 mM DTT. Anion exchange chromatography was
performed on an AKTA avant system using a CaptoQ™ HiRes Q 10/100 column and the protein
was eluted using a linear gradient of YopO¢(SycO) IExB buffer. The protein purity was checked via
SDS-PAGE and fractions containing full-length YopOi.729 and SycO were pooled and concentrated
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using a VivaSpin® 20, 10 kDa MWCO. At a final protein concentration of ~100 uM (assessed using
the NanoDrop™ 2000 A280 program and the extinction coefficient for the YopQOi.729*(SycO):
complex given in Table 42), the protein was split into 200 uL aliquots, flash-frozen in liquid
nitrogen, and stored at -80 °C if not used immediately.

5.2.1.7 Expression and Purification of Myoglobin

Myoglobin was expressed in E. coli BL21 cells (homemade) and purified according to previously
established procedures.*?

From a pipette tip of a previously prepared glycerol stock an overnight culture (50 mL LB medium,
0.15 mM ampicillin, 5 pL E. coli glycerol stock) was prepared and cells were grown for ~18 h (37 °C,
180 rpm). Typically, 3 liters of main culture (1 L LB medium, 0.15 mM ampicillin, 10 mL overnight
culture) were set up and incubated (37 °C, 180 rpm) until an ODggo of ~0.5 — 0.8 was reached.
Protein expression was induced upon the addition of 13 mM L(+)-arabinose and 2.4 mM
5-aminolevulinic acid to increase the heme-loading of myoglobin. Cultures were further incubated
for 4 h (37 °C, 180 rpm) before the cells were harvested (4,000 rcf, 4 °C, 20 min) and either used
immediately or frozen at -80 °C for long-term storage.

Cell pellets were resuspended in ten times v/w Myoglobin Basic buffer supplemented with 0.1 pL
Pierce™ universal nuclease per 10 mL buffer and lysed via sonication (3 cycles, 2:30 min,
70% amplitude, 1s pulse : 1s pause). Insoluble cell debris was removed via centrifugation
(48,500 rcf, 4 °C, 20 min) and the deeply red supernatant was incubated with 3 mL HisPur™ Ni-
NTA resin (equilibrated with Myoglobin Basic buffer) for 1 h at room temperature and slight
agitation. The suspension was passed over a benchtop gravity column and the deeply red resin
was washed with 50 mL Myoglobin Basic buffer. Then, the resin was resuspended in 15 mL
Myoglobin Basic buffer and 5 mL of TEV protease (1 mg/mL in 20 mM Tris, 500 mM NaCl, pH 7.5)
were added. The Hisgs-tag cleavage suspension was incubated for 3 h at room temperature and
then shifted to 4 °C for an additional 16 h incubation overnight, all whilst slightly agitating the
sample. The following day, the suspension was loaded onto a gravity column and the elution was
passed an additional time over the Ni-NTA resin to remove any remaining Hiss-tagged protein
impurities. The resin was washed twice with 10 mL Myoglobin IEXA buffer and all elution fractions
were combined to perform an anion exchange on an Akta avant system using an ENrich™ Q 10x100
column against a linear gradient of Myoglobin IExB buffer. The protein content was checked via
SDS-PAGE and the Myoglobin-containing flow-through was pooled and concentrated below
500 uL using a VivaSpin® 20, 5 kDa MWCO before adding DTT to a final concentration of 3 mM.
The protein was loaded onto a Superdex® 75 10/300 GL equilibrated with Myoglobin GF buffer
and a gel filtration was performed. The protein purity was checked via SDS-PAGE and the pure
protein-containing fractions were pooled and concentrated using a VivaSpin® 20, 5 kDa MWCO.
The protein-concentration was determined using the UV-vis application of the NanoDrop™ 2000
and the extinction coefficient given in Table 42) and if the absorption ratio between 409 nm and
280 nm was approximately 3:1, a sufficient heme-loading was assumed. The protein was flash-
frozen in liquid nitrogen and stored at -80 °C if not used immediately.

5.2.2 Site-Directed Labeling of Proteins

5.2.2.1 MTSL Spin Labeling

All MTSL labeling procedures were conducted in the protein buffers of the last chromatographic
purification step of the utilized proteins. Before the labeling reaction, up to 55 nmol of protein
were incubated in a total volume of 2 mL with 3mM DTT for 1h at room temperature.
Subsequently, the reducing agent was removed by passing the incubation solution over a PD-10
desalting column. Immediately after the elution, a 20-fold molar excess MTSL per cysteine from a
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100 mM stock solution dissolved in DMSO was added to the 3.5 mL protein-containing PD-10
eluate and the labeling reaction was incubated for 2 h at room temperature before being shifted
to 4 °C overnight for an addition 16 h incubation period.

The next day, the incubation solution was loaded either onto HiPrep™ 26/10 desalting column or
split in two fractions and ran over a PD-10 desalting column to remove any excess and unbound
spin label. The protein-containing fractions were pooled and concentrated to approximately
100 uM with a Vivaspin® 6 centrifugal filter with an appropriate molecular weight cutoff for the
respective protein at hand.

Only Myoglobin: To the concentrated sample (below 2 mL), a 20-fold molar excess of K3[Fe(CN)g]
was added and incubated for 2 h at room temperature to convert MbO; to the MetMb form. The
oxidizing agent was subsequently removed using a PD-10 desalting column.

Samples for pulsed dipolar EPR experiments were rebuffered to their respective deuterated PDS
buffers. The buffer was exchanged by the addition of 2 mL deuterated PDS buffer per 200 uL of
sample and subsequent concentration using a Vivaspin® 6 centrifugal filter with an appropriate
molecular weight cutoff. The dilution/concentration cycle was repeated trice and samples were
concentrated in the final run to approximately 100 uM. In the last step, any precipitates were
removed by centrifugation in a microcentrifugal tube at 18,000 rcf and the supernatant was
carefully collected. If not used immediately, samples were aliquoted to 100 pL, flash-frozen in
liquid nitrogen, and stored at -80 °C.

5.2.2.2 Trityl Spin Labeling

All trityl labeling procedures were conducted in phosphate buffer (pH 6.8). Before the labeling
reaction, 20 nmol of protein were incubated in a total volume of 2.5 mL with a five-fold molar
excess of TCEP for 2 h at 4 °C. Subsequently, the reducing agent was removed by passing the
incubation solution over a PD-10 desalting column and the labeling reaction was set up
immediately afterwards.

The respective trityl spin label (dissolved in DMSO) was prediluted in 2.5 mL phosphate buffer and
added to the collected 3.5 mL protein solution. The employed molar ratios for the utilized trityl
spin label and proteins are given in Table 56.

Table 56: Molar ratios of the trityl spin labels and proteins utilized in the spin labeling reactions.

Protein MTS-TSL 1 Mal-TSL 2¢ SLIM 3¢ Ox-SLIM 4e
YopOss.729 5eq./Cys 5eq./Cys 5eq./Cys 5eq./Cys
YopO1.729*(SycO), - - 5eq./Cys -
Myoglobin - 5eq./Cys 5eq./Cys -
GB1 - - 3.5eq./Cys -

After the spin label addition, the solution was gently homogenized by slowly pipetting up and
down and subsequently shifted into the dark (fridge) and incubated for 16 h at 4 °C.

The following day, the incubation solution was split into at least three fractions (up to five fractions
for best separation of the free label) and passed over a PD-10 desalting column to remove the spin
label excess. The protein-containing fractions were pooled and concentrated to approximately
2 mL using a Vivaspin® 6 centrifugal filter with an appropriate molecular weight cutoff.

Only Myoglobin: To the concentrated sample (below 2 mL), a 20-fold molar excess of Ks;[Fe(CN)g]
was added and incubated for 2 h at room temperature to convert MbO, to the MetMb form.
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The concentrated sample was loaded onto a HiPrep™ 26/10 desalting column to achieve complete
free label separation and enhanced sample purity. The first elution peak showing an absorbance
at 280 nm was pooled and concentrated before recording a UV-vis spectrum for the quantification
of labeling efficiency (see section 3.2.2.1).

Samples for pulsed dipolar EPR experiments were rebuffered to their respective deuterated PDS
buffers. The buffer was exchanged by the addition of 2 mL deuterated PDS buffer per 200 uL of
sample and subsequent concentration using a Vivaspin® 6 centrifugal filter with an appropriate
molecular weight cutoff. The dilution/concentration cycle was repeated trice and samples were
concentrated in the final step to approximately 100 uM. In the last step, any precipitates were
removed by centrifugation in a microcentrifugal tube at 18,000 rcf and the supernatant was
carefully collected. If not used immediately, samples were aliquoted to 100 pL, flash-frozen in
liquid nitrogen, and stored at -80 °C.

5.2.2.3 dHis-Cu?*(NTA) Spin Labeling

Nitrilotriacetic acid (NTA) was dissolved in MilliQ water to a final concentration of 100 mM and
pH-adjusted to pH 12 with 5 M NaOH. Copper(ll) sulfate was dissolved in MilliQ water to a final
concentration of 4 mM and pH-adjusted to pH 2 with 12 M HCI. The 4 mM copper(ll) sulfate stock
solution was further diluted to a copper(ll) concentration of 3 mM with MOPS buffer, and then
mixed in a 1:1 molar ratio with the NTA stock solution and pH-adjusted to pH 7.4 (HCl and/or
NaOH) to yield the final Cu**(NTA) stock solution. The solution was aliquoted and stored at -20 °C
until used.

The respective YopO construct was rebuffered thrice in deuterated dHis buffer using a
VivaSpin® 6, 10 kDa MWCO PES to a protein concentration above 200 uM. Subsequently, one or
two molar equivalents of the previously prepared Cu?*(NTA) stock per YopO were added and the
sample was diluted with dHis buffer to a final YopO concentration of 200 uM. The mixture was
carefully mixed and incubated for 30 min at 4 °C.

5.2.2.4 Alexa Fluor™ 488 Cs Maleimide Labeling

All Alexa Fluor™ 488 labeling reactions were conducted in phosphate buffer (pH 6.8). In a total of
500 uL phosphate buffer (pH 6.8), 25 nmol of protein (single-cysteine constructs only), a ten-fold
molar excess of TCEP, and a five-fold molar excess of Alexa Fluor™ 488 Cs Maleimide (5 mM stock
solution in DMSO) were mixed. The reaction tube (Eppendorf tube) was wrapped in tinfoil and the
solution was incubated for 18 h at 4 °C.

The following day, the incubation solution was passed over a PD-10 desalting column (equilibrated
with PBS buffer, wrapped in tinfoil) and the protein-containing elution was concentrated down to
~200 pL using a Vivaspin® 6, 10 kDa MW(CO. If the VivaSpin® flow-through was colorized by the
remaining free fluorescence label, 3 mL PBS buffer were added to the concentrated protein, the
solution was concentrated again, and the procedure was repeated until no coloration of the flow-
through was observed by visual inspection. The labeling efficiency was quantified according to
section 3.2.2.1 using the extinction coefficients for Alexa Fluor™ 488 given in section 3.2.7.3.

5.2.4 YopO Phosphorylation Assay

The phosphorylation assay setup was adapted from Lee et al.?%®! YopO-wt or labeled YopO (2 pM)
was incubated in the presence of G-actin (6 UM, extracted from rabbit muscle acetone powder
according to Spudich et al.)*?®! in YopO Phosphorylation buffer for 1.5 h at 37 °C. For each tested
mutant, an additional sample without G-actin served as a negative control. After the incubation
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period, the phosphorylation reaction was quenched upon the addition of 8x SDS LD and
subsequent heating for 5 min at 95 °C.

Samples were loaded on a 10% SDS gel and after electrophoresis, the gel was placed in a Petri dish
and soaked twice with 100 mL SDS Fixing solution for 30 min each before washing trice with MilliQ
water (10 min, 100 mL each). Subsequently, the gel was stained with 100 mL Pro-Q™ Diamond
Phosphoprotein gel stain in the dark for 90 min. Excess staining solution was removed using SDS
Destaining solution (3 times, 30 min, 100 mL each) before a final wash in MilliQ water (2 times,
5 min, 100 mL each). The phosphorylated proteins were detected using a UV-table equipped with
a 590 nm long-pass emission filter. Afterwards, the total protein was visualized by Coomassie
staining of the same gel.

5.2.5 UV-vis Spectroscopy

Cary100 UV-Vis: Before each measurement, quartz glass cuvettes were thoroughly cleaned using
Milli-Q® water and acetone, and the remaining solvent was evaporated under a dry nitrogen gas
stream. The cuvette positions were aligned with the light path and a spectrum of the respective
pure buffer solution was used as a baseline. Cuvettes were filled with 700 pL of sample solution
and spectra were recorded from 600 nm to 200 nm at a scan rate of 0.3 s nm™.

NanoDrop™ 2000: Before measurements, the light path was cleaned using ethanol and wiped with
an optical tissue. A sample volume of 3 uL was added onto the measurement pedestal and UV-vis
spectra were recorded using the A280 application (YopOQ), UV-vis application (myoglobin or trityl-
labeling quantifications), or nucleic acid application (DNA).

5.2.6 Mass Spectrometry

5.2.6.1 ESI(+)-MS

Throughout this work, protein samples have been subjected to ESI(+) mass spectrometry analysis
at different mass spectrometry facilities and collaboration partners, each with different demands
in sample preparation and used equipment. Below are descriptions of the preparation procedures
and mass spectrometers used at the individual facilities.

Mass spectrometry service facility Marburg: A fraction of the purified (and labeled) protein before
deuteration was diluted in MilliQ water to a final protein concentration of approximately 20 uM
in a total volume of 20 uL. The sample was flash-frozen in liquid nitrogen and sent to the mass
spectrometry service facility of the Philipps University Marburg via overnight express on dry ice.
ESI(+)-spectra were then recorded and deconvoluted by the service facility team using a Waters
Synapt G2-Si spectrometer.

CECAD Proteomics facility Cologne: 50 UL of the purified (and labeled) protein before deuteration
with a concentration of approximately 20 uM was desalted by buffer exchange with a mixture of
0.1% formic acid and 20% acetonitrile in MilliQ water using a 10 kDa MWCO Amicon centrifugal
concentrator (three times, 500 uL each). Subsequently, the sample was flash-frozen in liquid
nitrogen and sent to the CECAD Proteomics facility at the University of Cologne via overnight
express on dry ice. ESI(+)-spectra were then recorded and deconvoluted by the service facility
team using an LTQ Orbitrap Discovery spectrometer.

BRSC mass spectrometry and proteomics facility St Andrews: A fraction of the purified (and
labeled) GB1 protein before deuteration was diluted in 1% formic acid to a final protein
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concentration of 1 uM. ESI(+)-spectra were then recorded and deconvoluted by Dr. Katrin
Ackermann using a Waters Xevo G2 TOF mass spectrometer.

5.2.6.2 MALDI(+)-MS
MALDI(+)-MS samples were recorded at the mass spectrometry facility of the Chemical Institutes
of the University of Bonn.

20 uL of the purified (and labeled) protein before deuteration with a concentration of
approximately 20 uM were mixed with 2,5-Dihydroxyacetophenone (2,5-DHAP) matrix solution
(in ethanol with diammonium hydrogen citrate) and the resulting suspension transferred onto a
stainless steel MALDI target plate. The droplets were evaporated to dryness at room temperature
before the measurements. MALDI(+)-spectra were measured by the facility team using a Bruker
Daltonics ultrafleXtreme TOF/TOF spectrometer.

5.2.7 Circular Dichroism Spectroscopy

All CD spectra were recorded on a Jasco J-810 spectropolarimeter equipped with a computer-
controlled Peltier element at 20 °C provided by the group of Prof. Arne Luetzen. Spectra were
recorded using Semi-Micro Cell cuvettes (1 cm pathlength) at a protein concentration of 0.75 uM
in dHis buffer. All spectra were baseline-corrected by subtraction of a previously measured buffer
sample under the same conditions.

Thermal melts were recorded immediately after a CD scan using the same sample and cuvettes.
The temperature was reduced to 4 °C and after thermal equilibration (~15 min), the temperature
was gradually increased (2 °C per minute) up to 95 °C. Throughout the heating process, the
ellipticity change at 220 nm was monitored (each 0.5 °C step). The baseline was corrected by a
measurement of pure dHis buffer without protein under the same conditions.

5.2.8 In-Cell Sample Preparation

5.2.8.1 Xenopus Laevis Microinjections

The microinjection procedure of YopO Y588-32/N624-3¢ into stage IV Xenopus laevis oocytes was
adapted and adjusted from previous protocols.!164427]

All oocytes were visually inspected for signs of apoptosis or cell defects before transfection
experiments and only intact and healthy oocytes were used. Up to 30 oocytes were aligned with
the dark animal hemisphere upwards on a Parafilm™-covered home-build acrylic glass plate with
milled 1.5 mm x 1.5 mm grooves and covered in MBS buffer to prevent dehydration (Figure 112a).
The injection needle was pulled over a Bunsen burner using glass capillaries with an outer
diameter of 0.3 mm (supplement of the microinjector). If the needle was considered thin enough,
it was filled with light silicon oil, mounted onto the microinjector, and filled with a concentrated
solution of YopO Y588-3¢/N624-3¢ (~400 uM, in YopO GF buffer) (Figure 112b). Each oocyte was
carefully penetrated with the injection needle at the animal hemisphere under a microscope and
59.8 nL of the labeled protein solution was injected (Figure 112c). If leakage from the oocyte was
observed or other mechanically applied damage was noticed, the respective oocyte was carefully
discarded using a pipette. After complete injection to all oocytes, the oocytes were washed off
the acrylic glass plate with MBS buffer into a Petri dish and more MBS buffer was added to wash
away any potential protein sticking to the oocyte surface. After a last visual inspection of the
oocytes (Figure 112d), up to 20 oocytes were transferred into a Q-band tube filled with MBS buffer
(Figure 112e). Subsequently, the excess buffer on the oocytes was removed (Figure 112f) and the
oocytes were incubated up to 2 h to allow homogenous distribution of the protein within the cells.
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Subsequently, the Q-band tube was flash-frozen in liquid nitrogen and stored in a Dewar if
measurements were not conducted immediately afterwards.

Figure 112: Key steps of the Xenopus laevis oocyte injection and sample preparation. a) Xenopus laevis
oocytes aligned on the Parafilm™-covered acrylic glass plate. b) Mounted injection needle filled with
YopO Y588-3¢/N624-3e. c) Penetration and injection process of an oocyte viewed through the lens of the
microscope. Picture taken with a smartphone through the lens. d) Washing and visual inspection of the
oocytes on a Petri dish. Oocytes in red squares were damaged and sorted out while oocytes in green squares
were suited for further processing. e) Oocyte transfer into a Q-band tube filled with MBS buffer using a
pipette. Oocytes were just gently placed on the buffer surface and sank independently to the bottom of the
tube. f) Final EPR sample after 2 h incubation before flash-freezing in liquid nitrogen.

The bulk spin concentration Cspin bui limit was estimated according to

__ Noocytes * €spin *60nL 20800 uM 60 pL
Cspin bulk = =

= 13.7 uM .26
VQ-band tube 70 puL H (eq. 26)

with Noocytes being the number of oocytes in the EPR tube, csin the initial spin concentration in the
injection needle, and Vq.band tube the internal volume of the EPR tube. However, the final spin
concentration is assumed to be smaller owing reduction of the spin label within cells. Taking the
reduction of SLIM 3¢ in oocyte lysate into account (~20% after 2 h), the estimated spin
concentration within the bulk is approximately 11 pM.

5.2.8.2 Hela Cell Electroporation

The electroporation workflow was adapted from Kucher et al.*®”! Hela cells (purchased from
ATCC) were grown at 37 °C in a CO; incubator (5%) by Philipp Schult of the Paeschke group
(University Clinics Bonn) in DMEM medium supplemented with 10% FBS on a culture dish (15 cm
diameter) until it was fully covered. Typically, two culture dishes were used for the preparation of
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one PDS-EPR sample and one culture dish was used for the transfection and seeding of
Asgs-labeled YopO. From three plates, approximately 1.25*107 cells were obtained.

Cell-covered culture dishes were washed with 15 mL of pre-warmed Gibco™ PBS buffer before
trypsinization and detachment of the adherend cells from the plate with 4 mL Gibco™ Trypsin-
EDTA (0.25%) medium (10 min, 37 °C, CO; incubator). Trypsin was deactivated upon the addition
of 21 mL DMEM medium, the plate was rinsed multiple times to enhance the number of harvested
cells, and the combined 25 mL were transferred into a Falcon tube and centrifuged (500 rcf,
5 min). If multiple plates were used, the resuspended cells were pooled at this point and
centrifuged together. The supernatant was removed and the cell pellet was resuspended in 25 mL
pre-warmed Gibco™ PBS buffer, counted, and checked for viability. A volume containing a total
number of 9.5*10° cells (SLIM 3e-labeled YopO) or 3.0*10° cells (Asss-labeled YopO), respectively,
was transferred in a new Falcon tube and centrifuged to pellet the cells (500 rcf, 5 min). Cell pellets
were resuspended in Resuspension Buffer R to a final cell concentration of 3.2*107 cells/mL and
40 L of labeled protein resuspended in Resuspension Buffer R was added to give a final protein
concentration of 20 uM in the cell slurry. 100 pL of the cell suspension was loaded into a 100 pL
Neon™ pipette tip whilst carefully avoiding bubble formation at the electrode-solution-interface
and positioned into the electroporation chamber of the Neon™ Transfection System filled with
3 mL Electrolytic Buffer E2. After the electroporation (1,000 V, 35 ms, 2 pulses) was performed,
the pipette containing the electroporated cells was immediately eluted into a previously prepared
Falcon tube containing 10 mL Gibco™ PBS buffer and gently homogenized. This procedure was
repeated until the whole cell suspension was transfected. After two electroporations, the Neon™
pipette tip was exchanged for a new one. After the electroporation was completed, cells were
spun down (500 rcf, 5 min) and the cell pellets were resuspended in 2 mL Gibco™ Trypsin-EDTA
(0.25%) medium and incubated for 5 min at 37 °C to remove any aggregates or loosely bound
YopO on the outer cell membrane. Trypsin was deactivated upon adding 8 mL DMEM medium and
a total of ~4*10* cells were seeded onto a glass cover slip inside a 24-well cell culture plate which
was incubated for 16 h at 37 °Cinside a CO; incubator before fluorescence imaging. The remaining
cells transfected with SLIM 3e-labeled YopO were plated out on a 15 cm culture dish (filled up to
15 mL medium in total) and recovered for 3.5 h at 37 °C in a CO; incubator. Cells were visually
inspected under a light microscope before removal of the medium and subsequent wash with
25 mL Gibco™ PBS buffer. The buffer was removed and cells were detached from the plate upon
the addition of 4 mL Gibco™ Trypsin-EDTA (0.25%) medium (5 min, 37 °C). Trypsin was deactivated
upon the addition of 21 mL DMEM medium and the cell suspension was centrifuged (500 rcf,
5 min). The supernatant was discarded and the cell pellet was resuspended in 10 mL deuterated
PBS buffer and incubated for 10 min (37 °C) before another centrifugation step (500 rcf, 5 min).
Again, the supernatant was discarded and in a final step, the pellet was resuspended in 200 pL
deuterated PBS buffer containing 20% (v/v) glycerol-ds and transferred into a Q-band tube which
was placed in a Falcon tube and centrifuged to collect the cells at the bottom of the tube (700 rcf,
5 min). The tube containing the electroporated cells was slowly frozen in liquid nitrogen and
placed in a Dewar for long-term storage.

5.2.9 cw EPR Spectroscopy

5.2.9.1 Instrumentation

All cw-EPR spectra were recorded at X-band frequencies (~9.4 GHz) using either a Bruker EMXnano
or Bruker EMXmicro EPR spectrometer. For measurements at room temperature, the EMXmicro
spectrometer was equipped with an ER 4122SHQ resonator. For experiments at 100 K, the
resonator was switched to an ER 4119HS resonator in conjunction with an ER 4141VT temperature
control system and cooled using a continuous flow of cold nitrogen gas. Experiments below 100 K
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were carried out using an ER 4122SHQE resonator, an ER 4112HV continuous flow helium cryostat,
and a Mercury iTC503 temperature controller (Oxford Instruments).

5.2.9.2 cw-EPR Sample Preparation

Room temperature cw-EPR: Aqueous samples were filled into disposable 10 uL capillaries and
sealed with super glue on both ends. After the glue had dried, capillaries were placed into an
X-band quartz glass tube (4 mm outer diameter).

Low-temperature cw-EPR: Samples in Q-band tubes prepared for PDS-EPR studies (see
section 5.2.10.2) were used for X-band cw-EPR measurements at cryogenic temperatures.

5.2.9.3 cw-EPR Spectra Simulation

cw-EPR spectra were simulated using the EasySpin toolbox for MATLAB. Room temperature
spectra of the free spin labels were simulated using the “garlic”-routine implemented in EasySpin.
Spectra of bioconjugated Mal-TSL 2¢ were simulated using the “chili”-routine implemented in
EasySpin. Spectra of bioconjugated SLIM 3¢ were simulated using the “pepper”-routine
implemented in EasySpin. Low-temperature cw-EPR spectra of free and bioconjugated Cu**(NTA)
were simulated using the “pepper”’-routine implemented in EasySpin. Explicit simulation
parameters for the respective systems are given in the results and discussion section.

5.2.9.4 cw-EPR Stability Measurements

Xenopus laevis oocyte lysate: Xenopus laevis oocyte lysate was prepared according to the protocol
published by Karthikeyan et al.??”! Oocytes were washed with MBS buffer and mechanically
destroyed, and insoluble cell debris and lipids were removed by centrifugation (11,000 rcf,
15 min). The lipid layer from the top was carefully removed using a pipette tip; the crude
cytoplasm was extracted using a pipette and immediately aliquoted (20 pL) and flash-frozen in
liquid nitrogen. Approximately 70 pL cell lysate was obtained from 100 oocytes.

Hela cell lysate: Hela S3 cells (ATCC® CCL-2.2) provided by the group of Prof. Ulrich Kubitscheck
were suspended in PBS buffer (600 pL per 108 cells), frozen in an ethanol/COx) cooling bath for
5 min, and subsequently thawed in a water bath (37 °C). This cycle was repeated three times
before thoroughly mixing the solution using a vortex mixer. Insoluble cell debris was removed by
centrifugation (14,000 rcf, 5 min, 4 °C) and the supernatant was collected, aliquoted to 20 pL, and
immediately flash-frozen in liquid nitrogen.

cw-EPR sample preparation and measurements: Samples were transferred into a 10 plL disposable
capillary, sealed with superglue, and transferred into a Q-band quartz glass EPR tube (3 mm outer
diameter). Tubes were immediately inserted into the EMXmicro EPR spectrometer (warmed up
for at least 1 h before the experiment) and tuned properly. Subsequently, a cw-EPR spectrum was
recorded every 15 min for up to 21 h. The dead time between sample preparation and the first
scan was kept below 6 min. A home-written bash script®”® by Florian Haege was used to monitor
the frequency and microwave power throughout the experiment and the signal intensities
representative for the spin concentration were obtained as the double-integral of the spectrum
for each timepoint.

5.2.10 Pulsed EPR Spectroscopy

5.2.10.1 Instrumentation
All pulsed EPR experiments were conducted at Q-band frequencies (~34 GHz) using a Bruker
ELEXSYS E580 EPR spectrometer equipped with an ER5106QT-2 resonator and a 150 W TWT-
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amplifier. The temperature was adjusted using a CF935 continuous-flow helium cryostat and an
iTC503 temperature controller. All data was acquired using quadrature detection.

5.2.10.2 Pulsed EPR Sample Preparation

YopO: An aliquot of spin labeled and deuterated YopO was thawed, diluted 1:1 with ethylene
glycol-ds, and mixed gently. 80 pL of the resulting solution was transferred into a Q-band quartz
glass tube (3 mm outer diameter) and flash-frozen in liquid nitrogen.

YopO + Actin: 1 mg of human platelet actin was dissolved in 100 uL D,O (final concentration:
240 uM), aliquoted into 20 uL samples, flash-frozen in liquid nitrogen and stored at -80 °C. An
aliqguot of spin-labeled and deuterated YopO was thawed and 50 pL of labeled YopO were
incubated for 2 h on ice with two equivalents of human platelet actin and a 10-fold molar excess
of latrunculin B (625 uM in DMSO, added to prevent actin polymerization) in deuterated
YopO-Actin PDS buffer. Subsequently, the incubation solution was diluted 1:1 with ethylene
glycol-ds, mixed gently, transferred into a Q-band quartz glass tube (3 mm outer diameter), and
flash-frozen in liquid nitrogen.

Myoglobin: To a solution of spin-labeled and deuterated Mb, a 200-fold excess of NaN3; was added.
The solution was then diluted with Myoglobin PDS buffer and glycerol-ds to a final spin
concentration of 40 uM and 20% v/v glycerol content. After gentle mixing, 80 pL of the resulting
solution was transferred into a Q-band quartz glass tube (3 mm outer diameter) and flash-frozen
in liquid nitrogen.

GB1: An aliquot of SLIM 3e-labeled GB1 was thawed and samples with a final volume of 65 pL in
GB1 PDS buffer were prepared with varying concentrations of GB1 and Cu®(NTA) (Table 57)
containing 50% v/v ethylene glycol-ds. Samples were thoroughly mixed and incubated for 10 min
on ice before transferring into a Q-band EPR tube (3 mm outer diameter) and flash freezing in
liquid nitrogen.

Table 57: GB1 16-3¢ and Cu?*(NTA) concentrations in the RIDME samples.

GB116-3* [nM] Cu?*(NTA)E [nM]
500 2250
100 2000
50 2000
25 2000
10 2000

[a] 100 uM stock solution of Cu?*(NTA) in GB1 PDS buffer.

YopO + Cu?(NTA): After the incubation period (30 min at 4 °C), the labeled YopO was diluted 1:1
with ethylene glycol-ds to a final protein concentration of 100 uM, mixed gently, transferred into
a Q-band quartz glass tube (3 mm outer diameter), and flash-frozen in liquid nitrogen.

5.2.10.3 Electron Spin Relaxation Measurements

Inversion Recovery: The spin-lattice relaxation time T; was assessed via inversion recovery
experiments using the pulse-sequence depicted in Figure 11a (Section 1.2.2.2). Typical setup
parameters for the different spin systems are given in Table 58.
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Table 58: Typical pulse-sequence parameters for inversion recovery experiments on the spin systems used
in this thesis.

Parameter MTSL Trityl Cu?*(NTA)
/2 12 ns 12 ns 12 ns
T 24 ns 24 ns 24 ns
T mversion 24 ns 24 ns 24 ns
T1 300 ns 200 ns 300 ns
T 400 ns 400 ns 400 ns
T increment 100 ps 1ms 4 us
500 ms (50 K, 70 K) 2 ms (25 K)
SRT 50 ms (50 K) 15 (10K, 30K) 4ms (20 K)
SPP 1 1 5

2pESEEM: The phase memory time T, was assessed via two-pulse electron spin echo envelope
modulation experiments using the pulse sequence depicted in Figure 12a (section 1.2.2.2). Typical
setup parameters for the different spin systems are given in Table 59.

Table 59: Typical pulse-sequence parameters for 2pESEEM experiments on the spin systems used in this
thesis.

Parameter MTSL Trityl Cu?*(NTA)
/2 12 ns 12 ns 12
T 24 ns 24 ns 24

T1 200 ns 200 ns 200 ns
T, increment 8ns 8ns g :z gg E;
15 ms (50 K) 500 s (25 K)

SRT 6ms (50K) 7 ms (70 K) 1ms (20K)

SPP 10 1-10 10

5.2.10.4 PELDOR Experiments

All PELDOR experiments were performed using the four-pulse PELDOR sequence /2 (v4) — T, —
m(vy) — (1, +t) —m(vg) — (t, — t) — m(v,) — echo depicted in Figure 14 (section 1.2.2.4).
Specific setup details for the different spin systems are given below and in Table 60.

MTSL: PELDOR measurements on MTSL-labeled proteins were conducted at 50 K. The pump pulse
(m)g was applied at the magnetic field position with the maximum signal intensity of the field-
swept EPR spectrum while the detection pulses were offset -100 MHz with respect to the pump
frequency. The length of the pump pulse (1) 5 was determined by a transient nutation experiment
and was set to the length that led to the maximum inversion of the magnetization. Deuterium
ESEEM was suppressed using an 8-step modulation averaging cycle with a time increment of 16 ns.
A two-step phase cycle was applied to remove undesired echoes and receiver baseline offsets.

Trityls: PELDOR measurements on trityl-labeled proteins were conducted at 50 K. The pump pulse
() was set to the magnetic field position with the maximum signal intensity of the field-swept
EPR spectrum while the detection pulses were offset -15 MHz with respect to the pump frequency.
The length of the pump pulse ()5 was determined by a transient nutation experiment and was
set to the length that led to the maximum inversion of the magnetization. Deuterium ESEEM was
suppressed using an 8-step modulation averaging cycle with a time increment of 16 ns. A two-step
phase cycle was applied to remove undesired echoes and receiver baseline offsets.
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Cu?*: PELDOR measurements on Cu?*(NTA)-labeled proteins were conducted at 20 K. The
detection pulses were applied with a frequency offset of -100 MHz with respect to the pump
frequency. The length of the pump pulse (1) 5 was determined by a transient nutation experiment
and was set to the length that led to the maximum inversion of the magnetization. Deuterium
ESEEM was suppressed using a 16-step modulation averaging cycle with a time increment of 8 ns.
A two-step phase cycle was applied to remove undesired echoes and receiver baseline offsets.
Experiments were optimized at the maximum of the field-swept EPR spectrum (1165 mT) and the
magnetic field was changed to record field-dependent traces.

Table 60: Typical pulse parameters for PELDOR experiments on the spin systems used throughout this
thesis.

Parameter MTSL Trityl Cu®
(t/2), 12-16 ns 32ns 12 ns
(m)4 24-32 ns 64 ns 24 ns
(m)g 14-16 ns 60 ns 14 ns
T 232-260 ns 260 ns 270 ns
SRT 1ms 15 ms 1ms
SPP 3-10 3 10

5.2.10.5 DQC Experiments

All DQC experiments on trityl-labeled proteins were performed using the six-pulse DQC sequence
n/2—1,—-n—1,—m/2—-T—-n—T—-mn/2)— 1, — T — T, — echo depicted in Figure 16a.

DQC experiments were performed at 50 K or 70 K, and the pulse sequence was applied at the
magnetic field position with the maximum amplitude of the field-swept EPR spectrum. The
interpulse delays 7, and 7, were incremented and decremented, respectively, with the same time
interval, and the integral of the DQC echo was recorded as a function of 7; — 7,. The phase was
adjusted using the Hahn echo sequence in such a way that the summed echo amplitudes from
(/2) 45/, and (m/2)_,/T_, pulses averaged out. The same procedure was undertaken for
(/2)4y/m4y and (/2)_,/m_, pulses. Deuterium ESEEM was suppressed using an 8-step
modulation averaging cycle with a time increment of 16 ns. A 64-step phase cycle was applied to
remove undesired echoes and receiver baseline offsets. Typical parameters for the DQC sequence
are given in Table 70.

Table 70: Typical parameters for DQC experiments.

Parameter Value
/2 12 ns
T 24 ns
T1 200 ns
T, increment 4ns
T, 4500 ns —7500 ns
T, decrement 4 ns
T 50 ns
15 ms (50 K)
SRT 7 ms (70 K)
SPP 3
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5.2.10.6 SIFTER Experiments
All SIFTER experiments on trityl-labeled proteins were performed using the SIFTER sequence
(m/2)y — 11 —m — 11 — (W/2),, — T, — ™ — T, — echo depicted in Figure 16b.

SIFTER experiments were performed at 50 K and the pulse sequence was applied at the magnetic
field position with the maximum amplitude of the field-swept EPR spectrum. The interpulse delays
T, and T, were incremented and decremented, respectively, with the same time interval, and the
integral of the SIFTER echo was recorded as a function of t; — 7,. The phase was adjusted using
the Hahn echo sequence in such a way that the summed echo amplitudes from (1/2) ., /7, and
(r/2)_/m_y pulses averaged out. The same procedure was undertaken for (7/2),, /m,, and
(n/2)_y/7r_y pulses. Deuterium ESEEM was suppressed using an 8-step modulation averaging
cycle with a time increment of 16 ns. A 16-step phase cycle was applied to remove undesired
echoes and receiver baseline offsets. Typical parameters for the SIFTER sequence are given in
Table 71.

Table 71: Typical parameters for SIFTER experiments.

Parameter Value
(/2), 12 ns
(/2), 12 ns

T 24 ns
T 300 ns
T, increment 4ns
T, 4500 ns
T, decrement 4 ns
SRT 15ms
SPP 3

5.2.10.7 RIDME Experiments

All RIDME experiments were performed using the five-pulse RIDME sequence /2 — 7, — T —
(t1+t) —m/2 — Ty — /2 — (1, — t) — T — T, — echo depicted in Figure 15. Specific setup
details for the different spin systems are given below and in Table 72.

Cu?*/Cu?: RIDME measurements on Cu?*/Cu?* labeled YopO were conducted at 25 K. Experiments
were optimized at the maximum amplitude of the field-swept EPR spectrum and the pulse
sequence was then applied at the indicated magnetic field positions to record the field-dependent
time traces. Deuterium ESEEM was suppressed using a 16-step modulation averaging cycle with
an increment of 8 ns. An 8-step phase cycle was applied to remove undesired echoes and receiver
baseline offsets.

Cu?*/SLIM: RIDME measurements on the orthogonal spin pair Cu?*/SLIM were conducted at 40 K.
The pulse sequence was applied at the magnetic field position of SLIM 3¢ with the maximum
amplitude of the field-swept EPR spectrum. Deuterium ESEEM was suppressed using a 16-step
modulation averaging cycle with an increment of 8 ns. An 8-step phase cycle was applied to
remove undesired echoes and receiver baseline offsets.
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Table 72: Typical parameters for RIDME experiments on the spin systems used in this thesis.

Parameter Cu?*/Cu?* Cu?*/SLIM
/2 12 ns 10 ns
T 24 ns 20 ns
T1 300 ns 200 ns
T, 4000 ns 6000 ns
Tonix 30 ps 100 ps
t 48 ns 48 ns
SRT 500 ps 10 ms
SPP 1 1

5.2.10.8 Data Processing

DeerAnalysis

Time traces were loaded into DeerAnalysis2019 or DeerAnalysis2022 and phase correction was
done by the program automatically upon data input. The zero-time was set to the maximum of
the time trace and traces were truncated if an artifact at long dipolar evolution times was
observed. The chosen background functions were applied (see details for each measurement) and
the background start suggested by DeerAnalysis was used as an initial guess for further
optimization of the background to obtain an artifact-free Pake pattern. Distance distributions
were computed by Tikhonov regularization and the automatically selected regularization
parameter a was set to or close to the corner of the L-curve if over- or undersmoothing of the
distance distribution was observed. The uncertainty of the distance distribution was assessed via
the validation tool implemented in DeerAnalysis. Here, the starting point of the background fitting
was varied while the remaining parameters (background dimensionality, background density, and
modulation depth) were kept at the respective default values. Only for the DQC and SIFTER time
traces in section 3.2.3.2 experimental backgrounds obtained from the singly Mal-TSL 2¢-labeled
YopO L113C construct were utilized (for more information see Results and Discussion
section 3.2.3.2).

Trityl DQC: If the decay of a DQC time trace was below 15% of its initial amplitude, DeerAnalysis
refused background correction. In these instances, the value x in the “if min(td_fit)<x” command
of the “update_DA.m” file responsible for the background fitting in DeerAnalysis was altered to
0.01 or below to allow the application of a background function and subsequent validation.

DEERNet

RIDME or PELDOR traces were loaded into DeerAnalysis2022 and the implemented DEERNet-
routine was run using the background model for either RIDME or PELDOR. If the algorithm refused
data analysis, the time trace was truncated until it could be processed by DEERNet.

PDSFit

Field-dependent RIDME and PELDOR data of YopO-short and YopO-long were analyzed using
PDSFit.3® In brief, PDSFit uses a parametrized geometric model of the spin system and a
parametrized model of the PDS background to fit the time traces (Figure 113).
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Figure 113: Geometric model of a two-spin system A and B used in PDSFit. Adapted from Abdullin et al.[38

The two-spin system consists of spin A and B, in this case, both Cu®* ions, and the reference
coordinate system is set to coincide with the g-tensor principal axis of spin A. As the g-tensor of
Cu?* is axial,?® the angles ¢ and y do not influence the time trace and were set to zero. In this
case, the geometric model consists of four parameters, namely r, {, a, and 8 which are
approximated either by a Gaussian distribution (r) or von Mises distribution (¢, o, and 8).
Therefore, each parameter is described by a distribution P(x) with a mean value {x) and a width
Ax (given as FWHM). A detailed summary of the approximations made by PDSFit and a workflow
on the installation and execution of the program is given in the program’s manual
(https://github.com/dinarabdullin/PDSFit). The input parameters for the Cu®* spin centers are
given in Table 73.

Table 73: PDSFit input parameters for the equal Cu?* spins A and B.

Parameter Spin A/ Spin B
g (2.058, 2.058 ,2.276)
gStrain (0.016, 0.016, 0.000)
A (MHz) (26.0, 26.0, 513.0)
Abund 1.0
n 1
I 1.5
T1 (us) 87
Iwpp (MHz) 168
g_anisotropy_in_dipolar_coupling 1

The experimental parameters were extracted from the respective DSC data files. Background-
optimization of RIDME and PELDOR time traces was done using a 3™-order polynomial function
B(t) = 1+ ¢yt + c,t? + c3t3. PDS traces were fitted using Module 3 and Module 4 of PDSFit[33
and the resulting values for the parameters were extracted from the logfile. PDSFit was run on the
Bonna cluster (University of Bonn).
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6. Appendix

6.1

a) YopO V599C/N624C

G Al G G IENTIAVA G}
. A K

N624C

<— Original Sequence

R Model Sequence

< Sequencing Result

<— Original Sequence
<4— Model Sequence

< Sequencing Result

b)

Y588C

N624C

Supplementary Information Section 3.1

YopO Y588C/N624C

G TN G

smmss <— Original Sequence

"L <= Model Sequence
L “ < Sequencing Result

<— Original Sequence
<— Model Sequence

- T 4= Sequencing Result

Figure Al: Sanger sequencing results for YopO V599C/N624C (a) and YopO Y588C/N624C (b).
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Figure A2: HiLoad® 16/600 Superdex® 200 pg gel filtration chromatogram (top) and Coomassie-stained 10%
polyacrylamide gel (bottom) of YopO-wt (a), YopO V599C/N624C (b), YopO Y588C/N624C (c), and
YopO S353C/Q635C (d). Only the fractions indicated by a green bar were further pooled and purified.
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Figure A3: Raw ESI(+)-MS spectra of YopO S585R1/Q603R1 (a), YopO V599r1/N624R1

(b),

YopO Y588R1/N624R1 (c), and YopO S353R1/Q635R1 (d) recorded on a Synapt G2-Si spectrometer.
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Figure A4: In-house DeerAnalysis results for the ring test constructs. From left to right: Original time trace
(black) and background function (red); Background-corrected time trace (black) and fit (red); L-curve with
the chosen regularization parameter (red); and resulting distance distribution (black) with the validation by
DeerAnalysis shown as grey-shaded areas for YopO S585R1/Q603R1 (a), YopO V599R1/N624R1 (b),
YopO Y588R1/N624R1 (c), and YopO S353R1/Q635R1 (d).
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Figure A5: Overlay of the PDB-IDs 2h703%% (blue) and 4ci613?®! (grey, with G-actin shown in green). The inset
(blue box) highlights the differences in the a-helical backbone shape and shows the MTSL-labeling sites for
the constructs YopO V599C/N624C and YopO Y588C/N624C as ball and stick models.

6.2 Supplementary Information Section 3.2
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Figure A6: Raw (top) and deconvoluted (bottom) ESI(+)-MS spectra of YopO-wt incubated with Mal-TSL 2e
recorded on a Q-Exactive Plus Orbitrap spectrometer.
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Figure A7: Raw (top) and deconvoluted (bottom) ESI(+)-MS spectra of YopO V599-2¢/N624-2¢ (a) and YopO
S$585-22/Q603-2¢ (b) recorded on a Q-Exactive Plus Orbitrap spectrometer.
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Figure A8: MALDI(+)-MS spectra of YopO V599-2¢/N624-2¢ (a) and YopO S585-2¢/Q603-2¢ (b) recorded on
a Bruker Daltonics ultrafleXtreme TOF/TOF spectrometer. On the left: Whole range MS spectrum; on the
right: Mass range excerpt of the mass peaks at ~73,000 m/z (three measurements).
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Figure A9: UV-vis spectrum and quantification according to section 3.2.2.1 of single-cysteine mutant
YopO L113-2¢. The spectrum was recorded using a Cary100 UV-vis spectrometer.
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Figure A10: DeerAnalysis results for the DQC (a), SIFTER (b), and PELDOR (c) measurements of
YopO V599-2¢/N624-2¢. From left to right: Unmirrored time traces (only DQC and SIFTER); mirrored (only
DQC and SIFTER) time trace (black) and the background function (red); L-curve with the chosen
regularization parameter (red); and resulting distance distribution (teal) with the validation by DeerAnalysis

shown as grey-shaded areas.
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Figure A11: DeerAnalysis results for the DQC (a), SIFTER (b), and PELDOR (c) measurements of
YopO S585-2¢/Q603-2¢. From left to right: Unmirrored time traces (only DQC and SIFTER); mirrored (only
DQC and SIFTER) time trace (black) and the background function (red); L-curve with the chosen
regularization parameter (red); and resulting distance distribution (brown) with the validation by
DeerAnalysis shown as grey-shaded areas.
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Figure A12: DeerAnalysis results for the PELDOR measurements of YopO S599R1/N624R1 (a) and
YopO S585R1/Q603R1 (b). From left to right: Time trace (black) and the background function (red, three-
dimensional homogenous background); L-curve with the chosen regularization parameter (red); and
resulting distance distribution (teal (a) / brown (b)) with the validation by DeerAnalysis shown as grey-
shaded areas.
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Figure A13: Q-band field-swept EPR spectra of YopO V599-2¢/N624-2¢ (a) and YopO S585-2¢/Q603-2¢ (b).
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Figure A14: HiLoad® 16/600 Superdex® 200 pg gel filtration chromatogram (left) and Coomassie-stained
10% polyacrylamide gel (right) of YopO N624C. Only the fractions indicated by a green bar were further
pooled and purified.
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Figure A15: Raw high-resolution ESI(+)-MS spectrum of YopO N624-3¢ recorded on a Waters Synapt G2-SI
spectrometer by the mass spectrometry facility in Marburg.
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Figure A16: SEC chromatogram, UV-vis spectrum, and ESI(+)-MS spectrum of YopO Y588-2¢/N624-2e.
a) Chromatogram of the HiPrep™ 26/10 run with the absorption at 280 nm (blue) and 475 nm (green) of
YopO Y588-2¢/N624-2¢. b) UV-vis spectrum of YopO Y588-2¢/N624-2¢ after excess label removal recorded
on a Caryl00 UV-vis spectrometer. Quantification results: YopO = 4.5 uM; Mal-TSL 2® = 9.6 pM; labeling
efficiency: 106%. c) Raw (top) and deconvoluted (bottom) high-resolution ESI(+)-MS spectrum of

YopO Y588-2¢/N624-2¢ recorded on a Waters Synapt G2-SI spectrometer by the mass spectrometry facility
in Marburg. Calculated mass: 74,283 Da; Found: 74,284 Da.
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Figure A17: Raw (top) and deconvoluted (bottom) high-resolution ESI(+)-MS spectrum of

YopO Y588-3¢/N624-3¢ recorded on a Waters Synapt G2-SI spectrometer by the mass spectrometry facility

in Marburg.
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Figure A18: DeerAnalysis results for the DQC (a) and PELDOR (b) measurements of YopO Y588-3¢/N624-3e.
a) From left to right: Unmirrored DQC time trace; mirrored time trace (black) and the applied background
function (red, three-dimensional homogenous background); L-curve with the chosen regularization
parameter (red); and resulting distance distribution (blue) with the validation by DeerAnalysis shown as
grey-shaded areas. b) From left to right: PELDOR time trace (black) and the applied background function
(red, three-dimensional homogenous background); background corrected time trace (black) with the fit
obtained by Tikhonov regularization (red); L-curve with the chosen regularization parameter (red); and
resulting distance distribution (blue) with the validation by DeerAnalysis shown as grey-shaded areas.
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Figure A19: DeerAnalysis results for the DQC (a) and PELDOR (b) measurements of YopO Y588-2¢/N624-2e.
a) From left to right: Unmirrored DQC time trace; mirrored time trace (black) and the applied background
function (red, 3™-order polynomial function); L-curve with the chosen regularization parameter (red); and
resulting distance distribution (orange) with the validation by DeerAnalysis shown as grey-shaded areas. b)
From left to right: PELDOR time trace (black) and the applied background function (red, three-dimensional
homogenous background); background corrected time trace (black) with the fit obtained by Tikhonov
regularization (red); L-curve with the chosen regularization parameter (red); and resulting distance
distribution (orange) with the validation by DeerAnalysis shown as grey-shaded areas.
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Figure A20: DeerAnalysis results for the PELDOR measurement of YopO Y588R1/N624R1. From left to right:
PELDOR time trace (black) and the applied background function (red, three-dimensional homogenous
background); background corrected time trace (black) with the fit obtained by Tikhonov regularization (red);
L-curve with the chosen regularization parameter (red); and resulting distance distribution (green) with the

validation by DeerAnalysis shown as grey-shaded areas.
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Figure A21: Q-band field-swept EPR spectra of YopO Y588-3¢/N624-3¢ (a), YopO Y588-2¢/N624-2¢ (b), and
YopO Y588R1/N624R1 (c).
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Figure A22: DeerAnalysis results for the DQC measurement of YopO Y588-3¢/N624-3 incubated
with human platelet actin. From left to right: Unmirrored DQC time trace; mirrored time trace
(black) and the applied background function (red, three-dimensional homogenous background);
L-curve with the chosen regularization parameter (red); and resulting distance distribution (blue)
with the validation by DeerAnalysis shown as grey-shaded areas and the distance distribution of
YopO Y588-3¢/N624-3¢ in the absence of G-actin shown as black dashed lines.
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Figure A23: MALDI(+)-MS spectra of unlabeled Mb Q8C (a), Mb Q8-3¢ (b), Mb Q8-2¢ (c), and Mb Q8R1 (d)
recorded on a Bruker Daltonics ultrafleXtreme TOF/TOF spectrometer with the mass peaks corresponding
to the respective entities highlighted by a colored tag.
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Figure A24: X-band cw-EPR spectra and spin-count results for Mb Q8-3¢ (a), Mb Q8-2¢ (b), and Mb Q8R1
(c). Spectra were recorded on an EMXmicro spectrometer at 12 K. The field positions of gy, gy, and g,,

are indicated by black arrows. The signals marked with an asterisk stem from a resonator artifact, the signals
marked by a hashtag correspond to free Fe3*. Measurement settings: (a) 9.393 GHz microwave frequency,
1.763 mW microwave power, 100 kHz modulation frequency, 4.0 G modulation amplitude, 40.96 ms time
constant, 10 pts/mT; (b) 9.389 GHz microwave frequency, 1.775 mW microwave power, 100 kHz
modulation frequency, 4.0 G modulation amplitude, 40.96 ms time constant, 10 pts/mT; (c) 9.391 GHz
microwave frequency, 1.766 mW microwave power, 100 kHz modulation frequency, 4.0 G modulation
amplitude, 40.96 ms time constant, 10 pts/mT. Spectra were recorded by Tobias Hett.
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Figure A25: PDSFit results for Mb Q8-3e. a) Original six-pulse RIDME time trace (black) and
simulation using the optimized parameters obtained by PDSFit (red). b) Two-dimensional error
surfaces for the geometric parameters (Figure 113) used by PDSFit for a two-component system
1 and 2. Component 2 is discussed in the main text.

191



7.0

Myoglobin_QB_TSLMal

1.0 — e g
vol sim < 45
- \
Foat 4 - 2.0
\ 20.00 25.75 31.50 31.5 32.5 335
2071
k (rh (A) {r)2 (A)
EG.&*
2 .
& 10?
0.5 e
8

Q 45 90
(@h *
x10%

5.0
325

0.0@

00 05 1.0
L1

Figure A26: PDSFit results for Mb Q8-2¢. a) Original six-pulse RIDME time trace (black) and simulation using
the optimized parameters obtained by PDSFit (red). b) Two-dimensional error surfaces for the geometric
parameters (Figure 113) used by PDSFit for a two-component system 1 and 2. Component 2 is discussed in

the main text.
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Figure A27: PDSFit results for Mb Q8R1. a) Original six-pulse RIDME time trace (black) and simulation using
the optimized parameters obtained by PDSFit (red). b) Two-dimensional error surfaces for the geometric
parameters (Figure 113) used by PDSFit for a two-component system 1 and 2. Component 1 is discussed in

the main text.
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Figure A28: DeerAnalysis results for the DQC measurements of YopO Y588-3¢/N624-3¢ at 180 nM (top) and
90 nM (bottom). From left to right: Unmirrored DQC time trace (a); mirrored time trace (black) and the
applied background function (red, three-dimensional homogenous background) (b); background corrected
time trace (black) with the fit obtained by Tikhonov regularization (red) (c); and L-curve with the chosen
regularization parameter (red) (d).
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Figure A29: ESI(+)-MS spectrum of unlabeled GB1 16C/K28H/Q32H recorded on a Waters Xevo G2 TOF mass
spectrometer.
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Figure A30: DeerAnalysis results for the vtRIDME time trace of GB1 16-3¢/28H+32H-Cu?*(NTA) at 10 nM
averaged over 60 h. From left to right: Raw vtRIDME time trace (black) and the applied background function
(red) (a); background corrected time trace (black) with the fit obtained by Tikhonov regularization (red) (b);
and the resulting distance distribution (black) with the uncertainty estimate shown as grey shaded area.
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Figure A31: Echo-detected field swept EPR spectrum and relaxation measurements of
YopO Y588-3¢/N624-3* injected into Xenopus laevis oocytes. a) Field swept EPR spectrum of
YopO Y588-3¢/N624-3¢ injected into oocytes with the relevant field positions (SLIM 3e: 1201.8mT; oocyte
signal: 1200.9 mT; Mn?* signal: 1193.7 mT) indicated by arrows. b) Inversion recovery traces at the field
positions in (a) pre- and post-injection. c) 2pESEEM traces at the field positions in (a) pre- and post-injection.
d) 2pESEEM traces recorded after different incubation periods of the oocytes after the microinjection
procedure (field position: 1201.8 mT).
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Figure A32: DeerAnalysis results for the DQC measurement of YopO Y588-3¢/N624-3¢ in Xenopus laevis
oocytes after an incubation period of 120 min. From left to right: Unmirrored DQC time trace (a); mirrored
time trace (black) and the applied background function (red, 3"-order polynomial function) (b); L-curve with
the chosen regularization parameter (red) (c); and resulting distance distribution (blue) with the validation

by DeerAnalysis shown as grey-shaded areas (d).
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Figure A33: Sequencing results for the GST-YopO;.7,0-wt construct (excerpt taken from Geneious). Modeled
sequence of the GST-fused YopO1.729-Wt construct (top, GST in yellow and YopO1.72¢ in green) and the aligned
sequencing results of four individual primers chosen to cover the whole genome (bottom, blue). Deviations
of the sequencing result from the model sequence are indicated as black bars. Here, black bars only appear
in the low-confidence regions of the sequencing (start and end of the elongation) and are falsified by an
additional sequencing result covering the same area in the high-confidence region.
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Figure A34: Cloning of GST-YopOi79 and SycO into the pET-Duet-1 vector. a) 1% agarose gel with
GST-YopOi.79 cloned into the first MCS of pET-Duet-1 (expected: ~8,300 bp, lane 2) and the empty
pET-Duet-1 vector (5420 bp, lane 3) as a reference. b) Modeled sequence of the GST-YopOi.726 and SycO
(top) in the MCS1 and MCS2, respectively, and the aligned sequencing results of four individual primers
chosen to cover the genome (bottom, blue). Deviations of the sequencing result from the model sequence
are indicated as black bars. Here, black bars only appear in the low-confidence regions of the sequencing
(start and end of the elongation).
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Figure A35: Room temperature X-band cw-EPR spectrum and PELDOR time trace of YopO1.729(SycO); labeled
with MTSL. a) X-band cw-EPR spectrum of YopO;.729(SycO), (unknown concentration) labeled with MTSL
(spin-count: 200 uM) recorded on a Bruker EMXnano spectrometer. Measurement settings: 9.6 GHz
microwave frequency, 10 mW microwave power, 100 kHz modulation frequency, 1.0 G modulation
amplitude, 20.48 ms time constant, 100 pts/mT. b) Normalized Q-band PELDOR time trace of the sample in
(a) at a final spin concentration of 100 uM.
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Figure A36: Sequencing results for the cysteine mutations to alanine in SycO with the exchanged amino acid
shown in a red box. From left to right: SycO C30A, SycO C75A, and SycO C87A. Excerpt taken from Geneious.
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Figure A37: Activity assay of the YopOs(SycO) and soluble YopOss.729 for comparison. a) 10% polyacrylamide
gels and stained with Pro-Q™ to visualize phosphorylated proteins. b) SDS gel from (a) stained with
Coomassie stain for visualization of total protein content. The lanes indicated with a (+)-sign contain G-actin
while the lanes indicated with a (—)-sign are negative controls in the absence of G-actin. The YopO#(SycO)
construct shows a similar kinase activity as the soluble YopQOsgg.729 reference sample.
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Figure A38: Sequencing results for the cysteine mutations in YopOgn(SycO) with the exchanged amino acid
shown in a red box. From left to right: YopO S585C, YopO Q603, and YopO N624C. Excerpt taken from
Geneious.
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Figure A39: Purification of YopOgn(SycO) S585C/Q603C. a) Chromatogram of the Capto™ HiRes Q 10/100
anion exchange run showing the absorption at 280 nm (blue) and conductivity (orange). The horizontal bars
(purple, red, and green) correspond to the fractions taken for SDS-PAGE analysis. b) Coomassie-stained 10%
SDS gel of the fractions shown in (a). Only the green fractions marked with a green bar where pooled and
concentrated. Final yield: 7.9 mg protein.
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Figure A40: DeerAnalysis results for the in vitro DQC and PELDOR measurement of full-length and soluble
YopO labeled with SLIM 3® and MTSL. a) Data for YopOs(SycO) S585-3¢/Q603-3¢. From left to right:
Unmirrored DQC time trace recorded at 70 K; mirrored time trace (black) and the applied background
function (red, 3"-order polynomial function); L-curve with the chosen regularization parameter (red); and
resulting distance distribution (purple) with the validation by DeerAnalysis shown as grey-shaded areas. b)
Data for YopOsy.729 S585-32/Q603-3¢. From left to right: Unmirrored DQC time trace recorded at 70 K;
mirrored time trace (black) and the applied background function (red, 3"-order polynomial function); L-
curve with the chosen regularization parameter (red); and resulting distance distribution (blue) with the
validation by DeerAnalysis shown as grey-shaded areas. c) Data for YopOs(SycO) S585R1/Q603R1. From left
to right: PELDOR time trace (black) and the applied background function (red, three-dimensional
homogenous background); L-curve with the chosen regularization parameter (red); and resulting distance
distribution (orange) with the validation by DeerAnalysis shown as grey-shaded areas.
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Figure A41: Purification of YopOsn(SycO) N624C. a) Chromatogram of the Capto™ HiRes Q 10/100 anion
exchange run showing the absorption at 280 nm (blue) and conductivity (orange). The horizontal bars
(purple, red, and green) correspond to the fractions taken for SDS-PAGE analysis. b) Coomassie-stained 10%
SDS gel of the fractions shown in (a). Only the green fractions marked with a green bar where pooled and

concentrated. Final yield: 7.7 mg protein.
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Figure A42: Room temperature X-band cw-EPR spectrum of 50 uM Ox-SLIM 4e (a), Mal-TSL 2¢ (b), and
SLIM 3 (c) incubated with no (black), 100 uM (red), and 350 uM (blue) of YopO-wt. Spectra were recorded
on a Bruker EMXmicro spectrometer with 10 scans per sample. The double-integral values for each radical
remained constant within a 10% deviation window. Measurement settings: 9.4 GHz microwave frequency,
0.550 mW microwave power, 100 kHz modulation frequency, 0.2 G modulation amplitude, 20.48 ms time

constant, 500 pts/mT.
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Figure A43: Raw high-resolution ESI(+)-MS spectra of YopO-wt incubated with Ox-SLIM 4e (a) and
YopO Y588-4¢/N624-4¢ (b) recorded on a Waters Synapt G2-S| spectrometer by the mass spectrometry
facility in Marburg.
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Figure A44: Activity assay of spin-labeled YopO Y588-4¢/N624-4¢ and YopO-wt for comparison. a) 10%
polyacrylamide gels and stained with Pro-Q™ to visualize phosphorylated proteins. b) SDS gel from (a)
stained with Coomassie stain for visualization of total protein content. The lanes indicated with a (+)-sign
contain G-actin while the lanes indicated with a (=)-sign are negative controls in the absence of G-actin. The
spin-labeled YopO Y588-4¢/N624-4¢ construct shows a slightly lowered kinase activity as the soluble
YopO-wt reference sample.
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Figure A45: DeerAnalysis results for YopO Y588-4¢/N624-4¢ at 18.5uM (a), 45nM (b), and
YopO Y588-3¢/N624-3¢ at 25 uM (c) protein concentration. From left to right: Unmirrored DQC time trace
recorded at 50 K; mirrored time trace (black) and the applied background function (red, homogenous three-
dimensional (a+b), 3"-order polynomial function (c)); L-curve with the chosen regularization parameter
(red); and resulting distance distribution (colored) with the validation by DeerAnalysis shown as grey-shaded
areas.

6.2 Supplementary Information Section 3.3
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Figure A46: Sequencing results for the dHis mutations in YopO with the exchanged amino acid shown in a
red box. a) YopO Y588H/N592H. b) YopO A595H/V599H. c¢) YopO S620H/N624H. Excerpt taken from
Geneious.

201



a) YopO-short

Absorption (mAu)

b)

Absorption (mAu)

— UV 280

6004 Conductivity
I 16
5004
4004 .14%
3004 k12 E'
07 g
10
1004
-8
o y \
T T T ¥ T T T
20 40 60 80 100 120 140
Elution Volume (mL)
YopO-long
800 —UVZ&_ . - 18
7004 - Conductivity
16
6004
5004 -14%
o E
L2 €
3004
2004 10
1004
‘ \ -8
2 20 ) & 100 120 140

Elution Volume (mL)

70 kDa

25 kDa

Figure A47: HiLoad® 16/600 Superdex® 200 pg gel filtration chromatogram (left) and Coomassie-stained
10% polyacrylamide gel (right) of YopO-short (a) and YopO-long (b). The fractions indicated by a green bar
were further pooled and purified.

180°

Figure A48: Structure of YopO (PDB-ID 4ci6, actin removed) with all native histidine residues shown as ball-
and-stick model in cyan.
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a) RIDME acquisition b) PELDOR acquisition
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Figure A49: Data acquisition schemes, time traces, and dipolar angle © coverage of YopO-short and
YopO-long for equally spaced magnetic fields. a+b) Representative Q-band field-swept EPR spectrum of
YopO-short with the vertical, colored lines indicating the magnetic field positions for RIDME (a) and PELDOR
(b) data acquisition. c+d) RIDME (left) and PELDOR (right) time traces of YopO-short (c) and YopO-long (d)
acquired at 25 K (RIDME) and 20 K (PELDOR) at the field positions indicated in (a) and (b), respectively. The
summed, and in the case of PELDOR background corrected time traces, are shown in black. e+f) Coverage
of the dipolar angle © obtained by PDSFit for the individual and summed RIDME (left) and PELDOR (right)
time traces at the individual magnetic field positions of YopO-short (c) and YopO-long (d) using the same
color code as (c+d).
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Figure A50: PDSFit results for YopO-short and YopO-long. a) Two-dimensional error plots of the four
geometric parameters r (top left), £ (top right), o (bottom left), and 8 (bottom right) fitted by PDSFit for
RIDME (left) and PELDOR (right) on YopO-short. The best optimization paarameters are indicated by white
dots. b) Same as (a) but for YopO-long.
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Figure A51: DEERNet results for YopO-short and YopO-long. a) DEENet results for RIDME (top row) and
PELDOR (bottom row) on YopO-short. From left to right: Normalized time trace (black) and the chosen
background function by DEERNet (red); background-corrected time trace (black) with the corresponding fit
(red); and resulting distance distribution (colored) with the uncertainty estimates shown as grey-shaded
areas. b) Same as (a) but for YopO-long.
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Figure A52: DeerAnalysis results for YopO-short and YopO-long. a) DeerAnalysis results for RIDME (top row)
and PELDOR (bottom row) on YopO-short. From left to right: Normalized time trace (black) and the applied
background function (red, RIDME: 3™-order polynomial function, PELDOR: homogenous three-dimensional
background); background-corrected time trace (black) with the corresponding fit (red); L-curve with the
chosen regularization parameter (red); and resulting distance distribution (colored) with the validation by
DeerAnalysis shown as grey-shaded areas. b) Same as (a) but for YopO-long.
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Figure A53: Sequencing results for the cysteine mutations in YopO with the exchanged amino acid shown
in a red box. a) YopO V599C+5620H/N624H. b) YopO A595H/V599H+N624C. Excerpt taken from Geneious.
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a) YopO V599C+S620H/N624H
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Figure A54: HiLoad® 16/600 Superdex® 200 pg gel filtration chromatogram (left) and Coomassie-stained
10% polyacrylamide gel (right) of YopO V599C+5620H/N624H (a) and YopO A595H/V599H+N624C (b). The
fractions indicated by a green bar were further pooled and purified.
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Figure A55: Spin labeling results for YopO V599-3¢+S620H/N624H, YopO A595H/V599H+N624-3¢ and
YopO V599-3¢/N624-3¢. a) Spin labeling result for YopO V599-3°+S620H/N624H. From left to right:
Chromatogram of the HiPrep™ 26/10 runs after labeling with SLIM 3e; UV-vis spectrum (1:5 dilution) and
quantification of YopO V599-3¢+5620H/N624H after excess label removal recorded on a NanoDrop™ 2000;
room temperature X-band cw-EPR spectra of YopO V599-3¢+5620H/N624H (505 uM) recorded on a Bruker
EMXnano spectrometer. Measurement settings: 9.633 GHz microwave frequency, 1.0 mW microwave
power, 100 kHz modulation frequency, 0.2 G modulation amplitude, 20.48 ms time constant, 500 pts/mT.
b+c) Same as (a) but for YopO A595H/V599H+N624-3¢ (b) and YopO V599-3¢/N624-3¢ (c).
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Figure A56: DeerAnalysis results for the RIDME measurements of YopO V599-3¢+5620H/N624H (a) and
YopO A595H/V599H+N624-3* (b). From left to right: Normalized time trace (black) and the applied
background function (red, 4™ order polynomial function); background-corrected time trace (black) with the
corresponding fit (red); L-curve with the chosen regularization parameter (red); and resulting distance
distribution (colored) with the validation by DeerAnalysis shown as grey-shaded areas.
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Figure A57: DeerAnalysis results for the DQC measurement at 70 K of YopO V599-3¢/N624-3¢ (25 uM).
From left to right: Unmirrored DQC time trace; mirrored time trace (black) and the applied background
function (red, three-dimensional homogenous background); L-curve with the chosen regularization
parameter (red); and resulting distance distribution (colored) with the validation by DeerAnalysis shown as
grey-shaded area.

209



6.3  List of Abbreviations

2pESEEM
Al
BPT
CASP
CD
CoA
Cosy
Cryo-EM
ctRIDME
CuAAC
cw
DAPI
DEER
DFT
DMSO
DNA
DOTA
DPA
DQC
DTT
EP
EPR
ESEEM
ESI
ESR
FAK
FAS
FDA
FFT
FID
FRET
FT
fwd
FWHM
GDI
GFP
GSH
GST
HE
HIV-1
hs
HSA
IBP
IDA
IEDDA
1gG
IPTG
ITC

Is
lwpp
MAPK
MAS SSNMR
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Two-pulse electron spin echo envelope modulation

Artificial intelligence
Bovine pancreatic trypsin inhibitor

Critical Assessment of Protein Structure Prediction

Circular dichroism
Acetyl-coenzyme A
Correlation spectroscopy
Cryo-electron microscopy
Constant time RIDME

Copper(l)-catalyzed azide-alkyne cycloaddition

Continuous-wave

4’ 6-diamidino-2-phenylindole
Double electron-electron resonance
Density functional theorems
Dimethyl sulfoxide
Desoxyribonucleic acid
Tetraxetan

Dipicolinic acid

Double quantum coherence
Dithiothreitol

Electroporation

Electron paramagnetic resonance
Electron spin echo envelope modulation
Electronspray ionization

Electron spin resonance

Focal adhesion kinase

Fatty acid synthase

Food and Drug Administration
Fast-Fourier transformation

Free induction decay

Forster resonance energy transfer
Fourier transformation

forward

Full width at half maximum

Guanidine nucleotide dissociation inhibitor

Green fluorescence protein
Glutathione

Glutathione S-transferase

Hahn echo

Human immunodeficiency virus type-1
High-spin

Human serum albumin
Immunoglobulin-binding protein
Iminodiacetic acid

Inverse electron demand Dields-Alder
Immunoglobulin G

Isopropyl B-D-1-thiogalactopyranoside
Isothermal calorimetry

Low-spin

Peak-to-peak line width
Mitogen-activated protein kinase
Magic-angle spinning solid-state NMR



Mb
MCS
MD
metMb
MHQ
MM
MPLC
MRI
MS
MSD
MTSL
MWCO
NF-«kB
NMR
NOESY
NPC
NQl
NQl
NTA
ODeé0o
p2p
PCR
PDB
PDS-EPR
PELDOR
POI
aMm

RE

rev

RF

RFQ
RIDME
rmsd
RNA
RVE
SAXS
SDSL
SDS-PAGE
SEC
SEC
SIFTER
SMFRET
SNR
SPP
SRT
T3SS
TAM
tRNA
TSL
UAA
VvtRIDME
XL-MS
YopO
Yops
YpkA
ZFS

Myoglobin

Multiple cloning site

Molecular dynamics

Metmyoglobin

Microsecond freeze-hyperquenching
Molecular mechanics

Medium-pressure liquid chromatography
Magnetic resonance imaging

Mass spectrometry

Mean-square deviation
Methanethiosulfonate spin label
Molecular weight cut-off

Nuclear factor kB

Nuclear magnetic resonance

Nuclear Overhauser enhancement spectroscopy
Nuclear pore complex

Nuclear quadrupole interaction

Nuclear quadrupole interaction
Nitrilotriacetic acid

Optical density at 600 nm wavelength
Peak-to-peak

Polymerase chain reaction

Protein Data Bank

Pulsed dipolar electron paramagnetic resonance spectroscopy
Pulsed electron-electron double resonance
Protein of interes

Quantum mechanics

Refocussed echo

reverse

Release factor

Rapid freeze-quenching

Relaxation induced dipolar modulation enhancement
Root-mean-square deviation

Ribonucleic acid

Refocussed virtual echo

Small-angle X-ray scattering

Site-directed spin labeling

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Size-exclusion chromatography
Size-exclusion chromatography

Single frequency technique for refocusing dipolar couplings
Single-molecule FRET

Signal-to-noise ratio

Shots per point

Shot repetition time

Type-lll secretion system
Tetrathiatriarylmethyl

Transfer-RNA

Trityl spin label

Unnatural amino acid

Variable time RIDME

Cross-linking mass spectrometry

Yersinia outer protein O

Yersinia outer proteins

Yersinia protein kinase A

Zero-field splitting
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