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Abstract

Site-Directed Spin Labelling (SDSL) technique consists in the attachment of a paramagnetic label
onto a specific position of a protein (or other bio-molecules) and in its subsequent study by Electron
Paramagnetic Resonance (EPR) spectroscopy. In particular, continuous wave EPR (cw-EPR) spectra
can detect the local conformational dynamics of proteins under various conditions. Moreover pulse-
EPR experiments on doubly spin-labelled proteins allow measuring distances between spin centres
in the 1.5-8 nm range, providing information about the global structure.

This review focuses on SDSL-EPR spectroscopy as a structural biology tool to investigate protein
using nitroxide labels. The versatility of this spectroscopic approach for protein structural
characterization has been demonstrated through the choice of recent studies. The main aim is to
provide a general overview of the technique, in particular for non-experts, in order to spread the

applicability of this technique in various fields of structural biology.
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1. Introduction

EPR spectroscopy can be successfully employed to detect and characterize different paramagnetic
species present in biological systems, such as metal cofactors, Reactive Oxygen Species (ROS) and
other molecules which have unpaired electrons in their structures [1-3]. However, the application of
this technique can be extended to native diamagnetic samples through the application of Site Directed
Spin Labelling (SDSL) methodology [4,5] .
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The SDSL approach is based on the covalent attachment of a paramagnetic tag (called spin label)
onto a specific position of a biomolecule (proteins[4-6], DNAs and RNAs [7] as well as lipids[8]),
followed by its characterization through continuous wave-EPR (cw-EPR) and/or pulsed dipolar EPR
experiments.

Concerning spin labels, a large panel of molecules is currently available: i) ions of transition metals
(i.e. Gd(111), Mn(ll), etc.)[9,10] (Fig. 1E); ii) nitroxides (Fig. 1 A-D)[11] and iii) trityl-radicals (Fig.
1F)[12].

Cw-SDSL-EPR experiments are usually carried out at room temperature and thus information about
conformational changes, solvent accessibility and interactions between biomolecules can be achieved
[4,6,13] . Moreover, using pulsed EPR methods, in particular Double Electron-Electron Resonance
(DEER), inter-label distances distribution between two spin labels in 1.5-8 nm range (even if
distances up to 16 nm are detectable for fully-deuterated samples) can be measured, providing
information concerning large conformational transitions or biomolecules associations[14].
SDSL-EPR is not limited by the size of the molecule under investigation, so it can be applied to
various kinds of proteins: from globular [15] to membrane proteins [16,17] whatever its flexibility,
and also for intrinsically disordered proteins [18]. In addition, SDSL-EPR spectroscopy is extremely
useful to detect minor population states, which are very difficult to reveal with others methods, for
example X-ray Crystallography [19,20] and Cryo-electron microscopy [21] .

This review summarizes the principles and the recent progresses of the SDSL-EPR methodological
approaches in the investigation of protein structural dynamics, focusing on the use of nitroxide spin
labels. Recent examples of both cw-EPR and pulse dipolar spectroscopic studies will be given to
underline the strength of this technique for structural characterization of proteins. In addition, the
investigation of protein dynamics and conformational changes in cellular environments (in-cell EPR)
or in physiological conditions using SDSL-EPR technique with nitroxide spin labels will be also
discussed to show one of the current challenging and innovative field of bio-structural EPR

spectroscopy.

2. Nitroxide-based spin labels

SDSL-EPR methodology, initially introduced by McConnell H.M.[22] in 1965 and successively
developed by the work of Hubbell W.L.[5,23,24] , is based on the covalent incorporation of a spin
label onto a specific site of a protein. Nitroxide labels are heterocyclic (5 or 6-membered ring) free
radicals which contain an unpaired electron (S= %2) in the N-O« moiety, stabilized by four bulky

groups (generally methyl) on the carbon atoms in a-position to nitrogen atom (Fig. 1 A-D)[11,25].



By far, nitroxide radicals are the most popular class of spin labels used in SDSL-EPR for structural
studies of biomolecules due to their high stability and unique ability to probe local environment[11].
Nitroxide labels can be covalently attached to the side chains of a protein since they are functionalized
with specific reactive linkers, such as thiosulfonate, maleimido or iodoacetamide groups (Fig. 1 A-
D). These groups are introduced during the synthesis onto the heterocycle of nitroxide, in order to
react selectively with the thiol group of cysteine residue forming either covalent S-S or C-S bonds
(Fig. 2A-B) [4,11]. However, various types of SDSL approaches, involving different labelling sites
(such as tyrosine[26], unnatural amino acids [27-29] or peptide synthesis [30,31]), have been
developed to expand the applicability of this approach.

The production of cysteine variants is often the starting point of a SDSL-EPR study. This technique
usually requires unique residues for site-specific introduction of the spin label, thus any native
cysteine needs to be substituted using mutagenesis strategies, except for those that are unreactive to
the spin label due to lack of accessibility. For the application of DEER spectroscopy, two cysteine
residues (or specific labelling sites) need to be present in the primary sequence in order to measure
the dipolar interaction between the paramagnetic centers [14].

In some cases, the use of cysteine as grafting site is not possible since this residue can be involved in
disulphide bridges or in a metal cofactor coordination, essential for folding or activity [32]. To
circumvent this problem a possibility is to specifically target another residue using for example the
nitroxide 4-amino-2,2,5,5-tetramethyl-3-imidazo-line-1-yloxy (NOX) able to be grafted onto tyrosine
through a Mannich-type electrophilic aromatic substitution (Fig. 2C) [26]. Another possible strategy
relies on the incorporation of an unnatural amino acid (i.e. p-Acetyl-Phenylalanine) into the primary
sequence of the protein, using orthogonal tRNA/aminoacyl-tRNA synthetase and then labelling with
a specific nitroxide tag (i.e. HO-4120) (Fig. 2 D) [27]. Moreover, peptide synthesis and the use of
specific nitroxide tags (i.e. 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4carboxylic acid (TOAC)
or 4-(3,3,55-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine (TOPP)) [30,31] can
represent interesting alternatives for the production of nitroxide-labelled samples.

The schematic protocol for the common labelling reaction is depicted in Fig. 3. Initially, the protein
is incubated with an excess of a reducing agent (dithiothreitol (DTT) or tris (2-carboxyethyl)-
phosphine (TCEP), for example) in order to prepare the —SH group for the attachment of the spin
label. Once the reagent has been removed, nitroxide label (generally with a 1:10 protein:label molar
ratio) is added to the solution and the reaction is kept under gently stirring for at least 1 hour (usually
SDSL reactions are performed for 4 hours but longer incubation times up to 24 hours can be required).
The reaction can be carried out at room or lower temperatures (i.e. 4°C), depending on protein
stability. Spin label amount can be modulated in order to increase the labelling efficiency. Finally,



the excess of unreacted tag needs to be removed using size-exclusion chromatography (or dialysis
technique and centrifugal filters). The cw-EPR spectrum of each fraction of the sample is recorded in
order to check the complete elimination of the free label.

3. General principles of continuous wave-EPR spectroscopy of nitroxide-based spin labels

EPR spectroscopy is based on the absorption of radiation in the microwave region of the
electromagnetic spectrum by paramagnetic species set in an external magnetic field.

To understand the principles behind EPR, a single free electron with S= % can be used as an example.
The two orientations of the electronic spin of the free electron (respectively Ms= + % and Ms= - %%)
present the same energy in the absence of an external field. In the presence of a static magnetic field,
the magnetic components align parallel or antiparallel to the field leading to spin energy states that
are no longer degenerated (Zeeman effect, Fig.4A). The difference in energy between the two levels

(AE) can be expressed by:

AE = gBB  (Eq.1)

Where £ is the Bohr magneton (9.24 x 10 %] T 1) and B the external magnetic field. The g factor
determines the resonant field position and it describes the electronic configuration and the orientation
of the paramagnetic system in the external magnetic field (for a free electron g = 2.0023). Due to a
large orbital angular momenta contribution, some samples (i.e organic radical and transition metals)
have g factor values different to that reported for a free electron.

In a cw-EPR experiments, the sample is continuously irradiated with microwaves. A cw-EPR
spectrum is recorded by linearly varying the external magnetic field and by recording the absorption
of the electromagnetic wave. The resonance phenomenon takes place when the emitted energy fits
exactly the energy difference between the two energy levels (AE), leading to the equation:

AE =hv =gBB (Eq.2)

Where h is the Planck’s constant, v the microwave frequency (i.e 9.8 GHz for X-band, 34 GHz for
Q-band and 95 GHz for W-band)

For nitroxide radicals (Fig.4B), the unpaired electron is delocalised over the N-O+ group (40% and
60% of spin density respectively delocalised on the nitrogen and the oxygen atoms)[33]. The electron
spin interacts with the nuclear spin of the N nucleus leading to a so-called hyperfine interaction that



is responsible for the splitting of each spin state into three sub-states depending on the value of M; (-
1, 0, +1) (Fig. 4A). Since three different transitions are allowed, the EPR spectrum of free nitroxides
is composed of three defined lines. A typical X-band (9.8 GHz) isotropic spectrum of a free nitroxide
label (MTSL) is reported in Fig. 4C, where the g-value is referred as g;s,. Since the p; orbital presents
an axial symmetry, the electron-nucleus hyperfine interaction (measured by the hyperfine constant
A) shows larger values in the direction of molecular z-axis (Ax= Ay # A;) [11,25].

For experiments carried out at X-band (9.8 GHz), this anisotropy of the hyperfine interaction is the
key of the SDSL-EPR approach rendering nitroxide spin labels sensitive to their local environment.
Due to the partial averaging of this anisotropy, the nitroxide motion is directly detectable from the
EPR spectral line shape [5,25]. The overall mobility of the spin label is determined by a combination
of the motion of the label itself relative to the peptide backbone, the fluctuations of the a-carbon
backbone, and the rotational motion of the entire protein. For this reason, the cw-EPR spectral
lineshape is sensitive to the local structure and the architecture of the environment surrounding the
labelling position [5,11,25] . The most informative parameter is the rotational correlational time (tc),
that represents the molecular re-orientation of the label with respect to the magnetic field [34]. A
simple way to extract tc from EPR spectra of a labelled protein relies on the measurement of the
central line width [35]. However, these approaches could be not sufficient for multi-components
spectra coming for example from multi-conformational states of the labelled system under
investigation. The best way to extract the dynamic parameters is based on the simulations of the
experimental data with a specific software, such as EasySpin [36] or SimLabel (a graphical interface
using Easypin) [37].

Conventional X-band EPR spectra are sensitive to nitroxide rotational motions in the range of 0.01
ns to 100 ns [11,25,38]; some examples of EPR spectral shapes of nitroxides with different . are
reported in Fig 5. If the labelling site is solvent exposed or it has high degrees of flexibility, the EPR
spectrum is characterized by small line widths (Fig. 5B), since the mobility of the spin label side
chain is only partially restricted (tc.<1 ns). Contrary, nitroxide tags, interacting with backbone atoms
and side chains in the surrounding environment, produce EPR spectra with broader line widths and
larger hyperfine constants (Fig.5C). Fully immobilized spin label side chains, buried labelling sites

and samples at froze temperatures (<180K) are related to spectrum as reported in Fig.5D.

4. Nitroxide-based spin labels and cw-EPR: a tool for the investigation of protein structure and

dynamics in solutions



Due to the sensitivity for the dynamic events in the ps-ns time range [4,11,13,38] , SDSL-EPR
spectroscopy can be used to monitor disorder-to-order transitions, induced structural variations and
possible conformational modifications arising from the binding processes with partner molecules [39-
41] . In this section, we will focus on some recent SDSL-EPR studies involving nitroxide labels for
the characterization of structural changes, protein-nucleotides and protein-protein interactions mainly
through cw-EPR spectroscopy.

An investigation performed on the Sporosarcina pasteuri Urease accessory protein G (Sp-UreG)
revealed the implication of the intrinsic disorder of this enzyme on its activity by SDSL-EPR
spectroscopy, Circular Dichroism spectroscopy and enzymatic assay [42]. Sp-UreG is a GTP-
hydrolase enzyme involved in the delivery of nickel and the maturation of urease, a multifunctional
toxic protein for bacteria and fungi. Through the labelling with MTSL nitroxide (Fig. 2A) the native
cysteine (C68) of Sp-UreG (Fig. 6A), the authors analysed the effect of various additives on the
structural conformation of the catalytic region of the protein by recording X-band cw-EPR spectra
(Fig. 6C). First, the SDSL-EPR results revealed the coexistence of two different conformations with
two distinct values of tc (0.43 ns and 5.5 ns respectively for the sharp and the broad components).
These values obtained from experimental spectra simulations indicated the equal presence of a very
flexible and a more compact conformation for Sp-UreG in solution. Successively a shift between the
two states was detected by adding various folding/unfolding agents. In particular, the cw-EPR spectra
in presence of 2,2,2-trifluoroethanol (TFE), trimethylamine N-oxide (TMAO) and sodium dodecyl
sulfate (SDS) resulted broader than that recorded for native protein, revealing a more compact
conformation for Sp-UreG. The increase of the percentages of the broad EPR signals and the higher
value of tc were evidences of the protein conformational shift through a less mobile architecture.

On the other hand, sharper EPR signals, reflecting a more flexible structure, were detected by
increasing the temperature and adding guanidinium chloride (GuHCI). A peculiar result was observed
by comparing the EPR results with catalytic tests performed in the presence of the same additives
(Fig. 6B). Indeed, Sp-UreG showed to be more active when the flexible component is dominant. The
authors demonstrated that this protein is an atypical enzyme, since it requires a discrete flexibility to
be catalytically competent.

SDSL-EPR spectroscopy has been applied to characterize the interaction of proteins with other bio-
macromolecules, such as other proteins[43], nucleotides [44,45] and lipids[40,46]. For example,
Norman D.G. et al. studied the interaction of the N-terminal region of T7 enodonuclease | with
DNAJ[47]. This enzyme binds the DNA four-way junction and it plays a central role in the double-
strands breaks reparation. Due to the dynamic behaviour of the N-terminal region, previous X-ray

crystallography studies failed to define completely the interaction of endonuclease I with nucleotides.



Through the incorporation of MTSL spin labels on 10 individual positions of the N-terminal domain
(Fig. 6D), the authors studied each labelled mutants with and without DNA in solution. The spectra
in the absence of nucleotides (Fig. 6E) resulted sharp (except for position 16 and 29 located in the
first helix), revealing a great flexibility of this region while, addition of DNA caused a broadening of
the spectra occurring between positions 7 and 14. Taking also advantages from DEER experiments
(see section 5 and Fig.10), the authors were able to identify a disorder-to-order transition of the N-
terminal region of endonuclease | upon DNA-binding, shedding the light on its implication in the
reparation process.

Another interesting approach concerns the characterization of a protein-protein interaction in which
the two interacting systems carry respectively a nitroxide label. In the study described by Martinho
M. et al.[48], the peculiarity is that while one protein bears a MA-PX nitroxide showing the classic
three line spectrum(Fig. 7A), the other interacting protein carries a new synthetized B-phosphorylated
nitroxide label (PP) giving a 6-lines spectrum arising from the supplementary hyperfine interaction
with the 3P atom (Fig. 7B). Using this strategy, the authors were able to detect and characterize the
interaction between the intrinsically disordered C-term region of the measles virus nucleoprotein
(Ntail, a.a. 401-525) with the X domain of viral phosphoprotein (Pxp, a.a. 459-507) (Fig. 7B). Forming
a 1:1 mixture of Ntwiiand Pxp respectively labelled with PP and MA-PX (Fig. 7C), they demonstrated
in one experiment that the position 496 of the viral protein is implied in partner binding whereas this
is not the case for the labelled position of Nt (position 407). In particular, the spectral simulations
for the Ntwil S407C, bearing PP label, alone in in presence of the partner showed analogues values of
1c and component percentages, indicating that the proteins retained its disordered character also in
the complex. Contrary, the tc values of the EPR signatures of Pxp K496C labelled with MA-PX
increased (about +2.5 ns for component 1 and about + 20-23 ns for component 2) in presence of Ntail,
evidencing the protein-protein interaction.

Another application of nitroxide spin label for protein investigation is to monitor the solvent
accessibility profile with power saturation cw-EPR[4,11]. This method relies on the measure of the
collisions between a spin labels grafted onto a protein and a relaxing agents (i.e. metal complex or O
molecule) from Heisenberg exchange rate, which is proportional to the accessibility parameter (I1).
Specifically, the relaxing agent interacts with the nitroxide linked to a site of a protein accelerating
the relaxation rate of the radical. From an experimental point of view, the EPR spectrum of nitroxide
labelled protein is recorded respectively with freely diffused paramagnetic oxygen and with the
paramagnetic reagent nickel ethylenediamine-N,N’- diacetic acid (NIEDDA)[49,50]. Since Oz is
diffused in apolar environment while NiEDDA is soluble in the bulk water only, details about protein
structure or insertion into lipid membrane can be achieved with this approach. As example, Walters



D.E. et al. [51]used this method to probe the membrane insertion of the pro-apoptotic Bcl-2 family
proteins BAK. This protein raised the interest since it showed a role in the mitochondrial cell death
pathways, forming large pores in the outer membranes. For this reason, the research group
investigated the conformational changes adopted by BAK upon the insertion into lipid membranes,
labelling multiple sites of the protein with MTSL (Fig. 2A) and the recording the X-band EPR spectra
in solution and in membrane (Fig.8A)., IT was obtained in presence of oxygen and NiEDDA for all
BAK variants in solution and in lipid environment. In solution, small IT (O2) and I[I(NiEDDA) were
revealed for residue 55, 132 and 134 since they are located in the protein interior while the other
labelling positions showed higher values due their localization on protein surface. The EPR
experiments revealed large changes in the conformation for BAK upon the addition of liposomes. In
particular, both accessibility parameters for residue 55 were significantly increased compared to the
solution state, underlining that this position was exposed to solvent phase after BAK association to
membrane (Fig. 8B-C). On the other hand, the labelling sites 134, 146, 154 and 164 showed higher
values of IT (O2) for the samples localized into lipid bilayer than those dissolved in buffer, indicating
these positions were buried into membrane core (Fig. 8B-C). All the data obtained from this EPR
investigation allowed the authors to provide new insights about BAK structure and its mechanism of

membrane insertion (Fig. 8D).

5. DEER experiments for distance measurements between nitroxide-based spin labels

Through the incorporation of two nitroxide labels onto specific positions of a biological system, the
distances between spin pairs can be achieved performing pulse-EPR experiments [14,52,53] . In
general, the distance range detected is between 1.5 and 8 nm, even if measurements up to 16 nm were
achieved with a fully deuterated sample [54] . Different types of pulse techniques are available, such
as Double Quantum EPR (DQ-EPR) [52] , Relaxation Induced Dipolar Modulation Enhancement
(RIDME) [55], SIngle Frequency TEchnique for Refocusing dipolar coupling (SIFTER) [56] and
Double Electron-Electron Resonance (DEER, also called Pulsed ELectron DOuble Resonance —
PELDOR) [14] .

In this review, we will focus on DEER since it is the most commonly used pulsed technique with
nitroxide labels. Briefly, the 4-pulses DEER consists in the application of a n/2- - © refocused echo
sequence with fixed interpulse delays at frequency va (observer frequency) that excite a part of the
spectrum corresponding to the spin population that are observed (often described as spin A). The
fourth pulse is a & pulse at frequency vs (pump frequency) that inverts the magnetization of another



part of the spectrum referred as spin B (Fig. 9A). For nitroxide, vg is generally set to a field position
corresponding to the maximum of the absorbance spectrum and va is selected at the low field
component of the signal (see Fig. 9B).

By varying the position of this pump pulse along the sequence, the refocused echo intensity results
modulated by the electron-electron dipolar coupling (wag) between spin A and B (Fig. 9C). This
modulation is inversely proportional to r 3 (where r is the distance between the spin labels) so that
the distribution of distances can be calculated from the experimental DEER traces

Short distances between nitroxide tags produce high frequency oscillations in the relative DEER
traces, whereas long distances are characterized by low frequency oscillations. DeerAnalysis software
developed by Jeschke G. and co-workers (https://epr.ethz.ch/software.html) is commonly adopted as
friendly software for standard processing and analysis of experimental traces and the Tikhonov
regularization represents the standard method for distance distribution calculation from data analysis
[57,58] (see ref. [14,52,53] to get details about DEER theory and data manipulation).

DEER experiments on nitroxide labelled proteins generally require a sample concentration of ~ 80-
100 uM in about 15-50 pL of a total volume[14] and an EPR spectrometer operating at Q-band (34
GHz) is preferred because a higher signal-to-noise ratio is obtained when working at this frequency
[59]. One of the major limitations of the implication of the nitroxide labels for DEER experiments is
represented by their fast relaxation rate at room temperature. For this reason the measurements are
usually performed at cryogenic temperature (around 60 K) [11,14,25]. Another limiting factor is
represented by the phase memory time (Tm); these spin labels possess a Tm< 2 s, fixing the maximum
of detectable interspin distances around 6-8 nm. The use of deuterated solvent often helps to increase
Tm and consequently the measurable distance [14,60]. An alternative strategy relies on the use of a
spyrocyclohexyl nitroxide radical, which carries cyclohexyl groups on the a-carbon of nitrogen atom
of the N-O¢ moiety [61]. These shielding groups influence the Tm of the spin label, giving higher
values than those measured for classical spin label, such as MTSL. Due to this unique property, the
spyrocyclohexyl nitroxide radical, in combination with the immobilization of the sample into a
water/glycerol matrix, permits to perform DEER experiments up to 160 K.

In order to study multi-subunits systems, membrane proteins or large protein complexes, the
incorporation of spin label onto more than two site results impossible to circumvent. Using
exclusively a nitroxide-based approaches, the interpretation of pairwise distance distributions results
extremely challenging since nitroxides have the same spectroscopic properties [62].To overcome this
limitation, the orthogonal-spin labelling strategy demonstrated to be a valid approach. Orthogonal
labelling mainly consists in the incorporation of a nitroxide-label and a metal-based (Gd (111), Cu (I1),

Mn (1)) tag respectively on different sites of the system under investigation [63-66]. Since the
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radicals and the metals have different EPR spectra, the nitroxide-nitroxide and the nitroxide-metal
distances can be individually obtained adjusting differently the pump and the observer frequencies in
the experimental set up. RIDME sequence represents an interesting alternative to DEER experiment
for distance measurements between nitroxides and metal centers [67]. This pulse-EPR technique
presents some advantages since it requires a single frequency in the sequence for the detection of
stimulated echoes [55]. In order to avoid problems arising from the limitation of the excitation
bandwidth, the spins B are not excited by a pump pulse as in the DEER experiments (see Fig. 9A),
but the flip of these spins is left to the spontaneous longitudinal relaxation. For these reasons, RIDME
is well adapted to measure distances between a fast-relaxing metal tag (high g-anisotropy) and a
small-relaxing paramagnetic probe (nitroxide with low g-anisotropy).

A recent example of the application of DEER spectroscopy in the field of structural biology is the
work performed by Norman D.G. et al. presented partially in the previous section, focused on the
role of N-terminal region of T7 enodonuclease | in DNA-binding [47]. Using the same MTSL-
labelled samples previously characterized by cw-EPR spectroscopy (see section 4), the authors
measured distances between nitroxide labels of the dimeric form of the protein in the absence and
presence of DNA. The DEER traces (Fig. 10C) recorded up to position 12 resulted flat compared to
those recorded for the position 14-16, where oscillations were clearly visible. The absence of
oscillations is an experimental signature usually observed in DEER experiments with flexible proteins
(such as intrinsically disordered proteins). Due to the large number of different conformers, the
interference between different DEER traces related to different inter-spin interactions causes the
dampening of the oscillation and broad profiles of distance distributions.

These DEER results clearly indicated a great flexibility and a disordered conformation adopted by
the N-terminal region, in line with cw-EPR results (see Fig. 6E). On the other hand, the addition of
DNA in solution induced a decrease of the distances from residue 8 to residue 14, while smaller
variations were observed for the other labelling sites (Fig. 10 B-C). The DEER data, in combination
with cw-EPR results, indicates that the N-terminal region adopts a more compact conformation in the
DNA-complex, inserting into the grooves at the center of DNA junction. (Fig. 10A)

Another recent example is represented by the study performed on the Vibro cholerae Norm-Vc
protein, a membrane protein belonging to the multidrug and toxic compound extrusion family that
protect the cell from cytotoxic molecules through an efflux mechanism related to ion electrochemical
gradients [68]. The research group labelled with MTSL different sites of the C-terminal (CTD), N-
terminal (NTD) and trans-membrane domains (TM) on the periplasmic side of NorM-Vc (Fig. 11 top
panel). The study was based on the acquisition of the DEER traces for NorM-Vc¢ alone or in presence
of a chemotherapeutic drug doxorubicin (DXR) and sodium ions. Comparing the distance distribution

10



obtained from DEER experiments with predicted information coming from the crystallography
experiments (Fig. 11 A-H, black and grey lines respectively), the authors revealed notable differences
between the conformation adopted by Norm-Vc in solution and in the X-ray model, suggesting that
the NTD cavity in the crystal may be collapsed in solution (Fig. 11 C, D and G). Moreover, the DEER
distance profiles for the apo-form showed a broad profile, due to dynamic backbone fluctuations that
can be modulated by both Na* and DXR. In particular, sodium ions increased the population of longer
distances between spin pairs, underlining a conformational shift through a more stable state (Fig. 11
A-H blue lines). On the other hand, DXR showed an opposite effect since distances shorter than those
obtained for the apo-form appeared in the related inter-spin distances profiles (Fig. 11 A-H orange
lines). All the DEER results obtained for Norm-Vc9 indicated that Na* and DXR induce changes in
the membrane protein assembly, favouring the formation of different structural intermediates.

Nowadays, an increasing number of scientific papers about the applications and the developments of
this technique demonstrate the strength of DEER methodology in the field of structural biology for

the investigation of various biomolecules.

6. EPR experiments with nitroxide-based spin labels inside cells

The characterization of protein structure and dynamics inside living cells represents a new frontier in
the field of structural biology [69]. The macromolecular crowding, the viscosity and the pH of the
cystosol but also possible specific/unspecific interactions are some of the main factors that can
influence the conformations and the dynamics of proteins inside cells [70-72].

NMR [73-75] and FRET [76,77] spectroscopies have already demonstrated that the intracellular
medium can relevantly affect the protein structures. SDSL-EPR and DEER spectroscopies represent
promising tools to perform structural studies into cellular environments (in-cell EPR) [78]. In the last
ten years, an increasing number of new spin labels and EPR techniques for the realization of in-cell
EPR experiments have been developed. The diversity of the SDSL-based approaches published so
far is evidencing the capability of EPR spectroscopy to study proteins (but also nucleic acids [79,80])
conformations and dynamics in real cellular environments.

One of the main limitations of in-cell EPR spectroscopy with nitroxide-based labels is represented by
their bio-reduction leading to the diamagnetic specie (hydroxylamine, N-OH) in intracellular
environments. Different physiological reducing agents (i.e. glutathione, NADH, metal-proteins, etc.)
can be responsible of this phenomenon [81-83] . Even if the rate of the reaction mainly depends on
the molecular structure of the nitroxide tag and the spin concentration inside cells, this process
generally results fast (several minutes).

11



One possibility is to design new nitroxide-based tags able to resist to bio-reduction [83-85]. In
general, these tags are characterized by the presence of bulky-groups carbon in the a —carbon of the
14N atom of the nitroxide moiety, which shield the radical from reducing agents.

Among the different shielding substituents investigated for in-cell studies [86,87], the gem-diethyl-
groups resulted the most efficient. The spin label reported in Fig. 11A, characterized by the
introduction of gem-diethyl-groups and by a maleimido as grafting function, was successfully
employed in studying protein structural dynamic in cell extracts [88] and inside X.leavis oocytes [89].
In the work of Katikeyan G. et al. [89], this new nitroxide tag showed a 10% loss of the EPR signal
in one hour in reducing environment (Fig. 12C), whereas a total signal loss was observed with the
classic MA-PX label in the same conditions. In addition, the authors demonstrated the ability of the
new bioresistant nitroxide to be a good reporter of protein structure and dynamics by studying a
chaperone protein (NarJ from E. coli) involved in the biogenesis of nitrate reductase. DEER
experiments (Fig. 12 E-F) were performed by microinjecting the X. laevis oocytes (Fig.12D) with
doubly-labelled NarJ (Fig. 12 B). The results obtained demonstrated the capability of the new
nitroxide for the applications of in-cell EPR experiments, due to its resistance to bio-reduction.
Moreover, these efforts open new perspectives for the study of protein dynamics in their natural
environments with EPR spectroscopy.

Another critical point for the set-up of in-cell EPR experiments relies on the choice of the strategy
for protein internalization into cells. Since this technique requires to label the protein prior its delivery
inside cells, the development of approaches for the intracellular incorporation is needed. In the past
years, electroporation, osmotic-shock and microinjection have been used for protein delivery into
prokaryotic and eukaryotic cells [90]. An alternative way was recently reported by the group of
Drescher M. [28], who bio-synthetized a labelled protein directly into the cytosol of bacteria cells
combining the genetic encoding of unnatural amino acid in response to the amber stop codon (TAG)
by a tRNAPyl/pyrrolysyl-tRNA-synthethase pair in E.coli and a modified lysine carrying a nitroxide
moiety. Using thioredoxin (TRX) as model system, the authors demonstrated that the protein
expression inside cells reached a sufficient level to be detectable by EPR spectroscopy. However, it
was not possible to perform in-cell DEER experiments due to the rapid reduction of the nitroxide in
the intracellular environment and the proteolysis of TRX exerted by E.coli enzymes.

SDSL-EPR spectroscopy with nitroxide spin labels can also be used for the investigation of
membrane proteins in their native lipid environments. A valid proof is the study performed to
characterize the dynamic of the outer-membrane cobalmin transporter BtuB directly in intact E.coli
cells [91]. The authors overexpressed into E.coli a variant of BtuB carrying two cysteine mutations
respectively into two extracellular loops and then they labelled the protein with MTSL. Several

12



experiments were performed to demonstrate that the SDSL reaction was exclusively for the system
under investigations. Indeed, E.coli membranes do not contain proteins bearing cysteines and the free
nitroxide fraction situated the periplasm and cytoplasm was rapidly reduced by cellular agents. Then,
the DEER traces of nitroxide labelled BtuB in the E.coli suspension were recorded in absence and in
presence of calcium ions and cyanocobalamin, revealing notable conformational changes of the
extracellular loops in these different conditions. The entire project represents one of the first structural
changes of a protein observed with SDSL-EPR spectroscopy in its native environment.

Another example of the application of SDSL-EPR spectroscopy for the characterization of membrane
proteins in physiological conditions is represented by the study performed on colicin A (ColA) by
Klare P.J. and co-workers [92]. In particular, the research group investigated on the oligomerization
of the pore-forming toxin ColA in artificial and real E.coli lipid bilayers through the combination of
cw-EPR and DEER spectroscopies. Even if the DEER traces presented a low signal-to-noise ratio,
the results obtained demonstrated that ColA assumes the same organization in both in-vitro and in
intact cells at the native concentration of the membrane protein.

It is important to highlight that various types of Gd(l11)-based tags, which are not sensitive to bio-
reduction, have been demonstrated to be excellent probes to obtain distances in protein localized into
different cells [93].

Morevover, also trityl radicals have also been proven to be efficient tags for spin-spin distances
measurements inside cells and to be highly-redox stable labels in those environments [94]. However,
future improvements on the design of trityl-radical are required to expand its applicability for in-vitro
and in-vivo EPR studies on proteins and other macromolecules.

The research based on the investigation of structures and functions of biomolecules in intracellular
conditions is a step forward in the field of structural biology, which could permit to enlarge the

knowledge about various cellular mechanisms and processes.

6. Concluding remarks

This review summarizes the basic principles of SDSL-EPR spectroscopy using nitroxides labels and
its application in the field of proteins research. The examples provided about cw-EPR and DEER
spectroscopies underline the variety of information that can be achieved with nitroxide-labelled
proteins concerning their conformations, dynamics and functions. Moreover, these tags have been
demonstrated to be efficient probes for the study of proteins directly inside cells.

The nitroxide labels and the SDSL-EPR spectroscopy have demonstrated to be excellent tools able
to provide atomistic information which can be also combined with other methods, playing an
important role in field of structural biology.
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Figures

Fig.1: Chemical structures of various spin labels used for SDSL-EPR spectroscopy: A) (S-(1-oxyl-2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanethiosulfonate spin label (MTSL); B) 3-Maleimido-
2,2,5,5-tetramethyl-1-pyrrolidinyloxy free radical (MA-PX); C) 4-Maleimido-2,2,6,6-tetramethyl-1-
piperidinyloxy free radical (4-maleimido TEMPQO); D) 3-(2-lodoacetamido)-2,2,5,5-tetramethyl-1-
pyrrolidinyloxy free radical (lodoacetamide-proxyl); E) 1,4,7,10- tetraazacyclododecane-1,4,7-tris-acetic
acid-10-maleimidoethylacetamide- Gd(I11) (Gd(I11)-DOTA spin label) ; F) Maleimido functionalized trityl-
radical spin label.
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Fig. 2: Different types of SDSL reactions: A-B) SDSL reaction to target cysteine using MTSL and 3-
maleimido-Proxyl (MA-PX) nitroxide labels; C) SDSL reaction on tyrosine using NOX label through
a Mannich-type reaction; D) SDSL reaction on the unnatural amino acid p-acetyl-phenylalanine with

HO-4120 nitroxide label.
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Fig.3: General protocol for standard sample preparation for SDSL-EPR spectroscopy: Scheme of
the general protocol for the preparation of spin labelled proteins with nitroxide probes. Initially the
protein is incubated for about 30 minutes with a reducing agent. Once the reducing agent is removed
by chromatography, the protein is incubated with a ten-fold molar excess of nitroxide spin label and
the reaction is maintained under agitation for 1-4 hours. At the end, the unreacted fraction of
nitroxide label is removed through chromatography. The nitroxide labelled proteins is obtained in

order to be studied by cw- EPR/DEER spectroscopies (image created with Biorender).
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Fig. 4: EPR properties of the nitroxide-based spin labels: A) Energy levels diagram of a nitroxide.
The hyperfine interaction of the unpaired electron with the nitrogen nucleus causes the splitting of
the electron states, producing three possible transitions (red arrows) corresponding to three spectral
lines. B) Axis system of the nitroxide moiety, where the z-axis is oriented parallel to the pz orbital of
the nitrogen atom and the x-axis is parallel to the N-O bond. C) Typical isotropic EPR spectrum of a

free nitroxide label with giso corresponding to the central line.
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Fig. 5: Different EPR spectra of nitroxide-labelled proteins: Simulated X-band EPR (Simlabel
software, a graphical user interface of EasySpin [38]) spectra of a nitroxide with different values of
¢ from fast (0.01 ns) to slow motion (10 ns). (The intensities of the simulated spectra have been

normalized).
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Fig. 6: Examples of two different cw-EPR studies performed with nitroxide labelled proteins: A)

Structural representation of the fully folded functional state of of Sp- UreG with the metal binding
site (H66 and C68) and the GTPyS binding region indicated with orange lines B) GTPase activity
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(kcat) measured for Sp-UreG in the absence (native) and in the presence of different additives C)
Superimposed experimental (black) and simulated (red) X-band cw-EPR spectra of MTSL labelled
Sp- UreG on C68 in the absence and in the presence of various additives. The spectral simulations
were performed with SimLabel (graphical user interface of Easyspin) D) Structure of endonuclease |
(red and green represent a monomer respectively) with DNA junction (grey surface). The
undetermined structure of the N-terminal domain corresponds to residues 1-16, the first helix from
residues 16-29 is shown in grey on the primary sequence and the nitroxide labelling sites are
highlighted. E) X-band cw-EPR spectra of the N-term domain of endonuclease 1 labelled with MTSL
at positions 2,6-10, 12, 14, 16 and 29 in the presence (left) and in the absence (right) of DNA (field
position at 3489 G and 3559 G were reported as dotted lines). The figure A & C were adapted from
ref [42], while Figure B was created using the data available from the same reference. The Figures C
& D were adapted from ref. [47] link: https://pubs.acs.org/doi/full/https://doi.org/10.1021/acs.bioche
m.6b00242). Copyright (2016) American chemical society; future reuses of these images must be
directed to the ACS)
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Fig. 7: Example of a cw-EPR study performed with nitroxide labelled proteins: A) Chemical
structures of MA-PX and X-band cw-EPR spectrum of PXD K496C MA-PX alone in solution; B)
Chemical structures of PP and X-band cw-EPR spectrum of Ntail S470CPP alone in solution; C) X-
band cw-ERP spectrum of the equimolar mixture (1:1 ratio) of Ntail S470CPP and PXD K496C MA-
PX. In the upper panel, the representation of the Ntail (rainbow) - PXD (purple) complex with
nitroxide labels attached (MA-PX as “green star” and PP as “pink cross”) is reported (see ref [48]).

27



1m
A c membrane interior
30R1 132R1
03~ ’ e o 2%
146 99g ..?
55R1 133R1 | & 99" ¢ /%107
133 | 107 133 *
134 .2, %30 / 164
9 o154
75R1 134R1 0.2 4 1®7) AT5
| ., 122 %
83R1 146R1 ) 1 b L - protein
= 32,/ ,. surface
0.1417% -
99R1 154R1 sz l @ in solution
5 @ in membrane
SOTRS 164R1 53/ protein interior
’,w Gaves /tertiary contact sites
Lo 0 e L R 2
122R1 — in solution 0 0.5 1
=== in membrane [T1(NIEDDA)
B | W in solution - D
Bl in membrane [Residues
e 03 1 11 [Residues buried |- . |in the protein interior/
é\l | in the membrane 16'4 (;ZT"Y contact :
= N { ‘w"’;

- '....--132
123 Residues

—~ p2 exposed to
- 30 134 the water-
(m) il A 107 |phase

- L 154 (6 A)L BSOS gl UT3 T

w L)

> - B

g 5‘5 ‘\.ll5

Fig 8: A) EPR spectra of spin labelled BAK variants in solution (black) and in membrane (red). B)
accessibility parameters of spin label grafted onto BAK of oxygen (I1(O2)) and NIEDDA
(IIINiEDDA)) derived from EPR power saturation experiments in solution (black) and in membrane
(red). C) Two dimensional plot of I1(O2) versus II(INiEDDA). The BAK labelling sites are grouped
depending on their localization in protein structure. The variation of accessibility parameters from
solution to membrane inserted BAK are reported as dotted lines for some labelling positions. D)
Homology model of mouse BAK (generated from PDB:2F16)with topological location of labelling

sites in the membrane-inserted state.
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Fig. 9: DEER theory for nitroxide-based spin labels: A) 4-pulses DEER sequence. B) X-band Echo-
field sweep EPR spectrum of nitroxide labels with the selected observer (vB) and pump (vB)
frequencies respectively indicated with arrows. C) Background corrected DEER trace. D) Inter-label
distance distribution obtained from the DEER trace reported in the panel B, using DeerAnalysis2019

program.
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Fig. 10: Example of DEER study performed with a nitroxide labelled protein: A) Two views of
endonuclease | structure (magenta from PDB:2PFJ while N-terminal region is represented in green)
bound to DNA (grey). B) Plot of the distances derived from DEER experiments as function of the
labelling positions in the sequence for endonuclease | in the absence (black) and in the presence (grey)
of DNA. C) DEER traces and related distance distributions calculated using Tikhonov regularization
for different MTSL labelled mutants of endonuclease I in the absence (black) and in presence (red)
of DNA. (Figures  were  adapted from ref. [47] link: https://pubs.
acs.org/doi/full/10.1021/acs.biochem.6b00242). Copyright (2016) American chemical society; future

reuses of these images must be directed to the ACS).
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Fig.11: Example of a DEER study performed with a nitroxide labelled protein: (Upper panel) Ligand-
dependent conformational dynamics on the periplasmic side of NorM-Vc; spin label pairs designed
to measure distances within the NTD (cyan), CTD (yellow), or between the domains from TM are
shown as black spheres connected with dashed lines. (Lower panel) (A-H) DEER distance
distributions are shown for the apo-form (black) and in the presence of Na+ (blue) or DXR (orange).
The predicted distance distributions derived from X-ray structure (PDB:3MKU) are shown as dotted
grey lines. (Figure was taken from ref. [68]: Mchaourab H.S. et al., PNAS, 115 (2018), 6182-6190).
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Fig.12: Application of a nitroxide-based spin label for in-cell EPR spectroscopy: A) Chemical
structure of the bio-resistant gem-diethyl nitroxide (M-TETPQO). B) Structural model of NarJ with in
evidence the two positions selected as labelling sites for the nitroxides M-TETPO (His21Cys and
GIn104Cys). C) Reduction profile for NarJ respectively labelled with MA-PX and the gem-diethyl
nitroxide (M-TETPO) respectively in the presence of ascorbate (4 mM). D) Images of the X.laevis
oocytes previously microinjected with NarJ labelled with the gem-diethyl nitroxide (M-TETPO),
inside the EPR tube E) Background corrected X-band DEER traces recorded for NarJ labelled with
the gem-diethyl nitroxide (M-TETPO) into X.laevis oocytes F) Distance distributions obtained after
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Tikhonov regularization for NarJ labelled with the gem-diethyl nitroxide (M-TETPO) inside X.laevis
oocytes (images was adapted from ref. [89], Copyright 2019 Wiley).
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