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Abstract: The structure-function and materials paradigms drive research on the understanding of
structures and structural heterogeneity of molecules and solids from materials science to structural bi-
ology. Functional insights into complex architectures are often gained from a suite of complementary
physicochemical methods. In the context of biomacromolecular structures, the use of pulse dipolar
electron paramagnetic resonance spectroscopy (PDS) has become increasingly popular. The main
interest in PDS is providing long-range nanometre distance distributions that allow for identifying
macromolecular topologies, validating structural models and conformational transitions as well as
docking of quaternary complexes. Most commonly, cysteines are introduced into protein structures
by site-directed mutagenesis and modified site-specifically to a spin-labelled side-chain such as a
stable nitroxide radical. In this contribution, we investigate labelling by four different commercial la-
belling agents that react through different sulfur-specific reactions. Further, the distance distributions
obtained are between spin-bearing moieties and need to be related to the protein structure via mod-
elling approaches. Here, we compare two different approaches to modelling these distributions for
all four side-chains. The results indicate that there are significant differences in the optimum labelling
procedure. All four spin-labels show differences in the ease of labelling and purification. Further
challenges arise from the different tether lengths and rotamers of spin-labelled side-chains; both
influence the modelling and translation into structures. Our comparison indicates that the spin-label
with the shortest tether in the spin-labelled side-group, (bis-(2,2,5,5-Tetramethyl-3-imidazoline-1-
oxyl-4-yl) disulfide, may be underappreciated and could increase the resolution of structural studies
by PDS if labelling conditions are optimised accordingly.

Keywords: PDS; PELDOR; DEER; nitroxide spin label; Comparative DEER Analyzer; mtsslSuite; MMM

1. Introduction

Research into the functional characteristics of molecules and materials is underpinned
by the fundamental dogma that the molecular structure determines properties. Thus,
structure determination lies at the core of chemistry, and virtually every undergraduate
will learn Bragg’s Law describing X-ray diffraction [1]. The prevalence of structure as a
determinant of all properties persists when studying the molecules of life. The fundamental
hypothesis that all biomolecular functions are encoded in the structure [2] remains the
central dogma of structural biology. The ever-increasing complexity of biological systems
under study has been accompanied by a rise in awareness that structural context is of
crucial relevance, and integrative structural biology is becoming increasingly important
for consolidating information from a variety of methods into a holistic model. Similar
approaches allow integrating results from multiple methods for materials characterisation.

X-ray crystallography, especially in its high-throughput forms [3], remains the gold
standard for structure determination of crystals from small molecules to solid-state ma-
terials. The amorphous nature of polymers and their composites with other components
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requires a more involved approach. While diverse forms of microscopy (including cryo-
electron microscopy), diffraction and scattering (such as small-angle X-ray scattering) and
spectroscopic methods provide a plethora of structural data, magnetic resonance can pro-
vide structural information with atomic resolution and within native context based on
labelling with stable isotopes or exploiting the low natural abundance of unpaired electron
spins. Here, we focus on the use of electron paramagnetic resonance (EPR) spectroscopy in
determining precise nanometre distances between selected sites in biomolecules [4,5] to
validate structural models [6,7] and establish conformational topologies [8–10].

For pulse dipolar EPR spectroscopy (PDS) [11–13], specific labelling sites within the
fold of the protein of choice are subjected to site-directed mutagenesis to establish cysteines
at the sites of interest (requiring knockout of other accessible cysteines). These cysteines are
site-specifically spin labelled with sulfide-specific labelling reagents to introduce a stable
spin bearing moiety, most commonly a nitroxide radical [14,15]. While this arguably pro-
vides limited information, yielding merely a single distance distribution per label pair, this
can be extremely powerful, especially in combination with complementary methods. Impor-
tantly, knowledge of possible spin label conformations is crucial to predict corresponding
distance distributions [16–20]. In addition to distance distributions encoding conforma-
tional flexibility [21,22], potential weak exchange interactions between the spin centres can
be quantified [23–25] as well as the number of coupled electron spins interacting in one
structural object [12,26,27] and their distribution within nano-confinements [28,29]. Initially
informed by a plethora of chemical model systems [30] designed for proof-of-principle
and benchmark studies, PDS has allowed significant contributions to the understanding of
complex protein systems [24,31]. Illustrative examples are homo-multimeric membrane
channels where insights from simulations [32,33] and model systems [34,35] could be trans-
lated to significantly improved structural resolution [36,37], and these optimised conditions
ultimately yielded functional insights into channel gating [38]. Other examples include
the identification of physiologically relevant dimer interfaces in viral proteins [6] and the
investigation of the self-assembly of archaeal single-stranded DNA binding proteins [39].

The aim of this study is to investigate four commercially available nitroxide labels
(Scheme 1) based on cysteine-mediated conjugation to the protein of interest. Here, we
aim to compare labelling efficiency as well as measurement sensitivity and accuracy based
on the immunoglobulin-binding B1 domain of group G streptococcal protein G (GB1)
that has been extensively used for nitroxide and copper(II) spin labelling [40–45]. While
numerous detailed characterisations [46,47] and reviews [48–50] exist, there is, to our best
knowledge, no published study directly comparing these four spin labels. The results
indicate a surprisingly large breadth in terms of ease of labelling and purification, and
agreement with structural modelling.
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Scheme 1. Scheme displaying the four spin labelling compounds (MTSL, IPSL, MPSL and IDSL) used in this study and the
resulting cysteine conjugates and leaving groups. Rotatable bonds are indicated (X).

2. Materials and Methods
2.1. Protein Construct and Spin Labelling

The following nitroxide spin labels were employed in this study: MTSL [4,51]
((1-Oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)methanethiosulfonate; Santa Cruz Biotech-
nology), IPSL [52–54] (3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy; Sigma-
Aldrich), MPSL [55–57] (3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy; Santa Cruz
Biotechnology), and the biradical IDSL [58–61] (bis-(2,2,5,5-Tetramethyl-3-imidazoline-1-
oxyl-4-yl)disulfide; Noxygen). MTSL and IDSL stock solutions were prepared at 100 mM
concentration in dimethyl sulfoxide (DMSO) and stored at −80 ◦C; IDSL required sonication
for full dissolution. An MPSL stock solution was prepared at a 100 mM concentration in 100%
ethanol; an IPSL stock solution was prepared at a 77 mM concentration in 100% methanol.
MPSL and IPSL stock solutions were aliquoted at 1 mg label per aliquot (40 and 42 µL per
aliquot for IPSL and MPSL, respectively), dried in a SpeedVac and stored at −20 ◦C.

A double-cysteine mutant (I6C/K28C) of the immunoglobulin-binding B1 domain
of group G streptococcal protein G (GB1) was used as the model protein. In this mutant,
one cysteine is introduced into an α-helix (K28C) while the second cysteine is located



Molecules 2021, 26, 7534 4 of 16

in a β-sheet (I6C) [41]. Expression and purification were performed as described previ-
ously [40,43]. 12 mg of GB1 I6C/K28C in 2 mL of phosphate buffer (150 mM NaCl, 42.4 mM
Na2HPO4, 7.6 mM KH2PO4, pH 7.4) were freshly reduced with dithiothreitol (DTT) using
a 5-fold DTT concentration per cysteine (10-fold per protein molecule) overnight at 4 ◦C.
DTT was removed using a desalting PD10 column, and the eluted protein solution was
split into 8 equal parts for labelling.

Two labelling reactions per spin label were set up, each adding a 3-fold molar concen-
tration of label per cysteine (6-fold per protein molecule). MTSL and IDSL were added from
the DMSO stock, while MPSL and IPSL were redissolved in ethanol and methanol before
use, respectively. One sample set was kept at room temperature in the dark for 2 h while
the second set was kept in the dark at 4 ◦C overnight. After their respective incubation
periods, aliquots were taken and immediately frozen before submission to mass spectrome-
try (MALDI-TOF) using the in-house facility to confirm labelling. The residual free label
was removed via PD10 columns, and aliquots for spin counting to determine labelling
efficiencies via continuous wave (CW) EPR, aliquots for mass spectrometry (MALDI-TOF)
of the purified samples, as well as the remaining samples, were frozen until use.

For IDSL, an additional labelling reaction was performed using a 20-fold molar con-
centration of the label per cysteine, with incubation overnight at 4 ◦C.

2.2. Continuous Wave (CW) EPR Spectroscopy

Room-temperature CW EPR measurements to determine labelling efficiencies were
performed using a Bruker EMX 10/12 spectrometer equipped with an ELEXSYS Super
Hi-Q resonator at an operating frequency of ~9.9 GHz (X-band) with 100 kHz modulation.
50 µL samples in micro capillaries (Brand; one end flame-sealed) were recorded using
a 120 G field sweep centred at 3445 G, a time constant of 20.48 ms, a conversion time
of 20.10 ms and 2048 points resolution. An attenuation of 20 dB (2 mW power), 50 dB
receiver gain and a modulation amplitude of 0.7 G were used for all samples. GB1 samples
were measured at a ~50 µM protein (~100 µM spin) concentration, and double integrals
(corrected for the actual protein concentration and the number of scans) were compared to
100 µM MTSL as a standard.

2.3. Pulse Dipolar EPR—Sample Preparation and Measurement

EPR samples from the overnight incubation for each spin label were prepared at a
24 µM final protein concentration with 50% ethylene glycol for cryoprotection. For buffer
exchange into the deuterated solvent, 100 µL of each protonated labelled sample were
freeze-dried and reconstituted in 100 µL D2O. Samples were prepared at a 24 µM final
protein concentration with 50% fully deuterated ethylene glycol for cryoprotection. All
samples had a final volume of 65 µL and were transferred to 3 mm quartz EPR tubes, which
were immediately frozen by immersion into liquid nitrogen.

PDS experiments were performed at Q-band frequency (34 GHz) operating on a Bruker
ELEXSYS E580 spectrometer with a 3 mm cylindrical resonator (ER 5106QT-2w in TE012
mode) using a second frequency option (E580-400U). The temperature was controlled via a
cryogen-free variable temperature cryostat (Cryogenic Ltd.) operating in the 3.5 to 300 K
temperature range. Pulses were amplified by a pulse travelling wave tube (TWT) amplifier
(Applied Systems Engineering) with a nominal output of 150 W.

Specifically, pulsed electron–electron double resonance (PELDOR/DEER) experiments
were performed with the 4-pulse DEER [13,62,63] pulse sequence (π/2(νA) − τ1 − π(νA)
− (τ1 + t) − π(νB) − (τ2 − t) − π(νA) − τ2 − echo) at 50 K as described previously, [6] with
a frequency offset (pump—detection frequency) of +80 MHz (~3 mT). The shot repetition
time (SRT) was set to 4 ms (deuterated samples) or 3 to 4.5 ms (protonated samples); τ1
was set to 380 ns, and τ2 was set to 8000 ns for the deuterated samples and to 2400 ns for
the protonated samples apart from the IDSL-labelled GB1 sample where 3200 ns were used
to allow sufficient resolution for the detection of longer distances. Pulse lengths were 16
and 32 ns for π/2 and π detection, and 12 ns for the ELDOR pump π pulse. The pump
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pulse was placed on the resonance frequency of the resonator and applied to the maximum
of the nitroxide field-swept spectrum.

PELDOR data were subjected to the Comparative DEER Analyzer (CDA) within
DeerAnalysis2021b [64] for unbiased data processing and analysis according to recent
recommendations [65], employing DEERNet [66] neural network processing and Deer-
Lab [67] Tikhonov regularisation. Full reports of the CDA analysis are provided in the
supplementary information.

2.4. Modelling

Distance distributions were modelled based on the I6H/N8H/K28H/Q32H construct
(PDB ID: 4WH4) [41]; histidine residues at positions 6 and 28 were mutated to cysteine
residues, while histidine residues at positions 8 and 32 were mutated to asparagine and
glutamine residues, respectively.

Modelling was performed using the MATLAB plugin MMM 2018 [19] under ambient
(298 K) and cryogenic (175 K) temperature conditions and compared with modelling
using the mtsslWizard [17] within the mtsslSuite [68] server-based modelling software
(Table 1) using ‘tight’ (vdW-restraint 0 clashes, 3.4 Å cutoff) and ‘loose’ (vdW-restraint
5 clashes, 2.5 Å cutoff) settings. Cartoon structural representations of spin-labelled GB1
were generated using Pymol [69].

Table 1. List of nitroxide spin labels used in this study and respective names of modifications in
modelling software.

Spin Label Name This Study Side-Chain in MMM Side-Chain in MtsslSuite

MTSL MTSL R1
IPSL IA-Proxyl Proxyl

MPSL MA-Proxyl malR1
IDSL V1 sR1

3. Results and Discussion
3.1. Spin Labelling

A deliberately small ratio of spin label to cysteine of 3 to 1 was chosen to allow for
assessing differences in the ease of labelling for the different nitroxide labels. In addition,
two different incubation conditions were tested for each label, a quick labelling reaction of
2 h at room temperature and an overnight labelling reaction at 4 ◦C. Successful labelling
and labelling efficiencies were determined using mass spectrometry and continuous wave
(CW) EPR spectroscopy, respectively.

3.1.1. CW EPR

Individual CW EPR spectra are shown in Figure 1, and a summary of labelling
efficiencies is given in Table 2. MTSL labelling efficiency was around 100% after just two
hours of labelling. MPSL labelling was determined at about 125%, indicating more label
present than available cysteines, already after two hours. The sharp component (especially
visible in the high-field line) in MPSL-labelled GB1 spectra suggests that some free label
might be present in the samples despite the PD10 column used to remove the free label.
This would explain the determined labelling efficiency of well above 100% and indicates
purification protocols that were empirically optimised for MTSL may not be sufficient for
MPSL. For IPSL, quantitative labelling was achieved after the overnight incubation. The
biradical IDSL is attached by substituting one sulfide of its disulfide bond. In contrast to
substitutions with good leaving groups (MTSL and IPSL) or addition reactions (MPSL), this
disulfide exchange has an equilibrium constant closer to unity, thus incomplete labelling
and free dimeric label are very likely. It should be noted that the free thiolate released as
leaving group can attack another disulfide bond and this can, at least in theory, result in
the complete scrambling of disulfide bonds that could also entail disulfide-linked protein
dimers, if steric demand around the cysteine residues permits. IDSL did not yield more
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than two-thirds of labelling efficiency even after the overnight incubation time. Therefore,
a second overnight labelling reaction using a 20-fold concentration of IDSL with respect
to cysteine was performed, which yielded above 90% efficiency. Additional lines in IDSL-
labelled GB1 spectra are attributed to the intact (free) label [60].

CW data suggest that MTSL, IPSL and MPSL can provide quantitative labelling at
relatively small (here: 3:1) label-to-cysteine ratios for both secondary structure elements,
α-helix and β-sheet. It should be noted that both labelling sites in the GB1 construct are
easily accessible, thus higher ratios might be required if sites are buried. MTSL and IPSL
could easily be removed using a PD10 desalting column, while MPSL labelling might need
additional chromatographic steps to remove the residual free label. IDSL, presumably due
to the equilibrium reaction, was shown to require a higher excess of the label to approach
quantitative labelling of the cysteine residues.

Figure 1. Continuous wave (CW) EPR spectra for GB1 labelled with MTSL, IPSL, MPSL and IDSL
and respective labelling efficiencies relative to MTSL standard. All spectra were recorded with the
same experimental parameters and normalised to the number of scans. 2 h = two hours incubation
time; ON = overnight incubation time. For IDSL-labelled GB1, due to the low labelling efficiencies
for a 3-fold label concentration, an additional labelling experiment was performed at a 20-fold label
concentration incubating overnight.
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Table 2. Summary of determined labelling efficiencies per cysteine relative to MTSL standard.

Incubation MTSL IPSL MPSL IDSL

2 h, 3-fold 98% 87% 126% 62%
ON, 3-fold 109% 100% 125% 67%

ON, 20-fold - - - 91%

3.1.2. Mass Spectrometry

Samples were analysed by MALDI-TOF after 2 h and overnight incubation time and a
3:1 label-to-cysteine ratio confirming successful spin labelling before the removal of excess
free label. Since overnight reactions generally showed better labelling, these were taken
forward for PDS and the purified samples were re-analysed by MALDI-TOF, showing
excellent agreement with results from the unpurified labelling reactions. In the case of
IDSL-labelled GB1, MALDI-TOF was also performed after overnight reaction with 20-fold
IDSL. Details and individual mass spectrometry results are shown in the supplementary
information (Figures S1–S10). Overall, MALDI-TOF spectra are in line with the results
obtained from CW EPR; although for IPSL- and especially IDSL-labelled GB1, less of the
fully labelled protein is seen with MALDI-TOF than would be expected from CW EPR.
This could be due to residual free label (not all labels attached to the protein), label-specific
differences in the ionisation for labelled and unlabelled protein or the laser could lead to
partial label detachment. Interestingly, upon measuring the second distance in PELDOR for
IDSL-labelled GB1 (see below), MALDI could also confirm the presence of a small amount
of a species with a mass corresponding to a GB1 dimer, which was no longer present in
the sample with a 20-fold ratio of label-to-cysteine. This highlights the need for a larger
excess of the IDSL label—not only to drive the equilibrium towards quantitative cysteine
labelling, but also to avoid significant equilibrium concentrations of the disulfide-linked
protein dimer formed by thiolate exchanges.

3.2. PDS Distance Measurements (PELDOR/DEER) and Comparison to Modelling

Initially, protonated samples from the overnight labelling reaction were prepared for
PDS after removal of the free spin label. We rationalised that echo dephasing (Tm) would
be sufficient to resolve the expected short distance (below 3 nm) in the GB1 I6C/K28C
construct. Distance distributions obtained from PDS (PELDOR/DEER) primary data on
the protonated samples are shown in Figure 2.

MTSL and, to a lesser extent, IPSL labelling results suggest a bimodal distance dis-
tribution within the range of 2–3 nm, while MPSL and IDSL labelling results do not. An
interesting finding is the appearance of a larger distance (~4.5 nm) for IDSL-labelled GB1,
further supporting the hypothesis of dimer formation based on label chemistry and mass
spectrometry, which is further discussed below. However, distance resolution is not suffi-
cient in the protonated samples, therefore the second set of samples was prepared with
reconstitution of the freeze-dried protein into D2O and a fully deuterated cryoprotectant.
A comparison of respective refocused echo decay experiments demonstrating the gain in
the distance resolution with deuteration is given in Figure S13. In addition, IDSL labelling
was repeated using a much larger excess of the label (ratio 20:1) to assess changes in the
labelling efficiency and the presence of the disulfide-linked protein dimer.
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Figure 2. PELDOR results for protonated GB1 I6C/K28C labelled with MTSL, IPSL, MPSL and IDSL.
Left: Superposition of primary data (black) with Tikhonov regularisation fit (green) and DEERNet
separated background (blue) and fit (red) with uncertainty bounds. Right: Superposition of distance
distributions obtained from DEERNet (blue) and Tikhonov regularisation (green) with uncertainty
bands. Vertical lines indicate the Cβ-Cβ distance 6C–28C (1.67 nm). Colour bars represent reliability
ranges (green: Shape reliable; yellow: Mean and width reliable; orange: Mean reliable; red: No
quantification possible).

Distance distributions obtained from PDS (PELDOR/DEER) primary data on the
deuterated samples are shown below (Figures 3 and 4), and a superposition of distributions
obtained from protonated and deuterated samples is given Figure S12. MTSL labelling
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still suggests a bimodal distance distribution, but to a lesser extent than observed for the
protonated sample. This bimodality with MTSL has been observed previously [40] and can
be rationalised with additional label conformations. Another potential explanation would
be the presence of different conformational states of the protein itself. However, GB1 is not
known to exist in a conformational equilibrium but is a very rigid small protein model. If
there were additional protein conformations, these would be expected to also be visible
with the other labels, which is not the case.

For IDSL-labelled GB1, the larger distance (~4.5 nm) at the 3:1 label-to-cysteine ratio is
confirmed with the deuterated sample with a sufficient distance resolution. If the thiolate
exchange is dynamic, then a certain fraction of the disulfide-bridged protein dimer will
equilibrate based on its proportion in the mixture. A disulfide-bridged GB1 protein dimer
will still have one cysteine per monomer available for labelling. Considering a distance
of just over 2.5 nm for IDSL-labelled GB1 and a distance of 1.7 nm between Cβ atoms of
the labelled residues, a disulfide-bridged dimer of singly IDSL-labelled GB1 monomers
will have a distance shorter than two times 2.5 nm but substantially longer than two times
1.7 nm, in good agreement with the 4.5 nm observed. SDS-PAGE for spin-labelled GB1
I6C/K28C with non-reduced samples to preserve disulfide linkages demonstrates that
disulfides do indeed form for IDSL at the 3:1 label-to-cysteine ratio (see Figure S11). As
expected, this dimer peak vanished after increasing the amount of IDSL label to a 20:1 ratio,
indicating the equilibrium labelling reaction can be driven towards quantitative binding
by a larger excess of the label. In this case, a labelling efficiency of >90% was determined
using CW EPR. Notably, due to the shortest linker of all labels tested, the IDSL provides
the highest precision with significantly narrower distributions, similar to those observed
for CuII-labelling of double-histidine sites [41,43].

As our samples may contain free label, it is important to note that the residual free
label will add to the unmodulated part of the echo, thereby reducing modulation depth.
However, it should not alter the distance distribution or influence the overall signal-to-
noise. Unspecific labelling (i.e., with the label attached to the protein at a non-cysteine
residue) might lead to added modulation depth (and potentially multi-spin effects), and
additional distances affecting the overall distance distribution. We did not observe these
effects in our PDS data nor indications of unspecific labelling from mass spectrometry.

Modelling of expected distance distributions for the four nitroxide labels was per-
formed using MMM and mtsslWizard; overlays of the resulting simulated and experimental
distributions are shown in Figure 5 for recommended settings (MMM at ambient temper-
ature, mtsslWizard with ‘tight’ vdW-restraint setting) and in Figure S14 with additional
settings (MMM at cryogenic temperature, mtsslWizard with ‘loose’ vdW-restraint setting).
Overall, consistent models were obtained. The bimodal distance distribution observed
with the protonated sample of MTSL-labelled GB1 is in contrast to modelling results. This
difference could be rationalised with an additional label conformation induced by the
interaction with the protein surface escaping both modelling approaches [16,20]. Interest-
ingly, this seems to be much less pronounced in the deuterated sample even though all
other conditions are nominally identical. For IPSL-labelled GB1, the modelled distributions
matched well with the experimentally obtained distribution, while for MPSL-labelled GB1,
some deviation between the two modelling approaches was observed, with the mtsslWiz-
ard model matching experimental distributions more closely. As seen in Figure 5, the
spin-labelled side-chain of IDSL-labelled GB1 occupies the most restricted rotameric space
of all four labels tested. Notably, experimental distance distributions were even narrower
than the simulated ones. Expectedly, the distance corresponding to the disulfide-bridged
GB1 dimer could not be modelled as it is not present in the coordinate file.
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Figure 3. PELDOR results for GB1 I6C/K28C labelled with MTSL, IPSL and MPSL and buffer
exchanged into deuterated solvent. Left: Superposition of primary data (black) with Tikhonov
regularisation fit (green) and DEERNet separated background (blue) and fit (red) with uncertainty
bounds. Right: Superposition of distance distributions obtained from DEERNet (blue) and Tikhonov
regularisation (green) with uncertainty bands. Vertical lines indicate the Cβ-Cβ distance 6C–28C
(1.67 nm). Colour bars represent reliability ranges (green: Shape reliable; yellow: Mean and width
reliable; orange: Mean reliable; red: No quantification possible).
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Figure 4. PELDOR results for GB1 I6C/K28C labelled with IDSL at 3:1 and 20:1 label-to-cysteine
ratio and buffer exchanged into deuterated solvent. Left: Superposition of primary data (black)
with Tikhonov regularisation fit (green) and DEERNet separated background (blue) and fit (red)
with uncertainty bounds. Right: Superposition of distance distributions obtained from DEERNet
(blue) and Tikhonov regularisation (green) with uncertainty bands. Vertical lines indicate the Cβ-Cβ

distance 6C–28C (1.67 nm). Colour bars represent reliability ranges (green: Shape reliable; yellow:
Mean and width reliable; orange: Mean reliable; red: No quantification possible).

We further investigated the agreement between the two modelling approaches (MMM
and mtsslWizard) and their agreement with experimental distance distributions obtained
from two different processing methods (neuronal network analysis and Tikhonov reg-
ularisation). Comparing deviations of the distributions obtained from protonated and
deuterated buffer samples reveals that the agreement between different modelling ap-
proaches and the corresponding experiments is not much worse than between different
samples (Table 3). MTSL labelling leads to different populations of conformers and IDSL
labelling leads to a different population of dimers dominating the rmsd between experi-
ments. For the latter, both modelling approaches are in excellent agreement, but the width
of the distribution is found to be narrower than modelled and this dominates the rmsd.
Interestingly, the model deviation is worst for MPSL-labelled GB1, where this seems largely
down to modelled short-distance conformers in MMM at 298 K that do not manifest in
the experimental distribution with the agreement between experiment and mtsslWizard
being significantly better. Here, the agreement between experiments for protonated and
deuterated samples is best for all labels. Interestingly, MMM at 175 K substantially shifts the
modelled distance distribution for MPSL-labelled GB1, giving much better agreement than
at ambient temperatures, while ‘loose’ settings for the mtsslWizard result in broadened and
slightly shortened distributions for all labels (Figure S14). In contrast, for MTSL-labelled
GB1, both models agree better with the experiment than with each other. While there are
significant differences between protonated and deuterated samples, MMM agrees much
better with the latter than mtsslWizard. On the other hand, the distance distributions for
IPSL-labelled GB1 are predicted remarkably well, especially by mtsslWizard. Finally, it
is obvious that the prediction of spin-label conformations remains problematic for highly
accurate and precise distance measurements, and although IDSL and IPSL labelling appear
more robust in this example, it remains to be seen if this holds for other scenarios. However,
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these results reveal that there is significant promise in systematic comparisons between
labels both in silico and in experiments to reveal systematic trends with respect to the
reliability of predictions and specific advantages and disadvantages of individual labels.

Figure 5. Modelled distance distributions for GB1 I6C/K28C labelled with MTSL, IPSL, MPSL and
IDSL. Left: Cartoon representation of GB1 and modelled spin label conformations (cyan sticks) as
obtained from MMM. Middle: Superposition of predicted and experimental (buffer exchanged into
deuterated solvent, 3:1 ratio except IDSL 20:1 ratio) distance distributions. Right: Cartoon representa-
tion of GB1 and modelled spin label conformations (cyan sticks) as obtained from mtsslWizard.

Table 3. Root-mean-square-deviations of intensity-normalised distance distributions based on various experiments and
modelling approaches.

Wizard/MMM Deuterated/Protonated DEERNet Regularised

RMSD DEERNet Regularised Deuterated/Wizard Deuterated/MMM Deuterated/Wizard Deuterated/MMM

MTSL 0.1363 0.1118 0.1161 0.1165 0.0459 0.1237 0.0421

IPSL 0.0803 0.0568 0.0628 0.0311 0.0750 0.0340 0.0732

MPSL 0.1866 0.0432 0.0613 0.0981 0.1741 0.0917 0.1624

IDSL 0.0156 0.0907 0.1099 0.0771 0.0819 0.0714 0.0769

For IDSL values from the deuterated sample using the 20:1 label-to-cysteine ratio were used. RMSD = root mean square deviation; Wizard
= mtsslWizard; Regularised = Tikhonov regularisation.
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4. Conclusions and Outlook

While MTSL is arguably the current ‘work-horse’ and best-established nitroxide spin
label for protein labelling, this study shows that other commercially available cysteine-
reactive nitroxide labels are attractive alternatives. Both MPSL and IPSL are supposedly
less prone to suffering from cleavage in reducing environments and thus might be better
options for more native environments such as in-cell studies, presuming the samples
can be frozen before the nitroxide itself is reduced. In our hands, even at a low label-to-
cysteine ratio, excess MPSL was not fully removed using a simple PD10 desalting column,
suggesting that this label is more demanding in downstream purification steps. In contrast,
IPSL delivered quantitative labelling after overnight incubation at the same low excess and
was fully removed in the PD10 clean-up step. A very interesting alternative spin label is the
biradical IDSL, which has the most restricted rotameric space of all labels compared in this
study. However, it requires a large excess of the label to achieve near quantitative labelling.
PELDOR results agreed well with modelling based on the crystal structure for all four
labels and the differences between modelling approaches and between analysis methods
were generally similar to the deviations between the models and experiments. Notably,
distance distributions for IDSL-labelled GB1 exhibited significantly enhanced precision
due to the short linker that is truer to the protein backbone. This makes IDSL particularly
attractive to investigate small conformational changes requiring a high precision with
narrow distributions. It will be interesting to further explore the specific advantages of the
individual labels for distinct applications.

The research data underpinning this publication can be accessed at https://doi.org/
10.17630/70739623-1bb5-40e6-b326-5fff1e22c289 [70].

Supplementary Materials: The following are available online, Mass spectrometry data (Figures S1–S10);
SDS-PAGE gel of spin-labelled GB1 6C/28C (Figure S11); superposition of distance distributions of
protonated and deuterated samples (Figure S12); refocused echo decay (Hahn echo) experiments (Figure
S13); additional modelling (Figure S14), and full CDA reports.

Author Contributions: Conceptualization, methodology, validation, formal analysis, writing—
review and editing, visualization, K.A. and B.E.B.; investigation, K.A. and A.C.; writing—original
draft preparation, K.A.; resources, supervision, project administration, funding acquisition, B.E.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded, in whole or in part, by the Wellcome Trust (099149/Z/12/Z and
204821/Z/16/Z). B.E.B. and K.A. acknowledge support from the Leverhulme Trust (RPG-2018–397).
B.E.B. acknowledges equipment funding from BBSRC (BB/R013780/1 and BB/T017740/1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Digital data underpinning the results presented in this manuscript is
freely available [70].

Acknowledgments: We thank the mass spectrometry facility at the Biomedical Sciences Research
Complex in St Andrews and colleagues from the StAnD (St Andrews and Dundee) EPR grouping.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Bragg, W.H.; Bragg, W.L. The Reflection of X-rays by Crystals. Proc. R. Soc. Lond. A 1913, 88, 428–438. [CrossRef]
2. Anfinsen, C.B. Principles that Govern the Folding of Protein Chains. Science 1973, 181, 223–230. [CrossRef]
3. Fuller, A.L.; Scott-Hayward, L.A.S.; Li, Y.; Bühl, M.; Slawin, A.M.Z.; Woollins, J.D. Automated Chemical Crystallography. J. Am.

Chem. Soc. 2010, 132, 5799–5802. [CrossRef] [PubMed]
4. Jeschke, G. DEER Distance Measurements on Proteins. Annu. Rev. Phys. Chem. 2012, 63, 419–446. [CrossRef] [PubMed]
5. Schiemann, O.; Prisner, T.F. Long-Range Distance Determinations in Biomacromolecules by EPR Spectroscopy. Q. Rev. Biophys.

2007, 40, 1–53. [CrossRef]

https://doi.org/10.17630/70739623-1bb5-40e6-b326-5fff1e22c289
https://doi.org/10.17630/70739623-1bb5-40e6-b326-5fff1e22c289
http://doi.org/10.1038/091477b0
http://doi.org/10.1126/science.181.4096.223
http://doi.org/10.1021/ja100247y
http://www.ncbi.nlm.nih.gov/pubmed/20361797
http://doi.org/10.1146/annurev-physchem-032511-143716
http://www.ncbi.nlm.nih.gov/pubmed/22404592
http://doi.org/10.1017/S003358350700460X


Molecules 2021, 26, 7534 14 of 16

6. Kerry, P.S.; Turkington, H.L.; Ackermann, K.; Jameison, S.A.; Bode, B.E. Analysis of Influenza A Virus NS1 Dimer Interfaces in
Solution by Pulse EPR Distance Measurements. J. Phys. Chem. B 2014, 118, 10882–10888. [CrossRef] [PubMed]

7. Theillet, F.-X.; Binolfi, A.; Bekei, B.; Martorana, A.; Rose, H.M.; Stuiver, M.; Verzini, S.; Lorenz, D.; van Rossum, M.; Goldfarb, D.;
et al. Structural Disorder of Monomeric α-Synuclein Persists in Mammalian Cells. Nature 2016, 530, 45–50. [CrossRef]

8. Bleicken, S.; Assafa, T.E.; Stegmueller, C.; Wittig, A.; Garcia-Saez, A.J.; Bordignon, E. Topology of Active, Membrane-Embedded
Bax in the Context of a Toroidal Pore. Cell Death Differ. 2018, 25, 1717–1731. [CrossRef]

9. Joseph, B.; Sikora, A.; Cafiso, D.S. Ligand Induced Conformational Changes of a Membrane Transporter in E. coli Cells Observed
with DEER/PELDOR. J. Am. Chem. Soc. 2016, 138, 1844–1847. [CrossRef] [PubMed]

10. Sameach, H.; Narunsky, A.; Azoulay-Ginsburg, S.; Gevorkyan-Aiapetov, L.; Zehavi, Y.; Moskovitz, Y.; Juven-Gershon, T.;
Ben-Tal, N.; Ruthstein, S. Structural and Dynamics Characterization of the MerR Family Metalloregulator CueR in its Repression
and Activation States. Structure 2017, 25, 988–996.e3. [CrossRef] [PubMed]

11. Kulik, L.V.; Dzuba, S.A.; Grigoryev, I.A.; Tsvetkov, Y.D. Electron Dipole–Dipole Interaction in ESEEM of Nitroxide Biradicals.
Chem. Phys. Lett. 2001, 343, 315–324. [CrossRef]

12. Milov, A.D.; Ponomarev, A.B.; Tsvetkov, Y.D. Electron-Electron Double Resonance in Electron Spin Echo: Model Biradical Systems
and the Sensitized Photolysis of Decalin. Chem. Phys. Lett. 1984, 110, 67–72. [CrossRef]

13. Milov, A.D.; Salikov, K.M.; Shirov, M.D. Application of ELDOR in Electron-Spin Echo for Paramagnetic Center Space Distribution
in Solids. Fiz. Tverd. Tela 1981, 23, 975–982.

14. Altenbach, C.; Marti, T.; Khorana, H.G.; Hubbell Wayne, L. Transmembrane Protein Structure: Spin Labeling of Bacteriorhodopsin
Mutants. Science 1990, 248, 1088–1092. [CrossRef] [PubMed]

15. Hubbell, W.L.; Altenbach, C. Investigation of Structure and Dynamics in Membrane Proteins Using Site-Directed Spin Labeling.
Curr. Opin. Struct. Biol. 1994, 4, 566–573. [CrossRef]

16. Abdullin, D.; Hagelueken, G.; Schiemann, O. Determination of Nitroxide Spin Label Conformations via PELDOR and X-ray
Crystallography. Phys. Chem. Chem. Phys. 2016, 18, 10428–10437. [CrossRef] [PubMed]

17. Hagelueken, G.; Ward, R.; Naismith, J.H.; Schiemann, O. MtsslWizard: In Silico Spin-Labeling and Generation of Distance
Distributions in PyMOL. Appl. Magn. Reson. 2012, 42, 377–391. [CrossRef] [PubMed]

18. Jeschke, G. Conformational Dynamics and Distribution of Nitroxide Spin Labels. Prog. Nucl. Magn. Reson. Spectrosc. 2013, 72,
42–60. [CrossRef] [PubMed]

19. Polyhach, Y.; Bordignon, E.; Jeschke, G. Rotamer Libraries of Spin Labelled Cysteines for Protein Studies. Phys. Chem. Chem. Phys.
2011, 13, 2356–2366. [CrossRef] [PubMed]

20. Spicher, S.; Abdullin, D.; Grimme, S.; Schiemann, O. Modeling of Spin–Spin Distance Distributions for Nitroxide Labeled
Biomacromolecules. Phys. Chem. Chem. Phys. 2020, 22, 24282–24290. [CrossRef] [PubMed]

21. Jeschke, G. The Contribution of Modern EPR to Structural Biology. Emerg. Top. Life Sci. 2018, 2, 9–18.
22. Margraf, D.; Bode, B.E.; Marko, A.; Schiemann, O.; Prisner, T.F. Conformational Flexibility of Nitroxide Biradicals Determined by

X-Band PELDOR Experiments. Mol. Phys. 2007, 105, 2153–2160. [CrossRef]
23. Bode, B.E.; Plackmeyer, J.; Bolte, M.; Prisner, T.F.; Schiemann, O. PELDOR on an Exchange Coupled Nitroxide Copper(II) Spin

Pair. J. Organomet. Chem. 2009, 694, 1172–1179. [CrossRef]
24. Richert, S.; Cremers, J.; Kuprov, I.; Peeks, M.D.; Anderson, H.L.; Timmel, C.R. Constructive Quantum Interference in a Bis-Copper

Six-Porphyrin Nanoring. Nat Commun 2017, 8, 14842. [CrossRef] [PubMed]
25. Weber, A.; Schiemann, O.; Bode, B.; Prisner, T.F. PELDOR at S- and X-Band Frequencies and the Separation of Exchange Coupling

from Dipolar Coupling. J. Magn. Reson. 2002, 157, 277–285. [CrossRef] [PubMed]
26. Ackermann, K.; Giannoulis, A.; Cordes, D.B.; Slawin, A.M.Z.; Bode, B.E. Assessing Dimerisation Degree and Cooperativity in a

Biomimetic Small-Molecule Model by Pulsed EPR. Chem. Commun. 2015, 51, 5257–5260. [CrossRef] [PubMed]
27. Bode, B.E.; Margraf, D.; Plackmeyer, J.; Dürner, G.; Prisner, T.F.; Schiemann, O. Counting the Monomers in Nanometer-Sized

Oligomers by Pulsed Electron−Electron Double Resonance. J. Am. Chem. Soc. 2007, 129, 6736–6745. [CrossRef] [PubMed]
28. Bode, B.E.; Dastvan, R.; Prisner, T.F. Pulsed Electron–Electron Double Resonance (PELDOR) Distance Measurements in Detergent

Micelles. J. Magn. Reson. 2011, 211, 11–17. [CrossRef] [PubMed]
29. Dastvan, R.; Bode, B.E.; Karuppiah, M.P.R.; Marko, A.; Lyubenova, S.; Schwalbe, H.; Prisner, T.F. Optimization of Transversal

Relaxation of Nitroxides for Pulsed Electron−Electron Double Resonance Spectroscopy in Phospholipid Membranes. J. Phys.
Chem. B 2010, 114, 13507–13516. [CrossRef] [PubMed]

30. Valera, S.; Bode, B.E. Strategies for the Synthesis of Yardsticks and Abaci for Nanometre Distance Measurements by Pulsed EPR.
Molecules 2014, 19, 20227–20256. [CrossRef] [PubMed]
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