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Abstract 

Pulsed electron-electron double resonance (PELDOR ) is an emerging technique for 

nanometre distance measurements in nano-sized assemblies and between specific sites 

of molecules. Most commonly nitroxide radicals are used as probes for EPR distance 

measurements because they are easy to introduce in biological systems such as soluble 

and membrane proteins or nucleic acids.  

PELDOR distance measurements currently rely on data processing software which has 

been proven to accurately extract inter-spin distances from the dipolar coupling between 

two paramagnetic centres. However, when the dipolar coupling is affected by 

contributions from other close-by unpaired electrons inaccuracies as broadening effects 

and artefacts are introduced in the distance distributions derived. This challenge, 

commonly referred as multi-spin effects, has been affecting the extraction of accurate 

distance information from PELDOR measurements in chemical and biological systems 

with multiple spin labels. 

The aim of this project is to approach, identify and suppress inaccuracies introduced in 

PELDOR-based distance distributions by multi-spin effects. This is achieved through 

the synthesis of multiply labelled model systems which would allow for assessment of 

the impact of multi-spin effects on distance measurements of simple geometries whose 

behaviour can be easily predicted and modelled. In this work existing methods for 

suppression of multi-spin effects are tested, together with their efficiency and 

limitations. The results are used to devise better sets of parameters including alternative 

settings for extraction of accurate distances from multi-spin systems and to explore their 

efficiency and limitations. Additional effects influencing distance measurements by 

pulsed EPR are also examined; in particular the effects of orientation selection and their 

interplay with multi-spin effects is studied in depth. 

Studies on rigid symmetric and asymmetric chemical model systems together with 

heptameric channel membrane proteins allow for outlining of recommendations for 

PELDOR distance measurements settings on systems presenting similar structural 

features, including symmetries and inter-spin distances. 
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Chapter 1 - Introduction 

1.1 Preamble 

Measurement of inter atomic distances is a key element towards elucidation of structural 

features of biological systems, such as membrane and channel proteins, and the 

understanding of their conformational and oligomerisation dynamics. Several techniques 

such as X-ray crystallography,
1
 fluorescence resonance energy transfer (FRET)

2
 and 

nuclear magnetic resonance (NMR)
3
 give access to accurate measurement of distances on 

atomic and molecular scales. In this respect, X-ray crystallography is the most extensively 

used technique because of its high levels of accuracy achievable and its accessibility; 

however it requires  crystalline samples with a diffraction pattern suitable for structure 

resolution. Often only specific protein conformations can be crystallised, thus limiting the 

information accessible through this technique.
4
 FRET is another commonly used technique 

for measurement of intermolecular distances in biological systems.
5
 It can be applied in 

solution at room temperature and reach single molecule sensitivity levels giving real-time 

resolution of molecular dynamics. However, it requires the introduction of two large, 

chemically different and complementary chromophores, a donor and an acceptor, within the 

system taken under study, which can be challenging and often gives access to information 

with low accuracy levels.
6
 To overcome some of these limitations, NMR and electron 

paramagnetic resonance (EPR) spectroscopic techniques have been introduced as 

complementary methods for structural elucidation of biological systems. These have been 

found to give access to accurate distance information, by measurement of dipolar couplings, 

and under experimental conditions resembling the native biological environments. NMR 

has been used as a powerful tool for elucidation of structural properties of biological 

systems, measuring distances in the short range, with the higher limits varying between 3.5 

and 10 Å depending on the isotopes chosen and signal-to-noise levels.
7
 This method often 

faces challenges when extracting information from complex systems, commonly caused by 

the presence of overlapping signals limiting structural assignment. These limitations lead to 

the requirement of additional measurements and in-depth modelling. Additionally, NMR 

measurements require highly concentrated samples for gaining the required sensitivity for 

extraction of inter-atomic and inter-molecular distances; this limitation has been recently 

partially addressed by the combining solid state NMR measurements with dynamic nuclear 

polarisation (DNP) techniques.
8
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Pulsed and continuous-wave (CW) EPR methods have been previously introduced as 

complementary tools for accurate extraction of inter-spin distances on the nanometre 

scale.
2b, 9

 EPR-based measurements give access to exclusive detection of endogenous 

paramagnetic centres, as metal centres or cofactor radicals, or chemically introduced spin 

labels. Specifically, spin labels are organic molecules bearing paramagnetic centres, 

commonly stable organic radicals or metal ions, which are frequently introduced in specific 

sites of biological systems by site-directed spin labelling (SDSL).
10

 The combination of 

SDSL and pulsed EPR techniques, such as pulsed electron-electron double resonance 

(PELDOR or DEER)
11

 and double quantum coherence (DQC)
12

 methods, has allowed 

measurement of inter-spin distances up to 10 nm.
13

 Pulsed EPR distance measurements 

have been extensively used for determination of structural features and conformational 

distributions of complex biological systems.
2b, 9b

 EPR measurements require a limited 

sample concentration, with the optimum spin concentration being around 100 µM.
9b

 EPR 

measurements of spin labelled systems or bearing native paramagnetic centres give access 

to distances in the nanometre range, typically between 0.8 and 2.5 nm with CW methods
4
 

and 1.5 to 8 nm
14

 when using pulsed technique. Recently, distances of up to 10 nm have 

been reported in fully deuterated proteins.
9b

 Distance measurements can be performed under 

experimental conditions shown to allow the observation of  native structures and 

conformations: within membranes, bicelles or aqueous buffer. However, they often require 

cryogenic temperatures to minimise the residual motion of the label and allow accurate 

extraction of the exchange and dipolar interactions.
15,16

 Pulsed EPR distance measurements 

not only give information on inter-spin distances, but also provide powerful geometric 

constraints for structure determination of biomolecules such as angular correlations,
17

 

structural flexibility
18

 and the number of interacting spins
19

, in the presence or absence of 

electron-electron exchange couplings (J).
20

 Specifically, counting the number of coupled 

spins from the echo amplitude
19d, 21

 allows determination of the aggregation states of small 

peptides.
22

 Thus, pulsed EPR measurements are able to provide information beyond 

distances on the system under study. EPR distance measurements, however, can be 

challenging to quantify and interpret, for example when performing distance measurements 

on systems bearing metal centres or multiple paramagnetic centres,
2b

 possibly leading to 

data misinterpretation.
23
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1.2 Distance measurements by pulsed EPR 

Magnetic resonance methods give access to distance measurements between spins based 

on the extraction and quantification of the magnetic dipole-dipole coupling between the 

spins. The interaction energy E of the magnetic dipole-dipole coupling between one spin 

with magnetic moment μ1 with a neighbouring spin(s) with magnetic moment μ2 in the 

presence of an external magnetic field B0 is expressed by Equation 1.1 and shown in Figure 

1.1: 

  
  

  
 
     

  
   

             

  
  (1.1) 

where r is the distance vector interconnecting μ1 and μ2, and μ0 is the vacuum 

permeability. This through space interaction depends on the relative orientation of the 

distance r between the two dipoles with respect to the external magnetic field B0, 

represented by the angle θ.
15

 Consequently, the coupling frequency can be described, when 

following the secular and point dipole approximations, by Equation 1.2: 
21, 24

 

     
    

 

    
 
    

   
               

(1.2) 

where  dd is the dipole-dipole splitting in frequency units, μB is the Bohr magneton, gA 

and gB are the g-factors of the electron spins, A and B,   is the reduced Plank’s constant, rAB 

is the distance between two spins and θ is the angle between the distance vector connecting 

the two spins and the external magnetic field, B0. 

 

Figure 1.1: Interaction between two paramagnetic centres A and B, at a distance rAB and with 

an angle θ relative to the external magnetic field B0. 
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For the interaction between two organic radicals (gA = gB = 2.005) this can be simplified 

to Equation 1.3 showing the direct relationship between the coupling frequency and inter-

spin distance: 
25

 

         
          

   

 

             
(1.3) 

with    being the dipolar frequency expressed in MHz. 

In CW EPR distances between 0.8 and 2.5 nm can be estimated by analysis of the 

spectral broadening that is caused by the presence of strong dipolar frequencies, 

corresponding to short distances. Thus, the effect of the dipolar coupling on the line 

broadening must be sufficiently strong to shadow other effects affecting the line shape. CW 

EPR experiments consist of a continuous microwave radiation of a sample at a fixed 

frequency while the magnetic field intensity is swept. The first derivative of absorption 

peaks are recorded when the resonance conditions are met to allow transitions between the 

energy levels of the system. Spectral features, such as the number of splittings and line 

broadenings, can be induced by several factors such as the electronic structure of the 

compound, which underpins the g value and varies hyperfine couplings. Hyperfine 

couplings, in particular, describe the interaction between the electron spin magnetic moment 

of the unpaired electron and nuclear magnetic moment of coupled nuclei. These are 

important elements for identification of unknown species as each nuclear spin and resulting 

hyperfine coupling constants will give different splitting patterns. If these are unresolved 

they can introduce additional broadening to the line shape of the signal, thus affecting or 

impeding extraction of inter-spin distances. Relaxation phenomena, caused by dynamics of 

the molecule or its environment, together with g anisotropies, may further contribute to line 

broadening and challenge distance measurements.
4, 22

 In particular, g anisotropies introduce 

broadenings due to the orientation dependence of the electron Zeeman splitting. 

For nitroxides it is commonly found that only dipolar couplings corresponding to 

distances below 2 nm can be extracted as the broadening of X-band CW EPR line shape 

generally becomes negligible for distances between 1.5 and 2 nm. The lower limit of 0.8 

nm is imposed by the presence of exchange couplings which can be larger than, or 

comparable to, the dipolar coupling term.
15
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Separation of the dipolar couplings for extraction of longer distances by refocusing all 

inhomogeneous broadenings caused by contributions from electron nuclear couplings and 

different resonance frequencies can be achieved by pulsed dipolar spectroscopy.
9a, 15

 The 

use of different pulsed EPR methods becomes necessary as the weak dipolar couplings, 

corresponding to large distances, can be easily hidden by the inhomogeneous broadening of 

the EPR spectrum and other interactions.
26

 Signal contributions from distances shorter than 

1.5 nm induce couplings that are beyond the excitation bandwidth of standard experiments, 

making their detection inaccessible by PELDOR methods.
15

 The limit for the maximum 

distance to be resolved by pulsed methods is set by the lifetime of the transversal relaxation 

of the system. This depends on the nature of the paramagnetic centre and on the measuring 

temperature.
15

 When performing pulsed EPR measurements an appropriate measurement 

time window has to be chosen to exclude cut-off artefacts, and to accurately extract the 

expected distance. The longer the inter-spin distances, the smaller the dipolar frequency, the 

longer the measuring time windows required for accurate resolution of distances.
27

 

The first PELDOR experiment consisted of the combination of a two-pulse Hahn echo 

sequence with a fixed interval, τ, applied at a frequency (νA), to selectively excite spins A of 

the A-B spin pair, and an additional pump or inversion pulse at a second frequency (νB) in 

resonance with spins B (Figure 1.2).
11

  

 

Figure 1.2: Three pulse PELDOR experiment pulse sequence. 

The frequency νA, also called the observer or detection frequency, refocuses all 

inhomogeneities and eliminates the differences in the Larmor resonance frequency of the 

excited A spins arising from g anisotropies and hyperfine couplings at the time of the echo 

formation.
28

 Refocusing of all interactions leads to the formation of a constant echo, 
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commonly referred to as Hahn echo. The pulse sequence also refocuses the dipolar 

interaction to the B spins; selective introduction of the dipolar frequency at a specific time is 

achieved by an inversion pump pulse at a second microwave frequency νB. The pulse 

applied at the second frequency νB, also known as the pump or inversion frequency, 

introduced at a variable time t within the time interval between the two echo-forming 

pulses, inverts the magnetic dipole of all resonant B spins. Flipping the B spins changes the 

local magnetic field of coupled A spins by electron-electron coupling ωdd. The extent of the 

change in the Larmor frequency of spins A is related to the magnetic dipolar interaction 

between A and B spins, which is proportional to the inverse cube of the distance rAB 

between the two spins (Equation 1.2). This leads to a change in the Larmor frequency of A 

spins at time t by ±ωdd and the resulting echo amplitude to modulate with cos(ωddt).
15

 The 

integral of the intensity of the refocused echo is measured against t,
6 
thus allowing ωdd to be 

determined.
26

  

Modulation of the PELDOR signal, V(t), with time t follows the relationship expressed 

in Equation 1.4: 

        
             (1.4) 

with V0 being the echo intensity at t = 0, in the absence of a pump pulse, and ωdd as the 

dipolar frequency  between two spins expressed in radians, <…> indicates averaging of all 

orientations. This is valid in an ideal case assuming full inversion of the echo and excitation 

of all orientations. In most applications the resonance frequencies of spins A and B overlap 

and the bandwidth of the two pulses only allows for partial excitation of the EPR spectrum. 

This induces the excitation of subensembles of A and B spins with specific orientations 

with respect to B0, leading to a reduction of the PELDOR signal intensity and modulation 

depth. The signal also shows an exponential decay due to the presence of inter-molecular 

interactions.
7a

 

The three-pulse version of the PELDOR experiment has one important limitation: an 

inherent dead time. As reported in Figure 1.2 the first π/2 pulse applied at the detection 

frequency and the π pulse applied at the pump frequency will need to be applied at the same 

time to achieve the zero-time of the dipolar evolution. This overlap in the amplifier causes a 

decrease in the output power of each pulse, as it cannot take the power of two overlapping 

microwave pulses. This results in the two pulses having reduced flip angles and in the 

introduction of experimental artefacts. Thus, overlapping pulses prevent to accurately 
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record, within the first nanoseconds of the signal amplitude around t = 0. 
26

 This results in 

introduction of challenges for extraction of short distances, up to 2.5 nm and diminishes the 

overall experiment sensitivity.
15

 The 4-pulse version of the same experiment, reported in 

Figure 1.3,  was later introduced . This new experiment is now dead-time free.
14

  

 

Figure 1.3: Four pulse PELDOR pulse sequence. 

Here, the problem is overcome by refocusing the primary two-pulse Hahn echo with an 

additional π pulse at the frequency νA. The primary Hahn echo forms at time 2τ1 and the 

refocusing pulse at time τ after the Hahn echo leads to the formation of a refocused echo at 

2(τ1 + τ2) after the first pulse. The pump pulse is now stepped in the time interval between 

the second and the third detection pulses. Refocusing of spin A magnetization allows 

avoiding interference between microwave pulses and the maximum of the dipolar evolution 

to be detected (t = 2τ1). 
7a, 15

 The sequence allows for observation of the whole powder 

pattern, giving access to reliable measurement of electron-electron coupling 

distributions.
14-15, 29

 The major disadvantage of this dead-time free PELDOR experiment is 

that the detection sequence is at least twice as long as the three-pulse version, depending on 

the choice of τ1 and τ2. This leads to losses in signal intensity due to the effects of transverse 

relaxation and incomplete refocusing. To partially relieve the effects introduced by 

transverse relaxation the original sequence reported in Figure 1.3 was modified by 

increasing the evolution period τ2 prior the refocusing pulse. This allows measuring longer 

dipolar evolution times with similar overall sequence lengths and to detect different species 

present within the same system with slightly differing relaxation times.
7a

 Usually, a two-

step phase cycling of the π/2 pulse at the detection frequency is introduced to eliminate 

receiver offsets, which may hamper deconvolution of the intramolecular contributions from 
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the intermolecular ones from the echo decay, thus affecting subtraction of the background 

function and consequently accurate extraction of distance distributions. The phase cycle 

uses the repetition of the detection π/2 pulse with opposite phases; subtraction of the signals 

obtained from the two experiments isolates the PELDOR signal from instrumental 

artefacts.
26

  

Once the PELDOR signal V(t) has been isolated, using the dead-time free pulse 

sequence, its Fourier transformation gives a spectrum, in the case of a glass powder and 

with spins randomly oriented, also referred to as Pake pattern (Figure 1.4). This 

transformation, exploiting the unique correspondence between time and frequency domains, 

allows for extraction of the dipolar coupling frequency ωAB contributing to the signal 

achieved by observing the separation of the two singularities. Specifically, the edge-to-edge 

distance corresponds to the dipolar splitting of molecules with an angle θ = 0° between the 

distance vector and the external magnetic field and the peak-to-peak distance corresponds to 

the dipolar splitting for molecules with θ = 90°.
2b

 The shape of the Fourier transform 

suggests the distribution of the spin populations with specific orientations within the 

sample. In a randomly distributed sample the most probable angle between the dipolar 

vector r and B0 is 90, as evident from the intensity of the two singularities (Figure 1.4).
26

  

 

Figure 1.4: Pake pattern from the Fourier transformation of a PELDOR simulation of a 

rigid biradical. 

In this regard, it is important to stress that accurate extraction of inter-spin distances from 

PELDOR data requires excitation of the entire Pake pattern. Full excitation is not always 

achievable with the three-pulse sequence, where the most pronounced components are the 

two singularities corresponding to spins with dipolar angle θ of 90°. Excitation of all 

components can be more easily achieved using the four-pulse sequence especially as it 

gives access to the zero-frequency component of the dipolar coupling.
15, 26
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The shape of the Fourier transformed spectrum is affected by three major factors: inter-

spin distance, presence or absence of through bond exchange couplings J and orientation 

selection effects. Orientation selection effects, specifically, are induced by the excitation of 

subensembles of spins with specific molecule orientations in respect to B0. This is usually 

favoured by the presence of angular correlations that create a dependence of the PELDOR 

signal on both distance and orientation of the spin probes with respect to the external 

magnetic field.
2b

 This dependence affects the shape of the Fourier transformed spectrum 

revealing the distribution of orientations of spin labels and dipolar vectors with respect to 

B0. Selection of specific orientations makes extraction of inter-spin distances more 

challenging than in flexible systems exhibiting a random distribution of orientations.
18b

  

1.3 Extraction of distance distributions: DeerAnalysis and Tikhonov 

regularization 

Recently the software DeerAnalysis
30

 has been implemented in MATLAB® to give 

access to distance distributions using alternative methods to Fourier transformation. It is the 

most commonly used software for processing PELDOR data, as it provides a combination 

of algorithms for background deconvolution, phase correction and determination of zero-

time for processing of time domain data together with Tikhonov regularization, which 

facilitates extraction of inter-spin distance distributions, as shown in Figure 1.5.  

 

Figure 1.5: Processing of dipolar frequency data for extraction of inter-spin distances by 

DeerAnalysis 2013. In the first panel the green line indicates the zero time of the dipolar time trace 

and the blue line indicates the starting point for fitting the slope for subtraction of the background 

signal Vinter. The second figure shows the background corrected experimental data (black) Vintra and 

the simulated dipolar trace (red) generate by DeerAnalysis. The third figure shows the distance 

distribution obtained from the dipolar signal with colour bars indicating the reliability of the distance 

distribution defined by the length of the measuring time window of choice. 
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DeerAnalysis allows to perform background correction of the PELDOR trace by fitting a 

decaying background function and separating the signal from interactions of spins within 

the same nano-object (Vintra) from the background contributions due to interactions of spins 

in neighbouring nano-objects (Vinter). Elimination of the background function from the raw 

PELDOR signal gives the so called background-corrected trace. DeerAnalysis also offers 

tools to evaluate the level of accuracy for extraction of inter-spin distances from the 

background corrected trace (Figure 1.5). Extraction of accurate inter-spin distances relies 

not only on the signal-to-noise ratio, but also on the length of the measuring time window. 

Extraction of long distances, which correspond to weak dipolar couplings, require long time 

windows to reliably extract the mean distance(s).
27, 31

 DeerAnalysis, as shown in Figure 1.5, 

provides green, yellow and orange coloured bars as guideline indicating whether the 

distance distribution is reliable with respect to shape, mean and width, or mean only, 

respectively. If the distance distribution lies in the red bar care should be taken when 

interpreting the distance data as it should only be considered an indication of the presence of 

longer distances. The measuring time window is not long enough for accurate extraction of 

the suggested distance peak(s).  

The process for extraction of distance distributions from PELDOR background-

corrected data is an ill-posed problem, suggesting that significantly different distance 

distributions may correspond to very similar dipolar evolution functions. This ill-posedness 

must be dealt with during data analysis. Usually, this is achieved by trying to find a solution 

in the distance domain to which the experimental data can be stably fitted without 

introducing artefacts in the distance distribution.
30

 Tikhonov regularisation has been 

recently introduced as a reliable method for extraction of accurate distance distributions, as 

it allows for constraining the smoothness of the distance distributions as well as the 

introduction of the constraint for positive distance distributions, important element for the 

stability of the solution.
30

 It generates a simulated signal described by means of a kernel 

function K(t,r) and a distance distribution function P(r), with r being the inter-spin distance. 

The solution to the ill-posed problem is obtained by minimising the square deviation 

between simulated S(t) and experimental data while compromising for the smoothness of 

the distance distribution, as shown in Equation 1.5. This is done by optimisation of the 

regularisation parameter α, representing the level of compromise between the smoothness 

of distance distribution (log η) and quality of fit (log ρ).The relationship between the 

weighting parameter α, smoothness ρ and fit η is shown in Equation 1.5: 
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As guideline for estimating the optimum compromise between these parameters, thus the 

optimum α value, DeerAnalysis generates an L-curve,
32

 as shown in Figure 1.6. The L-

curve reports a number of points corresponding to different α values; by choosing different 

points of this curve one of the two parameters is favoured over the other. Specifically, by 

choosing a higher α value from the L-curve the smoothness of the distance distribution is 

increased, while the quality of fit is weighed lower (see blue point with α = 1000 in Figure 

1.6).  

 

Figure 1.6: L-curve obtained from processing of PELDOR data by DeerAnalysis. The effects 

of choice of regularization parameter α on distance distributions, obtained from distance 

measurements on a chemical biradical model system, are reported in the three distance 

distributions in corresponding colours: 0.001 (red – under smoothed), 10 (green – most 

appropriate) and 1000 (blue – over smoothed). 
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This can result in over smoothing the distance distribution and in a compromised quality 

of fit of the simulated trace to the experimental one. When choosing a small α, instead, the 

opposite effects can occur: an unphysical under smoothed distance distribution and over-

fitted trace. The compromise between the two parameters is usually met at the kink of the 

L-curve (here, green dot with α =10 in Figure 1.6), at which a smooth distance distribution 

is obtained together with a good match between simulated and experimental data.  

From here under-smoothing leads to a strong decline of smoothness with a minor 

increase of the quality fit, while over smoothing leads to a moderate increase in smoothness 

with a substantial decrease in quality of fit. Thus, choice of appropriate α from the L-curve 

(Figure 1.6) identifies the optimum regularisation parameter for computation of the most 

appropriate distance distributions using methods based on Tikhonov 

regularisation.DeerAnalysis is a very convenient tool for extraction of inter-spin distance 

distributions from PELDOR signal; however care has to be taken when looking at systems 

with particular properties. Specifically, DeerAnalysis is designed for extraction of distance 

distributions from a distribution of pairs of interacting spins in the absence of orientation 

selection, multi-spin effects and J couplings. Thus, when interpreting PELDOR data from 

systems containing contributions from these additional effects they formally cannot be 

appropriately processed by the software. In these cases the use of DeerAnalysis would have 

to be validated to be justified. Extraction of distances by DeerAnalysis from systems 

bearing more than two spin centres and presenting orientation selection effects will be 

discussed in Chapter 3 and 5 respectively. 
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1.4 Model systems: calibration tools for extraction of nanometre distances 

The discussion underlying Section 1.4 has been published in similar form in Molecules, 

2014, 19(12), 20227 under the title “Strategies for the synthesis of yardsticks and abaci 

for nanometre distance measurements by pulsed EPR”.
23

 The author performed the 

literature research and wrote the manuscript jointly with Dr. Bela Bode. 

Pulsed EPR measurements are frequently used as complementary tools to NMR, X-ray 

crystallography and FRET for the elucidation of the structure of complex biological 

systems.
2b, 9b

 The main structural features of such systems or their components can be often 

gained from crystal structures, when possible, or by NMR or electron microscopy. 

However, the studies of structural transitions and dynamics, such as conformational 

changes, cannot always be resolved by using these techniques, but potentially by EPR 

distance measurements. Interpretation of pulsed EPR distance measurements data on these 

complex systems may become difficult to interpret and quantify and could lead to possible 

ambiguous interpretation. To study the effects of the parameters affecting pulsed EPR data, 

chemical model systems, such as simple spin labelled aromatic or aliphatic backbones, have 

been synthesised. Their structure can be easily manipulated to mimic individual structural 

features encountered in biological systems allowing observation of their direct effect on 

distance measurements. The use of model systems with a known chemical structure gives 

an easy access to distance predictions via increment models
33

 or molecular dynamics 

simulations.
18c

 Additionally, complex biological systems such as membrane receptors, ion 

pumps and ion channels have been found to be mechanically analogous to simplified 

geometrical structures.
34

 Thus, studies regarding their conformational and structural 

changes can be performed on backbones mimicking the behaviour of the more complex 

systems. Chemical model systems have been previously used as tools for calibration of 

pulsed EPR experiments and study of the effects influencing distance measurements,
7a, 9b, 

20b, 24
 and represent the ideal starting point to scrutinise the impact of multi-spin effects on 

pulsed EPR distance measurements by performing both quantitative and qualitative 

experiments. These systems could be used as benchmarks to test and optimise existing and 

new methods for suppression of multi-spin effects currently affecting distance 

measurements on multiply labelled systems.  
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Development and synthetic strategies for synthesis of spin labels, aimed at introducing 

properties which would make them the optimal probes for EPR distance measurements, and 

model systems and their application are discussed in the next two sections.  

1.4.1 Spin Labels 

Spin labels are paramagnetic centres bearing a functionality that allows their 

coordination or covalent attachment to a diamagnetic system. Commonly, paramagnetic 

centres used for spin labelling consist of stable organic radicals such as nitroxides 1–4, trityl 

radicals 5 or metal centres 6 in the form of ions or clusters (Figure 1.7).
27, 35

 The latter can 

be attached to the system or replace native, diamagnetic metal ions.
36

 Key properties that 

need to be taken into consideration when choosing or designing a spin label include 

stability, paramagnetic properties and reactivity. Additionally spin labels should be easily 

introduced or covalently attached onto biomacromolecules and should not affect the 

structures or functions of the systems.
37

  

 

Figure 1.7: Spin labels commonly used for model systems. 

Nitroxide radicals based on piperidine, pyrrolidine, pyrroline or imidazoline heterocycles 

are the most commonly used paramagnetic centres for spin labels,
35b, 38

 due to their relative 

stability to redox reactions and ease of isolation, handling and introduction of different 
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functionalities. To date, the most commonly used nitroxide-based spin labels for synthesis 

of pulsed EPR model compounds are the pyrroline-based spin labels 2 and 3. 

These differ only in their functionality: the carboxylic acid in 3 allows its attachment, 

through esterification, to systems bearing free hydroxyl groups under mild conditions,
39

 

whereas 2 is commonly cross-coupled to an aryl or vinyl halide under Sonogashira 

conditions. In principle, the two methods are orthogonal and have proven to efficiently 

attach the spin label.  

Increasing interest for in vivo pulsed EPR has recently fuelled the need for more stable 

spin labels that exhibit extended half-lives under reducing environments and improved 

stability at temperatures above 50 K. Recently, tetramethylpyrroline-based nitroxides,
40

 

trityl radicals
41

 and Gd(III)-based complexes
42

 have been proven to be promising spin labels 

for in-cell measurements. Trityl and gadolinium-based labels have already been used for 

labelling complex biological structures and give access to alternative pulsed EPR methods 

for distance measurements:
7a, 43

 trityl-based spin labels allow DQC distance measurements 

with standard hardware,
41

 while Gd(III)-based systems offer increased sensitivity using 

high-frequency EPR.
36

 

When choosing the strategy for spin labelling, another aspect that should to be taken into 

consideration is the structure of the linking group and the chemistry for its attachment. The 

intrinsic flexibility of the spin label and conformational flexibility of the linking group can 

also give rise to the broadening of the distance distribution when measuring inter-spin 

distances, while the labelling chemistry should be highly selective and occur under mild 

conditions.
39

 Thus, spin labels with a variety of functional groups, for example alkyne 

(compounds 2, 4 and 6) and carboxylic acid (compounds 3 and 5) have been developed and 

their behaviour studied when attached to model compounds. 

1.5 Model systems 

Since the development of pulsed experiments for EPR distance measurements, synthetic 

efforts have been made to design systems for quantitatively studying parameters affecting 

distance measurements such as orientation selection, multi-spin effects or exchange 

couplings. Additionally, model compounds have played a fundamental role in testing the 

design of EPR experiments and validating their precision and accuracy.
9b, 19d, 38

 

Biradical systems, in particular, have been extensively used for calibration of pulsed 

EPR distance measurements, including dead-time-free PELDOR or DEER,
7a, 14

 a single-
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frequency technique for refocusing (SIFTER)
44

 and DQC,
12a, 45

 while multiply labelled 

systems have been designed for quantifying multi-spin effects.
19a

  

The synthesis of biradical and polyradical model systems is commonly approached by 

spin labelling a spacer or scaffold molecule bearing a specific functionality, such as a 

hydroxyl or aryl halide, to allow covalent attachment of the appropriate spin label. To fulfil 

their purpose as benchmarks, model compounds should usually be highly soluble in glass-

forming solvents, preferred for distance measurements to reduce sample aggregation, and 

bear a well-defined structural rigidity. Poly(para-phenyleneethynylene)s represent one of 

the most extensively used scaffolds because of their relative restricted structural and 

conformational flexibility, which gives access to measurement of well-defined inter-spin 

distances for two-spin systems on length scales from 1.4 to 8 nm. 
20b,18a, 18c, 39b

 Examples of 

model systems also include linear and bent rigid systems, consisting of phenylacetylene or 

biphenyl units, 
18b, 19a, 19b, 39

 aliphatic chains
19d, 46

 and condensed rings.
20a

 

Systems bearing more than two spins, which typically consist of a phenyleneethynylene- 

or biphenyl-based backbone with up to four nitroxide moieties
19b, 39a

, have been designed 

for quantifying multi-spin effects.
19a

 Quantification of multi-spin effects becomes relevant 

for biological systems such as membrane channel proteins,
47

 transport proteins
48

 that 

commonly bear cysteine domains that will covalently bind to the MTSSL label. 

Furthermore, systems bearing two metal ions as paramagnetic centres
49

 or their 

combination with nitroxide radicals
50

 have been used for the optimisation of distance 

measurements involving these spectroscopically challenging spin centres. Biologically 

relevant examples include hemes
51

 and iron-sulfur clusters.
52

 Furthermore, biomaterial-

inspired yardsticks such as bis-peptide molecular rods
53

 or double-helical DNAs
54

 have 

been reported. However, in the following the focus will be on syntheses and structures of 

synthetic model systems largely omitting biopolymers. 

1.5.1 Biradicals 

Most commonly experiments aim to extract a single distance between two electron 

spins; for this reason biradical model systems with a very narrow distribution of distances 

between the paramagnetic centres have been used as prototypical model compounds. These 

represent the most abundantly used model systems for pulsed EPR distances.
18a, 18c

 

Additionally, biradicals have also played a major role in studying specific properties 

directly affecting distance measurements; these include increased backbone flexibility,
19d, 46
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ferromagnetic and antiferromagnetic electron-electron exchange couplings
20

 and distance 

measurements in the strong coupling regime.
55

 

1.5.1.1 Nitroxide-Based Biradicals 

One of the first examples of application of biradical model systems was used to study the 

basic principles of PELDOR distance measurements on the imidazole-based biradical 7 

(Figure 1.8).
19d, 56

 The same molecule has been used for testing further new experiments 

such as field-step ELDOR
57

 and relaxation-induced dipolar modulation enhancement 

(RIDME).
58

 Field-step ELDOR is an alternative pulsed EPR distance measurement 

technique; here the requirement of a second frequency source is avoided by switching the 

magnetic field. However, due to challenging hardware requirements the method is not 

commonly used. In a RIDME experiment, distance measurement is based on relaxation 

processes rather than microwave pulses for the inversion of coupled spins. The method has 

been applied at high field
59

 and improved to a dead-time-free variant.
60

 

 

Figure 1.8: Imidazole-based biradical. 

Imidazole-based nitroxide radicals have been the spin label of choice for the very first 

model systems for EPR distance measurements.
24

 However, these spin labels have been in 

most cases replaced by pyrroline or piperidine-based nitroxides, such as 2 and 3.
38

 These, as 

opposed to the imidazole-nitroxide, have the unpaired electron localised on the N-O bond 

which is advantageous especially for the accuracy of measurements of short radical-radical 

distances.
39b

  

A second example of a model system synthesised for calibration of pulsed EPR distance 

measurements is the anthraflavic acid-based biradical 8 (Figure 1.9).
17a

 Here the spin label 3 

was esterified to the anthraflavic acid backbone in the presence of pyridine and thionyl 

chloride.
61
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Figure 1.9: Esterification of anthraflavic acid to spin label 3. 

The PELDOR traces obtained from 8 are among the first to show an electron-electron 

dipolar modulation and gave direct access to the size of the dipolar coupling, thus inter-spin 

distance. In addition, the same model system was used for the first systematic consideration 

of orientation selection effects in PELDOR experiments. Orientation selection effects were 

studied by looking at a number of independent spectral positions.
17a, 62

 The distance and 

geometry deduced from pulsed EPR were found to be in excellent agreement with a planar 

structural model. 

The flexible systems 9–12 with increasing numbers of methylene units (Figure 1.10) 

were employed for studying conformational statistics and the resulting distributions of end-

to-end distances by using the rigid biradical 8 as a reference for end-to-end distances and for 

determination of optimal experimental parameters.
46

 The experiments proved the reliability 

of pulsed EPR methods for the extraction of distances in systems with large backbone 

flexibility. 

 

Figure 1.10: Structure of flexible biradical systems. 

Scheme 1.1 reports representatives of an early, modular approach to the synthesis of 

biradicals as model systems for pulsed EPR distance measurements.
14

 The systems were 

modelled to have different spin-spin distances of 1.4, 1.7, 1.9, 2.4 and 2.8 nm respectively, 

and are sufficiently rigid to allow extraction of narrow distance distributions. The 

convergent synthetic protocol entails of a n-BuLi and LiBr-mediated reactions of 4-
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TEMPONE 1 with spacer building blocks bearing two terminal alkynes to give access to 

biradicals 13 and 14. The same reaction also yielded the corresponding singly-labelled 

building blocks that were then dimerised via oxidative Hay coupling
63

 to the give biradicals 

15 and 16. Compound 17 could be obtained by reaction of 1 with triisopropylsilylethyne in 

presence of n-BuLi and subsequent deprotection. Biradical 18 was obtained from the 

dimerization of 17.  

 

TMEDA: N,N,N',N'-tetramethylethylenediamine, TBDMS= tert-butyldimethylsilyl.  

Scheme 1.1: Convergent synthesis of a series of biradical model systems.
14
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Distance measurements on these systems allowed to achieve two important advances 

in pulsed EPR: they demonstrated the accuracy of pulsed distance measurements with 

the use of the first series of biradicals with well-defined end-to-end distances. The 

measured distances were found to be in agreement, within 0.2 nm error, with the ones 

modelled by molecular dynamics. Additionally, measurements on model systems 14, 

16 and 19 (Scheme 1.2) were used to optimise and calibrate the extension of the 

original four-pulse experiment
14

 to the asymmetric four-pulse dead-time-free 

sequence.
7a

 The newly reported rigid biradical 19 was synthesised from a terminally 

hydroxylated poly(phenyleneethynylene) backbone 20 that was esterified to two 

equivalents of 3. The reaction for attachment of the spin label using oxalyl chloride and 

pyridine, proceeds via the intermediate formation of the acyl chloride, thus facilitating 

the formation of the diester. The authors chose pyrroline-based 3 as spin-bearing group 

rather than the previously reported six-membered piperidine-based nitroxides, as it 

exhibits reduced flexibility and its carboxylic acid function allows formation of ester 

linkages. 
7a

 

 

Hex: n-hexyl (C6H13) 

Scheme 1.2: Synthetic path for synthesis of 19 using oxalyl chloride and pyridine. 

To streamline the synthesis of a series of biradical yardsticks a convenient route for 

accessing linear biradicals with inter-spin distances from 2.8 to 5.2 nm, as well as for 

generating a star-shaped three spin abacus, was later reported.
39b

 The rod-like biradicals 19, 

21 and 22 bear poly(phenyleneethynylene) spacers synthesized by Sonogashira cross-

couplings of substituted iodo- or diiodo-benzenes with a terminal alkyne building block 

bearing a tetrahydropyranyl (THP) protected phenol, such as 23.  

Building blocks of different lengths, such as 24 and 25, were generated via addition of 

further segments by Sonogashira couplings. The free phenols could be isolated after 
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removal of the THP protective group. The spin label of choice, 2, was then attached to the 

phenols via Steglich esterification (Scheme 1.3). 
64

 The same route has been used for the 

introduction of 
2
H and/or 

15
N-labelled 3.

65
 

DCC: dicyclohexylcarbodiimide; DMAP: N,N-dimethylaminopyridine 

Scheme 1.3: Synthesis of biradical model systems based on poly(phenyleneethynylene) 

backbones. 

Poly(para-phenyleneethynylene)-based building blocks were also used for the synthesis 

of molecular rods with increasing lengths.
18c

 The synthesis that yielded 21 and 22
39b

 was 

expanded to compounds 26 and 27 (Figure 1.11) giving access to a series of yardsticks with 

inter-spin distances of up to 7.5 nm. 

 

Figure 1.11: Poly(phenyleneethynylene)-based biradical yardsticks. 
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PELDOR distance measurements on 19, 21, 22, 26 and 27 proved that the intrinsic 

flexibility of functional nanostructures bearing poly(para-phenyleneethynylene)-backbones 

could be accurately quantified using pulsed EPR methods. This could be achieved through 

the separation of the contribution of the rotational motion of the spin labels to the distance 

distributions.
18c

 The same compounds have also been used to validate approaches for data 

processing 
29-30, 66

 and to test new experimental schemes as a variable-time variant of 

PELDOR/DEER.
67

 The sensitivity enhancement achieved through this experimental set up 

allowed precise measurement of the 7.5 nm distance in 27. However, this method is less 

robust and not recommended for protein samples due to the background function not 

necessarily being a smoothly decaying function, a behaviour that has been found to 

compromise the reliability of the separation of the dipolar coupling signal from the 

background function.
68

 Additionally 19, 21 and 22 have been used for the validation of the 

single-frequency technique for refocusing (SIFTER) dipolar couplings experiment.
44

 

PELDOR measurements have also been used to study the dependence of backbone 

flexibility on temperature and structure. To this end, a series of oligo(para-

phenylenebutadiynylene)- (28–30) and oligo(para-phenyleneethynylene)-based (31–38) 

biradicals with varying inter-spin distances were synthesised using similar synthetic 

strategies to those previously reported.
18c, 39b, 69

 Additionally, variation in the model 

systems’ structures has also been introduced by alternating 3 with conformationally 

unambiguous spin label 4,
18a, 69

 as reported in Figure 1.12. Because of the axiality of 4 the 

rotation of the label does not affect the width of the distance distributions. The authors 

emphasised the importance of choice of alkyl or ether linkages as side chains as they allow 

chromatographic separation of unwanted homo-coupled products, common side-products of 

Sonogashira cross-coupling reactions, and desired cross-coupled products by exploiting 

their difference in polarity. 
18a

  

The determination of the conformational flexibility of the model systems could be 

refined to higher accuracy by combining simulations and experimental data. Additionally, 

the variation of the spin label allowed the accurate estimation of the separate contributions 

from the spacer and label. Furthermore, the temperature dependence was investigated 

through the glass transition temperatures of the matrices used during measurements. As 

expected, the solvents with higher glass transition temperatures resulted in reductions in the 

mean distances and broader distance distributions, as indicated by the increased damping of 

dipolar oscillations.
18a
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Figure 1.12: Oligo(para-phenyleneethynylene)- and oligo(paraphenylenebutadiynylene)-based 

biradical yardsticks. 

Biradical model systems based on phenylenes and ethynylenes were also used to 

determine flexibilities of the bent 39 and the linear 40 systems, reported in Figure 1.13,
18b

 

by studying the orientational correlations between the nitroxides and distance vector. These 

correlations can be studied by changing the spectral position of detection and pump pulses 

giving access to selective excitation of different subensembles of spins with specific 

molecular orientations in respect to B0.
17a

 

 

Figure 1.13: One linear and one bent biradical. 
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Analysis of orientation-selective X-band PELDOR traces gave access to an estimation of 

the conformational distribution of the molecules.
18b

 The same concept was later employed 

to determine the dominant dynamic mode for double-helical DNA.
70

 40 has also been used 

for calibration of a wide variety of experiments and data analysis approaches including the 

extraction of orientations,
17b

 library approaches,
71

 out-of-phase PELDOR
72

 or broadband 

inversion in PELDOR.
73

 

Electron-electron exchange couplings have also been quantified using the combination 

of model systems and PELDOR distance measurements, as they can modify the frequency 

of the spin-spin coupling and, thus, affect distance measurements. This effect was the focus 

of a specific study that reported the synthesis, shown in Scheme 1.4, and analysis by 

PELDOR distance measurements of biradicals 41–44.
20b

 Compounds 41 and 42 have 

similar inter-spin distances dictated by the presence of a single phenyl ring spacer. Similarly 

43 and 44 have two phenyl rings as spacers. The only difference within these pairs of 

systems is the spin label attached to the backbone: 2 in 41 and 43 or 3 in 42 and 44. Due to 

their different functionalities, attachment of the two spin labels required different 

conditions, as previously discussed in Section 1.4.1.  

 

Scheme 1.4: Synthesis of biradical model systems with variable spacer length and conjugation. 

The presence of ester bonds in 42 and 44 was expected to diminish the through-bond 

coupling; for this reason they were used as a reference for ‘zero exchange coupling 

systems’. The linkages via ethynylene-groups in 41 and 43, instead, give rise to a through-

bond electron-electron exchange coupling between the radicals.
56

 Distance measurements 

performed at S- and X-band frequencies (3 and 9 GHz, respectively) allowed for the 

exclusion of any hyperfine coupling contribution to the signal.
20a

 Separation of the through-

space dipole-dipole coupling from the through-bond exchange coupling was achieved by 
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performing orientation selection measurements based on the anisotropic nitrogen hyperfine 

interaction.
20b

 The effects of electron-electron exchange coupling have also been studied in 

bis-nitroxides composed of annulated rings.
20a

 The condensed structures of the model 

systems 45, 46 and 47, reported in Scheme 1.5, diminish rotational freedom of the 

nitroxides inducing very strong and easily resolved orientational correlations. Additionally, 

as for 41 and 43, the full conjugation between the five-membered rings of the nitroxides 

gives rise to a non-vanishing electron-electron exchange coupling. 

Scheme 1.5: Synthesis of rigid biradicals with different substitution patterns. 

Fixing the relative orientations of the nitroxides in the model systems gave access to the 

extraction of both ferromagnetic and antiferromagnetic exchange couplings. The pyrroline 

precursors of the nitroxides were attached to the conjugated system using two different 

substitution patterns that gave rise to ferro- and antiferromagnetic interactions. The 

synthetic strategy is based on condensation between 48 and 49, followed by generation of 

the nitroxide radical using meta-chloroperoxybenzoic acid (m-CPBA) to give the target 

molecule 45. A similar approach was used for the synthesis of 46 for which 50 and 51 were 
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used as alternative starting materials leading to a different geometry and, thus, a different 

relative orientation of nitroxides. Additionally, the earlier reported 47 was used as reference 

for orientation selection in rigidly labelled DNAs.
74

 The combination of simulations and 

experimental EPR distance data allowed the separation of the exchange and dipolar 

couplings. Angular correlations from compounds 45 and 46 could be extracted from 

distance measurements performed at W-band (95 GHz).
75

 

Biradical model systems have also been used to optimise DQC experiments. This 

technique uses a single frequency pulse train to generate a double quantum coherence filter 

allowing isolation of the dipolar couplings.
76

 An example of application of model systems 

for calibration of other pulsed EPR techniques is 52 (Figure 1.14). This model system was 

used to design an experiment for suppression of electron-nuclear effects when performing 

the single-frequency six-pulse experiment in protonated matrices.
77

 

 

Figure 1.14: Structure of biradical used for calibration of DQC experiments. 

1.5.1.2 Trityl-Based Biradicals 

DQC
12b

 represents an alternative pulsed EPR method for extraction of nanometre 

distances. This technique has been found to be more sensitive than PELDOR 

measurements, however DQC requires excitation of the full EPR spectrum, which is very 

challenging for standard hardware in the case of nitroxides, which usually present a field 

sweep 8 mT wide compared to the 0. 6 mT for the trityl radicals when measured at X-band 

frequencies. The comparatively narrow trityl EPR line is related to their vanishing g-

anisotropy and small hyperfine couplings to abundant isotopes. Trityl radicals have recently 

been considered as alternative spin labels as they give access to measurements in biological 

systems at room temperature
43

 and present a superior stability under in-cell reducing 

conditions compared to nitroxide radicals.
41

 

As for PELDOR experiments, model systems have been synthesised for the optimisation 

of DQC measurements. Compound 53 is a trityl biradical and 54 exhibits one trityl and one 

nitroxide radical (Scheme 1.6).
41

 Compound 53 was obtained by esterifying the dimer of 55 

to two equivalents of trityl radical 5 using benzotriazol-1-
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yloxytris(dimethylamino)phosphonium hexa-fluorophosphate (BOP) and 1-

hydroxybenzotriazole (HOBT) as activating agents. 54 was obtained by cross-coupling 55 

to 56 followed by esterification of the cross-coupling product to the trityl spin label 5. The 

ether-linked alkyl side-chains present on the rod-like spacers, composed of a series of 

acetylene and phenylene units, help to improve solubility. The model systems were 

designed to have well-defined inter-spin distances of 3.5 (compound 53) and 5 nm 

(compound 54) well within the range of distances measured in biological systems. 

Scheme 1.6: Trityl-trityl and trityl-nitroxide model systems.  

The same authors extended the series with two further bis-trityl systems, 57 and 58, and 

one trityl-nitroxide biradical 59 (Scheme 1.7).
55

 Cross-couplings were performed in 

presence of both free and THP-protected phenols. As opposed to the first 53 and 54,
41

 the 

trityl radicals in 57, 58 and 59 were generated by reaction with trifluoroacetic acid after 

esterification of the trityl precursor (RH in Scheme 1.7). DQC distance measurements on 

the model systems proved that trityl-trityl inter-spin distances could be accurately extracted.  
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The mean inter-spin distances were obtained by taking into account the pseudo-secular 

part of the dipolar coupling, required when within the strong-coupling regime, and spin 

delocalisation of the trityl radical. Using this alternative approach the mean distances were 

measured to be 1.5 nm in 57, 2.2 nm in 58 and 2.4 nm in 59.
55

 Overall, these studies 

demonstrated the potential of DQC distance measurements for systems of unknown 

structure using commercial pulsed X-band EPR hardware.
41, 55

 

 

Scheme 1.7: Synthesis of shorter distance trityl-trityl and trityl-nitroxide model systems. 
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1.5.2 Polyradicals 

Polyradical model systems have been developed mainly for two purposes: firstly for 

proving the concept of ‘PELDOR spin counting’
19b-d

 and secondly, for quantifying, and 

potentially suppressing, multi-spin contributions to the dipolar coupling.
19a, 78

 Spin counting 

allows the number of interacting monomers in an oligomer to be determined, while multi-

spin effects can complicate distance data analysis in systems with more than two unpaired 

electron spins. 

For multi-spin model systems, the design of rigid spacers is often similar to those of 

yard-sticks. As for biradicals, multi-spin systems are commonly based on phenylene and 

ethynylene backbones bearing terminal functionalities allowing for attachment of spin 

labels such as 2,
19b

 3
39

 or 4.
69

 In order to uniquely identify multi-spin effects, biradicals 

bearing the same general architecture are often employed as reference molecules.
18b, 19a

 

Thus, the additional contributions present in the multi-spin systems distance data, when 

compared to the results obtained for constituent biradicals, can be identified. One of the first 

syntheses of a series of polyradical model systems involved phenylene-based spacers 

bearing halogenated functional groups for the attachment of spin label 2. The synthesis of 

polyradicals 60, 61 and 62, reported in Scheme 1.8, is based on cross-coupling of the spin 

labelled spacer 63 with aryl halides 64, 1,3,5-triiodobenzene or 1,2,4,5-tetraiodobenzene 

using a convergent reaction scheme based on Sonogashira cross-couplings. 60, 61 and 62 

have well-defined inter-spin distances ranging between 2.2 and 3.8 nm and bear geometries 

that mimic aggregation states of biological complexes.
19b

  

The bent biradical 39 (constituent biradical of 61) is the product of the cross-coupling 

between 1,3-diethynylbenzene and 65. 40, instead, is a side product of the competing Glaser 

reaction of 63 during cross-couplings with aryl halides. The systems have been used to 

scrutinise a PELDOR-based method for spin-counting the number of interacting monomers 

and test its accuracy and limitations.
19b

 Additionally, their restricted flexibility allowed 

quantitative distance measurements including the first resolution of three distances within a 

single molecule where two distances differed by less than 0.5 nm in 62.
19b
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Scheme 1.8: Convergent synthesis of two triradicals and a tetraradical. 

A series of multi-spin model systems 66–70 (Figure 1.15) were used for the isolation of 

the spin-pair contribution from the multi-spin PELDOR signal. The synthetic strategy is 

similar to the one previously reported,
39b

 with the exception that either 3 or 4 are used as 

alternative spin labels. 
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Figure 1.15: Multi -spin systems with different symmetries. 

Compounds 21 and 67 have been measured at both X- and W-band to quantify, together 

with modelling based simple geometric models, the orientation selection effects on distance 

measurements in both bi- and tri-radicals.
19a, 79

 The mutual orientations and their dynamics 

could be predicted from geometric models and verified by orientation selective PELDOR 

experiments. Measurements on 38 and 69 allowed calibration of orientation selection 

experiments at Q-band (34 GHz) frequencies.
80

 

1.5.3 Metal Ions 

A significant number of biological systems bear catalytically-active or structurally-

relevant metal centres. These metal centres are frequently paramagnetic in one or more 

functional states of the biological system, or can often be substituted by a paramagnetic 

one.
81

 Native metal ion-binding sites in biological systems are an interesting target for 

distance measurements. PELDOR, in particular, has proven to be an accurate tool for the 

measurement of distances not only between nitroxides,
68

 but also between paramagnetic 

metal centres
51-52, 82

 and paramagnetic cofactors.
62

 Systems containing a single 

paramagnetic metal centre require the presence of at least one further spin centre for inter-

spin distance measurements, which is commonly introduced by SDSL using nitroxide 

radicals.
51

 Model systems have been synthesised to test the potential of pulsed EPR distance 

measurements in systems containing metal centres. PELDOR distance measurements have 

been found to be challenging due to their fast relaxation, broad EPR spectra, pronounced 
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anisotropies and strong ESEEM effects.
36

 The design of model systems incorporating metal 

centres commonly involves the synthesis of a chelating ligand, often bearing a rod-like 

spacer, which is attached to a second ligand or a stable radical, followed by coordination to 

one or more metal centres. In contrast to some cases involving nitroxide spin labelling, the 

paramagnet is most commonly introduced into the ligand as the very last step. This is often 

performed by dissolving the salt containing the metal ion in water and suspending the 

ligand in this solution. Distance measurements involving copper(II)-nitroxide,
50b

 copper(II)-

copper(II),
81b

 gadolinium(III)-gadolinium(III),
49b, 83

 cobalt(II)-nitroxide
73

 pairs and iron-

sulfur clusters and nickel-iron centre pairs
52

 have been reported.  

One of the first studies performed on metal-nitroxide model system 71 proved that 

contribution of the Cu(II)-nitroxide coupling could be separated from the nitroxide-

nitroxide coupling in the three-spin system, given in Scheme 1.9.
50b

 The model system was 

synthesised by esterifying a rigid terpyridine spacer-ligand to spin label 3 to yield the spin 

labelled terpyridine-ligand 72. Two equivalents of this ligand were coordinated to Cu(II) 

ions. This design yielded 71 which exhibits a well-defined coordination geometry around 

the Cu(II) centre.  

The combination of density functional theory (DFT) calculations and force-field 

structures allowed an accurate estimation of the distance between the paramagnetic 

centres.
50b

 The nitroxide-nitroxide distance was isolated by choosing frequencies coinciding 

with the nitroxide spectrum while the Cu(II)-nitroxide distance could be measured by 

changing one frequency to make it exclusively excite the spins on Cu(II). This was an early 

experiment to address specific distances between different spin centres by spectral 

selection.
50b
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Scheme 1.9: Synthesis of a rigid Cu(II)
 
bisnitroxide system. 

The metal-nitroxide biradical 73 (Scheme 1.10) was synthesised to evaluate the 

achievable accuracy of distance measurements between the two different paramagnetic 

centres.
50a

 This study also gave access to quantification of additional effects such as 

orientation selection, conformational flexibility and spin density distribution. The porphyrin 

moiety mimics the binding motives found in biological systems and introduces a moderate 

delocalisation of spin density from the metal onto the ligand. The synthesis of the model 

system (Scheme 1.10) involved Steglich esterification of 4-hydroxy-4′-iodobiphenyl 74 to 3 

to form 75 and subsequent Sonogashira cross-coupling to an alkyne functionalized Cu(II)-

octaethylporphyrin 76. The alkyne functionality was introduced by a sequence of 

formylation of Ni(II)-octethylporphyrin, Wittig reaction to form the meso-chlorovinyl-

porphyrin, metal exchange via the free base porphyrin and elimination of hydrochloric acid.  
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Separation of the electron-electron exchange coupling from the dipolar coupling could 

be achieved by the combination of simulation and experimental measurements. The study 

proved that Cu(II)-nitroxide distance measurements are also feasible in the presence of 

small through-bond exchange couplings.
50a

  

 

Scheme 1.10: Synthesis of Cu-nitroxide ‘yardstick’.  

The similar system 77 was used for isolation of electron-electron exchange coupling 

from distance measurements between a metal and a nitroxide-based paramagnetic centres.
84

 

The system has identical structure as 73, except for introduction of 2 as spin label 

introducing a second alkyne bond. This creates a conjugated bridge that would be expected 

to induce an increase in J.
84

 The synthetic path based on coupling between 65 and 76, 

reported in Scheme 1.11, is similar to that reported for 73. 

 

Scheme 1.11: Synthesis of Cu and Ni-based models with 2 used as spin label to introduce J 

coupling. 
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The dipolar oscillations were much more strongly damped for 77 than those for 73, in 

which the conjugation is disrupted by the ester linkage. This damping could be 

quantitatively attributed to a significant electron-electron exchange coupling, which was 

confirmed by simulations. The extracted Cu-NO distance of 2.1 nm was also validated 

against crystallographic data obtained on the structurally homologous Ni(II) compound. 
84

 

With the continuous development of hardware and techniques for pulsed EPR 

methods, measurements can now be routinely performed on W- and Q-band 

frequencies. Measurements at Q-band frequencies have been found to improve 

sensitivity more than tenfold, allow for lower sample concentrations, and offer greatly 

reduced measuring times when compared to X-band.
85

 The improvement in sensitivity 

is related to the increase in difference in the Boltzmann population between the spin 

states and in Zeeman energy, which increases by a factor of four and the increase in 

detection frequency by equally a factor of four.
85

 Nitroxide radicals are not the ideal 

spin labels for high field measurements (W-band) as their spectral width increases with 

magnetic field.
36

 Thus, the proportion of spins excited by the microwave pulses, and 

consequently the signal, commonly reduces with increasing magnetic field. The spectral 

width of Gd(III) ions, on the other hand, decreases with increasing magnetic field, thus 

they provide a feasible alternative for performing distance measurements at W- and Q-

band. Model systems bearing novel Gd(III)
 
ions based spin labels have been recently 

designed to test the potential of these metal centres for distance measurements. 
36, 49b

 

These have also been successfully used extraction of inter-spin distances in biological 

systems at W and Q-band frequencies.
47c, 86

  

To study the potential of Gd(III)-based spin labelling, high-field distance measurements 

have been performed on model system 78. The model system is synthesised via 

Sonogashira cross-coupling of a 1,4-diethynylbenzene to two equivalents of pyridine-based 

chelator 79.
49b

 Hydrolysis followed by coordination to Gd(III) gives the wanted bis-

gadolinium system 78 (Scheme 1.12).  

This work demonstrated the potential for gadolinium as an alternative spin label to 

nitroxide radicals to perform distance measurements at high field, as they provide high 

sensitivity and present minor orientation selection effects. 
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Scheme 1.12: Synthesis of rigid bis-Gd(III) model complex. 

Another example of Gd(III)-Gd(III) distance measurements has been reported for model 

system 80 (Figure 1.16).
49a

 The use of the flexible bridge was seen as an appropriate 

reference for biological systems. Flexible systems are considered to be challenging for 

distance measurements as their distance can be broadly distributed and the corresponding 

dipolar oscillations will be fully damped in the primary data.  

The magnetic properties of Gd(III) should in principle allow measurement of longer 

PELDOR distances between Gd(III) ions than between nitroxides. This is due to 

combination of two factors: their short longitudinal relaxation times, allowing for more 

signal averaging over the same period of time, and long transversal time which allows a 

slower decay of the signal over time.
87

  

Gd(III) was shown to be complementary to established nitroxide radicals for distance 

determination in rigid and flexible systems.
49a

 Gd(III)-nitroxide distance measurements 

were first performed employing 72 ligated to the metal ion.
88
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Figure 1.16: Flexible bis-radical based on Gd(III) paramagnetic centres. 
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1.6 PELDOR measurements in multi-spin systems 

Distance measurements using PELDOR have been proven accurate and reliable 

when extracting inter-spin distances from a dipolar coupling between two interacting 

spins.
9, 19a, 78b

 Recently there has been growing interest in large protein and nucleic acid 

complexes composed of two or more monomers because of their important biological 

activities. Examples include membrane proteins,
47c

 membrane channel proteins 
47a, 47b, 89

 

and ion channels,
90

 DNA
25, 70, 91

 and RNA.
28, 31

 This same method, however, does not 

always give access to accurate extraction of inter-spin distances when measuring 

complexes bearing more than two paramagnetic centres.
19a, 78a, 89

 This has been found to 

be related to the so called multi-spin effects. These are introduced when more than one 

dipolar coupling is excited by the pulse sequence used for measurement of inter-spin 

distances. In a two spin system a single dipolar frequency is isolated by flipping of the 

B spins by the pump pulse. All other interactions are refocused by the echo sequence.
9a

 

The same experiment when performed on systems bearing more than two spin labels 

leads to excitation of multiple dipolar couplings. The resulting signal contains a 

combination of two or more dipolar frequencies that complicates extraction of inter-spin 

distances.
19a, 19b, 78b

  

In a biradical system the PELDOR signal, once inter-molecular interactions are 

excluded by background correction, for a two spin system can be described by Equation 

1.6:
92

 

V(t)intra = V0 [                 ] (1.6)


where 

ωAB = ωdd + 2πJAB 

and 

     
   

  
 
    

  
  

            

where V0 is the echo intensity at t=0, ωAB is the dipolar frequency between spins A 

and B, λB is the fraction of B spins coupled to detected A and excited by the pump pulse 

and JAB is the through bond exchange coupling. 

The fraction of pumped spins depends on the pump pulse the flip angle, excitation 

bandwidth, frequency and on the EPR spectrum. Additionally, presence of orientation 

effects may affect the overall efficiency of the pump pulse.
78a

 For a typical pump pulse 
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with a flip angle β = π, when applied to the maximum of the EPR absorption spectrum 

of a nitroxide at X-band, λ varies between 0.3 and 0.5 for pulse lengths of 12/20/32 

ns.
19a

 In a biradical the modulation depth Δ of the signal equals the probability of 

flipping the B spins by the pump pulse.
93

 

Excitation of multiple dipolar frequencies in multi-spin systems leads to the signal 

containing not only the sum of contributions from spin pairs, as in a two-spin system, 

but the sum of products of the different frequencies.
19a

 Thus, the PELDOR signal from 

multi-spin systems has to be described by Equation 1.7:
78

 

V(t)intra = V0                    
 
   
   

 
   


(1.7) 

with N being the number of spins present within the labelled system and .is the 

averaging over values of rAB, JAB and θ (Equation1.6).
19b

 

Expansion of Equation 1.7 allows grouping the frequency contributions of the signal 

into pairs that oscillate with a single frequency and into triples, quadruples etc. 

oscillating with a product of frequencies. The signal modulation depth Δ will contain 

pair and multi-spin contributions and be dependent on the number of spins N within the 

system and on the experimental λ, as expressed by Equation 1.8 and shown in Figure 

1.17:
78b

 

Δ = 1-(1-λ)
N-1 

(1.8) 

This equation reveals that if N > 2 the contributions to the modulation depth will 

contain high-order terms. 

 

Figure 1.17: PELDOR background corrected trace from distance measurements on a 

tetraradical model system at X-band. The trace exceeds the modulation depth of 0.5 usually 

achieved when performing the same experiment on a biradical. This shows the effects from the 

behaviour outlined in Equation 1.8. Vλ is defined as 1-Δ.  
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The dependence described in Equation 1.8 can be simplified as Equation 1.9 to allow 

extraction of the number of coupled spins N present within the system once the term of 

modulation depth Δ is known:
19a, 78b

  

N = 1+ 
       

       
 (1.9) 

In a system bearing more than two free radicals, spins A are coupling not only to a single 

spin B, but to two or more. A PELDOR experiment on these systems will thus excite 

multiple dipolar couplings giving a signal that modulates with the product of the dipolar 

frequencies of all possible pairs. This leads to the PELDOR signal containing sum of 

products of the excited dipolar frequencies.
9a, 78a

 Presence of sum and difference frequencies 

violate assumptions of Tikhonov regularisation in DeerAnalysis, based on a kernel function 

for a two-spin system. 
30, 78b

 Artefacts are commonly found at shorter distances as a result of 

the presence of sum frequencies, emulating the presence of strong dipolar couplings that 

translate into short distances. Combination of difference frequencies leads to a frequency 

contribution close to zero, thus translating in very long distances. These may contribute to 

the distance distribution however, they are commonly suppressed by background 

correction.
27

 Introduction of these artefacts challenges the accuracy and reliability of 

distance measurements on multiply labelled systems.
19a, 78a

  

1.6.1 Spin-counting 

When performing distance measurements on unknown multiply labelled systems it 

becomes important to determine the number of spins present within the system to test 

for the spin labelling efficiency f. This is commonly achieved by performing the so 

called spin-counting experiments. Initial studies revealed that number of spins present 

within the system taken under study directly affects the echo amplitude.
19d

 This same 

concept was later used to successfully assess the number of spins within chemical 

model systems
19a

 and monitor the oligomerisation of self-aggregating alamethicin
94

 and 

of the Na
+
/H

+
 antiporter NhaA of E. coli.

19c
 

Different methods for spin counting have been reported. To assess protein 

oligomerisation the relationship between Δ and N described in Equation 1.10 has been 

previously exploited: 
19c
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 (1.10) 

where the parameter C depends on the excitation profile of the pump pulse and line 

shape of the nitroxide EPR field sweep spectrum.  

In this study, rigid and flexible bi- and tri-radical model systems with varying inter-

spin distances were used for calibration of λ, which was kept constant, and for the spin-

counting method. The obtained results from the model systems were then used to 

accurately determine the number of paramagnetic centres present within the 

oligomerised system. The study allowed for determination of the dependence of 

dimerisation upon change of pH, which was found to be marginal.
19c

  

Spin-counting by PELDOR distance measurements has also been performed on 

polynitroxide chemical model systems by exploiting the dependence of the number of 

spins N on Δ and λ, as described in Equations 1.9 and 1.10. 
19b

 This study represents the 

first attempt for experimental verification of spin counting by PELDOR distance 

measurements using fully characterised systems with up to four spins.
19b

 The study 

proved that PELDOR distance measurements give access not only to accurate 

estimation of the number of spins present within a cluster, but also to information 

regarding their geometric arrangement. The same study also reports the first attempt for 

quantification of the fraction of monomers, dimers and higher oligomers in oligomeric 

mixtures. For this purpose, mixtures of bi-,tri- and tetra-radical model systems were 

measured using PELDOR methods. The behaviour of the modulation depth measured 

for each mixture could be rationalised only when taking into account the different phase 

memory times for each oligomer, the fraction of spins in each respective oligomer and 

the probability of exciting these by the pump pulse. Complications may arise when 

applying the same method to unknown biological systems where the fraction of spins in 

respective oligomers has to be quantified and the individual phase memory times are 

unknown.
19b

 

The previously observed dependence of Δ upon gradual reduction of inversion 

efficiencies of the pump pulse for spin counting
19d

 has been recently revisited.
19a

 The 

dependence of Δ on the inversion efficiency λ was found to be described by a 

polynomial. This dependence allows to calculate the number of spins present within the 

systems by fitting this dependence to polynomials with increasing order N-1, until a 

satisfying agreement is obtained.
19a

 To reveal the dependence of Δ on λ of a spin 
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labelled system to be fitted by a polynomial, PELDOR distance measurements are 

recorded while gradually reducing the microwave power and calculating the 

corresponding modulation depth. Reduction of λ was performed by lowering the pump 

pulse flip angle β and keeping the pump pulse length constant by increasing the main 

attenuator placed between the amplifier output and the probe head. The efficiency of the 

pump pulse λ is directly related to the cosine of its flip angle β, as shown in Equation 

1.11:
19a

 

                   (1.11) 

where λmax is the maximum achieved flip angle achieved without using the main 

attenuator, thus presenting the highest λ achievable at that specific frequency and pulse 

length. The flip angle β is directly dependent on the microwave power, as expressed by 

Equation 1.12: 

    × 10
-A/(20 dB) 

(1.12) 

where A indicates the microwave power attenuation. 

This method was found to  allow to overcome previously encountered limitations 

such as the need for calibration with known model systems and differences in inversion 

efficiencies between model compounds and unknown samples.
19a

 The proposed method 

for spin counting, however, should not be used as an exclusive method to draw firm 

conclusions on the number of spins within the nano-object.  

Reduction of λ was also found to yield the extraction of the spin-pair contribution 

from the PELDOR signal of multi-spin effects. Extraction of this contribution was 

found to reduce the broadenings and additional ghost peaks in distance distributions 

introduced by multi-spin effects, however at the price of loss in sensitivity.
19a

 This is 

further discussed in Section 1.6.2.1 and in Chapter 3. 

1.6.2 Methods for suppression of multi-spin effects to-date 

Multi-spin effects have been reported to highly affect PELDOR distance 

measurements as they induce a faster damping of the PELDOR signal, lowering the 

resolution of dipolar oscillations, and by introducing broadening and additional distance 

ghost peaks.
19a, 78, 89

 To date there are three approaches to suppression of multi-spin 

effects involving three different aspects of pulsed EPR distance measurements: 

experimental set-up, data processing and sample preparation. Each method has been 
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scrutinised by different research groups using chemical model systems
19a, 76a 

and 

biological complexes.
47c, 95

 In the next sections each approach will be discussed 

highlighting their advantages and disadvantages. 

1.6.2.1 Suppression by experimental methods 

To overcome challenges introduced by multi-spin effects in inter-spin distance 

measurements, it was firstly suggested to extract the spin-pair contribution from the 

complex of multiple dipolar frequencies and to analyse it using Tikhonov regularisation 

methods.
19a

 The spin pair contribution can be processed by Tikhonov regularisation and 

should allow for accurate extraction of inter-spin distances. PELDOR distance 

measurements on bi- and tri-radical model systems 66 to 70 proved that the spin pair 

contribution can be extrapolated from three-spin correlations by reducing the flip angle 

of the pump pulse, and lowering the probability of flipping several B spins, thus several 

dipolar couplings.
19a

  

The reduction of the pump pulse efficiency λ between 1 (λmax) and 0.2 , by reducing 

the microwave power and consequently flip angle β of the pump pulse, allowed to 

obtain PELDOR data that can be fitted by a second order polynomial with vanishing 

constant term so that the spin pair and three-spin contributions could be isolated. 
19a

 

Analysis of this dependence was made available by performing a series of PELDOR 

distance measurements with increasing attenuation, leading to a decreasing pump pulse 

flip angle β, as performed for spin-counting experiments previously discussed.
19a

 The 

studies proved that analysis of the dependence of Δ on λ allow to separate the spin pair 

from the three-spin contribution, allowing for accurate distance measurements in three 

spin systems. 
19a

 

1.6.2.2 Suppression by post-processing methods 

λ reduction experiments for suppression of multi-spin effects require experimental 

efforts in performing a number of experiments, varying the λ by changing the pump 

pulse flip angle β at high signal-to-noise ratios and they become prohibitive for 

application to biological samples.
78a

 A later study accidentally found that superposition 

of the logarithm of the background corrected trace from a three-spin system with the 

logarithm of its spin pair contribution by linear scaling led to almost perfect agreement. 

This implies that linear scaling of the logarithm of the background corrected trace from 

a three spin system gives an identical trace to the corresponding two spin system. Thus, 
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scaling of traces containing contributions from more than one dipolar coupling should 

lead to traces that can be processed by DeerAnalysis, which assumes presence of 

contributions from pairs of spins.
78a

 The optimum scaling factor is exclusively based on 

the number of spins N within the system. By linear scaling of the logarithm of the 

background corrected trace of a multi-spin system by a factor of 1/(N-1) ghost distance 

peaks from multi-spin effects were found to be efficiently suppressed.
78a

 The newly 

introduced post-processing method, also referred to as power-scaling, was found to 

convert the total modulation depth of any multi-spin system to the Δ of a biradical. 

Scaling of a simulated PELDOR trace from a three-spin system has been found to 

provide data resembling the contribution of the spin pair. Power-scaling was found to 

suppress ghost distances introduced by multi-spin effects for simulated traces for 

systems bearing up to four spins assuming conditions typically found for experiments 

on nitroxides. For a five-spin system an intentional introduction of reduction of the 

inversion efficiency had to be introduced to obtain the desired effects.
78a

 Specifically, 

power-scaling was found to suppress additional distances for λ up to 0.8 for a simulated 

triradical, up to λ ≤ 0.6 for a tetraradical and up to λ ≤ 0.4 for a pentaradical, above 

these λ values influence of ghost peaks could still be observed. The effects of power-

scaling on PELDOR distance measurements performed on a triradical model system 

revealed that scaling by a factor of 1/(N-1) was not fully suppressing ghost peaks. It was 

concluded that power-scaling has a non-negligible effect on reduction of ghost distances 

integrals in distance distributions and does not require additional experimental efforts, 

however it does not lead to their full suppression. Additionally, power-scaling was 

found not to be as promising when applied to experimental data when compared to 

noise-free simulations and it may be lowered when applied to systems not bearing high 

symmetry.
78a

 Presence of orientation selection effects is expected to lower the efficiency 

of the method.
78a

 The authors recommend a combination of λ reduction and power-

scaling for structural elucidation of unknown systems and that care should be taken 

when interpreting data where power-scaling of traces introduces important changes in 

distance distributions, and to perform further studies to quantify the influence of multi-

spin effects.
78a
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1.6.2.3 Suppression by sample sparse labelling 

To overcome challenges coming from multi-spin systems and allow accurate 

extraction of their inter-spin distances magnetic dilution, meaning the mixing of spin 

labelled and diamagnetic systems or of monomers with an activated spin label and 

monomers with a diamagnetic label, have been used and recently reported.
47c, 48

 Dilution 

by addition of unlabelled systems has been used to prevent aggregation of doubly 

labelled self-aggregating systems whose spin labels would come to a distance close 

enough to be able to detect dipolar frequencies as a result of their interaction. 

Additionally, the high local concentration of spin labels gives fast decaying signals and 

broad distance distributions.
95-96

 A recent study showed that dilution of a spin labelled 

sample of histidine kinase CheA with sufficient quantity of the same non-labelled 

protein helped towards elucidation of mechanism of its self-aggregation.
97

 Magnetic 

dilution was performed by increasing the concentration of the unlabelled system while 

leaving the average concentration of the spin labelled system unaffected. The dilution 

allowed not only to reduce local concentration of the spin labelled proteins, but also left 

unaffected the average concentration of the spin labelled protein in the sample. Dilution 

showed to improve distance measurements as the spin pair contribution could be 

accurately extracted. This resulted in extraction of sharper distance distribution, 

reduction in the signal slope and generated the proof for self-aggregation of kinase 

CheA.
97

 This dilution method, however, would not facilitate measurements on systems 

bearing more than two spins. Another method for magnetic dilution introduces 

diamagnetic analogues of spin labels in combination with paramagnetic labels to 

biological systems such as oligomeric systems and nucleic acids or by reducing the 

labelling efficiency.
48, 95

 The second approach has been recently reported in a study on 

the hexamer proteorhodopsin.
47c

 The authors labelled three sites of the complex - one 

near the oligomer interface, one on the peripheral, and one at the intracellular loop - 

with either nitroxide-based (MTSSL) or Gd(III) chelating spin labels. The hexamer 

samples were labelled with 33%, 55%, 80% and 100% Gd(III) or nitroxide 

occupancy/labelling, thus reducing the labelling efficiency via sparse labelling. Distance 

measurements on nitroxide sparsely labelled systems showed an improvement in 

extraction of inter-spin distances: distance peaks were narrower and background 

correction was also facilitated, in particular for the 33% labelled sample, however the 

longest distance peak could not be resolved.
47c
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1.7 Project aims  

To date three methods have been proposed for suppression of multi-spin effects to 

improve extraction of distances from systems containing more than two spins: lambda 

reduction experiments, magnetic dilution or sparse labelling and power-scaling. Each 

method deals with suppression of multi-spin effects by optimising different parameters: 

experimental methods, sample optimisation and post-processing data treatment. 

The aim of this project was to quantify the impact of multi-spin effects on distance 

measurements and to test known and alternative approaches to give access to accurate 

measurement of inter-spin distances from multiply-labelled systems. Suppression of multi-

spin effects is key for structural elucidation and conformational studies of biological 

systems or oligomers, as often selective introduction of only two labels cannot be achieved. 

The combination of PELDOR distance measurements on chemical model systems and 

quantitative simulations has proven to be an effective method for designing pulsed EPR 

experiments.
14, 18b, 18c, 19b, 20a, 78b

 Specifically, chemical model systems can be designed to 

have specific structural features, such as rigidity, symmetry and number of spin labels, to 

study specific effects, such as orientation selection and multi-spin effects. The behaviour of 

these structurally well-defined chemical backbones can be easily predicted by simulations 

on spin labelled polygons mimicking their geometries, making hypotheses to be easily 

tested and observed effects to be accurately quantified. Additionally, the measurement 

averaging times can be greatly reduced as sample concentrations can be easily modified.  

In this project the combination of model systems and simulations was used for 

quantification of the effects introduced by the methods previously proposed, such as power-

scaling
78a

 and sparse labelling
47c

 and to explore alternative experimental settings
98

 towards 

suppression of multi-spin effects. The findings were validated on membrane channel 

proteins bearing seven and eight spin labels.  
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Chapter 2 - Synthesis of polyradical model systems 

Parts of this chapter has been published in similar form in the following journals: 

Journal of Organic Chemistry, 2014, 79 (17), 8313;
39a

 Chemistry - A European Journal, 

2016, 22 (14), 4700;
98

 Molbank 2015, 2015 (3), M865.
99

 The author designed and 

completed the synthesis of all polyradical model compounds. Dr. James E. Taylor and Dr. 

David S. B. Daniels contributed intellectual input into the syntheses analyses, Dr. Daniel 

Dawson and Prof. Sharon E. Ashbrook provided measurements and analysis of the solid 

state NMR spectra. Dr. Kasun S. Athukorala Arachchige and Prof. Alexandra M. Z. Slawin 

provided X-ray diffraction patterns and solved the crystal structures. 

2.1 Project Background 

The first step towards the understanding, quantification and suppression of multi-spin 

effects in PELDOR measurements in this work involved the synthesis of polyradical model 

systems with well-defined structures. The behaviour of these test compounds can be easily 

predicted, thus facilitating the quantification of effects induced by the presence of a third or 

fourth spin within the same system when interpreting experimental data. Additionally, their 

geometries allowed to build constituent biradicals to polyradicals and to mimic structures 

and aggregation states of biomolecules. Thus, model systems could be used to evaluate 

accuracy and limitations of known and novel pulsed EPR methods for biological 

applications. 

Model systems should be rigid, rod-like, exhibit high symmetry and be designed to have 

inter-spin distances between 1.5 to 8 nm, a range that can be reliably measured by pulsed 

EPR techniques.
2b, 11

 Rigidity limits the structural and conformational flexibility of the 

model system giving well-defined inter-spin distances, while symmetry minimises the 

number of different distances
18a, 18c

 and facilitates the detection of deviations from an 

expected single peak.
78b

 Figure 2.1 reports the three symmetrical core building blocks used 

for synthesis of symmetric polyradical model systems. An advantage of using commercially 

available 1,3-diethynylbenzene 81 and 1,3,5-triethynylbenzene 82 is that they have 

relatively high symmetry and the same angular geometry. In terms of multi-spin effects this 

means that any distortion induced by the presence of a third spin label could be separated 

from structural effects, as the triradical is the direct extension of the biradical. A 

tetrahedron-based tetraradical was approached using 1,3,5,7-tetrakis(4-

ethynlphenyl)adamantane 83 as a building block.  
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Figure 2.1: Symmetrical core building blocks for synthesis of polyradical model systems. 

To validate whether findings from measurements on symmetric compounds were also 

valid on polyradicals bearing more than four spin labels and conformations that would give 

more than one distance, an asymmetric tetraradical and a system bearing a hexagonal 

symmetry were also envisaged. For this purpose 1,2,4,5-tetraethynylbenzene 84 and 

hexakis[(4-ethynyl)phenyl]benzene 85, reported in Figure 2.2, were thought to be good 

templates. 

 

Figure 2.2: Core building blocks for synthesis of asymmetric tetraradical and 

hexagonal polyradicals. 

2.2 Project aims 

The aim of this project was to develop a common synthetic protocol for isolation of a 

variety of symmetric, asymmetric and rigid polyradical systems. These should consist of 

backbones of phenylene and ethynylene units, as they confer rigidity and chemical stability 

to the system,
18c, 39b

 while introducing a specific functionality for covalent attachment of the 

spin label 1-oxyl-2,2,5,5-tetramethylpyrroline-3-carboxylic acid TPC 3. This spin label can 

be readily introduced onto polyphenolic aromatic backbones through esterification under 

mild conditions. Additionally, it has been shown that the presence of multiple ester groups 
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largely diminishes the through-bond exchange coupling J, which would seriously 

complicate the interpretation of distance measurements.
20b, 39b

 Different  approaches were 

considered: one possibility is that 4 -hydroxy-4'-iodobiphenyl 74 (Scheme 1.10) could first 

be esterified with TPC 3 to give nitroxide radical 75, which would be cross-coupled N times 

to a suitable precursor containing N terminal alkynes to form a series of polyradical systems 

(Scheme 2.1, route A). This procedure could be performed by following a similar strategy 

to what previously adopted.
19b

 Alternatively, 74 could be first cross-coupled N-times to the 

terminal alkyne precursor to form a polyphenolic backbone that could then undergo global 

esterification with TPC 3 (Scheme 2.1, route B).
39b

 In both cases 74 represents a yard-stick 

module that can be used to increase the inter-spin distance by approximately 1.12 nm, 

estimated using reported incremental bond lengths,
33

 without compromising the rigidity of 

the system. 

 

Scheme 2.1: Proposed synthetic routes for synthesis of rigid polyradicals. 

2.3 Results and discussion  

The development of a common protocol for the synthesis of polyradical model systems 

was developed in two stages: optimisation of esterification conditions for attachment of the 

spin label of choice TPC 3 to commercially available polyphenols followed by synthesis of 

polyphenolic backbones by cross-coupling building units bearing multiple terminal alkynes 

with spacer 74. 

2.3.1 Optimisation of esterification conditions 

It was important to establish a reliable esterification protocol as a standard set of 

reference conditions for the synthesis of all polyradical model systems. The aim was to 

optimise conditions for an efficient final synthetic step as the introduction of a paramagnetic 
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centre would prevent quantitatively monitoring the reaction by NMR.
100

 Different methods 

for esterification of spin label TPC to polyphenolic backbones had been previously 

reported, as shown in Scheme 2.2. One of the first examples, reported by Rosantzev,
61

 

involved the use of thionyl chloride in the presence of pyridine for attachment of TPC 3 to 

86 and 87. In this case the ester bond is formed by initial formation of the acid chloride, 

with chloride as a good leaving group. This strategy, however, gave target bi- and tri-

radicals 88 and 89 in low yields, 23 and 14% resoectively, after sequential purification by 

column chromatography and recrystallization. A second method previously reported
20b

 for 

esterification of TPC to hydroquinone 90 and 4,4'-biphenol 91 using Steglich conditions,
64

 

involved the use of less reactive reagents and gave biradicals 92 (11%) and 44 (16%).
39b

  

 

Scheme 2.2: Previously reported conditions for esterification of TPC 3 to polyphenolic 

backbones.
20b, 61 

For this reason it was initially decided to couple TPC to resorcinol 86, 4-4'-

hydroxybiphenol 91 and phloroglucinol 87 in the presence of dicyclohexylcarbodiimine 

(DCC) and dimethylaminopyridine (DMAP).
84

 These reaction conditions gave the target 

biradicals, 88 and 44, and triradical 89 in acceptable yields: 30%, 45% and 25% 

respectively, as reported in Scheme 2.3. Whilst these yields are an improvement on those 

previously reported the purifications proved to be challenging due the presence of the 
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dicyclohexylurea by-product. In an attempt to overcome these difficulties alternative 

esterification conditions were tested; these involved the use 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDCI·HCl) as the activating reagent in 

the presence of DMAP. In this case the urea by-product is completely water soluble and 

could be easily removed through an aqueous work-up. This led to an improvement in the 

isolated yields of biradicals 88 and 44 to 49% and 82% respectively (Scheme 2.3) after 

chromatographic purification on activity II aluminium oxide with 4% H2O.
50a

 

 

Scheme 2.3: Yield comparison between previously reported esterification conditions and the 

improved developed protocol. 

The combination of EDCI and DMAP allowed overcoming the challenges of poor yields 

and difficult purification faced with previously reported methods. These improvements 

make these reaction conditions an ideal starting point for a general protocol for 

esterification of phenolic compounds to TPC 3. Single crystal X-ray crystallographic 

analysis of biradical 88 revealed a nitroxide-nitroxide distance of 1.33 nm, based on the 

mid-point of the N-O bond, which is similar to the mean nitroxide-nitroxide distance of 

1.32 nm (average of 1.39, 1.26 and 1.30 nm) obtained from structure of triradical 89.
101

 The 

approximation of triradical 89 being an overlay of three orientations of biradical 88 is 

therefore reasonably well fulfilled. The X-ray crystal structure of triradical 89 displayed a 

disorder related to multiple occupations, suggesting that at least two rotamers are of very 

similar in energy; this effect was not present in the X-ray crystal structures of biradicals 88 

and 44.
102
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2.3.2 Synthesis of polyradicals 

The first synthetic strategy adopted for the synthesis of polyradical model systems was 

adapted from previously reported methods,
19b

 here summarised in Scheme 2.4. This 

involved the cross-coupling of TPA 2 (Figure 1.7), which is similar to TPC 3 except for the 

presence of a terminal alkyne rather than a carboxylic acid functionality, followed by the 

cross-coupling of the alkyne bearing spin label to an iodinated poly(para-

phenyleneethynylene) backbones.  

Adoption of this synthetic strategy required a first esterification of 4-hydroxy-4' -

iodobiphenyl 74 with 3, to give 75 (Scheme 1.10).
50a

 75 was then cross-coupled N times to 

the alkyne-bearing core unit, as reported in Scheme 2.4. This first esterification, isolated 

using modified reaction conditions,
39a

 was found to be efficient and easy to perform on 

large scales, as reported in Scheme 2.4, giving a 72% yield. For cross coupling of 75 to the 

alkyne-bearing core unit the reaction conditions similar to those previously reported
19b

 were 

tested: PdCl2(PPh3)2 (3 mol%), PPh3 (30 mol%) and CuI (1 mol%) in a mixture of 

piperidine and triethylamine (Scheme 2.4). This gave the target biradical 93 in 12% yield. 

The same conditions were also tested on 1,3,5-triethynylbenzene 82, however no product 

could be isolated on this occasion. Changes in reaction conditions, like equivalents of base, 

catalyst loading and temperature, were found not to improve the initial results. 

 

Scheme 2.4: Synthesis of bi-radical 93  

Multiple couplings in a single reaction step have been previously proven to be 

challenging due to the often limited yield for a single coupling and to the difficulties 
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encountered during separation of singly and multiply cross-coupled products.
19b

 One 

possible explanation for the low yield is the competing Glaser reaction inducing the 

homocoupling of the alkyne;
19b

 however the paramagnetic nature of the crude reaction 

mixture made identification of unwanted side-products difficult.
103

 The disappointing 

results led to the exploration of the alternative approach reported in Scheme 2.1.  

After consideration of all challenges encountered when using the previously reported 

method a straightforward solution would be to introduce the spin label in the very last step, 

thus building at first a polyphenolic backbone to which TPC 3 could be attached to give the 

target molecules. As esterification conditions of TPC 3 to the commercially available 

polyphenols had already been optimized, the attention was focused on designing a common 

protocol for synthesis of polyphenolic backbones. First attempts involved the use of 

standard Sonogashira conditions
19b

 for cross-coupling of 81 or 82 and 4-hydroxy-4' –

iodobiphenyl 74. Disappointingly, none of the attempts gave the target polyphenols.  

The alternative most straightforward strategy for synthesis of polyphenolic backbones 

appeared to involve the first cross-coupling of 4-hydroxy-4' –iodobiphenyl 74, with which 

esterification of TPC 3 previously proved high yielding, to a building block bearing 

terminal alkynes (Scheme 2.1).A method for cross-coupling of halogenated compounds 

containing hydroxyl groups using a 0.5 M aqueous ammonia solution as a base,
104

 instead 

of a mixture of piperidine and triethylamine
19b

 in the presence of PdCl2(PPh3)2 and CuI, was 

tested. In this case, 4-hydroxy-4'-iodobiphenyl 74 was first reacted with 1,3-

diethynylbenzene 81 under aqueous ammonia Sonogashira cross-coupling conditions to 

afford biphenol 94 in 69% yield (Scheme 2.5).  
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Scheme 2.5: One-step synthesis of bi- and tri-phenols using aqueous ammonia as base for 

cross-coupling. 

The symmetric triphenol was synthesized in the same single step strategy from 1,3,5-

triethynylbenzene 82 (Scheme 2.5). The triple cross-coupling process with 4-hydroxy-4'-

iodobiphenyl 74 gave tris-phenol 95 in a 60% yield. The use of these alternative conditions 

gave access to the target polyphenols in good yields without need of protecting the phenol, 

thus reducing the number of steps. 

From this strategy synthesis of target polyphenols 94 and 95 using commercially 

available 81 and 82 as core building blocks should only involve a single step. In the case of 

the adamantane-based tetraphenol a strategy for introduction of terminal alkynes was 

required. Synthesis of the tetrahedral tetraphenol was initially attempted using the same 

strategy as for the bi- and tri-phenols: Sonogashira cross-coupling under aqueous ammonia 

conditions of 4-hydroxy-4'–iodobiphenyl 74 to the core building block containing the 

required number of terminal alkynes relative to the number of phenolic groups for 

attachment of 3.  

The first step to synthesize the tetrahedral core 83, suitable for onwards cross-coupling 

reactions, involved the treatment of 1-bromo adamantane 96 with tert-butyl bromide (3 eq) 

and a catalytic amount of AlCl3 (10 mol %), and heated at reflux in benzene
105

 to give 

tetraphenyladamantane 97 in 90% yield. Tetraphenyladamantane 97 was then iodinated 

using [bis(trifluoroacetoxy)iodo]benzene (4 eq) and iodine (2 eq) to give 1,3,5,7-tetrakis(4-
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iodophenyl)adamantane 98 in 51% yield.
106 

Next, TMS-acetylene was coupled to 99 

followed by TMS deprotection to give the key tetrahedral tetraalkyne 83 in 67% yield over 

the two steps (Scheme 2.6).
107

 

 

Scheme 2.6: Synthesis of poly-alkyne adamantane-based core building block. 

Cross-coupling of 83 with 4-hydroxy-4'iodobiphenyl 74 using the aqueous ammonia 

Sonogashira conditions gave tetrakis-phenol 99, but in a disappointing 35% yield (Scheme 

2.8 A). Therefore, the order of the synthesis was changed in an attempt to provide a higher 

overall yield. Coupling of 4-hydroxy-4'-iodobiphenyl 74 with TMS-acetylene followed by 

silyl deprotection gave alkyne 100 in 80% yield over two steps (Scheme 2.7).
108

  

 

Scheme 2.7: Synthesis of poly-alkyne adamantane-base core building block. 

Pleasingly, coupling of alkyne 100 with tetrakis-iodoadamantane 98 provided the desired 

tetrakis-phenol 99 in a much improved 60% yield (Scheme 2.8 B). 
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Scheme 2.8: Two synthetic strategies approached for synthesis of tetraphenol 99. 
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The same synthetic strategy was used for synthesis of an asymmetrical tetraradical based 

on the cross-coupling of 4'-ethynyl-[1,1'-biphenyl]-4-ol 100 to the commercially available 

1,2,4,5-tetrabromobenzene 101. The aqueous ammonia cross-coupling gave the target 

asymmetric tetraphenol 102 in an 81% yield (Scheme 2.9).
98

 

 

Scheme 2.9: Two synthetic strategies approached for synthesis of tetraphenol 102. 
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Hexaphenol 103 was synthesised using a similar approach that lead to isolation of 

tetraphenol 99: iodination of phenylated backbone 104 followed by coupling of 4'-ethynyl-

[1,1'-biphenyl]-4-ol 100 (Scheme 2.10).
99

  

 

Scheme 2.10: Synthesis of hexaphenol 103 using the common synthetic protocol developed. 

Esterification of the newly synthesised polyphenols to the spin label 3 was performed 

using conditions previously optimised on commercially available polyphenols: EDCI HCl 

and DMAP in THF at room temperature under inert atmosphere, as reported in Scheme 

2.11.
23, 98
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Scheme 2.11: Synthesis of polyradical model systems using a common synthetic protocol for 

synthesis of polyphenols and optimised conditions for esterification of TPC. 
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2.4 Conclusion 

In conclusion an efficient modular approach for the synthesis a series of polyradical 

model systems for studying multi-spin effects in EPR distance measurements has been 

developed. Sonogashira cross-coupling of 4-hydroxy-4'-iodobiphenyl 74 to suitable 

symmetric polyalkynes under aqueous ammonia conditions provides a range of 

polyphenols without the need for phenolic protecting groups. EDCI·HCl mediated 

esterification of the polyphenols with the spin label TPC 3 gives the corresponding 

polyradical systems in good yield with a straightforward work-up and purification 

procedure. This common protocol has been successfully applied to the synthesis of bi-, 

tri- and tetraradical systems in a very few synthetic steps. Importantly, the synthesis of 

tetraradical 106 represents the first example of a non-planar polyradical with fixed inter-

spin distances exhibiting tetrahedral shape.   
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Chapter 3 - Novel experimental approach for suppression of multi-spin 

effects 

This chapter was published in similar form in Chemistry - A European Journal, 2016, 

22 (14), 4700.
98

 The author performed synthesis, PELDOR measurements, simulations 

and data processing. Dr Katrin Ackermann contributed with preliminary measurements 

at Q-band and contributed modelling of distance distributions from crystal structure, Dr 

Hexian Huang and Dr. Christos Pliotas produced the spin labelled biological samples 

under the supervision of Prof. James H. Naismith. Bela Bode performed the λ reduction 

experiments at X-band on the biological systems. 

3.1 Project background 

PELDOR distance measurements have recently become an important addition to the 

techniques commonly used for elucidation of structural features of complex biological 

systems.
2b, 9

 This technique gives access to the measurement of inter-spin distances 

between spin labels covalently bound to biological and chemical systems in the 

nanometre range. Measurement of long range distances can be a key element for 

assessing  proteins conformational states.  

To date the PELDOR method has only been proven reliable when performing 

measurements on doubly labelled systems (i.e. between exactly two spins).
19a, 78b

 The 

traces obtained when measuring systems bearing two spin labels with this method can 

be easily processed in DeerAnalysis
30

 to give accurate distance distributions.
19a, 19b, 78

 

Presence of additional factors such as restricted conformations, giving orientation 

selection effects, and strong J couplings require further analysis to accurately extract 

inter-spin distances when using this software.
18b, 20a, 71, 109

  

In multiply labelled systems the multi-spin effects represent a continuing challenge 

for pulsed EPR distance measurements. Particularly, presence of more than two spins 

within the same nanoobject implies the existence of a number of different dipolar 

frequencies that make the PELDOR trace modulated with the product of the dipolar 

frequencies of all possible pairs. These lead to sum and difference frequencies, which 

could yield erroneous distances corresponding to the inverse cube of frequency 

dependence if multi-spin data was processed in DeerAnalysis.
19a, 78

 Thus, processing of 

multi-spin data has been found to result in introduction of broadenings and additional 

peaks in distance distributions, which greatly compromises the accuracy of PELDOR 
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distance measurements on these systems.
47a, 78a

 As previously discussed in Section 1.6.2, 

different methods have been proposed to suppress multi-spin effects and allow accurate 

extraction of distances in multiply labelled systems. One of the approaches previously 

proposed
19a

 suggests that lowering of the pump pulse flip angle β allows for isolation of 

the spin-pair contribution to the signal, thus elimination of the combination 

frequencies.
19a, 78b

 The same authors introduced a post-processing method, power-

scaling, where isolation of the pair contribution could be achieved by scaling the 

PELDOR trace by a 1/(N-1) exponent. The method does not require additional 

experimental efforts or rely on a very high signal-to-noise ratio, as the former 

approach.
78a

 Both methods, however, bring important limitations: substantial reduction 

in sensitivity (modulation to noise ratio)
78a

 and loss of performance with increasing N 

and λ, respectively.
19a, 78b

 The scaling method will thus not always be sufficient and the 

reduction of the pump pulse flip angle can become unaffordable in particular for 

multiply labelled biological systems that usually require long averaging times due to 

fast relaxation of the spin labels and requirement of long measuring time windows for 

resolution of long distances.
19a

 

3.2 Project Aims 

The first goal was to quantify the effects of λ reduction and power-scaling, and their 

combination for effectively diminishing multi-spin effects without overly compromising 

on sensitivity. The methods were tested on the two tetraradical model systems reported 

in Chapter 2 and on two membrane channel proteins. Measurements were focused on 

model system 106 and MscS S196R1 (Figure 3.1 a)). Symmetric molecules are more 

prone to manifest multi-spin effects in the attempt to measure their inter-spin 

distances.
78a

 The asymmetric 107 and sWza Q335R1 (Figure 3.1 b)) were used as test 

systems to validate the effects of the two methods and their combination on complexes. 

The second goal of this project was to optimise settings for a modified variant of the 

PELDOR experiment aiming at the effective suppression of multi-spin effects together 

with overcoming the challenges and drawbacks imposed by the previously proposed 

methods. The alternative method would ideally give the optimum compromise between 

sensitivity loss and suppression of combination frequencies, and allow for accurate 

extraction of inter-spin distances in systems bearing more than two nitroxide spin labels. 
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a) 

 

b) 

 

Figure 3.1: Crystal structures of membrane channel proteins MscS S196R1 a), sWza Q335R1 

b) and corresponding polygons mimicking their geometries and expected distances. 

3.3 Results and Discussion 

The efficiency and drawbacks of the existing approaches to suppression of multi-spin 

effects, λ reduction and power-scaling, were carefully scrutinised on the chemical and 

biological systems. The effects of combination of λ reduction, power-scaling and of the 

alternative settings for the PELDOR experiment were initially tested and quantified at X-

band using MD5 and MS3 resonators, with the latter giving access to a higher microwave 

field strength allowing shorter-pulses. Similar experiments were then performed at Q-

band. 

3.3.1 Multi-spin effects suppression by λ reduction 

To test the efficiency and limitations of λ reduction experiments (see Materials and 

Methods A.2.3.1) for suppression of multi-spin effects in distance measurements on 

multiply labelled systems, λ reduction experiments were performed on the tetra-radicals 

106 and 107 reported in Chapter 2 and on heptameric and octameric membrane channel 

proteins MscS S196R1 and sWza Q335R1 (Figure 3.2). All distance distributions are 

shown with a colour-coding indicating the distance reliability ranges, as previously 

described in Section 1.3.
30

 Initial results with reduced were obtained using a 5 mm 

dielectric ring (MD5) resonator that has large concentration sensitivity (when the 

sample amount is not limiting), as reported in Figure 3.2.  

These preliminary results show that measurements using the commonly used setting 

for PELDOR distance measurements (see Materials and Methods A.2.3.1) exploiting 

the maximum pump pulse flip angle β to achieve the maximum λ (λmax) give distance 

distributions with additional ghost peaks and broadenings. Progressive reduction of λ 

from λmax  shows decrease in intensity of the additional distance peaks and broadenings; 
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measurements performed with 20% of λmax give distance distributions containing the 

expected single distance peak for the tetrahedral 106, the sharper peaks for 107 and in 

good agreement with the models from the crystal structures for MscS S196R1 and sWza 

Q335R1 (Figure 3.2). Presence of actual ghost distances when using λmax and reduction 

of these when reducing λ to 20% is confirmed by validations reported in Figure 3.3. 

Validation of distance distributions obtained by Tikhonov regularisation (see Materials 

and Methods A.2.4)allows performance of a systematic error analysis taking into 

consideration experimental factors such as noise levels and uncertainties in background 

correction. The validation tool in DeerAnalysis 2013 systematically varies the starting 

point for background correction to check the stability of the distance distributions 

against deconvolution of different background functions. Noise levels and background 

dimensionality can also be systematically varied. The validation provides error bars, 

here reported as grey areas delineating the lower and upper boundaries (Figure 3.3), 

suggesting the reliability of each point of the distance distribution, thus revealing the 

stability of the distance distributions against variation of the main parameters varied 

during data processing.
30, 110

 The same λ reduction experiments were performed at X-

band using a 3 mm split ring resonator (MS3) resonator that has a larger microwave 

field-strength than the MD5 and it is commonly recommended due to its absolute 

sensitivity (when the sample amount is a limiting factor) and higher achievable 

modulation depth (Figure 3.4).
68

 In this case measurements were performed exclusively 

on the model systems, as the reduced concentration made repetition of the biological 

systems unfeasible (see Materials and Methods A.2.3.1). As for results obtained from 

measurements using an MD5 resonator, validations of distance distributions from MS3 

resonator measurements show that the intensity of the ghost distance peaks in the λmax 

experiments remain unaltered despite the change in the background function. Reduction 

of λ to 20% of λmax confirms that ghost distances are efficiently suppressed (Figure 3.5). 
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Figure 3.2: Background corrected PELDOR data with fit and corresponding distance 

distributions for 106 a), 107 b), MscS S196R1 c), and sWza Q335R1 d), measured at X-band 

with MD5 resonator. The * mark the true distances for 106 and 107, the grey distance 

distributions are modelled from X-ray data of the proteins by the MtsslWizard software.
111

 The 

coloured bars suggest the reliability of distances in relation to the measuring time window.  
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Figure 3.3: Validations for distance distributions PELDOR measurements at X-band using an 

MD5 resonator with λmax and 20% on 106 a), 107 b), MscS S196R1 c) and sWza Q335R1 d) 

with MtsslWizard modelling from. The grey areas represent the error bars for each distance; the 

distance distributions in the white areas delineated by the grey-shaded error bars are stable to 

changes in background correction parameters, and thus are more reliable.  
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Figure 3.4: Background corrected PELDOR data with fit and distance distributions for tetra-

radicals 106 a) and 107 b) measured at X-band (MS3 resonator). The coloured bars suggest the 

reliability of distances recovered. 
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Figure 3.5: Validations for distance distributions for λmax and 20% on 106 a), and 107 b) from 

PELDOR measurements at X-band with an MS3 resonator. The grey area, representing the error 

bar, delineates those distance distributions that are stable to changes in processing parameters. 
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Figure 3.6: Background corrected PELDOR data with fit and corresponding distance 

distributions for tetra-radical 106 a) and MscS S196R1b) measured at Q-band. The coloured 

bars suggest the reliability of distances recovered. 
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Figure 3.7: Validations for distance distributions for λmax and 20% PELDOR measurements on 

106 a), MscS S196R1 b) at Q-band. The grey area, representing the error bar, delineates those 

distance distributions that are stable to changes in processing parameters. 
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Recently, technical advances have allowed distance measurements to be expanded 

from 9 GHz to 34 GHz
80

 and 95 GHz.
112

 The same λ reduction experiments were 

performed at 34 GHz (Q-band) on 106 and MscS S196R1 (see Materials and Methods 

A.2.3.1). The sensitivity found at higher frequencies gives access to longer measuring 

time windows, particularly important for extraction of long distances in the heptameric 

channel protein MscS S196R1 (Figure 3.6). Here, efforts were focused on 106 and 

MscS S196R1. Validations of distance distributions reported in Figure 3.7 confirm the 

observations deduced from λ reduction experiments performed at X-band.The distance 

data from the chemical model systems (Figure 3.2 and Figure 3.4, a) and b) and Figure 

3.6 a)) clearly demonstrates that reducing λ decreases the modulation depth Δ and 

diminishes the intensity of the ghost distance peaks introduced by multi-spin effects. 

When the same experiments performed on the biological systems show that decreasing 

λ allowed for the recovery of the second and third distance peaks (4.2 and 5 nm for 

MscS S196R1, 5.2 and 6.9 nm for sWza Q335R1); the fourth distance expected in sWza 

Q335R1 is, however, not resolved, as expected from the modelling performed on the 

crystal structure (Figure 3.2). This demonstrates the significant uncertainty related to the 

larger distances due to limited observation times, particularly when it comes to 

biological systems where all but the first distance are out of the range with a reliable 

shape of the PELDOR distance distribution (Figure 3.2). To test whether the observed 

behaviour was simply due to the limited time window achievable in the experiments, 

simulations based on geometric models mimicking the model systems and channel 

proteins
78b

 were performed using a time window sufficient to resolve mean and width 

(Figure 3.8, see Materials and Methods A.2.2). Simulations also prove that additional 

ghost peaks and improper amplitudes in the distance distributions from multiply 

labelled systems obtained with increasing λ reported in Figure 3.2 to Figure 3.6 arise 

from multi-spin effects, as the observation time in the simulations was chosen long 

enough to avoid truncation artefacts. Additionally, distance distributions obtained from 

simulations show the expected true distributions upon reducing λ (grey traces in Figure 

3.8). These are modelled from the geometry of the chemical model systems as 

tetrahedron (106) and rectangle (107) and as heptagon and octagon for MscS S196R1 

and sWza Q335R1, respectively. These distributions are reasonably close to those 

modelled on the basis of the crystal structure of the membrane channel protein using 

MtsslWizard.
111
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Figure 3.8: Simulated λmax and λ reduced PELDOR traces with corresponding distance 

distributions (coloured) for a tetrahedron a), rectangle b), heptagon c) and octagon d) and 

expected true distance distributions (black). The coloured bars suggest the reliability of 

distances recovered. 
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Results for λ reduction experiments performed on these systems demonstrate that 

reduction of λ diminishes ghost distance peaks together with additional broadenings and 

appears to be particularly effective on the biological systems, where reliable distance 

intensity beyond the modal distance is recovered as confirmed by comparison with 

crystal structure based models. Suppression of ghost distance peaks comes at the price 

of reducing the signal modulation depth, thus decreasing the modulation effect with 

respect to noise and compromising sensitivity. This implies that measurements should 

be performed for a long averaging time to obtain the best achievable signal-to-noise 

ratio to minimise the loss in sensitivity and allow accurate extraction of distance 

distributions.
78a

 Biological systems would particularly suffer from the necessity of a 

very good signal-to-noise level as they generally require longer averaging times due to 

faster relaxation, low sample concentration and often presence of incomplete 

labelling.
2b, 68

 The impact of λ reduction on the experimental sensitivity is quantified in 

Section 3.3.4.  

3.3.2 Multi-spin effects suppression by power-scaling 

Power-scaling was tested on PELDOR traces obtained by λ reduced experiments 

with the aim to find the optimum combination of power-scaling and λ reduction. 

Comparison between non power-scaled and power-scaled distance distributions from 

tetraradical model systems 106, 107 and biological systems MscS S196R1and sWza 

Q335R1 is reported in Figure 3.9. Power-scaling of 106 and 107 λmax traces appears to 

reduce broadenings and additional ghost peaks intensities, however it is not as efficient 

as when using 20% of λmax. Power-scaling of λmax traces for MscS S196R1 and sWza 

Q335R1, on the other hand, does not give improvement to the same extent as when 

compared to the model systems (Figure 3.9). In particular power-scaling of the λmax 

trace for sWza Q335R1 leads to misleading results as it suggests the presence of only two 

distance peaks, with the mean of the second peak not matching the expected distances.  

Results suggest, in agreement with previous studies,
78a

 that power-scaling applied on 

experiments with λmax offers some improvement on the tetraradical model systems but 

its effectiveness is greatly reduced for systems bearing more than four spins. For these 

systems some intentional reduction of inversion efficiency λ is required in combination 

with power-scaling for extraction of accurate distance distributions.
78a
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Figure 3.9: Distance distributions without (left) and with (right) power-scaling for 

tetraradicals 106 a) and 107 b), MscS 196R1 c), and sWza Q335R1 d) obtained from PELDOR 

measurements performed at X-band using an MD5 resonator. The coloured bars suggest the 

reliability of distances recovered. 
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The effects of the combination of these two approaches to suppress multi-spin effects 

on measurement sensitivity and distance distributions were investigated quantitatively 

aiming to develop recommendations for the combined use of λ reduction and power-

scaling. It becomes important at this stage to calculate and evaluate effects on sensitivity 

that is highly affected by the λ reduction experiments. This was done by performing 

simulations on symmetric polygons bearing three to eight spins (see Materials and 

Methods A.2.2). Noise levels were varied between 0, 1 and 3% (Figure 3.10 to Figure 

3.15). These simulations show that with a low noise level (0 and 1%) power-scaling 

efficiently suppresses distance distribution artefacts (ghost distances and broadenings) 

in measurements with λ < 2 (1/(N-1)). This is quite remarkable as this tolerates 

substantial contributions from multi-spin effects (the maximum of the two-spin 

contribution manifests at λ = (1/(N-1)) and already here substantial distortions are 

observed in non-power-scaled data). With increasing noise (3%) ghost distances (or 

broadening and vanishing of distances) appear to be efficiently reduced in 

measurements with λ < (1/(N-1)). This was previously recommended as a maximum for 

the choice of λ.
113

 
 

In the absence of noise power-scaling effectively suppresses ghost distances in 

systems bearing less than six spin centres, at λ < 0.5. When 1% noise is introduced in 

the simulated traces power-scaling is effective only for systems with N < 4. For systems 

with larger N power-scaling needs to be combined with reducing λ to 0.3 or even 0.2 to 

suppress ghost distances. Additionally combination of power-scaling and very small λ 

has a negative impact on sensitivity, as shown in the sensitivity quantifications. The 

relationship between λ and sensitivity shows that power-scaling comes at the price of 

reduced sensitivity because of the reduction in Δ which is larger than the reduction in 

noise (see Figure 3.10 to Figure 3.15 d) and e)).  
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Figure 3.10: Triangle - Background corrected PELDOR data with fit (left), distance 

distributions without (standard, middle) and with power-scaling (right) for 0% (a), 1% (b) and 

3% (c) noise. Graphs showing the relationship between λ and sensitivity for 1% (d, left) and 3% 

(e, left) noise. Tables (d, e, right) with corresponding values for λ, noise and sensitivity with and 

without normalisation (Norm.). 
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Figure 3.11: Square - Background corrected PELDOR data with fit (left), distance 

distributions without (standard, middle) and with power-scaling (right) for 0% (a), 1% (b) and 

3% (c) noise. Graphs showing the relationship between λ and sensitivity for 1% (d, left) and 3% 

(e, left) noise. Tables (d, e, right) with corresponding values for λ, noise and sensitivity with and 

without normalisation (Norm.). 
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Figure 3.12: Pentagon - Background corrected PELDOR data with fit (left), distance 

distributions without (standard, middle) and with power-scaling (right) for 0% (a), 1% (b) and 

3% (c) noise. Graphs showing the relationship between λ and sensitivity for 1% (d, left) and 3% 

(e, left) noise. Tables (d, e, right) with corresponding values for λ, noise and sensitivity with and 

without normalisation (Norm.).  
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Figure 3.13: Hexagon – Background corrected PELDOR data with fit (left), distance 

distributions without (standard, middle) and with power-scaling (right) for 0% (a), 1% (b) and 

3% (c) noise. Graphs showing the relationship between λ and sensitivity for 1% (d, left) and 3% 

(e, left) noise. Tables (d, e, right) with corresponding values for λ, noise and sensitivity with and 

without normalisation (Norm.). 
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Figure 3.14: Heptagon – Background corrected PELDOR data with fit (left), distance 

distributions without (standard, middle) and with power-scaling (right) for 0% (a), 1% (b) and 

3% (c) noise. Graphs showing the relationship between λ and sensitivity for 1% (d, left) and 3% 

(e, left) noise. Tables (d, e, right) with corresponding values for λ, noise and sensitivity with and 

without normalisation (Norm.).  
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Figure 3.15: Octagon – Background corrected PELDOR data with fit (left), distance 

distributions without (standard, middle) and with power-scaling (right) for 0% (a), 1% (b) and 

3% (c) noise. Graphs showing the relationship between λ and sensitivity for 1% (d, left) and 3% 

(e, left) noise. Tables (d, e, right) with corresponding values for λ, noise and sensitivity with and 

without normalisation (Norm.).   
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For the systems investigated here, when using a combination of power-scaling and 

λ reduction, the sensitivity was maximum at λ between 0.3 and 0.4. When using lower λ 

the sensitivity drops significantly. Thus, a combination of power-scaling and λ 

reduction appears to be efficient for suppression of artefacts when λ < 1/(N-1), but not 

dramatically smaller.  

3.3.3 Multi-spin effects suppression by frequency interchange 

The loss in  that occurs when trying to reduce multi-spin effects via lowering  

suggested to revisit the experimental parameters used for distance measurements in 

multiply labelled systems. The most commonly used 4-pulse PELDOR experiment
7a, 11

 

for extraction of inter-spin distances is usually performed by placing the detection pulse 

sequence at the frequency corresponding to the low field maximum (at X-band, for 

nitroxides), and the π pump pulse, inverting B spins, on the most populated area of the 

EPR spectrum (see Materials and Methods A.2.3.1).
24

 However, the high fraction of 

pumped spins achieved in this experiment is the root cause for large multi-spin effects 

and what is actually countered with lowering  On the other hand, swapping the 

position of detection and pump pulses will place the detection sequence at the frequency 

corresponding to the most populated area of the EPR spectrum, while pumping on the 

low filed maximum (see Materials and Methods A.2.3.2). This frequency interchange 

implies, when compared to the PELDOR experiment, that a lower fraction of B spins is 

pumped while a higher fraction of A spins is detected. This frequency-interchanged 

experiment should give an increased sensitivity at similar modulation depths when 

compared to the reduced λ experiment. This special case of the PELDOR or DEER 

experiment is BAsed on Minor Broad Inversion and could be coined BAMBI-DEER. 

The frequency-interchanged variant of the PELDOR experiment was tested on the 

model systems 106 and 107 together with MscS S196R1. First experiments focused on 

comparing the common PELDOR settings against the frequency-interchanged at X-

band using MD5 (Figure 3.16, and validations Figure 3.17) and MS3 resonators (Figure 

3.18, validations Figure 3.19). These initial measurements show that the alternative 

experimental setting leads to reduction in Δ and suppression of ghost distance peaks. 

Power-scaling of the PELDOR traces from measurements of 106 reported in Figure 

3.16 a) and Figure 3.18 a) (black dashed line) appears to give similar results to the non-

power-scaled frequency-interchanged ones (solid green line), suggesting that both 
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methods are similarly effective in suppressing ghost peaks. Validation of the non-

power-scaled traces obtained on the model systems (Figure 3.17 a), b) and Figure 3.19 

a), b)) proves the frequency-interchanged experiments give access to reliable and 

accurate extraction of inter-spin distances in systems with up to four spin labels. 
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Figure 3.16: Comparison between background corrected traces and corresponding distance 

distributions without (solid line) and with power-scaling (dashed line) obtained by performing 

PELDOR (black) and frequency-interchanged (green) experiments with an MD5 resonator X-

band frequencies for tetraradicals 106 a), 107 b) and MscS S196R1 c). The legend reports in the 

following order: pump pulse length – pulse offset – detection π pulse length. The subscript M 

indicates the position of the pump pulse on the maximum of the nitroxide field sweep spectrum. 

The coloured bars suggest the reliability of distances recovered. 
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Figure 3.17: Validation of distance distributions obtained from PELDOR (left) and frequency-

interchanged experiments on 106 a), 107 b) and MscS S196R1 at X-band (MD5 resonator). The 

grey areas represent the error bars for each distance; the distance distributions within the white 

areas are stable to changes in background correction parameters. The subscript M indicates the 

position of the pump pulse on the maximum of the nitroxide field sweep spectrum. 
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Figure 3.18: Comparison between background corrected traces and corresponding distance 

distributions without (solid line) and with power-scaling (dashed line) obtained performing 

PELDOR distance measurements using PELDOR (black) and frequency-interchanged (green) 

experiments with an MS3 resonator at X-band frequencies for tetraradicals 106 a), 107 b) and 

MscS S196R1 c). The legend reports the pump pulse length – pulse offset – detection π pulse 

length. The subscript M indicates the position of the pump pulse on the maximum of the 

nitroxide field sweep spectrum. The coloured bars suggest the reliability of distances recovered. 

The subscript M indicates the position of the pump pulse on the maximum of the nitroxide field 

sweep spectrum. 
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Figure 3.19: Validation of distance distributions obtained from PELDOR (left) and frequency-

interchanged experiments on 106 a), 107 b) and MscS S196R1 at X-band (MS3 resonator). The 

grey area, representing the error bar, delineates those distance distributions that are stable to 

changes in processing parameters. The subscript M indicates the position of the pump pulse. 

For MscS S196R1 conclusions cannot be firmly drawn because of the short 

measuring time window which introduces cut-off artefacts. Accurate extraction of long 

distances requires long measuring time windows to resolve the corresponding dipolar 

frequencies. If a too short time window is measured only part of an oscillation can be 

resolved possibly introducing cut-off artefacts. Background correction might lead to 

fitting an exponential that enhances the oscillatory behaviour of the end of the trace that 

can be interpreted as a dipolar oscillation and translated into a long distance peak. On 
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the other hand, a truncated oscillation might be fitted and removed as part of the 

background correction process. It was suspected that the mismatch between the second 

and third distance peaks from the PELDOR distance distributions of MscS S196R1 at 

X-band and those modelled by MtsslWizard (Figure 3.16 and Figure 3.18) could have 

been introduced by truncation of the time trace. To verify if the shift was related to cut-

off artefacts the same experiments were performed at Q-band frequencies on 106 and 

MscS S196R1 allowing a longer measuring time window of 4.2 μs (Figure 3.20). Figure 

3.20 shows that the mean of the longer distance peaks recovered by the frequency-

interchanged experiment are now in good agreement with those expected from the 

MtsslWizard model, proving that the discrepancy found at X-band (Figure 3.16 and 

Figure 3.18) was indeed related to truncation of time windows. Additionally, Figure 

3.20 shows that the frequency-interchanged experiment at Q-band introduces similar 

improvements as observed at X-band in recovering accurate distances from multiply 

labelled systems.  
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Figure 3.20:  Background corrected traces and distance distributions without (solid line) and 

with power-scaling (dashed line) from PELDOR (black) and frequency-interchanged (green) 

experiments at Q-band for tetraradical 106 a) and MscS S196R1 b). The legend reports pump 

pulse length – pulse offset – detection π pulse. The subscript M indicates the pump pulse being 

on maximum of field sweep. The coloured bars suggest the reliability of distances recovered. 
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Figure 3.21: Validation of distance distributions obtained from PELDOR (left) and frequency-

interchanged experiments on 106 a) and MscS S196R1 b) at Q-band. The grey areas represent 

the error bars for each distance; the distance distributions within the white areas are stable to 

changes in background correction parameters. The subscript M indicates the position of the 

pump pulse on the maximum of the nitroxide field sweep spectrum. 

While the distance ghost peak in the PELDOR experiment on 106 (black trace in 

Figure 3.20) is less pronounced than the one obtained for the same experiment at X-

band (Figure 3.16 and Figure 3.18), due to slightly lower achievable λ and a different 

spectral shape, MscS S196R1 still lacks intensity of the two longer distances at Q-band. 

These can be reliably recovered by the frequency-interchanged experiment, where the 

integrals of the longer distance peaks are recovered and their means are in good 

agreement with the modelling. The frequency-interchanged experiment also suppresses 

broadenings present in the distance distributions obtained from the PELDOR 

experiment to the same extent as power-scaling of the PELDOR experiment (Figure 

3.20).Validation of the distance distributions obtained from measurements at Q-band 

shows the accuracy and stability of the distance distributions derived from of the 

frequency-interchanged experiments and confirms the suppression of the ghost distance 
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peak for 106 and recovery of the integrals of the longer distance peaks for MscS 

S196R1 (Figure 3.21). 

3.3.4 Comparison of frequency-interchanged and λ reduction experiments 

The performance of experiments based on a minor broad inversion shows consistent 

improvement in distance distributions when compared to PELDOR experiments at λmax 

(Figure 3.22). The comparison of the frequency-interchanged with the λ reduction 

experiments with similar λ values shows that both methods reduce the modulation depth 

 together with broadenings and ghost distance peaks in a similar fashion when 

compared to λmax and, as shown in Figure 3.22.  
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Figure 3.22: Comparison between background corrected traces and corresponding distance 

distributions without (solid line) and with power-scaling (dashed line) obtained performing 

PELDOR (black), frequency-interchanged (green) and λ reduced with similar λ to the 

frequency-interchanged (red) experiments at X-band frequencies (MD5 resonator) for model 

system 106 a) and MscS S196R1 b). The legend reports pump pulse length – pulse offset – 

detection π pulse. The subscript M indicates the pump pulse being on maximum of the field 

sweep. The coloured bars suggest the reliability of distances recovered. 
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Validation of the distance distributions obtained from measurements on 106 and 

MscS S196R1 without power-scaling (Figure 3.23) reveals that both ways of reducing λ 

improve the reliability of the PELDOR distance distribution when processing data from 

multiply labelled systems using Tikhonov regularisation. 
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Figure 3.23: Validation of distance distributions for PELDOR with λmax (black), λ reduced 

(red) and frequency-interchanged (green) experiments performed on 106 a) and MscS S196R1 

b) at X-band (MD5 resonator). The coloured areas, representing the error bar, delineate those 

distance distributions that are stable to changes in processing parameters. 

Similar measurements were performed at Q-band frequencies to allow for accurate 

extraction of longer distances present in MscS S196R1, as reported in Figure 3.24. 

Validation of the distance distributions in Figure 3.25 confirms the efficiency of 

frequency-interchanged experiments as well as λ reduction experiments in suppressing 

multi-spin effects and reliably recovering longer distances in MscS S196R1. 
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Figure 3.24: Comparison between background corrected traces and corresponding distance 

distributions without (solid line) and with power-scaling (dashed line) obtained performing 

PELDOR (black) and frequency-interchanged (green) experiments at Q-band frequencies for 

model system 106 a) and MscS S196R1 b). The legend reports pump pulse length – pulse offset 

– detection π pulse. The subscript M indicates the pump pulse being on maximum of field 

sweep. The coloured bars suggest the reliability of distances recovered.  
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Figure 3.25: Validation of distance distributions for PELDOR with λmax (black), reduced λ 

(red) and frequency-interchanged (green) experiments performed on 106 a) and MscS S196R1 

b) at Q-band. The coloured areas, representing the error bar, delineate those distance 

distributions that are stable to changes in processing parameters. The subscript M indicates the 

position of the pump pulse on the maximum of the nitroxide field sweep spectrum. 
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Performance of λ reduction and frequency-interchanged experiments was evaluated 

by comparing their relative sensitivities. Table 3.1 and Table 3.2 report the nominal 

(Nom.) λ/λmax values determined from nutation experiments using the pump frequency 

channel,
19a

 and values for experimental (exp.) λ which were computed based on the 

experimental modulation depth Δ using Equation 3.1 (see Materials and Methods 

A.2.5): 

    max sin2 
 

 
 (3.1) 

The exp. λ were then normalised to the λ max achieved for each measurement series 

with percentages given in brackets (Exp. λ/ λ max). Noise and sensitivity values were 

calculated as described in Section A.2.5 of Materials and Methods. Sensitivity values 

were normalised to the maximum sensitivity value achieved in each series to facilitate 

comparisons. Values reported in Table 3.1 and Table 3.2 allow for comparison of 

sensitivity values between frequency-interchanged experiments and λ reduction 

measurements with similar λ, here highlighted in bold.  

The hypothesis of using λ values equal to 1/(N-1) for extraction of the theoretical 

maximum of the two spin contribution
78b

 which should allow full suppression of multi-

spin effects in distance distributions, was tested. In Table 3.1 and Table 3.2 the 1/(N-1) 

values in brackets next to each heading are reported and all measurements with λ values 

falling under the threshold are highlighted in green. The results show that a λ = 1/(N-1) 

is not sufficient for suppression of multi-spin effects, as measurements with 80% and 

100% of λmax meet the λ < 1/(N-1) threshold and their corresponding distance 

distributions, as seen from Figure 3.2, still present residual artefacts. However, the 

combination of λ < 1/(N-1) with power-scaling (Figure 3.9) yields distance distributions 

already similar to those with the smallest λ tested. Thus, this approach appears to be 

effective when using λ values lower than 1/(N-1) where λ = ½/(N-1) seems to be 

sufficient for complete suppression of artefacts when combined with power-scaling. 
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106 λ reduction X-band - MD5 resonator 1/(N-1) = 0.33 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

20% 0.0021 0.18 84.29 0.23 0.06 18% 

40% 0.0022 0.39 179.09 0.49 0.15 43% 

60% 0.0023 0.52 225.22 0.61 0.22 60% 

80% 0.0018 0.65 362.78 0.99 0.30 83% 

100% 0.0020 0.74 368.00 1.00 0.36 100% 

106 Frequency-interchanged X-band - MD5 resonator   

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

Std 0.0027 0.71 262.97 1.00 0.34 100% 

Frq-int. 0.0032 0.46 143.75 0.55 0.19 56% 

106 λ reduction Q-band 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

20% 0.0041 0.09 22.44 0.22 0.03 11% 

40% 0.0040 0.24 59.25 0.57 0.09 30% 

60% 0.0045 0.33 74.00 0.71 0.13 43% 

80% 0.0057 0.55 95.61 0.92 0.23 76% 

100% 0.0064 0.66 103.75 1.00 0.30 100% 

106 Frequency-interchanged Q-band 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

Std 0.0064 0.66 103.75 1.00 0.30 100% 

Frq-int. 0.0062 0.27 43.06 0.42 0.10 33% 

Table 3.1: Comparison between sensitivity (Sens.) values for PELDOR λ reduced and 

frequency-interchanged experiments performed on 106 (1/(N-1) = 0.33).  
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MscS S196R1 λ reduction X-band - MD5 resonator                                   1/(N-1) = 0.17 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

15% 0.0032 0.24 76.25 0.48 0.04 27% 

25% 0.0046 0.40 86.96 0.55 0.08 52% 

50% 0.0034 0.58 170.88 1.08 0.14 88% 

100% 0.0040 0.64 158.75 1.00 0.16 100% 

MscS S196R1 Frequency-interchanged X-band - MD5 resonator 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

Std 0.0027 0.63 232.22 1.00 0.15 100% 

Frq-int. 0.0022 0.34 152.73 0.66 0.07 39% 

MscS S196R1 λ reduction Q-band 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

15% 0.0054 0.08 15.19 0.14 0.01 9% 

25% 0.0038 0.18 46.05 0.41 0.03 20% 

50% 0.0039 0.34 86.92 0.78 0.07 44% 

100% 0.0055 0.61 111.09 1.00 0.15 100% 

MscS S196R1 Frequency-interchanged Q-band 

Nom. λ/ λ max Noise Δ Sensitivity Norm. Sens. Exp. λ Exp. λ / λ max 

Std 0.0055 0.59 107.82 1.00 0.15 100% 

Frq-int. 0.0054 0.23 42.04 0.39 0.04 29% 

Table 3.2: Comparison between sensitivity (Sens.) values for PELDOR λ reduced and 

frequency-interchanged experiments performed on MscS S196R1 (1/(N-1) = 0.17). 

Sensitivity values for frequency-interchanged experiments for model system 106 are 

similar to the corresponding λ reduction experiment; no major difference was found 

when changing experimental settings and resonators. For MscS S196R1, X-band 

measurements suggest that the frequency-interchanged experiment brings an improved 

sensitivity, however at Q-band the performance of both experiments is similar. Table 

3.1 and Table 3.2 also allow for comparison between the nominal and experimental λ. 

This comparison shows that the nutation experiments are a reasonably accurate method 

for the estimation of λ. 
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Given the similar sensitivity values of frequency-interchanged experiments with 

respect to λ reduction, PELDOR experiments with a fixed t of 0 but varying τ 2 (Figure 

3.26 were performed to estimate the sensitivity of different PELDOR and frequency-

interchanged PELDOR experiments. Furthermore, the predictive power of these 

relatively fast experiments varying the PELDOR time window was explored.  

 

 

Figure 3.26: 4-pulse DEER (PELDOR) sequence.
7a  

These experiments were performed at the detection frequency of the PELDOR 

experiment; with the same pulse lengths and time intervals. Thus, except for the 

variation in τ2 and t = 0, the experimental parameters remain the same as for the 

following PELDOR measurements. The axis size was chosen so that a full decay of the 

echo could be observed. 

The relative values of the echo amplitude (Table 3.3), corresponding to the τ 2 of the 

respective PELDOR distance measurements, can be directly related to the relative 

signal-to-noise in the corresponding PELDOR experiments. This allows choosing the 

optimum pulse settings for the desired τ2 of the PELDOR distance measurement.  

Results from Table 3.3 suggest that performing the frequency-interchanged 

experiment keeping pump and detection pulse lengths of the PELDOR experiment (12-

60-32M) is in most cases the optimum choice because of lower experimental noise. 

However, due to its large modulation depth, it results in stronger multi-spin effects than 

other frequency-interchanged options.  
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106  

Experiment Echo amp. (*10
6
) Norm. echo amp. Noise Exp. λ Norm. λ 

12-60-32 2.25
 

1.00 0.005 0.41 1.00 

32-60-14M 1.39 0.61 0.007 0.16 0.39 

32-60-20 M 2.03 0.90 0.005 0.19 0.45 

12-60-32 M 2.10 0.93 0.005 0.34 0.82 

MscS S196R1 

Experiment Echo amp. (10
6
) Norm. echo amp. Noise Exp. λ Norm. λ 

12-60-32 0.60 1.00 0.022 0.15 1.00 

32-60-14M 1.02 1.70 0.013 0.02 0.14 

32-60-20 M 0.95 1.58 0.013 0.03 0.17 

12-60-32 M 1.15 1.92 0.012 0.07 0.45 

107 

Experiment Echo amp. (10
6
) Norm. echo amp. Noise Exp. λ Norm. λ 

12-60-32 (2 μs) 3.47 1.00 0.0018 0.35 1.00 

12-60-32 (4 μs) 1.34 0.39 0.0048 0.33 0.97 

12-60-32M (2 μs) 3.67 1.06 0.0017 0.27 0.77 

12-60-32 M (4 μs) 1.30 0.38 0.0055 0.24 0.71 

32-60-14M (2 μs) 3.99 1.15 0.0018 0.14 0.40 

32-60-14M (4 μs) 1.29 0.37 0.0045 0.13 0.37 

32-60-20M (2 μs) 5.08 1.46 0.0017 0.15 0.44 

32-60-20M (4 μs) 1.72 0.50 0.0052 0.14 0.40 

Table 3.3: Echo amplitude values, values normalised to the PELDOR settings together with 

noise and λ values for their corresponding PELDOR measurements. Measurements were 

performed using a MS3 split ring resonator. 

In conclusion these experiments have been found to be a good method to estimate the 

optimum pulse sequence for PELDOR measurements in dependence of the τ2 and 

consequently inter-spin distance that it is aimed to reliably measure. In the cases tested, 

frequency-interchanged experiments give better signal-to-noise when using a short τ2; 

this is assigned to the increase of instantaneous diffusion effects induced by the 

detection pulse train being shifted to the most populated area of the field sweep 

spectrum, as further discussed in Section 4.1. In cases of short τ2 frequency-
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interchanged experiments give an improved signal-to-noise ratio compared to reducing 

λ for suppression of multi-spin effects in distance measurements. 

3.4 Conclusion 

It has been demonstrated that fully labelled multi-spin systems with up to eight spins 

per nanoobject can be reliably measured by PELDOR experiments in combination with 

power-scaling as long as pumping multiple spins is reduced by keeping λ < 1/(N-1). 

This is in excellent agreement with earlier predictions.
78a

 The previous findings were 

extended to the reliable extraction of experimental distance distributions in heptameric 

complexes and the estimate of the largest feasible λ. Additionally, effects of the 

combination of power-scaling and λ reduction on distance distributitons and 

measurement sensitivity was quantified and explicit recommendations made. The 

results suggest that a λ lower than the expected 1/(N-1) has to be used for accurate 

extraction of distance distributions. Additionally, power-scaling has been found to 

induce major losses in measurement sensitivity.  

A variant of the experiment was tested on both model and biological systems, to 

verify if multi-spin effects could be largely suppressed without compromising 

sensitivity. Interchanging the positions of pump and detection pulses and their 

approximate excitation widths in the nitroxide spectrum allows an alternative route to 

significant reduction of multi-spin effects. The frequency-interchnaged experiment was 

found to reliably give accurate distance distributions matching with results obtained 

from models, however the performance of the experiment in terms of sensitivity gave 

mixed results when compared to λ reduced experiments performed with similar λ.It was 

found that the performance of these alternative experiments can be reliably predicted 

before the actual measurements allowing efficient use of instrument time for the most 

promising settings. Together, our results should be especially significant for the rising 

interest in distance measurements in multimeric membrane transporters. 
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Chapter 4 - Sparse labelling as method for suppression of multi-spin 

effects 

The author performed the PELDOR measurements, preliminary simulations and data 

processing. Dr. C. Pliotas and Prof. J. H. Naismith provided the spin labelled mutants 

and Dr K. Ackermann contributed to the modelling of distance distributions from 

crystal structure. 

4.1  Project background  

Distance measurements have been found to be an important tool towards structural 

elucidation of biological systems.
2b, 68, 114

 Commonly, one pair of spin labels is 

introduced into the system, giving access to the distance between the two labelled 

sites.
7b, 9b

 However, labelling of exactly two specific sites is extremely challenging in 

case of homo-multimeric complexes. Even if each monomer only has one site for 

covalent attachment of a spin label, a cysteine in the case of labelling with MTSSL, the 

multimer will bear as many labelling sites as it has monomers. To reduce the number of 

labelling sites to exactly two can prove extremely challenging in these systems and is 

practically unfeasible in most cases. This makes accurate extraction of inter-spin 

distances in homo-multimeric systems more difficult due to the presence of multi-spin 

effects.
19a, 76

 While these can be suppressed by the methodology developed in Chapter 3 

another approach would be to dilute multi-spin effects, by addition of diamagnetic 

material.  

The concept of magnetic dilution has also been initially introduced for CW EPR 

samples; it is commonly achieved by mixing unlabelled protein to a sample containing 

the corresponding spin labelled system.
115

 Magnetic dilution is used to prevent short 

intermolecular spin-spin distances by aggregation of the labelled systems, which would 

introduce inhomogeneous broadening of the EPR signals and prevent accurate 

extraction of parameters such as hyperfine interactions used for structural 

information.
116

 This type of dilution, however, cannot be used for multiply labelled 

systems, where the introduction of unlabelled protein would not affect the proximity of 

the multiple spin labels present within one system. To overcome challenges encountered 

in multiply labelled oligomeric systems the concept of reduction in number of labelled 

sites could be used for pulsed EPR distance measurements.  
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Complete labelling of complex biological systems can be challenging as the reaction 

between cysteines and the methanesulfonothioate groups of the MTSSL spin label is not 

always quantitative. One of the limiting factors is that thiol groups need to be in their 

reduced form during spin labelling to prevent inactivation of the cysteines by disulphide 

bridges. This process may require treatment with reducing agents that represent, at the 

same time, a threat for the nitroxide radical that may be quenched.
117

 Incomplete 

labelling leads to mixtures of labelling degrees that affect PELDOR measurements by 

lowering modulation depth, and introducing uncertainties in data analysis.
78b

 

Specifically, in the presence of incomplete labelling in multiply labelled systems the 

modulation depth Δ becomes a function of λ, the fraction of spins excited by the pump 

pulse, and the labelling efficiency f, as shown in Equation 4.1:
118

  

    f) = 1-(1- fλ)
N-1 (4.1) 

As discussed in Chapter 3, suppression of multi-spin effects comes at the price of 

loss in Δ, affecting the overall experiment sensitivity. From Equation 4.1 it can be 

deduced that suppression of multi-spin effects could be achieved by lowering either λ or 

f.  

In the previous chapter it was confirmed that reducing λ either by reducing the flip 

angle β of the pump pulse, or by pumping on a less populated area of the EPR spectrum 

lead to reduction of multi-spin effects. In most cases the effect on sensitivity depends on 

the λ employed, but not how it was achieved. Specifically, the sensitivity of frequency-

interchanged experiment is expected to be more strongly affected by instantaneous 

diffusion (ID) effects.
98

 Briefly, ID is encountered even at relatively low concentrations 

of paramagnetic centres (>10
8
 spins cm

-3
). The dipolar interaction among a high number 

of close in space electron spins leads to a reduction in the phase memory time.
26, 68

 

Thus, the fraction of refocused A spins contributing to the PELDOR signal will be 

lowered and the sensitivity reduced.
68

 By detecting a more intense area of the spectrum, 

as in the frequency-interchanged experiment, a higher proportion of the spins in the 

sample is inverted by the detection pulses leading to an increase of dephasing by ID 

effects, causing further loss in signal-to-noise.
119

  

Reduction of multi-spin effects by the lowering the population of labelling sites 

within multimers might either be achieved by exchanging spin-labelled monomers with 

unlabelled monomers or by sparse labelling. The latter reduces the labelling efficiency f 
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by reacting a certain proportion of cysteines with a diamagnetic spin label analogue. 

This approach should allow reduction of multi-spin effects by performing PELDOR 

experiments on sparsely labelled samples. Furthermore, ID effects should be reduced 

due to the higher local dilution of spin labels, thus introducing a potential improvement 

in signal-to-noise.
26

 To validate this method different labelling degrees would need to 

be tested to find a degree allowing to accurately extract inter-spin distances without 

overly compromising on sensitivity. Simulations on regular convex polygons 

mimicking rotationally symmetric membrane channels
78b

 should allow predicting 

labelling efficiencies for experimental testing. 

A recent study used the concept of sparse labelling to overcome multi-spin effects 

when studying the oligomeric structure of proteorhodopsin.
47c

 The singly labelled 

monomers of the hexamer were labelled at three specific sites using 33%, 55%, 80% 

and 100% Gd(III) or nitroxide labelling probability, thus reducing the average number 

of spins per hexamer. The reduced probability for nitroxide-labelling was achieved by 

varying the ratios of unlabelled and nitroxide labelled monomers prior formation of the 

hexamer and by varying the amount of GdCl3 added to the solution in case of the 

Gd(III) labelled samples. Results showed that for nitroxide spin labelled systems 

distance measurements on under-labelled systems improved the extraction of inter-spin 

distances and facilitated background correction.
47c

 On Gd(III) sparsely and fully 

labelled samples the improvement in distance distributions was not as dramatic as for 

nitroxides.
47c

 Other studies have been reporting the use of spin dilution to avoid 

complications arising from aggregation of singly and doubly labelled systems.
48, 95

 

4.2  Project Aims 

Initial studies reported in the literature highlight the requirement for quantifying the 

effects of sparse labelling on PELDOR distance measurements and to possibly design a 

protocol for its optimum application. The project aimed to test the potential of the 

sparse labelling, previously reported for both CW
116

 and PELDOR,
47c

 as alternative 

method for suppression of multi-spin effects. Initial studies involved the determination 

of labelling degrees for extraction of accurate distances in two mutants of the membrane 

channel protein MscS: S196R1 and D67R1. The effects of sparse labelling on distance 

measurements on multiply labelled systems was firstly tested by performing both 

PELDOR and frequency interchanged measurements on sparsely labelled samples of the 
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two oligomers at X-band and Q-band frequencies. Effects of sparse labelling on 

sensitivity were also quantified.  

4.3 Results and Discussion 

4.3.1 Simulations  

Preliminary studies focused on finding the feasible labelling degrees for experimental 

testing. Therefore, two heptagons of different size, mimicking the structure of the two MscS 

mutants, were tested with respect to the stability of the PELDOR distance distribution when 

introducing increasing noise levels and reduction in λ; the stability was assessed on the 

basis of recovering the relative intensities and positions of distance peaks. The simulations 

were also used to explore the potential of sparse labelling and its combination with power-

scaling (see materials and Methods A.2.2). The simulated labelling efficiencies were of 33, 

66 and 100% and noise was varied between 1 and 3%.  

These data (see Appendix A.3) indicate that 66% labelling is the most promising for 

extraction of inter-spin distances in rotationally symmetric heptamers, as introduction of 

noise does not greatly affect the distance distributions obtained from both mutants at 

different noise levels, while33% labelling is the best option in the presence of a good signal-

to-noise level. Performance, stability and sensitivity of these degrees of sparse labelling 

were experimentally tested on sparsely labelled MscS samples at both X- and Q-band. 

4.3.2 PELDOR experiments  

4.3.2.1 Sparse labelling: extraction of inter-spin distances  

Firstly, PELDOR experiments on the two different mutants (see Materials and Methods 

A.2.1) were performed at X-band using an MD5 resonator (Figure 4.1, see Materials and 

Methods A.2.3.1). When compared to the distance distributions modelled from the crystal 

structure of the two mutants (grey line), the 33% labelled samples (green line) show a better 

match to the expected distance distributions than the 66% (red line) or 100% (black line) 

labelled samples. These first results reflect the outcomes from the simulations, suggesting 

that sparse labelling represents a useful approach for extraction of accurate inter-spin 

distances in complex symmetric multi-spin systems. The preliminary experimental data 

shows that reduction of the labelling efficiency f to 33% seems to offer the best recovery of 

the longer distance peaks for measurements with a good signal-to-noise (Figure 4.1 a)). 

However, the time traces are too short to reliably extract the shape of the entire distance 
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distributions. Especially for MscS D67R1 resolving the second and third distance is 

unreliable, but reduced labelling recovers more overall intensity in this distance region 

(Figure 4.1 b)). These observations are in good agreement with the simulations on the 

polygons. 
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Figure 4.1: PELDOR X-band MD5 background corrected traces and with fits (grey) and 

corresponding distance distributions for 33, 66 and 100% labelled samples of MscS mutants 

S196R1 a) and D67R1 b). The “expected” grey distance distributions are derived from 

processing the X-ray data for each protein with the software MtsslWizard.
111

 The coloured bars 

indicate the reliability of distances recovered as a function of the measuring time window. 

Validation of the distance distributions (see Materials and Methods A.2.4) shows that 

reduction in labelling efficiency reduces the width of the shortest distance and recovers 

overall intensity of longer distances (Figure 4.2). However, it reveals that the 

preliminary data on MscS D67R1 is too noisy to draw firm conclusions on this mutant. 
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Figure 4.2: Validation of distance distributions obtained for 33, 66 and 100% labelled samples 

of MscS S196R1 a) and D67R1 b) mutants at X-band (MD5 resonator). The coloured areas, 

representing the error bars, delineate those distance distributions that are stable to changes in 

processing parameters. 

Power-scaling allows to recover some intensity of the longer distance peaks when 

applied to PELDOR measurements on the fully labelled systems, however it appears not 

to be as efficient as reducing the labelling efficiency to 33%. The effects of power-

scaling on the two sparsely labelled systems of each mutant appear not to be as 

prominent as for the fully labelled samples, as shown in Figure 4.3.  
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Figure 4.3: Distance distributions without (left) and with (right) power-scaling from PELDOR 

measurements performed on sparsely labelled samples of MscS S196R1 a) and MscS D67R1 b) 

at X-band (MD5 resonator). The coloured bars indicate the reliability of distances recovered as 

a function of the measuring time window. 
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Similarly to the results presented in Chapter 3 power-scaling alone is not sufficient for 

high quality distance distributions, but it offers further improvement when combined with 

sparse labelling. 

The same qualitative trend was observed when using an MS3 resonator (see Materials 

and Methods A.2.3.1) . Here, the multi-spin effects are expected to be even more prominent 

as the achievable  is larger than in the MD5 resonator. 
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Figure 4.4: X-band MS3 background corrected traces with fits and corresponding distance 

distributions for 33, 66 and 100% labelled samples of MscS mutants S196R1 a) and D67R1 b). 

The coloured bars indicate the reliability of distances recovered as a function of the measuring 

time window.  

Validation of the distance distributions shows that the 33% labelled sample of the 

MscS S196R1 allows to recover the second distance peak matching with the model 

from the crystal structure (Figure 4.5 a)), while the third distance is too long to be 

reliably extracted. MscS D67R1, however, shows a high level of uncertainity, 

suggesting that longer measuring time windows and better sensivity are required (Figure 

4.5 b)).  
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Figure 4.5: Validation of distance distributions obtained for 33, 66 and 100% labelled samples 

of MscS S196R1 a) and D67R1 b) mutants at X-band (MS3 resonator). The coloured areas, 

representing the error bars, delineate those distance distributions that are stable to changes in 

processing parameters. 

Power-scaling of the traces obtained for measurements in the MS3 resonator recovers 

substantial long distances intensity in line with the MtsslWizard models (Figure 4.6). 

Improvements, however, appear to be more limited than what was observed with the 

MD5 resonator (and correspondingly smaller ).  
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Figure 4.6: Distance distributions without (left) and with (right) power-scaling from PELDOR 

measurements performed on sparsely labelled samples of MscS S196R1 a) and MscS D67R1 b) 

at X-band (MS3 resonator). The coloured bars indicate the reliability of distances recovered as a 

function of the measuring time window. 
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Sparse labelling increases the accuracy of distance distributions from Q-band 

PELDOR data (see Materials and methods A.2.3.1), as shown in Figure 4.7. Validations 

demonstrate the increased reliability of the longest distance in MscS S196R1 and the 

medium distance in MscS D87R1 owing to the longer time window achievable (Figure 

4.8). 
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Figure 4.7: Q-band background corrected PELDOR traces with fits and corresponding 

distance distributions for 33, 66 and 100% labelled samples of MscS S196R1 a) and MscS 

D67R1 b). The coloured bars indicate the reliability of distances as a function of  time window. 
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Figure 4.8: Validation of distance distributions obtained for 33, 66 and 100% labelled samples 

of MscS S196R1 a) and MscS D67R1 b) at Q-band. The coloured areas, representing the error 

bars, delineate those distance distributions that are stable to changes in processing parameters. 
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In agreement with X-band results power-scaling recovers intensity of longer 

distances (Figure 4.9). 
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Figure 4.9: Distance distributions without (left) and with (right) power-scaling from PELDOR 

measurements performed on sparsely labelled samples of MscS S196R1 a) and MscS D67R1 b) 

at Q-band. The coloured bars indicate the reliability of distances recovered as a function of the 

measuring time window. 

Preliminary results comparing the effects of different degrees of sparse labelling on 

distance measurements suggest that for both labelling positions tested on MscS both 66 and 

33% labelled samples give a major improvement in recovery of distance peaks when 

compared to more common quantitative labelling. Q-band measurements show that 33% 

labelling gives results closest resembling to the expected distance distribution modelled by 

MtsslWizard. However, reduction of the labelling efficiency introduces an important loss in 

Δ, which affects sensitivity. This is quantified in the following section. 

4.3.2.2 Sparse labelling: effects on measurements sensitivity  

Sensitivity of PELDOR experiments performed on 33, 66 and 100% labelled samples 

of the two MscS mutants was calculated as the ratio between modulation depth Δ and 

noise, as described in Chapter 3 and Materials and Methods A.2.5. These values were 

then normalised against the sensitivity value calculated for the 100% labelled sample, as 

reported in Table 4.1. This corresponds to the labelling degree giving the commonly 
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desired high modulation depth and sensitivity achievable by PELDOR measurements. 

Initial experiments performed at X-band (MD5 resonator) show that an average 25% 

loss in sensitivity is introduced for both the 33 and 66% labelled samples for the 

S196R1 mutant, when normalised against the 100% labelled sample. For the D67R1 

mutant the 66% labelled sample shows no loss in sensitivity, however a loss of 51% is 

calculated for the 33% sample. Thus, at X-band, under the experimental
98

 and sample 

conditions used,
47a

 sparse labelling appears to be a valid alternative for extraction of 

accurate inter-spin distances in symmetrical systems without excessively compromising 

on sensitivity. 

Similar results were observed when using an MS3 resonator: sparse labelling 

introduces important improvements in recovery of longer distance peaks (Figure 4.4) 

without compromising, or in most cases, improving sensitivity values (Table 4.1). The 

method is efficient for all sparsely labelled samples, except for the 33% labelled D67R1 

where the slight improvement in the intensity of longer distances does not necessarily 

justify the loss in sensitivity. Thus, for the S196R1 sample the optimum labelling 

efficiency appears to be 33% as it allows for recovery of the necessary distance peaks 

without compromising on sensitivity, while being 66% labelling for D67R1 represents 

the optimum compromise between distance recovery and gain in sensitivity, under the 

conditions chosen here.  

Results obtained at Q-band show a gain in sensitivity when performing experiments 

on sparsely labelled samples for both mutants. PELDOR measurements on the 66% 

sample show a five-fold improvement in sensitivity compared to the values obtained on 

the fully labelled sample. This surprising result will have to be verified and might be 

due to different aggregation behaviour leading to different dephasing rates in these 

samples. Here, the gain in signal-to-noise overcompensates for the loss in Δ making 

sparse labelling a valid alternative method for accurate extraction of inter-spin 

distances. These results point out that, although additional effort is required for the 

preparation of sparsely labelled samples, reduction of labelling efficiency represents an 

emerging method for suppression of multi-spin effects while recovering sensitivity. 

Additionally, the preliminary simulations were found useful in exploring degrees of 

labelling efficiency to test experimentally. These predictive simulations minimise 

sample preparation and pulsed EPR measurements for testing different labelling 

degrees. 
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MscS S196R1_X-band MD5 resonator 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.66 0.0053 120
 

1.00 

66% 0.58 0.0064 91 0.76 

33% 0.49 0.0052 94 0.78 

MscS D67R1_X-band MD5 resonator 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.66 0.0122 54 1.00 

66% 0.52 0.0096 54 1.00 

33% 0.27 0.0101 27 0.50 

MscS S196R1_X-band MS3 resonator 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.63 0.0088 72 1.00 

66% 0.75 0.0073 100 1.40 

33% 0.65 0.0077 84 1.20  

MscS D67R1_X-band MS3 resonator 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.74 0.014 52 1.00 

66% 0.62 0.0031 200 3.80 

33% 0.36 0.015 24 0.46 

MscS S196R1_Q-band 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.68 0.0075 91 1.00 

66% 0.73 0.0075 97 1.00 

33% 0.52 0.0051 100 1.10 

MscS D67R1_Q-band 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.66 0.0120 53 1.00 

66% 0.54 0.0022 250 4.70 

33% 0.27 0.0043 62 1.20 

Table 4.1: Comparison of sensitivity between fully (100%) and sparsely (33 and 66%) labelled 

MscS S196R1 and D67R1 measured at X-band (MD5 and MS3 resonators) and Q-band. 

Sensitivity values were normalised against the quantitatively labelled samples for each mutant. 

All values are given to two significant figures. 
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4.3.3 Frequency-interchanged PELDOR experiments:  

4.3.3.1 Sparse labelling and frequency-interchange: effects on distance 

distributions 

PELDOR experiments on sparsely labelled systems showed to be efficient in reducing 

multi-spin effects while retaining or improving measurement sensitivities at Q-band. To test 

whether additional improvements could be achieved, the impact on sensitivity when 

combining frequency-interchanged experiments (see Materials and Methods A.2.3.2) and 

sparse labelling was quantified. Measurements were carried out under the same conditions 

as for the PELDOR experiments at both X-band, using MD5 and MS3 resonators, and Q-

band, using QT2 resonator. Effects of power-scaling on both PELDOR and frequency-

interchanged distance distributions were further explored.  

First measurements on 100% labelled MscS S196R1 and D67R1 samples performed 

at X-band using an MD5 (Figure 4.10 with validations Figure 4.11 and Figure 4.12 with 

validations Figure 4.13) and MS3 (Figure 4.14 with validations Figure 4.15 and Figure 

4.16 with validations Figure 4.17) resonators show, as expected from results previously 

reported in Chapter 3, an improvement in recovery of intensity of longer distances by 

the frequency-interchanged experiment, when compared to regular PELDOR 

measurements. The same figures show that for 66 and 33% labelled samples the 

frequency-interchanged experiments still bring some improvement in the distance 

distribution, however to a lower extent when compared to the 100% ones. This 

observation is not surprising as only minor contributions from multi-spin effects remain 

to be suppressed.  

Validations, reported in Figure 4.11, Figure 4.13, Figure 4.15 and Figure 4.17, show 

that frequency-interchanged experiments recover some long distance intensity 

especially in fully labelled samples. However, the sensitivity is too poor to extract 

reliably distance distributions for MscS D67R1 (Figure 4.13).  
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Figure 4.10: X-band MD5 background corrected traces with fits and corresponding distance 

distributions for 100 a), 66 b) and 33% c) labelled samples of MscS S196R1 obtained when 

performing PELDOR (black) and frequency-interchanged (green) experiments. The legend 

reports pump pulse length – pulse offset – detection π pulse. The subscript M indicates the 

pump pulse being on maximum of field sweep. The coloured bars indicate the reliability of 

distances recovered as a function of the measuring time window. 
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Figure 4.11: Validations of PELDOR (left) and frequency-interchanged (right) experiments on 

100 a), 66 b) and 33 c) % labelled samples of MscS S196R1 at X-band (MD5). The grey areas 

represent the error bars for each distance; the distance distributions within the white areas are 

stable to changes in background correction parameters, thus more reliable. The subscript M 

indicates the position of the pump pulse on the maximum of the nitroxide field sweep spectrum. 
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Figure 4.12: X-band MD5 background corrected traces with fits and corresponding distance 

distributions with (dashed) and without power-scaling (solid) for 100 a), 66 b) and 33% c) 

labelled samples of MscS D67R1 obtained when performing PELDOR (black) and frequency-

interchanged (green) experiments. The legend reports pump pulse length – pulse offset – 

detection π pulse. The subscript M indicates the pump pulse being on maximum of field sweep. 

The coloured bars indicate the reliability of distances recovered as a function of the measuring 

time window. 
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Figure 4.13: Validations of PELDOR (left) and frequency-interchanged (right) experiments on 

100 a), 66 b) and 33 c) % labelled samples of MscS D67R1 at X-band (MD5). The grey area, 

representing the error bar, delineates those distance distributions that are stable to changes in 

processing parameters. The subscript M indicates the position of the pump pulse on the 

maximum of the nitroxide field sweep spectrum. 
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Figure 4.14: X-band MS3 background corrected traces with fits and corresponding distance 

distributions with (dashed) and without power-scaling (solid) for 100 a), 66 b) and 33% c) 

labelled samples of MscS mutant S196R1 obtained when performing PELDOR (black) and 

frequency-interchanged (green) experiments. The legend reports pump pulse length – pulse 

offset – detection π pulse. The subscript M indicates the pump pulse being on maximum of field 

sweep. The coloured bars indicate the reliability of distances recovered as a function of the 

measuring time window. 
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Figure 4.15: Validations of PELDOR (left) and frequency-interchanged (right) experiments on 

100 a), 66 b) and 33 c) % labelled samples of MscS S196R1 at X-band (MS3). The coloured 

areas, representing the error bars, delineate those distance distributions that are stable to changes 

in processing parameters. The subscript M indicates the position of the pump pulse on the 

maximum of the nitroxide field sweep spectrum. 
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Figure 4.16: X-band MS3 background corrected traces with fits and corresponding distance 

distributions with (dashed) and without (solid) power-scaling for 100 a), 66 b) and 33% c) 

labelled samples of MscS mutant D67R1 obtained when performing PELDOR (black) and 

frequency-interchanged (green) experiments. The legend reports pump pulse length – pulse 

offset – detection π pulse. The subscript M indicates the pump pulse being on maximum of field 

sweep. The coloured bars indicate the reliability of distances recovered as a function of the 

measuring time window. 
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Figure 4.17: Validations of PELDOR (left) and frequency-interchanged (right) experiments on 

100 a), 66 b) and 33 c) % labelled samples of MscS D67R1 at X-band (MS3). The coloured 

areas, representing the error bars, delineate those distance distributions that are stable to changes 

in processing parameters. The subscript M indicates the position of the pump pulse on the 

maximum of the nitroxide field sweep spectrum. 

Measurements performed at Q-band frequencies show that frequency-interchanged 

experiments increase the intensities of longer distances. PELDOR experiments give 

improved distance distributions with decreasing degree of labelling, at least within the 

range that can be expected reliable. Frequency-interchanged experiments consistently 

further recover longer distance intensities, as shown in Figure 4.18 and Figure 4.20. 

Validation of MscS S196R1 distance distributions show good reliability for the 
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recovery of longer distances (Figure 4.19). However, the sensitivity still limits distance 

distributions of MscS D67R1, as suggested by validations of distance distributions 

reported in Figure 4.21. 
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Figure 4.18: Q-band background corrected traces with fits and corresponding distance 

distributions with (dashed) and without (solid) power-scaling for 100 a), 66 b) and 33% c) 

labelled samples of MscS S196R1 obtained when performing PELDOR (black) and frequency-

interchanged (green) experiments. The legend reports pump pulse length – pulse offset – 

detection π pulse. The subscript M indicates the pump pulse being on maximum of field sweep. 

The coloured bars indicate the reliability of distances recovered as a function of the measuring 

time window. 
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Figure 4.19: Validations of PELDOR (left) and frequency-interchanged (right) experiments on 

100 a), 66 b) and 33 c) % labelled samples of MscS S196R1 at Q-band. The coloured areas, 

representing the error bars, delineate those distance distributions that are stable to changes in 

processing parameters. The subscript M indicates the position of the pump pulse on the 

maximum of the nitroxide field sweep spectrum. 
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Figure 4.20: Q-band background corrected traces with fits and corresponding distance 

distributions with (dashed) and without (solid) power-scaling for 100 a), 66 b) and 33% c) 

labelled samples of MscS D67R1 obtained when performing PELDOR (black) and frequency-

interchanged (green) experiments. The legend reports pump pulse length – pulse offset – 

detection π pulse. The subscript M indicates the pump pulse being on maximum of field sweep. 

The coloured bars indicate the reliability of distances recovered as a function of the measuring 

time window. 
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Figure 4.21: Validations of PELDOR (left) and frequency-interchanged (right) experiments on 

100 a), 66 b) and 33 c) % labelled samples of MscS D67R1 at Q-band. The coloured areas, 

representing the error bars, delineate those distance distributions that are stable to changes in 

processing parameters. The subscript M indicates the position of the pump pulse on the 

maximum of the nitroxide field sweep spectrum. 
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Results reported in Figure 4.18 and Figure 4.20 suggest that Q-band measurements 

give access to extraction of accurate inter-spin distances in S196R1 sparsely labelled 

systems irrespective whether performing both regular PELDOR or frequency-

interchanged experiments. The combination of frequency-interchanged experiment with 

33% labelling brings some improvement in distance integrals for the S196R1 mutant 

(Figure 4.18), while broadening and loss of intensity of the first distance peak are 

introduced in the distance distribution for the D67R1 mutant (Figure 4.20 c)). In the 

next section recovery of the probability of long distances will be related to changes in 

sensitivity. This will allow quantifying the methods in question and drawing clear 

recommendations for sensitive and accurate distance measurements in multimeric 

systems. 

4.3.3.2 Sparse labelling and frequency-interchange: effects on sensitivity 

Sensitivity values reported in Table 4.2, Table 4.3 and Table 4.4 show a mixed 

performance from the frequency-interchanged experiments when compared to PELDOR 

measurements performed at X-band (MD5 resonator). Here, sensitivity values for both 

experiments performed on the fully and sparsely labelled samples of the same mutant 

are normalised against the sensitivity values obtained when performing PELDOR 

measurements on the fully labelled system. When comparing frequency-interchanged 

measurements on MscS S196R1 samples with the same labelling efficiency f with the 

corresponding experiments performed with PELDOR settings, these appear to give a 

minor reduction in sensitivity values except for the 33% labelled samples, for which a 

slight improvement is recorded for the frequency-interchanged measurements. This is 

due to the considerable lowering in noise levels, which overcompensates the loss in 

modulation depth. This phenomenon is probably related to the low labelling degree that 

reduces the ID effects, thus improving the noise levels. 
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MscS S196R1_X-band MD5 resonator 

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.66 0.0053 120 1.00 

66% 0.58 0.0064 91 0.76 

33% 0.49 0.0052 94 0.78 

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.32 0.0026 120 1.00 

66% 0.21 0.0033 64 0.53 

33% 0.25 0.0024 100 0.83 

MscS D67R1_X-band MD5 resonator 

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.66 0.0122 54 1.00 

66% 0.52 0.0096 54 1.00 

33% 0.27 0.0101 27 0.50 

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.24 0.0067 36 0.66 

66% 0.22 0.0026 85 1.60 

33% 0.10 0.0031 32 0.60 

Table 4.2: Comparison between sensitivity values obtained for PELDOR and frequency-

interchanged experiments performed at X-band frequencies (MD5) on both MscS mutants 

S196R1 and D67R1 with a 100, 66 and 33% labelling efficiency f. All values are given to two 

significant figures. 

X-band MD5 measurements for MscS D67R1, instead, show an improvement in 

sensitivity for the frequency-interchanged experiment on the 66% sample. However, 

frequency exchanged experiments with an MS3 resonator lead to slight loss in sensitivity 

for all labelling degrees of MscS S196R1 (Table 4.3). When going to MscS D67R1 the 

sensitivity significantly decreases further. This trend persists at Q-band: the frequency-

interchanged experiments lead to a loss in sensitivity for both mutants (Table 4.4). This 

effect is dominated by the reduction in labelling lowering the number of spins per multimer 

available for excitation by the pump pulse, thus reducing Δ. Performance of the frequency-

interchanged experiments is expected to decrease with lowering labelling efficiency, as the 

multi-spin effects are already partially countered by sparse labelling. Frequency-

interchanged experiments of S196R1 at X-band using an MS3 resonator show a progressive 
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increase in sensitivity with lowering in labelling efficiency with the 33% samples giving a 

nearly three times improvement when compared to the frequency-interchanged experiment 

performed on the fully labelled sample. However, the same trend is not observed for the 

D67R1 sample where the frequency-interchanged experiments give the best sensitivity 

when applied on the 66% labelled sample. Thus, the change in measurement sensitivity 

when applying the frequency-interchanged experiment to sparsely labelled samples cannot 

be fully rationalised when comparing the results obtained from the two MscS mutants. 

MscS S196R1_X-band MS3 resonator 

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.63 0.0088 72 1.00 

66% 0.75 0.0073 100 1.40 

33% 0.65 0.0077 84 1.20 

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.13 0.0042 31 0.43 

66% 0.30 0.0050 60 0.83 

33% 0.26 0.0035 74 1.03 

MscS D67R1_X-band MS3 resonator 

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.74 0.0141 52 1.00 

66% 0.62 0.0031 200 3.80 

33% 0.36 0.0152 24 0.46 

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.15 0.0120 13 0.25 

66% 0.22 0.0080 28 0.53 

33% 0.09 0.0057 16 0.31 

Table 4.3: Comparison between sensitivity values obtained for PELDOR and frequency-

interchanged experiments performed at X-band (MS3 resonator) on both MscS mutants S196R1 

and D67R1 with a 100, 66 and 33% labelling efficiency f. All values are given to two significant 

figures. 

An improvement in signal-to-noise for both sparse labelling and frequency-interchanged 

experiments is observed. This is due to the reduction of dephasing by ID achieved 

through the reduction the local concentration of spin labels. The improvement of the 
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noise levels, however, shows not to be sufficient to fully compensate for the significant 

reduction in Δ by both sparse labelling and frequency interchange. 

MscS S196R1_Q-band  

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.68 0.0065 100 1.00 

66% 0.73 0.0063 120 1.20 

33% 0.52 0.0056 93 0.93 

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.25 0.0063 40 0.40 

66% 0.36 0.0045 80 0.80 

33% 0.26 0.0043 61 0.58 

MscS D67R1 Q-band  

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.64 0.0110 54 1.00 

66% 0.51 0.0021 240 4.40 

33% 0.25 0.0041 61 1.10 

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.20 0.0060 33 0.61 

66% 0.22 0.0022 100 1.90 

33% 0.11 0.0030 37 0.69 

Table 4.4: Comparison between sensitivity values obtained for PELDOR and frequency-

interchanged experiments performed at Q-band frequencies on both MscS mutants S196R1 and 

D67R1 with a 100, 66 and 33% labelling efficiency f. All values are given to two significant 

figures. 

From these preliminary results it can be concluded that the combination of a high 

degree of sparse labelling and the frequency-interchanged experiment lead to a 

significant loss in sensitivity compromising the reliability of the distance distributions 

recovered. Further studies need to be performed to test whether the frequency-

interchanged experiment is a practical alternative for extracting accurate distance 

distributions from samples with high f to the preparation of new samples with lower f. 
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4.3.4 Combination of lambda reduction and sparse labelling 

After having tested the effects of the combination of sparse labelling and the 

frequency-interchanged experiments, it was investigated if λ reduction and sparse 

labelling were able to suppress multi-spin effects without compromising sensitivity to a 

similar extent. This would test the performance of sparse labelling in comparison to λ 

reduction and thus if efforts should be invested in sample preparation or measurement.  

Experiments were performed on the 33% labelled sample performing PELDOR 

experiments with λmax against the fully labelled sample measured with a λ value 

equivalent to 33% of the λmax. The aim of this comparison was to test if the excitation of 

the most populated area of the EPR spectrum by the pump pulse of the 33% labelled 

sample would give similar results to measurement of the fully labelled samples with a 

reduced λ with a value equivalent to 33% of λmax, as only 33% of the spins are available 

for excitation when compared to the fully labelled sample. The comparison aimed at the 

observation for the accurate extraction of the expected distance peaks and sensitivity 

values obtained from the different experiments on the fully and sparsely labelled 

samples. Measurements were performed at Q-band as the time window achievable 

would allow accurate extraction of all distances excluding cut-off artefacts, at least for 

S196R1. The comparison between PELDOR experiments with λmax for 33%, 66%, 

100% labelled samples and PELDOR experiment with a reduced λ for fully labelled 

samples was made on both mutants (Figure 4.22). Measurements with λmax on the 

sparsely labelled samples reflect the previously observed results: reduction in labelling 

efficiency leads to some loss in Δ and introduces improvements in recovery of long 

distance peaks. The λ reduced experiment on the fully labelled sample of MscS S196R1 

shows a major loss in Δ, whose value is halved when compared to  the 33% labelled 

sample, and gives the same distance distribution as for the 33% labelled sample. For the 

D67R1 sample the difference in Δ between measurements on the 33% labelled sample 

with λmax and fully labelled sample with reduced λ, equivalent to 33% λmax, is not as 

prominent (Figure 4.22). For both mutants, the recovery of distance peaks is similar; 

thus, when looking at distance distributions reduction in labelling efficiency and λ 

appear to perform with a similar trend. 
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Figure 4.22: Comparison between PELDOR measurements performed at Q-band with λmax on 

33, 66 and 100% labelled samples together with 33% λmax on the 100% labelled sample. The 

coloured bars indicate the reliability of distances recovered as a function of the measuring time 

window. 
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Figure 4.23: Validation of 100% (measured with λmax and 33% λmax) and 33% labelled 

(measured with λmax) MscS mutants S196R1 a) and D67R1 b). The coloured areas, representing 

the error bars, delineate those distance distributions that are stable to changes in processing 

parameters. 
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Comparison of validations of the λmax and 33% λmax measurements performed on the 

fully labelled systems with measurements performed with λmax on the 33% labelled 

mutants show that the least labelled system has the least level of uncertainty for S196R1 

(Figure 4.23). Distances in S196R1 could be accurately resolved thanks to the extended 

measuring time window, however the third distance in D67R1 still requires a longer 

time window as suggested by the low reliability levels shown in the validation. 

The effects on sensitivity for both methods were quantified as previously described 

in Section A.2.5 and are reported in Table 4.5. As expected from observations evident 

from the background corrected traces in Figure 4.22, reduction in f induces a very 

limited loss in sensitivity when compared to the fully labelled samples performed with 

λmax. For MscS S196R1, reduction of λ on the 100% labelled samples shows to 

importantly lower the measurement sensitivity when compared to the value of the one 

obtained for the measurement performed on the 33% labelled one with λmax. A similar 

result is observed for the second mutant where the gain in sensitivity when using sparse 

labelling is still significant compared to λ reduction. 

MscS S196R1_Q-band  

PELDOR 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100%  0.67 0.0043 160 1.00 

100% (33% λ/λmax) 0.22 0.0040 55 0.34 

66% 0.67 0.0045 150 0.94 

33% 0.50 0.0038 130 0.81 

MscS D67R1_Q-band  

Frequency-interchanged 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

100% 0.55 0.0100 54 1.00 

100% 33% (λ/λmax) 0.20 0.0085 24 0.44 

66% 0.50 0.0042 120 2.20 

33% 0.28 0.0075 37 0.69 

Table 4.5: Comparison between sensitivity values obtained for λmax measurements performed 

on sparsely labelled samples and 33% λmax experiments on 100% labelled mutants. All values 

are given to two significant figures. 

The results presented here suggest that sparse labelling represents an alternative 

method for suppression of multi-spin effects in distance measurements of multiply 
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labelled oligomeric proteins. This method has been initially tested by simulations 

mimicking the conformational state of the two mutants of the MscS heptameric channel 

protein.. The effects of sparse labelling on measurement sensitivity and extraction of 

accurate inter-spin distances was tested in the presence of increasing levels of noise and 

in combination with the reduction of λ. The results demonstrate that sparse labelling is a 

valid alternative to λ reduction and power-scaling as it allows for extraction of accurate 

distances while minimising the loss or even introducing improvements in sensitivity 

levels when compared to reducing λ. . 

4.3.5 Comparison between frequency-interchanged and sparse labelling 

Up to this point frequency-interchanged experiment and the sparsely labelled 

methods have been tested as approaches to extract accurate distance distributions in 

multiply labelled systems without compromising on sensitivity. The two methods, in 

particular, have been tested on the two MscS mutants S196R1 and D67R1. Here, the 

distance distributions obtained from the labelling degree giving the most accurate 

distance distributions, 33% for both mutants, and from performing the frequency-

interchanged experiment on the fully labelled systems are compared.  

Figure 4.24 shows for both mutants that similar results are obtained when performing 

the PELDOR experiment on the 33% labelled systems and the frequency-interchanged 

experiment on the fully labelled system. The background corrected traces, however, 

show quite an important loss in Δ for the frequency-interchanged experiment when 

compared to PELDOR measurements on the least labelled 33% sample of MscS 

S196R1. For MscS D67R1 the difference in Δ does not appear to be as dramatic, 

however the signal-to-noise appears to be lowered for the frequency-interchanged 

experiment.  

Table 4.6, reporting the sensitivity values for the experiments reported in Figure 

4.24, confirms the observations from comparison of the background corrected traces: 

the frequency-interchanged experiment offers lower measurement sensitivity than the 

reduction in labelling efficiency. This is mainly related to discrepancy between the Δ 

achieved using the two methods, as suggested by value reported in Table 4.6, which 

suggests that lowering the number of spins within the system still allows for excitation 

of a larger fraction of spins than when performing the frequency-interchanged 

experiment.  
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Figure 4.24: Background corrected traces and distance distributions obtained from PELDOR 

measurements on samples with labelling degree f 33% (green), 66% (red) and 100% (black) and 

for frequency-interchanged experiments (blue) on the fully labelled systems. The legend reports 

pump pulse length – pulse offset – detection π pulse. The subscript M indicates the pump pulse 

being on maximum of field sweep. The coloured bars indicate the reliability of distances 

recovered as a function of the measuring time window. The subscript M indicates the position 

of the pump pulse on the maximum of the nitroxide spectrum. 

The improved recovery and gain in sensitivity obtained by sparsely labelled samples 

suggest that further improvements could be introduced in the frequency-interchanged 

experiment set-up. Further studies on other channel proteins are required to further 

establish the efficiency of both methods. 
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MscS S196R1_Q-band  

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

16-80-32_100% 0.68 0.0065 100 1.00 

14-80-32_66% 0.73 0.0063 120 1.20 

14-80-32_33% 0.52 0.0056 93 0.93 

32-80-16M_100% 0.25 0.0063 40 0.40 

MscS D67R1_Q-band 

Labelling (f) Δ Noise Sensitivity Norm. Sensitivity 

18-80-32_100% 0.64 0.0110 54 1.00 

16-80-32_66% 0.51 0.0021 240 4.40 

16-80-32_33% 0.25 0.0041 61 1.10 

32-80-16M_100% 0.20 0.0060 33 0.61 

Table 4.6: Comparison of sensitivity values for PELDOR experiments performed on sparsely 

labelled systems and frequency-interchanged measurements on the fully labelled MscS S196R1 

and D67R1 samples. All values are given to two significant figures. 

4.4 Conclusion 

Comparison and combination of sparse labelling with λ reduction and frequency-

interchanged experiments together with power-scaling have been evaluated and their effects 

quantified. Sparse labelling, when performing PELDOR measurements with λmax, gave 

access to accurate extraction of the expected distance peaks, matching the MtsslWizard 

predicted model. Here, losses in sensitivity were limited for X-band measurements, while at 

Q-band sensitivity values were not affected, or, in some cases, even improved when 

compared to measurements on the fully labelled samples with λmax. Frequency-interchanged 

experiments on sparsely labelled samples introduced a limited improvement in distance 

distributions, however it led to some loss in sensitivity as the improvement in noise levels 

could not compensate the loss in Δ. Lastly, sparse labelling was proven to introduce the 

same improvement in recovery of longer distance peaks as λ reduction on a fully labelled 

sample, while retaining or improving the sensitivity. 

Consequently, this method offers an alternative and efficient approach for suppression of 

multi-spin effects when performing distance measurements in multiply labelled systems.  
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Chapter 5 - Orientation selection and multi-spin effects in PELDOR 

distance measurements 

The author performed the PELDOR measurements and data processing under the 

supervision of Dr. Bela Bode. 

5.1  Introduction 

Orientation selection effects are one the factors, together with multi-spin effects,
19a

 

strong J couplings
20b

 and spin density distribution,
50a

 that are neglected when processing 

data with DeerAnalysis;
30

 these may require particular attention when interpreting 

distance measurements. Orientation selection effects in PELDOR are commonly 

induced by the presence of angular restraints between spin labels, usually induced by 

their geometry and backbone restricted conformational flexibility. The extent of 

orientation selection effects depends on the degree of correlation in the spin label 

orientations and resolution of the g-tensor.
120

 In rigid systems the relative orientations 

between two or more radicals and the connecting distance vectors r are fixed 

introducing a non-random distribution of dipolar angles θ between r and B0 contributing 

to the PELDOR signal. Presence of fixed molecular orientations with different 

resonance field values allows for selective excitation of spin labels with a specific 

orientation of their molecular axis system in relation to B0 when varying the pump and 

detection frequencies.
2b

 This leads to the dependence of the PELDOR signal not only on 

the inter-spin distances, but also on the angular correlations present within the rigid 

system.
2b, 90

 Here, the nature and implications of orientation selection effects in 

PELDOR distance measurements are briefly described. 

In spin labelled systems bearing an intrinsic flexibility, dictated by the structure and 

conformation of both the system and the spin label of choice, the mutual orientations of 

the molecular axis systems of the spin labels can be approximated to be random. In 

these cases the frequency and modulation depth Δ of a PELDOR experiment will be 

independent of the orientation of the excited spin labels in respect to B0 and the 

distribution function of the dipolar angles can be described by the sin(θdip) distribution 

of a Pake pattern.
18b

 Thus, the time trace will be independent of the pump and detection 

frequencies and the Δ will only depend on the probability of a spin to be flipped by the 

pump pulse. This statistical distribution of orientations can be easily analysed by 

Tikhonov regularisation methods.
29, 121
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In rigid systems the structural constraints present within the system lead to fixed 

relative orientations between the spin labels and connecting distance vectors. This can 

induce to a non-random distribution of dipolar angles and to the consequent excitation 

of a limited number of orientations that will contribute to the PELDOR signal. This 

factor will directly affect the line shape of the dipolar spectrum, which will now present 

features indicating the excitation of a specific set of orientations.
2b

  

One method for studying orientation selection in PELDOR experiments at X-band is 

by variation of the pulses’ offset. This is commonly performed by fixing the pump pulse 

on the maximum of the EPR spectrum, while varying the frequency of the detection 

pulse to excite different spectral areas to which correspond different molecular 

orientations of detected radicals in relation to B0.
7a

 Selection of specific orientations is 

thus dependent on the frequency of the detection sequence; this is due to the anisotropy 

of the nitroxide EPR spectrum
20b

 being dominated at X-band by the 
14

N hyperfine 

coupling, with only the tensor components Azz being resolved as shown in Figure 5.1.
27

 

 

Figure 5.1: 14
N hyperfine tensor in anisotropic nitroxide EPR spectrum at X-band with a 

cartoon of the bandwidth and spectral position for detection (red) and pump (blue) pulses.
2b

 

The position of the pump frequency is set at the maximum of the EPR spectrum, 

where all components Azz, Ayy and Axx of the anisotropic hyperfine are present, thus 

allowing excitation of all orientations.
17b, 74

 By changing the position of the detection 

frequency from the low-field maximum towards the global maximum different 

intermediate orientations are excited. At the low field maximum predominantly the Azz 

component of the 
14

N hyperfine tensor dominates the spectral intensity; this corresponds 
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to spin labels with their molecular z-axis parallel to B0 dominating the spectrum (Figure 

5.1 and Figure 5.2).  

 

Figure 5.2: The principal molecular axes of the components of the hyperfine tensor in a 

nitroxide spin-label.  

Several X-band studies used pulse offsets between 40 and 80 MHz allowing for a 

selection of spin labels with their molecular axis z largely perpendicular or parallel to 

B0, respectively.
18b, 122

 This manifests, in extreme cases, with a certain orientation of 

molecules detected and only certain orientations of pump spin molecules are found at 

certain dipolar angles θ. The dipolar frequency now depends on the dipolar angle which 

in turn is constrained by the orientations detected, while the modulation depth will be 

governed by the pump frequency or rather how many of the molecules connected to the 

specific orientations detected are pumped (i.e. resonant with the pump frequency).
120

 

The effects of different dipolar angles on the dipolar coupling are illustrated by 

Equation 1.2 and materialise in the Pake pattern (Figure 1.4). 

Orientation selective PELDOR can give access to both distance and angular 

information; however several considerations have to be taken into account for collection 

and interpretation of orientation selective data. Several PELDOR experiments exciting 

different molecular orientations by the pump and detection pulses (e.g. by changing 

frequencies, or magnetic field or both) are required for identifying and determining 

possible constrained mutual orientations.
17a, 18c, 62, 74, 120

 

Interpretation of these data cannot be performed in a model-free fashion and requires 

calculation of the individual contributions of each dipolar angle for the given subsets of 

pumped and probed spins.
50a, 71

 This procedure cannot be currently performed in 

DeerAnalysis, as the gold standard of PELDOR data analysis, as the model free analysis 

is based on a random distribution of dipolar angles.
30

 Particularly, it has been found that 
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interpretation of data from systems presenting strong angular correlations by 

DeerAnalysis can lead to erroneous results
18b, 50a, 71

 and, if underestimated, to data 

misinterpretation.
74

 Thus, analysis of distance data requires alternative methods for 

interpretation of orientation selective PELDOR data.
18b

  

PELDOR data affected by orientation selection and multi-spin effects require caution 

and additional methods when extracting distance information, as excitation of specific 

orientations of the dipolar angle and presence of sum and difference frequencies, 

respectively, give a distorted dipolar spectrum which deviates from a superposition of 

Pake patterns.
2b, 78b

 Previous studies and work reported in Chapters 3 and 4 have 

demonstrated the impact of multi-spin effects on PELDOR distance measurements, 

however their presence has not always been apparent in distance measurements on 

model systems with up to four spins
19b

 or on a protein octamer.
47b

 Notably, in the first 

study processing of data from PELDOR measurements on a tri- and tetra-radical model 

systems gave distance distributions where all peaks could be resolved almost 

quantitatively, with only a small artefact found in the distance distribution from the 

asymmetric tetraradical. Here, the simulation of the time trace based on the distance 

distribution without the additional peak showed that the additional distance was not 

significant within the signal-to-noise ratio.
19b

 The study on the protein octamer revealed 

the shortest two of the four distances to be expected in a regular convex octagon were 

accessible within the achievable measuring time window. Their distance peak positions 

nicely agreed with crystallographic data on the spin-labelled protein.
47a

 These 

observations point to a discrepancy in the literature and the field. While some studies
19a, 

78a
, and Chapters 3 and 4 herein, find multi-spin effects a major obstacle in accurate 

extraction of distances, these results above were in excellent agreement with models and 

predictions even though completely neglecting multi-spin effects. A study rationalising 

all these findings in a single model is currently lacking. 

A further issue in distance measurement arises from electron spin echo envelope 

modulation (ESEEM). The ESEEM frequencies correspond to forbidden electron-

nuclear transitions that can be introduced into distance measurements by spectral 

overlap of pulses. ESEEM is another abundant, but unwanted, contribution to the 

PELDOR signal.
9b

 Nuclear modulation frequencies could be erroneously translated into 

distance peaks, thus hampering distance measurements.
9b

 Replacement of protons by 
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deuterium is a common method used for facilitating distance measurements by 

extending the transverse relaxation time, thus extending the achievable time window.
68

  

In a non-deuterated environment the signal can often decay within 2 μs, limiting the 

measurement of distances to a maximum of 3-4 nm, while in perdeuterated solvent this 

often extends to 5-6 μs pushing the distance limit ~1.5 nm further.
123

 Total deuteration 

of protein and buffer has been shown to give access to a measuring time window up to 

36 μs and  10 nm distances.
124

 However, perdeuteration of the protein is very 

challenging and costly,
68

 making it unlikely to become a standard method. The 

perspective of measuring longer time windows and consequently of accurately 

extracting long distances becomes particular appealing for large biological systems. It 

has to be considered, however, that at X-band frequencies the deuterium modulations at 

approximately 2.3 MHz, would correspond to a distance of about 2.8 nm when mistaken 

for a dipolar frequency. Proton modulations at ~14.5 MHz at X-band, on the other hand, 

correspond to a distance of 1.5 nm, right at the lower distance limit of PELDOR 

measurements.
9b, 113

 It has recently been shown that these nuclear modulation artefacts 

can be suppressed to a good extent by nuclear modulation averaging. This is achieved 

by incrementing the inter-pulse delay between the first two detection pulses and 

summation of the time traces with varying initial pulse delays.29, 113  

Commonly, protonated solvents are used for measurement of short distances and 

deuterated ones are employed for longer distances. However, when measuring 

protonated biological systems in deuterated solvents for elucidation of longer distances 

both proton and deuterium nuclear modulations can occur and averaging is commonly 

only set for one nuclear modulation during a PELDOR experiment.  

5.2 Project aims 

The aim of this study was to resolve the discrepancies around the prominence and 

importance of multi-spin effects in measurements of polyradical model systems. To this 

end measurement, sample and processing parameters were screened on chemical poly-

nitroxide model systems 93, 105 and 106 previously synthesised and reported in 

Chapter 2.
39a

 Their symmetry should lead to a single narrow distance peak, while their 

rigidity introduces conformational restraints introducing orientation selection effects in 

PELDOR measurements. The study also aimed to look at the impact of the choice of 

protonated and deuterated solvents on PELDOR distance measurements.  
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5.3 Results and Discussion 

5.3.1 Solvent effect 

The effect of using protonated, deuterated toluene or protonated o-terphenyl on 

distance measurements within the model systems was studied and the use of ESEEM 

suppression were tested (Figure 5.3). First analyses of distance measurements 

performed in different solvents (see Materials and Methods A.2.1) show that the 

modulation depth obtained in time traces of model systems 93, 105 and 106 is reduced 

for the o-terphenyl samples compared to the toluene ones; this might be related to the 

higher possibility of sample aggregation. The time traces recorded for samples in o-

terphenyl also show a faster damping of dipolar oscillations when compared to 

measurements of samples in toluene, suggesting that the systems assume a broader 

range of conformations, also in agreement with the broadened distance distributions 

(green traces, Figure 5.3). This is in good agreement with the fact that the melting point 

of o-terphenyl (56-59° C) is much higher than that of toluene (-95° C). Assuming the 

individual molecules will be trapped in their individual conformations when the solvent 

solidifies, the molecules will sample a much larger conformational space before 

freezing in o-terphenyl due to the larger thermal energy.  

Similarly, the widths of distance distributions of phenyleneethylnylene-based model 

systems have been shown to increase when solvents with higher glass transition 

temperature are used, as perdeuterated o-terphenyl.
18a

 This also manifests in slightly quicker 

damping of dipolar oscillations. Deuteration of toluene alone does not appear to have an 

important impact on distance measurements, except for triradical 105 where the modulation 

depth is slightly reduced and the distance distribution appears broader than for the other 

solvent. This discrepancy is likely to be related to hardly reproducible sample conditions 

due to low solubilities of the model compounds. Further investigations would be needed to 

confirm this observation. 

Suppression of deuterium ESEEM by nuclear modulation averages, performed by 

varying the first inter-pulse delay eight times by 56 ns (see Materials and Methods A.2.3.3), 

shows the presence of some deuterium ESEEM in non-suppressed traces (black), however 

the intensity of the 2.7 nm distance peak is only marginally reduced by the suppression.  
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Figure 5.3: Background corrected traces PELDOR with fits and corresponding distance 

distributions obtained when performing distance measurements of samples in d8 toluene without 

(black) and with deuterium ESEEM averaging (red), protonated toluene (blue) and o-terphenyl 

(green) measured on model systems 93 a), 105 b) and 106 c). The legend reports: pump pulse 

length – pulse offset – π pulse length. 

From these preliminary results it can be concluded that samples in deuterated toluene, in 

combination with deuterium ESEEM suppression, give access to sharp distributions. Thus, 

the combination of deuterated solvents, ESEEM suppression and extended time windows 

represent the ideal measuring conditions for accurate extraction of inter-spin distances. 
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5.3.2 Orientation selection and multi-spin effects 

Presence and impact of orientation selection effects on PELDOR distance 

measurements was tested by varying the offset between detection and pump pulses from 

40 to 60 and 80 MHz, while maintaining the position of the pump pulse at the maximum 

of the nitroxide spectrum (see Materials and Methods A.2.3.3).
17a

 The preliminary 

results in Figure 5.4 show the dependence of the signal modulation depth Δ and 

PELDOR oscillation frequency on pulse offsets, suggesting for the presence of 

orientation selection effects.
18b, 50a

 The PELDOR background corrected traces show a 

reduced Δ for all measurements performed with a 40 MHz offset. This might be related 

to the spectral overlap between the detection and pump pulses and selection of specific 

combinations of orientations with a reduced number of pumped spins per detected 

spin.
98, 123

 For 93 and 105 the 80 MHz traces show a slightly reduced modulation depth, 

which seems not to be the case for 106 when compared to measurements performed 

with the common 60 MHz offset.  

The effects of orientation selection can also be observed from the line shape of the 

dipolar spectrum extracted from each measurement performed with different pulse 

offsets (Figure 5.4).
2b, 20a, 122

 The enhanced intensity at the edges of the Pake pattern 

corresponding to 2ωdd indicates that the smallest offset increasingly excites a sub 

ensemble of molecules with the dipolar vector parallel to the external magnetic field. 

The 60 MHz offset shows the parallel and perpendicular components of a Pake pattern 

(Figure 1.4) in a proportion close to the one expected for a random distribution, 

suggesting that excitation of a statistical distribution of orientations is achieved.
18c

 The 

80 MHz offset reduces the edge of the Pake pattern, thus indicating that more dipolar 

vectors perpendicular to B0 are excited corresponding to the ‘horns’ of the dipolar 

spectrum at ωdd. 

The distance distributions obtained when processing the PELDOR data from the 

experiments performed with different pulse offsets using DeerAnalysis are reported in 

Figure 5.5 (see Materials and Methods A.2.4). The data shows that to an increase in 

pulse offset correspond increasingly narrower distance distributions. 
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Figure 5.4: Background corrected PELDOR traces with fits for measurements performed with 

40 (red), 60 (blue) and 80 (green) MHz pulse offset and corresponding dipolar spectra on 93 a), 

105 b) and 106 c). The legend reports: pump pulse length – pulse offset – π pulse length. 
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Figure 5.5: Distance distributions and corresponding Pake patterns obtained from PELDOR 

traces for measurements performed with 40 (red), 60 (blue) and 80 (green) MHz pulse offset on 

93 a), 105 b) and 106 c). The legend reports: pump pulse length – pulse offset – π pulse length. 

Validations of distance distributions (Figure 5.6) show that the observations from 

Figure 5.5 are significant even with systematic variation in background correction, 

confirming that 80 MHz measurements give the narrowest distance distributions while 

additional peaks are present in the 40 and 60 MHz experiments (see Materials and 

Methods A.2.4).  
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Figure 5.6: Validation of distance distributions from measurements with 40 (red), 60 (blue) 

and 80 (green) MHz offset on 93 a), 105 b) and 106 c). The coloured areas, representing the 

error bars, delineate those distance distributions that are stable to changes in processing 

parameters. The legend reports: pump pulse length – pulse offset – π pulse length. 

The presence of multi-spin effects was tested by looking at the effects of power-

scaling (Figure 5.7). Power-scaling of the tri- (105) and tetra- (106) radical time traces 

at different pulse offsets only partially reduces the integral of the additional distance 

peaks from measurements performed at 40 MHz. Further improvement of the PELDOR 

distance distribution is observed at 60 MHz offset. Measurements performed with 80 

MHz offset convert to single peak distributions, here power-scaling has no visible effect 

on 105 (Figure 5.7 a)) and suppresses the small additional distance peak present in 106 

(Figure 5.7 b)). 
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Figure 5.7: Power-scaled (dashed lines) and non-power-scaled (solid) distance distributions 

obtained from PELDOR measurements performed on 105 a) and 106 b) with 40 (red), 60 (blue) 

and 80 (green) MHz offset. The legend reports: pump pulse length – pulse offset – π pulse 

length. 

The minor effect of power-scaling on the measurements performed with the 40 MHz 

offset could be due to a selection of the spins corresponding to a dipolar axis parallel B0 

giving a stronger weight of double frequencies. These frequencies are not expected to be 

affected by power-scaling as they are not combination frequencies. The minor 

improvement in distance distributions extracted from 80 MHz measurements suggest 

that only minor multi-spin effects are present. The effects observed for the 60 MHz 

traces are similar to those noticed in Chapter 3, thus indicating the presence of multi-

spin effects which are partially suppressed by the post-processing method. 

DeerAnalysis generates a fit to the experimental time trace (see Section 1.3) and a 

corresponding dipolar spectrum using Tikhonov regularisation methods from which 

distance distributions are extracted. The dipolar spectrum itself reveals the dipolar 

frequencies present in the PELDOR trace. The fit is generated on the assumption that all 

orientations of dipolar vectors are excited and that only pairs of interacting spins are 

contributing to the PELDOR signal.
19a, 19b, 78b

 Figure 5.8 shows the comparison between 

the dipolar spectra obtained for biradical 93, with 60 MHz offset (red), triradical 105 

with 60 (blue) and 80 (green) MHz. These two model systems can be directly compared 

as they have the same geometry and inter-spin distance so that any effects caused by the 

presence of a third spin label can be separated from structural effects. Measurements on 

biradical 93 with a 60 MHz offset should represent the ideal conditions for accurate 

extraction of inter-spin distances using DeerAnalysis: absence of combination 

frequencies and minimum orientation selection; thus it can be used as a reference 
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system. Multi-spin effects are expected to affect measurements in 105, by means of 

introduction of sum and difference frequencies.
19a, 19b

 These appear in the experimental 

dipolar spectra (Figure 5.8 a)) for the 60 MHz trace (blue) where the intensity for the 0 

frequency is increased together with the edges of the spectrum, when compared to the 

one dipolar spectrum of 93 trace (red) at 60 MHz. Combination frequencies from two 

times the most prominent dipolar frequency (the horns of the Pake distribution) lead to 

zero frequency (difference) and double frequency (sum) contributing to the lineshape of 

the dipolar spectrum.
19a
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Figure 5.8: Comparison between experimental dipolar spectra a) and corresponding 

DeerAnalysis fits b) obtained from PELDOR measurements at 40, 60 and 80 MHz performed 

on biradical 93. The legend reports: pump pulse length – pulse offset – π pulse length. 

PELDOR measurements performed on 105 with an 80 MHz offset, however, do not 

present the features expected from combination frequencies.
19a

 Instead, it shows the 

same dipolar line shape as biradical 93. This dipolar spectrum corresponds to a narrow 

distance distribution lacking the additional distance peak previously observed when 

using 60 MHz as offset. The DeerAnalysis fits of the experimental data, shown in 

Figure 5.8 b), accurately reflect the experimental dipolar spectra, except for the 

measurement of 106 with a 60 MHz offset where the fit displays even less intensity on 

the edge (double frequency) than the experiment. Figure 5.5 and Figure 5.8 show that 

increasing the offset suppresses frequencies corresponding to the θ=0° (edge) of the 

Pake pattern. This double frequency can then be reintroduced by multi-spin effects.  

To further investigate the shape of the dipolar spectrum and its effect on distance 

distributions the match between the experimental and fitted dipolar spectra was studied 

for different offsets (Figure 5.9). Measurements performed on 93 are not affected by 
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multi-spin effects, thus DeerAnalysis experimental data fitting can be studied in the 

presence (at 80 MHz) and absence (at 60 MHz) of orientation selection effects. 

 For the 60 MHz measurement on 93 a good match between fit and experimental data 

is observed, confirming the excitation of the majority of orientations. For the 80 MHz 

offset, however, the fit produces the expected double frequency which is lacking in the 

experimental data due to orientation selection. Due to the non-negativity constraint on 

the distance distribution a lack of intensity in the dipolar spectrum does not lead to 

additional distance peaks. However, excess intensity will lead to additional peaks or 

broadening of the distance distribution. The same comparison is performed for the 

multi-spin systems 105 and 106 for which a good match between fit and experimental 

data is found. The 80 MHz measurements give an overall narrower dipolar spectrum, 

which is reproduced by the fit. This can be rationalised by the multi-spin effects in 80 

MHz measurements on 105 ‘filling’ the missing intensity of the dipolar spectrum of 93 

with combination frequencies. However, when going to 60 MHz offset 105 shows a 

dipolar spectrum resembling all orientations and the addition of combination 

frequencies broadens the dipolar spectrum and thus the distance distribution (Figure 

5.5). For 80 MHz offsets this means that the combination of the two counteracting 

effects gives a dipolar spectrum for 105 which now shows the dipolar spectrum as for 

the biradical 93 where all orientations assumed by the spin labels within the system are 

selected. Thus, multi-spin effects are being compensated by orientation selection effects 

resulting in a “lucky error compensation” diminishing multi-spin effects 

This lucky error compensation between multi-spin effects and orientation selection 

represents a reasonable explanation for the discrepancies between the severities of 

multi-spin effects observed in literature. 
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Figure 5.9: Pake patterns of 93 a) 105 b) and 106 c), from measurements performed at 60 (red 

lines) and 80 MHz (blue lines) as solid lines with respective DeerAnalysis fits as dashed lines. 

The legend reports: pump pulse length – pulse offset – π pulse length. 

5.3.3 Orientation averaging 

To further test the hypothesis that the absence of multi-spin effects is merely caused 

by a “lucky error compensation” for multi-spin effects by orientation selection an 

orientation averaging experiment was performed.
18c

 The experiment should allow for 

averaging of orientation selection effects, thus giving a trace that reflects random 

orientation of the dipolar vector. The experiment involves the variation of the magnetic 

field so that the observer position is swept between the low-field maximum and the 

overall maximum of the nitroxide spectrum (see Materials and Methods A.2.3.3). The 

difference between pump and observer frequency is kept constant at 60 MHz.
18c

 Figure 

ν 

ν 

ν 
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5.10 and Figure 5.11 report the PELDOR traces and corresponding dipolar spectra 

resulting from the addition of all 14 traces recorded for each 2 G field step for the three 

model systems 93, 105 and 106 while maintaining a constant offset of 60 MHz. The 

traces show a reduced modulation depth when compared to standard measurements 

performed with a 60 MHz offset. This is expected as the pump position moves away 

from the global maximum of the spectrum. This is demonstrated by the reduction in 

modulation depth when increasing the magnetic field position at each step, as shown in 

the orientation resolved traces in Figure 5.12. The distance distribution for the 

orientation averaged (OA) experiment on biradical 93 gives a similar result to the 60 

MHz standard PELDOR experiment. The same behaviour can be observed for triradical 

105, while for 106 the orientation averaged distance distribution appears to give a lower 

intensity of the first ghost peak (Figure 5.10). This can be related to the lower average λ 

achieved during the orientation averaged experiments, due to the sweeping of the 

observer position between the low-field and the global maximum. These results suggest 

for the presence of multi-spin effects, also justified by the dipolar spectra of each 

orientation averaged dipolar spectra, shown in Figure 5.11, measured in deuterated 

solvent while performing deuterium averaging, parameters which exclude the presence 

of orientation selection and deuterium ESEEM effects. When comparing the dipolar 

spectra of 93, to 105 a) and 106 b) it can be seen that additional broadenings are 

introduced by double frequencies introduced by multi-spin effects (Figure 5.11). 

These experiments show that multi-spin effects are still present in the PELDOR 

measurements on triradical 105 and tetraradical 106. It also confirms that orientation 

selection effects can affect appearance of multi-spin effects in rigid systems as distance 

ghost peaks are present in the orientation averaged experiments while they are largely 

absent in the distance distributions from the 80 MHz PELDOR experiments. 
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Figure 5.10: Comparison between background corrected traces for orientation averaged (OA) 

experiments on 93 a), 105 b) and 106 c) (black) and PELDOR together with their corresponding 

distance distributions (black) with (dashed) and without (solid) power-scaling. The legend 

reports: pump pulse length – pulse offset – π pulse length. 
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Figure 5.11: Comparison between dipolar spectra from orientation averaged experiments on 

93 and 105 a) and dipolar spectrum from measurements on 106 b) (solid) with corresponding 

DeerAnalysis fits (dashed). The legend reports: pump pulse length – pulse offset – π pulse 

length. 

When looking at individual traces before averaging (Figure 5.12), the effects of 

spectral selection on Δ can be directly observed. The distance distributions obtained 

from these “orientation resolved” measurements reflect the observations derived when 

comparing measurements at 40, 60 and 80 MHz. Initial shifting of the detection position 

towards the global maximum, up to 1.2 mT from the low field maximum, induces 

excitation of the parallel component of the dipolar interaction and consequent 

introduction of double frequencies and broadenings in the distance distribution, as 

observed for 40 MHz PELDOR measurements. Further shifting towards the global 

maximum leads to a progressive excitation of the perpendicular component of the 

dipolar tensor giving progressively narrowing distance distributions. The +2.4 mT 

measurements give distance distributions very similar to the ones obtained for the 80 

MHz PELDOR experiments. Selective excitation of the perpendicular component of the 

dipolar interaction leads to narrow distance distributions making presence of multi-spin 

effect not apparent. 
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Figure 5.12: Background corrected traces with fits and corresponding distance distributions 

from orientation resolved experiments performed with 2 G steps of the magnetic field during 

performance of the orientation averaged experiment on 93 a), 105 b) and 106 c).  

The orientation resolved and averaged experiments confirm that orientation selection 

effects can greatly affect distance measurements and that processing of PELDOR data 

on rigid systems and it can give misleading results when processing orientation 

selective data using a method based on random orientation of the dipolar vector. This 

can mask multi-spin effects, whose presence and impact had previously been observed 

in measurements performed at 60 MHz and reported in Chapter 3.  
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5.4 Conclusion 

Orientation selection effects observed on the reported polyradical model systems 

were found to compensate multi-spin effects giving a narrower distance distribution 

when compared to measurements allowing excitation of all orientations. This 

demonstrates how appearance of multi-spin effects can be easily masked by choice of 

offset in measurements of multiply labelled systems presenting a specific geometry. 

These observations suggest that measurements on multi-spin systems performed with 

different offsets may give divergent distance distributions showing multi-spin effects, in 

more or less pronounced fashion. In these cases multi-spin effects and orientation 

selection cancel each other by a “lucky error compensation”, diminishing multi-spin 

effects. These results highlight the importance of determining the presence of both 

multi-spin and orientation selection effects prior to qualitative and quantitative analysis 

of distance measurements data. Interpretation of PELDOR neglecting the presence of 

orientation selection effects can lead to data misinterpretation suggesting that no multi-

spin effects are affecting measurements on multiply labelled systems. This assumption 

would contradict previous observations previously reported.
19a, 47a, 78, 98

 Recording a 

number of traces with varying magnetic field seems a very effective way of identifying 

and largely suppressing orientation selection effects. Individual traces also effectively 

suppress multi-spin effects. 
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Conclusions and Outlook 

The work showcased in this thesis contributes to the understanding and suppression 

of one of the major challenges encountered when performing pulsed EPR distance 

measurements. Multi-spin effects have been found to affect significantly distance 

measurements in systems bearing more than two spin labels by introducing 

broadenings, additional “ghost” distance peaks and suppressing longer distances. This 

had been found previously and verified in this project, to be misleading with the danger 

of data misinterpretation. 

In this work alternative approaches for suppression of multi-spin effects have been 

tested and scrutinised on novel rigid and symmetric model systems and on two different 

mutants of a heptameric channel membrane protein. Simulated PELDOR data for 

polygons and a polyhedron, reflecting the spin label geometry of the systems under 

study, allowed exploring the influence of more than two spins on data in distance and 

time domain in silico. The findings from measurements on the model systems were then 

validated on the biological samples, reconfirming that chemical model systems can be 

valid benchmarks for testing of experimental set ups for distance measurements. 

A common synthetic protocol for the synthesis of multiply labelled chemical model 

systems has been developed. This protocol gave access to a variety of symmetric and 

asymmetric model systems. The synthesised model systems also allowed us to look at 

the impact of the presence of both orientation selection and multi-spin effects on 

distance distributions extracted using Tikhonov methods. Here, it is observed for the 

first time, how orientation selection effects could hinder the appearance of multi-spin 

effects giving narrow distance distributions virtually free of artefacts  for multiply 

labelled systems. Additionally, these chemical systems were used to test alternative 

experimental approaches quantitatively. The BAMBI or frequency-interchanged 

experiments were demonstrated as alternative method for suppression of multi-spin 

effects, giving access to the extraction of accurate distances in the nanometre range. The 

sensitivity has been shown to be superior in several cases and the performance can be 

reliably predicted from quick preliminary experiments making the application of the 

alternative really practical. Sparse labelling, a concept previously introduced in CW 

EPR, was scrutinised for its potential for extraction of accurate distances from multiply 

labelled systems. The method was found to give distance distributions in good 

agreement with the predicted models from crystal structures while offering good 
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sensitivity. Both proposed methods, frequency-interchanged and sparse labelling, are 

effective against multi-spin effects. However, the frequency-interchanged and λ 

reduction experiments require only require changes in experimental parameters and not 

in sample preparation. Both methods offer similar sensitivity and combine efficiently 

with power-scaling, while sparse-labelling offers improved sensitivity when compared 

to frequency-interchanged and λ reduction experiments on fully labelled systems.  

Further work would include testing of sparse labelling and frequency interchanged 

experiments on other biological systems to test their efficiency and versatility. In 

particular, sparse labelling should also be tested on the model systems to test for its 

efficiency in suppressing distance “ghost” peaks while limiting the loss in sensitivity on 

other biological systems. Simulations would allow further understanding and justifying 

the experimental observations discussed regarding the “lucky error compensation” of 

multi-spin effects by orientation selection.  

The results presented in this thesis in combination with further systematic studies 

will strengthen PELDOR as method for extraction of accurate inter-spin distances in 

multiply labelled systems. Further insights into the implications of distance 

measurements in multiply labelled systems will be provided by quantitative studies 

employing different methods for suppression of multi-spin effects on chemical and 

biological systems. 
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Materials and Methods 

A.1 Synthesis General Methods  

Moisture and air sensitive reactions were carried out under a nitrogen atmosphere using 

standard Schlenk techniques and dry solvents. All glassware was flame-dried and cooled 

under vacuum before use. Solvents (THF, CH2Cl2 and toluene) were obtained anhydrous 

and purified by a solvent purification system (SPS) alumina column. All other solvents and 

commercial reagents were used without further purification. Solvents used for cross-

coupling reactions were degassed using freeze-pump-thaw cycles (× 3). 
1
H and 

13
C{H

1
} 

nuclear magnetic resonance (NMR) spectra were acquired on either a 400 MHz 
1
H, 100 

MHz 
13

C or a 500 MHz 
1
H, 125 MHz 

13
C NMR spectrometer at ambient temperature, if not 

otherwise stated, in the deuterated solvents reported. All chemical shifts are reported in 

parts per million (ppm) relative to TMS with the solvent used as an internal standard. All 

coupling constants J are reported in Hz. Multiplicities are reported as: s (singlet), d 

(doublet), m (multiplet). Solid-state NMR spectra were acquired at 14.1 T (
13

C Larmor 

frequency of 151 MHz) with magic angle spinning (MAS) rates between 11 and 12.5 kHz. 

Cross polarization from 
1
H was employed to enhance sensitivity and high-power 

1
H 

decoupling was applied during acquisition to enhance resolution. Chemical shifts are 

reported relative to TMS using the CH3 resonance of L-alanine (δ = 20.5 ppm) as an 

external reference. FT Infrared spectra were recorded using an attenuated total reflectance 

(ATR) probe and only characteristic peaks are reported. Melting points recorded are 

uncorrected. Mass spectrometry (m/z) data were acquired using electron spray (ES), 

atmospheric solids analysis probe (ASAP) and matrix-assisted laser desorption/ionization 

matrix-assisted laser desorption ionization (MALDI). CW EPR spectra were obtained with 

an X-band spectrometer operating at ~9.7 GHz with 100 kHz modulation. Samples were 

dissolved in deuterated toluene and deoxygenated by saturation nitrogen. Samples were 

contained in 4 mm OD quartz tubes sealed with rubber septa. Solution and solid state NMR 

and CW EPR spectra together with X-ray crystallography data can be found in the 

Appendix. 
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General Procedure A: Esterification of TPC 3. The appropriate phenol, TPC 3 and 

DMAP were dissolved in anhydrous THF. The flask was covered in aluminum foil before 

addition of EDCI·HCl. The reaction mixture was stirred under a nitrogen atmosphere at 

room temperature (rt) for the time stated. The reaction mixture was filtered to remove the 

urea precipitate, and washed with CH2Cl2. The organic filtrate was washed with water (× 3) 

before being dried over MgSO4 and filtered. Solvents were removed under reduced pressure 

to give the crude product, which was purified via 4% H2O aluminum oxide column 

chromatography. 

General Procedure B: Aqueous ammonia Sonogashira coupling. The appropriate aryl 

iodide was dissolved in anhydrous THF before PdCl2(PPh3)2 and CuI were added. The 

obtained solution was degassed via freeze-pump-thaw cycles (× 3). The appropriate alkyne 

was then added portionwise as a solid, or dropwise as a degassed solution in THF. The 

reaction mixture was degassed once more before dropwise addition of a 0.5 M aqueous 

ammonia solution (2 eq.), which had been purged with nitrogen for 3 min. The reaction 

mixture was stirred at rt and/or heated for the time stated. The two phases were separated 

and the aqueous layer extracted with EtOAc. The combined organic layers were washed 

with 10% HCl and water before being dried over MgSO4 and filtered. Solvents were 

removed under reduced pressure to give the crude product that was purified via silica 

column chromatography or trituration. 

Biradical (44). 4-4'-Biphenol 91 (0.10 g, 0.54 mmol), TPC 3 (0.30 g, 1.63 mmol), 

DMAP (0.20 g, 1.64 mmol) and EDCI·HCl (0.16 g, 1.03 mmol) in THF (10 mL) were 

reacted according to general procedure A. The reaction mixture was stirred 24 h. The crude 

product (0.31 g) was purified (4% H2O aluminum oxide, CH2Cl2, Rf 0.2) to give 44 as 

yellow crystals (0.23 g, 82%). Data are in accordance with the literature:
20b

 mp 211-213 °C; 

FT-IR (ATR): 2976 (w), 2931 (w), 1732 (s), 1490 (m), 1346 (m), 1286 (m), 1244 (m), 1194 

(s), 1147 (s), 1024 (s), 1001 (s), 792 (s), 759 (s); HRMS [NSI, ion trap] [M+H]
+ 

calcd for 

C30H35N2O6 519.2490, found 519.2476; Anal. Calcd. for C30H34N2O6: C, 69.48; H, 6.61; N, 

5.40, found: C, 69.30; H, 6.75; N, 5.54. Room temperature continuous wave EPR displays a 

characteristic three line nitroxide spectrum: aiso(
14

N) =1.42(1) mT. 

Monoradical (75). 4-Hydroxy-4'-iodobiphenyl 74 (0.10 g, 0.34 mmol), TPC 3 (0.12 g, 

0.67 mmol), EDCI·HCl (0.10 g, 0.67 mmol), DMAP (0.08 g, 0.67 mmol) in THF (15 mL) 
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were reacted according to general procedure A. The reaction mixture was stirred 24 h. The 

crude product (0.20 g) was purified (4% H2O aluminum oxide, 3:2 CH2Cl2, ethyl acetate, Rf 

0.8) to give 75 as a yellow solid (0.08 g, 72%). Data in accordance with literature:
50a

 mp 

157-158 °C; FT-IR (ATR): 2978 (w), 1730 (s), 1624 (m), 1477 (s), 1458 (m), 1442 (m), 

1344 (m), 1282 (m), 1197 (s), 1182 (s), 1165 (s), 1149 (s), 1014 (m), 999 (s), 760(s); MS 

[ESI, ion trap] [M+H]
+ 
calcd for C21H22INO3 463.31, found 463.32. 

1,3,5,7-Tetrakis(4-ethynlphenyl)adamantane (83). Following the procedure described by 

Lu et al.,
107

 99 (1.20 g, 1.27 mmol), trimethylsilylacetylene (2.7 g, 27.49 mmol), 

PdCl2(PPh3)2 (0.062 g, 0.09 mmol) and CuI (0.37 g, 1.92 mmol) in toluene (25 mL) and 

triethylamine (11 mL). The crude product (2.30 g) was suspended in anhydrous MeOH (38 

mL) together with K2CO3 (4.20 g, 30.39 mmol). The reaction was stirred for 24 h. The 

crude product (0.50 g) was purified via silica column chromatography (10% CH2Cl2 in 

hexane, Rf 0.28) to give 83 as a white solid (0.7 g, 67%). Data are in accordance with the 

literature:
107

 mp 178-180 °C; FT-IR (ATR): 3284 (s), 2924 (m), 2899 (m), 2850 (m), 2106 

(w), 1606 (w), 1504 (s), 1446 (w), 1402 (w), 1357 (m), 1259 (w), 1112 (w), 1016 (m), 893 

(w), 830 (s), 790 (s); 
1
H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.46 (m, 8H), 7.45 – 7.38 

(m, 8H), 3.06 (s, 4H), 2.12 (s, 12H); HRMS [ASAP, ion trap] (SOLID) [M+H]
+
 calcd for 

C42H33 537.2577, found 537.2572. 

Biradical (88). Resorcinol 86 (0.08 g, 0.73 mmol), TPC 3 (0.33 g, 1.82 mmol), 

EDCI·HCl (0.28 g, 1.82 mmol) and DMAP (0.22 g, 1.82 mmol) in THF (10 mL) were 

reacted according to general procedure A. The reaction mixture was stirred 24 h. The crude 

product (0.25 g) was purified (4% H2O aluminum oxide, CH2Cl2, Rf 0.3) to give 88 as a 

pale yellow solid (0.16 g, 49%): mp 169-171 °C {lit.
61

 mp 183-185 °C (benzene-heptane)}; 

FT-IR (ATR): 2980 (m), 2929 (m), 1730 (s), 1597 (s), 1344 (m), 1286 (m), 1244 (s), 1154 

(s), 1130(s), 1026 (s), 805(s), 754 (s); HRMS [ASAP, ion trap] (SOLID) [M+H]
+
 calcd for 

C24H31N2O6 443.2177, found 443.2176; Anal. Calcd. for C24H30N2O6: C, 65.14; H, 6.83; N, 

6.33, found: C, 65.18; H, 6.94; N, 6.38. Room temperature continuous wave EPR displays a 

characteristic three line nitroxide spectrum: aiso(
14

N) =1.42(1) mT. 

Triradical (89). Phloroglucinol 87 (0.04 g, 0.32 mmol), TPC 3 (0.23 g, 1.27 mmol), 

EDCI·HCl (0.19 g, 1.27 mmol) and DMAP (0.15 g, 1.27 mmol) in THF (10 mL) were 

reacted according to general procedure A. The reaction mixture was stirred 48 h. The crude 
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product (0.13 g) was purified (4% H2O aluminum oxide, CH2Cl2, Rf 0.1) to give 89 as a 

bright yellow solid (0.06 g, 30%): mp 214-216 °C {lit.
61

 mp 225-226 °C (benzene-

heptane)}; FT-IR (ATR): 2978 (w), 2931 (m), 1732 (s), 1604 (m), 1456 (m), 1348 (m), 

1286 (s), 1168 (s), 1128 (s), 1030 (s), 752 (m); HRMS [ASAP, ion trap] (SOLID) [M+H]
+ 

for C33H43N3O9: calcd. 625.2994, found 625.2989; Anal. Calcd. for C33H42N3O9: C, 63.45; 

H, 6.78; N, 6.73, found: C, 63.31; H, 6.85; N, 6.81. Room temperature continuous wave 

EPR displays a characteristic three line nitroxide spectrum: aiso(
14

N) =1.41(1) mT. 

Biradical (93). Bis-phenol 94 (0.09 g, 0.19 mmol), TPC 3 (0.09 g, 0.5 mmol), DMAP 

(0.06 g, 0.49 mmol) and EDCI·HCl (0.08 g, 0.52 mmol) in THF (15 mL) were reacted 

according to general procedure A. The mixture was left stirring 40 h. The crude product 

(0.25 g) was purified (4% H2O aluminum oxide; CH2Cl2, Rf 0.4) to give 93 as a pale yellow 

solid (0.07 g, 45%): mp 212-214 °C; FT-IR (ATR): 2933 (w), 2868 (w), 1730 (s), 1490 (m), 

1346 (m), 1286 (m), 1185-1149 (s), 999 (s), 800 (s); HRMS [ESI, ion trap] [M+NH4]
+
 calcd 

for C52H50N3O6 812.3694, found: 812.3697; Anal. Calcd. for C52H46N2O6: C, 78.57; H, 

5.83; N, 3.52, found: C, 78.47; H, 5.84; N, 3.42. Room temperature continuous wave EPR 

displays a characteristic three line nitroxide spectrum: aiso(
14

N) =1.42(1) mT. 

Bis-phenol (94).4-Hydroxy-4'-iodobiphenyl 74 (0.30 g, 1.01 mmol), PdCl2(PPh3)2 (0.01 

g, 0.02 mmol), CuI (0.005 g, 0.02 mmol) and 1,3-diethynylbenzene 81 (0.09 mL, 0.61 

mmol), 0.5 M aqueous ammonia solution (5 mL) in THF (5 mL) were reacted according to 

general procedure B. The mixture was stirred for 24 h before being heated to 60 °C for 2 h. 

The crude product (0.48 g) was purified (silica gel, 10% EtOAc in CH2Cl2, Rf 0.5) to give 

95 as a pale brown solid (0.32 g, 69%): mp 272-274 °C; 
1
H NMR (300 MHz, DMSO-d6) δH 

9.67 (s, 2H), 7.81–7.46 (m, 16H), 6.87 (4H, d, J 8.6); 
13

C{
1
H} NMR (101 MHz, DMSO-

d6): δC δ 157.7, 140.6, 133.9, 132.0, 131.4, 129.7, 129.4, 127.9, 126.1, 123.1, 119.7, 115.9, 

90.3, 88.7.; HRMS [NSI, ion trap] [M-H]
-
 calcd for C34H21O2 461.1547, found: 461.1544.                                                                                                                                                                                                                                                                                                                                  

Tris-phenol (95). 4-Hydroxy-4'-iodobiphenyl 74 (0.27 g, 0.91 mmol), PdCl2(PPh3)2 

(0.02 g, 0.03 mmol), CuI (0.003 g, 0.02 mmol) and 1,3,5-triethynylbenzene 82 (0.05 g, 0.3 

mmol), 0.5 M aqueous ammonia solution (15 mL) in THF (15 mL) were reacted according 

to general procedure B. The reaction mixture was stirred at room temperature for 24 h and 

heated to 60 °C for 2 h. The crude product (0.26 g) was purified (silica gel, dry-load, 2% 

MeOH in CH2Cl2, Rf 0.5) to give 95 as a colorless oil, which turned into pale brown flakes 
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when washed with CH2Cl2 (0.09 g, 60%): mp 134-136 °C; 
1
H NMR (300 MHz, DMSO-d6) 

δH 9.68 (s, 3H), 7.76–7.55 (m, 21H), 6.88 (6H, d, J 8.6);
 13

C{
1
H} NMR (101 MHz, DMSO-

d6) δC 157.7, 140.7, 133.6, 132.1, 129.7, 127.9, 126.1, 123.9, 119.5, 115.9, 91.1, 87.9; 

HRMS [NSI, ion trap] [M-H]
-
 calcd for C48H29O3 654.2122, found: 654.2122. 

1,3,5,7-Tetraphenyladamantane (97). 1-Bromo adamantane 96 (6.00 g, 27.89 mmol) 

was reacted following the procedure previously described
105

 in the presence of tert-butyl 

bromide (9.5 mL, 84.59 mmol) and AlCl3 (0.37 g, 2.77 mmol) to give 97 as a white solid 

after chloroform Soxhlet extraction (11.50 g, 90%): mp >300 °C; FT-IR (ATR): 3020 (m), 

1597 (m), 1494 (m), 1442 (m), 1355 (m), 1078 (m), 1031 (m), 750 (s); 
13

C CP/MAS NMR 

(14.1 T) δC (ppm) 39.2, 45.1, 51.3, 124.7, 127.2, 129.1, 130.2, 149.8. 

1,3,5,7-Tetrakis-(4-iodophenyl)adamantane (98). Following the procedure described by 

Drew et al.,
106

 97 (2.00 g, 4.54 mmol) was reacted with iodine (4.60 g, 9.06 mmol) and [bis-

(trifluoroaceteoxy)iodo]benzene (4.00 g, 9.30 mmol). The crude product (4.80 g) was 

purified via silica column chromatography (5:1 hexane in CH2Cl2, Rf 0.13) to give 98 as a 

white solid (2.20 g, 51%) with data are in accordance with the literature: mp 236-238 °C 

{lit.
106

 250 °C (CHCl3, MeOH)}; FT-IR (ATR): 2920 (w), 2897 (w), 2850 (w), 1483 (s), 

1446 (w), 1388 (m), 1355 (m), 1211 (w), 1176 (w), 1064 (m), 1002 (s), 887 (w), 821 (s), 

775 (s); 
1
H NMR (400 MHz, Chloroform-d) δ 7.72 – 7.61 (m, 8H), 7.23 – 7.14 (m, 8H), 

2.06 (s, 12H); HRMS [ASAP, ion trap] (SOLID) [M]
+
 calcd for C34H28I4 943.8364, found 

943.8366. 

Tetrahedral tetrakis-phenol (99). 98 (0.5 g, 0.53 mmol), PdCl2(PPh3)2 (0.02 g, 0.03 

mmol) and CuI (0.002 g, 0.01 mmol) were dissolved THF (10 mL). 4'-ethynyl-[1,1'-

biphenyl]-4-ol 100 (0.53 g, 2.72 mmol) was dissolved THF (5 mL) in a separate flask. The 

two flasks were degassed using freeze-pump-thaw cycles (. The alkyne solution was 

added dropwise to the first flask. The obtained mixture was degassed once more before 

dropwise addition of 10 mL of a 0.5 M aqueous ammonia solution. The reaction mixture 

was heated to 60 °C under nitrogen atmosphere for 40 h before being heated at reflux for 30 

min. The two phases were separated and the aqueous layer extracted with EtOAc. The 

organic layer was dried over MgSO4 and solvents removed. The obtained solids (3.5 g) 

were triturated with toluene and filtered to give 99 as a brown solid (0.65 g, 60%): mp > 

300 °C; FT-IR (ATR): 2927 (w), 2922 (w), 1609 (m), 1589 (m), 1506 (s), 1491 (m), 1437 
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(m), 1354 (w), 1259 (s), 1226 (m),1171 (m), 1107 (w), 1018 (m), 1001 (m), 982 (m), 804 

(s), 777 (m), 760 (m); 
1
H NMR (400 MHz, DMSO-d6) δH 9.66 (s, 4H), 7.64–7.54 (m, 40H), 

6.86 (d, J 8.2, 8H), 2.12 (s, 12H); 
13

C{
1
H} NMR (126 MHz, DMSO-d6, T= 80 °C) δC 

157.6, 150.1, 140.2, 131.9, 131.5, 131.2, 129.7, 128.8, 127.8, 126.0, 125.8, 120.2, 115.9, 

89.9, 89.1, 45.7; HRMS [MALDI, TOF] [M]+ 
 
calcd for C90H64O4 1208.4805, found 

1208.4633.  

4'-ethynyl-[1,1'-biphenyl]-4-ol (100). 4-Hydroxy-4'-iodobiphenyl 74 (2.00 g, 6.75 

mmol), PdCl2(PPh3)2 (0.05 g, 0.07 mmol), CuI (0.04 g , 0. 21 mmol), 

trimethylsilylacetylene (1.5 mL, 10.54 mmol) and 0.5 M aqueous ammonia solution (35 

mL) in THF (120 mL) were reacted according to general procedure B. The reaction was 

stirred at room temperature for 16 h. The crude product (2.16 g) was purified (silica gel, 

10% MeOH in CH2Cl2, Rf 0.16). The obtained product (1.62 g, 6.08 mmol) and K2CO3 

(1.00 g, 7.24 mmol) were dissolved in dry methanol (20 mL). The solution was left stirring 

under nitrogen atmosphere for 20 h. The reaction mixture was taken up in EtOAc and 

washed with water (3). The organic phase was dried over MgSO4 and solvents were 

removed under reduced pressure. No further purification was carried out giving 100 as a 

pale brown solid (1.18 g, 80%). Data in accordance with literature:
108

 mp 152-154 °C; FT-

IR (ATR): 3373 (w), 3356 (w), 1595 (m), 1522 (m), 1477 (m), 1259 (m), 1246 (m), 997 

(m), 800 (s); 
1
H NMR (400 MHz, Chloroform-d) δH 7.59–7.43 (m, 6H), 6.91 (d, 2H), 4.86 

(s, 1H); HRMS [ASAP, ion trap] [M+H]
+
 calcd for C14H11O 195.0804, found 195.0805. 

Asymmetric tetrakis-phenol (102): 1,2,4,5-tetrabromobenzene 101 (0.15 g, 0.38 mmol) 

was dissolved in 15 mL of dry THF together with PdCl2(PPh3)2 (0.01 g, 0.01 mmol). 4′-

ethynyl-[1,1′-biphenyl]-4-ol 100 (0.33 g, 1.7 mmol) was dissolved in 15 mL of dry THF in 

a separate flask. Both flasks were degassed via freeze-pump-thaw cycles (3 ×). The alkyne 

solution was added drop-wise to the flask containing the aryl halide. CuI (0.002 g, 0.008 

mmol) was added to the mixture. The 0.5 M ammonia solution was prepared and 

deoxygenated by bubbling nitrogen gas through it. 7.8 mL of a 0.5 M aqueous solution of 

ammonia were added drop-wise to the mixture. The reaction mixture was heated to 60°C 

for 48 h. The two phases were separated and the aqueous layer was extracted with EtOAc 

and washed with 10% aqueous HCl and water. The organic layer was dried over sodium 

sulfate and solvents were removed in vacuo to give the crude product (0.43 g) that was 

purified (silica gel; 10% EtOAc in CH2Cl2, Rf 0.3) to give 102 as a dark brown solid 
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(rotameric mixture) (0.32 g, 81%): mp >300 °C; FT-IR (ATR) 2362 (w), 1587 (m), 1496 

(s), 1172 (s), 1732 (s), 1020 (s), 981 (s), 820 (s), 721 (s), 692 (s); 
1
H NMR (500 MHz, 

DMSO-d6) δH 9.72 (s, 4H), 7.82 (s, 1H), 7.64 – 7.52 (m, 24H), 6.86 (d, J = 8.1, 8H); 
13

C 

NMR (126 MHz, DMSO-d6, 80°C) δC 158.40, 141.58, 134.94, 132.44, 130.25, 128.22, 

126.61, 125.33, 120.23, 116.51, 96.50, 88.24; MS [ESI, ion trap] [M – H]
-
 calcd for 

C62H37O4 845.2697, found 845.2689. 

Hexakis-phenol (103): 104 (0.1 g, 0.08 mmoles) was dissolved in dry THF (10 mL) 

together with PdCl2(PPh3)2 (6% mol., 0.003 g, 0.005 mmoles). 4′-Ethynyl-[1,1′-biphenyl]-

4-ol 100 (0.12 g, 0.62 mmoles) was dissolved in a separate flask in dry THF (10 mL). Both 

solutions were degassed before drop-wise addition of the alkyne solution to the first 

solution. The new mixture was degassed once more before addition of CuI (12%, 0.01 g, 

0.08 mmol). A 0.5 M aqueous ammonia solution (2.5 mL, 1.3 mmoles) was added drop-

wise to the new mixture, which was left stirring at 65 °C for 4 days. The reaction crude (0.2 

g) was purified via silica column chromatography (10% EtOAc in CH2Cl2, Rf 0.1). 103 was 

isolated as a brown solid (0.07 g, 55%). FT-IR (ATR): 2916 (m), 2848 (m), 1662 (m), 1589 

(m), 1492 (m), 1274 (m), 1172 (m), 1047 (s), 1022 (s), 997 (s), 821 (s).
1
H NMR (500 MHz, 

DMSO-d6) δ 9.66 (s, 6H), 7.56 (dd, J = 37.2, 7.2 Hz, 36H), 7.18 (d, J = 7.9 Hz, 12H), 7.01 

(d, J = 8.0 Hz, 12H), 6.84 (d, J = 8.3 Hz, 12H). 
13

C NMR (126 MHz, DMSO) δ 157.62, 

140.27, 132.07, 131.89, 131.54, 131.46, 130.06, 128.83, 128.73, 127.77, 125.93, 119.96, 

115.85, 89.81, 89.55. MS [MALDI] [M+H]
+
 calcd for C126H78O6 1687.6, found 1687.6 

Hexakis(4-iodophenyl)benzene (104): was prepared using modified literature 

procedures.
125

 Hexaphenylbenzene (2 g, 3.7 mmoles) was dissolved in dry CH2Cl2 (150 

mL). To the obtained solution freshly ground iodine (3.8 g, 15 mmoles) was added together 

with [bis-(trifluoroaceteoxy)iodo] benzene (6.4 g, 15 mmoles); 3.2 g was added just after 

addition of iodine and the remaining half was added after 30 minutes. The obtained mixture 

was left stirring in the dark under nitrogen atmosphere overnight. Hexane was added to the 

yellow solution to encourage precipitation. The solids were isolated by filtration. The 

obtained solids were dissolved in chloroform; the solution was washed with 5% sodium 

bisulfite aqueous solution followed by water and brine. The organic layer was dried over 

sodium sulfate and solvents removed under reduced pressure. The obtained solids were 

recrystallized from chloroform to give 104 as a white solid (0.35 g, 51 %) FT-IR (ATR): 
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1487 (m), 1384 (m), 1138 (m), 1058 (m), 1003 (s), 823 (m). 
1
H NMR (300 MHz, 

Chloroform-d) δ 7.23 (s, 12H), 6.54 – 6.39 (m, 12H).
125

 

Triradical (105). Tris-phenol 95 (0.05 g, 0.08 mmol), TPC 3 (0.06 g, 0.33 mmol), 

DMAP (0.03 g, 0.25 mmol) and EDCI·HCl (0.05 g, 0.32 mmol) in THF (10 mL) were 

reacted according to general procedure A. The reaction mixture was stirred 48 h. The crude 

product (0.08 g) was purified (4% H2O aluminum oxide; 10% EtOAc in CH2Cl2, Rf 0.7) to 

give 105 as a yellow solid (0.1 g, 80%): mp 159-160 °C; FT-IR (ATR): 2974 (w), 2927 (w), 

1730 (m), 1490 (m), 1286 (m), 1203(s), 1180(s), 1002 (s), 798 (s); HRMS [NSI, ion trap] 

[M+NH4]
+
 calcd for C75H70N4O9 1171.5170, found: 1171.5174; Anal. Calcd. C75H66N3O9: 

C, 78.10; H, 5.77; N 3.64, found: C, 77.86; H, 5.85; N, 3.54. Room temperature continuous 

wave EPR displays a characteristic three line nitroxide spectrum: aiso(
14

N) = 1.42(1) mT. 

Tetrahedral tetraradical (106). Tetraphenol 99 (0.15 g, 0.12 mmol), TPC 3 (0.12 g, 0.65 

mmol), DMAP (0.08 g, 0.65 mmol) and EDCI·HCl (0.10 g, 0.64 mmol) in THF (20 mL) 

were reacted according to general procedure A. The reaction mixture was stirred 48 h.  The 

crude product (0.30 g) was purified (4% H2O aluminum oxide; 20% ethyl acetate in 

CH2Cl2, Rf 0.03) to give 106 as a dark orange solid (0.23 g, 72%): mp > 300 °C; FT-IR 

(ATR): 3034 (w), 2974 (w), 2927 (w), 1732 (m), 1504 (m), 1490 (m), 1288 (m), 1200 (s), 

1002 (s), 831 (m), 800 (m); MS [MALDI, TOF] [M+H]
+
 calcd for C126H113N4O12 1875.8, 

found 1875.9; Anal. Calcd. for C126H113N4O12: C, 80.74; H, 6.02; N, 2.99, found: C, 80.65; 

H, 6.15; N, 3.12. Room temperature continuous wave EPR displays a characteristic three 

line nitroxide spectrum: aiso(
14

N) =1.43(1) mT. 

Asymmetric tetraradical (107): 102 (0.1 g, 0.12 mmol) was dissolved in 20 mL of dry 

THF. 3 (0.11 g, 0.6 mmol) was added to the solution together with dimethylaminopyridine 

(DMAP) (0.07 g, 0.6 mmol). EDCIHCl (0.1 g, 0.6 mmol) was added in the dark. The 

reaction was left stirring in the dark at room temperature under nitrogen atmosphere for 

40 h. The reaction mixture was filtered to remove urea precipitate and extracted with 

CH2Cl2. The organic layer was washed three times with water before being dried over 

magnesium sulfate. Solvents were removed under reduced pressure to give the crude 

product (0.16 g) that was further purified using column chromatography (aluminium oxide 

4% H2O; 5% EtOAc in CH2Cl2, Rf 0.48) to give 107 as an orange solid (0.02 g, 10%); mp 

227-233 °C; FT-IR (ATR) 2976 (w), 2927 (w), 2866 (w), 2362 (w), 1732 (s), 1494 (s), 
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1288 (s), 1203 (s), 1165 (s), 1001 (s), 798 (s); MALDI-MS [M + H]
+
 calcd for C98H87N4O12 

1511.6, found 1511.6.
126

 Anal. Calcd for C98H86N4O12: C, 77.86; H, 5.73; N, 3.71, found: C, 

77.71; H, 5.63; N, 3.8. 

A.2 PELDOR General Methods  

A.2.1 Sample preparation 

Samples of model systems 93, 105, 106 and 107 (Chapter 3) were prepared from 

toluene or CH2Cl2 solutions (100 μM spin concentration). The solutions were 

transferred into 4 mm or 3 mm quartz EPR tubes (Wilmad), solvents were removed 

under reduced pressure and replaced with freshly molten o-terphenyl for measurements 

reported in Chapter 3, or by deuterated or protonated toluene and o-terphenyl for 

Chapter 5. Our collaborators C. Pliotas, H. Huang and J. H. Naismith prepared samples 

of the mechanosensitive channel of small conductance (MscS) from E. coli (Figure 3.1) 

were as previously described.
47a

 MscS was spin labelled at residue S196, i.e. the serine 

residue was mutated to a cysteine and subsequently modified with the spin label (MscS 

S196R1) (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate 

(MTSSL). The labelling efficiency of MscS S196R1 was accurately quantified.
127

 The 

soluble construct of the translocation channel Wza (sWza) spin labelled at residue 

glutamine 335 (Q335R1)
47b

 was prepared as previously described. All protein samples 

were measured in deuterated buffer, with MscS S196R1 incorporated into phospholipid 

bicelles.
47a, 89

  

Samples for measurements with the MD5 resonator (4 mm quartz tube) were filled 

with ≥ 100 μL of sample corresponding to ≥ 12 mm filling height, while for the split-

ring MS3 resonator ≥ 65 μL of sample were transferred into a 3 mm quartz tube 

corresponding to ≥ 17 mm filling height. The MS3 resonator would allow volumes 

down to 30 μL, however the same sample tubes were measured at Q-band where the 

active length is 16 mm. 

The sparsely labelled samples (Chapter 4) were prepared in a similar fashion by C. 

Pliotas under the supervision of J. H. Naismith. The two mutants of the heptameric 

membrane proteins MscS S196C and D67C were labelled S196R1 and D67R1 

respectively using 33, 66 and 100% labelling. Sparse labelling was achieved by 

labelling each monomer with a ratio between EPR-active nitroxide-based spin labels 

and their diamagnetic analogues, a protonated MTSSL label. The percentages used as 
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identifier for each sample indicate the portion of EPR-active spin labels used for 

preparation of each sample.
47a, 89

 

Samples for orientation selection studies (Chapter 5) were prepared from original 

solutions of biradical 93, triradical 105 and tetraradical 106 with a 300 or 400 μM spin 

concentration in protonated toluene. 100 μL of each solution was transferred into a 4 

mm Wilmad quartz tubes. The solvent was evaporated and replaced with an equivalent 

volume of liquid o-terphenyl (mp 60° C) or d8 toluene; samples were immediately 

immersed into liquid nitrogen. Protonated toluene solutions were transferred into the 

same tubes and frozen in liquid nitrogen.  

A.2.2 Simulations 

A.2.2.1 Polygons 

Simulations for a regular convex heptagon and octagon (mimicking MscS S196R1 

and sWza Q335R1, respectively) were performed as described by Giannoulis et al.
78b

 

without adding noise or intermolecular dipolar interactions (Chapter 3). Dipolar 

evolution times were chosen to correspond to experimental conditions. However, the 

heptagon simulations had the time window extended to exclude cut-off artefacts and 

thus giving access to accurate extraction of all distances. The spin label positions for the 

tetrahedron representing 106 were derived by displacing each of the four vertices in a 

random direction in space from a regular tetrahedron of an edge length of 4 nm. 

Displacements are characterised by the standard deviation of 0.4 nm of a Gaussian 

distributed random length and λ was set to 0.45. The rectangle representing 107 was 

constructed as a regular convex hexagon
78b

 with a diameter of 3.7 nm, having two 

opposite vertices (e.g. 1 and 4) removed. 100% λ was set to 0.4. The standard deviation 

of vertex displacement was set to 4% of the diameter.  

Simulations for testing the efficiency of combination of reduction and power-

scaling (Section 3.3.2) were performed on polygons bearing from 3 to 8 spins. In this 

case noise levels of 0, 1 and 3% of the maximum intensity of the simulated time trace 

were introduced. Polygons were set to have a 6 nm diameter and vertex displacement 

fixed to 0.1 nm. A time window of 8 s was used to reliably extract mean and width of 

distances up to 6 nm. A regularisation parameter of 1 was used for all polygons, except 

for the octagon where 0.1 was required to accurately resolve the last distance peak. 
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Intermolecular dipolar interactions were excluded from the simulations allowing 

removal of a constant offset as background.
78b

  

Modelling for extraction of expected distance distributions from proteins crystal 

structure has also been described in the Appendix of Chapter 3.Simulations to estimate 

the optimum labelling efficiencies (Chapter 4) were performed in a similar fashion. In 

this case two heptagons with an internal diameter of 5 and 6 nm for the two mutants of 

MscS, S196R1 and D67R1 respectively, were used as templates for studying effects of 

sparse labelling. A λmax of 0.4 was set, the typical value representing the portion of spins 

excited by the pump pulse at X-band, together with a label displacement of 0.2 nm. The 

noise was varied between 1 and 3% and labelling efficiency per monomer varied 

between 30, 60 and 100%. The time window was set to 5 μs to allow extraction of all 

distances. Distance distributions were plotted for each noise level and labelling 

efficiency for the two mutants; power-scaling was also applied to test for effects on 

recovery of distances for each condition.  

A.2.3 EPR experimental methods  

A.2.3.1 PELDOR and λ reduced experiments pulses set-up 

PELDOR measurements were recorded at X-band using both a MD5 resonator, and a 

split-ring (MS3) resonator and at Q-band. For all measurements at X-band detection and 

pump pulse offsets were varied between 60 MHz for model systems 106 and 107 and 

between 70 and 75 MHz for proteins (MscS S196R1 and sWza Q335R1, respectively). 

For all Q-band measurements an offset of 80 MHz was used. τ1 was set to 380 ns for 

protein samples in deuterated buffer and to 200 ns when using protonated o-terphenyl 

matrices for measurement of model systems 106 and 107. τ2 for X-band measurements 

was set to 2.4 μs or 3.8 μs for protein samples and to 3.8 μs for model systems 106 and 

107. For Q-band measurements τ2 could be extended to 5 μs for all measurements. Shot 

repetition times between 2 and 3 ms were used. 

Experiments reducing the probability of pumping spins (λ) while retaining the 

spectral excitation profile were performed similarly to those previously described.
19a

 

The inversion efficiencies as a function of the pump channel attenuation were 

determined by an echo-detected electron spin nutation experiment. The pump pulse flip 

angle β is optimised to achieve maximum inversion of the Hahn echo at that specific 

frequency. Calibration of the reduced λ or pump pulse flip angle β is performed by the 



164 

 

nutation experiment. A nutation π pulse of variable time t is applied followed, after a 

time delay T, by two detection pulses π and π/2 for generation of a Hahn echo. The 

change in polarisation induced by the variable length of the nutation pulse is detected by 

the echo generated by the following two pulses, as shown in Figure A.1. 

 

Figure A.1: Echo-detected spin nutation experiment pulse train used for calibration of pump 

pulse flip angle β. 

The experiment generates a cosine wave as function of the change of longitudinal 

magnetisation over the increasing length of nutation pulse, as shown in Figure A.2. The 

first minimum of the cosine wave occurs at the pump pulse length required for 

achieving β equivalent to π. Thus, it determines which ELDOR pulse length is required 

for achieving an inversion pulse with a flip angle of π. 
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Figure A.2: ELDOR nutation experiment showing the occurrence of a 180° inversion of the 

spin echo after pulses with a flip angle of odd multiples of π (a) and its corresponding time trace 

(b). 

An increase in the pump channel attenuation will require a  longer pump pulse  to 

achieve a flip angle β of π necessary to give the full echo inversion. The flip angle β of 

the pump pulse relative to the maximum inversion (λ(β)/ λ(π)) at a given attenuation and 

exciting a specific area of the EPR spectrum,  can be calculated using the Equation A.1: 

     

    
 = sin

2  

 
 (A.1) 
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where λ(β) is the inversion efficiency obtained for a certain flip angle β and λ(π) is 

the inversion efficiency obtained for a π pump pulse. Here, λ was reduced by keeping 

the pump pulse length constant, but reducing the pulse power. For experiments reducing 

λ the fraction λ / λ max (or λ(β)/ λ(π)) is given as a percentage. 

A.2.3.2 Frequency-interchanged experiments 

A typical PELDOR pulse sequence performed at X-band with an MD5 probe uses a 

π/2 pulse of 16 ns followed by a π pulse of 32 ns, and a 18/20 ns π pump pulse. This 

allows in a two spin system to trade the detected number of spins for larger Δ resulting 

from excitation of a larger fraction of B spins by the pump pulse (Figure A.3 a) and c)). 

The use of this or similar experimental settings on systems bearing more than two spins 

has been found to give traces containing sum and difference frequencies that cannot be 

correctly processed by DeerAnalysis, if not in combination with λ reduction and power-

scaling.
19a, 78a, 89

 In an attempt to suppress the contribution of multi-spin effects to the 

PELDOR signal from multiply labelled systems the respective frequencies of detection 

and pump pulses were swapped. At X-band this leads to the detection of A spins on the 

maximum of the nitroxide field sweep spectrum and pumping of B spins on the low 

field maximum (Figure A.3 b) and d)). In this case the pulse lengths were modified 

from the original PELDOR experiment settings as follows: a 10 ns π/2 pulse, followed 

by a 20 ns π pulse is applied at the detection frequency, while a 32 ns π pulse is applied 

at the pump frequency. At Q-band the new settings lead to the detection pulses being set 

at the first field sweep maximum while the pump pulse is applied on the second 

maximum, as shown in Figure A.3 d). In this case the pulse lengths were modified as 

follows: 8 to 10 ns π/2 pulse, followed by a 16 to 20 ns π pulse is applied at the 

detection frequency, while a 32 ns π pulse is applied at the pump frequency. This longer 

pump pulse exhibits a smaller excitation bandwidth than the typical 18/20 ns pump 

pulse used in PELDOR experiments, thus allowing excitation of a lower fraction of B 

spins.  
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a) 

 

b) 

 

c) 

 

d) 

 

Figure A.3: Estimated pulses profiles on nitroxide EPR field spectra at X-band for a PELDOR 

a) and frequency-interchanged b) and Q-band for a PELDOR c) and frequency-interchanged d) 

settings.
27, 90, 128

 

Additionally, the expected loss in sensitivity, due to reduced Δ, should be 

compensated by detection of a larger fraction of A detection spins. Pulse lengths were 

adjusted depending on the resonator and frequencies used, as shown in Table A.1, Table 

A.2 and TableA.3. The legend for each measurement reports the pump pulse length [ns] 

– the frequency offset between pump and detection pulses [MHz] – the detection π 

pulse length [ns], in this order. For all frequency interchanged experiments a subscript 

“M” has been added after the detection π pulse length to indicate its position on the 

maximum of the nitroxide field sweep spectrum. 
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Standard PELDOR parameters 

 X-band MD5 X-band MS3 Q-band QT2 

π/2 detection [ns] 16 16 16 

π detection [ns] 32 32 32 

π pump [ns] 12
*
/18/20 12 12/16 

Table A.1: Pulse lengths used for standard PELDOR settings.
 *

A 12 ns pump pulse was found 

to give maximum modulation depth when performing standard PELDOR measurements of 

MscS S196R1 and sWza Q335R1 with an MD5 resonator. For all other experiments 18 or 20 ns 

pump pulses were required for maximum inversion. 

It is common to use a 12 or 18/20 ns pump pulse, a length at which the maximum 

inversion of the Hahn echo is achieved when using an MS3 split-ring and MD5 resonators 

respectively (Table A.1).
9a

 

Frequency-interchanged PELDOR parameters X-band MD5 and Q-band 

 X-band MD5 Q-band QT2 

π /2 detection [ns] 10 8-10 

π detection [ns] 20 16/20 

π pump [ns] 30/32 32 

Table A.2: Pulse lengths used for frequency-interchanged PELDOR at X-band (MD5 

resonator) and Q-band. 

Frequency-interchanged PELDOR parameters X-band MS3 

π /2 detection [ns] 8 10 16 

π detection [ns] 14 20 32 

π pump [ns] 32 32 12 

Table A.3: Pulse lengths used for frequency-interchanged PELDOR at X-band (MS3 

resonator). 

Measurements on sparsely labelled MscS samples were carried out at both X- and Q-

band frequencies. Standard PELDOR and frequency-interchanged experiments 

performed at X-band using MD5 and MS3 resonators and at Q-band frequencies were 

carried out as previously described, as reported in Table A.4 and Table A.5. Specifically 

for frequency-interchanged experiments the following pulse sequences, reported in 

Table A.5, were used: 
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Standard PELDOR parameters 

 X-band MD5 X-band MS3 Q-band QT2 

/2 detection [ns] 16 16 16 

 detection [ns] 32 32 32 

 pump [ns] 20 12 12/16 

Table A.4: Pulse lengths used for frequency-interchanged PELDOR at X-band (MD5 and MS3 

resonators) and Q-band. 

Frequency-interchanged PELDOR parameters X- and Q-band 

 X-band MD5 X-band MS3 Q-band QT2 

/2 detection [ns] 10 8 8-10 

 detection [ns] 20 14 16/20 

 pump [ns] 32 32 32 

Table A.5: Pulse lengths used for frequency-interchanged PELDOR at X- and Q-band. 

A.2.3.3 Orientation selective and orientation averaged experiments 

Orientation selective PELDOR measurements were recorded at X-band using an 

MD5 resonator as previously reported.
129

 The offset between detection and pump pulse 

offset was varied between 40, 60 and 80 MHz. This range corresponds to the smallest 

frequency offset that avoids strong pump/probe frequency overlap, and therefore large 

nuclear modulation artefacts, and the largest possible frequency offset that excites the 

edge of the nitroxide spectrum whilst still pumping the global maximum.
90

 PELDOR 

measurements were performed as previously described
98

 with exception of τ2 being set 

to 3.8 μs for all measurements and shot repetition times varied between 2 and 2.5 ms. 

The first inter-pulse delay was also varied eight times by 8 and 56 ns each time in order 

to average the proton and deuterium nuclear modulation respectively.
29

 Orientation 

averaged experiments were performed by varying the magnetic field so that the observer 

position is varied between the low-field maximum of the nitroxide spectrum and the 

global maximum in 14 steps of 2 G. The difference between pump and observer 

frequencies was kept constant at 60 MHz.
18c

 Traces were then added and normalised to 

give orientation averaged traces. Individual traces were used for orientation resolved 

experiments. All orientation resolved experiments were performed on d8 toluene 

samples and d8 ESEEM being suppressed. 
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The legend of each measurement reports: length of the pump pulse, pulse offset and 

length of the π pulse of the detection sequence, respectively. 

A.2.4 Data processing: DeerAnalysis parameters 

Raw data was fitted by a monoexponential decay to remove the intermolecular 

background, followed by Tikhonov regularization in DeerAnalysis2013.
30

 The optimum 

regularization parameter α was chosen by the L-curve criterion: α = 10 was found to be 

optimum for all cases except for tetraradical 107 where α = 1 was required. In 107 two 

equivalent short distances (ortho), two equivalent medium distances (meta) and two 

equivalent long distances (para) are present. As similar angular fluctuations will broaden 

the ortho-distance more than the para-distance each of the three distance pairs would 

require different Tikhonov regularization parameters to capture their distribution. A value of 

1 was found not to broaden the long distances and not to split the short distance 

distributions.
32

 Traces were power-scaled
78a

 as indicated using the implementation in 

DeerAnalysis2013. Distance distributions were validated by varying the background start 

point using the validation tool in DeerAnalysis2013. For all traces in Chapter 3 validations 

were performed by varying the start time from 5% to 95% of the total time window length, 

and 19 trials (every 5%) were performed, followed by pruning of the trial results with a 

prune factor of 1.15 (i.e. retaining only those data sets exceeding the lowest rmsd (root 

mean square deviation) by a maximum of 15%). If less than 50% of trials were retained 

upon pruning, traces were cut in steps of 15% of the time window length (here, resulting 

either in cuts of 15 or 30%) until at least half of the trials were within 15% of the lowest 

rmsd. Distance distributions show the 2 × σ confidence interval (± 2 × rmsd). For all traces 

reported in Chapter 4 the start time was varied from 5% to 80% of the total time window 

length, and 16 trials (every 5%) were performed, followed by pruning of the trial results 

with a prune factor of 1.15. The noise was increased to a level of 1.5 (i.e. by 50%) and 50 

trials were performed. 

The time domain simulations were fitted by a zero order polynomial for background 

correction to remove a constant offset, as all the simulated traces were lacking on the 

intermolecular background, followed by Tikhonov regularization in DeerAnalysis2013.
30
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A.2.5 Sensitivity calculation and noise estimation 

Sensitivity values were calculated as the ratio between modulation depth () and 

noise. Noise was estimated using the rmsd of the background fit (error of the 

background model) given in DeerAnalysis2013. This solution was found to be more 

stable than using the error of the fit due to differences in the quality of fit between 

standard and frequency-interchanged experiments. It was found that the fit generated by 

DeerAnalysis for the frequency-interchanged experiments did not match the 

experimental data as well as for traces from PELDOR experiments. This mismatch 

increases the error of fit, thus the noise level for all frequency-interchanged experiments 

would be increased. To avoid this bias towards the frequency-interchanged experiments 

the estimation was performed within the background range corresponding to the last 

third of the trace. The value was estimated by taking the average rmsd within the range 

in which the rmsd values were most consistent (i.e. where the fit was most stable). 

The experimental  values for  reduction and frequency-interchanged experiments 

were calculated from the experimental modulation depths (Equation A.2):
78b

 

         
 

    (A.2) 

with  being the experimental modulation depth and N the number of spins in the 

system. These λ values were used to compare the expected fraction of λ calculated for 

the λ reduction experiments from the ELDOR nutation experiment. 
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