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Electron Paramagnetic Resonance (EPR), also known as Electron Spin Resonance (ESR), is a 

powerful technique to study materials with unpaired electrons. It was first observed by the 

Soviet physicist Yevgeny Zavoisky in 1944 [1, 2], and since then has become an essential tool 

for probing the electronic and structural properties of paramagnetic systems. 

EPR is a magnetic resonance spectroscopy particularly valuable for studying paramagnetic 

ions, organic radicals, transition metal complexes and biological macromolecules. Since its 

discovery, EPR rapidly expanded its applications and is now well-established across diverse 

fields such as solid state physics, biochemistry, chemical catalysis, environmental sciences, 

and many more. 

 A typical commercial EPR spectrometer consists of a magnet, microwave resonator, 

controlling console, and microwave components, that are necessary for excitation of the 

sample and detection of the signal. The information obtained from the sample depends on 

the field strength and microwave radiation frequency, as measurements at different fields 

and frequencies can highlight distinct aspects of the electronic structure. For the studies 

shown in this thesis, both a commercial and a homebuilt spectrometer [3] were used, that 

are shown in figure 1. 

In this thesis, the goal is to explore EPR approaches to improve the study of biochemically 

relevant problems, and to learn about the mechanisms of biochemical reactions. One 

important problem is amyloid aggregation, where difficult-to-study intermediates are 

considered active in neurodegenerative diseases. In chapter 3 we explore in-depth how EPR 

can contribute to this research. In the course of the investigation related to chapter 3, we 

encountered a problem that has been around for at least four decades of spin-labelling EPR, 

which we were able to solve in chapter 2. In all physiological events involving proteins that 

catalyze chemical reactions, so called enzymes, efficiency and specificity is determined by 

the reaction mechanism. Chapter 4 shows how a new method relying on very-high field EPR 

enables to determine a short-lived intermediate of such a reaction. In chapter 5, a model 

system is studied that targets distances in multi-spin systems expanding the technique to 

Cu(II) spins. Multispin interactions in Cu(II) and related spin systems are important in many 

biological systems. 

In this introductory chapter, the fundamental concepts of EPR are presented, along with the 

necessary information to understand the scientific studies in chapters 2 through 5. The 

background of EPR is described in several monographies [4-6]. Here specifically [6] is used, 

in addition to the references mentioned for specific points. 
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1.1 The Spin Hamiltonian 

  

The information obtained with EPR can be described by the spin Hamiltonian, which 

represents the total energy of the spin-system and provides the theoretical support for 

interpreting EPR spectra. The spin Hamiltonian relevant to this thesis for a two electron- one 

nucleus system can be expressed as: 

 

 𝐻̂ =  ∑ (µ𝐵𝒈𝑩𝟎𝑺𝑛̂ + 𝑰̂𝑨𝑛𝑺𝑛̂)𝑛=1,2 + 𝑺1̂𝑫𝑺2̂ + 𝐽𝑺1̂𝑺2̂     (1) 

 

Here, µ𝐵𝒈𝑩𝟎𝑺𝑛̂ is the electron Zeeman interaction between the unpaired electron and the 

applied magnetic field B0, with 𝑺̂, the electron spin vector operator and g the g-tensor. 

𝑰̂𝑨𝑛𝑺𝑛  ̂is the hyperfine interaction between the unpaired electrons and a coupled magnetic 

nucleus, with 𝑰̂, the nuclear spin vector operator and 𝑨𝑛 the hyperfine tensors. 𝑺1̂𝑫𝑺2̂ and 

𝐽𝑺1̂𝑺2̂ are the dipole-dipole and exchange interaction, respectively, between the unpaired 

electron and other nearby unpaired electrons. Here, D is the dipolar tensor and J the isotropic 

exchange interaction. The origin of these terms and their impact on the EPR spectrum is 

discussed in the following sub-chapters. It is convenient to describe these energy terms  in 

frequency units. In this thesis, the hyperfine interaction A, dipole-dipole interaction D, and 

exchange interaction J will be given in units of Hz.  

 

 

 

Figure 1. Spectrometer used for electron paramagnetic resonance (EPR). Left: Bruker Elexsys E580 9 GHz EPR 

spectrometer, operating magnetic field 0-0.5 T. Right: Homebuilt 275 GHz EPR spectrometer, operating 

magnetic field 0-11 T. Here the magnet is a superconducting coil immersed in liquid helium.  
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1.2 Continuous wave EPR and the Electron Zeeman Interaction 

 

This section focuses on continuous wave EPR (CW-EPR), where the sample is continuously 

irradiated with microwaves while the field is varied. The foundation of EPR spectroscopy lies 

in the interaction of the magnetic dipole moment of the electron spin with an applied static 

magnetic field B0. During a CW-EPR experiment, the magnetic field lifts the degenerancy 

between the spin-energy levels of the unpaired electron (spin quantum number 𝑆 = 1/2, 

magnetic quantum number 𝑚𝑠 =  ±1/2 for an isolated electron) while the sample is 

irradiated with microwaves (figure 2). The microwave-radiation frequency is kept constant 

during the experiment. This allows to place the sample in a microwave resonator, whose 

dimension is tuned to the microwave-radiation wavelength. If the energy difference between 

the spin states matches the energy of the microwave radiation, a transition occurs, producing 

an EPR signal. In EPR, the selection rule for allowed transition is ∆𝑚𝑠 = ±1, meaning that 

the magnetic quantum number 𝑚𝑠 can only change by one unit. The EPR spectrum is usually 

displayed as the first derivative of an absorption signal due to the use of lock-in detection, 

see figure 2. 

A fundamental parameter in EPR is the g-factor, which determines the proportionality 

between the magnetic field strength and the energy of the electron spin transition: 

 

𝐻̂ =  µ𝐵𝒈𝑩𝟎𝑺̂      (2) 

 

where 𝑺̂  is the electron spin vector operator, g the g-tensor, 𝜇𝐵 is the Bohr magneton, and 

𝑩𝟎 is the static magnetic field vector. The resonance condition for a free electron is given by:  

 

ℎ𝜈 = 𝜇𝐵𝑔𝑒𝐵0     (3) 

 

where h is the Planck constant and 𝜈 is the microwave frequency. For a free electron, the g-

value (ge) is 2.0023. However, in atoms and molecules deviations arise that depend on the 

spin-orbit coupling and chemical environment. These effects cause the g-factor to deviate 

from ge and to become anisotropic, meaning it varies depending on the molecule’s 

orientation relative to the magnetic field. This anisotropy is expressed as the g-tensor g. The 

principal values of g are [gxx  gyy  gzz], can be resolved in solid-state EPR and single-crystal 

studies.  
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1.3 The Hyperfine Interaction 

 

The hyperfine interaction is the interaction of the electron spin with the magnetic moment 

of a coupled nucleus. The degenerancy of the spin-energy levels of the nuclei is lifted in the 

presence of a magnetic field by the nuclear Zeeman interaction, generally weaker than the 

electron Zeeman interaction. The coupling of an unpaired electron with a nucleus with spin 

quantum number I, is given by the second term in the equation: 

𝐻̂ =  𝜇𝐵𝒈𝑩𝟎𝑺̂ + 𝑰̂𝑨𝑺̂      (4) 

 

 

Figure 2. When the microwave-radiation frequency matches the energy difference between spin energy 

levels, a transition occurs. The EPR spectrum is depicted as first derivative of an absorption spectrum. 

- 1/2

+ 1/2ms

Energy

B = 0

B

B = B0
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where A is the hyperfine tensor with principal values [Axx  Ayy  Azz] and 𝑰̂ is the nuclear spin 

vector operator. The hyperfine interaction manifests in the EPR spectrum as a splitting of the 

signal in (2𝐼 + 1)-lines. In figure 3, the energy-level scheme for an electron coupled to a 14N 

(𝐼 = 1) nucleus is shown, which results in the three transitions shown in red.  In chapter 4 

and 5, systems with copper ions are studied. The Cu(II) nucleus has nuclear spin quantum 

number 𝐼 = 3/2, and the signal is split into four lines. In this thesis, chapter 2 and 3 focus on 

measurements on liquid samples, where the anisotropy of g- and  A-tensors is averaged by 

the rapid tumbling of the molecule in solution. For very fast motion, the observed g and A-

values are 𝑔𝑖𝑠𝑜 =
𝑔𝑥𝑥+𝑔𝑦𝑦+𝑔𝑧𝑧

3
 and 𝐴𝑖𝑠𝑜 =

𝐴𝑥𝑥+𝐴𝑦𝑦+𝐴𝑧𝑧

3
. In chapter 4 and 5, samples in frozen 

solutions are measured. In this case, a powder pattern is observed, due to the statistical 

distribution of all possible orientations of the molecules in the magnetic field, which has 

characteristic features of the principal values of the tensors.  

 

 

Figure 3. Energy level scheme for an electron coupled with a 14N nucleus, I = 1. The magnetic field induces a 

splitting of the electron spin energy levels by electron Zeeman interaction, and a splitting between nuclear 

spin energy levels by nuclear Zeeman interaction. The hyperfine interaction results in 2I+1 transitions, shown 

in the figure as red arrows. 
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1.4 Dipole-Dipole Interaction 

The electron-electron-dipole-dipole interaction in EPR arises when two unpaired electrons 

are sufficiently close that each one’s magnetic field influences the other. This interaction 

depends on the distance between the two spins and on the orientation of the vector 

connecting them with respect to the field vector (see sub-section 1.8). 

The spin Hamiltonian for a system with two interacting spins, describing the combined 

effects of the electron Zeeman, hyperfine, and dipole-dipole interactions, is expressed as: 

 

𝐻̂ =  ∑ (µ𝐵𝒈𝑩𝟎𝑺𝑛̂ + 𝑰̂𝑨𝑛𝑺𝑛̂)𝑛=1,2 + 𝑺1̂𝑫𝑺2̂  

 (5) 

 

The dipole-dipole interaction is given by the D-tensor. Adopting the point-dipole 

approximation, the D-tensor has axial symmetry and is traceless (𝐷𝑥𝑥 + 𝐷𝑦𝑦 + 𝐷𝑧𝑧 = 0).  

In CW-EPR spectra, the dipole-dipole interaction can broaden or split signals depending on 

its magnitude and orientation relative to the magnetic field. In pulsed EPR experiments, such 

as those performed in chapter 5, the distance dependence of this interaction is used to 

extract inter-spin, intramolecular distances. The relation between D and the distance 

between the two spins is discussed in subchapter 1.8. 

 

1.5 Exchange Interaction 

 

The exchange interaction arises in systems containing two or more unpaired electrons and 

is described by 𝐻𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 =  𝐽𝑺1̂𝑺2̂ with J being the isotropic exchange coupling constant. 

Unlike the dipole-dipole interaction, which depends on the spatial separation and 

orientation of spins, the exchange interaction is a quantum-mechanical effect related to the 

overlap of electron-spin wavefunctions [7]. 
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In this thesis the exchange coupling interaction is relevant in chapter 2 and in chapter 4. In 

chapter 2, two exchange coupled nitroxides (see figure 4) are measured at room 

temperature. In this situation, the relative magnitude of J with respect to the isotropic 

hyperfine interaction Aiso of the electron spin with the nitrogen nuclei is the main factor to 

determine the EPR spectral shape. To use the same words as in [7], for strong exchange 

coupling (J>>Aiso), “strong exchange results in the electron interacting equally with both 14N 

nuclei, but for half of the time”, resulting in the five-line spectrum in figure 4B (bottom). For 

weak exchange (J<<Aiso) the spectrum will be the same as a single nitroxide radical, and 

relatively complicated spectral shapes are observed when J and Aiso are of similar magnitude. 

An extensive overview of exchange coupled nitroxide systems is given in [8]. 

In chapter 4, a protein is studied in which a Cu(II) (3d9, 𝑆 = 1
2⁄ ) ion is coupled to an organic 

radical (𝑆 = 1
2⁄ ). The two unpaired electrons are coupled into a triplet state, and this 

example illustrates how a multi frequency EPR approach aids to fully characterize the spin 

 

Figure 4. Exchange coupling in nitroxide biradicals. A) Example of a nitroxide biradical. The unpaired electrons 
are coupled to the 14N nuclei. B) Simulated EPR spectra for different values of J, for Aiso = 45 MHz. B): top 
spectrum: for small magnitude of J, the spectrum is the same as a nitroxide mono-radical. Bottom: for large 
magnitude of J with respect to Aiso, a five line spectrum appear, while complicated line shapes appear when 
the values of J and Aiso are of similar magnitude.  

NN OOA 

B 
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Hamiltonian. In figure 5 the energy-level scheme, EPR transitions and EPR spectra for an 

exchange-coupled Cu(II)-radical system are given (J = -19 GHz), for 9 GHz and 275 GHz EPR. 

For clarity, the hyperfine coupling to the Cu nucleus is not included in the simulation. At 9 

GHz (figure 5A) the energy separation between singlet and triplet state is larger than the 

 

Figure 5. Effect of exchange coupling J on a coupled Cu(II)-organic radical system. The two unpaired electrons 

are coupled into a triplet ground state. A) Energy-level scheme for 9 GHz EPR. B) Energy-level scheme for 275 

GHz EPR. C) 9 GHz EPR spectrum. D) 275 GHz EPR spectrum. Black: 275 GHz EPR for J = -19 GHz. Grey: 275 GHz 

EPR spectrum for J = 0 GHz. The spectrum is the one of a separated Cu(II) spectrum with axial symmetry 

(gx=gy≠gz) and an organic radical spectrum. In absence of magnetic field, the energy levels are separated into 

a triplet and a singlet ground state. These levels are mixed in the presence of a strong magnetic field. 

Transition 1: transition happening between the (original) triplet state sublevels. Transition 2: transition 

occurring between singlet and original triplet state. In the energy level scheme, the blue lines are the energy 

levels. The color of the transition lines indicates their probability: red: high, light grey: partially allowed 

1

2

1

2

2

1

11 22 1
gxyCu(II)

gzCu(II)

Radical 

A B 
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microwave quantum. Each triplet sublevel is split into four levels by the g-anisotropy, and 

the EPR spectrum has a complicated structure with six visible lines, and more lines hidden in 

the linewidth, but revealed in the energy levels scheme. In this condition, the magnitude of 

the exchange coupling is so large that values of |J| higher than 19 GHz would not affect the 

EPR spectrum further, as higher |J| would only introduce a larger separation of the triplet 

and singlet states, without affecting the transitions visible in the EPR spectrum. For this 

reason, the magnitude of J cannot be determined for such a system at 9 GHz EPR. The 275 

GHz EPR energy level diagram is shown in figure 5B and the spectrum in figure 5D. In 

presence of a strong magnetic field, the triplet state is no longer a well-defined state as the 

energy levels undergo mixing. However, for simplicity, it is convenient to refer to them as 

“original triplet sublevels”. It can be seen in figure 5C that transitions between these original 

triplet-sublevels and the singlet state are clearly visible in the 275 GHz EPR spectrum 

(transition 2 in figure 5B and 5D) whereas they do not appear in the 9 GHz EPR spectrum. 

The high-frequency spectrum is dominated by a signal split into two lines, situated between 

the transition of an isolated Cu(II) gx and gy resonance and an isolated organic radical, and a 

lower-intensity peak situated between the gz of the Cu(II) and the radical (transitions labelled 

as 1). In this case the transitions (2) are diagnostic of the magnitude of the exchange coupling, 

which can be determined combining 9 and 275 GHz EPR. A multi-frequency EPR approach 

allows to fully characterize the spin Hamiltonian: It enables to determine the D-tensor 

principal values by 9 GHz EPR, and the J value by a combination of 9 and 275 GHz EPR. 

 

1.6 EPR of Nitroxides and Site-directed-spin-labeling 

Site-directed-spin-labeling (SDSL) is a technique that uses the attachment of spin labels to 

cysteine residues in proteins. In chapter 3, SDSL is used to study the aggregation of the 

intrinsically disordered protein α-Synuclein, a process that is linked to neurodegeneration 

(see below). In combination with site-directed mutagenesis, which allows to insert cysteine 

residues in selected protein sites while removing native unwanted ones, SDSL coupled with 

EPR allows to obtain site-specific information on biomolecules. The most commonly used 

spin labels are nitroxide radicals. The most well-known, MTSL ((1-Oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl) methanethiosulfonate), is shown in figure 6. In nitroxides, 

the unpaired electron spin interacts with the nitrogen (14N, 𝐼 = 1) nucleus, with an hyperfine 

coupling in the order of 100 MHz along the Az direction and 10 MHz along Ax and Ay, which 

results in the characteristic splitting of the EPR signal into three lines. The EPR spectral shape 

of nitroxides at room temperature depends on their rotational correlation time τr (figure 6). 

The τr observed reflects the rotameric motion of the label and of the bonds connecting it to 

the protein backbone (figure 6B left). In specific circumstances, also the tumbling of the 
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molecule or the mobility of specific parts of the protein are influencing the spectral shape, 

especially when the molecular tumbling is faster than the rotameric motion of the label [9, 

10] (figure 6B, right). In figure 6C, spectral simulations for different rotational correlation 

times show the relation between spectral shape and molecular motion. In the solid-state 

spectrum, figure 6C, the anisotropy of the A- and g-tensor is evident, while in liquid state the 

rapid tumbling of the free label in solution averages the anisotropy, resulting in the three-

line spectrum for τr = 0.01 ns. When the label is attached to a protein, the tumbling will slow 

down, affecting the spectrum, because of the larger dimensions of the object. Site-specific 

structural and dynamical information in CW-EPR are obtained from the τr of the label. 

Changes in the spectral lineshape can give insights into interaction with partners, 

conformational changes, or environmental effects [11-14]. In chapter 3, SDSL coupled to CW-

EPR is used to study the aggregation of the protein α-Synuclein, a process involved in 

Parkinson’s disease. When in monomeric form, the protein tumbling in solution is fast, and 

results in a spectrum similar to the τr = 0.3 ns simulation in figure 6C. Inside aggregates, the 

motion is slower, and the spectrum looks like the τr = 7.94 ns simulation. By measuring 

changes in spectral shape over time, the aggregation process can be followed. When 

combined with pulsed EPR techniques, SDSL is an even more powerful method: if two labels 

are present within a nanometer range inside a protein, their distance can be measured using 

the EPR method described in subchapter 1.8. 
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A 

B 

 

Figure 6. Site directed spin labeling (SDSL) and effect of spin label rotation on nitroxide EPR spectra. A) 

Reaction scheme of the attachment of MTSL spin label to a cysteine residue on a protein. B) The EPR spectrum 

will depend on the motion of the label, i.e. by the rotameric motion of the label (arrows indicating rotation of 

the bonds and of the proxyl ring) and by the molecular tumbling of the protein in solution (arrows around the 

protein structure). The protein shown in grey, Frataxin, is a small globular protein (14 KDa) and an increase in 

solution viscosity was necessary to slow the molecular tumbling and probe site-specific dynamics [10]. C) 

Simulated EPR spectra of a nitroxide spin label for different rotational correlation time. 

A 

B 
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1.7 Multifrequency EPR 

 

By looking at the spin Hamiltonian (eq. 1), it is evident that only one term, the Zeeman 

interaction, depends on the field B0. By varying the magnetic field at which the experiment 

is performed – together with the operating frequency of the microwave radiation – different 

aspects of the spin Hamiltonian can be explored. For instance, the g-tensor anisotropy is 

better resolved at higher magnetic fields, due to the increased separation of energy levels.  

An example is illustrated in figure 7, where the solid state spectrum of a nitroxide is given at 

9 and 275 GHz EPR. At 9 GHz EPR, the hyperfine coupling Az dominates the spectrum, and 

the g-tensor is poorly resolved. At 275 GHz EPR, the g-tensor anisotropy can be accurately 

measured, and is dominating the spectral shape, while only the Az component of the 

hyperfine is resolved. In chapter 4, a Cu(II) system is analyzed at different frequencies. 

Copper in the 9 GHz EPR solid-state spectrum (figure 8) appears as an axially symmetric 

spectrum (gx and gy not resolved). The hyperfine splitting with the Cu(II) nucleus into four 

 

Figure 7 Examples of multifrequency EPR on a nitroxide system: the nitroxide spectrum at 9 GHz is dominated 

by the large Az, and the g-tensor is poorly resolved. At 275 GHz, the g-tensor is well resolved. 

9 GHz EPR

275 GHz EPR
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lines (𝐼𝐶𝑢 = 3
2⁄ ) is resolved along the z-direction. At 275 GHz EPR small deviations from 

axial symmetry, i.e. small differences between gx and gy components, are resolved. At the 

same time, the hyperfine splitting Az is hidden in the broader linewidth, and can’t be 

accurately measured. 

A combination of measurements at different frequencies offers unique insights into the 

electronic properties of complex systems and allows to fully evaluate their spin Hamiltonian 

parameters. This approach enhances the versatility of EPR, as multiple frequencies can also 

be applied to pulsed methods, allowing detailed characterization of paramagnetic systems. 

 

 

Figure 8 Example of multifrequency EPR on a Cu(II) complex. Right: EPR simulations show that in the 9 GHz EPR 

spectrum of a copper system with minor deviation from axial symmetry, the difference between gx and gy is 

not resolved, with gx ≈ gy, and the Az hyperfine splitting resolved along the gz direction. At 275 GHz, the 

difference between gx and gy is resolved, but information on hyperfine coupling is masked by the linewidth. 

Left: structure scheme illustrating the copper center (orange) on which the unpaired electron is localized, 

coordinated in an octahedral geometry by the ligands (grey and blue spheres). The arrows indicate approximate 

g-tensor directions. The x and y coordination are nearly identical. Subtle deviations from axial symmetry, i.e. 

differences between gx and gy induced by slightly different coordination or tilting of the ligands, can only be 

resolved at high frequency EPR. 

Az

Az

B0

9 GHz EPR

275 GHz EPR
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1.8 Double Electron Electron Resonance (DEER) 

 

Double electron electron resonance spectroscopy is a pulsed EPR method designed to 

measure dipole-dipole interactions between unpaired electrons within a nanometer 

distance (typically 1.5-10 nm) [15]. From the dipole-dipole interaction, the distance between 

the spins can be extracted. This method is particularly powerful to obtain distance 

constraints in doubly spin-labelled proteins, providing insight into their structure and 

function. Due to fast relaxation times of the electron spins, DEER experiments are performed 

at cryogenic temperatures. 

The pulse sequence used in chapter 5 for DEER spectroscopy is shown in figure 9. Microwaves 

are applied in pulses, whose length, power and timing depends on the specific applications 

and samples. A detailed description is provided in [16]. To describe DEER, here we follow the 

lines of [17]. The DEER technique is a double frequency experiment: the observer frequency 

is used to detect a signal from spin A, and the pump frequency will excite the second spin, B, 

that is coupled to A. During the experiment, the observer sequence is kept constant, while 

the timing of the pump pulse is varied. The resulting data (see figure 9) will consist of a time 

trace which shows the intensity of the signal detected for A as a function of pump pulse’s 

position in the sequence. 

The primary DEER data contains information about intramolecular interactions, and a 

background decay that depends on intermolecular interactions (figure 9B). After removal of 

the background decay, the form factor is obtained (figure 9C). In the form factor the 

modulation depth Δ depends on the amount of pumped B spins, while the modulations 

contain information about the dipole-dipole interactions. From the form factor, a distance 

distribution plot is derived, giving the population of spin-pair distances as a function of the 

distance (figure 9D). 

After background correction, the signal amplitude as a function of time for i pumped spins Bi 

is given by: 

𝑓(𝑡) =  ∏ {1 − 𝜆𝑖[1 − 𝑐𝑜𝑠(𝜔𝑑𝑑,𝑖𝑡)]}𝑁
𝑖      (6) 

 

where λ is the inversion efficiency of the pump pulse (how effectively the pump pulse inverts 

the B spins), with Δ = λ for two spin systems, and 𝜔𝑑𝑑 is the electron-electron coupling 

frequency, which relates to the distance between the spins and their relative orientation:  

 

𝜔𝑑𝑑,𝑖 = (
𝐶𝑖

𝑟𝑖
3⁄ ) (1 − 3𝑐𝑜𝑠2𝜃𝑖)     (7) 
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Here, θ is the angle between the inter-spin vector and the magnetic field, r is the distance 

between the spins, and 𝐶𝑖 =
𝜇0𝑔1𝑔2

4𝜋ℎ
, where 𝜇0 is the vacuum permeability, g1 and g2 are the 

g-factors of the spins, and h is the Planck’s costant.  From here, there are several methods to 

obtain distance distribution, used in chapter 5 are Tikhonov regularization, Gaussian fitting, 

and the neural networks based method DEERNet [18-20]. 

Complications arise in systems with more than two coupled spins. In figure 9 an example is 

given for a three spin system with spins A, B and C. In such systems, the signal from A will 

not just be modulated by the pairwise dipole-dipole interaction frequencies (𝜔𝐴𝐵 and 𝜔𝐴𝐶), 

but also by the sum and difference of those frequencies [21]. The form factor for the three-

spin system is obtained by summing over all N possible observer spins: 

 

𝐹(𝑡) =  
1

𝑁
∑ ∏ 𝑓𝐴𝐵(𝑡)𝑁

𝐴≠𝐵
𝑁
𝐴=1      (8) 

 

Here, 𝑓𝐴𝐵(𝑡) = 1 − 𝜆𝐵(1 − cos(𝜔𝐴𝐵𝑡)) is the dipolar evolution of an individual spin pair. 

Additional modulations in the form factor introduce artifacts in the distance distribution, 

referred to as ghost distances. Several methods have been developed to minimize these 

artifacts to obtain pure pairwise distances from multispin systems. On one hand, the problem 

can be solved experimentally: by adjusting the power of the pump pulse, it is possible to 

pump less spins, thereby reducing multispin effects. An effect similar is achieved by using 

paramagnetic species with broad, anisotropic spectra, where only a smaller fraction of the 

pumped spins can be excited. In [21] a method was developed to suppress multispin effects 

during data processing. This method relies on applying the scaling exponent 1/(N-1) to the 

multispin form factor, where N is the number of spins contributing to the signal. This method 

is called “power scaling”. In [22] a method to count how many spins are contributing to the 

DEER signal was designed. It is based on the fact that the modulation depth Δ observed for 

multispin systems and the modulation depth λ of a two-spin reference have the following 

relation: 

 

∆𝑁= 1 − (1 − 𝜆)𝑁−1     (9) 

 

With N being the number of spins. Particular care has to be taken: the multispin and the two-

spin systems need to be similar systems (the same paramagnetic species) and measured 

under identical experimental conditions. A detailed description of DEER spectroscopy is given 

in [17].  
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Figure 9. DEER spectroscopy. A) Pulse sequence. Blue: observer sequence. Red: pump sequence. Inset: in 

equation 7, θ is the angle between the field direction and the vector connecting the two spins. B) Primary data 

(black) and background decay (red). C) Form factor after background subtraction. F(t) contains information on 

number of spins (Δ) and the modulation contain information on dipolar interaction. D) Distance-distribution 

plot. E) In a three spin system, additional modulation come from sum and difference frequencies, producing 

artifacts in the distance distribution. 

B C D 
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1.9 Overview of the thesis chapters 

 

This thesis explores application of EPR methods on diverse systems. Chapter 2 examines how 

MTSL, the spin label (figure 6A) used to label and probe specific sites in bio‐molecules, is 

forming dimers in aqueous solution. The dimerization process is limiting the efficiency of the 

labelling reaction. In chapter 2 the dimerization is studied in detail and a proposal is made 

for the dimer structure and the dimerization reaction mechanism. In chapter 3, EPR is used 

in combination with site‐directed‐spin‐labeling (SDSL), to investigate the aggregation of the 

intrinsically disordered protein α-Synuclein. α-Synuclein aggregation is a process involved in 

Parkinson’s disease. The goal is to develop an EPR method to identify the different species 

formed during the aggregation process, with a focus on the aggregation intermediates, the 

toxic species involved in the neurodegeneration [23]. Chapter 4 uses a multifrequency EPR 

approach to characterize a short lived intermediate formed in the reaction between Small 

LACcase (SLAC), an algae‐derived enzyme, with oxygen. The protein SLAC is an interesting 

enzyme for industrial applications and characterization of its active site is crucial for 

bioengineering and development of biomimetic catalysts [24]. Finally, in chapter 5, a pulsed 

EPR method is applied to derive structural information from supramolecular, self‐assembled 

metallo‐organic complexes, giving a first example of the application of dipolar EPR 

spectroscopy to systems containing multiple Cu(II) ions. 
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Chapter 2. 

Identifying the Elusive Dimerization Product Interfering with 

Methylsulfonato-group Labelling of Cysteines in Proteins 
 

This chapter will be submitted to Chemistry-A European Journal: L. Passerini, R. Dekkers, 

K.B.S.S. Gupta, M. Overhand, M. Huber. “Identifying the elusive dimerization product 

interfering with methylsulfonato-group labelling of cysteines in proteins”, to be submitted. 
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2.1 Introduction 

The methanethiosulfonate (mts)-group is an often used functional group to couple an mts-

label to a thiol-group, often from a cysteine of a protein. The mts-group is popular because 

of its high reactivity and selectivity. This group enables to selectively label proteins with spin- 

or fluorescent-labels. Often, labelling is the first step to obtain structural or biochemical 

information, because it opens up a way to apply a variety of techniques in biochemical 

research, such as electron paramagnetic resonance (EPR), super-resolution-microscopy-

techniques, or Förster-resonance-energy-transfer (FRET) based distance measurements. 

Spin labeling is universally applied to investigate proteins by EPR or paramagnetic NMR [1, 

2]. It enables  structure determination by nanometer-distance constraints by EPR methods 

[3-6] or the elucidation of  protein dynamics or protein-partner interactions, in vitro or in 

cells [7-13]. 

Yet the reaction has a major disadvantage: under standard conditions, when cysteine groups 

of proteins are labelled with the well-known spin label MTSL ((1-Oxyl-2,2,5,5-tetramethyl-Δ-

3-pyrroline-3-methyl) methanethiosulfonate) [14], a side reaction occurs that limits the 

reaction yield. A characteristic EPR signal shows that the side product is a molecule in which 

two nitroxide radicals are coupled, i.e. a nitroxide-biradical. To suppress this reaction, the 

MTSL concentrations has to be kept below 200 µM [15], which limits protein concentrations 

to 20 µM at the typical 10:1 excess of spin label.  

In spite of four decades of site-directed-mutagenesis spin labelling, pioneered by the Hubbell 

group [10, 11], the underlying reaction is not known. Here, we study the formation of the 

 

Figure 1. Structure of methylsulfoxide spin label (MTSL) investigated (A), MTSL-P2 (B), and 

labelling-reaction scheme of the reaction of the label with a cysteine in the protein (C). 
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side-product under typical spin-labelling conditions for the most-used variants of the 

methanethiosulfonate spin label (Fig. 1A and 1B) and determine the structure of the 

biradical-side product by a combination of EPR and mass spectrometry, solving a puzzle that 

was plaguing labelling reactions for the last four decades. 

 

2.2 Materials and methods 

 

Description of experiment 

MTSL ((1-Oxyl-2,2,5,5-tetramethyl-Delta-3-pyrroline-3-methyl)Methanethiosulfonate) and 

MTSL-P2 ((1-Oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl) methyl methanethiosulfonate) were 

purchased from Toronto Research Chemicals. Stock solutions were prepared in DMSO, MTSL 

concentration 24 mM, and stored at -20 °C. The samples were prepared by diluting the stock 

solutions in 10 mM TRIS-HCl buffer, pH 7.4, for a final MTSL concentration of 100 µM. 

Incubation was performed on a thermomixer (Eppendorf, Thermomixer comfort) at a 

temperature of 24°C and shaking at 1000 rpm. A volume of 20 µL was extracted at selected 

time points for EPR measurement. TCEP (tris(2-carboxyethyl)phosphine) was purchased from 

Sigma Aldrich. To test reduction, a five molar excess of TCEP was added to the incubating 

solution, the reaction was allowed to proceed for 30 minutes before EPR measurement. The 

EPR signal intensity (double integral) was measured before adding TCEP and after the end of 

the incubation time to be sure that no radical decay occurred after addition of TCEP and 

during the incubation time. For preparation of the ESI-MS samples, the stock in DMSO was 

diluted in ammonium acetate (NH4Ac) buffer, pH 7.4, and incubated in the same conditions 

(24 °C, 1000 rpm). Dimer formation and effect of TCEP were checked with EPR measurements 

before ESI-MS analysis. 

EPR measurement conditions 

 EPR spectra were acquired on an EMX EPR spectrometer (Bruker, Rheinstetten, Germany). 

Glass micropipettes of a volume of 50 µL (Blaubrand Intramark, Wertheim, Germany) were 

filled with 20 µL of sample for each measurement. Measurement conditions were: 

microwave frequency: 9.88 GHz, modulation amplitude: 0.2 mT, modulation frequency: 100 

KHz, power: 0.63 mW, time constant: 10.24 ms, conversion time: 10.24 ms. All 

measurements were performed at room temperature. 

EPR spectra simulation 

MATLAB (R2019a, The MathWorks, Inc., Natick, MA,USA) and the EasySpin package 

(5.2.35)[16] were used for simulations of the EPR spectra. Spectra were simulated as the sum 
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of monoradical and biradical nitroxides using the “pepper” function with isotropic g and 

hyperfine tensors, since biradical spectra can only be simulated by “pepper”. Parameters 

used for the simulation can be found in table 1. The contribution (weight) of the monomer 

and biradical components to the simulation was adjusted to match the experimental spectral 

shape. Errors were determined by manually adjusting the contributions of the components 

until the simulation were visibly deviating from the experimental lineshape. 

ESI-MS  

ESI-MS samples were prepared as described in the “description of experiment” section 

above. Measurements were performed with an Q-Exactive HF Orbitrap (Thermo Scientific) 

equipped with an electrospray ion source (ESI), injection of 2 µl of a 1 µM solution via 

Ultimate 3000 nano UPLC (Dionex) system , with an external calibration (Thermo Scientific). 

Source voltage of 3.5 kV, capillary temperature 275 °C, no sheath gas, Resolution = 240.000 

at m/z=400. Mass range m/z=160-2000 or until a maximum of 6000. Eluents used: MeCN:H2O 

(1:1 v/v) supplemented with 0,1% formic acid. 

2.3 Results  

 

In a typical spin-labelling reaction the protein is incubated with a ten-fold excess of spin label 

in a suitable aqueous buffer solution using reaction times between two and 18 hours, either 

at room temperature or at 4 °C.  Here we mirror these conditions, by studying the reaction 

systematically in the absence of the protein.  

Figure 2 shows the EPR spectrum of (1-Oxyl-2,2,5,5-tetramethyl-Δ-3-pyrroline-3-methyl) 

methanethiosulfonate (MTSL) after nine hours of incubation in an aqueous solution (buffer), 

such as the conditions normally used for protein-spin labelling. The spectrum observed is the 

superposition of two components, shown separately in figures 2B and 2C. One is the classical 

three-line spectrum (fig. 2B) of nitroxide radicals at room temperature. The splitting into 

three lines arises from hyperfine interaction of the unpaired electron with the 14N nucleus of 

the N-O bond. The second component is a five-line spectrum (fig. 2C), that originates from 

two coupled nitroxide radicals [17], which we will refer to in the following as biradical. A five-

line pattern is observed, if the exchange interaction (J) is significantly larger than the 

hyperfine interaction Aiso (J>2 Aiso)[17-19]. In table 1, the relevant spectral parameters are 

given, which are obtained from spectral simulations (see Materials and methods).  

Spectra were acquired in time intervals over the course of two days. Figure 3 shows the 

relative contribution of the MTSL biradical and the monomer component as they develop 

over time. The biradical contribution increases over time and a maximum of 55% in the 

biradical component is observed after nine hours of incubation, followed by a decrease to a 

value of 23% after 51 hours of incubation. The total radical concentration, obtained from the 
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double integration of the EPR spectra, shows an initial decrease in the number of spins in the 

sample during the first three hours of incubation, possibly due to decay of the radical. Then 

the number of spins in the sample reaches a plateau and remains constant for the entire 

incubation time (green points in figure 3). 

After a fair amount (43 %) of biradical had formed in the solution, a  mild reductant, specific 

for disulfide bridges, TCEP (tris(2-carboxyethyl)phosphine), was added to the incubating 

MTSL solution in a five-fold excess relative to MTSL. This abolishes the biradical component 

in the EPR spectrum completely, see fig. 4A, suggesting that the biradical contains a disulfide 

bond. 

To obtain information on the structure of the dimer, we used mass spectrometry (electron-

spray-ionization mass spectrometry, ESI-MS). Mass spectrometry of the MTSL sample after 

three hours of incubation shows a base peak at 466 m/z. Simulation of the peak gives the 

element composition of the  

species: C19H34O5N2S3.  Upon addition of TCEP to the sample, the 466 m/z peak disappears, 

and a new base peak of 267 m/z appears, corresponding to the oxidized TCEP. The peak of 

267 m/z confirms that TCEP  

reacts with a disulfide bond. Another new peak at 249 m/z is observed after reaction of the 

dimer with TCEP, possibly a breakdown product of the reaction between the MTSL dimer and 

TCEP, however, this peak could not be assigned to a specific chemical structure. Mass spectra 

are shown in fig. SI 5 and in table 2 the base peaks observed are listed. 

For the analogous compound, MTSL-P2, similar results to MTSL were observed. In fig. 4B the 

EPR spectrum obtained after three hours incubation is shown. Also in this case, the spectrum 

originates from a superposition of the three-line-nitroxide spectrum with a biradical 

spectrum of two coupled nitroxides. For MTSL-P2, the shape of the biradical spectrum differs 

from that of MTSL. The spectrum can be simulated with J = 71 MHz, see table 1. This value 

of J, however, does not reproduce accurately the experimental spectrum, as the  peaks at 

345 and 356 mT in the simulation are not observed in the spectrum (see fig SI1). The time 

course of the reaction (fig. SI 4) closely parallels that of MTSL. Also in the case of MTSL-P2, 

addition of TCEP completelely abolished the biradical component in the EPR spectrum, see 

fig. 4 B.  
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Mass spectra of the MTSL-P2 solution after three hours of incubation show a base peak at 

470 m/z and, as observed for MTSL, addition of TCEP causes the disappearance of the 470 

m/z peak and appearance of the peak corresponding to oxidized TCEP, at 267 m/z. 

The similar behaviour of MTSL and MTSL-P2 with respect to dimer formation, the reaction 

with TCEP, and the base peaks of the mass spectra of the dimers observed, indicates that the 

same chemical dimerization reaction is happening for both labels. 

 

Figure 2. Formation of the MTSL biradical monitored by EPR. A) Spectrum, after nine hours of incubation in 

aqueous buffer.  Purple: experimental spectrum, black: total simulation, orange: biradical component, green 

: mono-radical component. B) Biradical component from A). C) Mono-radical component. EPR spectra 

recorded as first derivative of absorption. 

 

Aiso Aiso

A

B
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Table 1. Parameters used for simulation of mono- and biradical EPR spectral components of MTSL and MTSL-P2. 

For details, see Materials and methods 

 Monomer Biradical 
 giso Aiso (MHz) giso Aiso (MHz) J (MHz) 

MTSL 2.0059 45.3 2.0059 45.3 600 

MTSL-P2 2.0059 45.3 2.0059 45.3 71 
 

 

 

 

Table 2. Mass spectrometry results: base peaks observed in the mass spectra of MTSL and MTSL-P2 after 24 hours 

incubation and after TCEP addition to the sample. Mass spectra are shown in S.I. For details, see Materials and 

methods 

 During incubation After TCEP addition 

 Mass** Sum formula Mass 

MTSL 466.16210 100% C19H34O5N2S3 267.06245* 100% 

MTSL-P2 470.19340 100% C19H38O5N2S3 267.06240* 100%  
*oxidized TCEP. ** contain extra O-atom because of cysteine oxidation [20] 

 

Figure 3. Development of mono- and biradical components for MTSL over time. Blue: monoradical 

contribution, red: biradical contribution, green: total intensity of the EPR spectrum (double integral). For 

details about error estimation, see Materials and methods. 
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2.4 Discussion 

 

In this study, we investigate an unwanted side reaction that interferes with spin labelling of 

cysteine-proteins. The goal of the study was to understand the reaction and determine the 

product. To do so, we investigated conditions of product formation for two different spin 

labels, MTSL and MTSL-P2 (Fig. 1A and B) and propose structures for the products. For both 

compounds, we show that the product of the side reaction is a nitroxide-dimer, in which the 

two nitroxide moieties are covalently linked in a reaction that irreversibly converts the mts-

group of the  MTSL molecule. a. 

Within the first nine hours of incubation about 55% of the MTSL is converted to biradical. 

The biradical contribution to the spectra remains constant (MTSL-P2) or decays after the 

initial growth period (MTSL). We attribute the decay in the latter case to the breakage of the 

biradical product or to a biradical decay, i.e. one of the nitroxides on the biradical becomes 

diamagnetic.. The amount of biradical formed in these experiments is higher than one could 

 

Figure 4. Reductant TCEP (tris(2-carboxyethyl)phosphine) abolishes biradical component. Effect of TCEP on 

biradical component of MTSL (A)  and MTSL-P2 (B). Black: spectrum after three hours of incubation, orange: 

spectrum obtained after addition of excess TCEP. 

 

A

B
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expect, considering that in spin-labelling reactions the concentration of MTSL can be twice 

as large [15] as in the experiments described here, and also often longer reaction times are 

used. In the experiments presented here, however, the cysteine-bearing protein (see Fig. 1) 

is absent. We suggest that in standard spin-labelling reactions the mts-group reacts faster 

with the electron-rich cysteine SH-group of the protein than with another mts-group (see 

below), explaining that in protein-labelling dimer formation occurs at significantly higher 

MTSL concentrations than observed here.  

 

Dimer structure 

The EPR spectrum of the biradical contribution shows that two nitroxide moieties interact, 

and the magnitude of the exchange coupling (J) suggests effective through-space or through-

bond coupling of the two nitroxide groups [17]. The biradical of MTSL-P2 has a smaller J than 

MTSL, suggesting a weaker nitroxide-nitroxide interaction than in the case of MTSL. As 

described in the SI, some spectral features do not agree with the precise J-value used 

suggesting that the difference in J could also be due to differences in the biradical-

conformational dynamics, as described for other nitroxide biradicals before [17, 19]. 

Therefore, the  difference in the EPR spectra of MTSL and MTSL-P2 cannot be further 

interpreted. Generally, the exchange interaction cannot easily be related to molecular 

structure, therefore in order to derive the structure of the dimer, additional information is 

needed. Chemical evidence comes from the reactions tested here: The pyrroline double 

bond cannot be involved in the dimerization reaction, because the biradical-rate-of 

formation and -yield for MTSL is similar to that of MTSL-P2, even though MTSL-P2 lacks this 

double bond. Also, for MTSL and MTSL-P2, the product must have a reducible disulfide bond, 

as the biradical EPR spectrum is abolished by TCEP. According to literature, TCEP is selective 

for disulfides, and does not reduce the nitroxide group [21]. Our experiments confirm this 

(see Materials and methods), proving that the disappearance of the biradical spectrum is not 

caused by partial nitroxide reduction in the biradical. 

The proposed structure of the dimer (figure 5) agrees with the base peaks from mass 

spectrometry. Consequently, the asymmetric dimer shown in figure 5 fulfills all the criteria 

stated above and can be explained by the reaction pathway shown in figure 5. 

The reaction starts with the nucleophilic attack of  a carbanion at the mesyl group of one 

MTSL molecule on the mesylated sulfur atom of a second MTSL molecule. The reaction 

proceeds with the mesyl-group of the second MTSL as the leaving group, forming the 

hypothesized product. This nucleophilic substitution can be explained by the fact that the 

methanesulfoxide-group is relatively acidic, while methanesulfinate is known to be an 

excellent leaving group. The reaction leads to a product that has the expected chemical 
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properties and agrees with the sum formula from mass spectrometry of the reaction 

product. 

Given that the reaction mechanism does not involve a radical step, the reaction is likely to 

occur also in other labelling reactions, thus also when fluorescent labels are attached to a 

cysteine-bearing protein by a methanethiosulfoxide group, yet it was never reported. The 

reasons could be that fluorescent labels are more often linked by other groups, like the 

maleimide group, and that the labelling is often carried out at lower concentrations than 

spin-labelling reactions. Also, there would be no clear signature of a dimer, unlike the 

biradical in EPR. Ultimately, any dimer product would be removed in the final labelling step 

when unreacted label is removed from the protein. 

The question that remains is if the side reaction can be suppressed or avoided in spin-

labelling reactions. The disulfide linkage of the dimer makes this unlikely as breaking the 

disulfide bond of the dimer by a reductant would also decouple already coupled spin label 

from the protein, so it would not be useful.  

In conclusion, we show that the unwanted biradical reaction that hampers spin-labelling 

reactions of proteins is an irreversible process, in which the unwanted product is formed in 

high yields. We propose a structure for this product that agrees with the mass obtained from 

mass spectrometry and the chemical properties observed in this study. So after four decades 

of mystery we have elucidated the reaction that causes the formation of the biradical 

product in spin-labelling reactions of proteins. We show that this biradical is a covalently 

bound dinitroxide, linked via a disulfide bond. 

 

 

 

Figure 5 Proposed reaction mechanism for MTSL and structure of the dimer product (right). Note: The additional 

oxygen-atom mass of the base peak (table 2) is attributed to an cysteine oxidation . 
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Supplementary information 

 

 

Figure SI.1. Formation of MTSL-P2 biradical monitored by EPR. EPR spectrum after incubation of MTSL-P2 in 

aqueous buffer. A) Spectrum, after nine hours. Purple : experimental spectrum, black : total simulation, orange 

: biradical component, green: mono radical component. B) Biradical component from A). C) Monoradical 

component. EPR spectra recorded as first derivative of absorption. The value of J used was selected solely to 

reproduce the spectrum between 350 and 354 mT. The simulation shows additional lines at 348 and 356 mT 

that are not experimentally measured, suggesting the J value used is not accurate. 

 

A

B

C



34 
 

 

 

  

 

 

 

 

Figure SI.2. EPR spectra of MTSL acquired at different time points. Black: experimental spectrum. Red: simulation. 
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Figure SI.3. EPR spectra of MTSL-P2 acquired at different time points. Black: experimental spectrum. Red: simulation. 
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Figure SI.4. Development of MTSL-P2 biradical component over time. Contribution of the mono- and biradical 

component over the 51 hours of incubation. Blue : monoradical contribution, red : biradical contribution, 

green : total intensity of the EPR spectrum (double integral value). For details about error estimation, see 

materials and methods. Given that the simulation of the MTSL-P2 biradical spectrum gives additional lines 

that are not experimentally observed, the contribution measured through simulation of the biradical for 

MTSL-P2 is overestimated, and the monomer contribution is underestimated as a consequence. 
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Figure SI.5. MS-ESI spectra of MTSL and MTSL-P2. A): MTSL after three hours incubation. B): MTSL after three hours 

incubation and reaction with TCEP. C): MTSL-P2 after three hours incubation. D): MTSL-P2 after three hours 

incubation and reaction with TCEP. 
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Chapter 3. 

Investigating α-Synuclein Aggregation In Situ Using Site-

Directed Spin Labeling and EPR 
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3.1 Introduction  

α-Synuclein (αS) is an intrinsically disordered protein with 140 aminoacid residues, which is 

of major interest due to its involvement in neurodegeneration, particularly in Parkinson’s 

disease (PD) [1-4]. Under pathological conditions, αS aggregates into β-sheet rich structures, 

called fibrils, whose presence is the histological hallmark in the brain of PD patients. 

The aggregation of αS is a complex process that involves the formation multiple 

intermediates, including oligomers, identified as the toxic species taking part in the 

neurodegeneration, before the mature fibrils are formed [3, 5, 6]. 

While fibrils are particularly stable structures, and have been extensively characterized by 

CryoEM and ssNMR [7-13], characterization of oligomers is challenging due to their transient 

nature and structural heterogeneity [14, 15]. Methods for oligomer characterization often 

involve chemical modification or dilution for single-molecule experiments [14, 16-21], which 

can stabilize only specific structures, and potentially distort the natural equilibrium of the 

aggregation process.  

A widely used method to monitor αS aggregation is the Thioflavin T (ThT) fluorescence assay, 

which allows to specifically detect β-sheet-rich fibrillary aggregates, but does not provide 

direct information on monomers or early stage intermediates like oligomers [5, 22-24]. A 

typical ThT fluorescence curve follows a sigmoidal trend: It begins with a lag phase, during 

which no fluorescence is detected and oligomers and intermediates are forming. The lag 

phase is followed by an exponential increase as the β-sheet fibrils start to assemble, and 

ending in a plateau where the system reaches equilibrium [5, 22]. However, since ThT 

fluorescence only tracks fibrils, it lacks the ability to resolve non-fibrillar species, making it 

unsuitable to monitor early aggregation events. 

Recently, Zurlo et al. [25], developed an approach to investigate αS aggregation in situ using 

site-directed-spin-labeling (SDSL) and continuous wave electron paramagnetic resonance 

(CW-EPR) (figure 1)[25]. The key advantage of this method is that it directly measures the 

mobility of the protein in solution, with different species giving distinct EPR spectral shapes. 

By measuring the aggregating solution directly, the EPR spectra contain information on all 

species present, from monomers to oligomers and fibrils. By simulating the EPR spectra with 

three components, each with a different rotational correlation time (τr), the contributions of 

the different species were disentangled and quantified, giving quantitative information on 

the amount of monomers, oligomers and fibrils in solution. The study identified an early 

oligomeric population in equilibrium with monomers, leading to a kinetic model in which 

oligomers could either serve as precursors to fibrils or dissociate back into monomers [25]. 

The oligomers identified had a relatively fast dissociation rate, making them impossible to 

detect with techniques that require separation of species or dilution, making in situ EPR a 

powerful method for the identification of such metastable, short lived species. 
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To ensure comparability between different aggregation assays, ThT fluorescence assays must 

be run in parallel with EPR measurements, allowing direct correlation between fibril 

formation and EPR spectral changes. Another challenge in applying this method is that the 

EPR spectral components from different species overlap, making it difficult to unambiguously 

distinguish the spectral contribution of oligomers from that of fibrils [26]. Also, a three-

component simulation may be overfitting the data that suffer from low resolution, especially 

when the intensities of the long-τr components are low, such as at the beginning of the 

aggregation. In this study, we simplify the analysis by employing a two-component model, 

where the τr of monomers is obtained from monomeric αS and the τr of aggregates is 

determined from fibril-enriched samples. This approach reduces potential fitting bias and 

improves reproducibility while still allowing the detection of early aggregates. Additionally, 

we introduce confidence intervals in quantifying component contributions, providing a more 

robust assessment of the species present in solution. 

Another challenge in in situ EPR analysis is label dissociation, which can complicate spectral 

interpretation [25, 26]. The most commonly used nitroxide spin label, MTSL, forms a disulfide 

bond with cysteine residues (figure 2) that is susceptible to reduction over time, resulting in 

a considerable amount of free label contributing to the spectral shape. To address this, we 

compare multiple spin labels with different chemical linkages, assessing their stability during 

aggregation (figure 2). 

To probe structural features of aggregates, we introduce spin labels at different positions in 

the αS sequence. By monitoring the time evolution of EPR spectral components for spin 

labels at position 9, 27 and 56, we show that in situ EPR can reveal how specific regions of 

αS integrate into aggregates, providing valuable insights into early-stage oligomerization. 
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3.2 Materials and Methods 

Protein Labeling, Preparation, Aggregation Conditions  

Protein expression and purification were as described in Zurlo et al [25]. The spin labels were 

all purchased by Toronto Research Chemicals. The spin labels used were: MTSL (S-(1-oxyl-

2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate), IAP (3-(2-

Iodoacetamido)-2,2,5,5- tetramethyl-1-pyrrolidinyloxy) and MAP (3-Maleimido,2,2,5,5-

tetramethyl-1-pyrrolidinyloxy). The labeling was performed as described in Zurlo et al. [25], 

with variation on the incubation conditions with the label: the incubation with the labels was 

performed overnight at 4 °C with gentle shaking. Although the protein stocks were purified 

and monomeric, this was not tested immediately before starting the aggregation 

experiment, and therefore a small population of multimeric species cannot be excluded. 

Description of experiment: a stock solution of spin-labeled α-synuclein was diluted into 1 mL 

 

Figure 1. Overall aggregation pathway and depiction of in situ EPR method. Spin labelled αS (red dots) is 

diamagnetically diluted with wt αS (blue dots). The aggregating sample, containing monomers, oligomers 

and fibrils is measured directly with CW EPR and ThT fluorescence. 

 

Monomers

Oligomers

Fibrils

CW EPR

Thioflavin T fluorescence
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of assay buffer (10 mM Tris–HCl, pH 7.4, 0.01% NaN3), to a final spin concentration of 10 µM. 

The solution also contained wild-type α-synuclein (wt-αS) for a total α-synuclein 

concentration of 100 µM. The solutions were prepared in 1.5 mL low bind Eppendorf tubes. 

After an initial EPR and fluorescence measurement was taken at the time the spin labeled 

protein was diluted, the samples were allowed to aggregate on a thermomixer (Eppendorf, 

Thermomixer comfort) with a speed of 1000 rpm at 37 °C. At each time point, 30 μL samples 

were drawn from the aggregation solution and used for EPR and Thioflavin T (ThT) 

fluorescence assay. Samples needed to be measured once extracted, as storage at room 

temperature might allow aggregation to proceed, and fibril denaturation has been proved at 

low temperatures [27]. This ultimately limits to one, maximum two, aggregating samples that 

can be run simultaneously.  

 

 

Figure 2. Structures and labeling reactions of the spin labels used in this work. A) MTSL (R1) B) MAP (R2) C) IAP 

(R3). 
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Diamagnetic Dilution  

To suppress changes in the EPR lineshape by spin–spin interactions, all samples were made 

with a mixture of 9:1 wild type αS: spin-labelled αS, as described in [25]. 

Thioflavin T fluorescence assay 

Thiofavin T (ThT) fuorescence measurements were made by diluting 10 μL of the aggregating 

solution in 1 mL assay buffer with 5 μM ThT. Measurement were carried out on a Varian Cary 

Eclipse Fluorescence Spectrophotometer (Varian, Palo Alto, US). Excitation wavelength was 

set to 440 nm and emission spectra were recorded between 460 and 600 nm. The 

fluorescence intensity at the 485 nm maximum was recorded. ThioT fluorescence 

measurement can be subject to fluctuations once the plateau phase is reached. To improve 

readability of the time traces shown in main text, some of the ThioT fluorescence time points 

were removed from the plots. This was only done once the curve reached the plateau phase, 

so the time points in the lag phase and exponential growth phase are not affected. 

EPR Measurement Conditions  

For the EPR measurements, glass micropipettes of a volume of 50 μL (Blaubrand Intramark, 

Wertheim, Germany) were filled with 20 μL of the sample for each measurement. The 9 GHz, 

continuous-wave EPR spectra were recorded using an EMX Plus spectrometer (Bruker, 

Rheinstetten, Germany). The measurements conditions were: room temperature, 

microwave power 2.0 mW, modulation amplitude 0.25 mT or 0.5 mT, modulation frequency 

100 kHz, time constant 20.48 ms. The high modulation amplitude (0.5 mT) was in some cases 

used to enhance broad, low intensity components. The time spent on each measurement 

was adapted according to the spectral lineshape, i.e., the aggregation time, and they could 

last from 20 minutes to 1 hour. The spin concentration was determined by comparing the 

double integral of the EPR spectra with the double integral of a reference sample in buffer 

(label concentration 100 μM). The spin concentrations were ≈ 10 μM for a total protein 

concentration of 100 μM.  

Preparation of fibril enriched sample 

To prepare a fibril enriched sample, 300 μL of the aggregating solution were centrifuged with 

an airfuge (Beckman Coultier, Brea, USA) at 65000 rpm for ten minutes. The surnatant was 

removed, and the pellet re-suspended in assay buffer. The procedure was repeated three 

times, after which most of the monomers and free label were removed from the solution. 

Finally, 20 μL of the re-suspended pellet were used for EPR measurement as described in 

“EPR measurement conditions”. 
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Simulations of EPR Spectra 

EPR spectra were baseline corrected using WinEPR software (Bruker, Reinstetten, Germany). 

MATLAB (version 9.4.0.813654, R2019a, The MathWorks, Inc., Natick, MA, USA) and the 

EasySpin package (5.3.5) were used for simulations of the EPR spectra [28]. The simulations 

were performed as described by Zurlo et al. [25]: the parameters of the simulation were 

manually adjusted to agree best with the experimental spectra. For all simulations, an 

isotropic rotation of the nitroxide (S=1/2) and a common set of g- and A-tensor principal 

values were used: g = [2.0090 2.0068 2.0030], A = [13 13 109] MHz. A superposition of three 

components was used, simulated with the “chili” function and differing based on rotational 

correlation time. The τr obtained at t=0 was kept constant for all other simulations as the 

correlation time for the fast (monomer) fractions. The τr for aggregates was derived from 

spectra acquired from fibril enriched samples. The error margins on the correlation time used 

for simulation of the slow component are determined by manually adjusting the τr, until the 

simulation was not a good fit for the experimental spectrum anymore. A very fast component 

was assigned to free label. The τr values of each of the fractions were kept constant for the 

entire series. For each time point, the relative contribution of the components was 

optimized.  In [25], a component was used to define medium sized aggregates. In this work, 

the approach presented in Zurlo [25] is simplified to include two components, eliminating 

the component with intermediate τr. In the early stages of the aggregation, the signal-to-

noise ratio of the broad component is low, and a wide range of τr can be used to simulate 

the spectrum, including the τr used for simulation of fibril enriched spectra. Error margins on 

τr and on the contribution of the EPR component to the spectrum were derived by manually 

adjusting the simulation parameters, until they would not reproduce the experimental 

spectrum anymore. The data presented in this work for aS56R1 were collected in our 

laboratory and previously published in [25], and were reanalyzed in the present study with 

the updated analysis method.   

3.3 Results 

The aggregation of α-Synuclein (αS) is probed by site-directed-spin-labeling (SDSL)-EPR and 

Thioflavin T (ThT) fluorescence, as described in Materials and methods. The protein was 

labelled with MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate) in position S9 (αS9R1), A27 (αS27R1) and A56 (αS56R1). Also two 

other labels, MAP (3-Maleimido,2,2,5,5-tetramethyl-1-pyrrolidinyloxy) and IAP (3-(2-

Iodoacetamido)-2,2,5,5- tetramethyl-1-pyrrolidinyloxy), were probed, in position 56. The 

two spin-label variants are referred to αS56R2 (IAP) and αS56R3 (MAP). All experiments are 

performed with a 9:1 mixture of αS wt and the spin labelled αS variant, respectively. To 
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illustrate the overall behavior of the spectra and the analysis, we first describe the results for 

αS56R1, next, the results of the different label positions and the different labels are 

described.  

Figure 3 shows the spectra acquired at different time points of the aggregation of αS56R1. 

The spectra are dominated by the classical three-line component observed for nitroxides in 

fast motion, where the three lines arise from the interaction of the unpaired electron spin 

with the nearby 14N nucleus. Over time, a spectral component with a broader linewidth 

appears, coming from species with larger rotational correlation times (τr), and the intensity 

of broad component relative to the narrow line component increases during the incubation.  

Spectral simulation was performed to determine the correlation time and the relative 

contribution of such components to the EPR lineshape. The spectra were simulated using 

two components, designated as “fast” and “slow”, which are shown in figure 4A. The fast 

component is attributed to monomeric αS, and its τr was obtained from the EPR spectrum 

acquired before the start of the aggregation. The slow component is assigned to aggregates, 

and its τr was determined from a fibril- enriched sample, prepared as described in Materials 

and methods (see SI for fibril spectra). All the spectra acquired for different mutants and 

labels were simulated with this two-component model. The rotational correlation times for 

the different spectral components in all samples are given in table 1, and the remaining 

parameters in Materials and methods. All experimental spectra and simulations are shown 

in the SI.  

By simulating the spectra acquired over the time of the incubation, the time developments 

of the contribution for the fast and slow components were extracted. Figure 4B shows the 

time development of the EPR components for αS56R1, alongside the ThT fluorescence 

intensity. In figure 4B, the contribution of the fast component decreases over time, while the 

slow component increases, reaching a plateau at later stages of aggregation. It can be 

noticed that the slow component is already present at early times of the incubation, in the 

first 15 hours, when the ThT assay is not detecting any fibrillary aggregates yet. A similar time 

evolution was observed for αS9R1 and αS27R1 as shown in figure 5.  



49 
 

A direct comparison of the development of the slow component over time of αS56R1, αS9R1 

and αS27R1 is given in figure 6A. During the early stages of aggregation (first ten hours), the 

slow- component contribution is higher for αS27R1, compared to αS56R1 and αS9R1. 

However, at later stages of aggregation, αS9R1 reaches a plateau after 75 hours, later than 

αS27R1 and αS56R1, for which the plateau is developed after 50 hours of incubation. The 

ThT fluorescence curves for all mutants (figure 6C), show no significant differences.  

Figure 6B and D show the comparison of the development of slow components and ThT 

curves for different labels (MTSL-R1, MAP-R2 and IAP-R3) for the A56C mutant. No significant 

differences are observed  between αS56R1 and αS56R2. In contrast, deviations occur in the 

case of αS56R3, where the exponential growth phase stops after 20 hours of incubation, to 

resume and reach a plateau after 75 hours of incubation. For αS56R3, ThT shows that the 

aggregation itself is delayed relative to R1 and R2. As all samples contain only 10% of the 

labelled protein, the delay for R3 is unlikely related to the spin-label structure and we 

attribute it to a random change in aggregation. 

 

Figure 3. EPR spectra obtained at different time points during the aggregation of aS56R1. In the inset, a 

zoom-in of the broad spectral component arising from aggregates. Spectra are normalized to double 

integral. 
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In all samples, an additional very fast (very short τr) component is present in the EPR 

spectrum. The τr is such that it can only be due to free label. In figure 7, the time development 

of the free-label component is given for the different labels used, and in the SI it is given also 

for αS9R1 and αS27R1. For αS56R1, the free-label component increases over time, 

suggesting detachment of the label from the protein. This effect is even more pronounced 

for αS56R3, where the free label component accounts for almost 60% of the spectral 

lineshape after 200 hours of aggregation. In contrast, for αS56R2, the free label component 

remains constant during the incubation, suggesting that free spin label was already present 

at the start of the incubation, rather than detaching over time. 

 

 

 

 

 

 

Figure 4. Overview of the aggregation process. EPR spectra, simulation components and time development of 

simulation components for αS56R1. The experimental spectrum simulated here is obtained after 18 hours of 

incubation. A) Simulation performed with fast and slow components. Inset: full spectrum. B) Time development of 

the fast and slow components shown in A). An additional component with the correlation time of free label in 

solution appears over time, and is added to the simulation. A): black: experimental spectrum. Red: total simulation. 

Green: fast (monomer) component. Blue: slow (aggregates) component. Yellow: free label component. The data 

presented in this figure were collected in our laboratory and previously published in [25]. 

 

A B
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Figure 5. Development of ThioT fluorescence and EPR simulation components over time, for αS9R1 mutant (A) 

and αS27R1 mutant (B). The solid lines are a guide to the eye. 

  

Table 1. Rotational correlation times used for simulation of fast, medium and slow components. The 

monomer correlation times are obtained from monomer spectra. The correlation times of fibrils are 

obtained from a fibril enriched sample. For details, see main text 

 
Monomer τr (ns) Fibril τr (ns) 

αS56R1 0.41 7.28 ± 1.34* 

αS56R3 0.31 7.04 ± 1.45 

αS56R2 0.38 6.6 ± 1.86 

αS27R1 0.40 6.35 ± 1.46 

αS9R1 0.37 7.94 ± 0.7 

*The rotational correlation time used in [25] for the slow fraction is 10 ns. 

A B 
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Figure 6. Comparison of the time development of slow component for different mutants (A) and labels (B). 

Comparison of ThioT fluorescence curves for different mutants (C) and different labels (D). 

  

A B

C D
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3.4 Discussion 

 

The method of monitoring αS aggregation in situ with EPR was first reported by Zurlo et al, 

with αS labelled in position 56 [25]. Here, we extended the investigation to probe the 

positions 9 and 27, and two additional types of spin labels. In addition, the data were 

analyzed with improved simulations, providing a more systematic investigation of the in situ 

αS aggregation by SDSL EPR. 

The aggregation is monitored by the CW EPR spectrum, which is sensitive to the τr of the 

nitroxide moiety. The local mobility of the bonds linking the nitroxide to the protein 

backbone, see figure 2, together with the flexibility of αS, are dominating the spectral line 

shape. In its monomeric form, αS has a spectrum characteristic of a relatively fast rotating 

nitroxide (see figure 3). If αS aggregates, the nitroxide rotation becomes hindered by the 

interaction of the label with other monomers, leading to a longer τr and spectral broadening. 

During aggregation, spin labels may come in close proximity within the aggregates, leading 

to spectral broadening due to spin-spin interactions, such as exchange coupling. To prevent 

this effect and ensure that spectral changes reflect differences in mobility rather than label-

label interactions, the labeled protein is diluted with wild-type αS (diamagnetic dilution), 

increasing the average nitroxide-nitroxide distance within the aggregates. 

Figure 1 shows that amyloid aggregation involves the formation of multiple aggregate 

species that differ in structure and size. In the course of incubation,  aggregates form and the 

spectra will be a superposition of the spectra of all these different aggregates present in 

solution. As the spectra of these aggregates are expected to differ, at least three different 

mobility components (figure 1), with distinct τr, corresponding to monomers, intermediates 

and fibrils are expected. For two of these components, τr values can be determined 

experimentally (monomers and fibrils, see results). In Zurlo et al. [25] three components 

were used, one for monomers, one for intermediates and one for fibrils. However, the τr for 

intermediate species cannot be directly extracted from experimental data, and, as shown in 

[26], the τr values of intermediates and fibrils overlap within uncertainty margins, making 

their spectral contributions interchangeable. 

Extensive analysis of the data and testing different simulation parameters revealed that the 

τr experimentally determined from fibrils can be used to simulate the spectral component 

observed at early time points, where its contribution is weak relative to the overall spectrum. 

Given the larger dataset obtained in the present study and the need to streamline the 

analysis while avoiding bias, we opted for this more robust model. By using the τr obtained 

from fibrils to represent all aggregated species, both intermediates and fibrillary aggregates 

contribute to the same EPR spectral component. However, only fibrils show ThT 
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fluorescence, so by monitoring the aggregation with ThT in parallel to the EPR experiments, 

the non-ThT active contribution of the oligomers is identified. 

 

Structural information from in situ EPR 

In principle, EPR can provide local structural information by revealing how specific regions of 

a protein are incorporated into an aggregate. Therefore, by labeling different positions (9, 

27 and 56) in the present study, variations in immobilization within the aggregates can be 

observed and offer insights into structural features of the aggregates.  

As for fibrils there is independent information on structure [7-13], we test the ability of the 

EPR approach to obtain such structural information. It is known [7-13], that in the fibril state 

position 56 is situated in the fibril core, while 9 and 27 are positioned on the outside of the 

fibrils, suggesting that the αS positions studied in the present work reflect these differences. 

For this reason, position 9 and 27 were expected to have a higher mobility in EPR, i.e. shorter 

τr, than position 56. However, the τr  of the slow (fibril) component is, within error margins, 

the same for the different mutants analyzed (see table 1 for correlation times, and SI for 

spectra). This suggests that EPR at 9 GHz does not have sufficient resolution to differentiate 

between the αS positions investigated here. 

What we observed, however, is that the time development of the slow component is 

different in the different mutants, suggesting that the time course of the development of the 

 

Figure 7. Free label contribution to the αS aggregation EPR spectra over time. Amount of free label in each 

spectrum is obtained by spectral simulation, see main text and materials and methods. Black: αS56R1. Red: 

αS56R2. Blue: αS56R3.  
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EPR spectral contributions can be used to obtain structural information. This requires that 

the aggregation-time course is not influenced by the label position. That is the case is proven 

by the ThT curves, where the aggregation process has the same time course, unaffected by 

the labels, proving that this condition is met (fig. 6C). Therefore, the observation that the 

slow component of αS9R1 reaches a plateau later than αS56R1 and αS27R1 suggests that 

position 9 does not take part in the initial fibrillization.  Position 9 in fibrils is reported to be 

in the highly mobile tail end, outside of the fibril core, in agreement with this observation. 

On the other hand, position 27, which is closer to the fibril core but still outside of it, does 

not exhibit the same behavior as position 9. Perhaps its position close to the fibril core plays 

a role, however, the ultimate reason is unknown so far.  

Next, we turn to the intermediates. As the fibril results suggest that time development of the 

EPR components can be used to obtain structural information, we apply it to the much more 

difficult to study intermediates of aggregation. In the time frame where oligomers occur, i.e. 

in the first 10-20 hours of the aggregation, αS27R1 is more immobilized than  αS9R1 and 

αS56R1. This suggests that the region of αS around 27 is incorporated into the oligomers 

first, only to be followed by the regions around positions 9 and 56. Expanding this initial set 

of positions to other regions of αS could be expected to give a first indication about the 

location of residues in the oligomers, a first step to obtaining oligomer structure information. 

 

Comparison of different labels 

To probe spin labels with different linking groups, position 56 was labelled also with IAP 

(aS56R2) and MAP (aS56R3).  Their respective linking groups have different chemical 

stabilities. While MTSL forms a disulfide bond that can be reduced, MAP and IAP form non-

reducible bonds with the cysteine of the protein. Therefore, they can be used in the presence 

of reducing agents, like TCEP, required for some biomolecules to function in vitro. In MAP 

the bond is a thioether bond, in IAP a thioamide group (figure 2). Our results show that MTSL 

progressively detaches from the protein during the incubation, which is somewhat 

unexpected, because no reducing agent is added to the solution. While MAP behaves as 

expected, as it does not detach, it is unclear why IAP would detach in the time course of the 

aggregation. These results suggest to use MAP in situations where long incubations at 

relatively high temperature (37˚ C) are needed. Due to its higher stability, MAP is also a better 

choice for studies in reducing environments, like in cell studies, or partner interaction assays 

[29].  
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3.5 Conclusions 

 

Overall, the data obtained so far highlight the strength of the in situ EPR approach in 

obtaining structural information on the intermediates of αS aggregation. This includes meta-

stable, short lived species that would otherwise be removed from the solution with different 

approaches that involve chemical modification or dilution [14, 16-21]. By systematically 

applying in situ EPR with different label positions and comparing them, it could be possible 

to obtain site specific structural information on oligomeric species. 

An additional possibility to gain more information is by allowing some exchange interaction 

to occur, if diamagnetic dilution is reduced. In this case exchange coupling becomes a major 

interaction in aggregates, and different degrees of diamagnetic dilution can be used to gain 

structural information as shown in [30, 31]. It is also possible that extending the method to 

higher EPR frequency, that provide better spectral resolution, would allow to observe τr 

differences between different label positions inside aggregates, and also to detect other 

mobility components that are hidden in the 9 GHz EPR nitroxide spectrum [32].  

We demonstrate that the in situ EPR approach is a promising tool for studying αS 

aggregation, and for investigating transient intermediates that are otherwise difficult to 

capture. Future work could extend this method to higher EPR frequencies and additional 

label positions in αS, enhancing the capability to obtain site-specific structural insights into 

oligomeric species. 
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Supplementary Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI.1. Zoom in on room temperature continuous wave EPR spectra of the different αS variants studied in 

this work. All spectra shown were acquired after six hours of aggregation. Black: experimental spectrum. Red: 

simulation. The arrows indicate the broad component, attributed to aggregates.  
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Figure SI.2. CW-EPR spectra obtained from fibril enriched samples. Black: experimental spectrum, red: 

simulation. For details, see main text. 
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Figure SI.3. Comparison of experimental spectra obtained from fibril enriched samples from different mutants 

(upper two spectra) and different labels (lower two). The spectra are normalized to the intensity of the broad 

component around 349 mT. Left: full spectra, right: zoom in for better visualization. 
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Figure SI.4 Free label contribution to the αS aggregation EPR spectra over time. Amount of free label in each 

spectrum is obtained by spectral simulation, see main text and materials and methods. Black: αS27R1. Red: 

αS56R1. Blue: αS56R3. Green:  αS56R2. Purple: αS9R1 
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Figure SI.5. CW-EPR spectra obtained for αS56R1. Black: experimental spectrum. Red: simulation. The spectra 

presented for αS56R1 are the same as published in [25]. The simulations are updated to the method described in 

main text. 
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Figure SI.6. CW-EPR spectra obtained for αS9R1. Black: experimental spectrum. Red: simulation.  
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Fig. SI 7. CW-EPR spectra obtained for αS9R1. Black: experimental spectrum. 

Red: simulation.  
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Figure SI.8. CW-EPR spectra obtained for αS56R2. Black: experimental spectrum. Red: simulation.  
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Figure SI.9. CW-EPR spectra obtained for αS56R3. Black: experimental spectrum. Red: simulation. 
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Chapter 4. 

High-Frequency EPR investigation of a Short-Lived Reaction 

Intermediate in Small Laccase (SLAC) 
 

A publication of the work described in this chapter is in preparation: L. Passerini, E.J.J. 

Groenen, M. Huber “High-frequency EPR investigation of a short-lived reaction intermediate 

in Small Laccase (SLAC)”, to be submitted. 
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4.1 Introduction 

 

Laccases, or Multi-Copper-Oxidases (MCOs), are a class of multi-domain copper enzymes, 

which catalyze the oxidation of a variety of substrates coupled to the reduction of molecular 

oxygen to water [1-6]. Those enzymes play essential roles in all types of organisms, from iron 

metabolism in humans to lignin degradation in bacteria [1, 2, 7]. Especially bacterial laccases 

are interesting in industrial applications, due to the broad range of substrates and pH and 

thermal stabilities [6, 8, 9]. The common feature in MCOs is the presence of at least one of 

three characteristic copper sites: type-1-Cu (T1Cu), type-2-Cu (T2Cu) and type-3-Cu (T3Cu), 

each with distinct spectroscopic characteristics. The T1Cu shows a strong absorption at 600 

nm in the UV-Vis spectrum, and a copper hyperfine splitting in the parallel direction of 100-

180 MHz in the 9 GHz EPR spectrum [10, 11]. The T2Cu does not absorb in the UV, and the 

EPR spectrum shows  a larger hyperfine splitting of 500-600 MHz in the parallel direction [3, 

10, 11]. The T3Cu consists of two antiferromagnetically coupled copper atoms, rendering it 

EPR silent, and shows a weak band in the UV-Vis spectrum at 330 nm [3, 10]. For laccases, 

the T2Cu and T3Cu are in close proximity, forming the trinuclear cluster (TNC), where oxygen 

reduction occurs. In 2004, an MCO was isolated, with different architecture than 

conventional MCOs [12, 13]. This enzyme is a homotrimer with a molecular weight of only 

38 kDa, and was named Small LACcase (SLAC) [14].  

In figure 1A, the structure of wt SLAC is given, with a focus on the active site [12]. The TNC is 

situated at the interface between monomers, shown in the figure with different colors.Each 

monomer contains one T1Cu, and each functional homotrimer contains three active sites.  

The reaction between MCOs and oxygen and has been extensively studied [15-20]. We refer 

to [20] for a comprehensive description of the reaction cycle.  

Extensive analysis was performed by EPR spectroscopy on the T1 depleted form (T1D) of 

SLAC (T1D-SLAC) [20-24]. T1 depletion facilitates the spectroscopic study of the reaction 

between the TNC and oxygen because it removes the contribution of the strong T1Cu signals 

from the EPR and UV-Vis spectra. The T1D-SLAC is active in O2 reduction, provided that 

reducing agents, such as ascorbic acid [21] or sodium dithionite [23], are added. 

In figure 1B the catalytic cycle of T1D-SLAC, with a focus on the TNC, is summarized. As-

synthesized, SLAC is in the resting oxidized state (RO). In the EPR spectrum only the T2Cu site 

is visible, as the T3Cu is EPR silent. In figure SI 1 and SI 5 the EPR spectra of the RO form are 

shown. Upon reduction, the copper atoms in the TNC are reduced, and all Cu-sites are EPR 

silent. This is known as the fully reduced state, FR. When the fully reduced protein is mixed 

with oxygen, the copper sites are reoxidized, and the tyrosine in position 108 is oxidized to 

form a tyrosyl radical. Here, we refer to this form as the reaction intermediate, RI. The RI 



77 
 

develops on a time scale of milliseconds, and fully decays to the RO state with a half-life of 

20 minutes.  

In 2009, the intermediate in the reaction between fully reduced T1D-SLAC and oxygen was 

identified as a copper-tyrosyl exchange-coupled biradical, forming a triplet state [21]. Later, 

aminoacid substitution studies confirmed the hypothesis of formation of the tyrosyl radical 

from the residue Y108, situated about 5 Å from the T2Cu [22]. Tyrosyl radicals appear in 

intermediate states of enzyme reactions for different systems, such as cytochrome oxidase 

and galactose oxidase [25-31].  

Exchange-coupled metal ion-aminoacid radicals were identified in proteins, where they 

enhance the electron-transfer efficiency in reactions [32]. Studies on synthetic complexes 

provided insight into metal-radical exchange-coupled systems, showing how the relative 

orientation and the chemical environment of the involved orbitals can have significant 

impact on the nature of the coupling [28, 33-35]. For SLAC, the RI-state 9 GHz EPR spectrum 

revealed that it is a coupled Cu(II)-Tyr-radical system, be it that the magnitude of the 

exchange coupling could not be determined [24, 36]. Here, we use 275 GHz EPR, which in 

combination with 9 GHz EPR, enables to determine the exchange coupling. This study 

contributes to understanding the catalytic cycle of MCOs and the electronic properties of 

enzyme reaction intermediates, while demonstrating a method for studying short lived 

reaction intermediates of enzymes by high frequency EPR.  
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.  

 

4.2 Materials and Methods 

Protein Expression and Purification 

Expression and purification of T1D SLAC was performed as previously described [14], with 

the only difference consisting in an additional size exclusion chromatography purification 

step after the anion exchange. The SEC was performed with a HiLoad 16/600, Superdex 

200pg column in the same buffer used for elution from the anion exchange step: NaPi 100 

mM, NaCl 100 mM, pH 6.8 (preparation buffer). Several batches of protein were prepared to 

 

Figure 1. Structure of SLAC (PDB code: 3CG8) and of its oxygen reducing active site (A) and schematic of the 

reaction cycle at the TNC (B). In A), the three monomers forming the homo-trimer are colored in cyan, grey 

and green. The active site coppers are coordinated at the interface between monomers. In B), the oxidized 

copper ions (Cu(II)) are shown in orange, the reduced ones in green. RO : Resting oxidized state, FR: Fully 

reduced state, RI: Reaction intermediate state. 

 

 

A 
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ensure reproducibility. Three individually prepared batches of protein were measured at 9 

GHz and 275 GHz, and more samples of each batch were prepared for 9 GHz EPR 

measurement (for details, and to see spectra acquired for different batches, see SI). 

Preparation for 9 GHz EPR samples 

Sample preparation for 9 GHz EPR was performed in inert atmosphere inside a glove box at 

slight nitrogen overpressure at room temperature. The preparation buffer was exchanged 

by the nitrogen-saturated measurement buffer (NaPi 100 mM pH 6.8, 20% v/v glycerol) using 

30 kDa cutoff amicon filters (Amicon Ultra Centrifugal Filter, 0.5 mL, 30 kDa cutoff, Millipore). 

The protein was incubated one hour in excess sodium dithionite (Na2S2O4 sodium 

hydrosulphite, Sigma Aldricht) to reduce the copper sites. Desalting steps using 30 kDa 

amicon filters were done to remove the sodium dithionite from the sample. At this point, the 

concentrated sample was mixed with a 1:2 volume ratio of oxygen saturated measurement 

buffer (NaPi 100 mM pH 6.8, 65% v/v glycerol), quickly transferred into a 4 mm external 

diameter quartz tube and frozen in liquid nitrogen, with reaction times around 40 seconds. 

The final buffer composition is NaPi 100 mM, pH 6.8, 50% v/v glycerol. The sample was stored 

in liquid nitrogen until further use. Final protein concentration was in a range between 800 

µM to 1 mM. 

Preparation for 275 GHz EPR samples 

The first step for 275 GHz EPR sample preparation is as described in the section “Preparation 

for 9 GHz EPR samples”. After mixing the reduced T1D SLAC with oxygen saturated buffer, 

the sample was frozen in liquid nitrogen inside the same Eppendorf tube in which the mixing 

took place. Less than 30 seconds had passed when the protein and the oxygen saturated 

buffer were mixed and frozen. The sample was stored in liquid nitrogen until further use. 

Final sample concentration was in a range between 3 to 5 mM. 

Sample transfer in the 275 GHz EPR tubes 

Sample preparation is more complicated due to the small dimension of the capillary used at 

this frequency. To fill the 150 µm internal diameter tubes used for 275 GHz EPR 

measurements, the procedure described by Panarelli [23, 36] was adapted. The procedure 

was performed in a polystyrene box under constant flow of cold nitrogen gas, achieved with 

a N2 temperature controller (variable temperature unit BVT3000, Bruker BioSpin GmbH), as 

described in Panarelli [23]. The temperature inside the box ranged between -40 and -15˚C, 

and was constantly monitored at different positions and heights by using three digital 

thermometers in combination with the N2 temperature controller. A 50% v/v glycerol 

solution has a toothpaste-like viscosity in the temperature range between -30 and -20˚C, and 
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thereby can be manipulated. The EPR tube was attached to a syringe, and the sample was 

sucked into the tube by applying under-pressure with the syringe. Once full, the capillary was 

transferred onto a precooled lab-designed metal block and the sample loaded in the 

precooled (temperature 200 K) 275 GHz EPR insert with the same procedure as described in 

[37]. For measurement of the resting state of T1D SLAC, the sample could be manipulated at 

room temperature, and the sample is drawn in the EPR tube by capillary action. 

Continuous wave 9 GHz  EPR measurement 

9 GHz EPR measurements were performed with an Elexsys E680 X-Band spectrometer from 

Bruker BioSpin GmbH, equipped with a He-Flow ESR900 cryostat from Oxford instruments. 

The 9 GHz spectrum was acquired at a temperature of 20 K, with the following parameters : 

modulation frequency 100 kHz, modulation amplitude 0.5 mT, time constant 327.68 ms, 

conversion time 81.92 ms, microwave power 20 µW, total measurement time: one hour. 

Continuous wave 275 GHz EPR measurements 

CW EPR measurements at 275 GHz were performed with a home-built spectrometer 

described in [38] equipped with a He-flow CF935 cryostat from Oxford instruments, and a 

laboratory-designed  probe head with a single-mode cavity specifically designed for 

continuous wave measurements [39]. Measurements were performed at a temperature of 

10 K, achieved with a continuous He flow. The measurement parameters for the resting-state 

spectrum are as follows : modulation frequency 1.7 kHz, modulation amplitude 2.4 mT, time 

constant 300 ms, microwave power: 0.51 µW. Parameters for RI state measurement: 

modulation frequency 1.7 KHz, modulation amplitude 4.7 mT, time constant 300 ms, 

microwave power 1.86 µW. The spectrum was acquired in the range between 8 and 11 T. 

Total measurement time: three to eight hours. 

Simulation of EPR spectra 

MATLAB (R2019a, The MathWorks, Inc., Natick, MA,USA) and the EasySpin package (5.2.35) 

were used for simulations of the EPR spectra. Spectra were simulated using the “pepper” 

function. The parameters used for simulations are listed in table 1. The error margins were 

generated by manually adjusting the simulation parameters until the simulation visibly 

differed from the experimental spectrum. The energy level diagrams were simulated with 

the “levelsplot” function in Easyspin. For a complete picture of the system, simulations were 

performed for different orientations of the external magnetic field relative to the Cu(II) g-

tensor frame. The orientations used were: “x” (θ=90˚, φ=0 ˚), “y” (θ=90˚, φ=90 ˚), “z” (θ=0˚, 

φ=0˚), and “xyz” (θ=54.74˚, φ=45˚) with θ and φ as polar angles. In Easyspin the sign of J in 

𝐻𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 =  𝐽𝑺1̂𝑺2̂  is defined such that negative J values correspond to ferromagnetic 
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coupling (triplet ground state), and positive J values to anti-ferromagnetic coupling (singlet 

ground state). 

 

4.3 Results 

Figure 2 shows the 275 GHz CW-EPR spectrum of the RI state of T1D SLAC, for 9 GHz EPR 

spectra, see SI. The spectra were obtained by mixing the fully reduced sample with oxygen-

saturated buffer (see Materials and methods). Unprocessed spectra, and details about 

processing, are given in the SI and fig. SI 7. The signal in fig. 2 is composed of two main lines, 

at 9.6 and 9.7 T. The linewidth of the signals (0.1 T) is such that eventual hyperfine and dipolar 

interactions remain unresolved. Additionally, broad featureless signals extend in the low 

field region, between 8.6 and 9.3 T, and could partly derive from background fluctuations, 

for details see SI. The spectrum is clearly not a superposition of a Cu(II) T2 spectrum and a 

tyrosyl radical spectrum, revealing that radical–pair interactions, such as exchange coupling 

J and dipolar interactions D play an important role. 

To simulate the spectrum, magnetic resonance parameters from 9 GHz EPR, also obtained in 

this study, are taken into account, resulting in g-tensor (gTyr and gCu), hyperfine tensor and 

dipolar tensor parameters given in table 1. 

The 275 GHz spectrum enables to determine the exchange interaction J. To that aim, a series 

of simulations is performed on the 275 GHz spectrum, see figure 3. Figure 3 shows that 

positive values of J above 10 GHz introduce intense lines in the high field region, between 

10.2 and 10.7 T, see figure 3 A, marked as (2) in figure 3 A and B, that were not seen 

experimentally, ruling out those values, while values of J between +8 and -16 GHz were ruled 

out based on the 9 GHz simulations (in figure SI 9 and figure SI 11 the effects of values of J 

between +8 and -16 GHz on the 9 GHz EPR spectrum are illustrated, and discussed in SI text 

in “Strategy of simulation of EPR spectra”). As shown in figure 3, only J values between -18 

and -19 GHz would provide a simulation that reproduces the experimental spectrum, while 

for magnitudes of J of -20 GHz or more negative values, there is clear disagreement with 

respect to the experimental spectrum, because the splitting between the two main signals is 

too large (compare figure 3 A and C). Therefore, J of the RI state is determined to be between 

-18 and -19 GHz. 

 

 

 

 



82 
 

Table 1. Spin Hamiltonian parameters used for the simulation of the SLAC intermediate spectra. The same 

parameters are used for both the 9 GHz and the 275 GHz simulation. α, β, γ Euler angles, define orientation of D 

relative to g and A tensor reference frame, using convention by Easyspin [40]. 

 

 

 
gx gy gz Ax (MHz) Ay (MHz) Az (MHz) 

Copper 2.042 2.052  2.26  30 40 626 

Tyrosyl 2.009 2.0043  2.002  
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Figure 2. 275 GHz EPR spectrum of the intermediate of T1D SLAC. Black: experimental spectrum, orange: 

simulation. Experimental spectrum after subtraction of resting state spectrum obtained from the same 

protein batch. *Residual of resting state spectrum. Shape of resonance at 9.83 T is explained in detail in 

SI. For details about the subtraction, see fig. SI 7. ** Manganese impurity that overlaps with a radical 

signal, artifact remains after subtraction. For details about subtraction for the raw, unprocessed 

spectrum, see SI. Measurement temperature: 10K. 
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4.4 Discussion  

 

The intermediate state of T1D-SLAC (RI state) had been discovered using EPR and UV-Vis 

spectroscopy in 2009 [21]. The RI state is relatively short lived and is formed when the fully 

reduced protein is allowed to react with oxygen. This state decays with a half-life of about 

20 minutes [21]. The 9 GHz EPR spectra were described as a biradical state, with one electron 

localized on the CuT2 site and the other on an amminoacid nearby, the Tyr 108 [21]. Here, 

we determine the EPR parameters of this short lived intermediate with very high field, 275 

GHz EPR. The investigation is challenging because to obtain the RI, the reaction is performed 

in an inert-gas atmosphere, the reaction mixture has to be quickly frozen and kept at low 

temperature to keep the transformation back to the resting state (RO) of the enzyme at 

minimum. As RO formation cannot be completely avoided, RI spectra contain a varying 

fraction of RO state, which is subtracted from the raw spectra (see SI). Similar to previous 

studies we find variability of resting state (RO) spectra, the origin of which was discussed 

before and attributed to the presence of two components, which are present in different 

amounts in different protein batches [20].  In reference [20], the spectra were simulated by 

two components, showing different degrees of rhombicity and distinct copper gz values for 

the two components.  

From the combination of 9 and 275 GHz EPR spectra an exchange coupling J of -19 GHz is 

obtained (see results and SI “Detailed description of the strategy of simulation of 9 and 275 

GHz EPR spectra”). With this value of J, now a consistent set of the remaining magnetic 

resonance parameters of the RI state can be determined. In the SI the steps taken are 

described in detail, see “Strategy of simulation of EPR spectra”. For a complete list of 

simulation parameters, see table 1. 

Figure 3. Effect of J on 275 GHz spectra of intermediate. A) Simulation of the 275 GHz spectrum for 

different values of J. Between 9.5 and 10 T the lineshape is sensitive to the value of J (lines marked 1) and 

additional transition, with smaller intensity, can occur between 8.5 and 10.5 T,  depending on the value 

of J (lines marked as 2). For a  positive value of J, between 10. 5 and 11 T, the transition (2) has much 

higher intensity for positive than for negative J. For negative values of J, the splitting of the main line 

increases with an increase of IJI. At J = -28 GHz, the simulation does not reproduce the experimental 

spectrum anymore. Values of J between 0 and -17 GHz are ruled out by the 9 GHz spectrum simulation, 

see fig. SI 9 and fig. SI 11. B) Energy levels plot for J = -19 GHz (left) and J = +19 GHz (right). Blue lines: 

energy levels, the color of the transition lines indicates their probability: red : high, light grey: low 

(partially allowed). C) and D) Experimental spectrum (black) after subtraction of the resting state is 

compared with simulation (orange) for C) J = -19 GHz and D) J = +19 GHz. Transition 2: intense lines for J 

= +19 GHz that are not observed. Those transition are less intense, and hidden in the linewidth, for J = -

19 GHz. Asterisks: residual of resting state spectrum. The spectrum shown in C) and D) is shown after 

subtraction of the resting state contribution, but the manganese and the radical impurity are not 

subtracted, and evident, at 9.8 T.  
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 The J-coupling observed here can be compared to J-values found for biradicals in biological 

protein systems and for covalently linked biradicals [25-30, 32-35]. The reported magnitudes 

of |J| range from 18 MHz [35] to 4800 GHz [34]. The largest J (4800 GHz) is found for a 

biradical with ten bonds between the radical centers. In enzymatic reactions in proteins, 

coupled biradicals often involve metal-ion-tyrosyl coupled biradicals [25-30, 33]. In other 

cases, thiyl- [32] and tryptophan [41] take the role of the tyr in the radical pair. In protein 

systems, measured |J| values range from 140 MHz [30] to 180 GHz [32]. In these systems 

the coupling can be ferromagnetic, like in the case of SLAC, or antiferromagnetic, like in the 

case of galactose oxidase [28, 33]. 

The J value of the RI in SLAC is in the high range for radical pairs in enzymes, which suggests 

a relatively strong overlap of the wavefunctions of the T2Cu and the Y108 in the RI state. This 

could stabilize the intermediate, so the RI could be a key part of the reduction of water to 

oxygen, and may confirm the role of Y108 in the stabilization of reactive oxygen species 

formed during the reaction.  

 

The role of the RI state in the reaction of wt SLAC 

Is the RI state relevant in the oxygen reduction reaction of wt-SLAC? In [22] the role of Y108 

in the wt protein was studied extensively. Substituting Y108 with phenylalanine or alanine 

did not affect the second-order rate constant (kcat/KM), indicating that oxygen binding to the 

active site is unaffected. However, the turnover number (kcat) decreased, suggesting 

impaired electron transfer to oxygen and a slower reaction than the wt-enzyme when Y108 

is knocked out [22]. In the same work, substitution of Y108 led to the disappearance of the 

spectroscopic signature of the biradical, demonstrating that Y108 is providing the second 

electron in the RI state, both in the wt and T1D SLAC variants, thus confirming an active 

contribution of the RI to the reaction mechanism. 

With the present study, the 275 GHz EPR spectrum of the RI state is reported. The exchange 

coupling provides insight into the electronic structure of the biradical and its realitively large 

value could indicate a role of Y108 in facilitating efficient electron transfer and stabilization 

of reactive intermediates in the catalytic mechanism of SLAC.  
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Supplementary Information 

9 GHz EPR properties of the RO and the RI state   

Figure SI 1 shows variability of RO spectra of different batches, the origin of which is 

attributed to the presence of different components, showing different rhombicity and 

different gz values, present in different amounts in different batches [20]. The spectral part 

in the g = 4 region (figure SI 3) does not contain an RO contribution but suffers from cavity 

background. 

The 9 GHz EPR spectrum of the RI state (Figure 2) consists of two signals: a more intense Δms 

= 1 transition (Figure SI 2, SI 4 and SI 12 B) and a weaker, partially allowed Δms = 2 transition 

(Figure SI 3 and SI 12 A). The Δms = 1 transition exhibits a complex multiline structure, arising 

from hyperfine and dipolar-coupling-derived splittings. The Δms = 2 transition, also known as 

the half-field transition, is split into four lines due to hyperfine coupling with the type 2-Cu(II) 

ion (T2Cu) in the active site, indicating a strongly coupled biradical or triplet (S = 1) state 

involving Tyr108 (Y108) [21, 22].   

The as-measured RI spectrum (Figure SI 2) contains a residual contribution from the resting 

oxidized (RO) state, which is subtracted as described in Figure SI 4. 

 

Preprocessing of 275 GHz RI spectra 

Subtraction of the resting oxidized (RO) state: 

It is known that the RI preparation contains some RO state, the amount of which depends on 

sample preparation details, i.e. mixing and freezing time, and can vary from sample to 

sample. Therefore, a certain amount of RO spectrum has to be subtracted from the raw RI 

spectrum. Since the resting state EPR spectrum of different T1D SLAC preparation batches 

can have different shapes [20], care is taken that for the subtraction, the 275 GHz RO 

spectrum is from the same batch as the RI preparation batch. There is evidence that the peak 

at 9.5 T in the RI spectrum (figure SI5) originates from the RO state: the resting-state 

spectrum has a pronounced peak at 9.5 T, see figure SI 5. Another indication is that in the RI 

spectra, the relative intensity of the peak at 9.5 T and with respect to the peak at 9.7 T varies 

for different RI spectra, see fig. SI 6, as expected if the signal at 9.5 T derives from the resting 

state. Also, the simulations performed, see fig. 3 main text, show that none of the simulations 

yield spectra with a signal at 9.5 T. Therefore, the amount of resting-state spectrum 

subtracted from the RI spectra is guided mostly by the amplitude of the 9.5 T peak and 

considering the overall lineshape, resulting in the spectra shown in figure SI 7. Figure SI 7A 

shows that the feature at 9.5 T does not exactly overlap in the RI the RO state spectrum. This 

explains the residual feature at 9.5 T in the processed RI spectrum (figure SI 7C). Also, the 
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overlap of the RO spectrum and the unprocessed RI spectrum makes the lineshape of the RI 

spectrum at 9.83 T less reliable than the feature at 9.7 T. 

Subtraction of two experimental spectra can add additional line distortions and artifacts to 

the spectrum. Yet in the present case such artifacts are not obvious and, therefore, no 

additional baseline correction is performed. To improve the lineshape in the higher field 

region, a narrow-line radical contribution and the residual six-line pattern of a Mn(II)-

impurity are subtracted.  

Detailed description of the strategy of simulation of 9 and 275 GHz EPR spectra 

As  described in [21], the Δms=2 transition of the 9 GHz EPR spectrum is characteristic of a 

strongly coupled biradical or triplet state. The splitting of this signal into four lines signifies 

that one of the two unpaired electrons resides on the T2Cu. The second electron was 

assigned to a tyrosyl radical (Y108)[21]. Thus, the spectra at 9 and 275 GHz were simulated 

based on two coupled unpaired electrons, one on the T2Cu, and the second on the tyrosyl 

Y108 radical. 

For the interpretation of the spectra, the effect of the magnetic parameters, Az, D and J on 

the spectra measured at different frequencies need to be considered. For example, while the 

copper hyperfine and the dipolar interactions are resolved in the 9 GHz spectra, they are 

masked by the linewidth at 275 GHz. The g-tensor parameters of the Cu(II) T2 are obtained 

from a combination of 9 and 275 GHz EPR, using characteristic values of T2Cu copper centers 

[24] and the ones obtained from simulation of RO spectra as starting points. The g-tensor 

parameters of the tyrosyl radical in the 275 GHz EPR are masked by the effects of the 

exchange interaction J in the RI state and therefore cannot be extracted from the 275 GHz 

spectrum of T1D SLAC RI. Therefore, literature values are used [42], and the relative 

orientation of the g-tensor and the D-tensor cannot be determined. 

In the g=2 region, the shape of the 9 GHz EPR spectrum is complicated by overlapping lines 

arising from a combination of hyperfine and dipolar interactions that have a similar 

magnitude, see table 1, main text.  

However, since the CuT2 hyperfine interaction A along the z direction, AzCu, causes the 

splitting of the Δms=2 transition (g=4) into four lines (see above), it can be measured with 

high precision. Ax and Ay components of the Cu-hyperfine tensor, with their smaller 

magnitude, have minimal influence on the overall spectral shape. 

The dipolar tensor D is estimated from the distance between Y108 and the T2Cu, from the 

crystal structure of the protein (PDB code: 3CG8), as described in [24], and here is manually 

adjusted to best fit the simulation to the experimental spectrum. 

To evaluate the magnitude of J, various simulation options were explored. Figures SI 8-11 

illustrate the effects of different values of J on the 9 GHz spectrum: for  values of J between 
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-16 and 10 GHz,  extra lines between 0 and 280 mT occur, fig. SI 9, which do not match the 

experimental data (see Fig. SI 9 and 10). These additional lines are labelled as transition (3) 

in figure SI 11. At values of IJI higher than 10 GHz, the g=2 region of the 9 GHz EPR spectrum 

does not change much, figure SI 8. In the low field region, see figure SI 9, negative values of 

J between -10 and -16 GHz result in spectra with transitions with an intensity comparable to 

the half-field Δms=2 signal, which were not observed experimentally, see figure SI 11 for 

experimental spectra. Thus, values of J comprised between +10 and -16 GHz are excluded. 

These results enter in the analysis of the 275 GHz spectrum, as described in the main text, 

from which J = -19 GHz results. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 1. Resting state 9 GHz EPR spectra obtained from the different batches of T1D SLAC. 

Differences in spectra were observed before and attributed to the existence of different 

components in different ratios, see main text. Measurement temperature: 40K. 

 

 

Figure SI 2. 9 GHz EPR RI state spectra as measured, obtained from the different batches of T1D SLAC in the 

g=2 region. The green spectrum was obtained and published by our group in 2009, and was obtained as 

described in [21]. Measurement temperature batch 1 to 3: 20K. Tepper et al., 2009 : 40K. 
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Figure SI 3. Intermediate state 9 GHz EPR spectra obtained from the different batches of T1D SLAC in the 

Δms=2  region. From batch 1 and 3 no cavity background was subtracted. For simulation the spectrum from 

Tepper et al., was used for its more reliable lineshape. The Δms=2 spectrum shown in the main text and used 

for simulation (blue) was published by our group in 2009, and was obtained as described in Tepper et al. [21]. 

The spectrum from batch 2 (not shown) was obtained on a different spectrometer, and background 

fluctuations do not allow to interpret this part of the spectrum of batch 2. Measurement temperature batch 

1 to 3: 20K. Tepper et al., 2009: 40K. 
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Figure SI 4. Contribution of the 9 GHz RO EPR spectrum on the RI state EPR spectrum of the same batch of 

SLAC. The spectra were normalized to the low field line of the Azz feature of the Cu-hyperfine interaction of 

the resting state spectrum, marked by the asterisk. The RI state spectrum shown in the main text figure 2 

results from the subtraction of the resting state spectrum (green) from the intermediate state spectrum 

(black), after the normalization shown in the figure. 
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Figure SI 5. Resting state 275 GHz EPR spectra obtained from different batches of T1D SLAC. The spectra show 

an intense peak in the gxy region (9.6 T). Lines in the gz region between 8.5 and 9.3 T are broadened and mixed 

with background fluctuations. In all spectra a six-line manganese (Mn(II)) impurity is present, which overlaps 

with a signal from another radical contamination, marked by an asterisk. Measurement temperature: 10K. 
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Figure SI 6. Intermediate state 275 GHz EPR spectra from the different batches of T1D SLAC. Shown are raw 

spectra without background correction and without resting-state subtraction. Marked by *: resting state 

feature. Marked by **: a six-line Mn(II) impurity, overlapping with a narrow single line radical impurity. The 

signal at 9.88 T is the least perturbed part the RI spectrum. Spectrum after resting-state subtraction: see figure 

3 main text. Protein concentration: 3 to 5 mM. See figure SI 14 for processing steps. Measurement 

temperature: 10K. 
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Figure SI 7 Processing of the 275 GHz EPR intermediate spectrum. A) RO spectrum (green), unprocessed RI spectrum 

(black). B) RO spectrum (orange), RI spectrum (green), result of subtraction (Black). C) Pure intermediate spectrum, 

resulting from subtraction. D) Pure RI spectrum (black) and simulation (orange). The RI and RO spectra shown are 

from the same batch. Spectra are normalized to the intensity of the line at B = 9.5 T of the RO state spectrum, and 

the manganese-impurity signal is used for field calibration of different measurements. * correspond to the residual 

RO spectrum in the RI spectrum. ** corresponds to the radical and manganese impurities. Artefacts after 

subtraction are visible in the pure RI spectrum, e.g. narrowing of the higher field line in correspondence to **. 
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Figure SI 8. Simulated 9 GHz EPR spectra for different exchange interaction (J) values. Spectral shape in the 

g=2 region. For other simulation parameters see table 1 in the main text. 

 

 

Figure SI 9. Simulated 9 GHz EPR spectra for different exchange interaction (J) values for the low field region of the 

spectra. Values of J comprised between +8 GHz and -17 GHz imply the presence of additional lines that are not 

observed experimentally, and are thereby ruled out. For others simulation parameters see table 1 in the main text. 
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Figure SI 10. Experimental and simulated 9 GHz EPR spectra in the g = 4 region for J = -18 GHz and J = -19 GHz. 

Experimental spectrum: details, see main text. 
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Figure SI 11. Effect of J on 9 GHz EPR spectra of the RI state. A) Experimental and simulated 9 GHz EPR spectra 

for different J coupling values, and B) corresponding energy levels. The amplitude of the low field (0 – 250 mT), 

Δms = 2 transition, region has been magnified by a factor of 300 for the simulation, and by a factor of 100 for 

the experimental spectrum. The transitions are numbered in the spectra and in the energy-levels plots : (1) 

transition giving the g=2 spectrum. (2) Δms = 2 transition, giving the g=4 spectrum. (3) Additional transitions 

that occur depending on the magnitude of |J|. Transition (3) overlaps with transition (2) for J = -14 GHz, and 

overlaps with transition (1) at J = -19 GHz. Simulation shows that lines marked (3) would appear in the spectrum 

for J = -8 GHz and J = -16 GHz. Such lines are not observed experimentally, and therefore, those values of J are 

ruled out (see also fig. SI 11). Blue lines: energy levels, color of the vertical transition lines shows transition 

probability: red : high, light grey: low (partially allowed).  
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Figure SI 12. 9 GHz EPR spectrum of the reaction intermediate of T1D SLAC. A) Zoom in on the g=4 region, showing 

the Δms = 2 transition. Black : experimental spectrum, orange: simulation. A) was obtained in our lab and published 

in Tepper et al., 2009. B). Spectrum in the g=2 region. Black: experimental spectrum, orange: simulation. Simulation 

parameters: see table 1, main text. Experimental spectrum B) is presented after subtraction of the resting state 

spectrum obtained from the same protein batch. For details about the processing, see fig. SI 4. Measurement 

temperature: 20K. Tepper et al., 2009 : 40K. 
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Chapter 5. 

Pulsed Electron Paramagnetic Resonance on Cu(II)-Cage 

Compounds With Respectively Six or Eight Copper Ions 

 
A publication of the work described in this chapter is in preparation: L. Passerini, E.O. 

Bobylev, F.J. de Zwart, H. Hintz, A. Godt, B. de Bruin, J.N.H. Reek and M. 

Huber ”Pulsed electron paramagnetic resonance on Cu(II) cage compounds with six, 

respectively eigth copper ions”, to be submitted. 
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5.1 Introduction 

Complexes in which more than two units interact at nano-meter distances to generate 

function are important in many areas from biology to chemistry. Examples are multimeric 

protein (sub-) units in biochemistry [1-4] or multiple (transition) metal-ion centers in 

molecular catalysts [1, 5, 6]. For the latter, there has recently been a surge of interest in 

radical-based supramolecular systems, owing to their diverse properties and promising 

applications [8]. The presence of multiple spins within a confined spatial arrangement and 

a defined geometric structure in such systems gives rise to adjustable spin-spin interactions 

[10-12]. Moreover, encapsulation of paramagnetic guest molecules creates promising 

candidates for sensor materials [8, 10-12]. The integration of radicals and metal ions into 

supramolecular architectures also gives them redox properties for potential catalytic 

applications [6-8]. In the past, the analysis of radical-based supramolecular systems 

predominantly relied on continuous wave electron paramagnetic resonance (EPR) 

techniques [10-12]. Pulsed EPR adds the possibility of obtaining structural information, and 

in particular, pulsed dipolar EPR spectroscopy that provides nano-meter distance 

constraints is promising. Methods, such as double electron-electron resonance (DEER or 

PELDOR) have proven their value in many areas of chemistry and biology [13-17]. While the 

theory and practice of the investigation of two-spin systems, i.e. the interaction between 

pairs of spins, is established, as reviewed in [18, 19], cases where more than two spins 

interact within a nano-object still present challenges.  

If more than two spins interact in the DEER sensitive distance range, the modulation depth 

becomes larger than in two-spin systems. For a two-spin system, the modulation depth is 

given by the inversion efficiency 𝜆, whereas for multispin systems the modulation depth ∆ 

is given by equation: 

∆𝑁= 1 − (1 −  𝜆) 𝑁−1                (1)                                                                     

where N is the number of interacting spins [20]. This increase in modulation depth was used 

as a method for counting monomers in nanoobjects, first by Tsvetkov et al. [21, 22], in 

oligomers of biological systems [20, 23-25]. Additionally, ghost peaks in the distance 

distributions can occur. These peaks do not represent actual distances, but derive from  

sum- and difference-frequencies of the dipolar frequencies measured by DEER [26]. Such 

ghost peaks can obscure the pair-wise distances and thereby interfere with using DEER 

distances for structural information. Approaches proposed to identify and suppress ghost 

peaks are proposed in literature [26-29]. Among those, adjustment of inversion efficiency is 

the most common method that can be used during data acquisition, by reducing the power 

of the pump-pulse. Also, see von Hagens et al. [26], power scaling in processing the data is 

possible. This method is commonly known as “ghost suppression”, as it suppresses  the 

ghost distances [26]. On systems containing up to eight nitroxides Valera et al. [28] showed 
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that while power scaling or reduction of the inversion efficiency alone are not enough, a 

combination of the two still allows for reliable extraction of spin-pair distances, even though 

the expected relative intensities of the distance peaks were not recovered [28]. Considering 

metal ions, there is only one study, by Edwards et al. [30], where DEER experiments were 

performed on a labelled proteorhodopsin hexamer, comparing nitroxide and Gd(III) based 

spin labels. Multispin effects in the Gd(III) labelled samples were strongly reduced with 

respect to nitroxides, an effect that was attributed to the naturally low inversion efficiency 

for Gd(III) [30]. 

Here we investigate multi-spin interactions in the copper(II) cages Pd12Cu6 

(Pd12Cu6LDMAP
24)(Cu6) and Pd12Cu8 (Pd12Cu8LPro

24) (Cu8) (fig.1), with respectively six and 

eight copper(II) ions. The synthesis, structural characterization and catalytic interest in these 

systems were described in [7]. The regular geometric structure of the copper cages and the 

presence of a relatively large number of Cu(II) ions in a defined arrangement make them 

particularly attractive, in particular, since multispin effects systems with large magnetic 

anisotropy are limited so far (see above) [26, 27]. Therefore, the copper cages Cu6 and Cu8 

present an ideal system to test multi-spin effects in Cu(II) systems. It has to be noted that 

the Cu(II)-derivatives of the cage molecules investigated here are not as stable as the term 

“model compounds” may imply. Prolonged handling at room temperature causes decay, 

and the Cu(II) centers have a tendency to reduce to Cu(I) making them EPR inactive [7]. 

In the present study, the application of 9 GHz DEER on the multi-copper cages shown in 

figure 1 is described, revealing multispin interactions, i.e. the interaction of more than two 

spins. The distances confirm that for Cu6 the structure shown in figure 1B applies. For Cu8, 

the model shown in fig.1A is consistent with the DEER data. 
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Figure 1. Structures of the Cu(II) cages studied in this work (left), and sketch of the spatial arrangement of the 

coordinated copper ions (right). A) Cu6. The copper ions are located in the six square windows of the 

nanosphere, forming an octahedron, giving a total of 2 different distances, highlighted in red. B) Cu8. The copper 

ions are located in the triangular windows of the nanosphere, forming a cube, giving a total of three different 

distances. Magenta spheres: copper ions, yellow spheres: palladium ions, green: functional groups coordinating 

the copper ion, red lines: highlight of the different copper distances inside the cages. For details, see [7]. 

A

B
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5.2 Materials and Methods 

 

EPR spectroscopy 

 

Pulsed EPR measurements were performed at 9 GHz on an Elexsys E680 spectrometer 

(Bruker) using a 3 mm ER 4118 X-MD-3-W1 split-ring resonator. The cryogenic temperature 

of 20K was obtained with helium gas in a CF935 (Oxford Instruments) cryostat with an 

ITC502 temperature controller (Oxford Instruments). Samples were prepared in 3 mm 

outer-diameter quartz tubes, frozen and stored in liquid nitrogen before insertion into the 

precooled helium gas-flow cryostat. 

The four-pulse DEER [4, 5] sequence (π/2)1-τ1- (π)1−(τ1 + t)-(π)2−(τ2-t)-(π)1−τ2-[echo] was 

employed, where subscripts 1 and 2 indicate events occurring at the observer and pump 

frequency, respectively. The pump and observer frequencies were separated by 75 MHz. 

The power of the pump pulse was adjusted to invert the echo maximally. The lengths of the 

pulses at the observer frequency were 16 and 32 ns for the π /2 and π pulses, respectively. 

The length of the pump pulse was 16 ns. In the measurements, the τ time was incremented 

with 8 ns steps starting at τ = 140 ns to suppress nuclear modulation. The slices were added 

to obtain hyperfine-modulation-free time traces and phase corrected. Regular traces were 

measured with a total evolution time of 2152 ns. For modulation- depth comparison, a 

separate experiment with shorter evolution time and a back-to-back measurement of Cu6, 

Cu8 and Cu2 was performed. 

The DEER data were analyzed using the DeerAnalysis2019 and DeerAnalysis2023 programs 

[31], which are available from http://www.epr.ethz.ch/ software/index. DeerAnalysis2019 

version was used for Tikhonov regularization and gaussian fitting, while DeerAnalysis2023 

ws used for DEERNet analysis. Contribution of a known instrumentation artifact at 1940 ns 

could not be completely eliminated from the real part, therefore all traces were truncated 

to 1932 ns. Zero time of the traces was 88 ns. After background correction of the data using 

a three-dimensional background, the distance distribution was determined by Tikhonov 

regularization, with a regularization parameter of 125. Validation was performed using the 

validation tool in DeerAnalysis. For Cu6 the white-noise contribution was varied between 

0.02 and 1.5 with 10 steps, and the background start from 372 ns to 1000 ns with 20 steps. 

For Cu8 the white-noise contribution was varied between 0.03 and 1.5 with 10 steps, and 

the background start from 372 ns to 1000 ns with 20 steps. The shaded areas in the distance 

distribution plots show, for a given distance, the lower and upper error bounds (two times 

the standard deviation) calculated over all the validation steps. 
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Sample preparation 

 

Cu6 and Cu8 were synthesized as described in [7]. Cu2 was synthesized as described in [9]. 

Samples: Cu6 and Cu8: solvent: 3 : 1 butylnitrile : acetonitrile, copper concentration 0.63 

mM (Cu6) and 0.83 mM (Cu8). Cu2 solvent: 50% v/v glycerol : water solution, concentration 

0.6 mM 

5.3 Results  

 

In this study DEER data were acquired by 9 GHz EPR spectroscopy on the Cu8 and Cu6 cages. 

A two-copper complex (Cu2), structure see figure SI2, was used as reference [9]. In the 

following, we present the outcome of the characterization.  

The DEER traces obtained for Cu8 and Cu6 are shown in figure 2A. The length of the traces 

is 2 µs, a length that is similar to the DEER evolution time obtained in similar experiments 

on Cu(II)-pairs in the literature [32-34]. The traces of Cu8 and Cu6 are clearly different from 

one another. Both show an initial fast decay, which suggests the presence of short distances. 

In Cu6, there is a clear modulation maximum around 450 ns, while for Cu8 there are no clear 

oscillations. The difference between the two traces is even more evident in figure 2B, where 

the traces are shown after background subtraction. 

In figure 2C and 2D the distance distributions are shown. They are obtained considering only 

spin-pair contributions. For Cu6 (figure 2C) two distinct distance peaks are observed, one is 

centered around 1.8 nm , and a second peak with approximately the same intensity is 

centered around 2.6 nm (see Table 1). A peak with a small population around 3.6 nm is seen, 

but validation shows that this peak is not reliable. The sample Cu8 (figure 2D) also shows 

two distance peaks, at roughly similar distances, yet the peak centered at 1.8  nm is broader, 

respectively, and a shoulder around 2 nm can be discerned, also the intensity is larger than 

the one of the peak around 2.8 nm.  A peak with a small population around 3.8 nm is seen, 

but validation shows that this peak is not reliable. All relevant distances are given in table 1. 

The distance peaks obtained for Cu6 are narrower than the ones obtained for Cu8. In general, 

the width of the distance peaks is maximally 0.2 nm full width at half maximum (FWHM), in 

line with spin pairs in other rigid copper systems reported in the literature [9]. 

Since modulation depth strongly depends on experimental conditions, Cu2 [9] was  used as 

a reference compound. It contains two Cu(II) ions at a distance of 3.3 nm. The DEER 

properties of this reference sample agree with those measured before [9]. In figure 3, the 

DEER trace of Cu2 (green trace) is shown alongside the DEER traces of Cu6 and Cu8. The 

modulation depth is 23 % for Cu6, 22 % for Cu8, and 13 % for Cu2. Higher modulation depth 

is associated with multispin effects, revealing that the Cu6 and Cu8 DEER traces show 
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interactions between more than two Cu(II) ions. Quantitatively, equation 1 gives the relation 

between the number of interacting electron spins N and the modulation depth. For the 

cages, this relation shows interaction of approximately three spins, a number we will discuss 

in detail below.  

Interaction of multiple spins with distances in the DEER sensitive range not only affects the 

modulation depth, but can also give rise to sum- and difference-frequencies that can 

manifest themselves as extra peaks in the distance distribution, so called ghost peaks.  In 

figure 4, the effects of the application of the ghost suppression tool in DeerAnalysis, see 

Materials and methods, on the distance distributions are shown for three interacting spins. 

Similar effects are seen for higher numbers of spins, see figure SI5 and SI6 in the SI. The 

changes in the distance distribution upon ghost suppression (figure 4) are small, and none 

of the peaks are completely suppressed, showing that they are not ghost peaks. For Cu6, 

the longer distance peak (around 3.8 nm) shows the largest difference, but this distance was 

already considered non reliable after validation. For Cu8, small differences are also observed 

for the small feature between 3.5 and 4 nm. In the latter case, it appears that the peak shifts 

to a different distance, suggesting even more care when interpreting this distance.  

 

Expected distances for the Cu cages 

From quantum-mechanical calculations, model structures for Cu6 and Cu8 were obtained 

[7]. For Cu6 and Cu8, two possible structures were found, which differ in the location of the 

Cu ions and thereby the Cu-Cu distances. In figure SI1, both models are shown. As described 

in detail in Bobylev et al. [7], for Cu6 model 1, the Cu ions are located in the six square 

windows of the nanosphere, creating a shape close to an octahedron, see figure 1A, whereas 

in model 2, four copper ions are located below a palladium center and two in the square 

windows of the nanosphere (see SI for comparison of models 1 and 2 for Cu6 and Cu8 

respectively). For Cu8,  model 1, with the Cu-ions in the  triangular windows, the copper ions 

are located at the corners of a cube, see figure 1B and SI1,  while in model 2, six copper-ions 

are in the square windows and two in the triangular windows, forming a distorted cube (see 

figure SI1). For Cu6 and Cu8, the models predict different Cu-Cu distances, see table 1, 

suggesting that the DEER distances could help in deciding between models.  

For Cu6, the distances found by DEER agree slightly better with model 1, in agreement with 

conclusions drawn from other experimental evidence in Bobylev et al. [7]. For Cu8, the 

distances that are predicted for the two models overlap within their uncertainty margins, 

largely because in model 2 the deviation from a ideal cube is quite large. The DEER distances 

fall within the range of both models. Model 1 predicts two distances (2.0 and 2.8 nm) that 

are close to the experimental ones and a long distance (3.4 nm) that is not observed. The 

latter distance may be difficult to observe in the DEER experiments, see discussion. In 
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contrast to the situation in Cu6, the experimental distances do not enable to distinguish 

between the models, see discussion.  

In principle, each pair of Cu ions within the distance range of the DEER experiment is 

expected to contribute to the distance distributions. Considering the geometric structure of 

the cages according to model 1 (figure 1), each Cu(II) ion has multiple neighbors with a  

distance within the DEER range. The expected intensity ratios of the distance peaks are given 

in table 1. For Cu6, model 1, each Cu(II) ion has four neighbors at a distance of 1.9 nm, and 

one at a distance of 2.7 nm, so the expected intensity ratio of the two distance peaks would 

be 4:1. For Cu8, model 1, each Cu(II) ion is expected to have three neighbors at 2 nm, three 

at 2.8 nm and one at 3.4 nm, so the expected ratio of the distance peaks is 3:3:1. The same 

holds for model 2, as long as it can be considered an almost ideal geometrical body. 
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Figure 2. Results of DEER experiments of the Cu6 and Cu8 cages. A) Raw DEER traces. Gray: Cu6, black: Cu8. Orange: 

background. B) Background subtracted DEER traces with fits (orange). Gray: Cu6 trace, black: Cu8. C) Distance 

distribution obtained for Cu6 (red). D) Distance distribution obtained for Cu8 (red). Maximum echo intensity (A,B) is 

normalized to unity, Cu8 traces have been downshifted for better visibility. Shaded area in C) and D): standard 

deviation of each point in the distance distribution, by validation DEERAnalysis. Inset: field-swept-echo EPR spectrum 

of Cu6. Arrows: position of pump (red) and observer (black) frequency. V(t) : primary measured data, normalized to 

maximum intensity. F(t) : form factor obtained after background subtraction. For details and experimental 

parameters, see text. 
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Figure 3. Comparison of the modulation depth of Cu6 and Cu8 with that of Cu2. DEER traces (background 

subtracted) obtained for Cu6, Cu8 and Cu2, containing two Cu(II) ions at a distance of 3.3 nm. Green trace: 

Cu2, orange: Cu6, black: Cu8. Modulation depth of Cu2 λ = 13%.  In all traces maximum DEER-trace intensity 

is normalized to unity. For better S/N ratio, traces of Cu6 and Cu8 have shorter evolution time than in Fig. 2. 

For details and experimental parameters, see text.  

 

 

 

Figure 4. Effect of ghost suppression on distance distribution for three (N = 3) spins, compared with distance 

distribution for two (N = 2) spins. A) Effect of ghost suppression on Cu6. B) Cu8. Orange: distance distribution 

obtained without ghost suppression N = 2, black: distance distribution obtained with ghost suppression for 

N=3 spins. The areas below the P(r) curves were normalized to unity. 
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5.4 Discussion 

 

Distance determination in multi-spin systems is an important extension to standard pair-

distance determination by DEER. Up to now, such interactions were mostly investigated for 

nitroxide, trityl and Gd(III) systems [28, 30, 35-38]. The Cu(II)-cages, Cu6 and Cu8, 

investigated here, represent an interesting model case that enables to extend multi-spin 

interactions to systems with a larger anisotropy. Two Cu-cages were investigated, 

comprising six (Cu6) and eight (Cu8) Cu(II) ions, respectively, in cage-like arrangements (see 

Cu6 

distances 

from 

DEER 

Cu6 M1 Cu6  

M2 

expected 

intensity 

ratio Cu6 

Cu6 

Δ % 

Cu8 

distances 

from DEER 

Cu8  

M1 

Cu8  

M2 

expected 

intensity 

ratio Cu8 

Cu8 

Δ % 

<r> (nm) r (nm) r (nm) 

 

23 ± 

2 

<r> (nm) r 

(nm) 

r (nm) 

 

22 ± 2 

1.8 

 

1.8 ± 0.3 1.7 ± 

0.3 

4 1.8  

 

2.0 ± 

0.1 

2.2 ± 

0.6 

3 

2.6 

 

2.6 ± 0.3 2.7 ± 

0.2 

1 2.6 

 

2.8 ± 

0.1 

3.1 ± 

0.6 

3 

  

  

  

3.5 ± 

0.14 

3.8 ± 

0.2 

1 

Table 1. DEER distances, modulation depth and model-derived distances for Cu6 and Cu8. <r>: center 

of peak.  Δ: measured modulation depth of the background-subtracted DEER traces. The expected 

intensity ratio is valid for both model 1 (M1) and model 2 (M2). DEER results are processed by Tikhonov 

regularization. Uncertainty for distances in model are derived from variations in Cu-Cu distances of 

quasi-identical Cu-pairs. Modulation depth of Cu2 λ = 13 ±1%. 
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figure 1). The structure of the cages was determined by a variety of techniques, as described 

in [7], where also their synthesis and  properties are described. Here we describe the 

detailed investigation of these copper cages by DEER spectroscopy, to determine the 

distances between the Cu(II) ions and the impact of multispin interaction. 

For both Cu6 and Cu8, two models were proposed that differ in the location of the copper 

ions within the cage. For Cu6 the measured distances are in slightly better agreement with 

those predicted from model 1, see table 1. That assignment agrees with other experimental 

results and firmly places the copper ions in the square windows of the Pd-ions, as shown in 

figure 1B. Whereas the distances observed in the DEER experiment agree well with those 

expected (table 1), the intensity of the DEER distance peaks deviate: The relative intensities 

of the distance peaks is 1:1, while 4:1 is expected (see table 1). Possible reasons for the too 

low intensity of the shorter distance peak (1.8 nm), amongst which orientation selection, 

are discussed in the SI. For Cu8, the predicted structure for model 2 deviates strongly from 

a cube, leading to larger deviations between Cu-Cu distances that would be identical in the 

cube. As a result, the model distances do not allow to discriminate between model 1 and 

model 2 for Cu8. Also, the overall lower signal-to-noise ratio of the Cu8-DEER traces, 

compared to Cu6, contributes to the difficulty. One causal factor is the shorter T2 relaxation 

time of Cu8 compared to Cu6 (see SI). Comparison to model 1 (table 1) shows that the two 

shorter distances are not too far from the expectation from model 1, a third, longer distance, 

is missing (table 1). Even though the distance at 3.4 nm represents a single Cu-Cu pair and 

therefore could have a lower contribution to the distance distribution, at the expected ratio 

of 3:3:1 (table 1) it should still be seen. An explanation for the absence of the long distance 

peak for Cu8 (3.4 nm in model 1) could be the uncertainty in the background correction in 

combination with the relatively short evolution time. In view of the deviations of model, is 

model 2 perhaps a better model? As model 2 does not account for the dominant distance 

of 1.7 nm measured (table 1), this does not seem to be the case. This leads to a preference 

for model 1, however with much less confidence than for Cu6, especially since also other 

experimental results [7] could not discriminate between the two models for Cu8. Possible 

scenarios for Cu8 could be that the copper ligands, e.g. the pyrrolidine ligands [7], have 

different orientations, leading to a spread in copper positions and thereby broader distance 

distributions, or a coexistence of the two Cu8 model structures, which would result in a 

superposition of the respective distances. Both possibilities could also lead to the larger 

width and more asymmetric shape of the distance peaks in Cu8 compared to Cu6. 

Summarizing, all peaks observed in the distance distributions in Cu6 and Cu8 are accounted 

for by the expected pairwise distances. The distances found for Cu6 and Cu8 are reliable, 

since ghost suppression does not abolish any of the distance peaks, revealing that all 
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distance peaks of Cu6 and Cu8 are real. Additionally, as all peaks observed correspond to 

distances expected for the Cu-cages, full suppression of individual peaks is not likely. 

The larger modulation depth of Cu6 and Cu8 compared to the reference compound (see 

results, Fig. 4) clearly shows that more than two spins interact, however, the number of 

interacting spins is lower than six (Cu6) resp. eight (Cu8), and several sources can contribute 

to the lower number. The uncertainty in the number of interacting spins derives from the 

signal-to-noise ratio of the DEER data (fig. 3) of both, the Cu-cages, and the reference 

compound (Cu2). Other effects, such as orientation selection and chemical factors, for 

example reduction of some of the Cu(II) centers in the cages, are difficult to quantify, but 

they would all lower the number of interacting spins, as described in the SI. Experimentally, 

some of these factors could be tackled, however, given the fragility of these samples this 

was not feasible (for details, see SI). Also, short phase memory time, Tm causes problems. 

Consequently, both Cu-cages display multispin properties, yet,  the factors described result 

in a number of interacting spins that is significantly lower than expected, considering that 

there are six, respectively eight Cu centers in the two cages.   

Both, theoretical studies of multispin effects [26-28] and experimental results [23, 36, 39] 

described in the literature, showed rather strong multispin effects on DEER distance 

distributions. In view of these results, the effects shown in figure 4 and figure SI5 and SI6 

are weak. An obvious difference is that most of the systems described in the literature so 

far are nitroxide based. Nitroxides have a smaller spectral anisotropy than the Cu(II) centers 

investigated here, resulting in a higher pump-pulse-inversion efficiency λ for nitroxides 

compared to Cu(II). A clear indication of the small λ of the Cu(II) systems investigated here 

is the modulation depth Δ of only 13 % for Cu2, a two-Cu(II) system with λ = Δ, whereas for 

two-spin interactions in nitroxides modulation depths of around 50 % are standard at 9.5 

GHz DEER [18]. Low pump-pulse-inversion efficiency also translates to low multispin 

excitation and thereby low ghost-peak intensities, as Edwards et al. have shown [30]. In the 

latter work, nitroxides had stronger ghost-peak contributions than Gd(III) labels, in 

agreement with the larger spectral anisotropy of Gd(III) with respect to nitroxides [30]. 

Evidently, this is also the case for the copper cages. Additionally, it was shown that multispin 

effects can be suppressed by lowering the inversion efficiency and power scaling  [26-28]. 

The relative intensities of the distance peaks differ from those expected from the model, 

see above. One explanation could be that the intensitites are affected by ghost-peak effects. 

For example, Valera et al. [28] found that not in all cases ghost-peak suppression recovers 

the expected distance-peak intensities. Also, orientation selection could play a role, see SI, 

however, no quantitative estimate can be given at this point. 

In conclusion, the two copper cages Cu6 and Cu8, show that multispin effects can also be 

tackled in Cu(II)-based systems and that DEER is an excellent tool to obtain structure 
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information in multi-copper systems. This extends the reach of DEER for multispin systems, 

whether biological or chemical, be it for catalysis systems or those of interest for material 

sciences. 
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Supplementary Information 

 

Meaning of geometric interpretation, Cu8: cube, Cu6: octahedron 

The description of the arrangement of the Cu-ions in the cages as a cube (Cu8) or an 

octahedron (Cu6) facilitates the description of the arrangement of the Cu-ions, but does not 

imply that the ions form an idealized geometric body. The uncertainty range for the 

distances obtained from the models (Table 1, main text) gives the range of distances of 

individual pairs of Cu-ions. In an ideal cube or octahedron all distances between the specific 

types of Cu-ions should be identical. However, especially the model 2 structures show clear 

deviations from the shapes, as seen in figure SI1, where the distortions already can be seen 

in the figure.  

The corners of polyhedra also have specific relations between distances: In a cube, the 

relation between the shortest distance (distance a) along the edge of the cube and the face-

diagonal (distance b) is b = 1/2 a, the same as the ratio between the shorter and the longer 

distance in an octahedron. As a result, the distances in Cu6 and Cu8 are expected to follow 

this ratio.  

  

Overview of measurement 

The DEER traces presented here can be compared to those shown in Bobylev et al. [7]. For 

Cu6, increasing the accumulation time and optimizing the pulse-excitation resulted in a 

better signal-to-noise ratio, increasing the confidence level for the distance-distribution 

shape compared to the traces shown in figure 8 and 10 of [7], while leading to the same 

distances as before. For Cu8, several attempts to improve the signal-to-noise ratio in a 

similar way did not improve the data due to a combination of factors, suggesting that the 

shorter Tm time or other chemical factors cause the lower signal-to-noise ratio compared to 

what can be achieved for Cu6. In [7] DEER was one of several methods to verify the structure 

of the cages, so the focus was on the distances only. In the present manuscript, the number 

of interacting spins is determined by a direct comparison with a two-copper model 

compound (Cu2) enabling detailed analysis of this point in the multi-copper systems 

investigated. Additionally several different analysis methods were applied (Gaussian 

analysis of DEER traces, and DeerNet), see below, to quantitate the reliability of the analysis. 

Most of the differences observed with respect to [7], such as that the second distance peak 

in the Cu8 distance distribution centered at 2.6 nm, see figure 2, is reliable, result in a higher 

confidence in the interpretation and are due to the better signal to noise ratio of the data.  

Reproducibility was checked by measuring samples multiple times, and also measuring 

samples that had not been measured before. In between measurements, the EPR tubes with 
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the samples were stored in liquid nitrogen, and introduced into the precooled resonator, to 

avoid accidental warming of the samples as much as possible. 

 

Possible orientation selection effects in the DEER traces   

As mentioned in the main text, orientation-selection effects can lead to a reduction of the 

copper-copper interaction observed by DEER, which reduces the modulation depth, i.e. the 

total number of spins interacting (see discussion main text). Also, orientation selection can 

affect specific pairs of spins more strongly than others, which would cause a deviation of the 

relative intensity of the distance peaks from the expected intensities given in table 1, main 

text. In the DEER experiments, both the pump- and the observer frequencies were 

positioned in the perpendicular region of the EPR spectrum, see figure 2 main text and figure 

SI3. Therefore, spin pairs in which the parallel component, i.e. gzz, of the g-tensor of one 

Cu(II)  is parallel to the perpendicular component, i.e. the gxx-gyy plane, of the other Cu(II) 

will not contribute to the DEER effect, because for these pairs only one of the two partners 

are excited. The actual orientation of g-tensors of pair could also be in between the 

extremes, leading to partial excitation of a pair, for example. Consequently, the relative 

orientation of the g-tensors of two coppers in the cages determines how much these two 

Cu(II) centers contribute to the DEER effect. This can lead to reduced or absent DEER effects 

for specific pairs. As the g-tensor directions of the Cu(II)-centers in the Cu-cages are not 

known, the contribution of this effect cannot be estimated. Experimentally, orientation 

effects can be determined by setting the pump-pulse to a parallel and the observer pulse to 

a perpendicular position in the EPR spectrum, and vice versa, however, for Cu(II), the limited 

bandwidth of the resonator does not allow this. Other approaches have been used as well, 

see [40-43], however, in the present case, the sensitivity was not sufficient to measure 

meaningful DEER traces in the parallel region of the spectrum, as would be needed to use 

such an approach. Thus, orientation-selection effects can effectively lower the number of 

spins observed, and can lead to a difference in the relative intensity of distance peaks from 

those expected, see below.  

 

Applying different analysis methods for DEER data  

Different analysis methods for the DEER data were tested to (i) determine the reliability of 

the analysis described in the main text and (ii) to investigate if other interpretations are 

compatible with the data. 

(i) The DeerNet analysis (figure SI 9 and 10) shows that also the shape of the distance 

distribution is robust and agrees with the Tikhonov analysis, as confidence levels and shape 

agree. For using DeerNet, unfortunately, the signal-to-noise ratio (12 for Cu6 and 9 for Cu8) 

is at or below the limit of the S/N-ratio recommended in DeerNet. So in this case, the 
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advantage of the DeerNet program, namely that processing of baseline and form factor is 

user-invention free [44, 45], cannot be fully harnessed: The simulated form-factor 

contribution, especially for Cu8, figure SI 10A, is less smooth than we would chose. The 

DEERNet option to do Tikhonov analysis shown in Fig. SI 9B and 10B can be directly 

compared to that in Fig. 2B, main text, showing that a smaller regularization parameter 

selected in the user-adjusted Tikhonov regularization smoothens out some of the features 

that we interpret as noise.  So we see that in this very specific case, while DeerNet confirms 

the overall distance distribution, and unambigously quantifies trace parameters such as the 

signal-to-noise ratio, it cannot be used as the only method of data analysis.     

(ii) Analysis of the data with Gaussian distance distributions enables to change distance 

parameters, such as center-distance and -width of the distance peaks individually. Here we 

checked if the distance peaks could have different widths, however, as figure SI7 and SI8 

show, the optimum solution is similar to the Tikhonov one.  

Also, we tested if different relative weights of the distance peaks were compatible with the 

data, given that the expected intensity of the distance peaks (see Tab. 1, main text) deviates 

from those found in Tikhonov analysis.  

We found that for Cu6, changing the weight by more than 25 %, maintaining the width 

constant, results in significant deviation from the experimental DEER curve (data not shown), 

revealing that the deviation of the relative weights of the respective distances from the 

expected intensity ratios of the distance peaks (table 1, main text) is outside the 

experimental uncertainty. In the case of Cu8, also simulating  with two Gaussian distance 

peaks is possible, (data not shown), probably attributable to the intrinsically low population 

of the third distance peak at 3.4 nm. For these tests, the distance and the width of the 

distance peaks were kept within a narrow range, so it cannot be excluded that larger 

variations of the relative weights of the distance peaks would be possible if the other 

parameters are changed more extensively. Due to the overall low signal-to-noise ratio of the 

data we did not expect unambiguous solutions.  

 

Modulation depth and the relative intensities of the distance peaks 

Deviations of the intensity of the distance peaks (figure 2, main text) from the expected 

intensities (Table 1 main text) can be due to incomplete ghost-peak supression in multispin 

systems as described in the main text. Specific factors can also enter: For Cu6, instead of the 

expected ratios of 4:1 (1.8 nm relative to 2.6 nm peak, figure 2) the distance peak at 1.8 nm 

is somehwat broadened, but not four times more intense than the distance peak at 2.6 nm. 

One reason could be a less favorable orientation selection for the Cu-pairs at the shorter 

distance, resulting in a smaller probability to excite just these pairs, and thereby causing 

lower intensity of the specific distance peak, see above. Also, the model predicts that the 
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distance between some Cu-pairs may be as short as 1.5 nm. For such short distances, the 

excitation bandwidth of the pulses would not be sufficient, resulting in a smaller 

contribution of these distances, and thereby, again, a smaller intensity for the distance peak 

at 1.8 nm. We tested this with the limited-bandwidth-excitation feature in DeerAnalysis but 

found only small changes, so it is probably not the main factor contributing. For Cu8, similar 

arguments than for Cu6 can be made. In addition, the overall broader lines in the distance 

distribution could be an indication that, as seen in model 2, multiple conformations 

contribute and that the superposition of those conformations of the cage smear out the 

distance peaks.  

 

 

Why not all spins in the cages are observed 

Several factors contribute to the uncertainty of the number of interacting spins determined: 

Measurement and interpretation of the modulation depth requires that sample and 

reference are measured with precisely the same conditions. Therefore, measurements were 

performed in the same experimental run, to minimize day to day variations, and with shorter 

evolution times to improve signal-to-noise ratios. Also, the spectra of sample and reference 

must have similar anisotropies. As figure SI3 shows, the EPR spectra of the Cu-cages and the 

reference compound almost overlap, showing that this condition is fulfilled.  Several other 

factors, such as orientation selection (see above) and partial reduction the Cu-ions in the 

cages [7] , can lead to a smaller number of spins measured than expected. Another factor 

that can reduce modulation depth is a contribution of short distances, since for short 

distances, the excitation bandwidth of the pulses is not sufficient to excite the dipolar 

interaction. As a result, pairs at very short distances, roughly below 1.6 nm at our 

experimental conditions, would contribute less, or not at all to the modulation depth. This 

may contribute here, as the DEER time traces (figure 2, main text) show a fast initial decay, 

suggesting a contribution of spin-pairs at short distances, and, for Cu6, the models show 

distances can be as short as 1.5 nm. Also, orientation selection, described above, can cause 

specific pairs of spins to contribute less to the modulation depth than others. As several of 

the factors described reduce the modulation depth,  the measured value can be considered 

as a lower limit. 
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Supplementary figures 

 
Figure SI.1. Model structures of copper cages. A) Model 1 structures. B) Relative position of the copper ions 

in model 1. C) Model 2 structures. D) relative position of the copper ions in model 2. Left: Cu6, right: Cu8. 

Orange: Palladium, Magenta: Copper ions. See main text and Bobylev et al. [7]. 

 

 

A

B

C

D

 

Figure SI.2. Structure of Cu2, used as a two copper reference. For details, see main text. 

 



126 

 

 

 

 

Figure SI.3. Field swept echo detected EPR spectra of all compounds. Green: Cu2, orange: Cu6, black: Cu8. 

Spectra were baseline corrected and normalized to maximum intensity. Overall similarity of spectra suggests 

that excitation in DEER is similar, but differences in orientation selection cannot be excluded (see text). The 

lines in the inset indicate position of the pump (red) and observer (black) pulses. 
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Figure SI.4. Results of DEER experiments with Cu2. A) Raw DEER trace (black) background (orange). B) 

Background subtracted DEER trace (black) with fit (orange). Maximum echo intensity (A,B) is normalized to 

unity. V(t) : primary measured data, normalized to maximum intensity. F(t) : form factor obtained after 

background subtraction. For details and experimental parameters, see text. C) Distance distribution obtained 

for Cu2: expected distance is 3.3 nm. It was shown in Keller et al. [9] that several peaks of the distance 

distribution derive from contributions of weak exchange-coupling, for which we do not correct here. Peak at 

1.5 nm: possible artifact for non-completely suppressed proton modulation. 
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Figure SI.5. Effect of ghost suppression on Cu8 distance distribution, from N = 2 to to N = 8, eight 

interacting Cu(II). For details, see Materials and Methods section and main text. 

 

 

 
Figure SI.6. Effect of ghost suppression on Cu6 distance distribution, from N = 2 to N = 

6. For details, see Materials and Methods section and main text. 
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Figure SI.7. Cu6 data analyzed with two-Gaussian fitting in DeerAnalysis. A) DEER trace (grey) and background 

(orange), B) background subtracted trace (grey) and fit (orange) C) distance distribution. N=2 spins, and two 

Gaussian peaks centered at 1.8 and 2.6 nm. Manually changing the width or center of the Gaussians did not 

significally improve the agreement with the data. For details, see text. 
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Figure SI.8. Cu8 data analyzed with three-Gaussian fitting in DeerAnalysis. A) DEER trace (black) and 

background (orange), B) background subtracted trace (black) and fit (orange) C) distance distribution. N=2 

spins, and three Gaussian peaks centered at 1.8, 2.6 and 3.5 nm. Manually changing the width or center of 

the Gaussians did not significally improve the agreement with the data. For details, see text. 
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Figure SI.9. Cu6 data analyzed with DEERNet tool in DeerAnalysis 2023. A) Deer trace (black), background 

(blue), fit (red) from DEERNet. B) Deer trace (black), background (blue), fit (red) from Tikhonov regularization. 

C) distance distribution, comparison between DEERNet (blue) and Tikhonov regularization (green). D) 

Comparative distribution from C). Shaded area in C) and D): uncertainty margins. The colors on the abscissa 

axis of the distance distribution indicate reliability of distance peaks: green: shape of distance distribution is 

reliable, yellow: mean distance and width are reliable, orange: mean distance is reliable, red: distance may be 

detectable, but cannot be quantified. Compared to the Tikhonov results shown in the main text (Figure 2), the 

regularization parameters is larger, which we consider an over-interpretation of the data. 
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Figure SI.10. Cu8 data analyzed with DEERNet tool in DeerAnalysis 2023. A) Deer trace (black), background (blue), 

fit (red) from DEERNet. B) Deer trace (black), background (blue), fit (red) from Tikhonov regularization. C) distance 

distribution, comparison between DEERNet (blue) and Tikhonov regularization (green). D) Comparative distribution 

from C). Shaded area in C) and D): uncertainty margins. The colors on the abscissa axis of the distance distribution 

indicate reliability of distance peaks: green: shape of distance distribution is reliable, yellow: mean distance and 

width are reliable, orange: mean distance is reliable, red: distance may be detectable, but cannot be quantified. 

Overall, DEERNET confirms results presented in main text. In contrast to the Tikhonov results shown in figure 2 

(main text), the main peak at 1.7 nm is split into two peaks (1.6 and 2.0 nm), however, the data are at the lower 

end of the recommened signal to noise ratio for DeerNet. Compared to the Tikhonov results shown in the main 

text, the regularization parameters is larger, which we consider an over-interpretation of the data. Overall, DEERNet 

confirms results presented in main text. 
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Table SI 1 Measured relaxation time constants for the cages Cu6 and Cu8. Tm: phase-memory time. T1: spin-
lattice-relaxation time. The Tm relaxation was measured with the two-pulse sequence (π/2)-τ- (π)- τ-[echo] 
with an initial τ of 200 ns and 4 ns step increments. The T1 relaxation was measured with the inversion-
recovery sequence (π)- T-(π/2)-τ- (π)- τ-[echo]. The τ value was kept constant at 200 ns, starting T value was 
400 ns with 40 ns step increments. 16 ns length for π/2 pulses and 32ns for π pulses were used. The Tm and 
T1 time constants were obtained through exponential fitting.  Measurement temperature: 30K. 

 Cu6 Cu8 

Tm (ns) 522 ± 11 302 ± 7 

T1 (µs) 8.7 ± 0.4 15.4 ± 0.5 
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Summary 

Electron paramagnetic resonance (EPR) spectroscopy has long been a valuable tool to study 
biological systems. In enzymes, proteins that catalyze chemical reactions, EPR enables direct 
insight into the electronic and geometric structure of the active site and the reaction 
mechanism. Moreover, the advent of site-directed spin labeling (SDSL), a technique that 
places (spin) probes on specific sites on proteins, further expanded the utility of EPR, allowing 
for the investigation of protein dynamics and structural conformations, especially with 
advances in EPR techniques and tailored spin labels. This thesis explores the application of 
EPR spectroscopy to biological systems, tackling both technical and biochemical challenges. 

Chapter 2 investigates a long-overlooked side reaction in site-directed spin labeling: the 
dimerization of the nitroxide spin label MTSL. Protein labeling consists of the incubation of a 
mixture of protein and label solution. Under common labeling conditions, two MTSL-
molecules combine to form a dimer side product that limits labeling efficiency and leads to 
waste of the spin probe. By combining EPR and mass spectrometry, a technique that allows 
measuring the molecular mass and predict the chemical composition of compounds in 
solution, the structure and formation mechanism of the dimer are elucidated. The results 
reveal that dimerization results in a dimer covalently linked by a disulfide bond. The process 
is irreversible in the sense that it does not allow for recovery of the spin label. This side 
reaction, long observed through its EPR signature but never fully understood, is now clearly 
characterized and rationalized, shedding light on a persistent issue in the field of spin 
labeling. 

Chapter 3 uses EPR to explore the aggregation of the protein α-Synuclein (αS), a process that 
occurs in neurons and that is connected to Parkinson’s disease. The toxic species in this 
disease are believed to be the oligomeric intermediates, forming at the early stages of αS 
aggregation. Such intermediates are transient and structurally heterogeneous, which makes 
them difficult to study. Using SDSL-EPR, αS mutants were labeled at specific residues and 
monitored during aggregation. In combination with a standard assay commonly used to 
monitor αS aggregation, the study shows that EPR allows monitoring the aggregation in situ, 
and captures structural changes during the formation of intermediates and final aggregates. 
This capability is especially valuable given that traditional assays cannot detect intermediate 
species. The approach offers a promising path for dissecting the molecular mechanisms of 
amyloid formation and for obtaining structural information on the aggregate species. 

Chapter 4 addresses the challenges of studying short-lived reaction intermediates in 
enzymes. These are transient states that appear while an enzyme is performing a reaction, 
and sometimes lasts only a few seconds, or even milliseconds, making them challenging to 
study. Rapid freeze-quench (RFQ) techniques, which involve rapid freezing of a reaction 
mixture, are often used to trap and stabilize intermediates, as most reactions stop at low 
temperature. However, adapting this approach to some EPR  techniques, necessary for 
characterization of the intermediates, is challenging, because a capillary of only 0.3 mm 
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outside diameter has to be filled with the reaction mixture at low temperature and 
transferred into the spectrometer without warming up. This chapter presents a reproducible 
method for low temperature preparation and loading of samples into a very high field, 275 
GHz, EPR spectrometer without exposing them to heat, thereby preserving the intermediate 
state. The approach is demonstrated using the small laccase enzyme SLAC during its reaction 
with molecular oxygen. The enzyme is prepared under nitrogen atmosphere, mixed with an 
oxygen saturated solution and rapidly frozen. The solution is loaded in a capillary and then 
into the EPR spectrometer, while maintaining it at low temperature, which keeps the 
reaction from happening. The method is proved to work and a reproducible spectrum is 
obtained from different protein batches. The resulting EPR spectra, in combination with 
conventional EPR techniques and simulations, finally provide a full picture of the electronic 
structure of SLAC reaction intermediate. 

Chapter 5 applies an EPR technique, called DEER, to two supramolecular complexes 
containing respectively six, eight Cu(II) ions. DEER is typically used for measuring dipolar 
interactions between two sites, in this case the Cu(II) ions, to determine the distance 
between them. However, applying DEER to metal ions introduces new difficulties which 
makes the signal more difficult to obtain. The systems studied here, with multiple Cu(II) ions, 
also feature multiple interactions, which can lead to artifacts in the measured distances and 
errors in structure determination. This chapter provides a comprehensive analysis of these 
challenges, showing that despite weak signals and spectral complications, reliable distances 
can still be extracted, that agree with modeling and confirm the structure of the molecules 
under study. The work demonstrates for the first time that complex multi-copper systems 
can be analyzed using DEER, extending the method’s applicability to enzymes and catalysts 
containing multiple metal centers. 

This thesis solves some long standing problems in EPR and provides promising methods to 
tackle (bio)chemical problems in the future. 
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Samenvatting 

Elektronenspinresonantie (EPR) spectroscopie is al lange tijd een waardevol hulpmiddel voor 
het bestuderen van biologische systemen. In enzymen – eiwitten die chemische reacties 
katalyseren – maakt EPR directe inzichten mogelijk in de elektronische en geometrische 
structuur van het actieve centrum en in het reactiemechanisme. De komst van site-directed 
spin labeling (SDSL), een techniek die spinlabels op specifieke posities van eiwitten 
aanbrengt, heeft de toepasbaarheid van EPR verder uitgebreid. Dit maakt onderzoek naar 
eiwitdynamica en structurele conformaties mogelijk, met name dankzij de vooruitgang in 
EPR-technieken en op maat gemaakte spinlabels. Dit proefschrift onderzoekt de toepassing 
van EPR-spectroscopie op biologische systemen, waarbij zowel technische als biochemische 
uitdagingen worden aangepakt. 

Hoofdstuk 2 onderzoekt een lang over het hoofd geziene nevenreactie bij SDSL: de 
dimerisatie van het nitroxide-spinlabel MTSL. Eiwitlabeling wordt uitgevoerd door een 
mengsel van eiwit- en labeloplossing te incuberen. Onder gangbare labelomstandigheden 
kunnen twee MTSL-moleculen een dimeer vormen dat de labelingsefficiëntie vermindert en 
leidt tot verspilling van het spinlabel. Door EPR te combineren met massaspectrometrie – 
een techniek die het mogelijk maakt om de moleculaire massa en chemische samenstelling 
van stoffen in oplossing te bepalen – worden de structuur en het vormingsmechanisme van 
het dimeer opgehelderd. De resultaten tonen aan dat dimerisatie via een disulfidebrug tot 
een covalent gekoppeld dimeer leidt. Dit proces is onomkeerbaar in de zin dat het label niet 
kan worden teruggewonnen. Deze nevenreactie, die al decennialang via haar EPR-signaal 
werd waargenomen maar nooit volledig werd begrepen, is nu duidelijk gekarakteriseerd en 
verklaard. Dit werpt licht op een hardnekkig probleem binnen het vakgebied van 
spinlabeling. 

Hoofdstuk 3 onderzoekt met behulp van EPR de aggregatie van het eiwit α-Synucleïne (αS), 
een proces dat in neuronen plaatsvindt en dat in verband wordt gebracht met de ziekte van 
Parkinson. Er wordt aangenomen dat de toxische deeltjes bij deze ziekte oligomere 
intermediairen zijn, die zich in de vroege stadia van αS-aggregatie vormen. Deze transiënte 
en structureel heterogene intermediairen zijn moeilijk te bestuderen. Met behulp van SDSL-
EPR werden αS-mutanten op specifieke residuen gelabeld en gevolgd tijdens de aggregatie. 
Door gebruik te maken van een standaard fluorescentie-assay die doorgaans wordt gebruikt 
om αS-aggregatie te monitoren, toont deze studie aan dat EPR het mogelijk maakt om de 
aggregatie in situ te volgen en om structurele veranderingen tijdens de vorming van 
intermediairen tot aggregaten vast te leggen. Dit is bijzonder waardevol, aangezien 
traditionele assays deze intermediairen niet kunnen detecteren. Deze aanpak vormt een 
veelbelovende methode om de moleculaire mechanismen van amyloïdevorming te 
bestuderen en om informatie over de structuur van aggregaten te verkrijgen. 

Hoofdstuk 4 richt zich op de uitdagingen die zich voordoen bij het bestuderen van 
kortlevende reactie-intermediairen in enzymen. Dit zijn overgangstoestanden die ontstaan 
terwijl een enzym een reactie uitvoert en die soms slechts enkele seconden of zelfs 
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milliseconden duren, wat de studie ervan uitdagend maakt. Rapid freeze-quench (RFQ)-
technieken, waarbij een reactiemengsel snel wordt ingevroren, worden vaak gebruikt om 
deze tussenproducten te vangen en te stabiliseren, aangezien de meeste reacties bij lage 
temperatuur stoppen. De toepassing van RFQ op bepaalde EPR-technieken is een uitdaging, 
omdat een capillair van slechts 0,3 mm buitendiameter moet worden gevuld met een 
reactiemengsel bij lage temperatuur en daarna in een spectrometer moet worden 
overgebracht zonder opwarming. Dit hoofdstuk presenteert een reproduceerbare methode 
om monsters bij lage temperatuur voor te bereiden en in een zeer hoog veld EPR-
spectrometer (275 GHz) te laden zonder ze bloot te stellen aan warmte, om de vorming van 
intermediairen te voorkomen. Deze methode wordt aangetoond door gebruik te maken van 
het small laccase-enzym SLAC, dat reageert met zuurstof. Het enzym wordt onder 
stikstofatmosfeer bereid, gemengd met een zuurstofverzadigde oplossing en snel 
ingevroren. De oplossing wordt in een capillair overgebracht en vervolgens in de EPR-
spectrometer geplaatst, waarbij de temperatuur laag wordt gehouden om verdere reactie te 
voorkomen. Deze methode blijkt te werken en levert reproduceerbare spectra op uit 
verschillende batches. De verkregen EPR-data, gecombineerd met conventionele technieken 
en simulaties, geven uiteindelijk een volledig beeld van de elektronische structuur van het 
SLAC-reactie-intermediair. 

Hoofdstuk 5 behandelt de toepassing van DEER (double electron-electron resonance), een 
EPR-techniek, op twee supramoleculaire complexen die respectievelijk zes en acht Cu(II)-
ionen bevatten. DEER wordt met name gebruikt om dipolaire interacties en de afstand 
tussen twee paramagnetische centra te meten, in dit geval Cu(II)-ionen. Het gebruik van 
DEER bij metaalionen brengt echter extra uitdagingen met zich mee, onder andere zwakkere 
signalen en snellere relaxatie. De systemen die in dit hoofdstuk worden bestudeerd, 
bevatten meerdere Cu(II)-ionen en dus ook meerdere interacties, wat kan leiden tot 
artefacten in de gemeten afstanden en fouten in structuurbepaling. Dit hoofdstuk biedt een 
uitgebreide analyse van deze uitdagingen en toont aan dat, ondanks zwakke signalen en 
spectrale complicaties, betrouwbare afstanden kunnen worden verkregen die 
overeenkomen met structurele modellen. Het onderzoek toont voor het eerst aan dat 
complexe multi-kopersystemen met DEER kunnen worden geanalyseerd, en dat de 
toepasbaarheid van deze methode kan worden uitgebreid naar enzymen en katalysatoren 
met meerdere metaalcentra. 

Dit proefschrift lost enkele langbestaande problemen in de EPR op en biedt veelbelovende 
methodes voor de studie van (bio)chemische problemen in de toekomst. 
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